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Abstract

A DNA-based piezoelectric biosensor has been here studied in terms of probe immobilisation and DNA sample pre-treatment. The biosensc
is specific for the detection of the mecA gene of methicillin-resissangtiylococcus aureus (MRSA).

Methicillin-resistantS. aureus is responsible of several infections in humans, like pneumonia, meningitis and endocarditic. MRSA is also a
major cause of hospital-acquired infections worldwide. The antibiotics resistance is conferred by the gene mecA, codifying for an anomalous
protein.

Two different immobilisation procedures of the probe specific for mecA gene are reported: immobilisation via streptavidin-biotin interaction
and direct immobilisation of thiolated probes.

After the study with synthetic oligonucleotides, the system has been applied to the analysis of bacterial DNA from MRSA, amplified by
polymerase chain reaction. These samples were pre-treated with two different denaturation procedures and the performances of the sensol
the two cases were compared.

The two immobilisation methods and denaturation protocols were here used to study the influences of these parameters on the performanc
of the sensor, applied here to the detection of the mecA gene. Better results in terms of sensitivity and reproducibility were obtained wher
using the biotinylated probe and the PCR-amplified samples treated by a denaturation procedures involving the use of high temperature ar
blocking oligonucleotides.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction piezoelectric biosensors offer the possibility of monitoring
the hybridisation reaction in real time, without the use of any
Recently, there has been an increasing interest in biosendabel [4-8] and they have been presented as alternatives to
sor technology for fast hybridisation detection using easy gel electrophoresis and to traditional methods where labelled
and rapid procedures. Building of such devices involves the probes are often required.
immobilisation of single-stranded oligonucleotides (probe)  In this work, the development of a piezoelectric biosen-
on the surface of the transducing element and recording thesor for the detection of the mecA gene, present in
variations of the transducer signal caused by the hybridisationmethicillin-resistantStaphylococcus aureus (MRSA) strain,
between the probe and the complementary strand in solu-is described. Methicillin-resistast aureus is the causative
tion (target). Several types of nucleic acid-based biosensorsagent of a wide variety of infections and toxin-mediated
have been developed over recent ydars3]. In particular, disease49-11]. MRSA is also a major cause of hospital-
and community-acquired infections worldwide. Methicillin-
resistantS. aureus strains account for 60% of. aureus
* Corresponding author. Tel.: +39 055 4573314; fax: +39 055 4573384, Clinical isolates in Japan, 50% in Italy and 34 % in the United
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One of the characteristics of this strain is its resistance The frequency shifts reported in the paper are the differences
to B-lactamic antibiotics.3-Lactamic antibiotics, such as between two stable frequency values (+0.5Hz).
penicillin and methicillin, are substrate analogs of penicillin- 11-Mercaptoundecanol, diglyme (bis-2-methoxyethyl
binding proteins (PBPs)14]. Methicillin resistance in  ether) and ethanolamine hydrochloride were purchased
MRSA strains is due to acquisition of the mecA gdmg] from Sigma (Milan, Italy); Dextran T500 was purchased
which encodes for PBP2a, a new protein with a low affinity from Amersham (Uppsala, Sweden), epichlorohydrin and
for the B-lactamic antibiotic$15]. N-hydroxysuccinimide (NHS) from Fluka (Milan, Italy).
Historically, isolates were distinguished by phenotypic Ethanol and all the reagents for the buffers were purchased
methods, including antibiotic susceptibility testing and bac- from Merck (Darmstadt, Germany).
teriophage typing. Both methods have limitations, as genet-
ically unrelated isolates commonly have the same antibi- 2.2. Samples
ogram, and many. aureus isolates are non-typeable by phage

typing [16]. With the advent of molecular biology, strain Biotinylated synthetic oligonucleotides and PCR primers
typing focused on DNA-based methods, included Southern were purchased from MWG (Germany), synthetic oligonu-
blot hybridisation using gene-specific probes, polymerase cleotides having a group C6-SH at thetérmination were
chain reaction (PCR) and pulsed-field gel electrophoresis purchased from Sigma-Genosys (Cambridge, UK).
(PFGE)[17-19]. These methods require subjective interpre-  Bacterial DNA for PCR amplification was purchased from
tation and comparison of patterns and fingerprintimages and_ GC Promochem (London, UK). Genomic DNA from the
they remain difficult to standardize between laboratories, and methicillin-resistant strair$. aureus subsp.aureus Rosen-
the image-based information is difficult to organize for rapid bach (ATCC 700699) was used as specific Samp|e whereas
search and retrieval by compuf@o]. DNA from S. lugdunensis (KTCC 43809D) was used as neg-

In DNA-based piezoelectric biosensors hybridisation ative control since this strain is known to be methicillin
detection is performed following the frequency changes sensible.
resulting from the interaction between a specific probeimmo-  Theimmobilised probe was designed to recognise a region
bilised on the gold electrode of a quartz crystal and the of the mecA gene. The sequence of probe is included in the
complementary strand in solution. fragment amplified by PCR (Fig. 1a).

For probe immobilisation, two different chemistries are The base sequence of the synthetic oligonucleotides is
here presented. The first one is based on the probe couplingeported below:
via biotin—streptavidin binding, on previously modified sur- o o
faces with a thiol-dextran layer. The second one is based Biotinylated probe: Sbiotin-TTCCAGGAATGCAGAAA-

on the direct coupling of thiol-derivatised probes (probe- GACCAAAGCA-3' (27-mer)
C6-SH) to bare gold sensor surfaces. The interaction of Thiolated probe: 5HS-(CH2)6-TTCCAGGAATGCAGA-

the immobilised probe with a complementary and a non- AAGACCAAAGCA-3' (27-mer)
complementary synthetic oligonucleotides was investigated Target: 5TGCTTTGGTCTTTCTGCATTCCTGGAA-3

to test the sensor specificity. The analytical parameters of the (27-mer)

Moreover, the developed sensor was applied to the anal- CAGAGAGGCC-3 (25-mer)
ysis of DNA samples amplified by polymerase chain reac- e gligonucleotides used in the denaturation procedure
tion, extracted from bacterial DNA. The DNA was from yharma| + blocking oligonucleotides) were as follows:
MRSA andStaphylococcus lugdunensis, sensitive to methi-
cillin, used as negative contrfl7]. A recent denaturation MecAl (P1): 5-TAATAGTTGTAGTTGTCGGGTTTG-3
procedurg21,22] of PCR-amplified DNA is here also used  MecA2 (P2): 5-GGTTTTAAAGTGGAACGAAGGTAT-3

and further optimised for this specific application. MecA3 (P3): B-GTTAGATTGGGATCATAGCGTCATT-
3/
MecA4 (P4): 5-AATTCCACATTGTTTCGGTCTAAAAT-
2. Experimental 3

2.1. Apparatus, reagents and samples
3. Sensor development
10 MHz AT cut quartz crystals (14 mm) with gold evap-
orated (42.6 mrharea) on both sides were obtained from 3.1. Immobilisation of the probe
Mistral (Latina, Italy). For the measurements, the quartz crys-
tal was housed inside a methacrylate cell where only one side3.1.1. Biotinylated probe
of the crystal was in contact with the solution. The frequency  The gold electrode was cleaned with a boiling solution
variations were continuously recorded using a quartz crys- consisting of HO2 (30%), NH; (30%) and milliQ water
tal analyser, Model QCA917 (Seiko EG&G, Chiba, Japan). in a 1:1:5 ratio. The crystals were dipped in this solution
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taatagttgtagtigtegggtttgGTATATATTTTTATGCTTCAAAAGATAAAGAAATTAATAATACTATTG
ATGCAATTGAAGATAAAAATTTCAAACAAGTTTATAAAGATAGCAGTTATATTTCTAAAAGC
GATAATGGTGAAGTAGAAATGACTGAACGTCCGATAAAAATATATAATAGTTTAGGCGTTAA
AGAATAAACATTCAGGATCGTAAAATAAAAAAAGTATCTAAAAATAAAAAACGAGTAGATG
CTCAATATAAAATTAAAACAAACTACGGTAACATTGATCGCAACGTTAAATTTAATTTTGTTA
AAGAAGATGGTATGTGGAAgtagatigggatcatagegtcatt ATTCCAGGAATGCAGAAAGACCAAAGC
ATACATATTGAAAATTTAAAATCAGAACGTGGTAAaatittagaccgaaacaatgiggaattGGCCAATACA
GGAACACATATGAGATTAGGCATCGTTCCAAAGAATGTATCTAAAAAAGATTTAAAGCAATC
GCTAAAGAACTAAGTATTTCTGAAGACTATATCAACAACAAATGGATCAAAATGGGTACAAG

ATGataccttegttccactttaaaace
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Fig. 1. (a) Sequence of bases of the fragment amplified from the mecA gene. The primers (P1 and P2) used for the amplification are reported in bold. Th
blocking oligonucleotides (P3 and P4) are indicated in italic and the immobilised probe is underlined. (b) Gel electrophoresis of the PCR amplification conducted

as reported in Sectiod.2.

for 10 min. They were then thoroughly washed with distilled adapted from the procedure reported in Jenison §24].
water and immediately used. The 100wl of reaction mixture contained 100—-300 ng of bac-

The gold electrode was further modified as reported in terial DNA, 4 units of Taq polymerase (Amersham, Uppsala,
Lofas et al.[23] for the immobilisation of streptavidin. The  Sweden), 400 nM of forward and reverse primer and; 200
biotinylated probe was then bound to the streptavidin layer. of each dNTP (Amersham, Uppsala, Sweden). PCR condi-
The whole immobilisation protocol is reported in Mannelli tions were as follows: 95C for 4 min, 53°C for 1 min and
et al.[24]. 72°C for 1 min (30 cycles), 72C for 4 min.

The PCR amplification was conducted by using a MJ
Research MiniCycler (M-Medical, Milan, Italy).

Screening of the PCR products (617 bjg. 1a) was per-
formed by gel electrophoresis and visualised through a UV
in immobilisation solution (KHPO; 1 M, pH 3.8) for 2h. transilluminator (Fig. 1b). The control solution (blank) con-
After washing, 20Gul of a blocking thiol (MCH, 1 mM)were  tained all the PCR reagents except the DNA template. The
added to the cell and the reaction was allowed to proceednegative control, DNA from the methicillin-susceptib$e

for 1 h. After washing with water, the final step involved the Ilugdunensis, was processed by the same PCR protocol.
substitution of water with 100l of hybridisation buffer to The DNA concentration of the amplicons was determined
equilibrate the system. by fluorescence measurements (Fluorometer TD-700 from

Turner Biosystems).

3.1.2. Thiol-derivatised probe
The clean crystal surface (as previously described) was

treated with 20Qul of a solution of the thiolated probe (iIM)

3.2. Bacterial DNA amplification
3.3. Hybridisation with synthetic oligonucleotides
The amplification protocol (forward primer: MecA1-5
TAATAGTTGTAGTTGTCGGGTTTG-3; reverse primer: The hybridisation with synthetic oligonucleotides was
MecA2 5-GGTTTTAAAGTGGAACGAAGGTAT-3) was performed by adding 100! of the oligonucleotide solution
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in hybridisation buffer (NaCl 150 mM, N&POy; 20 mM,
EDTA 0.1 mM, pH 7.4) to the cell well. The reaction was
monitored for 10 min and then the crystal washed with the
hybridisation buffer to remove the unbound oligonucleotides.
We report the frequency shift as the difference between this
final value and the value displayed before the hybridisation
reaction.

In all the experiments, the single-stranded probe was
regenerated by 30 s treatment with 1 mM HCI (for two times).
All the experiments were performed at room temperature.

3.4. Hybridisation with amplified PCR samples

The PCR fragments were diluted with hybridisation buffer
to obtain a final volume of 10@I. To obtain ssDNA, the sam-
ple was then denatured by using two different denaturation
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Different combinations of primers were used: P1-P2,
P3-P4, P2-P3 and P2—-P4. They map in different regions of
the 617 bp PCR fragment of mecA gene (Fig. 1a).

The primers (3.M) were added to the PCR fragment solu-
tions before the first thermal treatment at°@55 min, then
the temperature was decreased t6G@or oligonucleotides
annealing.

The sample was then injected in the sensor cell for hybridi-
sation reaction.

4. Results and discussion
4.1. Hybridisation with synthetic oligonucleotides

The sensor was first optimised with synthetic oligonu-

procedures. After the denaturation treatment, the sample wagleotides and the main analytical parameters were studied,

added in the cell and the hybridisation reaction was allowed
to proceed for 20 min and evaluated as reported for the syn-
thetic oligonucleotides.

e.g. specificity, sensitivity, reproducibility.
The experiments were performed with different concen-
trations of the target oligonucleotide (0.06—0pA8), com-

The sensor surface was then regenerated by two subseblementary to the probe immobilised on the crystal. Hundred

quent treatments (30 s) with 1 mM HCI.

3.5. Denaturation treatments

The amplicons obtained by PCR have a double helix struc-
ture and the two strands should be separated (denatured) t
allow the hybridisation with the probe immobilised on the
sensor surface. To obtain a single strand from the ampli-
cons, two approaches were followed: thermal denaturation
and thermal denaturation with oligonucleotides.

3.5.1. Thermal denaturation

This denaturation method involves a 5 min incubation step
at 95°C followed by 1min in ice. This procedure is well
documented in many previous studjéss], and will be here
compared with the following approach.

3.5.2. Thermal denaturation with oligonucleotides

This denaturation method was found to be a simple and
useful way to obtain DNA available for hybridisation after
PCR amplification[21,22]. The principle of this method
relies on the use of small (10-30 bases) oligonucleotides
(which can correspond to the PCR primers) added to the
denaturation mixture. These oligonucleotides are comple-

mentary to some sequences on the strand which hybridises &

to the immobilised probe, but are positioned laterally and do
not overlap the portion forming the complex with the probe.
By the interaction between the thermally separated DNA

strands and these oligonucleotides, re-association between

DNA strands of PCR amplicons is prevented, and surface
hybridisation can occur. The whole denaturation procedure
consisted in 5 min incubation at 9& and 1 min at a specific
temperature, which is the suitable temperature for primers
annealing used in the PCR proced[&#].

(0]

microliters were added to the crystal surface modified with
biotinylated or thiolated probes (Fig. 2).

A higher response (26% as average for all the tested con-
centrations) was obtained with the crystal modified by using
the biotinylated probe. The two curves show a similar profile
with a plateau for concentrations higher than O\B.

The specificity of the interaction was tested by using
the 25-mer non-complementary oligonucleotidg.id). The
signal resulting from this interaction when using the biotiny-
lated or the thiolated probe was negligible (<2 Hz), evidenc-
ing the specificity of the system in both cases.

The reproducibility of the measurements has been also
estimated. InTable 1the results obtained after the hybridi-
sation reaction with a concentration of the target oligonu-
cleotide, are reported. In particular, the reproducibility of the
signal was estimated for the results obtained on the same

-140
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-804

w

L -60-
-404

-204

0 0.3 0.4 0.5

Concentration (uM)

Fig. 2. Calibration curves obtained with synthetic oligonucleotides on the
crystal modified with the biotinylated (—) or the thiolated probe (- --).
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Table 1 The amplified DNA fragment, internal to the mecA gene, was

(a) Results re_corded Wit'h the same concentration (WBof the com- 617 bp in Iength and contained the complementary sequence
plementary oligonucleotide (#3) on the same crystal (intracrystal) and on to the immobilised probe.

different crystals (M 13) (intercrystals), when the biotinylated probe was . .
immobilised; (b) results recorded with the same concentration (QRE0 Different template concentrations were tested (100, 200

of the complementary oligonucleotide £8) on the same crystal (intracrys- ~ and 300 ng DNA) for the amplification, as well as a negative
tal) and on different crystals (&7) (intercrystals), when the thiolated probe  control (DNA fromsS. lugdunensis).

was immobilised In order to obtain a hybridisation signal from the sensor,
AFayerage(H2) S.D. (Hz) CV% the amplified samples have to be denatured to dissociate the

(a) Biotinylated probe dsDNA into ssDNA, ready for the binding with the probe.
Intracrystal (A\=3) —46 2 4 The two denaturation procedure described in Se@ién
Intercrystal (MV=13) —42 7 7

(b) Thiolated probe ..
Intracrystal (N: 3) _21 2 9 4.2.1. Blotmylated prob_e -
Intercrystal (A= 7) —24 7 11 PCR blanks, negative controls and the mecA amplified

product (0.03.M) were initially tested after the thermal

crystal (reproducibility intracrystal) and on different crystals tréatment and a measurap!e signal (429 Hz) could be
(reproducibility intercrystals). Due to the different sensitivity OPServed only for the specific sample. _ _
of the system modified with the two immobilisation meth- The denaturation procedure involving (_Jllgonucleotldes
ods, for the surface modified with the biotinylated probe, the Was further used on these samples (Q.08: different com-
tested concentration was 0.1281 while a 0.250uM target bll"lZ?.tIOI”l of the ohgp_nucleotldes, hybridising in different
solution was used with the thiolated probe modified surfaces. 'egions of the amplified fragment, were tested in order to
The reproducibility was good for both the sensors. It must Study the effect of the position of these sequences on the
be considered that the procedure for the modification of the NyPridisation reactionKig. 3). The thermal reaction is also
crystal is non-automated and involves several coating stepsyreported in the figure tqgether with the results obtained with
which were performed in the laboratory starting from the PCR blanks and negative controls.
gold surface. Moreover, the reproducibility intracrystal esti-  All the combinations of oligonucleotides allowed a suc-
mated as CV% at one concentration corresponds to averagé&essful hybridisation of the sample with the immobilised
reproducibility calculated for all the concentrations used in Probe. Moreover, the signals obtained with the second denat-
the calibration curve (4 and 8% for biotinylated and thiolated Uration approach are higher than the one recorded when

probe, respectively). only thermal denaturation is applied. In particular, the low-
est signal (—2# 4 Hz) was observed for oligonucleotides
4.2. Hybridisation with PCR amplified samples P3-P4 mapping very close to the target sequence recog-

nised by the probe. This could be due to a steric hindrance
Bacterial DNA was amplified by PCR following an of the two oligonucleotides P3 and P4 in the target-probe

adapted protocol from the one reported by Jenison §£25%]. binding.
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Fig. 3. Results obtained on the biotinylated probe with PCR samples denatured by the thermal + oligonucleotides procedure using different combinations o
the oligonucleotides. All the PCR samples were tested at a concentration @f\d.03he blocking oligonucleotides varied in the position within the amplified

DNA, P1-P2 (=) are positioned at the end of the amplified fragment, while P3IIIIIT) are in the middle, flanking the complementary target
sequenceC—/——).
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Table 2

811

Summary of the results obtained with the two immobilisation procedures and the two denaturation methods when testing PCR-amplified samig)es (0.03

PCR mecA (Hz)

PCR negative control (Hz) PCR blank (Hz)

Thiolated probe

Thermal denaturation —2242
Thiolated probe 2745
Thermal + blocking oligonucleotides denaturation N
Biotinylated probe

Thermal denaturation —31+4
Biotinylated probe 3843

Thermal + blocking oligonucleotides denaturation

442 —2+1
343 —141
—1+1 —241
—1+1 —1+1

The best results, in terms of signal and reproducibility,
were found for the couples P1-P2 (—&8 Hz, CV% =5%)
and P2-P3 (—38&2Hz, CV%=8%). The specificity of

cleotides denaturation protocol. The sensor resulted very
specific with both the denaturation methods as evidenced by
the very low signals obtained with PCR blanks and negative

the sensor was evidenced by the very low signals (—1 Hz) controls.

obtained with PCR blanks and negative controls for all the
tested denaturation procedures.
Further experiments were conducted with the PCR

The results previously described for the biotinylated probe
are summarised in the last two rowsTable 2, for a direct
comparison between the two probe immobilisation methods.

specific samples at different concentrations (0.015, 0.03 Higher signals can be observed for the biotinylated probe

and 0.06.M). PCR blanks and the negative control at

when using both the two different denaturation procedures.

the same concentrations were also tested using the ther-The sensors developed with the two probes showed similar

mal + oligonucleotides treatment (P2—P3) (Fig. 4). The signal

obtained with the specific sample increased with the concen-

tration up to a value of-64+ 1Hz for the concentration
0.06,M. This dependence of the signal from the concentra-
tion was not found for the negative control and for PCR blanks

reproducibility in terms of CV% also when using PCR sam-
ples. The specificity was good for both the sensors, but lower
signals were obtained with the negative control samples on
the biotinylated probe.

since the measurable signals obtained (—7 for the negative

control and—10 for the blank) were probably due to non-
specific adsorption of some component of the PCR mixture
on the sensor surface.

4.2.2. Thiolated probe

The same experiments using the two denaturation proce-

dures, with the crystal modified with the thiolated probe, are
summarised in the first two rows dhable 2. For the ther-
mal with blocking oligonucleotides denaturation, oligonu-
cleotides P2 and P3 were used. All the samples were teste
at a concentration of 0.Q3M.

Also with this probe immobilisation procedure, a slightly
higher signal was obtained for the thermal with oligonu-

|2 0.015 uM m 0.03 uM ©0.06 pM |

=70

N

T -60

& -50
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40

)

5 -30 1
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8

£0) — ]

0
Negative PCR Blank PCR Positive PCR

5. Conclusions

A study onthe performances of a DNA-based piezoelectric
biosensors has been reported focusing on the probe immo-
bilisation method and on the samples pre-treatment. The
biosensor has been applied to the analysis of the mecA gene
of the methicillin-resistans. aureus.

A specific probe for this gene has been immobilised onto

Jhe gold electrode of quartz crystals by using two different

iImmobilisation procedures. The hybridisation reaction has
been studied using both synthetic oligonucleotides and PCR-
amplified samples.

Two denaturation protocols were used for amplicons
strand separation and the one involving the use of blocking
oligonucleotides has been further optimised for this particular
application.

The analytical characteristics of the biosensor has been
evaluated with a comparison between the different method-
ologies used and the best results were obtained when a
biotinylated probe was immobilised and the PCR samples
were treated with a thermal denaturation involving blocking
oligonucleotides.

Since, the samples used were PCR-amplified DNA from
bacterial DNA commercially available, a more general appli-

Fig. 4. Different concentrations of the PCR samples were tested after dena-Cation to PCR-amplified DNA from real clinical samples

turing the samples with the thermal + oligonucleotides method, using the
P2+ P3 combination.

can be foreseen for the proposed biosensor, once the PCR
conditions have been optimised for these more problematic
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samples. In this way a method for quick identification of
MRSA, supporting a prompt prophylaxis intervention, could
be developed.
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