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Abstract

A method for highly sensitive and rapid detection of Pseudomonas aeruginosa, based on
magnetic enrichment and magnetic separation, is described in this paper. The magnetic na-
noparticles (MNPs) were applied to adsorb genome DNA after the sample was lysed. The
DNA binding MNPs were directly subjected to polymerase chain reaction (PCR) to amplify
gyrB specific sequence of Pseudomonas aeruginosa. The biotin labeled PCR products were
detected by chemiluminescence when they were successively incubated with the
probes-modified MNPs and alkaline phosphatase (ALP) labeled streptavidin (SA). Agarose gel
electrophoresis analyses approved the method of in situ PCR to be highly reliable. The factors
which could affect the chemiluminiscence were studied in detail. The results showed that the
MNPs of 400 nm in diameter are beneficial to the detection. The sequence length and the
binding site of the probe with a target sequence have obvious effects on the detection. The
optimal concentration of the probes, hybridization temperature and hybridization time were
10 uM, 60 °C and 60 mins, respectively. The method of in situ PCR based on MNPs can greatly
improve the utilization rate of the DNA template ultimately enhancing the detection sensi-
tivity. Experiment results proved that the primer and probe had high specificity, and Pseu-
domonas aeruginosa was successfully detected with detection limits as low as |10 cfu/mL by this
method, while the detection of a single Pseudomonas aeruginosa can also be achieved.
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Introduction

Nanotechnology has made rapid development in
the past decades, opening new doors of its applica-
tions in various fileds. The magnetic nanoparticles
(MNPs) possess high surface area and they can easily
be controlled under the external magnetic field, which

emphasizes their potential use in the detection of bi-
ological signals [1-4]. For possessing many ad-
vantages such as high sensitivity, high specificity, low
background, and the ease for quantitative analysis,
etc., chemiluminescence is broadly applied in bioa-
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nalysis. The combined use of magnetic particles and
chemiluminescence technology for the development
of efficient biosensors for clinical purposes is an
emerging trend [5-7].

Pseudomonas aeruginosa is one of the most exten-
sive and serious problems in nosocomial infection
which can infect wounds, fester otitis media and
cause pneumonia, cystic fibrosis, sepsis, and other
diseases [8-10]. Pseudomonas aeruginosa infection is the
main reason of septicaemia for patients who receive
organ transplants [11]. The study by Van der Waaij's
showed that 10 to 100 cells of Pseudomonas aeruginosa
can lead to gut colonization in patients admitted in
intensive care units and immunosuppressed [12]. It is
also a primary cause of morbidity and mortality in
patients with cystic fibrosis (CF), and early antibiotic
treatment is crucial [9,13-16]. Therefore, the devel-
opment of rapid and sensitive technique for early de-
tection of Pseudomonas aeruginosa is very important for
effective treatment of those diseases.
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Fig. |. The schematic of magnetic enrichment and in situ PCR.
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In this paper, we have concocted a simple
method of in situ PCR based on MNPs. From the Fig.
1, the DNA binding Fe;0,@SiO> MNPs were directly
added into the polymerase chain reaction (PCR) sys-
tem to amplify gyrB specific sequence of Pseudomonas
aeruginosa, which can improve both the utilization rate
of the DNA template and detection sensitivity. dTTP
was partly replaced with biotin-labeled-dUTP. The
carboxyl-modified MNPs were conjugated with ami-
no-modified probes by incubation, and the
probes-modified MNPs were used to capture the spe-
cific PCR products. These complexes were bonded
with alkaline phosphatase (ALP) through the special
coupling function between biotin and streptavidin.
Furthermore, the chemiluminescent signal was de-
tected by adding AMPPD which was the substrate
reagent of ALP. Different primers and probes, based
on ecfx gene and gyrB gene, were devised to detect
Pseudomonas aeruginosa in order to study the effects of
the product length and probe location on the chemi-
luminiscent signal intensity (Fig. 2).
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Materials and Methods

Materials

Pseudomonas aeruginosa strain (ATCC27853) was
purchased from Huankai Microbial. Sci. & Tech. Co.
Ltd. Salmonella enteritidis, Staphylouocus aureus, Shigella
dysenteriae, and Escherichia coli were friendly donated
by Dr. Ru Zhang of Hunan Institute of Engineering.
The oligonucleotides were synthesized and HPLC
purified by the Sangon Company (Table 1).
3-(2’-spiroadamantane)-4-methoxy-4-(3’-phosphorylo
xy) phenyl-1,2-dioxetane (AMPPD) was purchased
from the Biochem-ZX (China). Taq DNA polymerase

Table 1. The oligonucleotides used in this study.

and other polymerase chain reaction (PCR) reagents
were obtained from ShangHai Biocolor BioScience
Technology Company (China). Streptavidin-modified
alkaline phosphatase (SA-AP) and PEG-4000 were
ordered from the Sangon Company (China). The bio-
tin-11-dUTP was purchased from the Fermentas
(USA). Other unnamed reagents were domestic ana-
lytical reagents. The chemiluminescent intensity was
detected using a multi-function micro hole plate
reading machine Victor X3 (Perkin Elmer, USA). The
PCR amplifier used in this experiment was ABI9700
(Applied Biosystems, USA).

Target Sequence Name Sequence (5"-3") Length Reference

gyrB gene gyrB-F CCTGACCATCCGTCGCCACAAC 222 bp Qin,2003
qyrB-R CGCAGCAGGATGCCGACGCC Motoshima, 2007
gyrB-P CCGTGGTGGTAGACCTGTTCCCAGACC- (15T)-NH2 Anu;j,2009

ecfx gene ecfx-F TTCCGTGGTTCCGTCTCGC This study
ecfx-R-S TCCGCCGAACTGCCCAGGTGC 86 bp This study
ecfx-R-L CAACAAGTTGCGGGCGATC 195 bp This study
ecfx-P AGCACCTGGGCAGTTCGGCGGA-(15T)-NH2 This study

Universal gene Uni-F CGGTCCAGACTCCTACGGG 206bp Anuj,2009
Uni-R TTACCGCGGCTGCTGGCA

Preparation of Fe3;O4 MNPs and Fe;0,@SiO>
MNPs

Fe304 nanoparticles were prepared by the sol-
vothermal method. 2.03 g of FeCl; 6H.O, 2 g of
PEG-4000 and 4 g of NaAc were dissolved in ethylene
glycol. The solution was placed in a reaction kettle
and allowed to react for 12 h at 180 °C. The obtained
precipitate was washed with deionized water 3 times.
The obtained nanoparticles were dispersed in 150 mL
solution of ethanol/water (4:1) with the help of an
ultrasonic. 3 mL of tetraethoxysilane (TEOS) and 4 mL
of ammonia were added into the mixture and then the
obtained mixture was stirred for 3 hours. Finally,
Fe304@5i0; MNPs were magnetically separated from
the reactant mixture by applying an external magnetic
field and washed. The amino-modification of
Fe304@5i0; MNPs was performed as follows. 150 mg
of Fe;0,@5i0, MNPs were separated by the external
magnetic field and dispersed in 30 mL of etha-
nol/water (199:1) solution by the ultrasonic, and then
60 pL of 3-aminopropyl triethoxysilane (APTES) was
added into this mixture. The solution was stirred for 7
h at room temperature. The product was separated
from the reactant mixture by the external magnetic

field, then washed with N,N-dimethylformamide
(DMF) for 5 times. The amino-modified MNPs were
dispersed in DMF to a concentration of 5 mg/mL. For
carboxyl-modification, 15 mL of amino-modified
MNPs solution prepared as above was dropped into
equal volume of succinic anhydride solution; the
mixture was stirred at 20 °C for 24 h. 7.5 mL of car-
boxyl-modified MNPs was then acquired by magnetic
separation after washing with DI water for 3 times
[17-21].

Bacterial Culture

Pseudomonas aeruginosa, Salmonella enteritidis,
Staphylococcus aureus, Shigella dysenteriae and Esche-
richia coli were grown in a LB broth seperately. The
bacteria were cultured for 24 h in an incubator at 37
°C, shaking at 180 rpm. The pathogens were inacti-
vated for 48 h by 0.5 % of formaldehyde solution.

The Method of Pseudomonas aeruginosa Ge-
nomic DNA Extraction and in situ PCR Based
on MNPs

100 pL of Pseudomonas aeruginosa sample, 20 pL
of protease K and 100 pL of lysis solution were mixed
in a 1.5 mL sterile centrifugal tube; the mixture was
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incubated for 20 min at 56 °C. 400 pg of Fe;0.,@SiO,
MNPs were dispersed in 300 uL of binding buffer
after lysis, the sample of Pseudomonas aeruginosa was
added into the binding buffer. After 5 minutes, MNPs
were separated from the mixture under an external
magnetic field and cleaned twice. Tag DNA poly-
merase buffer, MgCl,, primer, dNTPs, sterile water
and Taqg DNA polymerase were successively added
into the PCR tube and mixed with the Fe;0,@SiO»
MNPs bound with genomic DNA. PCR was con-
ducted under the following thermocycling conditions:
95 °C for 5 min, followed by 35 cycles of 94 °C for 40
sec, 60 °C for 30 sec and 72 °C for 30 sec. A final ex-
tension step was continued for another 7 min at 72 °C.
A tube containing the reaction mixture and sterile
water was included in all reactions as a negative con-
trol. The PCR products were analysed by electropho-
resis (1.5 % agarose gel) [22-24].

Detection of Pseudomonas aeruginosa Based on
Chemiluminescence and Magnetic Separation

The probes was attached onto the surface of
carboxyl-modified MNPs according to convalent
binding [24]. 90 pL of 10 pmol/L amino-modified
probes diluted with pH 6.0 25 mmol/L MES and 60
pL of 5 mg/mL 1-Ethyl-3-(3-dimethyllaminopropyl)
carbodiie hydrochlide (EDC) were mixed with 4.5 mg
carboxyl-modified MNPs, incubated for 4 h at 4 °C,
and then the probes-modified MNPs were washed
with pH 7.4 50 mmol /L Tris-HCI buffer for 4 times. At
last the probes-modified MNPs were dispersed in 150
pL of PBS buffer. Per mg MNPs could bond to 120
pmol of probes if the reaction is completed. Li's
method was followed for the detection of specific gyrB
products with some slight modifications [22]. 10 puL of
probes-modified MNPs (10 mg/mL) were put into a
PCR tube, then the supernatant was abandoned after
magnetic separation. A 10 pL hybridization solution,
19.5 pL of deionized water and 1 pL gyrB PCR prod-
ucts (10 pL gyrB PCR products were used for sensi-
tivity detection) were added in to the PCR tube. Uni-
versal primer PCR products were used as negative
control and deionized water in place of the gyrB PCR
products as a blank control. The mixture was hybrid-
ized at 60 °C for 1 hour, then it was washed for 3 min
with 60 pL 2xSSC and cleaning solution (50 mM Tris,
0.15 M NaCl), respectively. The supernatant was
abandoned after magnetic separation. The hybrid
products were blocked for 30 min by cleaning solution
containing 0.25 % of bovine serum albumin (BSA),
then were incubated with 10 pL of ALP-SA for 30 min.
Furthermore, the MNPs were cleaned twice with
cleaning solution. Finally, the chemiluminescent in-
tensity were detected by adding 100 puL of 0.25 mM

AMPPD, which was the substrate reagent of AP. Each
process was repeated 3 times. The response of chem-
iluminescence was studied for different concentration
of MNPs, different concentration of probes, different
hybridization temperatures and different hybrid
times.

Specificity and Sensitivity Test

The specificity of gyrB primer and probe to
Pseudomonas aeruginosa was tested using Salmo-
nella enteritidis, Staphylouocus aureus, Shigella dys-
enteriae and Escherichia coli, acting as controls. The
Pseudomonas aeruginosa was inactivated for 48 hour
in 0.5 % formaldehyde, and bacteria were calculated
by plate cultivation which is a classical method, 5
readings were recorded each time. The bacterial con-
centration was diluted to 10 cfu/mL, 100 cfu/mL and
1000 cfu/mL. 100 pL of the above samples were used
in every test. Each experiment or treatment was re-
peated 5 times.

Data Analysis

All of the data were expressed as mean + SD
(Standard Deviations). Student’s t-test was used for
comparing the chosen level of statistical significance.
The data analysis was made using SPSS 13.0 software.

Results and Discussion

Genomic DNA Extraction and In Situ PCR
Based on MNPs

Because of the needs for nucleic acid automated
testing and the characteristics of MNPs to help
achieving the objective of automation, the genomic
DNA extraction technology has rapidly improved in
recent years [25]. Many researchers have explored the
potential use of different magnetic nanoparticles for
nucleic acid extraction, as well as the improvement of
the extraction process [26-28]. However, the studies
on the direct use of MNPs combined with genome
DNA in in situ PCR are still rare. The automated test-
ing of pathogens will be more convenient and the
detection will be more sensitive if an in situ PCR based
on the DNA binding MNPs can be developed. In this
paper, we have described a method of genomic DNA
enrichment based on the Fe30,@5iO> MNPs and an in
situ PCR which featured the direct use of DNA bound
at the surface of MNPs as a DNA template. The in situ
PCR is based on the purification of genomic DNA
acquired by enrichment of Fe;O0,@SiO> MNPs (Shown
in Fig. 3A) and the ability of deionized water to elute
the genomic DNA from Fe;0,@SiO> MNPs at 65 °C. In
clinical samples, the quantity of the pathogenic bacte-
ria is usually very low. The detection results may
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present a false negative if the utilization of DNA
templates is too low. Most DNA templates (Which
bonded with Fe3;0.@SiO, MNPs) were used for am-
plification in in situ PCR, therefore, theoretically, its
sensitivity should be better than traditional PCR
which usually uses few DNA templates. The results
were shown in Fig. 3B-C, demonstrating our method
can amplify sufficient PCR products for detection, and
the efficiency of amplification is greater than the tra-
ditional PCR.

The Detection of Pseudomonas aeruginosa
Based on Chemiluminescence and Magnetic
Separation

AMPPD is a safe and stable chemiluminescence
reagent acting as the substrate for ALP [29]. In this
study, the carboxyl-modified MNPs were conjugated
with amino-modified gyrB probes or amino-modified
ecfx probes and then applied for the detection of
Pseudomonas aeruginosa. The biotin-dUTP-labeled
DNA fragments were amplified by in situ PCR. After
the probes-modified MNPs were hybridized with
gyrB gene fragments, SA-ALP was added. A universal
bacterial primer pair was used as negative control.
The chemiluminescent intensity was detected by
adding AMPPD as the substrate.

Fig. 4A indicates that the chemiluminescent in-
tensity of the sample was very strong in comparison
with the control. The chemiluminescent intensity

reached maximum after 30~40 mins, and then became
stable. The MNPs with a diameter of 400 nm per-
formed better than the smaller ones for detection of
gyrB gene fragments of Pseudomonas aeruginosa. The
reason is that bigger MNPs have a higher recovery
rate and less steric hindrance. Different primers and
probes were devised to detect Pseudomonas aeruginosa
based on ecfx gene and gyrB gene. The short ecfx se-
quences and gyrB probes, complementary with the
upstream sequence of targets, gave higher chemilu-
minescent intensity than the long ecfx sequence probes
complementary with the middle sequence of the tar-
get (Fig. 2 and Fig. 4B). Owing to its shorter length,
the short ecfx sequence had higher efficiency than gyrB
sequence. Therefore, the sequence length and the
binding site of probe clearly have effects on the de-
tection of Pseudomonas aeruginosa since they are im-
portant factors of hybridization. The gyrB sequence
was chosen in the following study because the speci-
ficity of the short ecfx sequence was very poor.

In order to obtain the optimal assay conditions,
the effects of different factors on the detection of
Pseudomonas aeruginosa were studied. The results
shown in Fig. 5 indicates that the optimal concentra-
tion of probes is 10 pM/L, the optimal hybridization
temperature is 60 °C, and the optimal hybridization
time is 60 mins.

Fig. 3. The electrophoresis results. (A) The effects of different elution buffers to elute the genome DNA from MNPs. The TE buffer was used in the 1%, 2™
and 3" lane while deionized water was used in the 4™, 5" and 6 lane. primary culture of bacterium was loaded in the |1* and 4™ well while the 10 time and
100 time diluted samples were loaded in the 2" and 5%, 4™ and 6 well respectively. (B) An in situ PCR for gyrB based on Fe;0,@SiO, MNPs: I, 24, 3¢
and 4" lanes all are gyrB PCR products. (C) Lane | contains the results of in situ PCR; lane 2 contains the traditional PCR. In this study, the concentration

of agrose gel was 1.0% in A and 1.5% in B and C.
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Fig. 4. The chemiluminescent detection of Pseudomonas aeruginosa based
on gyrB gene. (A) Effect of MNPs size on chemiluminescent intensity.
MNPs-1: 400 nm sized probes modified MNPs, used to capture PCR
products of gyrB gene. Control-1: the probes modified MNPs that captured
the PCR products of bacterial universal gene. MNPs-2: 250 nm sized
probes modified MNPs were used to capture PCR products of gyrB gene.
Control-2: the probes modified MNPs that captured the PCR products of
bacterial universal gene. (B) The effects of different binding sites of probes
and different lengths of the target sequence on chemiluminescence inten-
sity (Figure 2). 400 nm sized probes modified MNPswere used. gyrB: The
gyrB probes were used to capture PCR products of gyrB gene. Control-1:
The gyrB probes that captured PCR products of bacterial universal gene.
ecfx-S: The ecfx probes were used to capture short PCR products of ecfx
gene. ecfx-L: The ecfx probes were used to capture long PCR products of
ecfx gene. Control-2: the ecfx probes that captured PCR products of
bacterial universal gene.

Fig. 5. The effects of different conditions on the chemiluminescent de-
tection of Pseudomonas aeruginosa. (A) Relationship between probes
concentration and chemiluminescent intensity. (B) Relationship between
hybridization temperature and chemiluminescent intensity. (C) Relation-
ship between hybridization time and chemiluminescent intensity.

The Test of Specificity and Sensitivity

The specificity was largely determined by primer
and probe choice. Qin et al studied the specificity of
gyrB gene primer and probe used in this study, and no
unspecific amplification was found [30-32]. The spec-
ificity of this method for the detection of Pseudomonas
aeruginosa was tested, using Salmonella enteritidis,
Staphylouocus aureus, Shigella dysenteriae and Escherichia
coli as controls. As shown in Fig. 6A, the primer and
probe of gyrB had high specificity.

For clinical samples, the sensitivity of a test for
detecting pathogens is very important [33]. Usually,
the sensitivity can be influenced by many factors, such
as the sampling procedure, the DNA-extraction
method or the PCR procedure [13,34]. In this paper, in
situ PCR based on MNPs was introduced greatly im-
proving detection sensitivity. In addition, the nucleic
acid signal was further amplified since the PCR
products were labeled with ALP which produced a
chemiluminescent signal when reacting with AMPPD.
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To test the sensitivity of the system for detecting gyrB
of Pseudomonas aeruginosa, the Pseudomonas aeruginosa
samples were diluted to different concentration, the
results are presented in Fig. 6B. It was clearly shown
that the chemiluminescent intensity was different
than that of the control (P<0.01 versus control) even if
the concentration of Pseudomonas aeruginosa is about
10 cfu/mL. Indeed, only 100 pL of Pseudomonas aeru-
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ginosa samples were used in every test, so theoreti-
cally only single Pseudomonas aeruginosa was checked
while the detection results were very positive. Alt-
hough nanoparticles have many applications in the
biomedical field [35-50], we believe the present
method has demonstrated the lowest detection limit
for Pseudomonas aeruginosa and is a very promising
approach.
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Fig 6. The specificity and sensitivity analyses of Pseudomonas aeruginosa detection based on the chemiluminescence. (A) The specificity test of gyrB gene for
detection of chemiluminescence. |. Staphylococcus aureus, 2. Salmonella enteritidis, 3. Shigella dysenteriae, 4. Escherichia coli, 5. Pseudomonas aeruginosa. PCR
products of bacterial universal gene were used as the control. (B) The sensitivity was tested after the Pseudomonas aeruginosans were diluted to about 10
cfu/mL, 100 cfu/mL and 1000 cfu/mL. 100 pL of above samples were used in every test. The sterile water was used as the blank control. PCR products of
bacterial universal gene were used as the negative control. *¥, P<0.01 versus control.

Conclusion

The development of highly sensitive techniques
for early detection of Pseudomonas aeruginosa is an
important consideration of medical research [51,52].
Herein, we introduced an in situ PCR based on MNDPs
and a method of detection based on chemiluminis-
cence and magnetic separation. The parameters for
detection were optimized in this method. Finally, a
highly sensitive and rapid detection method for
Pseudomonas aeruginosa based on magnetic enrichment
and magnetic separation has been developed with
detection limits as low as about 10 cfu/mL, while the
detection of a single Pseudomonas aeruginosa is also
recognized. Automation of pathogen detection is a
developing trend. The DNA enrichment and in situ
PCR based on MNPs can simplify the process of de-
tection, making automation more convenient.
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