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Establishing an efficient method for evaluating the affinity changes after post-SELEX modification of

aptamers is essential for broadening the application of these oligonucleotides in biosensing. This is

especially challenging when the ligand is a small molecule. Changes in affinity upon partial or total

replacement of 20–OH with 20-OMe groups in the ribose moieties of a tobramycin binding RNA aptamer

are described. The kinetic profile and binding properties of the different anti-tobramycin aptamers

were measured by surface plasmon resonance (SPR) experiments through a real-time binding assay

with the antibiotic covalently coupled to the gold sensor. This configuration maximizes the changes

associated to the recognition event, which is otherwise undetectable. The results indicated that the

modification slightly affects the binding characteristics of the parent RNA, while conferring biological

stability to the aptamers against nucleases.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The use of RNA or DNA aptamers as receptors for the devel-
opment of biosensors and bioassays presents clear advantages
derived from their superior thermal and chemical stability over
antibodies and similar affinity. As synthetic single-stranded
oligonucleotide sequences, their production is much simpler,
faster, reproducible (chemical, no animal need) and it is not
restricted to immunogenic or non-toxic targets. Since its discov-
ery in 1990 [1,2], dozens of aptamers have been described mainly
for therapeutic applications, and only a few have been used for
sensing against targets to be analyzed in biological fluids.
Although most aptamers known are RNA sequences, the vast
majority of those used in analysis are DNA sequences because of
their higher stability to hydrolytic digestion by nucleases.
ll rights reserved.
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Nucleases are enzymes able to catalyze the degradation of nucleic
acids (DNA or RNA) by means of hydrolysis of phosphodiester bonds.
They play a vital role in metabolism and are ubiquitous. In biological
fluids, RNA sequences have life times of a few minutes [3] so, they
are much more difficult to handle than DNA sequences. Fortunately,
nucleic acids are very easy to modify in order to limit the degrada-
tion without affecting their affinity in sensing or activity in ther-
apeutics. With this aim, several strategies focused on phosphate–
sugar backbone modifications have been proposed.

Typical modifications of the phosphate backbone consist in
replacing the non-binding oxygen in the phosphodiester linkage
by sulfur (phosphorothioate) [4], phosphoramidate linkage and
morpholino modifications [5,6]. Sugar modification is another wide-
spread solution based on the replacement of the 20-OH ribose
position for O-Methyl, -F� , -O-Methoxyethyl, -NH2 groups using
modified nucleotides during SELEX because their compatibility with
polymerases. It has been demonstrated that changing 20-OH group
of ribose for 20-NH2 or 20-F on pyrimidine nucleotides the nuclease
resistance of the entire oligonucleotide is increased [7]. In 2005, the
first fully 20-O Me aptamer was raised by SELEX [8].

Additionally these sugar modifications can be introduced after
SELEX at all or only selected nucleosides positions not directly
involved in the molecular recognition event. This precludes
performing a new SELEX for a given target. Toulmé et al. reported
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a higher stability after fully 20-O-methylation retaining the bind-
ing ability [9]. Nevertheless, rational selection of the modified
positions can lead to significant improvement in affinity. It has
been reported that fully modification of purines of an anti-VEGF
aptamer led to a reduction in affinity whereas the selective
modification of 10 out of 14 purines led to a 17-fold increase
[10]. So, in order to use a modified aptamer for sensing it is of
crucial importance reevaluating the affinity to verify the ability of
these modified aptamers to recognize their target molecule.

Our group pioneered the use of 20-OMe RNA aptamers for sensing
in biological fluids. It was shown that a native RNA raised against
neomycin B can be fully O methylated retaining enough affinity and
selectivity to be used as receptor for the detection of the antibiotic in
milk by impedance [11] or surface plasmon spectroscopy [12].
Recently, the aminoglycoside tobramycin was successfully detected
in serum using a fully O-methylated aptamer [13], although the 20–
OH position of U12 was previously described to be involved in the
molecular recognition event [14]. Preliminary estimations of the
affinity constant by faradaic impedance spectroscopy resulted in
similar values for both the fully O-methylated and the fully-but-one
(U12) O-methylated aptamer. No comparison with the native one
was carried out [13]. Although the fully 20-OMe aptamer performance
was satisfactory, an in-depth study about the affinity and binding
kinetics between tobramycin and aptamer derivatives is lacking.

Herein, the affinity of the previously described natural RNA anti-
tobramycin aptamer [15] was compared with aptamers with different
20-OMe level at 20-OH positions in order to understand its influence
on affinity towards its target molecule, tobramycin. Surface plasmon
resonance (SPR), a technique well suited for the characterization of
affinity events that allows real-time monitoring of binding kinetics
was used. The rate and equilibrium constants for the natural and the
modified anti-tobramycin aptamers are given.
2. Materials and methods

2.1. Instrumentation

A double-channel cuvette-based SPR instrument equipped with an
autosampler (Autolab-ESPRIT, Ecochemie, The Netherlands) was used
for all SPR experiments. The instrument was controlled by Data
Adquisition Software (ESPRIT version 4.4). Data treatment (over-
lapping and alignment of sensorgrams, zeroing and baseline correc-
tions) and non-linear fitting of the resulting sensorgrams were done
with the software provided with the instrument (ESPRIT kinetic
evaluation version 5.2). Other non-linear fitting needed for data
processing were carried out using OriginPro 7.5 (Northampton,
MA). All SPR experiments were carried out using commercial BK7
disks coated with a 50 nm gold film supplied by Autolab (Metrohm,
The Netherlands) under controlled temperature conditions of
25711 C obtained with a thermostat, Haake D1 (Germany).

2.2. Reagents

Three different types of 27-mer anti-tobramycin RNA aptamer
were used throughout this work, which differ in the number of
bases modified with O-methyl group at 20-OH position of their
ribose. All of them were synthesized by Sigma-Genosys (France)
and purified by HPLC. Their sequences are the following:

Anti-tobramycin aptamer (ATA): 50 [mG] [mG] [mC] [mA] [mC]
[mG] [mA] [mG] [mG] [mU] [mU] U [mA] [mG] [mC] [mU] [mA]
[mC] [mA] [mC] [mU] [mC] [mG] [mU] [mG] [mC] [mC] 30

Fully 20-O-methylated anti-tobramycin aptamer (FATA): 50

[mG] [mG] [mC] [mA] [mC] [mG] [mA] [mG] [mG] [mU] [mU]
[mU] [mA] [mG] [mC] [mU] [mA] [mC] [mA] [mC] [mU] [mC]
[mG] [mU] [mG] [mC] [mC] 30
Non-O-methylated anti-tobramycinaptamer (NMATA): 50G G C
A C G A G G U U U A G C U A C A C U C G U G C C 30

Tobramycin sulfate, 3-mercaptopropionic acid (MPA), N-(3-
dimethylaminopropyl)-N0-ethyl-carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich (Spain). 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid
(HEPES), ethanolamine, salts for buffer solutions (KCl, NaCl, MgCl2,
CaCl2), 1 M Tris/HCl pH 7.4 solution and HCl (all RNAse free) were
also obtained from Sigma-Aldrich (Spain). All other reagents were of
analytical grade.

All glassware in direct contact with aptamer was previously
cleaned with RNAseZAPTM (Sigma-Aldrich, Spain) and all aqueous
solutions were prepared with RNAse free water purified by a
Direct-Q system with a BioPack cartridge (Millipore).

The compositions of the buffers used for the experiments are
as follows:

Immobilization solution: 0.1 M HEPES pH 8.64.
Affinity solution: 20 mM Tris–HCl pH 7.4, 140 mM NaCl, 5 mM

KCl, 1 mM MgCl2, 1 mM CaCl2.
Regeneration solution: 0.05 M HCl.

2.3. Tobramycin immobilization protocol

Initially the bare gold-coated glass sensor was cleaned by
immersion in piranha solution (3 H2SO4 (95%):1 H2O2 (33%))
(CAUTION: piranha solution is strongly oxidizing and should be
handled with care!) for 10 min, thoroughly rinsed with water and
ethanol, and dried with a stream of N2. Then the sensor was
positioned onto the clean hemi-cylinder lens previously coated
with a drop of immersion oil (Autolab, Methrom, The Nether-
lands), which possesses a constant refractive index
(nD

251 C
¼1.51870.002). Afterwards, water was injected in both

channels and the surface was equilibrated until a constant
response was obtained.

The sensing phase preparation entails the covalent immobilization
of tobramycin onto a self-assembled monolayer of MPA on gold,
following a protocol similar to that previously described [12]. Briefly,
the SAM was formed overnight after manually injection of 40 mM
MPA prepared in an ethanol:water solution (75:25). After washing
with ethanol and water, the sensor surface was equilibrated with
water and the covalent attachment of tobramycin (channel 1) and
ethanolamine (channel 2, reference) was carried out. The ESPRIT
autosampler and sequencer allowed the simultaneous modification of
both channels. The procedure consisted in a three-step sequence:
(1) Surface activation: three consecutive injections of a mixture of
0.2 M EDC and 0.05 M NHS in water for 5 min each one, followed by a
brief washing step with water. (2) Binding step: three consecutive
injections of 10 mM tobramycin (channel 1) and 1 M ethanolamine
(channel 2) prepared in immobilization solution for 20 min each one,
followed by a brief washing step with water. (3) Blocking step: one
injection of 1 M ethanolamine prepared in immobilization solution in
both channels for 30 min.

Finally the modified surface was equilibrated with affinity
solution.

2.4. SPR measurements

All binding experiments were carried out in affinity buffer, the
same used in the anti-tobramycin SELEX selection [15]. Due to the
cuvette-based design of the ESPRIT instrument, constant stirring
conditions are required for controlling hydrodynamic properties
of the system. The whole data collection process is automated and
consisted in recording successive cycles of measurement. Each
independent analysis cycle includes baseline, association, disso-
ciation, regeneration and back to baseline steps as follows. After
obtaining a stable signal by acquiring several baselines, varying
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concentrations of aptamer prepared in affinity buffer (35 mL) were
simultaneously injected in both channels by means of the ESPRIT
autosampler and the association phase was recorded for 10 min.
After draining the cuvette, 50 mL of affinity buffer was injected
and the dissociation phase was monitored for 5 min resulting in
the decrease of the signal until a stable value was achieved.
Finally regeneration step was accomplished by several injections
of 50 mL of 0.05 M HCl (1 min) followed by baseline registration
until the initial value was reached.

2.5. Fitting models

For both kinetics and equilibrium analysis, non-linear fitting of
the association phase was used for interpreting data. In the basis
of a bimolecular interaction model (1:1 stoichiometry), the Rt is
described by the integrated Eq. (1).

Rt ¼
Rmax½aptamer�kon

kon½aptamer�þkof f
ð1�exp�ðkon ½aptamer�þkof f ÞtÞþR0 ð1Þ

where, Rmax is the maximum angle shift in m1, a measure of the
maximum binding capacity when all binding sites on the sensor
surface are occupied; R0 is the angle shift at t¼0; [aptamer] is the
concentration of the analyte; kon and koff are the association and
dissociation rate constants of the complex tobramycin–aptamer,
respectively. This equation can be simplified to Eq. (2):

Rt ¼ R0þEð1�exp�kstÞ ð2Þ

where, R0þE¼Req for each aptamer concentration and
ks¼kon[aptamer]þkoff

2.5.1. Equilibrium model

Req values were estimated from the non-linear fitting to Eq. (2).
Plotting Req against free aptamer concentration, a Langmuir
binding isotherm is obtained (Eq. (3)).

Req ¼ Rmax

½aptamer�f ree

½aptamer�f reeþKD

 !
ð3Þ

A frequent way of estimating KD is linearizing Eq. (3), which
leads to a Scatchard plot, described by Eq. (4).

Req

½aptamer�f ree

¼ KARmax�KAReq ð4Þ

where KA is the equilibrium association constant. This way, KD is
estimated as the reverse value of the slope (KA) of Eq. (4).

2.5.2. Kinetic model

Fitting the association phase for all sensorgrams to Eq. (2) provide
an apparent rate constant, ks value for each aptamer concentration.
The plot of ks versus [aptamer]free should give a linear function. kon is
obtained from the slope of the plot and koff from the intercept.
Although kon is accurately estimated, in practice, large errors are
associated to koff estimation for this method [21]. A more precise
method is to obtain koff from non-linear fitting of the dissociation
phase of the sensorgrams, which is a first-order exponential decay
with an offset, RN that indicates the angle shift after decay is finished
(Eq. (5)), that accounts for the incomplete dissociation characteristic
of cuvette-based SPR instruments.

Rt ¼ R0e�kdtþR1 ð5Þ

3. Results and discussion

Different aptamers have been described in literature to speci-
fically recognize the antibiotic tobramycin [15–18]. The most
recent one was a DNA aptamer raised against kanamycin, a
closely structurally related antibiotic, which showed cross-reac-
tivity with tobramycin as similar KD values about 100 nM for both
of them unambiguously indicate [18]. The rest of them are RNA
aptamers. A beacon aptamer evolved against tobramycin showed
a very high KD of 16 mM, although the need for further optimiza-
tion of the SELEX process is recognized [16]. Using automated
SELEX three aptamers were found for tobramycin with KD ranged
between 10 and 100 nM [17]. Finally, Wang and Rando [15] have
found two different consensus sequences with affinity for tobra-
mycin, and some degree of homology with KD of 12 nM and 9 nM.
The last one was chosen to carry out this work based on its high
affinity. As mentioned above, in order to preclude the enzymatic
hydrolysis caused by nucleases towards RNA an internal mod-
ification on sugars was performed. Thus, the hydroxyl group at
the 20-position of the ribose ring in the bases was replaced by an
O-methyl group. In this context two different modified aptamers
were designed. The first one included the sugar modification in all
its 27 bases, and it was referred as fully modified anti-tobramycin
aptamer (FATA). The 20-OH of the U base at 12 position was
reported to be involved in the formation of a hydrogen bond with
N7 of G14, which has a relevant contribution in the definition of
the hairpin 3D conformation for proper tobramycin recognition.
So, a second modified anti-tobramycin aptamer was designed
where the U-12 conserved its native unmodified ribose. This
aptamer was referred as anti-tobramycin aptamer (ATA). The
native, non-O-methylated anti-tobramycin aptamer (NMATA)
was also used for comparison in terms of its equilibrium (KD)
and rate constants (kon, koff).

A typical SPR assay involves the immobilization of one of the
interacting partners onto the sensor surface, which is exposed to a
solution containing the other component. To decide which com-
pound will be immobilized on the surface, size, stability, solubi-
lity and functional groups available should be taken into
consideration. In our particular case, the critical parameter was
the size because the SPR response is highly dependent on the
mass of the interacting molecule. Molecules smaller than 1000 Da
do not provide a significant change in the refractive index on a
surface with limited binding sites, so, they are difficult to detect
with sufficient accuracy. Although in some cases this lack of
sensitivity can be overcome by increasing the molecule density on
the surface, very high densities are not convenient for kinetic
studies as explained below.

Consequently, immobilization of the smaller partner (tobra-
mycin, the ligand) was preferable to maximize the SPR response
(Fig. 1). However, this configuration can be a source of mass
transport limitation (MTL) because the aptamer, a molecule of
relatively high mass, is added to the cuvette and has to diffuse
towards the sensor surface. MTL appears when the binding rate is
faster than the diffusion rate from the bulk to the surface and
affects to the same extent both association and dissociation
phases. The higher binding sites concentration the higher con-
sumption of aptamer at the surface, making more evident the
MTL contribution. This effect is minimized by constructing low
capacity binding surfaces. When working with interactions with
kon (association rate constant)Z106 M�1 s�1 [19], MTL has to be
incorporated into the model of the binding kinetics for an
adequate evaluation. Nevertheless, a self-consistency test is
always a healthy behavior when interpreting kinetic data.

In this study, low amounts of bound tobramycin led to
adequate sensing surfaces for kinetic analysis considering first-
order kinetics. The angle shifts obtained for different sensing
surfaces after tobramycin immobilization (Rtob) were in the range
of 15–30 m1, which corresponds to 141–282 pg mm�2 of anti-
biotic. This value was calculated taking into account that 120 m1

corresponds to 1 ng mm�2 of bound protein or 1.13 ng mm�2 of
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bound tobramycin considering the refractive index increment
(RII) between proteins and aminoglycoside antibiotics [20].

The interaction of immobilized tobramycin with different
concentrations of aptamer in solution was monitored, and sub-
sequently processed and analyzed for obtaining both kinetics and
equilibrium information. Binding curves were performed for each
aptamer ATA, FATA and NMATA, recording an analysis cycle for
each concentration assayed, in the range of 0.05–3 mM, ensuring
the equilibrium is reached in all the experiments.

When injecting the aptamer solution the amount of the
aptamer–tobramycin complex formed was monitored as variation
of the resonance angle (angle shift, Rt) with time (sensorgram) as
that depicted in Fig. 2 for each aptamer. After each injection a rapid
signal increase was observed due to bulk effects related to the
change in composition of the solutions injected. It is worth noting
that only in channel 1, a progressive increase in the angle shift is
observed whereas a constant and almost negligible angle shift is
recorded in channel 2. This is a clear indication that aptamer
effectively binds to tobramycin on the surface of channel 1 that
contains the antibiotic, and the amount of unspecific binding to
ethanolamine-blocked mercaptopropionic acid SAM (channel 2) is
negligible because there are not tobramycin. After flushing out the
aptamer solution and filling the cuvette with affinity solution, the
angle shift did not return to the baseline level in channel 1 indicat-
ing that the aptamer is specifically bound to the sensor surface. The
decrease is related to the dissociation of the complex that occurs in
a certain extent. In contrast, in channel 2, the angle shift remains at
the baseline level confirming that there is no aptamer unspecifically
bound in the absence of immobilized tobramycin. Finally, regen-
eration of the surface under mild acidic conditions removed the
entire surface complex without affecting the SAM stability signifi-
cantly, and a new cycle can be performed.

When the concentration of aptamer increased (Fig. 3), both the
slope of the angle shift (Rt) and the signal at equilibrium (Req) were
higher indicating that higher amounts of aptamer are retained by
the modified surface. The sensing phase can be regenerated several
times and an entire binding experiment can be carried out with the
same surface (see Fig. S1 in Supporting Information).

This set of SPR data contains both kinetics and equilibrium
information about the biomolecular interaction under study. The
kinetic rate constants (kon and koff) and equilibrium constants
provide valuable information about the affinity of the interaction.
The equilibrium constant can be estimated from both kinetic and
equilibrium data being necessary a convergence value as a self-
consistency test.

The association phases of sensorgrams obtained for each
aptamer at different concentrations were fitted to Eq. (2) (Fig. 3,
white lines). In cuvette-based instruments as used in this work, a
depletion of the aptamer concentration can occur due to the loss
of material derived from the binding event in contrast to flow
systems where a continuous supply of compound exists. This
effect was quantified and corrected by calculating the free analyte
concentration employing Eq (6) [21].

½aptamer�f ree ¼ ½aptamer�0�
Req S 10�3

f MW V
ð6Þ
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where, [aptamer]0 is the added aptamer concentration in molar;
[aptamer]free is the corrected aptamer concentration also in molar;
S is the surface of the sensor in contact with bulk solution
(2.8 mm2); f¼120 m1/0.8 ng mm�2 is the conversion factor
between the measured angle shift in m1 and the mass density
of bound aptamer in ng mm�2, MW is the molecular weight of the
aptamer and V is the sample volume injected (35 mL in all cases).
This correction was taken into account in all subsequent
calculations.

For depletion values larger than 10% of the initial analyte
concentration, the amount of free analyte decreases considerably
during association phase and second-order equations better
describe the binding event [22]. Depletion values were below
5% of the initial aptamer concentration in all experiments being
more important for the lower concentrations tested. So, first-
order equations were used for calculations.

3.1. Equilibrium analysis

Langmuir binding isotherms were obtained for each aptamer
using the Req values estimated from the non-linear fitting to
Eq. (2) (Fig. 4). Values of KD were calculated from the correspond-
ing Scatchard plots (inset Fig. 4) and displayed in Table 1.

It is well-known that Scatchard plot can lead to important
errors in KD evaluation [21] thus, in this study KD values were also
estimated directly by non-linear fitting of Eq. (3) and compared
(Langmuir isotherm).

From them, it is clear that all KD values corresponding to
different O-methylated aptamers (ATA, FATA and NMATA) are in
the submM range. Likewise, both Scatchard plot and non-linear
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Table 1
Equilibrium analysis for the three aptamers under study employing two approaches: S

Equilibrium analysis

Aptamer Equation

ATA Req/[ATA]free(m1 M�1)¼�(8376)�105 (M�1)Req(m1)þ(4472)�107 (m

FATA Req/[FATA]free(m1 M�1)¼�(4475)�105 (M�1) Req(m1)þ(2572)�107

NMATA Req/[NMATA]free(m1 M�1) ¼�(1971)�106 (M�1) Req(m1)þ(10474)�

a Scatchard plot.
b Langmuir Binding Isotherm.
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fitting to Langmuir binding isotherm have led to similar KD values
for each individual aptamer. The lowest KD value (below 100 nM)
corresponded to the original, non-O-methylated anti-tobramycin
aptamer, NMATA. The modified aptamers tested showed KD

values above 100 nM. ATA exhibits a slightly lower KD (stronger
binding) compared with FATA. From these results it can be stated
that the affinity tends to diminish when the level of O-methyla-
tion increases. However, this trend is not very large, about 4-fold
decrease for total substitution. As mentioned above, NMR mea-
surements and computed structures of the tobramycin–NMATA
complex suggest the stabilizing role of a hydrogen bond between
20-OH of U12 and N7 of G14. Although useful, this information
does not provide quantitative information about the magnitude of
the destabilization when this hydrogen bond is blocked. In this
study, this effect was quantified in terms of KD values, to be about
1.5-fold decrease in addition to the reduction observed after
modifying the other 26 nucleosides (ATA). This is a modest effect
in affinity that can be overcome by the gain in nuclease resis-
tance, which is in good agreement with the feasibility of using
FATA for tobramycin detection in human serum [13].
3.2. Kinetic analysis

SPR data were also used to determine the kinetic parameters
for tobramycin binding to all three aptamers under study. The
dissociation constant was evaluated from these kinetic para-
meters and compared with the previously obtained by means of
equilibrium data.

Table 2 compiles all rate constants obtained for each aptamer.
For all three aptamers tested kon values are below 106 M�1 s�1,
which confirmed the applicability of the initial assumption of a
simple bimolecular model with no MTL [19]. Both kon and koff

change slightly with the degree of O-methylation, favoring
NMATA over ATA and FATA (kon larger and koff smaller in a similar
amount). According to expression KD¼koff/kon, the dissociation
constant was estimated.

It has been argued that koff values obtained under conditions
that the dissociation is not complete (such as in this case) could
deviate from the real value. Such an incomplete dissociation can
be due to two causes: MTL, which was discarded from the kon

value or rebinding, which is always present in cuvette-based
instruments even under conditions that MTL does not apply.
Another alternative to calculate koff is to use the kon value and
the KD obtained from equilibrium. Values obtained that way are
very similar to those obtained from fitting to first-order decay
with an offset (third and fourth columns in Table 2). This result
supports the reliability of the values obtained from fitting.

Additionally, a simple but efficient self-consistency test of SPR
data consists in comparing KD constants obtained from different
approaches: equilibrium and kinetic analysis [23]. From
Tables 1 and 2 it is apparent that all KD estimated by equilibrium
analysis employing Langmuir or Scatchard plots were identical
catchard plot and Langmuir binding isotherm.

KD (nM)a Rmax (m1)a KD (nM)b Rmax (m1)b

1 M�1); r¼0.994 11678 5176 130720 5275

(m1 M�1); r¼0.99 210730 5876 170750 4679

107 (m1 M�1); r¼0.995 50720 60710 60740 60710



Table 2
Kinetic rate constants and dissociation constants calculated from kinetic analysis

for the three aptamers under study.

Kinetic analysis

Aptamer kon (Ms)�1 koff (s�1)a koff (s�1)b KD (nM)

ATA (1272)�104 0.01770.001 0.01470.003 140730

FATA (9373)�103 0.01870.002 0.02070.003 190730

NMATA (1474)�104 0.01370.003 0.00770.004 90740

a koff from dissociation fitting including offset.
b koff from the expression koff¼KDkon.
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taking into account the experimental error and also equal to that
obtained by the kinetics analysis. This simple test is a proof that
helps to estimate the rightness of the data obtained.

In general, mean values from kinetic data make differences in
affinity less distinct than from equilibrium values, but kinetic
measurements have a larger associated error. Despite this, the
same unambiguous trend is also observed within the experimen-
tal error. The lowest value corresponded to NMATA (below
100 nM) confirming the superior affinity of the native aptamer
and the highest value corresponded to the FATA.

The affinity constant of the complex tobramycin and the
unmodified anti-tobramycin aptamer, NMATA, was previously
estimated [15]. Pyrene-labeled tobramycin was employed for
performing quenching experiments under conditions where a 1:2
stoichiometry was found. Values of KD1¼9 nM and KD2¼2.7 mM
were reported. KD1 is among the lowest values reported for an
interaction between an aptamer and a small molecule rivaling with
those of larger molecules such as proteins, which possesses a larger
number of binding sites [24]. Typical KD values for small molecules
are in the submM to mM range. The KD value for NMATA reported in
this work is more than one order of magnitude higher than the
previously reported but still low for a small molecule. The differ-
ence can be attributed to the fact that the quenching experiments
were carried out in solution. On the other hand, a much higher
affinity constant value of KD¼1.1 mM was reported for NMATA–
tobramycin complex carrying out SPR measurements [25]. In that
study the aptamer was immobilized on the SPR sensor through
biotin–streptavidin linkage. The use of a labeled aptamer on the
surface as well as the use of an affinity buffer different from that it
was used in the original aptamer selection can account for the
significant differences in affinity. In addition to this, a very quick
dissociation was observed indicating that the complex formed is
not as stable as that generated with the configuration assayed in
our work.

It was reported that ATA is also able to bind neomycin B,
another aminoglycoside antibiotic and the anti-neomycin apta-
mer also recognize tobramycin [13]. This finding was attributed
to the similar 3D structure of both aptamers and the way of
encapsulating the antibiotic for binding. As a consequence the
molecular recognition would be more related to the structure
than to the sequence. If this holds true, similar KD would be
expected. However, both KD values evaluated from SPR measure-
ments differ in one order of magnitude. Neomycin B binds to its
aptamer with a KD of 1.2470.03 mM [12], suggesting that
sequence also plays a role in the recognition event.
4. Conclusions

With the aim of taking advantage of the unique features of RNA
aptamers as molecular recognition elements when dealing with real
complex samples, modified aptamers can be used to avoid its
degradation caused by nucleases. However, the extent of the affinity
change after modification has to be quantified to ensure the proper
performance of the tailored aptamer because the final activity is
difficult to predict. In fact, both enhancement and loss in affinity has
been reported. Herein the system tobramycin anti-tobramycin apta-
mer was taken as a model. The 27-mer RNA natural anti-tobramycin
aptamer was chemically modified by introducing a 20-OMe group
instead of 20-OH in the ribose moiety of the RNA structure.

SPR was employed for evaluating the affinity of three different
RNA anti-tobramycin aptamers: the natural RNA sequence and
two modified RNA aptamers, which differ in the modification of
only a single base. A reverse configuration to what is often used
was adopted to maximize SPR signal (immobilization of the small
molecule maintaining the large one in solution) and hence, the
accuracy of the kinetic and binding parameters evaluated.

In our case, the introduction of the selected internal modifica-
tion altered the affinity of the aptamer towards its target
molecule, tobramycin. A slight loss in the affinity is observed for
both modified aptamers, which do not preclude the application of
such modified aptamers as molecular recognition tools.
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