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A two-probe tandem DNA hybridization assay based on time-resolved fluorescence was employed to
detect Escherichia coli strain. The amino modified capture probe was covalently immobilized on the com-
mon glass slide surface. The Eu(TTA);(5-NH,-phen) with the characteristics of long lifetime and intense
luminescence was labeled with reporter probe. The original extracted DNA samples without the purifica-
tion and amplification process were directly used in the hybridization assay. The concentration of capture
probe, hybridization temperature, hybridization and washing time were optimized. The detection limit is
about 1.49 x 103 CFUmL™! E. coli cells, which is comparable to the value of most microbiology methods.
The proposed method has the advantages of easy operation, satisfactory sensitivity and specificity, which

assay can provide a promising technique for monitoring the microorganisms.
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1. Introduction

The presence of Escherichia coli in water and food mainly
originated from warm-blooded animals as a result of fecal contam-
ination. The organism is used as an index of water quality as well as
indicator microorganism for fecal source tracking owing to its easy
culture [1-4]. Current regulations require drinking water to contain
less than one E. coli cell per 100 mL and certain foods to contain less
than 10 E. coli cells per gram. Therefore, enumeration of E. coli cells
is essential to access the level of contamination. Traditionally, enu-
meration of E. coli cells is done by counting colonies depended on
a selective or indicator medium according to their morphological,
biochemical, and/or immunological characteristics. Theoretically,
each of the living cells should give a colony. However, the physio-
logical state of the cells has a significant influence on their efficiency
of plating, and the testing results in this method require many days
from initiation to readout [5].

As a result of increasing availability of 16S and 23S ribosomal
ribonucleic acid (rRNA) sequences in databases and the accessibil-
ity of sequencing technology, molecular methods are extensively
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used for the detection and identification of microorganisms [6-10].
PCR-based diagnostic methods are now routinely used but the con-
fidence of these approaches is highly depended on the preparation
of adequate positive and negative controls [11,12]. Minor con-
tamination and the presence of PCR inhibitors in testing samples
may lead to false negative results. Fluorescent in situ hybridization
(FISH) is a hybridization-based technique to detect microorgan-
isms directly in complex samples without the necessity of an
initial enrichment step. FISH uses fluorescence-labeled nucleic acid
probes that bind specifically to the target organism, and are later
detected by fluorescence microscopy or flow cytometry [13-15].
However, the existence of autofluorescence in some bacteria, the
decay of probe fluorescent signal and the insufficient bacterial
fixation may all lead to misleading results [16]. Nucleic acid-
based microarrays offer a fast and convenient alternative means to
time-consuming and conventional microbiological methods. These
high-density chips combine the detection of target DNA signatures
with the advantages of DNA sequencing, which allows the ultimate
resolution for microorganism identification to be achieved [17-20].
The requirements of technological resources and the high costs are
critical problems, which will determine whether the microarrays
could take a leading role as microbial diagnostic tools or not.

In this work, the authors developed a method based on a
novel europium complex for the specific detection of original
extracted DNA from E. coli strain. A bifunctional europium com-
plex of Eu(TTA)3(5-NH;,-phen) using 2-thenoyltrifluoroacetonate
(TTA) and 5-amino-1,10-phenanthrolin (5-NH,-phen) as ligand
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reagents was applied to the microorganisms detection. Compared
to the other fluorescent dyes, the complex has the advantages of
long fluorescence lifetime, intense luminescence, high fluorescence
quantum yield and easy label. Therefore, when the time-resolved
fluorescence detection method and the complex were employed
to the hybridization assay, it could effectively eliminate the back-
ground noises and improve the detection sensitivity. The method
could be operated without the purification and amplification pro-
cedures of nucleic acid and simplified the detection process. It could
be an alternative means to monitoring the microorganism.

2. Experimental
2.1. Reagents

The complex of Eu(TTA);(5-NH;,-phen) was synthesized by our
group and has the lifetime of 0.688 ms and a very high fluores-
cence quantum yield of 0.62 [21]. 3-Aminopropyltrimethoxysilane,
a silanization reagent, was purchased from Acros organics.
Ammonium hydroxide (25-28wt.%), ethanol, glutaraldehyde
(50 wt.%), acetic acid and hydrogen chloride (HCl) were purchased
from Hengxing Reagent Co. (Tianjin, China). Sodium phosphate
(NayHPO4), sodium dihydrogen phosphate (NaH,POg4), sodium
chloride (NaCl), sodium hydroxide (NaOH), sodium citrate and
sodium dodecyl sulfate were from Kermel (Tianjin, China). Unless
otherwise stated, all other reagents were of analytical reagent grade
and used without purification or treatment.

2.2. Media and buffers

LB (Luria-Bertani) medium contained 10.0 g peptone, 5.0 g NaCl,
5.0 g yeast extract and 15.0 g agar (if necessary) per litre (pH 7.4).
Nutrient medium contained 10.0 g peptone, 5.0 g nutrient broth,
5.0 g NaCl and 15.0 g agar (if necessary) per litre (pH 7.0-7.2). EMB
(eosin methylene blue) medium was purchased from Hangzhou
Microbial Reagent Corporation (Hangzhou, China).

Phosphate buffered saline (PBS) consisted of 10 mM NaH; POy,
137 mM NacCl, 2 mM KH,;PO4 and 2.7 mM KCl (pH 7.4). TE buffer
consisted of 10 mM Tris-HCl and 1 mM EDTA (pH 8.0). All of the
culture media and buffers were sterilized by autoclave treatment
before being used.

2.3. Bacterial strains and enumeration

All the E. coli strains (CCTCC 200068, CCTCC 94092 and CCTCC
91117) were purchased from China Center For Type Culture Col-
lection (Wuhan, China), and were routinely grown on LB media
at 37°C. The E. coli strain CCTCC 200068 was used as the refer-
ence strain in all optimization and sensitivity experiments. The
Paenibacillus polymyxa strain CCTCC M206017 was supplied by
other laboratory. The Staphylococcus aureus and Enterobacter cloa-
cae strains were preserved by our lab.

Numbers of cultivable cells were determined by conventional
agar plate counting. One milliliter of 10-fold serial dilutions of
freshly grown cells was spread on an EMB agar plate and incu-
bated overnight at 37 °C and the melt brilliant bacterial colony was
counted.

Table 1
Sequences of all probes.

2.4. Selection of sequences (probes)

In this research, a two-probe tandem DNA hybridization assay
was employed. Sequences of the oligonucleotide are outlined in
Table 1 and all the sequences were designed by Primer Premier 5.0
software. The specificity of those sequences was checked by the
program ‘Probe Match’ provided by the Ribosomal Database Project
IT (RDP II, http://rpd.cme.msu.edu/) and the NCBI Blast 2 alignment
tool in GenBank database. The 16S rDNA oligonucleotide sequences
of the capture and reporter probe were complemented with the
specified target DNA sequences. Meanwhile, the melting temper-
ature of the two probes was selected with the approximate value
to ensure the uniform condition of renaturation during hybridiza-
tion. Ten bases of ‘T" were added on the 3’ end of capture probe
and 5’ end of reporter probe, which could avoid the sterically hin-
dered immobilization substrate. For the purpose of coupling, an
amine group was introduced to the end of two probes. And all the
oligonucleotide sequences were synthesized by Shanghai Sangon
Biological Engineering Technology & Services Co. Ltd. (Shanghai,
China).

2.5. Nucleic acid extraction

Total genomic DNA was extracted by a Generay™ Genomic DNA
Extraction Kits following the instructions of the manufacturer. An
overnight culture of the bacterial cells in fresh LB media was grown
to0 0.6-1.0 ODgqg. For each DNA extracted preparation, a pellet con-
tained approximately 1 x 108 CFU (colony forming unit)mL-1 of
bacteria. The purity of the collected DNA was verified by a spec-
trophotometer (DU®640Bechman, US) using the A,g0/Azg0 ratio.

2.6. Capture probe coupling onto the glass slides surface

Common glass slides were modified with aldehyde groups on
their surfaces according to the literature [22]. The clean glass slides
were immersed in 25% ammonium hydroxide for 2 h and rinsed
with double-distilled water. Then they were soaked in the solution
of 2% 3-aminopropyltrimethoxysilane at pH 4.5 adjusted by glacial
acetic acid. And they were ultrasonically washed with double-
distilled water after 30 min. Finally, they were immersed in 2.5%
glutaraldehyde for 3h and washed with PBS buffer and double-
distilled water in turn and dried at room temperature.

The capture probe diluted in TE buffer with the volume of 40 p.L
was activated and pipetted onto the aldehyde glass slides sur-
face. After incubated at room temperature for 5 h, the glass slides
were washed with 0.2% sodium dodecyl sulfate and double-distilled
water twice to remove unbound DNA. Subsequently, the glass slides
were dried under a filtered air-stream. To block the surplus alde-
hyde groups on the surface, the glass slides were immersed in a
glycin solution for 1 h. The final glass slides coupling with capture
probe were dried after washing with 0.2% sodium dodecyl sulfate
and double-distilled water twice, respectively.

2.7. Reporter probe coupling with the ternary europium complex

The synthesized europium ternary complex of Eu(TTA)3(5-NH;-
phen) was applied as the biomarker. The complex was dispersed
in a 2.5% glutaraldehyde solution and stirred for 3 h at room tem-

Probe Sequence (5'-3") mer
Capture probe CAT TAC ATT GAC GCA GGT GAT CGG ACG (T);0NH> 47
Reporter probe H,N(T);0 GTA TCG GTG TGA GCG TCG CAG AA 43
Target DNA sequence CGT CCG ATC ACC TGC GTC AAT GTA ATG TTC TGC GAC GCT CAC ACC GAT AC 50
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Fig. 1. The schematic diagram of this detection method.

perature. Then, the mixture was centrifuged and washed with
double-distilled water twice, and finally suspended in PBS buffer. A
certain concentration of reporter probe was added to the complex
suspended solution with continuous stirring at room temperature
for 5 h and then centrifuged and washed with PBS buffer to remove
the unbound oligonucleotides. Finally, the mixture was treated
with glycin solution in order to inactivate the unreacted aldehyde
groups.

2.8. Hybridization assay format

The primitive nucleic acid stored at 4°C was thawed and heat-
denatured at 95 °C for 5 min and immediately immersed in mixture
of ice and water for 5min to obtain the single strand of target
DNA. A hybridization box was prepared and filled with cotton
soaked in 6x SSC solution to guarantee a uniform moistening of
the glass slide surface. Target DNA of single strand 10 p.L, hybridiza-
tion buffers (6x SSC) 10 pL and dye modified reporter probe 10 L
were pipetted onto the glass slides and mixed thoroughly. Then the
box was incubated at a designed temperature in a thermostat. After
hybridization reaction is completed, the glass slides were washed
with three types of washing buffers in turn. A two-stage strin-
gent wash was performed to disrupt undesired hybrids and then
the glass slides were dried at room temperature. Unless otherwise
stated, blank control was used of double-distilled water instead of
the DNA sample and all the assays were performed in triplicates. A
schematic diagram for illustrating the sensing strategy was shown
in Fig. 1.

The time-resolved fluorescent intensity of the glass slide
was monitored by a detection system, which consisted of
a PerkinElmer LS-55 spectrofluorimeter, a personal computer,
two arms of the bifurcated optical fibers and a home-made
poly(tetrafluoroethylene) detection cell. The optical fibers were
fixed in the detection chamber of the spectrofluorimeter to carry

the excitation and emission light. The detection cell acted as an
immobilized platform for the glass slide and optical fibers.

3. Results and discussion
3.1. Optimal concentration of capture probe

In preliminary experiments, the concentration of capture probe
was found to influence the hybridization efficiency. Capture
probe of six different concentrations, 1 x 1072, 1x 1076, 1 x 107,
1x1078,1x 1072 and 1 x 10-19mol L~ were examined. As shown
in Fig. 2, the concentrationat 1 x 10-7 mol L~! presents a stable and
strong signal than the others. It should be the appropriate concen-
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Fig. 2. Optimization of the concentration of capture probe coupling on glass slides.
Background signals from blank controls are subtracted.
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Fig. 3. Optimization of the hybridization time.

tration for coupling with the aldehyde group on the glass slides.
The capture probe concentration of 1 x 10-7 molL-! is chosen in
the following experiments.

3.2. Optimal hybridization temperature

Generally, there are three types of hybridization temperature,
the optimum renaturation temperature (TOR, equal to Ty, (melting
temperature) minus 25 °C), stringent renaturation temperature (Ts,
equal to Ty, minus 10 or 15 °C) and non-stringent renaturation tem-
perature (Tps, equal to T, minus 30 or 35 °C). Here the value of T,
was 53 °C. The results demonstrated that the signals were relatively
low at the temperature of TOR and Tys while it had a satisfactory
signal at the temperature of Ts. It might be due to the reason that
high molecular weight of the specimen DNA was too difficult to
diffuse at low temperature and led to the incomplete reaction of
complementary base pairing. Thus, the optimal hybridization tem-
perature is Ts (43 °C) which is similar to the temperature reported
in those literatures [9,13,23].

3.3. Influence of hybridization time

The desirable hybridization time depended on many factors
such as the length and sequence of the coupled probe. For a given
assay, it is necessary to examine the best hybridization time in per-
forming a hybrid course. As shown in Fig. 3, the fluorescent intensity
obviously increases from 3h to 10h and gets to the summit at
10h. Meanwhile, the blank control signal is almost maintained
in a certain range after 10 h. According to the literature, hybrids
formed between short oligonucleotides and target DNA sequence at
5-10°Cminus the T, could unwind, which also could be considered
reversible [24]. Consequently, lengthening the hybridization time
might not be a better option. Furthermore, the specimen nucleic

Table 2
Formulation of washing solution.

acid was not purified and many unknown factors might interfere
with the process of hybridization. These interference units could
compete for the adsorption sites. In the surplus hybridization time,
they dominated the adsorption sites that were released by target
DNA base. Therefore, the curve appears a downtrend after 10 h.

3.4. Optimal washing time

A two-stage stringent wash was performed to disrupt undesired
hybrids after hybridization. Low stringent wash (high salt con-
centrations and low temperatures) could remove nonspecifically
bound probe but the low homology hybrids would not be disrupted
in this procedure. And high stringent wash (low salt concentration
and high temperatures) could remove undesired hybrids of low
homology. Protocol of low and high stringent washing is shown
in Table 2. The results demonstrated that it could obtain the best
washing efficiency when washing time was 6 min. And the signals
sharply decreased when it exceeded 6 min. One possible explana-
tion for the phenomenon may be that some of the target bases
were broken during the overlong wash, which was a non-reversible
destruction procedure.

3.5. Analysis of specificity for E. coli

The specificity of this hybridization method was determined by
the sequence of probe designed. The E. cloacae strain was chosen,
which was known to be closely related to E. coli. The S. aureus strain
was usually presented with the E. coli in contaminations. And the P.
polymyxa strain was chosen to serve as arandom interfered strain in
this experiment. All the samples were monitored under the optimal
conditions.

The results are obtained from the hybridization reaction (see
Fig.4).The E. coli samples and positive controls give signals between
139 and 154, while all the other organisms have values close to
that of the blank control. No false positive signals are appeared,
which indicates that it is a good specific hybridization assay for
the detection of E. coli strains. For the DNA hybridization method
without purification and amplification procedure, its specificity is a
significant characteristic for its further exploration and application.

3.6. Sensitivity of the hybridization method

The cultivable E. coli concentration was determined on 10-fold
serial dilutions, which were prepared by sterile PBS buffer. Then,
1 mL of each dilution was plated on EMB agar plates to obtain an
accurate estimation of the cultivable E. coli concentration. Simulta-
neously, the cells of each dilution were extracted nucleic acid and
investigated under the optimal conditions. The results are shown
in Fig. 5. The threshold for the positive detection is set as back-
ground (blank) signal plus three times the standard deviation of
the blank [25]. According to this criterion, the detection limit of
this method is determined as 1.49 x 103 colony forming unit (CFU)
per milliliter. This concentration is comparable to that reported lit-
erature of detection for E. coli with PCR procedure [11]. And it is a

Volume Temperature

Step Type Final concentration
Low stringency washes Washing I 1x SSC, 0.03%SDS
Washing II 0.2x SSC
High stringency washes
Washing I 0.05x SSC

10mL 20x SSC
600 L 10% SDS RT
189.4 mL double-distilled water

2mL 20x SSC 43°C
198 mL double-distilled water
500 wL 20x SSC

43°C

199.5 mL double-distilled water
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major improvement for the method of DNA hybridization assay in
microorganism detection without nucleic acid amplification.

4. Conclusions
A sensitive and simple method for the detection of the E. coli

strain is presented. The Eu(TTA)3(5-NH,-phen) is an appropri-
ate biomarker with the characteristic of long lifetime and intense

luminescence. In the experimental procedure, the concentration of
capture probe, hybridization temperature, hybridization and wash-
ing time were investigated and optimized. The detection limit of
this method s as few as 1.49 x 103 CFUmL~! E. coli cells and no false
positive signals were obtained from the other contrasted microor-
ganisms. Considering the satisfactory sensitivity and specificity,
this proposed assay could be an alternative method for microor-
ganisms monitoring.
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