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Reagentless Measurement of Aminoglycoside
Antibiotics in Blood Serum via an Electrochemical,
Ribonucleic Acid Aptamer-Based Biosensor
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Biosensors built using ribonucleic acid (RNA) aptamers
show promise as tools for point-of-care medical diagnos-
tics, but they remain vulnerable to nuclease degradation
when deployed in clinical samples. To explore methods
for protecting RNA-based biosensors from such degrada-
tion we have constructed and characterized an electro-
chemical, aptamer-based sensor for the detection of
aminoglycosidic antibiotics. We find that while this sensor
achieves low micromolar detection limits and subminute
equilibration times when challenged in buffer, it deterio-
rates rapidly when immersed directly in blood serum. In
order to circumvent this problem, we have developed and
tested sensors employing modified versions of the same
aptamer. Our first effort to this end entailed the methy-
lation of all of the 2’-hydroxyl groups outside of the
aptamer’s antibiotic binding pocket. However, while de-
vices employing this modified aptamer are as sensitive
as those employing an unmodified parent, the modifica-
tion fails to confer greater stability when the sensor is
challenged directly in blood serum. As a second poten-
tially naive alternative, we replaced the RNA bases in the
aptamer with their more degradation-resistant deoxyri-
bonucleic acid (DNA) equivalents. Surprisingly and unlike
control DNA-stem loops employing other sequences, this
DNA aptamer retains the ability to bind aminoglycosides,
albeit with poorer affinity than the parent RNA aptamer.
Unfortunately, however, while sensors fabricated using
this DNA aptamer are stable in blood serum, its lower
affinity pushes their detection limits above the therapeuti-
cally relevant range. Finally, we find that ultrafiltration
through a low-molecular-weight-cutoff spin column rapidly
and efficiently removes the relevant nucleases from serum
samples spiked with gentamicin, allowing the convenient
detection of this aminoglycoside at clinically relevant
concentrations using the original RNA-based sensor.

Unintentional drug overdoses are among the most common
and costly medical crises. For example, the narrow therapeutic
indices of coumadin and other blood thinners cause uncontrolled
bleeding events that send 58 000 Americans per year to the
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emergency room.! Aminoglycoside antibiotics, likewise, can cause
hearing loss, tinnitus, and kidney failure.?* To administer these
drugs properly, physicians must monitor their patients between
doses by drawing blood for fluorescence polarization immunoassay
or turbidimetry analysis.*> However, while these tests can achieve
a turnaround time of under 1 h, they require dedicated instru-
ments that are largely confined to clinical laboratories. A point-
of-care device may, thus, better serve both patients and physicians
by eliminating the follow-up visits that are often necessary in order
to achieve proper dosing.

In response to the largely unmet need for rapid, point-of-care
diagnostics, our laboratory®’ and others® have developed a
reagentless, electrochemical platform capable of quantifying a
range of molecular analytes in blood, urine, and other complex
media.”!° These electrochemical, aptamer-based sensors (E-AB
sensors; see Figure 1) are rapid, sensitive, reagentless, reusable,
and convenient.® They are also versatile, with E-AB sensors having
been reported against targets ranging from proteins!*'? to
inorganic ions'*' to small molecules.®5® With a single excep-
tion,’®~17 all of these E-AB sensors employed deoxyribonucleic
acid (DNA) aptamers as their recognition elements, presumably
because of the significantly greater stability of this probe.
Unfortunately, however, the only oligonucleotides reported to date
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Figure 1. lllustration of the E-AB sensor, shown left, in which the RNA aptamer is affixed to a gold electrode and the binding of tobramycin
draws a methylene blue reporter molecule farther from the electrode surface. The sensors were fabricated on a 32-electrode array, shown right,
which was surrounded by a circular plastic reservoir and filled with the sample.

that bind aminoglycoside antibiotics are composed of ribonucleic
acid (RNA), which renders them vulnerable to degradation by
nucleases in blood serum samples and, thus, would likely limit
the utility of E-AB sensors fabricated using them. With the aim
of solving this problem, we have explored several strategies for
protecting RNA probes from degradation. In doing so, we have
developed a reagentless, electrochemical approach that can be
used to measure the concentrations of aminoglycoside antibiotics
in serum.

MATERIALS AND METHODS
Probe Sequences.

RNA: 5>-HS- GGGACUUGGUUUAGGUAAUGAGUCCC-NH-MethyleneBlue-3*

DNA: 5°-HS-GGGACTTGGTTTAGGTAATGAGTCCC-NH-MethyleneBlue-3’

Control DNA: 5’-HS-AGCCCATTTATCCGTTCCTCCTAGTGGTGGGC-NH-MethyleneBlue-3"
OMel:  5°-HS-(G)G)GHANCHUUGGUUNUNANGIG(UXAXANUNGYANGHUYCHCXC)-NH-
MB-3

2’F-RNA: 5’-HS- GGGACUUGGUUUAGGUAAUGAGUCCC-NH-MethyleneBlue-3°

Tris Buffer: 20 mM Tris, 100 mM NaCl 5SmM MgCl, pH 7.5

All of the probes were synthesized, modified, and purified by
BioSearch Technologies (Novato, CA) and used as received. An
unmodified version of the RNA probe was synthesized by Sigma
Genosys (Saint Louis, MO) and purified by high performance
liquid chromatography. Tris-2-carboxyethyl-phosphine, TCEP, was
obtained from Invitrogen (Carlsbad, CA). Tobramycin, gentamicin,
6-mercapto-1-hexanol, and urea were obtained from Sigma Aldrich
(Saint Louis, MO). Kanamycin was obtained from Fischer Scien-
tific (Waltham, MA). Newborn calf serum was obtained from
Sigma Aldrich (Saint Louis, MO). Millipore YH-3 spin columns,
with a 3000 Da cutoff, were obtained from Fisher Scientific
(Waltham, MA). Seradyn calibrator Kits containing gentamicin in
human serum were obtained from Polymedco (Chicago, IL). All
reagents, unless otherwise mentioned, were used as received.
Multiplex sensor chips were obtained from Osmetech (Pasadena,
CA) and modified according to the following procedure.

Sensor Fabrication. All probe molecules were hydrated with
Tris buffer to a final concentration of 200 M and stored at —20
°C until use. To reduce the disulfide bond on each probe molecule,
a 2 uL aliquot of the stock was combined with 8 uL. of 10 mM
TCEP solution, mixed gently, and stored at 4 °C for 1 h. Following
that reaction, the probe was diluted to 200 nM and a 200 uL droplet

was placed over each set of electrodes on a sensor chip, which
was stored under vacuum with minimal handling up until this
point. The chips were allowed to incubate in the dark for 1 h at
room temperature and then rinsed with deionized water. The
bottom side and edges of each chip were dried with a folded
kimwipe, and 200 uL of a 3 mM 6-mercapto-1-hexanol solution
was applied for another hour. After that passivation procedure,
the chips were immersed in deionized water and stored in the
dark overnight.

Electrochemical Measurements. Sensor experiments were
performed with a CHI 730C Electrochemical Workstation (CH
Instruments, Austin, TX) and a 32-channel multiplexer made by
the same manufacturer. Each square wave voltammogram was
acquired at 60 Hz, over a potential range of —0.1 to —0.5 V. In
serum, that window was extended to —0.6 V. The sensor chips
contained an integrated gold counter electrode and an Ag/AgCl
reference electrode. Measurements were conducted in 1 mL of
buffer (20 mM Tris, 100 mM NaCl, 5 mM MgCl,, pH 7.5),
newborn calf serum, or ultrafiltered newborn calf serum. Prior
to each experiment, the chips were immersed in 1 mL of Tris
buffer and subjected to square wave test measurements. All
experimental measurements were made no less than 4 min
after the addition of the analyte. Upon completion of an
experiment, the sensors were rinsed and stored in deionized
water for reuse later. After storage, but before reuse, reused
sensors were subjected to an hour of test scans in order to
re-equilibrate their baseline signals.

Human Serum Measurements and Ultrafiltration. Gen-
tamicin calibrator Kits obtained from Polymedco contain six 1 mL
human serum samples, at concentrations ranging from 0 to 10
mg/L with <0.1% sodium azide added as a preservative. Since they
are of low molecular weight (Tobramycin, 467.5 Da; Kanamycin
B, 483.5 Da; Gentamicin C, 477.6 Da) and generally do not adhere
to serum proteins, the aminoglycosides easily passed through a
3000 Da molecular weight cutoff membrane. For each experiment,
two samples of a given concentration were pooled and added to
a Millipore YM-3 Centriprep spin column and then spun at 5100
rpm for 30 min in a Fisher Centrific 225 centrifuge (Waltham,
MA). After spinning, the exterior of each ultrafiltrate reservoir
was carefully dried with a kimwipe before its contents were
transferred to a centrifuge tube for storage. The ultrafiltrate was
a clear liquid, and 400 uL. was used for each electrochemical
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measurement. The sensor was immersed in those solutions and
allowed to equilibrate for 4 min in advance of each recording.

Sensor Degradation Experiments. The surface of each chip
was mounted onto the bottom of a 3 mL polycarbonate well. The
well was filled with 1 mL of buffer. Square wave measurements
were made on eight channels, and the channel with the flattest
baseline was selected for repetitive measurements. The plastic
reservoir was drained and refilled with buffer or serum. Im-
mediately upon addition of the fresh liquid, square wave voltam-
mograms were acquired every minute for 30 min.

Circular Dichroism. The spectrum of a 2 mM RNA aptamer
solution was measured before and after the addition of tobramycin.
Background signals of buffer and buffer with 4 mM tobramycin
were subtracted from the spectra of their corresponding RNA
solutions to remove any background circular dichroism caused
by the drug itself.!® All measurements were made from 220 to
330 nm on an Aviv 202 spectrometer, at room temperature, in a
3 mL quartz cuvette. In this and many other circular dichroism
(CD) studies of aptamers [data not shown], we have noticed that
it is necessary to bring the analyte concentration up well above
the reported dissociation constant (here 13.2 uM) in order to
obtain a pronounced signal change; CD measurements make use
of aptamers at very high concentrations, and it is impossible to
saturate them without reaching comparably high concentrations
of analyte.

Surface Plasmon Resonance. Tobramycin was coupled to a
Biacore CM 5 chip using a Biacore EDC coupling kit (Piscataway,
NJ). Oligonucleotides were injected over the sample surface with
a flow rate of 40 uL. per minute at a series of concentrations.
Measurements were conducted in 20 mM Tris buffer (100 mM
NaCl, 5 mM MgCl,, pH 7.5).

RESULTS AND DISCUSSION

E-AB sensors are made by affixing an aptamer capped at one
end by a reduction and oxidation-active (redox) reporter group
and attached via its other end to the surface of an interrogating
electrode (Figure 1). In this set of experiments, our aptamers were
bound to gold electrodes via a thiol modification at their 5-ends
and labeled at their 3"-ends with the redox-active reporter meth-
ylene blue. For the first generation sensors fabricated here, we
employed the 26-base RNA aptamer of Wang and Rando,'®2°
which adopts a stem-loop configuration that binds aminoglycosides
in its loop region.?! Circular dichroism studies indicate that this
aptamer undergoes a significant conformational change upon
target binding (Figure 2); specifically, when 4 mM tobramycin is
added to a solution of the aptamer, the intensity of the positive
ellipticity band at 260 nm increases significantly. This band is often
attributed to the formation of A-RNA structure, and thus, the
observed signal change may be linked to an increase in the helical
content of the aptamer. Solution NMR studies indicate, however,
that the loop in the stem-loop aptamer wraps around the tobra-
mycin molecule,* suggesting that the observed change in ellip-
ticity may signal a more complex structural transition. Irrespective
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Figure 2. Circular dichroism spectra indicate that the antiaminogly-
coside aptamer undergoes a substantial conformational change upon
binding to tobramycin. Specifically, a positive band at 260 nm that is
often attributed to the formation of A-RNA structure®” increases
substantially upon drug binding.

of the precise nature of this conformational change, it is sufficient
to support E-AB signaling: the binding of aminoglycosides to our
electrode-bound aptamer causes a large, readily measurable
decrease in Faradaic current from the attached redox tag (Figure
3).

The aminoglycosides comprise a large family of closely related
antibiotics. For example, gentamicin, tobramycin, and kanamycin
share similar hydroxyl- and primary amine-rich structures that
form hydrogen bonds with compatible groups on the nucleobases
of their target RNA (Figure 1). Indeed, tobramycin differs from
kanamycin A by the addition of one hydroxyl group, the replace-
ment of a second with a primary amine, and the absolute
configuration of a single stereocenter. Thanks to these structural
similarities, the aptamer that we have employed binds all three
of these aminoglycosides with similar affinities.*®?° Consistent
with this, we find that our sensor responds robustly to all three
of the aforementioned antibiotics, achieving signal suppressions
of ~60% at saturating drug concentrations (Figure 3). Of note,
while this cross reactivity could confound the measurement of
samples taken from patients who are on more than one member
of this family of drugs, the aminoglycosides are relatively toxic
and exhibit very similar spectra of coverage, and thus, the
simultaneous administration of multiple aminoglycosides is medi-
cally contraindicated.

Our sensors are capable of monitoring aminoglycoside con-
centrations over the therapeutically relevant,?? 2—6 uM (4—10 ug/
mlL) range. Two of the three antibiotics we have investigated,
tobramycin and kanamycin, produce the hyperbolic saturation
curves expected for single-site binding and yield dissociation
constants of 319 and 281 uM. The latter values are orders of
magnitude higher than solution-phase values reported (12 nM to
13.2 uM) for longer aptamers bearing the same core sequence'®
These previous reports, however, employed a pyrene-modified
tobramycin molecule, and not tobramycin itself, as a reporter, and
thus, this discrepancy is perhaps not unexpected. In contrast to
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Figure 3. (left) E-AB sensor robustly responds to aminoglycoside antibiotics via the loss in the faradaic current observed at the —0.35 V
potential characteristic of the reduction of methylene blue. (right) Saturation curves indicate that the biosensor has nearly equal affinity for
kanamycin and tobramycin and slightly greater affinity for gentamicin. The error bars on this and the following figures reflect the standard error
of triplicate measurements taken with independently fabricated and measured sensors.

tobramycin and kanamycin, gentamicin produces a biphasic
binding curve in which the biosensor current decreases at low
concentrations and then increases at higher concentrations. (See
Figure SI.1 in Supporting Information.) The origins of this biphasic
behavior are unclear, but it is possible that, at high concentrations,
gentamicin causes the hairpin to denature, liberating the redox
tag to collide rapidly with the sensor surface and, thus, producing
the observed increase in current at very high drug concentrations.
Alternatively, at high concentrations, the binding of additional drug
molecules may force the aptamer to undergo additional confor-
mational changes that bring that tag into proximity with the sensor
surface.

Because RNA is relatively unstable against chemical and
enzymatic degradation, our first-generation, RNA-based sensor is
far less stable than E-AB sensors fabricated with more robust DNA
probes. In Tris buffer, for example, the RNA-based sensor
deteriorates significantly within a few days. (See Figure SI.2 in
Supporting Information.) The problem of RNA stability is particu-
larly acute when the sensor is deployed in blood serum (Figure
4). Indeed, even in RNase inhibitor-treated serum, the sensor’s
signal diminishes to unacceptably low levels within an hour of
immersion and the sensor cannot be regenerated. (See Figure
SL.3 in Supporting Information.) These deficiencies contrast
sharply with the attributes of previously reported sensors com-
posed of DNA probes, which are stable in buffered saline for
months at room temperature and even withstand more than a
week of storage in blood serum under the same conditions.?

The problem of serum nucleases digesting unprotected, RNA-
based probes is general, thus motivating our interest in protecting
these delicate sensing elements without altering their ability to
bind their specific targets. To this end, we have explored several
probes lacking the reactive 2”-hydroxyl group of RNA. As a first
approach, we used the published solution NMR structure of the
aptamer as a guide while replacing all the aptamer’s 2-hydroxyl
groups with 2’-methoxy groups save for five positions that are
closest to the aptamer’s drug-binding site. We find, however, that
while this modified aptamer retains the high affinity of its parent
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Figure 4. Sensors constructed with an RNA probe can endure hours
of exposure in buffered saline but decompose rapidly in (untreated),
room temperature newborn calf serum. Ultrafiltration of the serum
through a 3000 Da molecular weight cutoff membrane, however,
removes the nucleases, rendering it possible to measure aminogly-
coside concentrations in realistic clinical samples.

RNA aptamer (Figure 5), it fails to offer significant protection
against nucleases when deployed in blood serum. (See Figure
SI.3 in Supporting Information.) Likewise, we explored aptamers
in which all of the 2" positions were replaced with fluorines. This
modification, however, significantly degrades the aptamer’s affinity
and coveys only modest protection in serum. (See Figure SI.4 in
Supporting Information.) Moving forward, we decided to attempt
an experiment in which we simply removed all 26 of the
2"-hydroxyl groups from the RNA aptamer; that is, we converted
the RNA aptamer into the equivalent DNA sequence. While this
is perhaps naive, as converting an RNA sequence into the
equivalent DNA sequence is clearly a major alteration of the
chemistry of the recognition probe, several arguments suggested
that this approach was at least worth attempting. First, the RNA
aptamer adopts a simple hairpin structure that does not require
the formation of a complex, presumably RNA-specific tertiary
structure. Second, the aptamer’s drug binding pocket is located
in its major groove, far from the 2’ hydroxyls, which are uniformly
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Figure 5. Probes composed of deoxyribose or 2’-Omethyl modified
ribose also bind aminoglycosides. All three of the aminoglycosides
we have investigated, however, bind both RNA and 2’-Omethyl-RNA
probes (left and right bars, respectively) with greater affinity than they
bind the equivalent DNA probe (central bars).

oriented away from the bound aminoglycoside. Indeed, the nearest
2"-hydroxyl, located on base G14, is more than 4 A from the
nearest hydrogen bond acceptor on the drug. Furthermore, the
conversion of RNA aptamers to DNA is not without precedent.
Walsh et al. found that a DNA translation of a dopamine binding
aptamer?*% retains the ability to bind this target. Finally, Szostak
et al. have shown that the DNA translation of a flavin-binding RNA
aptamer binds flavin with just over a 10fold reduction in affinity®
(albeit this aptamer forms a G-quadruplex that may be readily
formed from DNA). Consistent with these simple arguments,
surface plasmon resonance experiments indicate that a DNA probe
with the same sequence as the original RNA aptamer readily binds
a tobramycin-coated surface (see Figure SI.4 in Supporting
Information), an observation that further encouraged us to pursue
this approach. In doing so, we find that sensors fabricated using
this DNA probe respond to our target aminoglycosides, albeit with
affinities against tobramycin, kanamycin, and gentamicin that are
reduced 4-, 2-, and 3-fold, respectively, relative to those of the
equivalent RNA aptamer (Figure 5). In contrast, control sensors
fabricated using an unrelated DNA stem-loop do not exhibit any
evidence of binding to the aminoglycoside antibiotics. (See Figure
SL5 in Supporting Information.) Unfortunately, however, while
these DNA-based sensors are significantly more stable than our
first generation RNA-based sensors (see Figure SI.3 in Supporting
Information), their reduced affinities impede their ability to detect
aminoglycosides at medically relevant concentrations.

Due to our failure to identify modified probes that are of
sufficiently high affinity and yet remain stable under clinically
relevant conditions, we have adopted an alternative approach for
the use of RNA-based sensors with clinically relevant samples.
Because the aminoglycosides are of low molecular weight (and
generally do not form complexes with high-molecular weight
serum proteins), they readily pass through molecular weight cutoff
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Figure 6. Sensor responds well to gentamicin that was present in
spiked serum samples. Each measurement was made 4 min after
the sensor was immersed in the ultrafiltrate from samples that were
intended for calibrating the Innofluor system, a widely used clinical
assay.

membranes. Ultrafiltration of serum through a 3000 Da cutoff spin
column, thus, effectively separates the antibiotic from serum
nucleases. When immersed in the clear ultrafiltrate obtained from
newborn calf serum (a safe and convenient proxy for human
samples), sensors fabricated using the unmodified RNA aptamer
remain quite stable (Figure 4). Moreover, under these conditions,
we can readily quantify gentamicin over the therapeutic range both
when spiked into newborn calf serum (see Figure SL6 in
Supporting Information) and as present in commercial human
serum calibration samples (Figure 6). Although this sample
protocol is effective, it is slow; the need for ultrafiltration adds
more than 30 min onto an otherwise short workflow. For that
reason, we believe that the advantages of this RNA biosensor
would best be realized in an integrated microfluidic system that
rapidly prepares the serum sample before feeding it onto the E-AB
Ssensor.

The reported E-AB sensor has many attributes that would
make it an ideal component within a point of care medical
diagnostic device. It is reusable, reagentless, and compact. It is
also rapid: when aminoglycosides are introduced to a sensor, the
resulting current change equilibrates within the 10 s dead time
of a single voltammetric scan. (See Figure SI.7 in Supporting
Information.) Similarly swift results have been observed with
aptamer-based devices meant to detect cocaine, adenosine triph-
osphate, and theophylline.®!®> Because all of the sensor compo-
nents are firmly adsorbed onto the electrode surface (Figure 1),
the sensor is readily regenerable: a simple rinse with deionized
water disrupts the target—aptamer complex, allowing for the
sensor’s reuse. (See Figure SI.8 in Supporting Information.)
Finally, our sensors are fabricated on submillimeter scale elec-
trodes and driven by simple, desktop electronics (Figure 1, right),
further speaking to their compatibility with microfluidics or a hand-
held device format.

CONCLUSIONS

Here, we have demonstrated a reusable RNA aptamer-based
electrochemical biosensor that supports the rapid (<10 s) mea-
surement of aminoglycoside concentrations over the therapeuti-
cally relevant, low-micromolar range. Unfortunately, it is quite
vulnerable to degradation by nucleases. Our first effort to improve



the sensor’s stability, which involved modification of selected
nucleotides with 2-methoxy groups, did not increase the stability
of the aptamer in newborn calf serum and, thus, does not appear
to be a promising solution to this problem. Likewise, replacement
of the RNA probe with an equivalent DNA sequence yields a
sensor that is stable in newborn calf serum but that transformation
significantly reduces the affinity of our probe. Thus, while the
substitution of deoxyribose for ribose may prove useful in some
applications, this obviously does not represent a general solution
to the problem of stabilizing RNA aptamers. The approach we
finally adopted, ultrafiltration, is an effective means of removing
nucleases from serum samples. It allows us to make reliable
measurements in filtered serum calibrators and may prove to be
a general approach for the use of RNA probes for the detection
of at least low molecular weight targets. While this pretreatment
slows the overall workflow of the sensor, the process is complete
in less than 30 min and requires only an inexpensive, desktop
centrifuge.
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