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Abstract The recent development of a homogeneous time-
resolved Förster resonance energy transfer (TR–FRET) immu-
noassay enables one-step, rapid (minutes), and direct detection
compared to the multistep, time-consuming (hours), heteroge-
neous ELISA-type immunoassays. The use of the time-
resolved effect of a donor lanthanide complex with a delay
time of microseconds and large Stokes shift enables the sepa-
ration of positive signals from the background autofluores-
cence of the sample. However, this study shows that the sam-
ple matrices directly interfere with donor fluorescence and that
interference cannot be eliminated by time-resolved settings
alone. Moreover, the reduction in donor emission did not ap-
pear to be equivalent to the reduction in acceptor emission,
resulting in incorrect FRET signal measurements. To over-
come this limitation, an internal standard approach was devel-
oped using an isotype control antibody. This new approach
was used to develop TR–FRET assays for rapid detection
(15–30 min) of Bacillus anthracis spores and botulinum toxin
(type E) in beverages, which are major concerns in bioterror-
ism involving deliberate food contamination. Additionally, we
demonstrate the detection of B.anthracis-secreted protective
antigen (PA) and the Yersinia pestis-secreted markers F1 and
LcrV in blood cultures, which are early markers of bacteremia
in infected hosts following a possible bioterror attack. The use
of an internal standard enables the calculation of correct ΔF
values without the need for an external standard. Thus, the use

of the internal standard approach in homogeneous immunoas-
says facilitates the examination of any sample regardless of its
origin, and therefore expands the applicability of TR–FRET
assays for complex matrices.
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Introduction

The growing interest in rapid diagnostic tools for medical use
(e.g., clinical diagnosis and point-of-care) has encouraged the
development of simple-to-operate immunoassays. However,
most immunoassays such as the enzyme-linked immunosor-
bent assay (ELISA) are based on heterogeneous approaches,
with several steps of washing and reagent incubations that are
labor and time consuming. To simplify and shorten the assay
setup, different approaches for homogeneous assays have been
designed on the basis of the Förster resonance energy transfer
(FRET) process using materials with a high energy transfer
capability [1–6]. FRET is a distance-dependent energy transfer
process between donor and acceptor fluorophores, inversely
proportional to the sixth power of the distance between them.
Accordingly, donors and acceptors must be in close spatial
proximity (<10 nm) to accomplish efficient FRET. In the ho-
mogeneous FRET assay, the tested sample is briefly incubated
with donor and acceptor fluorophores conjugated to two spe-
cific antibodies and then the FRET signal is directly measured
in a fluorimeter without the requirement for washing steps
(Fig. 1, Btest^). A positive FRET signal can only be achieved
by mutual interactions of the pair of antibodies with the target
molecule in the sample. Hence, one-step homogeneous immu-
noassays are easier and quicker than heterogeneous ELISA. A
recent approach has used lanthanides (e.g., europium and
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terbium) in complexes with chelate or cryptate, which were
incorporated as donors in homogeneous FRET immunoassays
[7–10]. Lanthanide complexes characterized by a high fluores-
cence quantum yield, a very long emission lifetime (400–
800 μs) and a very large Stokes shift (approx. 300 nm) were
achieved using a time-resolved fluorescence (TRF) fluorimeter.
These properties help to eliminate the autofluorescence noise of
biomolecules and debris (impurities) in samples characterized
by short luminescent lifetimes (nanoseconds) and small Stokes
shifts (10–20 nm). Thus, the combination of TRF and FRET
(TR–FRET) has facilitated the development of homogeneous
immunoassays with high sensitivity and specificity [11–13].

However, in addition to the autofluorescence issue, the im-
purities in the sample may induce a quenching effect on the
donor signals by directly interrupting interactions or compet-
ing with the donor for the input excitation energy, leading to a
reduction in the amount of energy transferred to the acceptor
and eventually to reduced output signals. Complex matrices,
such as biological fluids (blood, urine, and mucosal specimens)
or food products (beverages and milk products), contain differ-
ent biomolecules and chemicals that may directly interfere with
the donor signal in the homogeneous assay format. Therefore,
the use of an assay buffer as a background standard control (as
illustrated in Fig. 1I) would not be sufficient. Previously it was
shown that impurities in urine samples interfere with the exci-
tation energy of the donor in TR–FRET-based immunoassays
leading to an overestimation of the results. To correct the pos-
itive signal values, normal human urine was used as an external
standard instead of a buffer [14]. However, the use of an exter-
nal standard as a reference background may not be accurate in
all cases because of the large diversity in the composition of
clinical samples (e.g., hemolytic serum and blood in the urine).
Moreover, in most cases, an adequate reference standard would
not be available to the operator in the clinical laboratory.

In thismanuscript, we present a novel method for overcom-
ing the surrounding interference in the assay by using a gener-
ic internal standard control regardless of the availability of an

external standard. Figure 1 illustrates the different control
standards that can be used in the TR–FRET assay to measure
background FRET signals: (I) buffer control, using a clear
assay buffer; (II) external Bunspiked^ control using the same
matrix composition as the tested sample without the target
antigen; and (III) internal control. The internal control in-
volves the use of the tested sample itself as a control in the
assay by incubating it with the same donor antibody, but re-
placing the acceptor with a non-relevant antibody with the
same isotype and amount of acceptor fluorophore. Using the
internal control setup, each sample is split and tested twice,
first with the correct donor/acceptor assay antibodies and then
with the donor antibody mixed with the isotype control. We
used this new internal standard approach to develop homoge-
neous TR–FRET assays for the detection of virulence bio-
markers of Yersinia pestis (Y. pestis), the etiological agent of
plague, and Bacillus anthracis (B.anthracis), the etiological
agent of anthrax disease. These acute diseases induce over-
whelming inflammation, leading to death in untreated cases.
Both bacteria are included in the list of group A infectious
agents from the Centers for Disease Control and Prevention
(CDC), and their possible use as bioterror agents is a potential
threat to public health. To monitor the progression of plague
and anthrax diseases, blood samples of infected patients are
usually examined for the presence of bacterial biomarkers. F1
antigen, the bacterial capsule protein, and LcrV antigen, the
bacterial major virulence factor, are reliable specific markers
used to diagnose plague [15, 16]. Exotoxin protective antigen
(PA) is the major biomarker of B. anthracis that is responsible
(among other toxins) for the induction of tissue damage and
even death in untreated patients. The amount of PA in serum
fractions or in whole-blood cultures of infected patients is
highly correlated with bacteremia [17]. Thus, the rapid detec-
tion of these bacterial biomarkers in blood samples from in-
fected patients at early stages is essential for effective treat-
ment. In addition to the diagnosis of bacterial markers in blood
cultures, we demonstrate the detection of botulinum toxin

Fig. 1 Illustration of control settings in the TR–FRET homogenous
assay. The assay settings include co-incubation of the tested sample
with pair antibodies (black Y), one conjugated to the EuK donor (blue
circle) and the other conjugated to the AlexaFluor 647 acceptor (red
circle), referred to as Bassay antibodies^ in the text. The amount of
energy transfer (FRET) was determined by calculating ΔF values (see
BMaterials and methods^) using three different control standards: (I)

buffer control, the incubation of the assay antibodies in buffer (PBS)
without the antigen (no Ag); (II) external standard, the incubation of the
assay antibodies in a matrix sample without the antigen (unspiked
control); (III) internal standard, the incubation of the tested sample
(including the antigen) with the donor antibody and an irrelevant
antibody (purple Y), but with the same isotype, conjugated to the
AlexaFluor 647
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type E, an extremely potent neurotoxin of Clostridium
botulinum, and whole B.anthracis spores spiked in beverages
and fresh milk. The bioterror anthrax incidents of 2001 [18]
and the possible use of botulinum toxin for bioterrorism pur-
poses [19] have increased the concern regarding the possible
deliberate contamination of food products and water. Thus,
the development of rapid and simple-to-operate assays for
early detection of contaminated food and beverages is essen-
tial to prevent a public catastrophe and to allow better treat-
ment of infected patients.

Materials and methods

Bacterial strains

Bacillus anthracisΔ14185, a nontoxinogenic, nonencapsulat-
ed (Tox−Cap−) derivative of ATCC 14185 [20] (Bacillus
Genetic Stock Center), and EV76 [21] were obtained from
the Israel Institute for Biological Research collection.

Reagents and antibodies

Protective antigen protein, 83 kDa (PA), was purified by Q-
Sepharose chromatography as previously described [22].
Botulinum toxin Ewas prepared from concentrated supernatants
ofC.botulinum culture [23]. Recombinant Y.pestis LcrVand F1
were prepared as previously described [24]. Mouse anti-PA
monoclonal IgG antibodies (Mab3, Mab5) were used as previ-
ously described [11]. Anti-B.anthracis spore antibodies were
raised against a soluble exosporium fraction [25], and anti-
LcrV and anti-F1 were prepared as previously described [26].
Polyclonal antibodies were purified from hyperimmune serum
with Amino-link columns according to the manufacturer’s pro-
tocol (Pierce, Rockford, IL). The antibodies were labeled with
the europium cryptate (EuK) labeling kit (Cisbio Bioassays,
Codolet Cedex, France) and with an AlexaFluor 647 (A647)
carboxyl acid succinimidyl ester labeling kit (Invitrogen,
Eugene, Oregon, USA), according to the manufacturers’ in-
structions. Beverages and milk were obtained from a local gro-
cery. The Bacec and Bact/Alert blood culture bottles were ob-
tained from Becton Dickinson, BD, New Jersey, USA. Fresh
horse blood (10 ml) was injected into culture bottles and the
culture was then inoculated with 105 Y. pestis bacteria (EV).
The culture bottles were incubated overnight at 37 °C and sam-
ples were taken for the assays at different time points.

TR–FRET assay

The TR–FRET assays were performed out in a white (non-
Maxisorp) micro-plate (Nunc, Roskilde, Denmark) in tripli-
cate using europiumIII tris-bipyridine cryptate (EuK) (CisBio,
Cat# 62EUSPEA) as the donor, and AlexaFluor 647 (A647)

(Invitrogen) as the acceptor conjugated to the specific antibod-
ies indicated in the text. Excitation of the EuK donor at
340 nm leads to energy emission at 612 nm or to resonance
energy transfer in close proximity (d<10 nm) to the acceptor,
resulting in emission at 665 nm. The final assay volume was
60 μl, comprised of 40 μl of the mixture of the donor/acceptor
antibodies diluted in assay buffer containing 50 mM phos-
phate buffer (pH 7), 400 mM potassium fluoride (KF)
(Sigma, Rehovot, Israel), 0.1 % BSA (Israeli Biological
Industries, Israel), 0.01 % sodium azide (Sigma), and 20 μl
of the analyte. The optimal ratio of the antibodies in the assay
was determined in a preliminary experiment, in which a fixed
amount of analyte was examined with increasing concentra-
tions of donor and acceptor antibodies, as indicated in the text.
The assay was incubated at 37 °C with shaking for 1 h and the
results were read every 15 min with an Infinite F200 reader
(Tecan, Switzerland) using the following settings: excitation
340 nm (±35 nm), emission 612 nm (±10 nm) or 665 nm
(±8 nm), lag time 100 μs, integration time 400 μs. To elimi-
nate the formation of bacterial clumps during the assay, we
added Tween to the assay buffer and added the bacterial sam-
ples after vigorous vortexing and pipetting.

Calculation of the HTRF signals

The HTRF signals (ΔF) were calculated as a normalized fluo-
rescence transfer signal [27] using the following formula:

ΔF ¼
F 665nmð ÞSample

F 612nmð ÞSample
� F 665nmð Þcontrol

F 612nmð Þcontrol
F 665nmð Þcontrol
F 612nmð Þcontrol

The average fluorescence intensity of the acceptor (A647)
in the sample at 665 nm (F665 nm) was divided by the aver-
age fluorescence intensity of the donor (EuK) in the sample at
612 nm (F612 nm). The same ratio in the control setup was
subtracted from the resulting value. Then the resulting value
from this calculation was divided by the control ratio. The
limit of detection (LOD) was determined as three standard
deviations above the control background. The control back-
ground was calculated as the average fluorescence of the ma-
trix without the antigen (e.g., beverage or blood culture) minus
that of the control (buffer or unspiked or internal control;
Fig. 1), as indicated in the text, and divided by the same
control.

Statistics

The InStat 3 program (GraphPad) was used for the statistical
analysis. Statistical analysis was performed using Welch’s
corrected T test. Differences were considered statistically sig-
nificant at p<0.05.
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Results

Sample matrices affect donor signal measurements

The goal of this study was to develop a homogeneous TR–
FRET assay methodology that would be applicable for the
detection of biomarkers in complex matrices such as biological
fluids, e.g., blood cultures and food products. The TR–FRET
assays were developed using the donor EuK and the acceptor
A647 conjugated to specific antibodies that recognize the ana-
lyte, which are referred to as Bassay antibodies^ in the text. The
FRET signal was achieved by donor excitation at 340 nm and
energy transfer to the acceptor leading to a final emission of the
acceptor at 665 nm. As a result of the homogeneous format of
the assay, impurities in the sample matrix were not washed out
and might also have emitted autofluorescence at 612 nm,
resulting in undesirable FRET signals (noise). The time-
resolved effect of the lanthanide donor allowed us to measure
the results with a lag time; therefore the short-lived noise of the
impurities in the sample could be eliminated. To determine the
optimal lag time for use in our experimental system, we mea-
sured the emissions of different beverages that would be used
in this study using increased lag times in an attempt to deter-
mine the optimal time required to reduce the noise signal. The
matrices, namely orange and apple juices, cola, mineral and tap
waters, and fresh milk, as well as hemoglobin extracted from
bovine blood (5 μg/ml), were excited at 340 nm and fluores-
cence emission was measured at 612 nm after increasing ele-
vated delay times (0–600 μs). The measurement settings in this
experiment were adjusted to the calibrated assay settings of the
donor in buffer (data not shown) using a gain value of 175 and
an integration time of 400 μs.

Figure 2 presents the ratio of the intensity of the different
tested matrices compared with the assay buffer using increas-
ing delay time settings (0–600 μs). It can be observed that the
emission intensity without a delay is 30- to 40-fold higher for
the different beverages and 150-fold higher for milk compared
with the PBS buffer. After a 100-μs delay (or longer), the
intensity of the beverages declined to background levels,
which is indicated in the graph as a ratio of 1. However, the
emission intensity of the milk was reduced by only 4-fold. A
longer delay of up to 600 μs was unable to reduce the signal to
background intensity. Mineral and tap waters, as well as he-
moglobin, exhibited minimal autofluorescence with or with-
out delay. These results demonstrate that the use of a delay
time of at least 100 μs is essential to reduce autofluorescence
noise in the homogeneous TR–FRET assay. Because the use
of a delay time longer than 100 μs reduced the total gain
signal, a lag time of 100 μs was set for the subsequent
experiments.

In addition to the autofluorescence effects on the homoge-
neous assay, we examined the possible direct interference ef-
fect of the different sample matrices on donor emission. To

that end, EuK (5 nM) was diluted in different beverages
representing drinking samples. To eliminate the possible effect
of low pH on the donor integrity and further on the assay
performance, acidic beverages were neutralized to pH 7 using
sodium hydroxide (5 N). Then, each sample was excited at
340 nm and the emission intensities were measured at 612 nm
using a 100-μs delay time. Figure 3a presents the donor emis-
sion in each of the beverages compared with PBS. The emis-
sion intensities of the donor in apple and orange juices and in
cola were reduced by 2-fold lower compared with PBS. In
contrast, the donor emission in milk was increased by 2.5-fold
compared with PBS, probably as a result of the background
autofluorescence of milk that was consistent even after the
100-μs delay time (Fig. 2). Mineral and tap waters had no
significant effects on the donor signal.

Accordingly, we tested the effect of blood culture extracts
and hemoglobin on donor emission intensity. Blood samples
taken from patients in hospital are regularly tested in Bactec or
Bact/Alert culture bottles. Here we used these bottles supple-
mented with fresh horse blood (10 ml) instead of human
blood. After a short incubation of the blood in the bottles, 1-
ml samples were centrifuged and the supernatants were incu-
bated with the donor EuK (5 nM). Blood samples can be
hemolytic; therefore high levels of hemoglobin can be ob-
served in the supernatants after centrifugation. To examine
the possible effect of hemoglobin on donor emission, we also
incubated the donor EuK with increasing concentration of
purified hemoglobin protein (0–150 μg/ml). As shown in
Fig. 3b, the donor emission intensity in the Bactec and
Bact/Alert plus blood culture supernatants was reduced by
2-fold compared with PBS. The supernatant of Bactec and
Bact/Alert alone did not have an effect on the donor signal
(data not shown). In accordance with the blood cultures,

Fig. 2 Fluorescence intensity of matrices at 612 nm in delay time
measurements. Different beverages, namely apple juice (black circle),
orange juice (black square), cola (black triangle), fresh milk (black
inverted triangle), mineral water (black diamond), tap water (open
circle), and 5 μg/ml hemoglobin (open square), were excited at
340 nm, and the fluorescence emissions were measured at 612 nm in
different delay times of 0–600 μs using a gain value of 175 and an
integration time of 400 μs in the reader machine. The values presented
in the graph are ratio intensities of each matrix compared to buffer
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purified hemoglobin in concentrations higher than 1.25 μg/ml
significantly reduced donor signal. These results collectively
suggest that complex matrices such as beverages and blood
have a direct quenching effect on the donor signal. Although
the autofluorescence noise could largely be resolved using a
lanthanide donor in assay settings with a lag time readout, the
sample substances still directly interfere with the donor. The
subsequent experiments were conducted to overcome the di-
rect interference effect of the matrix on donor fluorescence
using an internal standard approach (illustrated in Fig. 1III).

Development of a TR–FRETassay for detection
of botulinum toxin and anthrax spores spiked in beverages
and milk

Food contamination with botulinum toxins or B. anthracis
spores is a major national security concern in many countries

seeking to prevent bioterror attacks. Thus, the need for a rapid
and simple assay for the diagnosis of contaminated food is of
great interest. Our aim was to develop rapid TR–FRET assays
for the detection of botulinum type E toxin (BotE) (as a rep-
resentative of the botulinum toxins) and B.anthracis spores in
different beverages and fresh milk. To that end, we first opti-
mized the assay settings for the detection of these agents in a
buffer (PBS) by determining the optimal concentration ratio of
the assay antibodies conjugated to a donor (EuK) and acceptor
(A647). The assay antibodies used in the study were polyclon-
al serotypes that were specifically derived from rabbits immu-
nized with botulinum E toxin or anthrax spores and later iso-
lated and purified (see BMaterials and methods^). For assay
optimization, increasing concentrations of the donor and ac-
ceptor antibodies (1–50 nM) were examined in elevated con-
centration one against the other, using a fixed concentration of
target antigens (data not shown). A donor–acceptor ratio of
1:1 (5 nM each) was selected for the botulinum E test, whereas
a 1:10 ratio (2.5 nM and 20 nM) was selected for the anthrax
test. To determine assay performance, dose–response assays
were developed using increasing amounts of botulinum E (0–
825 ng/ml) or anthrax spores (0–5×108/ml) diluted in PBS.
The ΔF values were calculated (see BMaterial and methods^
for the formula), where the control background referred to the
test in PBS without the antigens. Figures 4a and 5a present the
standard curves (in black dots) of botulinum E and anthrax
spores, respectively, showing a linear range of approx. two
orders of magnitude with the LODs of 2 ng/ml for
botulinum E and 5× 106/ml for the spores. The LOD was
determined as three standard deviations above the control
background and is represented by the dashed line in the graph.
The minimal incubation time required for optimal assay per-
formance was 30 min (data not shown).

Next, we examined the detection of botulinum E and an-
thrax spores spiked in different beverages and fresh milk. As
shown above (Fig. 3), the emission intensity of the donor in
the spiked beverages was decreased compared with that of the
donor in PBS. This quenching effect was anticipated to induce
a corresponding reduction in the amount of acceptor emission,
as the FRET efficacy correlates with the amount of donor
intensity. However, the reduction in donor emission at
612 nm was not equal to the reduction in acceptor emission
at 665 nm. Instead, the donor emission decreased by approx.
2-fold compared with an only approx. 1.5-fold reduction in
acceptor emission (data not shown). When considering the
formula for the energy transfer (ΔF) calculation, one can see
that a reduction in F(612 nm) that is greater than F(665 nm)
would result in a higher F(665 nm)/(F612 nm) ratio, leading
to a higher ΔF value. This observation led us to search for
alternative control standards to normalize the quenching effect
on the donor in the calculation of ΔF. The use of an external
control, such as an unspiked sample comprised of exactly the
samematrix composition as the tested sample (Fig. 1II), might

Fig. 3 EuK donor emission in the presence of different matrices. EuK
(5 nM) was examined for fluorescence emission at 612 nm using a delay
time of 100 μs when incubated in a different beverages or b increased
concentrations of hemoglobin (0.156–150 μg/ml) or Bactec and
Bact/Alert supplemented with fresh horse blood compared to PBS. The
donor fluorescence signal values presented in the graph are in arbitrary
units (a.u.). p< 0.05 by comparing milk, cola, orange and apple juices
with PBS, and by comparing blood cultures (Bactec and Bact/Alert) and
hemoglobin above 1.25 μg/ml with PBS using the T test
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facilitate the calculation of the normalized ΔF values.
However, an external standard with a precisely identical ma-
trix composition would probably not be available to the inves-
tigator in all cases. Therefore, we aimed to design an internal
standard (Fig. 1III) using a non-relevant antibody with the
same isotype as the internal control. To this end, the tested
sample itself was used as the control for the assay, without
the need for an external standard such as an unspiked control.
To examine this internal standard approach in our system, sets
of experiments were designed to examine the detection of
BotE (0–825 ng/ml) and anthrax spores (0–5× 108/ml) in

spiked beverages and fresh milk using the pair of specific
donor/acceptor antibodies. The assays were read at 612 nm
and 665 nm, and the ΔF values were calculated using the
following standards: PBS buffer, unspiked or internal con-
trols. Figures 4 and 5 present the dose–response curves for
the detection of botulinum E and anthrax spores in spiked
beverages compared with PBS respectively. Using the PBS
buffer standard (Figs. 4a and 5a) it can be seen that the back-
ground ΔF values of beverages without the antigen (marked
as 0.1 for BotE and 100 for the spores in the logarithmic scale
graph) were above the LOD limit, showing false positive

Fig. 4 TR–FRET assays for the detection of botulinum E toxin in
beverages. Botulinum E toxin (BotE) was spiked in increased
concentrations (0–825 ng/ml) in different beverages, namely apple juice
(red), orange juice (blue), milk (green), cola (purple), tap water (orange),
mineral water (gray), PBS (black). Then the samples were examined in
TR–FRET assay using polyclonal anti-BotE antibodies conjugated to the
donor EuK and the acceptor AlexaFluor 647. The energy transfer values
(ΔF) were calculated using three different control standards: a PBS
buffer, b unspiked sample, and c internal control. The LOD levels were
determined as three SDs above the PBS background and are indicated in
the graph as dashed line

Fig. 5 TR–FRET assay for the detection of B. anthracis spores in
beverages. B. anthracis spores were spiked in increased concentrations
(0–5 × 108/ml) in different beverages, namely apple juice (red), orange
juice (blue), milk (green), cola (purple), tap water (orange), mineral water
(gray), PBS (black). Then the samples were examined in the TR–FRET
assay using polyclonal anti-spore antibodies conjugated to the donor EuK
and the acceptor AlexaFluor 647. The energy transfer values (ΔF) were
calculated using three different control standards: a PBS buffer, b
unspiked sample, and c internal control. The LOD levels were
determined as three SDs above the PBS background and are indicated
in the graph as a dashed line
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results. Conversely, the ΔF values of the botulinum E or an-
thrax spores spiked in fresh milk were less than in PBS and
even below the LOD, showing false negative results at low
concentrations (2.5 ng/ml BotE and 5×106/ml spores). These
results agreed with the observation that a reduction in emis-
sion measurements at 612 nm that was greater than at 665 nm
resulted in higher ΔF values, whereas the opposite trend re-
sulted in lowerΔF values. In contrast, the use of an unspiked
control (Figs. 4b and 5b) or internal control (Figs. 4c and 5c)
for the calculation of ΔF values normalized the results in
accord with the PBS dose–response curves (black dots), giv-
ing rise toΔF values that were below the LOD, with no false
positive results. These results indicate that the PBS standard
that is currently used as a reference in TR–FRET assays to
examine clean samples can no longer be used for complex
matrices. However, the use of internal standard allowed us
to normalize the ΔF values and to correct the dose–response
curves to be similar to those produced using unspiked con-
trols. In the subsequent experiments we extended the use of
the internal standard approach in the TR–FRET assay for the
detection of analytes in blood cultures.

Development of a TR–FRETassay for detection of LcrV,
F1, and PA in blood cultures

Bacteremia, the dissemination of bacteria into the blood-
stream, is frequently associated with the secretion of bacterial
virulence factors into the bloodstream. To monitor bacteremia
in infected patients arriving at hospital, the medical staff rou-
tinely collect blood samples and grow them in culture bottles
for 18–24 h. Then, the bacterial count and the presence of
specific bacterial markers are determined. Patients infected
with Y. pestis or B. anthracis are anticipated to have detectable
amounts of bacterial factors in their blood in early stages,
before the possible detection of bacteria [17, 26]. Thus, the
rapid detection of the Y. pestis biomarkers (LcrV and F1) and
B.anthracis protective antigen (PA) in the blood samples of
infected patients at early stages is essential for effective med-
ical treatment. We aimed to develop TR–FRET assays to di-
rectly detect these bacterial biomarkers in blood cultures. To
that end, we first determined the optimal concentration ratio of
the assay antibodies conjugated to donor and acceptor in a
clear assay buffer. The assay antibodies used in the study were
polyclonal rabbit antibodies purified from hyperimmune sera
raised against recombinant LcrV and F1 and monoclonal
mouse anti-PA antibodies (Mab3 and Mab5) [11]. For assay
optimization, increasing concentrations of the donor and ac-
ceptor antibodies (1–50 nM) were examined one against the
other, using a fixed concentration of target antigens. A donor–
acceptor ratio of 1:1 (5 nM each) was determined as the opti-
mal ratio for all assays (data not shown) and was chosen for
further experiments. To determine the performance of the as-
says in detecting a wide range of concentrations in PBS buffer,

a dose–response assay was performed using increasing
amounts of recombinant LcrV, F1, and PA (0–200 ng/ml).
Figure 6a–c present the standard dose–response curve of each
assay (black dots) showing an increase in FRET signal (ΔF)
as a function of the amount of antigens in the mixture. The
assay curves had wide linear ranges, with LODs of 5 ng/ml for
LcrV and PA and 8 ng/ml for F1, and the optimal incubation
times were 15 min for the PA assay and 30 min for the LcrV
and F1 assays. Next, the detection of the biomarkers in blood
culture was examined. Bactec bottles supplemented with

Fig. 6 TR–FRETassays for the detection of LcrV (a), F1 (b), and PA (c)
in blood cultures using different control standards. LcrV, F1, and PAwere
spiked in increased concentrations (0–200 ng/ml) in Bactec supplemented
with fresh horse blood. Then the samples were examined in the TR–
FRET assay using monoclonal anti-PA antibodies and polyclonal anti-
LcrV and F1 antibodies conjugated to the donor EuK and the acceptor
AlexaFluor 647. The energy transfer values (ΔF) were calculated using
three different control standards, namely PBS buffer (red square),
unspiked blood culture (green inverted triangle), and internal control
(blue triangle). The ΔF values of LcrV, F1, and PA spiked in PBS are
presented in the graph as a comparison (black). The LOD levels were
determined as three SDs above the PBS background and are indicated in
the graph as a dashed line
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10 ml of fresh horse blood were centrifuged, and the superna-
tants were spiked with elevated concentrations of LcrV, F1, or
PA (0–200 ng/ml) and then examined in the TR–FRETassays.
Similar to the results of the beverage samples, blood cultures
had quenching effects on the donor, resulting in an approx. 2-
fold reduction in the emission intensity, but only an approx.
1.5-fold reduction in acceptor emission (data not shown),
leading to incorrect ΔF value calculations when a PBS stan-
dard was used. In order to correct these values, the implemen-
tation of the internal control approach was investigated here.
To that end, ΔF values were calculated using a PBS buffer,
unspiked and internal controls, and the dose–response curves
of each were produced. As shown in Fig. 6 the dose–response
curves of the ΔF values calculated using the PBS standard
(red dots) for each of the tested biomarkers tested were higher
than the dose–response curves of the markers spiked in PBS
(black dots), and the zero levels were above the LOD, show-
ing false-positive results. In contrast, the dose–response
curves of the ΔF values calculated using the internal control
(blue triangle) were aligned with the black dots, with no false-
positive values, and were similar to those calculated using an
unspiked standard (green triangle). These results demonstrate
again that the use of a buffer control standard for the calcula-
tion ofΔF values leads to incorrect dose–response curves. In
contrast, the internal standard normalizes the quenching ef-
fects of the sample matrix, giving rise to correct ΔF values,
demonstrating again that this standard should be used instead
of an unspiked control.

Next, the TR–FRET assays that were developed for the
detection of LcrV and F1 were validated in growing bacterial
cultures. To this end, we inoculated Bactec and Bact/Alert
bottles supplemented with 10 ml of horse blood with 105

EV95 strain of Y. pestis bacteria and cultured them at 37 °C
for 10, 18, and 22 h. At each time point, 1-ml samples were
collected from the bottles, centrifuged, and examined for the
presence of LcrV and F1 in the TR–FRET assay. The ΔF
values were calculated using the internal standard approach,

as shown above; each sample was examined twice, first using
the pair of assay antibodies and second using the donor anti-
body mixed with the internal isotype control antibody. The
calculated ΔF values were converted into quantitative
amounts of LcrV and F1 using the linear equation from the
standard curves that were produced by measuring increasing
concentrations of recombinant LcrVand F1 (1–200 ng/ml) in
PBS (data not shown). The tested samples were serially dilut-
ed to fit into the linear range of the standard curves. To eval-
uate the validity of the TR–FRETassay, we also examined the
blood culture samples using the previously established hetero-
geneous TRF sandwich method [28], and the same reporting
antibody conjugated to the Eu–N1 chelate complex. Table 1
presents the quantitative amounts of LcrVand F1 in the Bactec
and Bact/Alert cultures that were calculated using the homo-
geneous TR–FRET assay compared with those calculated
using the heterogeneous TRF assay. Detectable amounts of
LcrV and F1 (tens to hundreds of nanograms per milliliter)
were observed after 18–22 h in culture using both methods,
and no significant difference were observed using the T test
(p>0.01), with the exception of the amount of F1 in Bactec
after 22 h. However there was only a 1.5-fold difference.
Thus, the TR–FRET method produced similar results with
the same sensitivity as the gold standard heterogeneous TRF
method. Nevertheless, the TR–FRET assay was more rapid,
producing results in 30 min compared to 3 h using the TRF
homogeneous assay.

Discussion

This study is the first to address the use of the TR–FRET
immunoassay for the examination of complex matrices.
Using the TR–FRET technology, we showed that a delay time
of 100 μs or longer facilitated the reduction of background
noise in hemolytic blood cultures or beverages (Fig. 2).
However, incubation of the donor in these matrices resulted

Table 1 Detection of LcrVand
F1 in growing blood cultures
inoculated with Y. pestis using the
TR–FRET and TRF assays

LcrV F1

Bactec Bact/Alert Bactec Bact/Alert

Hours TRF TR–FRET TRF TR–FRET TRF TR–FRET TRF TR–FRET

10 – – – – – – – –

18 17± 3 24 ± 4* – – 16± 3 16 ± 1* 61 ± 2 196 ± 68*

22 162 ± 9 158 ± 27* 44 ± 2 20± 6* 557 ± 18 360 ± 10** 116± 42 365 ± 64*

Y. pestis bacteria (105 ) were inoculated into blood culture Bactec and Bact/Alert supplemented with fresh horse
blood and incubated at 37 °C for 22 h. After 10, 18, and 22 h, samples were taken and tested twice using both the
TR–FRETand TRF assays, and the amounts of LcrVand F1 in the blood cultures were determined using a linear
standard curve (not shown). The numbers in the table present the amounts of LcrVand F1 in ng/ml with ± SD of
three different repeats
* P> 0.01 **P< 0.01 comparing the TR–FRET assay with the TRF assay using the T test
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in a significant reduction in donor emissions at 612 nm
(Fig. 3), suggesting that the matrices directly interfered with
donor fluorescence. It was also observed that the reduction in
donor emission is not equal to the reduction in acceptor emis-
sion, resulting in an artificial increase in the ΔF values that
were above the LOD. A possible explanation for this obser-
vation is that the impurities in the sample might have different
blocking effects on donor and acceptor fluorescence wave-
lengths [29], or the donors and acceptors may exhibit differ-
ences in absorption efficiency in such turbid solutions. This
result clearly suggests that the donor time-resolved effect
would not be sufficient when testing complex matrices, and
a different approach is needed. Therefore we searched for an
alternative standard control that would normalize these
blocking effects and could be used for any type of matrix.
The approach we adopted was to use an internal standard of
a control irrelevant antibody labeled with the same amount of
AlexaFluor 647. Thus, using this approach, any given sample
can be used as internal control, regardless of its origin, and
without the need for an external standard. Because the com-
position of any external standard would be different from the
tested sample to some extent, it would not be an accurate
control for the assay. For instance, the use of Bnormal^ clinical
fluids (e.g., serum, urine, and blood) of an uninfected donor as
an external standard of the assay would not be precise because
of variations among patients. Moreover, the use of an internal
standard approach allows one to apply the TR–FRETassay for
the examination of samples for which the matrix composition
is unknown, in cases for which an adequate external standard
would not be available to the laboratory.

To demonstrate this new approach, we developed TR–
FRETassays for the detection of 106/ml of B. anthracis spores
and nanograms per milliliter of botulinum toxin E in bever-
ages and fresh milk as a possible scenario of bioterrorism
involving deliberate food contamination. The use of real-
time PCR has demonstrated higher sensitivity for the detection
of pathogens, such as anthrax in food matrices [30]. However
this method requires at least 1000 DNA copies for specificity,
together with an extended sample preparation procedure. In
contrast the homogeneous TR–FRET assay is based on a di-
rect fluorescence measurement rather than enzyme amplifica-
tion and it is therefore faster and easier. To examine the appli-
cability of the new approach in the examination of clinical
samples, we developed TR–FRET assays for the diagnosis
of the Y. pestis markers LcrV and F1 and the B. anthracis
marker PA in blood. The use of the PBS background as an
external standard for the calculation of ΔF values in each of
the tested matrices gave incorrect results that were higher than
the PBS standard curve and led to false-positive results in
unspiked samples (above the expected LOD). However, the
use of an internal control as a standard shifted the dose–re-
sponse curves down and aligned them with the PBS standard
curve. Finally, we validated our new TR–FRET approach

using the internal standard to detect bacterial markers in blood
cultures by comparing the performance of the TR–FRET
method to the previously established TRF heterogeneous as-
say for the detection of LcrVand F1 in growing blood cultures
inoculated with Y. pestis. The one-step TR–FRET assay gave
rapid results without the need for any washing steps.
However, the high analyte concentrations in the sample might
compete for binding to the assay antibodies, leading to a re-
duction in FRET signals (Bpro-zone^ in the dose–response
curve). This result is in contrast to heterogeneous assays such
as ELISA, paper strips (lateral flow), and microarrays in
which the excess analyte is washed away. To overcome this
limitation, highly concentrated samples were serially diluted.

In conclusion, this study presents the development of TR–
FRET assays for the examination of complex matrices, name-
ly beverages and blood cultures. The developed one-step and
simple-to-operate TR–FRET assays allowed the detection of
both whole bacteria and bacterial-secreted proteins with a
comparable sensitivity to that of heterogeneous TRF assays;
however, the TR–FRET assays were faster (15–30 min) and
easier to operate. The internal standard approach was under-
taken to overcome the direct interference of the matrices with
donor fluorescence and to serve as the correct control for the
assay. Thus, the use of an internal standard allows one to
examine any type of sample, regardless of its origin, without
the requirement of an available external standard.
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