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Oligonucleotide sequences related to the normal and mutated rpoB genes of Mycobacterium tubercu-
losis are detected using a surface plasmon resonance (SPR) biosensor system. A bioselective element
was prepared by immobilizing the thiol-modified oligonucleotides of the selected sequence (the capture
probe P2) that contains the mutated TCG — TTG codon 531 (evoking drug resistance) of the rpoB gene
of M. tuberculosis on a gold sensor surface. Specific hybridization between immobilized probe P2 and
complementary target T2 gave the highest sensor response, single-base mismatched oligonucleotide TN

Keywords: .

SPR (corresponding to the normal gene sequence) produced somewhat smaller response and no response
Hybridization was observed at injection of noncomplementary oligonucleotide TC. The P2-T2 hybridization efficiency
DNA sensor is calculated ca. 30% (5 x 10" molecules cm~2), and the lowest detection limit of T2 was 10nM. An
Tuberculosis extended T2E oligonucleotide sequence consisting of T2 sequence and additional 24 nucleotides was
rpoB gene shown to cause more pronounced sensor response (at least 5 nM T2E was easily detected). Injection into

the sensor cell of the oligonucleotides complementary to the free additional part of T2E after P2-T2E
hybridization gave a significant additional SPR response, thus showing that the sandwich hybridization
format further improves the sensor sensitivity and decreases the lowest detection limit. The experi-
mental results on surface hybridization between the studied oligonucleotides were in good agreement
with thermodynamic parameters of the hybridization calculated for solution conditions. The described
approach could be proposed as a basis for creating a biosensor for real-time and label-free diagnostics of
drug resistant tuberculosis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There is approximately one-third of the world’s population that
is infected by Mycobacterium tuberculosis and about 3 million peo-
ple globally die of tuberculosis each year, and another 8 million
new individuals become infected. Although once thought possi-
ble to be virtually eradicated by the end of the twentieth century,
tuberculosis has resurged sharply since the mid-1980s [1,2]. Prob-
ably, the most serious global problem is a steady increase in the
frequency of M. tuberculosis strains resistant to at least one of the
antituberculous agents commonly used in the treatment. The last
report prepared by the World Health Organization (WHO) and the
International Union Against Tuberculosis and Lung Disease Global
Project based on the data from 93 different countries/geographical
settings collected between 2002 and 2007 shows that the propor-
tion of drug resistance ranged up to more than 55%. In addition,
the multi-drug resistant (MDR) tuberculosis, which is defined as
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tuberculosis with resistance to isoniazid and rifampicin, the two
most powerful first line drugs, is reaching now a critical proportion
of more than 20% in some countries of the former Soviet Union.
China and India carry approximately 50% of the global burden of
MDR cases and the Russian Federation an additional 7% [3].

The availability of the complete genome sequence of M. tubercu-
losis and investigations of the molecular genetic basis of resistance
to antituberculous agents reveal that virtually all isolates resistant
to refampin and related rifamycins have a mutation in a discrete
region of the rpoB gene (rifampicin resistance region) that alters
the sequence of a 27-amino-acid region of the RNA polymerase
beta subunit [4]. However, when drug susceptibility testing is cul-
ture based, detection still takes 2-9 weeks [5]. Recent advances in
nucleic acid-based methods to detect drug resistance to M. tuber-
culosis makes it possible to create new rapid diagnostic tests, for
example, polymerase chain reaction-single strand conformation
polymorphism (PCR-SSCP), heteroduplex analysis and procedure
involving nucleic acid hybridization such as dot-blot hybridization
[6].

Rapid detection of drug resistance could not only optimize
treatment and improve outcome for patients with MDR tubercu-
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Fig. 1. Experimental CCD camera based SPR set-up.

losis but would also be especially important in the prevention of
its transmission and spreading [7]. We believe that methods for
detecting specific gene sequences via hybridization with comple-
mentary surface-bound oligonucleotide probes would be reliable
and promising especially in combination with such a powerful tool
for biomolecular interaction analysis like surface plasmon reso-
nance (SPR) sensor. The ideal diagnostic device would need to be
a cost-effective, portable, point-of-source or point-of-care detec-
tion system that would be highly sensitive, accurate and could
differentiate multiple pathogens. Since the conditions of plasmon
excitation are extremely sensitive to the refractive index changes
occurring within a thin layer of liquid (~300 nm) near a metallic
(commonly, gold) surface, SPR biosensing is now considered as a
leading technology for real-time detection and studies of biological
binding events [8-13].

Among the main types of biomolecular recognition elements
used in SPR biosensors antibodies are used most frequently because
of their high affinity, versatility, and commercial availability, but a
steady increase in applying nucleic acids (including aptamers) can
be observed recently. Biosensors based on nucleic acid are sim-
ple, rapid, and inexpensive. In contrast to enzyme or antibodies
bioreceptors, nucleic acid recognition layers can be readily synthe-
sized and regenerated [14-17]. A convenient and reliable method
for immobilization of thiol-derivatized DNA molecules on the SPR
sensor surface is based on the findings that upon exposure of a gold
substrate to thiols, a quite strong bond between gold and sulfur
(~44 kcal/mol) forms rapidly, typically within seconds to minutes
[18-20].

This article is aimed at the development of novel plasmonic
biosensing method for the detection of tuberculosis based on
the specific gene sequences hybridization with complementary
surface-bound oligonucleotide probes related to the rpoB gene of
M. tuberculosis.

2. Materials and methods
2.1. Reagents

The single-stranded oligonucleotides were synthesized by Inte-
grated DNA Technologies (IDT, Germany). Urea and KH,PO4
were purchased from Fluka (Buchs, Switzerland). 6-Mercapto-1-
hexanol and SSC buffer 20 x concentrate were obtained from Sigma
(Oakville, Canada). All solutions were made with deionised MilliQ
water.

2.2. SPR system set-up

A schematic diagram of the instrument design is shown in
Fig. 1. A10 mW He-Ne laser operating at a wavelength of 632.8 nm

was used as the light source. A polarizer is used to set linear p-
polarization. The beam was then directed to a rotating diffusing
disk in order to remove the laser speckles effects and to smooth
the laser intensity profile. Then two lenses produce a convergent
beam through a coupling prism on a sensing surface. The SPR sensor
system includes a glass coupling prism BK7. A commercial biosen-
sor chip (Biacore) with a 50nm gold thin film was then placed
in immersion contact with the prism. For the real time tests a
flow injection measuring cell with 20 pL volume was developed.
The entire system was placed on a rotating stage with a possibil-
ity of 2D linear translation for exact beam positioning. The SPR
coupling at a specific angle of light incidence on the sensor head
(SPR angle) made the excitation of surface plasmons possible over
gold/adjacent medium interface. The SPR effect was accompanied
with a drastic decrease of intensity of p-polarized component at
the SPR angle. The spatial distribution of the reflected light inten-
sity was then recorded by a CCD camera (Hamamatsu C4742-95)
and examined by a proper software image treatment. Even if a
linear CCD detector is sufficient for the SPR resonance dip record-
ing, a drastic improvement in the reduction of signal noise and
signal dispersion due to the non-ideality in the light beam propa-
gation and uniformity of sensor surface modification was achieved
when multiple lines provided by a CCD camera were employed. For
numerical analysis of the obtained SPR curves, polynomial curve
fitting method of forth order and the centroid method were used.
Primary SPR response values were expressed in arbitrary units
where 1a.u. is equal to the 2.7 x 1073° (2.7 m°) of angular shift.

Prior to modification, gold surface of the glass slides was cleaned
with freshly prepared “piranha” solution (3:1 mixture of concen-
trated H,SO4 and 30% H,0,) at room temperature for 2 min, then
rinsed thoroughly with MilliQ water, and dried in a nitrogen flow.
The cleaned gold slide was placed on the SPR coupling prism using
refractive index matching immersion liquid (Cargille Labs, USA).
The flow rate (usually 50 wL min—!) was controlled by a peristaltic
pump “Ismatec”, (IDEX Corporation, Switzerland). Immobilization
of thiol-modified capture probes on the gold sensor was carried
out in 0.5M KH;POy4, pH 3.8. As a running buffer on the stage of
hybridization, a solution of 2 x SSC (30 mM Na citrate, 300 mM Nacl,
pH 7) was used.

3. Results and discussion
3.1. Selection of oligonucleotide sequences

Sequence-specific hybridization biosensors rely on the detec-
tion of hybridization events between immobilized nucleic acid
molecules with known sequences (capture probes) on the sen-
sor surface and nucleic acid molecules in analyzed solution with
unknown sequences (targets). The immobilized capture probe
should be in a well-defined orientation and readily accessible to
the complementary targets [21]. Selection of the most appropri-
ate oligonucleotide capture probe is a key task for a successful
DNA hybridization sensor development. Resistance to refampin
and related rifamycins is known to arise as a result of mutations
occurring in a discrete region of the rpoB gene of M. tuberculosis
that alters the sequence of a 27-amino-acid region of the RNA poly-
merase beta subunit [2,4]. Therefore, we decided to use this hot
spot of the rpoB gene. The selection of the length and the sequence
of the oligonucleotide probe were made based on its ability to
intramolecular and intermolecular interactions. The formation of
strong secondary structures within the potential probe is unde-
sired, because it could be an obstacle for the efficient hybridization
with complementary targets in the analyzed solutions. To assure
uniqueness of polymerase chain reaction (PCR) primers, 18-30-
mer oligonucleotides are usually applied [22]. We also checked
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the properties of the oligonucleotides of this length range, which
sequence includes the 526 and 531 codons of the rpoB gene (mis-
sense mutations in these positions were found in ca. 80% of the
resistant strains of M. tuberculosis). All studied oligonucleotide
sequences contain the normal CAC codon 526 and the mutated
TCG — TTG codon 531. The values of thermodynamic parameters
of their self-hybridization were calculated using DINAMelt web
server [23-25]. Among the oligonucleotides possessing the low-
est ability to intramolecular interactions (AG = —0.39 kcal/mol) we
have chosen the 21-mer ACCCACAAGCGCCGACTGTTG as a capture
probe and have named it P2. For immobilization on a gold surface
of the sensor chip 5-end of the oligonucleotide was modified by
SH-group via a spacer of 6 methylene groups. This spacer is neces-
sary to decrease a probability of steric hindrances for hybridization
near the sensor surface.

For hybridization selectivity tests, the following target oligonu-
cleotides were used: T2 (CAACAGTCGGCGCTTGTGGGT) - com-
plementary to P2, TN (CGACAGTCGGCGCTTGTGGGT) containing
single-base mismatch (complementary to the sequence containing
normal TCG codon 531 of the rpoB gene) and noncomplementary
oligonucleotide TC (GCTATCAGCCACGAACACCCA). The calculated
free energy changes for their self hybridization in solution (-0.61,
—1.11 and —0.95 kcal/mol, respectively) showed that formation of
stable internal secondary structures of these oligonucleotides is
hardly probable.

For a sandwich hybridization format, longer (extended)
targets T2E (CAGTCAGTCAGTCACTCAGTTTTTCAACAGTCG-
GCGCTTGTGGGT) containing two complementary fragments
(separated by TTTT insertion) to the capture probes P2 and to
the detection probes DP (ACTGAGTGACTGACTGACTG) were used.
The calculated free energy changes for self-hybridization of T2E
and DP (-1.35 and —1.37 kcal/mol, respectively) evidence the
appropriateness of these oligonucleotides for the investigations
because of a quite low probability of their stable internal secondary
structures.

3.2. Immobilization

In a first series of experiments, calibration of the SPR system
was carried out by flowing on the sensor chip different refractive
index solutions of NaCl ranging from 1 to 50 mM. Known refractive
index values associated to these solutions allowed us to calibrate
the instrument as well as to determine the detection limit of the
system to be close to 10~ refractive index units (RIU).

An optimal probe density on the sensor surface is critical for
efficient DNA hybridization and sensitive signal detection. The
amount of immobilized thiol-modified capture probes on the sur-
face can be controlled by varying the exposure time. Therefore,
1 wM solution of P2 in the immobilization solution (0.5 M KH; POy,
pH 3.8) was injected into the measuring cell at the flow rate of
about 50 wLmin~! during 20 min at room temperature and then
stopped for 40 min for incubation. SPR monitoring demonstrated
gradual increase of the sensor signal, and, consequently, in surface
density of the immobilized capture probes. A short (1 min) addi-
tional pulse of P2 solution resulted in an additional increase of the
SPR response suggesting that saturation of the sensor surface by
thiol-modified capture probes was not achieved during the 1h-
immobilization. Then, during washing by the same immobilization
solution, partial decrease in SPR response was caused by removal
of non-immobilized oligonucleotide molecules (Fig. 2).

The difference of 81 a.u. (2.7 m°/a.u. x 81 a.u.~ 220 m°) between
SPR signal before the injection of P2 and after its incubation and
the wash of the measuring cell is a result of the immobilization
of the thiol-modified capture probes. The change in resonance
angle can be converted into surface mass uptakes using a factor
of 120m° per 100 ngcm~2 [26,27]. The calculated P2 surface den-
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Fig. 2. SPR sensorgram for covalent immobilization of thiol-modified P2 on the gold
surface.

sity equals ~180ngcm—2 (28 pmolcm—2 or 1.7 x 10'3 molecules
cm~2). The theoretical coverage of a two-dimensional close-packed
full monolayer of ssDNA is 1 x 10'4 molecules cm~2, assuming that
the molecules are perfect cylinders 1.1 nm in diameter and are ori-
ented perpendicularly to the plane of the surface [28]. Using this
calculation, the coverage (Fig. 2) represents about 17% of a satu-
rated monolayer for thiolated ssDNA. Herne and Tarlov assumed
that very high surface coverage of ssDNA do not lead to optimal
hybridization efficiency as the complementary sequence can be
sterically prevented from hybridizing at high surface DNA density
[18]. In this work we obtained an efficient, but far from saturated
immobilization of P2 on the gold surface of the SPR biosensor.
After the P2 immobilization stage, the sites on the gold surface
free from thiol-modified oligonucleotides should be blocked. For
this purpose we used 1 mM aqueous solution of 1-mercapto-6-
hexanol (MCH). Tarlov and co-workers have suggested that MCH
can prop up DNA molecules that would otherwise lie flat on the
Au surface. It can also displace non-specifically bound DNA [18,28].
MCH is thought to improve hybridization efficiency by occupying
areas of the surface that are not coated by DNA thereby preventing
interactions of DNA from analyzed sample with the gold surface.

3.3. Hybridization

The main process of DNA hybridization sensor performance is
recognition of nucleic acid molecules contained in analyzed sam-
ples by surface-bound capture probes. Like the process in a solution,
nucleic acid hybridization onto a transducer surface is stronger and
more specific when the complementarity degree between two DNA
chains increases. The specificity and stability of the linkage reach a
maximum in the case of full (100%) complementarity. However, the
hybridization and its efficiency over solid supports are still unpre-
dictable and depend on many parameters and phenomena such as
the analyte diffusion towards the surface of the sensor, its bidimen-
sional diffusion, the adsorption and desorption, the size of probes
and targets, the target concentrations and surface probe densities
[12,29].

To clarify the situation, we compared the theoretical predictions
based on thermodynamic parameters of hybridization between
oligonucleotides P2, T2, TN and TC obtained for solution condi-
tions (using DINAMelt web server) and experimental SPR sensor
responses obtained at their hybridization on the solution-surface
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Table 1

Thermodynamic parameters of hybridization between the capture probe P2 and the targets T2, TN and TC.

Oligonucleotides Free energy change, AG (kcal/mol)

Enthalpy change, AH (kcal/mol)

Entropy change, AS (cal/mol/°K) Melting temperature, T, (°C)

P2 and T2 —34.2 -174.1
P2 and TN -31.9 —153.7
P2 and TC -4.3 -50.4

—473.8 69.1
—412.8 70.3
-156.2 -9.2

All calculations were performed for 22 °C, 0.33 M Na*, 0 M Mg?*, and 100 nM concentration of the oligonucleotides.

interface. The calculated thermodynamic parameters of hybridiza-
tion shown in Table 1 between P2 and complementary T2, P2
and TN, containing single-base mismatch, predict efficient forma-
tion of double stranded structures and a low probability of strong
hybridization between P2 and noncomplementary TC.

Hybridization with surface-bound DNA could range over a
period since a few minutes up to many hours [18,19,26,30,31].
Aiming to reduce the analysis time for sensor application, we
have chosen a rather short hybridization time of 3 min of sample
injection and 10 min of incubation at stopped flow. After that, the
measuring flow-cell was washed by running buffer solution at a
standard flow rate a 50 wLmin—1,

The experimental SPR responses shown in Fig. 3 and obtained
at the injection of 100 nM solutions of oligonucleotides into the
measuring flow-cell with surface-bound P2 are in good agree-
ment with the theoretical predictions mentioned above. Indeed,
the complementary target T2 shows the highest sensor response,
the single-base mismatched oligonucleotide TN produces some-
what smaller response and no response was observed at injection of
the noncomplementary oligonucleotide TC. It should be noted that
the sensor signal reached after injection and incubation of T2 and
TN did practically not decrease during the washing by the running
buffer. It confirms that stable duplexes are formed on the sensor
surface.

Using the bioselective element for other samples analysis is pos-
sible only after its regeneration. For this purpose solutions of low
or high pH, of some chaotropic agent were applied. Concentrated
aqueous solution of urea (8 M) showed the desired result: injection
of urea solution followed by the running buffer restores the SPR
signal to its initial value. This procedure was repeated 5-6 times
per day during two weeks, and no essential deterioration of the
SPR signal had been observed.

Fig. 4 shows the dependence of SPR sensor response as a func-
tion of T2 concentration. Over 500 nM, the SPR sensor response
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Fig. 3. SPR sensograms for hybridization between the surface-bound capture probe
P2 and the targets T2 (complementary), TN (containing single-base mismatch) and
TC (noncomplementary).

reaches a saturation and the maximal registered response is about
25a.u. (66 m°) corresponding to a surface coverage of 55 ng cm~—2
(8.5pmolcm™2 or 5 x10!2 molecules cm~2). The hybridization
efficiency which is defined as the percentage of surface-bound
capture probes P2 undergoing hybridization with the comple-
mentary target is ~30%. Even if this hybridization efficiency is
lower than the 100% reported by Herne and Tarlov [18], it is
much higher than those obtained in many other investigations,
for example, for the two surface-bound probes (ACTG)s and
Cyo, Lee et al. reported that only 3.3% and 7.7% of the immo-
bilized probes, respectively are available for hybridization [32].
It should be noted that Herne and Tarlov have obtained the
high level hybridization efficiency at coverage of surface bound
probes of 5.2 x 1012 molecules cm~2. It means that in our case,
we have practically the same absolute quantity of hybridized
target molecules but at a higher density of surface-bound oligonu-
cleotides.

A linear response Af (m°)=0.20C (nM)+0.64, with R2=0.973
we observed up to 200nM. A similar plot of the SPR responses
versus DNA concentrations [Af (m°)=0.204C (nM)+0.700,
R?=0.989] was obtained for the AutoLab SPR for a concentration
lower than 150 nM [26]. From the noise of the signal measurements
of our experimental set-up (0.7 m°) and assuming the necessary
signal-to-noise ratio (S/N) of 3, the lowest detection limit is about
10nM.

The obtained value of the lowest detection limit could be
improved by using a sandwich hybridization format shownin Fig. 5:
at first, an extended T2E consisting of a T2 sequence and additional
24 nucleotides is allowed to hybridize with the capture probes P2
immobilized on the sensor surface, then the detection probes DP
interact with the exposed additional portion of T2E.

The calculated value of hybridization free energy changes
between P2 and T2E obtained for solution conditions (using
DINAMelt web server) is —34.9 kcal/mol, very similar to that of
P2-T2 hybridization (see Table 1). However, as it was expected
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Fig. 4. Dependence of SPR response as a function of T2 concentration in 2x SSC.
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Fig. 5. Proposed scheme of sandwich hybridization format using P2, T2E and DP.
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Fig.6. SPRsensograms for hybridization between the surface-bound capture probes
P2 and the targets T2E at various concentrations.

(due to mass-dependent nature of SPR signal), the injection of the
equimolar concentration of extended oligonucleotides T2E into the
measuring cell led to a higher SPR response with a detection limit
of 5nM T2E (Fig. 6).

The values of free energy changes calculated using DINAMelt
web server for hybridization between DP and T2E (—28.2 kcal/mol)
and for DP-P2 interactions (—4.7 kcal/mol) clearly demonstrates a
very high probability of strong interactions in the first case and
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Fig. 7. SPR sensograms when adding DP after P2-T2 and P2-T2E hybridization.

rather low probability in the second one. Indeed, injection into sen-
sor cell of the oligonucleotides DP, which is complementary to the
free additional part of T2E, after P2-T2E hybridization results in
a significant additional SPR response, as shown in Fig. 7. In con-
trol experiments, when DP was added into the sensor cell after
P2-T2 hybridization, no sensor signal was observed, confirming
that DP specifically interacts with T2E, but does not interact with
T2 or with the capture probes P2, which could be in non-hybridized
state. Thus, this suggests that further improvement of the SPR sen-
sor sensitivity could be obtained by using a sandwich hybridization
format. Taking into account that the SPR response on 1 nM T2E was
observed but it was comparable with the noise level (Fig. 6), the
further improvement of sensitivity will make possible to detect the
target at subnanomolar quantities.

4. Conclusions

We have developed a method based on SPR for detecting
single-stranded oligonucleotides related to the rpoB gene of M.
tuberculosis. As for our knowledge, the nucleotide sequence of the
rifampicin resistance region of the rpoB gene was used in SPR sensor
development in first time. This work demonstrates the feasibility
of the prepared bioselective element for quick detecting in the low
nanomolar range the target oligonucleotide molecules; when using
sandwich hybridization format detection in subnanomolar range is
possible. Once the capture probes are immobilized on the sensor
chip, it can be used at least more than 50 times. We believe that
further development of the present method would be particularly
suitable for detecting specific genes in M. tuberculosis related to its
drug resistance. Furthermore, this technology could be integrated
into a sensor array to determine the antimicrobial resistance profile
of M. tuberculosis thereby helping the doctors in their prescrip-
tion of effective chemotherapy regimes and playing an important
role in the efforts to prevent the threatening transmission of this
dangerous disease.
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