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Abstract

Ligand-tagged liposomes, obtained by covalent conjugation of ligands to the liposomal surface, have been widely used as detection reager
in bioanalytical assays. A non-covalent conjugation method where IgG was attached to protein G-tagged liposomes has been recently utilize
To enlarge the application of non-covalent methods to a greater variety of ligands, including peptides, proteins, and nucleic acids, we develope
and optimized a new method for the preparation of NeutrAvidin-tagged liposomes with subsequent attachment of biotinylated ligands. Two
assays were used to investigate the feasibility of NeutrAvidin-tagged liposomes. The first assay was a competitive immunoassay for detectin
rabbit antibodies, while the second assay was a sandwich hybridization assay for detecting a synthetic target: a DNA fragment of
amylovora. To produce the immunoliposomes for the detection of rabbit IgG, NeutrAvidin was covalently tagged to the liposomal surface at
four different starting molar percentages (0.1, 0.2, 0.4, and 0.8). The biotinylated goat anti-rabbit IgG at three different molar ratios of biotin
to IgG (5, 10, and 20) were then attached to the NeutrAvidin-tagged liposomes by using two different molar ratios of goat anti-rabbit IgG to
NeutrAvidin (1 and 5). After the comparison of all 24 combinations, the best result was obtained with the 0.1 starting molar percentage of
NeutrAvidin, 20 as the molar ratio of biotin to goat IgG, and 1 as molar ratio of IgG to NeutrAvidin. Under these optimized conditions, the
limit of detection (LOD) for rabbit IgG was 38 pmol/mL. Moreover, the best combination for the sandwich hybridization assay was with the
0.1 starting molar percentage of NeutrAvidin-tagged liposomes and when the molar ratio of biotinylated reporter probe to NeutrAvidin was
equal to 1. The LOD for the synthetic target DNA fragmenEofunylovora was ca. 30 pmol/mL. Both assays could be completed in about
30 min without the requirement of sophisticated equipment or techniques. Therefore, these two assays have successfully demonstrated t
feasibility of NeutrAvidin-tagged liposomal nanovesicles as a universal reagent for the attachment of different types of biotinylated ligands in
a fast and easy coupling process. In addition, these ligand-tagged liposomes have the potential for wide use in different types of bioanalytice
assays.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ecotoxicology, bioanalytical assays are used for measuring
the level of environmental pollutants, such as polychlori-
A bioanalytical assay is a procedure to identify and quan- nated biphenyls (PCBs) in watés], cadmium in soil[7],
tify a biological substance based on a specific, functional, or and benzene in ai8]. Additionally, in clinical diagnosis,
biological response to a test. Therefore, bioanalytical assaysthe measurement of cytokines in plasma is one of the most
can be applied in various fields for different purposes. For sensitive and specific infection indicators in newborns with
example, they have been utilized for investigating the pres- neonatal sepsi®].
ence of contaminating microorganisiig, toxicants[2], or Bioanalytical assays can be classified into two major
allergend3-5]in food samples including drinking water. In  types: protein-based and nucleic acid-based. Examples of
protein-based methods include: enzyme-linked immunosor-
* Corresponding author. Tel.: +1 315 787 2297; fax: +1 315 787 2307.  bent assay (ELISA), radio immunosorbent assay (RIA), and
E-mail address: rad2@cornell.edu (R.A. Durst). immunoblotting. These protein-based methods usually entail
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the specific interaction between antibodies and antiff]s antibodies, or biotinylated molecules, respectively) on the
The second group of assays, nucleic acid-based methods, arlposomal surface.
applied to detect a specific sequence of DNA or RNA. First,  Biotin is a naturally occurring vitamin with a molecular
the targeted sequence is amplified by polymerase chain reacweight of 244 Da. Due to its relatively small size, biotin can
tion (PCR), reverse transcription (RT)-PCR, or nucleic acid be conjugated to a variety of ligands including carbohydrates,
sequence-based amplification (NASBA). After amplification, peptides, proteins, antibodies, or DNA/RNA without signifi-
amplicons are identified by capillary sequencing analysis, cantly altering their structure or biological functif@8—35].
agarose-gel electrophoresis with ethidium bromide staining, There are three commonly used biotin-binding proteins:
or hybridization with specific probd41]. avidin, streptavidin, and NeutrAvidin. Avidin (~67 kDa) is a
Detection reagents in bioanalytical assays are used forglycoprotein found in egg white with a basic isoelectric point
quantifying the assay results, and can be produced by con-(pl) of 10-10.5[36]. However, avidin has an issue of non-
jugating markers to analytes in a competitive immunoas- specific binding due to its content of carbohydrate groups and
say, to antibodies in a sandwich immunoasgEgj, or to basic p37]. Streptavidin (60 kDa) is isolated frofiarepro-
a nucleic acid probe in a hybridization asgag]. The first myces avidini with no carbohydrate content and has a mildly
marker molecules applied in binding assays were radioiso- acid p/of 5 [38]. NeutrAvidin (~60kDa) is produced by
topes, because of their inherent sensitivity. However, due to deglycosylation of avidin without losing biotin-binding affin-
their short half-life (B2, 14.3 days; 12, 60 days), poten- ity [39]. Due to the absence of carbohydrate content and its
tial health hazards and waste disposal problems, radioisotopenear neutral p{6.3), NeutrAvidin has reduced non-specific
labels were gradually replaced by either enzymes or flu- binding, resulting in an improvement in assay sensitivity
orescent label$14]. Alkaline phosphatase (AHL5] and [40]. Therefore, in this study NeutrAvidin was bound to
horse-radish peroxidase (HRR)] are the most frequently  the liposomal surface for the production of ligand-tagged
used enzyme labels, while fluorescél’Y] and rhodamine  liposomes.
[18] are examples of common fluorescent probes. In conven-  Two different bioanalytical assays were used to investi-
tional bioanalytical assays, a detection reagent is conjugatedgate the feasibility and performance of NeutrAvidin-tagged
to a few molecules of enzyme or fluorescent probe. In this liposomes. One is a competitive lateral flow immunoas-
study, the liposome label replaces those traditional methodssay for the detection of rabbit IgG performed by attaching
since liposomes can encapsulate hundreds of thousands dbiotinylated goat anti-rabbit IgG to NeutrAvidin-tagged lipo-
molecules of the red dye marker, sulfornodamine B (SRB) somes and by immobilizing rabbit IgG on the test line of
in its aqueous cavity, which allows the assay results to be the nitrocellulose (NC) membrane test strips. Rabbit IgG
visually and immediately detected without further process- in the sample competed with rabbit IgG coated on the test
ing [19,20]. In addition, liposomes are very staf?é] and a line. Therefore, the signal intensity of test lines is inversely
variety of ligands can be conjugated to the liposomal surface, proportional to the amount of rabbit IgG in the sample.
making liposomes versatile detection reagents in bioanalyti- The other example is a sandwich hybridization lateral flow
cal assay§22]. assay for the detection of synthetic targets of a DNA frag-
Methods for producing ligand-tagged liposomes can be ment of Erwinia amylovora, a fire blight pathogen causing
classified into three groups: direct insertion, covalent conju- a destructive bacterial disease of apples and pears by killing
gation, and non-covalent conjugation. The first group incor- blossoms, shoots, limbs, and sometimes, entire f&Hs
porates amphiphilic ligands, such as gangliosides into theIn this assay, the reporter probe biotinylated at therk
bilayer membrane during the preparation of liposo[2¢23] was conjugated to NeutrAvidin-tagged liposomes, while the
or by post-insertion with the preformed liposonigd,25]. biotinylated capture probe was immobilized with streptavidin
In the second group, ligands are covalently conjugated to theon the test line of previously prepared test strips. In this sand-
liposome surface. For example, the maleimide derivatives onwich hybridization assay, the signal intensity of test line is
the liposomal surface react with thiol groups of ligands to pro- directly proportional to the concentration of the target DNAin
duce a thioether bonf26], and theN-hydroxysuccinimide the sample.
(NHS) ester derivatives of phospholipids are coupled with  In this work, we optimized the preparation of immunoli-
ligands through an amide borf@7]. Another example is  posomes with four different starting molar percentages (0.1,
periodate-oxidized liposomes that contain glycolipid moi- 0.2, 0.4, and 0.8) of NeutrAvidin on the liposomal sur-
eties and are used to conjugate proteins or amine-containingface, three different molar ratios of biotin to 19G (5, 10,
ligands through reductive aminatii?8]. The third group of and 20), and two different molar ratios of IgG to NeutrA-
methods uses non-covalent conjugation, in which the ligand vidin (1 and 5). After optimization, we successfully demon-
attachment is by specific recognition, such as nucleic acid strated the feasibility of using NeutrAvidin-tagged liposomes
hybridization[29], protein A or G binding to the Fc frag- as universal reagents for the facile preparation of detection
ment of antibodie$30], or avidin to biotinylated molecules  reagents in bioanalytical assays, as exemplified by the anti-
[31,32]. The capture molecules (nucleic acids, protein A/G, rabbitIgG—NeutrAvidin-liposomal nanovesicles in acompet-
or avidin) are pre-attached to the liposomal surface and itive immunoassay and DNA probe-NeutrAvidin-liposomal
therefore can actively capture target ligands (nucleic acids, nanovesicles in a sandwich hybridization assay.
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2. Experimental
2.1. Materials

EZ-Link Sulfo-NHS-LC-LC-Biotin, EZ-Link maleimide
activated NeutrAvidin,N-succinimidyl-S-acetylthiopropio-
nate (SATA), hydroxylamine hydrochloride N-ethyl-
maleimide (NEM), and Blocker Casein were purchased
from Pierce (Rockford, IL). Dipalmitoyl phosphatidylcholine
(DPPC), dipalmitoyl phosphatidylethanolamine (DPPE),
dipalmitoyl phosphatidylglycerol (DPPG), and the Mini
Extruder were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL). HiFlow Plus 120 NC membranes were
obtained from Millipore (Bedford, MA). Polycarbonate (PC)
membranes of 0.2 and Oun pore-size were from Whatman
International Ltd. (Maidstone, UK). Rabbit IgG and goat anti-

rabbit IgG were purchased from Jackson ImmunoResearch

Laboratories Inc. (West Grove, PA). Predator (polyethersul-
fone) membranes were obtained from Pall/Gelman Com-
pany (Port Washington, NY). All general chemicals and

buffer reagents were purchased from Sigma (St. Louis, MO).
Organic solvents were purchased from Aldrich Chemical
Co. (Milwaukee, WI). The synthetic target and biotinylated

probes were synthesized by Operon Biotechnologies Inc.
(Huntsville, AL).

2.2. Preparation and characterization of
NeutrAvidin-tagged liposomes

Liposomes were prepared by a hydration/(freezing and
thawing)/extrusion methofl]. First, DPPE—ATA was pre-
pared by conjugating DPPE to SATA as described pre-
viously [20]. The mixture of DPPC, DPPG, cholesterol,
and DPPE-ATA in a molar ratio of 45.4:4.5:46:4 was dis-
solved in a solution of 6 mL chloroform, 1 mL methanol,
and 0.5mL DPPE-ATA, and dried in a rotary evaporator.
The dried lipid film was hydrated by the addition of 3 mL
of 0.15M SRB solution (in 0.02M HEPES, pH 7.5, osmo-
lality 535 mmol/kg). The lipid solution was processed with
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The phospholipid concentration of the liposomes was
determined by Bartlett’s phosphorus aspé], and the size
of the liposomes was measured by laser diffraction particle
size analysisinan LS particle size analyzer (Coulter Scientific
Instruments, Hialeah, FL). The Bio-Rad protein assay was
run to determine the final protein concentration on the lipo-
somes by using EZ-Link maleimide activated NeutrAvidin as
the standard. Due to the background signal from liposomes
in the Bio-Rad protein assay, untagged liposomes were also
analyzed at the same lipid concentration as the tagged lipo-
somes. The signal of untagged liposomes was subtracted from
that of NeutrAvidin-tagged liposomes to give a net signal for
the attached NeutrAvidin ([NeutrAvidig). The conjugation
efficiency of NeutrAvidin to the liposomal surface was cal-
culated from the following equation:

[NeutrAvidin], x 100
[NeutrAvidin]g

where [NeutrAviding is the starting amount of NeutrAvidin
and [NeutrAvidin} is the amount of attached NeutrAvidin.

= conjugation efficiency (%)

2.3. Biotinylation of IgG and characterization of
biotinylated IgG

The 10 mM EZ-Link Sulfo-NHS-LC-LC-Biotin solution
was prepared immediately before use since the NHS ester is
easily hydrolyzed to become non-reactive. The IgG sample
was diluted to 2 mg/mL in phosphate buffered saline (PBS:
20mM 1.8 mM KHPO, 10mM NgHPO, with 150 mM
NacCl, pH 7.4) and then mixed with the appropriate volume
of 10 mM biotin reagent in order to provide 5, 10, and 20
molar ratios of biotin to 1gG. This biotinylation reaction
was performed for 30 min at room temperature. To deter-
mine the number of biotin molecules per 1gG, the modi-
fied IgG sample was run through a Sephadex G-25 column
(0.75cmx 10cm) to remove the unbound biotin reagents.
After desalting, the modified IgG sample was analyzed by the
EZ Biotin Quantitation Kit (Pierce) to determine the number
of biotin molecules per 19gG as described by the supplier.

5freeze/thaw cycles, and then extruded through 0.4 and then
0.2pm pore-size PC membranes. Unencapsulated SRB was2.4. Conjugation of biotinylated IgG to

removed by gel filtration using a Sephadex G-50 column
with Tris-buffered saline (TBS: 0.02M Tris with 0.15M
NacCl, 0.01% Nal, pH 7.5) containing sucrose (osmolality
535 mmol/kg).

NeutrAvidin-tagged liposomes were made by conjugating
EZ-Link maleimide activated NeutrAvidin to sulfhydryl lipo-
somes, produced from ATA liposomes by deprotection with
hydroxylamine, with the starting mol% of NeutrAvidin to

surface lipids of 0.1, 0.2, 0.4, and 0.8. Each reaction was incu-

bated overnight at 4C. After quenching the reaction with
1M NEM for 4 h at room temperature, NeutrAvidin-tagged
liposomes were separated from unbound NeutrAvidin on a
Sepharose CL-4B column with Tris-buffered saline (0.02 M
Tris with 0.15M NaCl, 0.01% Napl pH 7.5, osmolality
535 mmol/kg).

NeutrAvidin-tagged liposomes

Three different batches of biotinylated 1gG, with the start-
ing molar ratios of biotin to IgG of 5, 10, and 20, were added
into the NeutrAvidin-tagged liposome solution with either
5:1 or 1:1 molar ratio of IgG to NeutrAvidin. The reaction
mixture was incubated for 20 min at room temperature. The
size of the IgG—NeutrAvidin-tagged liposomal nanovesicles
was then determined in the particle size analyzer.

2.5. Competitive lateral flow immunoassay for detecting
rabbit IgG

The design of the competitive lateral flow immunoas-
say for detecting rabbit 1gG, using biotinylated goat
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perature with gentle shaking. A test strip was then inserted
into the glass tube. After the sample solution was totally
absorbed into the test strip, an additional 30 Blocker
Casein was added to eliminate the background signal on the
NC membrane by washing away the non-specifically bound
liposomes and membrane. Once the Blocker Casein solu-
tion was completely absorbed into the strip (about 10 min),
the test strip was taken out. The signal intensity of the
test line was qualitatively estimated visually, or quantita-
tively measured by scanning the test strips using an Epson
Expression 636 color image scanner (Torrance, CA), and
the scanned images were then converted into gray scale
readings by Scan Analysis densitometry software (Biosoft,
Ferguson, MO).

2.6. Sandwich hybridization lateral flow assay for
detecting ssDNA fragment

The design for the detection of ssDNA fragment by
the sandwich hybridization lateral flow assay using the
biotinylated reporter probe-NeutrAvidin-tagged liposomal

Fig. 1. The simplified scheme for competitive lateral flow immunoassay for nanovesicles as the detection reagent is shoviAign1B.

the detection of rabbit IgG (A) and sandwich hybridization assay for the

detection of ssDNA fragment (B). 2.6.1. Synthetic target and probes

The single-stranded, 60-mer synthetic target is a short
. . . . ) fragment (531-590nt) of the 699bp internal transcribed
anti-rabbit IgG—NeutrAvidin-tagged liposomal nanovesicles spacer region (ITS) of the 165-23S rRNA (rDNA) used for

as the detection reagent, is showrig. 1A. field identification of strains of. amylovora [43]. Com-
plementary to this target were designed the 23-mer capture
2.5.1. NC membrane test strip preparation probe (539-561 nt) and 20-mer reporter probe (565-584 nt).

The NC membrane test strips for the lateral flow assay These oligos were synthesized, biotinylated at ther,
were prepared by coating 4@/cn? of rabbit antibody in  and purified as salt-free probes by Operon Biotechnologies
a test line (2.0cm from the proximal end) on the HiFlow |nc. Probes were dissolved to a final concentration 300 nmol
Plus 120 NC membrane, using a Linomat IV TLC Appli- in 0.1 M phosphate buffer, pH 7.5 supplemented with 1 mM

cator (Camag Scientific, Wrightsville Beach, NC). Rabbit EDTA and 0.1% sodium azide, and stored-&0°C.
IgG was dissolved in PBS with 5% methanol to have a final

concentration of 4 mg/mL. After coating, the membrane was 2.6.2. Test strip preparation

dried at 37C for 30 min in a ventilated convection oven, A mixture of Streptavidin and biotiny|ated O|igonuc-
and then immersed in a blocking solution containing 1% |eotides-capture probe (molar ratio 3:1) was incubated for
polyvinylpyrrolidone (PVP), 0.01% gelatin, 0.002% Tween 15min at room temperature. The mixture was applied
20 in PBS, for 10 min with shaking. This blocked mem- 20 mm above the bottom edge of the Predator membrane
brane was dried by absorption using a paper towel and then(20 cmx 6 cm) by using Linomat TLC Applicator. Coat-

in a ventilated convection oven at 3¢ for 60 min. After |ng was performed at 40-70% relative hum|d|ty and room
drying, the membrane was stored atGlwith desiccants.  temperature. The membrane was dried for 5 min at room tem-
Before running the lateral flow assay, the blocked mem- perature and the oligonucleotide was immobilized by drying
branes were cut into test strips (5 b0 mm) and a filter  at 55°C for 2 h under reduced pressure (15 psi). The coated
paper pad was attached to the top of the test strip, as showmembrane was blocked in the blocking solution (0.002 M

in Fig. 1A. Tris, 0.15 M NacCl, 0.5%, w/v, PVP MW 10,000 and 0.015%,
w/v, casein—Hammarsten quality MW 75,000-100,000; pH
2.5.2. Assay format 7.0) by gently shaking for 30 min at room temperature. The

Inthe assay, 0.1 mol% NeutrAvidin-tagged liposome solu- blocked membrane was first dried using a paper towel and
tion was mixed with biotinylated goat anti-rabbit IgG (Neu- then dried for 3 h at room temperature under reduced pres-
trAvidin:biotinylated IgG =1:1, mole) and 0L of rabbit sure (15 psi), and stored in vacuum-sealed plastic bag@at 4
IgG sample, and then added to a glass tube (12418 mm) The membrane was cut into 5mm strips immediately prior
containing 1QuL of Blocker Casein (1% casein in TBS). to use. Each strip contained 60 pmol of biotinylated oligonu-
This reaction mixture was incubated for 20 min at room tem- cleotide bound by 20 pmol of streptavidin.
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2.6.3. Biosensor assay nanovesicles increased from 2419.1 to 74H-66.8nm
The mixture of 5uL of master mix (50% formamide, as the starting mol% of NeutrAvidin increased from 0.1

4 x SSC, 0.2% Ficoll, 0.2% sucrose)ul (0.5umol) of to 0.8. This expansion of liposome size may be due to

synthetic target or water (as negative control), and.1 two reasons. One is the increasing number of NeutrAvidin

(2.0,mol) of biotinylated reporter probe were mixed in a molecules on the liposomal surface since the values of tagged

microcentrifuge tube by pipeting. The hybridization mixture mol% of NeutrAvidin increased from 0.076 to 0.365. The

was preincubated first at 9& for 5min and after that at more likely reason is that a higher number of NeutrAvidin

37°C for 15min. After incubation, 3L of NeutrAvidin- can increase the possibility of forming NeutrAvidin bridges

tagged liposomes were added, mixed and the solution trans-between liposomes, i.e., aggregation, due to the fact that

ferred into borosilicate glass tubes (12 ma75 mm). The the number of maleimide groups per NeutrAvidin is greater

membrane strip (with 20 pmol of streptavidin) was inserted than 1.

into tube, and after the entire hybridization mixture was

absorbed by the strip, 38 of running buffer (10% for- 3.2. Effect of molar ratio of biotin/IgG and

mamide, 10x SSC, 0.2% Ficoll, 0.2% sucrose) were added IgG/NeutrAvidin on liposome size

to the tube and allowed to traverse the entire length of the

strip. The 20x SSC solution was prepared from 3 M NacCl, Before attaching ligands to NeutrAvidin-tagged liposo-

0.3 M sodium citrate (NgCgH507-2H20), pH 7.0. mal nanovesicles, biotinylation on these ligands is required.
In this study, the detection of rabbit antibody was used as
a model, in which goat anti-rabbit IgG was biotinylated

3. Results and discussion and then attached to NeutrAvidin on the liposomal surface

to produce IgG—NeutrAvidin-tagged liposomes (immuno-
3.1. Effect of NeutrAvidin mol% on its conjugation liposomes). During the production of immunoliposomes,
efficiency and liposome size multi-biotinylated IgG may become protein bridges between

NeutrAvidin-tagged liposomes, resulting in liposomal aggre-

Four different starting mol% (0.1, 0.2, 0.4, and 0.8) of gation. If the size of the liposomal aggregate is larger than
NeutrAvidin to the surface lipids of liposomes were used the pore-size of the NC membrane, this aggregate would be
to study the effect of NeutrAvidin mol% on its conjugation immobile on the NC membrane test strip. This condition
efficiency and liposome size after conjugation.Teble 1,  can cause a high background signal on the NC membrane
liposomes with the starting mol% of NeutrAvidin as 0.1, and produce a significant reduction of assay sensitivity. In
0.2, 0.4, and 0.8 had their final mol% of NeutrAvidin deter- the extreme situation, liposomal aggregation would occur as
mined to be 0.076, 0.166, 0.174, and 0.365, respectively. Thesoon as the biotinylated IgG was added. To investigate the
conjugation efficiency of NeutrAvidin to the liposomal sur- €effect of biotin/lgG molar ratio on liposomal aggregation,
face increased from 76% to 83% as their starting mol% of three different biotin/IgG starting molar ratios (5, 10, and 20)
NeutrAvidin increased from 0.1 to 0.2. However, the addi- Were used for biotinylation. After biotinylation, each batch of
tional increases of the starting mol% of NeutrAvidin (0.4 and biotinylated IgG was mixed with 0.1, 0.2, 0.4, and 0.8 starting
0.8) showed considerably reduced conjugation efficiencies mol% of NeutrAvidin-tagged liposomal nanovesicles with
to 43% and 46%, respectively. However, at 0.4 mol% start, two different molar ratios (1 and 5) of IgG/NeutrAvidin. A
the available surface space on liposomes for binding Neu- particle size analyzer was used for measuring the size of the
trAvidin begins to decrease. This reduction causes difficulty “/gG—NeutrAvidin-tagged liposomes” in order to estimate
in attaching maleimide groups on NeutrAvidin to the small the degree of liposomal aggregation. The best conditions for
sulfhydryl (-SH) groups on liposomal surface, resulting in the production of IgG—NeutrAvidin liposomes (immunolipo-

a decrease in the conjugation efficiency. Our data also indi- Somes) were selected from these 24 combinations, as shown
cated that liposome size correlated with the starting mol% in Table 2.

of NeutrAvidin. The size of NeutrAvidin-tagged liposomal All immunoliposomes with 0.4 and 0.8 starting mol% of
NeutrAvidin precipitated as soon as the addition of biotiny-

lated anti-rabbit IgG was added, no matter the molar ratio of
IgG/NeutrAvidin or biotin/IgG. This precipitation could be
the result of forming antibody bridges between NeutrAvidin-
tagged liposomes, resulting in an immediate liposomal aggre-

Table 1
Effect of NeutrAvidin molar percentage on its conjugation efficiency to the
liposomal surface and liposome size

Starting Final Conjugation Liposome ; .. . . L

NeutrAvidin NeutrAvidin efficiency (%) diameter (nm) gation. After biotinylation, the estimated biotin number per
mol% mol% anti-rabbit 1IgG was 2.6, 6.8, and 8.1 for the starting molar
0 0 NA 241+ 19.1 ratio of biotin/antibody as 5, 10, and 20, respectively. There-
0.1 0.076 76 3924+39.9 fore, all batches of biotinylated antibodies had the poten-
0.2 0.166 83 500+ 45.0 tial to be a protein bridge between NeutrAvidin-tagged
0.4 0.174 43 547£31.7 liposomes. Liposomes tagged with higher starting NeutrA-
0.8 0.365 46 741+ 66.8

vidin mol%, such as 0.4 and 0.8, have greater chance of
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Table 2
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Effect of NeutrAvidin molar percentage and molar ratio of IgG/NeutrAvidin and biotin/IgG on liposome size

Starting NeutrAvidin mol% Final NeutrAvidin mol% 1gG/NeutrAvidin Biotin/IgG Liposome diameter (nm)
molar ratio molar ratio

0.1 0.076 1/1 5 402+38.7
0.1 0.076 1/1 10 397+39.6
0.1 0.076 1/1 20 380+39.1
0.1 0.076 5/1 5 367+37.3
0.1 0.076 5/1 10 351+27.0
0.1 0.076 5/1 20 505+41.6
0.2 0.166 1/1 5 PPT

0.2 0.166 1/1 10 PPT

0.2 0.166 1/1 20 PPT

0.2 0.166 5/1 5 433+ 24.7
0.2 0.166 5/1 10 423+ 26.6
0.2 0.166 5/1 20 364+ 36.7
0.4 0.174 11 5 PPT

0.4 0.174 1/1 10 PPT

0.4 0.174 11 20 PPT

0.4 0.174 5/1 5 PPT

0.4 0.174 5/1 10 PPT

0.4 0.174 5/1 20 PPT

0.8 0.365 1/1 5 PPT

0.8 0.365 1/1 10 PPT

0.8 0.365 1/1 20 PPT

0.8 0.365 5/1 5 PPT

0.8 0.365 5/1 10 PPT

0.8 0.365 5/1 20 PPT

PPT : precipitation.

capturing biotinylated antibodies. Therefore, they form lipo-
somal aggregates more easily and precipitate.

Liposomes tagged with 0.2 mol% of NeutrAvidin precip-
itated only at the molar ratio of IgG/NeutrAvidin of unity
with all three (5, 10, and 20) different biotin/IgG molar ratios.
However, precipitation was avoided when a five-fold excess
of biotinylated 1gG was added to NeutrAvidin. Therefore,
by increasing the amount of biotinylated IgG, liposomal pre-
cipitation could be prevented. This absence of precipitation

dependent on the mol% of NeutrAvidin on the liposomal sur-
face than on the molar ratio of IlgG/NeutrAvidin. However,
the molar ratio of biotin/IgG has no significant effect on the
liposomal aggregation.

3.3. Optimizing the biotin/IgG ratio for preventing
liposomal aggregation

Adding extra biotin molecules into 1gG—NeutrAvidin-

can be explained as the result of the absence of antibodytagged liposomes is another way to prevent liposomal aggre-

bridges, since the majority of biotin-binding sites on NeutrA-
vidin was saturated by individual biotinylated antibodies. On
the other hand, the molar ratio of biotin/IgG had no significant
impact on preventing liposomal aggregation. Additionally,
0.1 mol% of NeutrAvidin-tagged liposomes showed no pre-
cipitation under every combination of the molar ratios of
biotin/IgG and IgG/NeutrAvidin, possibly due to the very low
NeutrAvidin mol% on the liposomal surface. For the develop-
ment of immunoliposomes, both 0.1 and 0.2 starting mol%
of NeutrAvidin-tagged liposomes could be used. However,
starting with 0.2mol% of NeutrAvidin-tagged liposomes
required a higher molar ratio of IgG/NeutrAvidin to prevent
the liposomal precipitation. The higher amount of antibodies

gation. In this study, the starting molar ratios of biotin/goat
IgG were 5, 10, and 20 and, after biotinylation, the attached
biotin numbers per IgG were estimated 2.6, 6.8, and 8.1,
respectively. Therefore, unbound biotin molecules can be
used to occupy the rest of available biotin-binding sites on
NeutrAvidin. In this way, there is no requirement for adding
extra biotin molecules, and IgG samples did not need to be run
through gel filtration chromatography or dialyzed to remove
unbound biotin molecules, resulting in a simpler and faster
process for producing immunoliposomes.
To determine the optimal molar ratio of biotin/IgG for

preventing liposomal aggregation, a capture lateral flow
immunoassay was applied, in which rabbit IgG was coated

can significantly increase the cost of the preparation of the on the test line on the NC membrane strip and biotinylated

IgG—NeutrAvidin-tagged liposomal nanovesicles (immuno-

anti-rabbit I9gG was conjugated to the starting 0.1 mol% of

liposomes). Because of that consideration, we decided toNeutrAvidin-tagged liposomes. The performance of lateral

make immunoliposomes with starting with 0.1 mol% of Neu-
trAvidin and with the IgG/NeutrAvidin molar ratio of 1. Thus,
the liposomal aggregation by NeutrAvidin bridges is more

flow assay was determined by the value of the signal/noise
ratio, in which the signal is the color intensity on the test line
and the noise is the background on the NC membrane test
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strips. The higher value of signal/noise gives higher assay was calculated from this curve with a higf value of 0.997.
sensitivity. The value of signal/noise increased in propor- The LOD, defined as the concentration equivalentto the mean
tional to the molar ratio of biotin/IgG. The biotin/IgG molar  of the blank rabbit IgG samples minus 3 standard devia-
ratios of 5 and 10 had higher background caused by lipo- tions (S.D.), was calculated to be 38 pmol/mL of rabbit IgG.
somal aggregation. If the number of free biotin molecules This work demonstrated the feasibility of using NeutrAvidin-
is not enough to fill up biotin-binding sites on NeutrAvidin, tagged liposomes to conjugate biotinylated antibodies for the

biotin molecules on the anti-rabbit IgG would be used to fill production of immunoliposomes as the detection reagent in
up the remaining biotin-binding sites on NeutrAvidin. This immunoassays.

biotin—NeutrAvidin interaction results in the biotinylated IgG

becoming a protein bridge between liposomes. The resulting3.5. Detection of ssDNA fragment

liposomal aggregation can reduce the flow of samples on the

NC membrane as soon as the size of liposomal aggregation In recent years, the detection of nucleic acids, including
becomes larger than the pore-size of the NC membrane, and NA and RNA, has been increasing in importance. Because
pink background is produced onthe NC membrane. The high- of the uniqueness of nucleic acid sequences, one organism
est value of signal/noise occurred at molar ratio of biotin/IgG can be discriminated from othe#4]. Three types of mark-

20, and this was optimal for producing antibody-tagged lipo- ers have been used in nucleic acid assays: DNA, messenger
somes for a lateral flow assay, utilizing the NC membrane RNA (MRNA), and ribosomal RNA (rRNA). For maximiz-

with pore-size of around 9-J2m. ing analytical sensitivity, the specific sequence of the targeted
nucleic acid would be amplifie@5]. Most DNA amplifica-
3.4. Detection of rabbit IsG tionis performed using PCR6], while mMRNA and rRNA are

amplified using either reverse transcriptase PCR (RT-PCR) or

To demonstrate the feasibility of immunoliposomes made Nucleic acid sequence-based amplification (NASBA)48].
by lgG—NeutrAvidin liposomes, a competitive immunoassay _ 1he viability of pathogens is a crucial factor in determin-
for the detection of rabbit IgG was applied in a lateral flow ng their ability to pose an actual threat to public health. Since
assay (LFA). In this assay, rabbit IgG was immobilized on the there is little correlatlon.between cell viability and the pres-
test line of the NC membrane test strip and biotinylated anti- €nce of DNA[49], attention has turned to the use of mMRNA
rabbit IgG was conjugated to NeutrAvidin-tagged liposomes ©F FTRNA as markers of viability, as they have very short half-
using the previously optimized conditions (Fig. 1). The rab- lves (secorllds.-Fo-mlnutes) and provide a better indication
bit IgG in the sample competed with the immobilized rabbit ©f céllular viability than DNA-based methos]. NASBA
IgG for the limited antigen binding sites on the anti-rabbit Offers several advantages over RT-PCR. First, NASBA is per-
IgG molecules attached to NeutrAvidin-tagged liposomes. formed at 4T'C without the need of a thermal cyclgg0].
For this assay, the signal intensity on the test line is inversely Moreover, the product of NASBA is a single-stranded anti-
proportional to the concentration of rabbit IgG in the sample. S€nse RNA, which can be directly hybridized with a labeled

To determine the limit of detection (LOD), increasing Probe to reduce the assay time and simplify the entire pro-
concentrations of rabbit IgG were spiked in PBS and sub- €€SS- To mimic the product of NASBA, a synthetic ssDNA
sequently detected by the LFA to generate a dose—responséagment was used as the target in this study.

curve, shown ifFig. 2. A three-parameter sigmoidal function A sandwich hybridization format for the lateral flow assay
was applied to detect the synthetic sSDNA fragment of the

sequence of 16S-23S rRNA @&f amylovora [43]. In this
25000 assay (Fig. 1B), the biotinylated reporter probe was conju-
gated to NeutrAvidin-tagged liposomes and the biotinylated
capture probe was immobilized through streptavidin on test
strips. The sequence of the reporter probe was complemen-
tary to a portion of the synthetic target sequence. Because
of the presence of a biotin molecule at the éhd, the
reporter probe was attached to NeutrAvidin-tagged liposomes
thereby forming the detection reagent. In the assay, the sam-

L 3

20000
15000 1

10000 1

5000 1

Gray Scale Intensity (AU)

‘(LOD ple was first incubated with the reporter probe at@5This
s 3 o s 20 25 high temperature eliminated any secondary structure of the
Rabbit IgG [pg/mL] synthetic target and reduced non-specific interactions. Dur-

ing the incubation at 37C, the reporter probe hybridized
Fig. 2. Dose-response curve for the detection of rabbit IgG by a competi- with the complementary sequence of the synthetic target.
tive lateral flow immunoassay. The curve was generated by a serial dilution Finally NeutrAvidin-tagged Iiposomes were added to this

of rabbit IgG samples (0, 2.5, 7.5, 12.5, 17.5, and 2@8nL) by mea- ixt f thetic t t t b lex t
suring the gray scale intensity (GSI) of the test line on the LFA strips. A mixture of synthetic target-reporter probe compléx to per-

three-parameter sigmoidal function®0.997) was calculated from this ~ form a Igteral flow assay through a test strip. If target is
dose—response curve with a limit of detection ofjsg7mL (=38 pmol/mL). presentin the sample, it first attaches to the reporter probe on
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Fig. 3. Dose-response curves for the detection of the synthetic talgetafia amylovora DNA by a sandwich hybridization lateral flow assay. (A) The curve

was generated from a serial dilution of synthetic target (0, 10, 50, 100, 250, 500, and 750 pmol/mL) by measuring the gray scale intensity (GSI) of the test
line on the LFA strips. (B) A log scale dose-response curve of (A) showing the location of the LOD as approximately 30 pmol/mL (Neg: 0 pmol/mL of the
synthetic target).

NeutrAvidin-tagged liposomes and is then captured by cap- reporter probe are known. Additionally, analytes whose anti-
ture probe on the test line to form a visible red line on the test bodies have been developed can be detected in lateral flow
strip. Therefore, the signal intensity is directly proportional immunoassays. Therefore, this universal reagent is ideal for
to the concentration of the synthetic targeig. 3 shows a quickly screening samples without requiring specific training
dose—response curve for serially diluted synthetic target (0, or sophisticated equipment.

10, 50, 100, 250, 500, and 750 pmol/mL) samples obtained
by the lateral flow assay using gray scale intensity (GSI)
quantitation. The limit of detection was calculated as the
concentration equivalent of the mean of the blank synthetic
target samples p_Ius 3 standard devigtions. From this curve, [] TR. DeCory, RA. Durst, S.J. Zimmerman, LA. Garringer, G.
the LOD was estimated to be approximately 30 pmol/mL of Paluca, H.H. DeCory, R.A. Montagna, Appl. Environ. Microbiol.
DNA fragment. 71 (2005) 1856.

[2] S. Ahn-Yoon, T.R. DeCory, A.J. Baeumner, R.A. Durst, Anal. Chem.
75 (2003) 2256.
4. Conclusion [3] L.C. Shriver-Lake, C.R. Taitt, F.S. Ligler, J. AOAC Int. 87 (2004)
1498.

Data presented in this study demonstrated that [4] H.-W. Wen, W. Borejsza-Wysocki, T.R. DeCory, A.J. Baeumner, R.A.
NeutrAvidin-tagged liposomal nanovesicles could be univer- 3‘:/:/5t'vae“r:- C\j’ogo'f;z-ziﬁgg'c-kfzgos) g’:ég‘; p;‘ji'sgeucgt Al
sal reagents for a fast gnd easy methodi to prepare detection™ i " chem. 382 (2005) 1217, T ' '
reagents for bioanalytical assays of different targets. By [e] M.A. Roberts, R.A. Durst, Anal. Chem. 67 (1995) 482.
this method, a variety of biotinylated ligands, including [7] S. Tandy, V. Barbosa, A. Tye, S. Preston, G. Paton, H. Zhang, S.
antibodies and nucleic acids, can be quickly attached to  McGrath, Environ. Toxicol. Chem. 24 (2005) 530. _
the liposomal surface by the specific biotin-NeutrAvidin (€] :-IZ'C-ULOE;”VSS*(fdo'gﬁ)agggéav I.E. Tothill, M. Mascini, Biosens. Bio-
i”tefaC“PU- Th"j optimal starting molar percentage of [9] G. Hodée, S. Hodge, R. Haslam, A. McPhee, H. Sepulveda, E.
NeutrAvidin on liposomal surface was 0.1, since this small Morgan, I. Nicholson, H. Zola, Clin. Exp. Immunol. 137 (2004)
amount of NeutrAvidin prevented liposomal aggregation. 402.

To exemp"fy the feas|b|||ty of using NeutrAvidin-tagged [10] R.E. Poms, C.L. Klein, E. Anklam, Food. Addit. Contam. 21 (2004)
liposomal nanovesicles, two assays were investigated in '

this study. The first assay was a competitive lateral flow [LI RP. Peters, MA, van Agtmael, S.A. Danner, P.H. Savelkoul, C.M.
. . . Vandenbroucke-Grauls, Lancet Infect. Dis. 4 (2004) 751.
immunoassay for the detection of rabbit IgG, and the second|12] m. Brinkley, Bioconjug. Chem. 3 (1992) 2.

assay was a lateral flow sandwich hybridization assay for the[13] O. Brandt, J.D. Hoheisel, Trends Biotechnol. 22 (2004) 617.
detection of a synthetic target &f amylovora DNA. Both [14] L.J. Kricka, Ann. Clin. Biochem. 39 (2002) 114.

assays could be performed in 30 min and gave very similar [15] A.S. Bulman, E. Heyderman, J. Clin. Pathol. 34 (1981) 1349.

. . 16] B. Porstmann, T. Porstmann, E. Nugel, U. Evers, J. Immunol. Meth-
values for the LOD, which demonstrated the conS|stency[ ]Ods 79 (1985) 27 g

of the assay sensitivity when using NeutrAvidin-tagged [17] G.p. Der-Balian, N. Kameda, G.L. Rowley, Anal. Biochem. 173
liposomal nanovesicles in a lateral flow assay. (1988) 59.

In summary, these newly developed NeutrAvidin-tagged [18] G.P. Vigers, M. Coue, J.R. Mcintosh, J. Cell Biol. 107 (1988)
liposomal nanovesicles can be applied for many kinds of ana- 1011 _ . .

. . . [19] R.A. Durst, S.T. Siebert, S.G. Reeves, Biosens. Bioelectron. 8 (1993)

lytes in a lateral flow assay format with an analysis time i
of about 30 min. For example, any nucleic acid sequence o] s T.A. Siebert, S.G. Reeves, R.A. Durst, Anal. Chim. Acta 282
can be identified, as long as the sequences for capture and  (1993) 297.
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