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Fast and simple detection of pathogens is of utmost importance in health care and the food industry. In
this article, a novel technology for the detection of pathogenic bacteria is presented. The technology uses
lytic-specific bacteriophages and a nonspecific interaction of cellular components with a luminescent
lanthanide chelate. As a proof of principle, Escherichia coli-specific T4 bacteriophage was used to infect
the bacteria, and the cell lysis was detected. In the absence of E. coli, luminescent Eu3+–chelate complex
cannot be formed and low time-resolved luminescence signal is monitored. In the presence of E. coli,
increased luminescence signal is observed as the cellular contents are leached to the surrounding
medium. The luminescence signal is observed as a function of the number of bacteria in the sample.
The homogeneous assay can detect living E. coli in bacterial cultures and simulated urine samples within
25 min with a detection limit of 1000 or 10,000 bacterial cells/ml in buffer or urine, respectively. The
detection limit is at the clinically relevant level, which indicates that the method could also be applicable
to clinical settings for fast detection of urine bacteria.

� 2014 Elsevier Inc. All rights reserved.
Pathogenic microorganisms present a global threat. In develop-
ing countries threats are linked to hygienic and environmental
issues, and in industrialized settings threats are linked to growing
antimicrobial resistance [1]. Among the most common causes of
pathogenic infections are those caused by Escherichia coli, which
is a common bacterium found in the human and mammalian
gastrointestinal tract. There are several hundred E. coli types, and
most of them are harmless opportunistic organisms. However,
enterohemorrhagic E. coli (EHEC)1 of serogroup O157:H7 is a harm-
ful toxin-producing bacterium known to cause bloody diarrhea and
hemolytic uremic syndrome. Most EHEC infections are foodborne
or waterborne [2].

Of all causative agents, E. coli is the most common bacterium
found in lower urinary tract infections. Up to 80% of these infec-
tions are caused by E. coli [3]. It is generally accepted that more
than 100,000 bacterial cells per milliliter of urine is interpreted
as a urinary tract infection [4]. In the clinics, fast urinary tract
infection detection could allow immediate antibiotic treatment
when needed.

Preventing epidemics requires early detection. Currently, E. coli
is most commonly recognized by culturing methods, but these
require at least 3 days for a conclusive result [5]. Apart from cultur-
ing methods there are several assays to detect E. coli. Immunoas-
says and polymerase chain reaction (PCR)-based methods can be
used to detect E. coli O157:H7 from different sample types within
a few hours. Immunoassays rely mainly on targets as somatic
(O157) or flagellar (H7) antigens, and PCR relies mainly on specific
genes stx1 and stx2 [6]. Immunoassays are limited by the use of
specific antibodies that are linked to a variety of different labels
and separation systems before detection. In PCR methods, the tar-
get DNA is purified and amplified to monitor the amount of the
genetic material. However, PCR methods do not give information
about the number of viable cells. In many cases, both of these
methods require laborious enrichment from bacterial culture prior
to detection. Furthermore, there is a possibility of false positives
when microbes are detected using PCR. This is mainly because eas-
ily contaminating microbes and microbial DNA from previous work
could still exist in the laboratory [5].

Besides traditional methods, there are several methods for the
detection of E. coli using bacteriophages as detection elements.
Methods are based on the rupture of E. coli membrane caused by
infection, stained phages, or producing fluorescent label inside
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bacterial cells. T4 bacteriophage binding to E. coli cell surface
causes transitory ion leakage right after the phage DNA injection
into the host cell [7]. This observation has led to sensor applica-
tions using ion leakage or luminescence labels. Ion leakage can
be measured qualitatively by potassium-sensitive chip within
30 min [8]. Another similar method used carbon electrode printed
phage microarray [9]. The detection method requires ion-free sam-
ples prior to E. coli infection; thus, urine samples as such are not
compatible. Instead of using ions from bacterial cell breakage,
there are experimental methods using the bacteriophages directly
[10]. These methods combine immunomagnetic separation and
fluorescently stained bacteriophages. Another approach is based
on expressing green fluorescent protein on bacteriophages’ phage
coat protein. The fluorescent protein multiplies simultaneously
with the number of phages, and the fluorescence is enhanced. This
method has an assay time of several hours [11,12]. Edgar and
coworkers reported a method combining the use of biotinylated
bacteriophages and streptavidin-coated quantum dots. The draw-
back is that the bacteriophage must be engineered, and the method
takes 1 h to give results [13].

Here we present homogeneous lanthanide chelate-based E. coli
detection using time-resolved luminescence (TRL). The method
combines the use of nonspecific lanthanide chelate structure and
bacteriophages’ specific ability to infect certain bacterial types or
species. The method can be used to observe bacterial cells whether
they are intact or lysed. The method enables E. coli detection in a
simple microtiter plate format with sensitivity of 1000 E. coli
cells/ml.
Materials and methods

Materials and reagents

EuCl3, 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione (NTA),
sodium citrate tribasic dihydrate, tri-n-octyl-phosphineoxide
(TOPO), dimethyl sulfoxide (DMSO), DNA sodium salt (type XIV
from herring testes), and 40,6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma–Aldrich (St. Louis, MO, USA). Tryptic
Soy Broth (TSB) powder was purchased from Becton Dickinson
(Sparks, MD, USA). Phosphate-buffered saline (PBS) from Lonza
(Basel, Switzerland) was used for the dilution of bacteriophages.
Other chemicals and analytical-grade solvents were purchased from
Sigma–Aldrich. Urine samples were taken from 5 healthy volun-
teers. E. coli strain B ATCC 11303 was used as the host for the lytic
phage. Bacillus subtilis (BGA) Spore Suspension DSM 618 (107 cfu/
ml) was purchased from Merck (cat. no. 1.10649.0001). Wild-type
lytic bacteriophage T4 from Carolina Biological Supply (Burlington,
NC, USA) was used in this study.

Instrumentation

Freshly grown E. coli cells were sonicated with a tip sonicator
(Branson Sonifier 450, Geneva, Switzerland). The TRL signal was
measured with a Victor2 multilabel counter (Wallac, PerkinElmer
Life and Analytical Sciences, Turku, Finland) at 615 ± 5 nm using
a 340 ± 5-nm excitation wavelength and 400-ls delay and decay
times. Visualization of the bacterial cells was performed with a
Leica TCS SP5 MP microscope (Leica Microsystems), LASAF soft-
ware (Leica Application Suite), HyD (GaAs) detector, and 100� oil
objective.

Bacteria and bacteriophages

Viability of phages was studied by phage plaque assay accord-
ing to instructions in the literature [14]. B. subtilis was used as
control bacteria that bacteriophage T4 is unable to infect. E. coli
inoculation from stock was cultured overnight in 6 ml of TSB med-
ium at 37 �C with shaking. From culture, bacterial cells were trans-
ferred to fresh medium in order to achieve logarithmic growth. Cell
concentration was estimated using optical density at 600 nm
(OD600) measured with a spectrophotometer. Bacteriophages in
SM buffer (10 mM MgSO4, 100 mM NaCl, 0.01% gelatin, and
50 mM Tris–HCl, pH 7.5) were added to bacterial culture after
OD600 reached 0.1. A comparison of active and inactive phages
was made. Bacteriophage inactivation was performed using ultra-
violet (UV) radiation treatment for 10 min or heating for 20 min at
85 �C [15]. A plaque assay was performed after the inactivation
process to verify the inactivation.

Visualization of bacterial cells

Multiphoton microscopy was used to image live E. coli cells. The
bacteria from the phase of logarithmic growth were centrifuged
and washed before sonication or bacteriophage infection. Intact
bacteria were used as a control sample that had no bacteriophage
infection. Samples were incubated with DAPI staining (1 lg/ml
final concentration) for 20 min. Bacteria were centrifuged and
washed once with PBS and transferred to the cover slide.

Homogeneous assay for detection of E. coli

The assays using bacteriophages were performed in 96-well
microtiter plates with four replicates. In a typical assay, 10 ll
(105 phages) of bacteriophages in SM buffer and 100 ll of the bac-
terial sample in physiological saline were added to the plate. After
20 min of incubation at 37 �C with vigorous shaking, 7 ll of 2 mM
citrate at pH 7.5 was added to the wells. After 2 min of incubation
at room temperature, a 5:3:3 mixture of EuCl3, NTA, and TOPO at
Eu3+ was added to the wells in 3 ll of water. The final concentra-
tions of EuCl3, NTA, and TOPO were 6.0, 3.6, and 3.6 lM, respec-
tively. The Eu3+/NTA/TOPO chelate complex was prepared in
DMSO before dilution to water in order to avoid possible aggrega-
tions. After 5 min of incubation, the TRL signals were measured.

The demonstration of cell breakage with sonication was per-
formed with washed E. coli cells kept 15 min on ice before sonica-
tion for 2 min in an ice bath. Sonication was repeated until the
cloudy suspension became translucent.
Results and discussion

Here we described a new method to detect bacteria. The assay
uses the rupture of the E. coli cells with bacteriophages, in which
a vast number of different molecules from the cell contents are
released to the surroundings (Fig. 1). The cell disruption method
has an effect on the appearance of the treated bacteria but possibly
also on the contents released from the cell as well (see Fig. S1 in
online supplementary material). A lanthanide chelate complex
Eu3+/NTA/TOPO (5:3:3) and citrate ions were used to detect these
leaked molecules. Low luminescence signal is observed when bac-
terial cells are intact, which occurs from the ability of citrate ion to
chelate free Eu3+. In the presence of ruptured cells, the released
intracellular content provides protection from the citrate ion and
enables the formation of the luminescent Eu3+/NTA/TOPO chelate
complex.

In the first state, the bacteriophage infection was simulated by
breaking cells with ultrasound waves. The ultrasound method was
chosen because it can be applied easily without adding chemicals
that could interfere with the chelate complex formation. A more
than 20-fold increase in the TRL signal was monitored with rup-
tured cells compared with unbroken cells. The method of how cells



Fig.1. Principle of TRL detection-based assay for E. coli. (A) Low TRL signal is
monitored in the presence of intact E. coli bacteria and chelate. (B) Ruptured
bacterial cells release cellular contents to the surroundings, causing Eu3+–chelate
complex formation and increased TRL signal.

Fig.3. Calibration curves measured with E. coli rapid detection assay. E. coli was
detected using a specific T4 bacteriophage for living E. coli cells from the early
logarithmic growth phase and dead metabolically inactive cells. The bacteriophage
concentration was 1 � 108/ml.

Fig.4. B. subtilis and E. coli bacterial cells in three different experimental conditions
(sonicated, active, and inactive E. coli-specific bacteriophages added). The bacterial
cell concentration was 1.0 � 105/ml, and the bacteriophage concentration used was
1.0 � 108/ml.
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are ruptured has an effect on the TRL signal (Fig. 2). Ultrasound
treatment clearly caused a different TRL signal than intact cells
had. Ultrasound rupture of cells caused a more than 20-fold
increase in the signal.

Calibration curves were measured for living and dead E. coli to
test assay sensitivity with the method based on lytic bacterio-
phages and Eu3+ chelate (Fig. 3). Dead cells were taken from late
stationary phase, and these cells also were UV-radiated to ensure
the absence of living cells. The curves indicate that assay measures
the leaked content of the cell instead of the whole cell.

The assay consists of adding bacteriophage, citrate, and
Eu3+–chelate to the sample and measuring the TRL signal. The cell
lysis assay was performed within 25 min total assay time. The limit
of detection, calculated as +3 standard deviations above the signal
from intact cells, was 1000 cells/ml (Fig. 3). Bacterial cell concen-
trations exceeding 1 � 107 cells/ml result in a signal that starts to
slow down, and a slight decrease of signal is seen with even higher
concentrations (data not shown). It is possible that cell disruption
is more difficult to achieve with higher bacteria concentrations, or
all of the citrate molecules are already used by released ions.

A set of control experiments was arranged to exclude possible
artifacts that could cause signal differences (Fig. 4). A research
Fig.2. Response of E. coli rapid detection assay for sonicated, infected, and intact
control E. coli cells. The freshly grown E. coli bacterial cell concentration in all three
conditions was 1 � 107 cells/ml. The results are shown as means ± standard
deviations of four replicates.
question was whether the TRL signal is dependent on cell disrup-
tion and whether the signal is species specific when phages are
used. Active normal phages were used to infect E. coli cells. This
was compared with inactive phages that were UV-irradiated and
heated. Then different bacterial species were exposed to phages
or sonication. The method of sonication affects all bacterial cells,
but phages lyse only a narrow host range of cells. Phage-mediated
cell disruption was expected to cause a similar TRL signal increase
as the disruption caused by sonication. However, phage is unable
to infect nonhost cells and release cell contents. Therefore, the
TRL signal was not expected to increase. Observed results con-
firmed this expectation that different bacterial species cause a sim-
ilar TRL signal when their cell contents are released. Fig. 4 shows
that sonication affects B. subtilis cells in a very similar way as it
affects E. coli cells. The specific cell lysis with E. coli occurs only
with active phages and host bacterial cells. The assay was per-
formed in accordance with the protocol described earlier except
that sonicated cells were measured 5 min after sonication.

The method applicability for urinary tract infection screening
was performed directly on the urine sample (Fig. 5). Bacterio-
phages were added to urine to infect any living E. coli cells, and



Fig.5. Intra-assay repeatability (A) and inter-assay reproducibility (B) of E. coli detection in 5 spiked urine samples. The relative signal was calculated as active phage signal
minus inactive control phage signal. The error bars indicate 1 standard deviation from the mean. The intra-assay repeatability represented the variability in the values from
three repeated measures of the same prepared sample. The inter-assay reproducibility was determined by analyzing the same samples in three separate runs carried out on
different days. CVs were calculated from the triplicates.
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inactive bacteriophages were used as a control. The monitored sig-
nal/background (S/B) ratio is decreased for the sample containing
100,000 cells compared with the sample containing 10,000 cells.

The intra-assay repeatability represented the variability in the
values from three repeated measures of the same prepared sample.
The inter-assay reproducibility was determined by analyzing the
same samples in three separate runs carried out on different days.
Intra-assay repeatability (Fig. 5A) shows that coefficients of varia-
tion (CVs) are in an acceptable range in both 10,000 and 100,000
cells/ml (Fig. 5B). The spiked bacteria for this experiment were
grown on different days; therefore, the growth stage might have
been different for each experiment.

Observing the physiological status of bacterial cells is an impor-
tant feature, for instance, when antimicrobial susceptibilities are
studied [16]. There are several fluorescent probes existing for
studying the cell condition. These are mainly for flow cytometric
monitoring for bacterial cell status, for example, dead/alive assays.
The probe enters specifically dead or compromised cells through
damaged membrane areas, whereas intact cells prevent probe
entrance. This class of fluorescent probes binds to nucleic acids
in the cell nucleus [17]. Furthermore, separating between living
and dead cells can be made by measuring the fluorescent product
of glucose-6-phosphate dehydrogenase that is leaking from dam-
aged cells to the surrounding medium [18].
In this study, we demonstrated a novel method to observe the
cell physiological state using TRL detection. Using environment-
sensitive europium–NTA–chelate reacting with cell interior mole-
cules, we were able to estimate not only the physiological state of
the bacterial cells but also the number of specific bacterial species.
With inactivated bacteriophages, the TRL signal alteration is not
detectable because cells remain intact and cell content remains
inside of the cell. For this reason, it can definitely be stated that spe-
cific bacteriophages capable of lysing the cells are truly the factor
behind the assay. Broken bacterial cells release myriad molecules
capable of binding both the citric acid and chelate. Furthermore,
it is possible that proteins can protect europium–NTA–chelate,
and this might be the major reason for the phenomenon observed.

Many dead/alive assays for bacterial and eukaryotic cells are
based on intracellular DNA because of its abundant presence inside
the cell. The DNA concentration inside the E. coli cell ranges from
11 to 18 mg/ml [19]. For this reason, the role of DNA in our assay
was studied. DNA concentrations from 5.0 � 10–10 to 5.0 � 10–5 g
were spiked to bacterial sample, which had 100,000 bacterial
cells/ml (Fig. 6). From this experiment, it can be concluded that
DNA has very little role in causing the signal difference in our assay
because the DNA concentration is strongly diluted in the sample
medium. In addition, increasing DNA concentrations cause the
opposite effect of broken cells.



Fig.6. DNA concentration effect with E. coli rapid detection assay. DNA concentra-
tions 1.5 ng to 1.5 � 104 ng/ml are shown. The concentrations were spiked to
bacterial sample, which had 100,000 bacterial cells/ml. The results are shown as
means ± standard deviations of three replicates.

Fig.7. ATP concentration effect with E. coli rapid detection assay. Concentrations
from 0.5 to 500 nM were spiked to bacterial sample, which had 100,000 bacterial
cells/ml. The results are shown as means ± standard deviations of three replicates.
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According to the E. coli Metabolome Database (ECMDB), living
E. coli has calcium (Ca2+, 0.1 mM), chlorine (Cl–, 6.0 mM), sodium
(Na+, 5 mM), and potassium (K+, 200 mM) ion concentrations in
cell cytosol. Considering the average volume of a single E. coli bac-
terial cell (1.0 � 10–9 ll) and the sample volume of 112 ll, ion con-
centration changes are inconsequential to cause disturbances for
europium–chelate complex. Therefore, a plausible explanation for
the increase of luminescence could involve protective cell cytosolic
proteins guarding europium ion from chelating citrate molecules.
Instead, many E. coli metabolites leaking from the cells might have
a role in causing the luminescence increase observed with broken
cells. These are compounds such as phosphate, pyrophosphate,
NADP (nicotinamide adenine dinucleotide phosphate), and especially
ATP (adenosine triphosphate) involved in energy metabolism.
These compounds are present in the cells mainly in the active
phase of growth when cells are dividing. These molecules are not
abundant in dormant or dead cells.

It is known that ATP has a tendency to chelate lanthanide ions
and that hydrolysis of ATP produces phosphates that can easily
quench lanthanide complexes. This property has led to the devel-
opment of several microtiter plate assays for studying ATPase
enzymes and for detecting phosphate from environmental samples
[20,21]. As mentioned, the luminescence of lanthanide complexes
can be quenched, but in some cases enhancement of luminescence
is observed when additional unknown ligands are involved with
the complex [22]. Because of the strong presence of ATP in the liv-
ing cells, the role of ATP in our assay was investigated. ATP concen-
trations from 5.0 � 10–8 to 5.0 � 10–4 M were spiked to bacterial
sample, which had 100,000 bacterial cells/ml (Fig. 7). According
to the measurements, high ATP concentrations are shown to
increase TRL signal. However, according to the ECMDB, the concen-
tration of ATP inside the E. coli cell ranges from 1.3 to 7.0 mM.
When the small volume of the cell is considered, the released
and strongly diluted ATP concentration is negligible to cause signal
differences.

Urine as a sample matrix is applicable to the method described
here (Fig. 7). The data indicate that bacteriophages effectively lyse
the bacteria. Assay suitability to large-scale urinary tract infection
scanning requires further studies with a large test panel of patient
samples. For example, urine pH, ion concentrations, and blood cells
can affect results. As the developed method work with urine that is
full of different ions with different oxidation states, the reason for
signal difference between broken and intact cells might not be due
to ion leakage. The method described in this article is obviously
much faster than culturing methods. PCR and immunoassay meth-
ods are laborious and require trained persons. Furthermore, those
methods can measure parts of bacterial remnants or dead bacterial
cells as well, leaving the living amount of cells unclear. Our method
is efficient when compared with other phage-based methods
[7–13]. The detection limit reached the same range as other sensi-
tive methods, but our method required less time and flow cytomet-
ric analysis was not required [10–12]. In addition, our method is
not based on ions leaking from the cells. This allows analyzing
the samples containing different ionic species.

TRL signal is measured from microtiter plates that are suitable
for urine samples. Urine and other biological fluids contain natu-
rally fluorescent compounds. Hence, the conventional fluorescent
assays have certain limitations. A long-lived fluorophore such as
europium used with TRL signal monitoring is able to overcome
these problems by having a delay between excitation and emis-
sion. This minimizes the fluorescence interference. Biological sam-
ples usually have nonspecific background fluorescence, which has
a decay time of only approximately 10 ns. The TRL measurement
is made after 400 ls, thereby excluding short-lived background
fluorescence.

Performing the method properly requires that the bacterial cells
be in the active state, enabling phage infection. Bacterial cells used
in these experiments were fresh and vigorous cells from the loga-
rithmic growth phase. These cells have active metabolism in pro-
gress. The method does not function with dormant cells with low
metabolic activity. However, E. coli cells from urinary tract infec-
tion are expected to be in the active phase of growth. When differ-
ent bacterial species were exposed to bacteriophages, the resulting
fluorescence difference is obvious only with E. coli bacterial cells.
However, it must be added that due to the different physiological
states of bacteria and the unstable nature of the chelate, assay
results may vary. Experiments were made by a debilitated labora-
tory strain of E. coli that has many defects on its cell wall. There are
several different infectious wild-type E. coli bacteria, and these
have naturally much stronger cell wall structures [23]. This must
be considered when the assay is performed. By adjusting the
chelate stability, it might be possible to further improve the assay
performance. Even though the method using TRL provides an
advantage for measuring biological fluids, it must be remembered
that urine content differs not only between different individuals
but also between different time points with one individual. When
a practical assay for urinary tract infection is considered, bacterio-
phages must be chosen according to E. coli types present in urine
sample. It is known that a special group of E. coli bacteria is known
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to cause most of the urinary tract infections. These uropathogenic
strains of E. coli are susceptible to many lytic bacteriophages such
as SP6likevirus, T4likevirus, and T1likevirus [24].

Conclusions

Here, we have reported the use of luminescent chelate to distin-
guish between broken and intact cells. The straightforward method
has the potential to recognize pathogenic E. coli strains from urine
samples within 25 min. The method combines specific bacterio-
phage–bacteria interaction with unspecific interactions of chelate
and its surrounding molecules. The detection limit in urine sam-
ples was in the range of urinary tract infection. The assay poten-
tially can be used to detect several other bacterial species having
a lytic phage that can be applied with the method described here.
These results indicate that there is a possibility of using this
method to investigate the physiological state of the cell. For
instance, the leaking of eukaryotic cell membrane or viral infection
could be studied. Further efforts are needed to improve stability
and sensitivity of the system, the reason for signal increase should
be studied in more detail, and the applicability of the assay for
other bacterial species and bacteriophages should be studied.
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