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ABSTRACT

Background and Obijectives: Legionella spp. is a causative agent of Legionnaires' disease that creates public health prob-
lems. Isolation of these bacteria from water sources is essential to identify outbreak origins and prevent disease. Diagnostic
biosensors for water quality control to protect consumers from water-borne infections can predict many outbreaks. Gold
nanoparticles conjugated probes are a new generation of diagnostic tools. In this study, an optical nano biosensor was de-
signed and characterized to detect Legionella pneumophila in water samples rapidly.

Materials and Methods: Thiolated probes designed for the mip gene were attached to gold nanoparticles and then water
samples containing Legionella pneumophila were examined.

Results: The limit of detection for PCR and biosensor was 10* and 10° copy numbers/ul, respectively. Biosensor sensitivity
and PCR were reported to be 90% (18 out of 20) and 85% (17 out of 20), respectively. Specificity 100% has been reported
for both methods.

Conclusion: According to the obtained results, this method has the potential to diagnose L. pneumophila with high sensi-
tivity and specificity. This system can be employed as a practical tool for rapid, accurate, high-sensitivity, and acceptable
detection of Legionella pneumophila in contaminated water, which is cost-effective in terms of cost and time.

Keywords: Biosensor; Probe; Legionella pneumophila; Water; Nanoparticles

INTRODUCTION and Pontiac fever (1). The Legionellaceae includes
53 species and 70 distinct serogroups. 85% of human
Legionella pneumophila is a Gram-negative and infections are caused by serogroups 1, 4, and 6. Re-

fastidious bacterium that causes Legionaries' disease ports indicate that 1-5% of cases of community-ac-
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quired pneumonia and 30% of hospital-acquired
pneumonia were caused by Legionella species and
mortality in immunocompromised patients reaches
50% (2). Therefore, the presence of species of this en-
vironmental microorganism is of particular impor-
tance in hospital water resources as the outbreak of
infection has been reported in both inpatient wards
and intensive care units (3). Rapid diagnosis of Le-
gionella is very important in public health care and
reduction of mortality due to it (4).

Since Legionella is a fastidious bacterium, DNA-
based molecular detection can be very important.
Molecular techniques based on gene 16S-rDNA to
detect bacteria at the genus level along with other
diagnostic markers including 5S and 23S-rDNA, dot
A, and mip gene which is a diagnostic marker of L.
pneumophila species have been given special atten-
tion in order to study different samples (5-7).

Culture-based diagnostic methods in Legionella
pneumophila, in addition to being time-consuming
and having low sensitivity, are not able to detect via-
ble but not culturable forms (8, 9).

PCR and Real-time PCR based are also used to
diagnose Legionella pneumophila, but are time-con-
suming and require equipment (8, 10). Gold nanopar-
ticles based on optical sensing due to their unique
optical properties have recently attracted much at-
tention in detection cases (11, 12). Their distinctive
optical properties, called surface plasmon resonance
(SPR), is due to the resonant excitation of their con-
ducting electrons (13). Surface plasmon resonance
(SPR) biosensors belong to label-free optical biosen-
sor technologies. An optical surface plasmon reso-
nance (SPR) biosensor can measure the refractive
index changes associated with the binding of analyte
molecules in a sample to bio-detect molecules stabi-
lized on the SPR sensor (14, 15). Aggregation-based
sensors are able to detect biological or chemical com-
pounds, including DNA and proteins, and metal ions
(16-20).

There are two categories of nanoparticle aggre-
gation methods for detecting nucleic acids (DNA
and RNA). Cross-Linking (CL) is the most common
method used to detect nucleic acid in recent decades.
It uses two nucleic acid nanoprobes (Np-DNA),
each of which complements a portion of the target
gene. These nanoprobes hybridize in the presence
of the target gene and form a polymeric network of
nanoparticles and nucleic acid as they approach each
other, resulting in a change in the color of the solu-
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tion from red to purple (21, 22). In the Non-Cross-
Linking (NCL), one (Np-DNA) is used, which alone
complements the entire identified gene sequence.
Salt induction is also used in this method to aggre-
gate nanoparticles. This nanoprobe, in the presence
of its complementary target sequence in the sample,
hybridizes with it and prevents the aggregation and
discoloration of nanoparticles even at high concen-
trations of the induction agent (23, 24).

Gold nanoparticles conjugated probes are a new
generation of diagnostic tools. Its optical properties
change based on the binding to specific molecules
and allow the detection and quantification of the
desired analyte (25). Active groups, especially thi-
ols, have a high capacity for strong binding to gold
nanoparticles and are used to immobilize probes on
the surface of nanoparticles. Hybridization of the tar-
get strand with the probes results in the formation of
an extended polymeric Au nanoparticle/ polynucle-
otide aggregate, which triggers a red to purple color
change in the solution (26). This contributes greatly
to the increased sensitivity of gold nanoparticles. Dif-
ferent studies have been performed with the aim of
designing biosensors in the field of detection of vari-
ous microorganisms (16, 27-29). In this study, a gold
nanoparticle-based biosensor was designed to detect
Legionella pneumophila using the mip gene.

MATERIALS AND METHODS

Design of primers and probe. The mip gene,
which is a conserved gene and a diagnostic marker
for L. pneumophila species, was considered the tar-
get gene in PCR and biosensor test (30). The recorded
sequences of the mip gene were taken from the NCBI
database and then the alignment of the Legionella mip
gene sequences was performed by gene runner soft-
ware. Gene Runner and Amplicon software were used
to design primers forward and reverse in PCR and bi-
osensor thiolated probes. To double-check and ensure
the specificity of the designed primers and probes,
the IDT website and primer blast, and nucleotide
blast of the NCBI database was used. Primer forward
(GCATAGATGTTAATCCGGAAGCAATG) and
reverse (GCCATCAAATCTTTCTGAAACTTGTT)
designed for PCR and also designed thiolated probes
for biosensor assay were synthesized by Metabion,
Germany.

The thiolated probes for the biosensor assay were
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the following: Thiolated probe 1: 5-SH-CGCTAT-
GAGTGGCGCTCAATT. Thiolated probe 2: TTA-
ACCGAACAGCAAATGAAAG-SH-3.

Chemical and reagents. Trisodium citrate di-
hydrate [Na C H O .2H O], Dithiothreitol (DTT),
2

3 6 5 7
sodium chloride (NaCl), and ethyl acetate were pur-

chased from Merck. Hydrogen tetrachloroaurate (111)
hydrate (HAuUCI -3H O) was obtained from Environ-
4 2

ment Research Center, Razi University, Kermanshah,
Iran, and phosphate buffer (PBS; 10 mM, pH 7.4) was
obtained from Biobench, Iran. All glassware was
cleaned with Aqua regia cleaning solution [HCI —
HNO3 (3: 1)], rinsed with water, and dried. FavorPrep
Tissue Genomic DNA Extraction Mini Kit for DNA
extraction of L. pneumophila was obtained from Fa-
vorgene, Taiwan.

Preparation and characterization of gold
nanoparticles. Au-NPs were synthesized using the
seeded growth method (31). Briefly, 1.1 ml of 60 mM
Tri-sodium citrate dihydrate was added to 30 ml of
Milli-Q water in a round bottom flask and heating
for 15 min under powerful stirring. Two hundred pl
of HAUCI, solution (25 mM) was quickly added to
the flask. The solution was cooled to 90°C. Then,
200 pl of HAUCI, (25 mM) was rapidly injected into
the solution. After 30 minutes, 200 pul of HAUCI, (25
mM) was added again. And after 30 minutes the re-
action was finished. The colloidal solution was stored
overnight at room temperature and then refrigerat-
ed. During the gold nanoparticle fabrication reac-
tion, a color change to cherry red was observed (32).
Determination of the size, and size distributions of
nanoparticles using Zetasizer Nano Series device
(Malvern, England) were characterized. The char-
acteristics of SPRs from GNPs were evaluated in
the wavelength range of 400-700 nm by a UV-visi-
ble spectrophotometer (Dual Beam Peybord, Iran).
Transmission Electron Microscopy (TEM) and Scan-
ning Electron Microscopy (SEM) are widely consid-
ered the gold standard for nanoparticle characteriza-
tion. As TEM can provide a higher resolution, it may
be better suited for particle size analysis in the nano
to sub-nano region (33). The size and morphology of
the nanoparticles by Zeiss EM900 TEM operating at
50 kV (ZEISS, Germany) were analyzed.

Conjugation of AuUNPs with probes (nanoprobe).
Thiolated probes were treated with 1.0 N dithioth-
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reitol (DTT) at room temperature for 15 minutes to
reduce the disulfide bonds and activate probes. Then
to remove DTT, the mixture was washed with ethyl
acetate (5 times the volume of dithiothreitol). This
process was repeated 3 times and each time the up-
per layer was removed after vortexing. Two hundred

fifty ul of gold nanoparticles were centrifuged for 10
minutes at 7000 rpm and then dissolved in an equal
volume of distilled water after removal of the super-

natant. One nM of the reduced thiolated probes was
added to the gold nanoparticles, and finally, 0.1 M of
NaCl was added and incubated for 45 minutes in an
orbital shaker incubator (20°C at 60 rpm). Two hun-
dred fifty uL of each nanoprobe 3" and 5" were mixed
together and incubated again for 30 minutes at room
temperature. Thiolate probes formed a self-assem-
bled monolayer on the surface of gold nanoparticles
(34). Immobilization of the probe on the GNPs was
analyzed by UV-visible spectra, Dynamic Light
Scattering (DLS) by using Zetasizer Nano ZS, (Mal-
vern, England).

Preparation of standard positive control. Legio-
nella mip gene amplification was performed using
PCR, then TA cloning was performed using PCR
product to provide a standard positive control for
gold nano biosensor (35). For the ligation reaction, the
PCR product was purified using the PCR purification
kit (Vivantis). Vector cloning of pTZ57RT was used
for cloning of mip gene (Fermentas). The ligation re-
action was performed according to the protocol of the
InsTAclone PCR Cloning kit (Fermentas), in which a
purified fragment of mip gene with a length of 124 bp
was ligated into pTZ57R/T vector using 1 unit of T4
DNA ligase. The product of the ligation reaction was
transformed into E. coli DH5a strain. Plasmids of the
selected clones were extracted by Plasmid DNA Ex-
traction kit (Vivantis), and recombinant plasmids con-
taining mip gene were confirmed by PCR with gen-
eral primers (M13F and M13R) and sequencing using
primers M13F (GTAAAACGACGGCCAGT) and
M13R-pUC-40 (CAGGAAACAGCTATGAC) (36).

Hybridization of AuNP-probes with pTZ57R/T/
mip plasmid and extracted DNA. Bacterial genom-
ic DNA was extracted from Legionella pneumophila
ATCC33152 cultured on BCYE agar containing ami-
no acid supplements using the FavorPrep genomic
DNA extraction Kit (Favorgene, Taiwan). A 10-fold
serial dilution of the pTZ57R/T/mip plasmid stock
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with a concentration of 35 ng was investigated. The
diluted DNA concentration was determined from
3.5 t0 3.5 109 ng (~10° to 1 copy number/ul). The
amount of ~3.5 ng plasmid was sided in water and
serial dilutions were prepared. DNA extracted from
the L. pneumophila ATCC33152 and recombinant
plasmid and water sample containing Legionella
pneumophila were heated at 96°C for 15 minutes and
immediately placed on ice for 5 min to remain sin-
gle-stranded. Four pl of target single-stranded DNA
was added to 500 pl of biosensor and at the same
time and after 30 and 60 minutes, the absorption peak
changes were examined using UV-visible spectro-
photometry. The SPR spectra of DNA extracted from
standard bacteria and recombinant plasmids were
compared. Also, after hybridization with the target
DNA, the aggregation of GNPs was analyzed using
a transmission electron microscope at 50 kV and the
DLS biosensor results.

Detection of L. pneumophila by PCR. Legio-
nella pneumophila ATCC 33152 strain was used as
a reference strain in this method. PCR assay was
performed on DNA extracted from L. pneumophila
using designed forward primer GCATAGATGTTA-
ATCCGGAAGCAATG and reverse primer GCCAT-
CAAATCTTTCTGAAACTTGTT. The PCR was
done by the following reagents: 12.5 uL of master
mix (2x), 1 uL of mip forward and reverse primer (10
pmol/uL), 1 uL DNA template, and sterile deionized
water in a final volume of 25 L.

The cycling conditions were as follows: first cycle
at 95°C for 5 min, followed by 34 cycles of denatur-
ation at 95°C for 30 s, annealing at 60°C for 45 s, and
extension at 72°C for 30 s, and final extension step
at 5 min for 72°C in a thermocycler. The sensitivi-
ty and specificity of the gold nano biosensor for L.
pneumophila were compared with the PCR detection
of the bacteria.

Specificity, sensitivity, and limits of detection
of designed PCR and nanobiosensor. Bacteria that
share a common ecological status with Legionella,
including Pseudomonas aeruginosa ATCC 27853,
Acinetobacter baumannii PTCC 1919, and Klebsiel-
la pneumoniae ATCC 13883 were used to determine
specificity. DNA extraction of strains was performed
using the Favor Prep Tissue Genomic DNA Ex-
traction Mini Kit (Favorgene, Taiwan). About 3.5 ng
of extracted DNA was used in all assays. The speci-
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ficity and sensitivity of both methods for the detection
of L. pneumophila in water samples were calculated
based on the formula proposed by Parikh et al. (37).
In sensitivity tests, the real-time PCR method was
used as the gold standard. The lowest concentration
detectable by each technique is considered the lim-
it of detection (LOD). The LOD was assessed using
a 10-fold dilution of plasmid pTZ57R / T / mip at a
concentration of 35 ng. ~ 3.5 ng of plasmid was sid-
ed in water and serial dilutions were prepared. After
extraction of DNA, LOD of biosensor and PCR were
determined.

Statistical analysis. Each test was performed in
independent triplicates and errors were presented as
the mean standard deviation. LOD quantification was
performed by drawing standard curves and linear re-
gression using the Excel program.

RESULTS

Characterization of AuNPs. Spherical nanoparti-
cles have a peak in the visible region. The presence of
an absorption peak at 520 nm indicates the formation
of a spherical gold nanoparticle (Fig.1a). In addition
to spectroscopic examinations, the use of TEM con-
firmed the spherical morphology of the synthesized
nanoparticles and the mean diameter of the GNPs was
32 nm. Size of the nanostructures was estimated by
ImageJ Software (Fig.1b). Dynamic light scattering
analysis showed that about 99% of AuNPs are in the
range of 35 nm (Fig. 1c).

The hydrodynamic radius of nanoparticles is mea-
sured by dynamic light scattering analysis (DLS) and
differs from the radius measured by TEM. Because,
in DLS, the volume of solvent (opposite charge ion)
which is located on the surface is also part of the par-
ticle's hydrodynamic radius. Therefore, the size ob-
tained from the electron microscope is smaller than
the DLS.

Optimization of ssDNA-GNPs nano-bioconju-
gates. Different concentrations of probes (1 to 200
nM) were combined with nanoparticles and the reduc-
tion of SPR bands was investigated. At a concentration
of 1 nM of the probe, the SPR band showed the great-
est decrease in intensity. sSSDNA functionalized gold
nanoparticle has been previously reported (38). Such
optimization is very significant in the design process

IRAN. J. MICROBIOL. Volume 14 Number 6 (December 2022) 802-812 805
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Fig. 1. a: Synthesized nanoparticles. a characteristic surface plasmon resonance bands of GNPs; b TEM microscope image of

gold nanoparticles; ¢ DLS analysis of nanoparticles

of surface plasmon resonance-based nano biosensors
(39). In other words, after conjugation of the probe
to the nanoparticles and forming nanoprobes, changes
in the SPR spectrum were observed, including a de-
crease in the absorption spectrum and a shift to higher
wavelengths due to a change in the refractive index
of the environment around the nanoparticles (Fig. 3a).
DLS results also showed an increase in the hydrody-
namic diameter of nanoparticles conjugated to probes
to 39 nm (Fig. 2).

The nanoprobes were centrifuged after the conju-
gation process and the concentration of the unbound
ss-DNAs was measured to be ~ 1.4 pM. The concen-
tration of the GNPs can also be calculated by Lam-
bert-Beer law (33).

A=¢bC

Therefore, the ratio of the bound ss-DNAsS/GNPs

was calculated to be 255.

Hybridization of the biosensor with target DNA.
After hybridization of the target DNA to the biosen-
sor, reduction of the SPR band due to a change in the
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refractive index of the surface layer of GNPs (Fig. 3a)
as well as a shift of the absorption peak curve towards
higher wavelengths and also the aggregation of gold
nanoparticles and discoloration of the solution to the
purple was observed with increasing time (Fig. 3b).
The results were also similar regarding recombinant
plasmid as the target and indicated the biosensor effi-
cacy for the detection of mip gene of L. pneumophila
in water samples (Fig. 4). Therefore, it seems that the
current biosensor can be directly applied for the detec-
tion of L. pneumophila in the water samples. No reduc-
tion was observed in Acinetobacter baumannii DNA
SPR bands as a negative control (Fig. 5). Conjugation
of the nanoprobe with the target DNA by adding a hy-
drodynamic layer to the surface of the gold nanopar-
ticles increased the average diameter of the GNPs to
60.7 nm (Fig. 6a), which actually confirmed the conju-
gation of the nanoprobe to the target DNA. Aggrega-
tion of nano biosensors after hybridization with target
DNA was observed by transmission electron micro-
scope and the size of conjugated nanoprobes with
target DNA was determined to be ~ 50 nm (Fig. 6b).

http://ijm.tums.ac.ir
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Fig. 4. SPR bands of the nano biosensor after hybridization with ss-DNA of standard strain, recombinant plasmid, and DNA
extracted from water sample
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Fig. 6. A: DLS analysis of nanobiosensor; b: transmission electron microscopy image.

Limit of detection of designed gold nano biosen-
sor. Serial dilutions of pTZ57R/T/mip plasmid stock
were prepared and analyzed using a biosensor assay
to determine the limit of detection. Although the bi-
osensor was stable when the recombinant plasmid
concentrations were 35x10°8 to 35x10%° ng, the aggre-
gation and change of color from red to purple of the
gold nano-biosensor took place after adding 35x10?
to 35x107 ng of DNA was done. Therefore, the 107
dilution (10% copy number/ul) was determined as the
LOD of the biosensor.

The standard linear regression curve of the SPR po-
sition against the log copy number/reaction shows that
there is a significant difference in the SPR intensity
between 10° and 10° copies of the recombinant plas-
mid (Fig. 7). The decrease in SPR band intensity is
observed in the presence of target DNA. The changes
in the SPR position were linearly observed when the
plasmid increased with a correlation coefficient of ~
0.98. Considering the increased concentration of L.
pneumophila in contaminated water samples, the bio-
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Fig. 7. Standard linear regression curve of log (copy num-
ber/reaction) against position of SPR

sensor can efficiently detect the target with a remark-
able change in the SPR absorption peak.

Limit of detection of PCR for detection of L.
pneumophila. To evaluate the sensitivity of PCR, se-
rial dilutions of recombinant plasmid with an initial
concentration of 35 ng were used as the template, and

http://ijm.tums.ac.ir


http://ijm.tums.ac.ir/

NANOBIOSENSOR FOR DETECTION OF LEGIONELLA PNEUMOPHILA

dilution of 10 (10* copy number/ul) was detected as
LOD (Fig. 8).

Specificity of PCR for detecting L. pneumophi-
la. Using the genomic DNA extracted from bacteria
with a common ecological status with L. pneumophila
including Pseudomonas aeruginosa, Acinetobacter
baumannii, and Klebsiella pneumoniae, PCR was per-
formed and no nonspecific bands were observed, indi-
cating the high specificity of primers for the detection
of Legionella pneumophila (Fig. 9).

Fig. 8. LOD image of PCR products using recombinant
plasmid

Lane M: DNA ladder,1 to 10: 10 serial dilutions of recombi-
nant palmsid, N: Negative control.

Fig. 9. Specificity of PCR to detect L. pneumophila. Lane
M: DNA ladder, 1: L. pneumophila, 2: P. aeruginosa ATCC
27853, 3: A. baumannii PTCC 1919, 4: K. pneumonia ATCC
13883, 5: Negative control, 6: Positive control.

http://ijm.tums.ac.ir

DISCUSSION

Previous studies reported that densities above
10%-10%° Legionella CFU/L represent a potential in-
creased threat to human health. Isolation of these
bacteria from water sources is essential to identify
outbreak origins and prevent disease (34). On the
other hand, various methods based on nucleic acid
amplification have already been proposed to identi-
fy environmental and clinical specimens. But these
methods are expensive and time-consuming (40, 41).

Because of unpredictable outbreaks and economic
losses to the country's health system, the design of
a rapid, highly sensitive, and specific diagnostic sys-
tem is a top priority for the evaluation and quality
control of hospital waters. Because with the emer-
gence of the diagnostic method and the widespread
monitoring of hospital water we will be able to man-
age this bacterium and its resulting diseases. Hence,
we developed a biosensor based on gold nanoparti-
cles to identify the Legionella pneumophila genome
in the water sample. In this study, gold nanoparticles
were used owing to their prominent optical proper-
ties due to their deformation, size, and composition,
as well as low toxicity and high biocompatibility.
Citrate-stabilized Au-NPs were synthesized using
the seeded growth method. The loosely bound ci-
trate layers can be easily replaced with the thiolated
probe. Furthermore, the presence of probes on the
surface of Au-NPs increases the surface negative
charge and leads to more stability of the colloidal
nanoparticles (42). In different studies, the Aggrega-
tion of gold nanoparticles in the colorimetric method
including cross-linking (CL) and non-cross linking
(NCL) together has been compared, and the CL assay
has shown higher sensitivity and specificity than the
NCL method. In contrast, the NCL assay has shown
a higher response speed compared to the CL method.
However, both methods are cost-effective and easy
to perform (20). In Nuthong's study, a DNA-AUNP
probe was used to detect L. pneumophila DNA and
the detection limit was 1.5 x 10* copy number/ul (43)
which was lower than the LOD obtained in our study,
which can be attributed to the use of the NCL method.

In our study, the CL method was employed for
DNA detection. After mixing nanoprobes 3 and
nanoprobes 5 and then adding the target, a poly-
mer network was formed and changed the color of
the solution from red to purple or blue. One of the
advantages of this technique is to determine results
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in a short period of time. The detection time for the
biosensor can be considered to be about 30 minutes,
which is a fast process compared to culture methods
(about 10 days or more) and PCR (about 2 to 3 hours)
a4).

In addition, the low cost of biosensors, the required
equipment, and their use in places outside the labo-
ratory can prove the advantage of this method over
molecular methods. On the other hand, the biosen-
sor is not an amplification-based method, so it is not
affected by the inhibitor present in the sample like
other molecular methods. Another advantage of the
biosensor method is its visual evaluation. visual
observation of positive and negative samples in the
form of color changes from red to purple and the
accumulation of nanoparticles in the form of black
particles, which were consistent with the results of
reading the samples using the UV-Visible device.
Therefore, in the absence of a device, a biosensor can
be used. LOD values for biosensors vary in published
studies. In our study, the biosensor detection limit
was 10% copy number/ul. While the study of Oh et al.
LOD biosensor 107 copy number/ul in the diagnosis
of S. typhimurium and in the study of Wang et al.
10* copy number/ul E. coli O157: H7 were reported
(45, 46). In the case of PCR amplification, no specif-
ic band was revealed in negative samples; thus, the
primers are highly specific for L. pneumophila. In
addition to Legionella, functionalized gold nanopar-
ticles with specific probes have been used to detect
bacterial pathogens such as Salmonella, Escherichia
coli, Staphylococcus aureus, Mycobacterium sp. (29,
43, 47-49).

CONCLUSION

In summary, we have developed an optical nano
biosensor based on gold nanoparticles to detect the L.
pneumophila mip gene, with a detection level of 10°
copy number/ul, which was less than PCR. This sys-
tem can be used as a practical and accurate tool with
rapid screening and acceptable sensitivity and spec-
ificity for the diagnosis of Legionella pneumophila
in contaminated water. High specificity and accept-
able sensitivity of biosensor compared to the PCR
method, high speed, and easy use of this technique is
suitable and efficient for screening and diagnosis of
Legionella pneumophila and will be able to become
a useful tool in laboratories.
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