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Abstract

An aptamer-based biosensor was developed for the detection of doxorubicin using electrochemical impedance spectroscopy.
Doxorubicin and its 14-dehydroxylated version daunorubicin are anthracyclines often used in cancer treatment. Due to their
mutagenic and cardiotoxic effects, detection in groundwater is desirable. We developed a biosensor using the daunorubicin-
binding aptamer as biological recognition element. The aptamer was successfully co-immobilized with mercaptohexanol on gold
and a density of 1.3%10"% +2.4%10'? aptamer molecules per cm® was achieved. The binding of doxorubicin to the immobilized
aptamer was detected by electrochemical impedance spectroscopy. The principle is based on the inhibition of electron transfer
between electrode and ferro-/ferricyanide in solution caused by the binding of doxorubicin to the immobilized aptamer. A linear
relationship between the charge transfer resistance (R.,) and the doxorubicin concentration was obtained over the range of 31 nM
to 125 nM doxorubicin, with an apparent binding constant of 64 nM and a detection limit of 28 nM. With the advantages of high
sensitivity, selectivity, and simple sensor construction, this method shows a high potential of impedimetric aptasensors in

environmental monitoring.
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Introduction

Doxorubicin and its 14-dehydroxylated version daunorubicin
belong to the group of anthracycline antibiotics and are used
as chemotherapeutic agents in cancer therapy [1]. Animal ex-
periments have shown that doxorubicin is mutagenic, cardio-
and embryotoxic. The median lethal dose LDs, of doxorubi-
cin if administered orally is for mice 205 mg/kg and for rats
336 mg/kg. For humans the lowest lethal dose known if ad-
ministered orally is 6 mg/kg [2]. Due to its toxic effect on
proliferating cells, strong side effects such as hair loss,
vomiting, bone marrow depression, and cardiotoxicity can
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occur during chemotherapy [3]. During medical treatment,
this drug reaches the sewage system. Mahnik et al. investigat-
ed the sewage of an oncological station at Vienna General
Hospital over a period of 2 y and detected doxorubicin in
the range from 0.48 to 2.48 nM [4]. Owing to incomplete
degradation in sewage treatment plant, it gets into the
ground- and drinking water. It contaminates nature and endan-
gers humans and the environment in high concentrations be-
cause of its cardiotoxicity.

So far, the detection of doxorubicin has been carried out
using various classic analytical methods such as gas chroma-
tography [5, 6], liquid chromatography [7], high-performance
liquid chromatography [8, 9], UV-Vis spectroscopy [10], fluo-
rescence spectroscopy [11, 12], and capillary electrophoresis
[13, 14]. Using these classic methods, concentrations in the
nanomolar range could be detected (down to 1 nM). However,
these methods require a high instrumental effort and can only
be handled by qualified people. Erdem et al. developed a
voltammetric and impedimetric graphite sensor against dau-
norubicin based on dendrimers and was able to reach a detec-
tion limit of 128 nM [15].

An alternative to dendrimers as biological recognition ele-
ment are aptamers. These play an increasingly important role
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in the development of biosensors. Aptamers are artificial
single-stranded nucleic acids with typical molecular lengths
of 15 to 150 nucleotides; they bind their targets by their spe-
cific three-dimensional structure. Once selected, aptamers are
chemically synthesized, which is not only cost-effective but
also provides consistent quality and enables chemical modifi-
cations as, e.g., to improve stability or introduce functional
groups, which favor the wide range of applications.

A large number of aptamers for pharmaceuticals were de-
veloped, e.g., hormones, antibiotics, and psychotropic sub-
stances [16]. Most drugs are small molecules with a molecular
weight <900 daltons. The detection of aptamer binding with
small target molecules implicates some difficulties since the
molecular weight is low and certain aptamer—target interac-
tions (e.g., hydrogen bonds and electrostatic interactions) are
greatly reduced due to the simple structures [17], which influ-
ences the binding strength and hence the stability of the mea-
surement signal. Therefore most aptasensors for small mole-
cules are based on optical or electrochemical measurement
methods. One small molecule detected by an aptamer is the
mutagenic and carcinogenic ethanolamine (M = 61.08 g/mol)
[18]. Liang et al. (2016) described an impedimetric aptasensor
for ethanolamine with a detection limit of 0.08 nM [19]. Other
small molecules detected by electrochemical measurement
methods were cocaine [20], aminoglycosides [21], and aden-
osine triphosphate [22]. Until now, these aptasensors mainly
aimed application in clinical diagnostics or served as model
systems. For example, an optical aptasensor based on fluores-
cence quenching was developed for the detection of cocaine in
serum [23], while a sensor based on cyclic voltametry (CV)
and square wave voltametry (SWV) for the detection of 17(3-
estradiol in buffer [24] served as model system. But there are
just a few aptasensors for environmental application.
Especially for the detection of pharmaceutical residues in
ground and drinking water, research studies are needed.

Doxorubicin and daunorubicin are also among the small
molecules. In 2008, Wochner et al. selected and characterized
highly specific and highly affine DNA aptamers for daunoru-
bicin. The specific aptamer 10.10 displayed a slightly higher
affinity for doxorubicin [25]. We used a truncated version of
this aptamer in this study. Our aim was to develop an
aptasensors for the detection of doxorubicin by electrochem-
ical impedance spectroscopy (EIS). EIS is a fast, label-free
technique for measuring the properties of electrode surfaces
and bulk electrolytes. A significant advantage of this method
is the non-destructive and label-free measurement of biologi-
cal systems in their natural environment.

In this work, we present the development of a biosensor for
the detection of doxorubicin using a specific daunorubicin-
binding aptamer as biological recognition element. The thiol-
modified aptamer was immobilized on gold electrodes by self-
assembly, and binding of doxorubicin to the immobilized
aptamer was measured in a three-electrode cell (Fig. 1a), in buffer
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solution containing ferri-/ferrocyanide as redox mediator. The
interaction between the aptamers immobilized on gold and doxo-
rubicin inhibits electron transfer between the electrode and ferro-/
ferricyanide ([Fe(CN)]>***) in solution (Fig. 1b), which leads to
an increase in impedance spectra.

Materials and methods
Reagents

The daunorubicin-binding aptamer (DRN-aptamer) applied in
the current study is a 60 nucleotide-long truncated version of
the 80 nucleotide-long aptamer selected by Wochner et al. [25].
Additionally, it was modified with C¢-spacer and thiol at the 5
end: HS - C¢ - 5'- GGG AAT TCG AGC TCG GTA CCATCT
GTG TAA GGG GTA AGG GGT GGG GGT GGG TAC
GTC TAG-3'. The spacer was included to increase distance
between electrode surface and binding site for proper folding
of the aptamer. A pool of randomized oligonucleotides (58 nt)
was used as negative control (=DNA-pool): 5' ATA CCA GCT
TAT TCA ATT NNN NNN NNN NNN NNN NNN NNN
NNN NNN NNN NNN NNN NNN N-3' - C¢ - SH. It was
synthesized by Microsynth AG (Balgach, Switzerland), mod-
ified with C¢-spacer and a thiol at the 3’ end, and purified with
PAGE. 6-Mercapto-1-hexanol (MCH, 99%) was acquired
from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
Potassiumhexacyanoferrate (II) and (I1I) (K3,4[Fe(CN)g]) were
purchased from Merck Chemicals GmbH (Darmstadt,
Germany). Tris-(2-carboxyethyl)phosphinehydrochloride
(TCEP) was purchased from Carl Roth GmbH+Co0.KG
(Karlsruhe, Germany). All reagents were of analytical grade
and used without further purification. All working solutions
were prepared in water purified with a Milli-Q Type-1-
system (EMD Millipore Corporation, Billerica, MA, USA;
18 MQ*cm). For aptamer experiments, the binding buffer
(BB), consisting of 20 mM Tris/base, 140 mM NaCl, 5 mM
KCl, 1 mM CaCl,, 1 mM MgCl, (pH adjusted to 7.4 with
HCI), was autoclaved and sterile-filtered before further usage.
The anthracyclines doxorubicin and daunorubicin (as hy-
drochlorides purchased from Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) were directly dissolved and diluted in
BB. For electrochemical measurements 2 mM of
K34[Fe(CN)g] (equimolar) were added to BB (=FeBB).

Preparation of electrodes

The thiol-modified DRN-aptamer was preconditioned with
TCEP (200 uM/uM thiol) for 20 min at room temperature
to reduce disulfides and then heated to 95 °C for 5 min in
BB to enable proper folding and immediately chilled on ice
for 5 min. The gold electrodes and gold covered quartz crys-
tals were exposed to UV light for 5 min and subsequently
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Fig. 1 (a) Flow-through mea-
surement chamber with three
electrode-system; (b) immobili-
zation and measurement principle
— upon binding of doxorubicin to
the immobilized aptamer, the im-
pedance increases due to the hin-
drance of electron transfer be-
tween electrode, and ferri-/ferro-
cyanide [Fe(CN)g>"*
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incubated in hot alkaline piranha solution (5:1:1
water:NH3:H,O,; CAUTION: this acidic mixture reacts vio-
lently with any organic materials and must be handled with
care!) for 5 min in an ultrasonic bath. After rigorous rinsing
with ultrapure water, the electrodes were dried in nitrogen,
immediately covered by 0.5 uM thiol-modified DRN-aptamer
and 1.5 uM MCH in BB and incubated at room temperature
overnight. Next day the surface was washed extensively with
BB and blocked with 1 mM MCH for 30 min to fill the gaps
occurring during the arrangement to an ordered monolayer,
followed by another wash with BB. The modified electrodes
were stored in BB until usage.

QCM measurements

To check the immobilization of the aptamer, a quartz crystal
microbalance (QCM, Q-Sense Analyzer E4; Biolin Scientific
Holding AB, Stockholm, Sweden) was used. The gold cov-
ered quartz crystal chips (QSX301, resonance frequency
4.95 MHz + 50 kHz, Biolin Scientific) were cleaned as de-
scribed above and then inserted into the flow module

QFM401. For measurements, a baseline in BB was achieved,
and then the chamber was filled with a solution of 0.5 uM
DRN-aptamer and 1.5 uM MCH in BB and incubated over-
night while the frequency change was continuously measured.
A constant temperature of 21 °C was ensured. Next day the
crystal was blocked with 1 mM MCH for 30 min and washed
with BB. The relative frequency change — difference of fre-
quency change measured in BB before and after incubation
with aptamer — was used to determine the mass change by the
Sauerbrey equation [26]. In that way, most of the influences of
viscosity and density of the fluids were compensated.

EIS measurements

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using the SP-300 potentiostat/
galvanostat with impedance analyzer (Bio-Logic Science
Instruments SAS, Claix, France). A flow-through chamber
(Fig. la) made of polyether-ether-ketone (PEEK) was de-
signed and manufactured. Flow-through was realized by a
peristaltic pump and a Teflon tube of 0.5 mm inner diameter.
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The fluid chamber with a volume of 100 puL. was covered with
glass. It consists of a three-electrode system with a working
electrode cut from gold-coated test slides [TA134-(Ti/Au);
EMF Corporation, Ithaca, NY, USA], a Pt-black wire as coun-
ter electrode, and Ag/AgCl reference electrode (E255 B,
Science Products GmbH, Hotheim, Germany). The electro-
chemical active area (A,.,.) of the working electrode was de-
termined by cyclic voltammetry in 0.5 M H,SO,4 with 100
mV/s from 0 to 1.5 V. By integration of the reduction peak
at ~750 mV, the required charge for reduction of a gold oxide
monolayer is obtained (= 0.26 1C). Divided by the theoretical
value, 482 uC/em? [27], results in A, = 0.54 + 0.02 cm?. The
geometric surface area, Ag,,, was 0.246 cm” and thus, the
roughness factor R = A,,,/Ag., was 2.2. The flow-through
chamber and the solutions were kept in a temperature cabinet
at 21 °C while the pump and impedance analyzer are posi-
tioned on the outside.

EIS measurements were performed with the aptamer-
modified gold electrode mounted in the flow-through measure-
ment chamber (Fig. 1a). Different concentrations of doxorubicin
(4 to 1000 nM), 6 mL of each, were pumped with 50 uL/s
through the chamber and incubated for 5 min while flow-
through was stopped. Then 6 mL FeBB was pumped with 50
pL/s through the system. Finally, the impedance was measured
from 1 Hz to 200 kHz with 7 logarithmic spaced frequencies per
decade. The sinusoidal alternating voltage with an amplitude of
10 mV was applied at the equilibrium potential of ferri-/ferrocy-
anide (Eeq = ~140 mV). Fitting was performed with the simplex
algorithm implemented in EC-Lab® software (v11.00, Bio-
Logic Science Instruments SAS, Claix, France). The same pro-
cedure was applied to negative controls, chloramphenicol and
tetracycline, of which 500 nM were used.

Results
Aptamer immobilization

The immobilization of the aptamer was performed as described
in above. To increase the aptamer density, we adapted the co-
immobilization procedure from Keighley et al. [28]. According
to them, mercaptohexanol (MCH) avoids sticking of aptamers to
the electrode surface. Standing upright, the aptamers occupy less
space and thus enable higher densities. Quartz crystal microbal-
ance (QCM) measurements were used to investigate and quantify
the immobilization of the aptamer. Figure 2 shows the mass
change upon immobilization of the DRN-aptamer in comparison
to a mercaptohexanol (MCH) monolayer.

In the co-immobilization of the DRN-aptamer with MCH,
a mass change of 500 ng/cm” was detected (Fig. 2). In com-
parison, a significantly lower mass change of 90 ng/cm2 was
observed after immobilization of a MCH monolayer.
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Fig.2 QCM measurement: mass change Am versus time of gold covered
quartz crystals incubated with DRN aptamer (black solid line) or
mercaptohexanol (MCH; red dashed line) measured in BB and water

To quantify the mass change of aptamer immobilization,
the mass change for a MCH monolayer was subtracted from
the detected mass change of DRN-aptamer-modified elec-
trodes. The average mass increase of immobilized aptamers
was 408 + 76 ng/cm’. This correlates to 1.3-10'% + 2.4-10'2
molecules/cm?.

Furthermore, the change in impedance during the immobi-
lization of the DRN-aptamer was investigated by means of
electrochemical impedance spectroscopy (EIS). Figure 3
shows the impedance spectrum of a DRN-aptamer-modified
gold electrode (red plus). For comparison, the impedance
spectra of a bare (black cross) and a MCH-coated gold elec-
trode (blue triangles) are shown.

To extract the relevant parameters (Table 1), the imped-
ance spectra were fitted to the modified Randles circuit
(Fig. 3), where R, is the solution resistance, CPE is the
constant phase element for the double layer at the elec-
trode surface, R., is the charge-transfer resistance due to
the interaction of ferri-/ferrocyanide with the electrode,
and W is the Warburg impedance representing the diffu-
sion of all ions to the electrode surface.

The solution resistance R, was independent of the coat-
ing type since this remained at a constant value of approx-
imately 29.6 = 0.4 Q*cm?. However, the electron transfer
resistance R, changed depending on the coating. A bare
gold electrode exhibited the lowest R, value of 70 + 17
Q*cm?, whereas a gold electrode coated with a MCH
monolayer had the highest R., value of 306 + 52
Q*cm?®. This was due to the fact that alkanethiols on a
gold surface build a uniform self-assembly monolayer that
constrains the electron transfer between the solution and
the electrode. The R.; of the gold electrode coated with a
mixture of MCH and DRN aptamer was 199 + 76 Q*cmz,
which lies in between the bare and the MCH-coated gold
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Fig. 3 Nyquist plot of a blank 200+

(black cross) electrode, a DRN- CPE
aptamer-modified electrode (red

plus), and MCH-modified elec- Zw
trode (blue triangles) measured in 150 - Rat

FeBB — the colored solid lines
represent the fits to the equivalent
circuit
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electrode. Owing to the aptamers, the alkanthiol monolay-
er contains "imperfections”, thus, the electron transfer is
higher than for the MCH monolayer. We successfully de-
tected the immobilization of the DRN-aptamers on gold
electrodes.

Detection of doxorubicin by impedance spectroscopy

The gold electrodes modified with aptamer were mounted in
the impedance flow-through chamber and exposed to different
concentrations of doxorubicin (4-1000 nM). Every doxorubi-
cin concentration was measured on three different electrodes
to determine reproducibility.

Figure 4a shows the Nyquist plot of a DRN-aptamer mod-
ified electrode and the same after exposure to 8, 62, and 125
nM doxorubicin. After incubation with doxorubicin, the im-
pedance increased proportional to the rising concentration of
doxorubicin. To extract the charge-transfer resistance R, the
impedance spectra were fitted to the modified Randles circuit.
In Fig. 4b, the change of R, values [=R_,(sample)-
R (baseline)] is plotted versus the doxorubicin concentration.
The curve was fitted to the Hill Eq. 1:

ch

ARy=—S
"KL 4

(1)

Hill equation :

where / is the Hill coefficient, ¢ denotes ligand concentra-
tion, and K, is a dissociation constant.

The binding curve was a nonlinear sigmoidal function and
starts at AR, = 6 Q*cm? attributable to the unspecific signal
of the binding buffer. An apparent K, value of 64.4 £ 3.5 nM
and an /1 of 3.4 = 1.0 were obtained. The limit of detection
(LoD) is defined as the lowest target concentration at which
signal is higher than 3*¢. Using the approximated Hill equa-
tion, a LoD of 28.3 nM was determined.

T T T
200 300 400
Z" | Q*cm?

Investigation of selectivity

In the development of biosensors, nonspecific binding is a
known problem. Therefore, we investigated the binding of
doxorubicin to different modified surfaces. Every experiment
was measured on three different electrodes. The unspecific
signals were lower than the specific signals (Fig. 5a).
Furthermore, we investigated binding of structurally and func-
tionally similar drugs, such as chloramphenicol and tetracy-
cline to DRN-aptamer-modified gold electrodes (Fig. 5b). The
aptamer showed no cross-reactivity to these molecules.

Discussion

Aptamers have already been selected against a wide variety of
targets and used as biomimetic receptors in aptasensors. The
targets can range from small molecules to large proteins [30].
So far, especially the detection of large proteins, e.g., thrombin
[31-33] and immunoglobulin [34, 35] were investigated.
Thus, aptamers against protein targets have been described
comprehensively, but the range of small molecules still has
great potential.

The detection of small target molecules can be difficult
since molecular weight and interaction sites are low and there-
fore many detection methods are not applicable. Doxorubicin
and daunorubicin are also among the small molecules, the
detection of which are important for diagnostic and
environmental-analytical applications.

In this work, an impedimetric aptasensor against doxorubi-
cin was characterized. For this purpose, a microfluidic mea-
suring system with a three-electrode arrangement was first
developed. The quartz crystal microbalance allowed the estab-
lishment of the co-immobilization of the DRN-aptamer with
mercaptohexanol on a gold surface. This immobilization
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Table 1 Fit parameters of different modified electrodes; R, = solution resistance, C,;= effective capacitance (calculated by [29]), R., = charge-transfer
resistance and W = Warburg impedance (from three different electrodes)

Bare 0.5 pM DRN-aptamer + 1.5 pM MCH 1 mM MCH
Rg / Q*em? 30.1+0.2 29.4+0.9 293+0.2
R/ Q¥em? 70.4 £ 16.9 198.8 +76.1 305.7+52.4
W/ Q#5714 em™ 2958 £27.8 490 £ 75.1 505.9 + 45.6
Ceor/ pF¥em™ 177413 48+09 34409

strategy has already been described and successfully applied
[28]. An average mass change of 408 ng/cm” + 76 ng/cm’
corresponding to the number of the immobilized DRN-
aptamer of 1.3%10"® + 2.4%10'? aptamer molecules/cm? was
detected. The immobilization of the thiol-modified DRN-
aptamer on gold via mercaptide bonds was successfully car-
ried out and demonstrated. For measuring the stability of the
system, the impedance behavior of modified gold electrodes
was investigated over a period of 60 h. The change of the
charge-transfer resistance with time was 6 £ 3 Q¥*cm”h .

Fig.4 (a)NyquistplotofaDRN- @&

This change is not significant due to the short measurement
time of 10 min.

By means of electrochemical impedance spectroscopy, the
detection of the aptamer-target binding took place over a
broad concentration range from 4 up to 1000 nM. Already
from a concentration of 125 nM, the aptamer-doxorubicin-
binding reached its saturation. The concentration range used
was based on the results obtained by Wochner et al. (2008) by
means of surface plasmon resonance spectroscopy (SPR) of
the specific 80 nucleotide-long aptamer 10.10 and its two
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doxorubicin (green triangles)
measured in FeBB — the fits to the
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Fig. 5 Illustration of the a 40
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electrodes modified with a DNA-
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truncated versions 10.10v and 10.10q, selected for detection
of daunorubicin (see Table 2). In comparison to the full-length
aptamer 10.10, the truncated 41 nucleotide-long version
10.10v has shown an about 10-fold weaker affinity to dauno-
rubicin, whereas the truncated 23 nucleotide-long version
10.10q lost its affinity completely to daunorubicin [25]. The
truncated 60 nucleotide-long version of the aptamer 10.10,
used in this study, has shown a similar affinity to daunorubicin
and doxorubicin as the specific daunorubicin aptamer 10.10 in
later investigations (data not published yet). These results sug-
gest that an optimization of the specific daunorubicin aptamer
10.10 by intensive truncation and mutation, for instance by a
so-called Doped-SELEX [36] against both doxorubicin and

daunorubicin, could improve effectively the affinity and spec-
ificity of this aptamer and thus increase the sensitivity of the
developed aptasensor in this study against both anthracycline
derivates.

The signal change increased with increasing doxorubicin
concentration; thus the concentration-dependent aptamer-tar-
get binding was successfully detected by the means of imped-
ance spectroscopy. Similar results were obtained for daunoru-
bicin (data not shown). The anthracyclines also have the abil-
ity to intercalate in dsSDNA at 5 uM [37] and ssDNA at 44 uM
[37, 38]. This fact was not attributable to the specific binding
to the DRN-aptamer, since the determined K, of 64 nM and
the signal for the DNA-pool were significantly lower.
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Table 2  Apparent affinities K, determined from DRN-aptamers with different nucleotide length [25]

Aptamer Reference Nucleotids Sequence Kp/nM Principle

10.10q [25] 23 AGGGGTAAGGGGTGGGGGTGGGT - Aptamer binds to immobilized

daunorubicin

10.10v [25] 41 ACC 272 Aptamer binds to immobilized
ATCTGTGTA daunorubicin
AGGGGTAAGGGGTGGGGGTGGGT
ACGTCT

DRN This work 60 GGGAATTCGAGCTCGGTACC 64 Doxorubicin binds to the immobilized
ATCTGTGTA aptamer
AGGGGTAAGGGGTGGGGGTGGGT
ACGTCTAG

10.10 [25] 80 GGGAATTCGAGCTCGGTACC 20 Aptamer binds to immobilized
ATCTGTGTA daunorubicin
AGGGGTAAGGGGTGGGGGTGGGT
ACGTCTAG
CTGCAGGCATGCAAGCTTGG

The determined Hill coefficient # of 3.4 + 1.0 indicates
positive cooperativity, meaning that more than one interaction
binding site is available [39]. However, the Hill coefficient
does not give information on the total number of binding sites.
No previous analysis of avidity effects for the daunorubicin-
binding aptamers was performed. Thus, no comparison is pos-
sible. But positive cooperativity can also be found in other
aptasensors [40—42].

The determined LoD of our developed aptasensor for
doxorubicin is with 28.3 nM above previously reached detec-
tion limits of electrochemical aptasensors for the detection of
small molecules, as, ¢.g., adenosine triphosphate with 5.6 nM
[43], ethanolamine with 80 pM [44], and aflatoxin M1 with
3.5 pM [45]. 1t is lower than the LoD for doxorubicin previ-
ously reported by Erdem et al. (128 nM) [15]. Still, it is not
sensitive enough to detect the concentrations of doxorubicin
in clinical waste water (0.48 to 2.48 nM) [4]. Thus, optimiza-
tion is necessary. Besides the methods mentioned above, the
sensitivity of the aptasensor could be improved by the use of a
combination of different aptamers for doxorubicin or the op-
timization of the spacer. Using these strategies, Lao et al. im-
proved the detection of thrombin from nanomolar to
picomolar [46].

The advantages of the developed electrochemical
microfluidic aptasensor are low cost sensor surfaces, automa-
tion of the measurement procedure, and rapid results, which
are obtained within 10 min.

In addition, the cross-reactivity of the DRN-aptamer and
the nonspecific binding of doxorubicin on the sensor surface
were investigated. The nonspecific signals of doxorubicin to
gold (AR., = 2.4 Q*cm?), mercaptohexanol (AR, = 3.4
Q*cm?), and DNA-pool (AR.;,=5.9 Q*cm?) were significant-
ly below the specific signals of doxorubicin to the DRN-
aptamer (AR, = 34.6 Q*cm?). The DRN-aptamer did not
interfere with the structurally similar substances
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chloramphenicol and tetracycline. A similar result was
achieved by Wochner et al. [25] and SPR. The low nonspecific
signals could be based on the random error of the system.
Repeated measurements of an aptamer-modified electrode in
FeBB resulted in a standard variation o of 4.88 Q*cm?. The
electrochemical impedance is strongly temperature-depen-
dent. The used temperature cabinet might not avoid tempera-
ture gradients within the chamber. By using temperature mea-
surement directly in the flow through chamber, the error could
be reduced.

Further studies are necessary to check the applicability
of the biosensor. For analysis of real samples, such as
drinking water, attention should be paid to the ion concen-
tration. According to Wochner, besides the nature of the
cations, mainly the ionic strength influences the binding
of the aptamer to its target [47]. Necessary ions may be
added to the sample.

The 60-nucleotide-long daunorubicin aptamer used, as
already mentioned, had the following sequence: HS - Cg -
5'-GGG AAT TCG AGC TCG GTA CCATCT GTG TAA
GGG GTA AGG GGT GGG GGT GGG TAC GTC TAG-
3'. The underlined nucleotides determine the guanine-rich
region. Owing to the high number of guanine, the aptamer
is able to form G-quadruplexes. G-quadruplexes are multi-
stranded structures that are formed and stabilized by verti-
cal stacking of guanine tetrads by hydrogen bonds [48].
According to Wochner et al., the aptamer was shortened
to 41 nucleotides, but the K, value increased to 272 nM
compared with a Kp value of 20 nM for the 80-nt-long
DRN aptamer. In the case of shortening to the G-rich re-
gion (23 nucleotides), no significant binding affinity could
be detected at the SPR [25]. However, the information
obtained here is not sufficient to fully understand the
aptamer—target bond. For an accurate structure elucidation
of the aptamer—target complex, further investigations, such
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as, e.g., CD spectroscopy and X-ray crystallography have
to follow. The impedimetric aptasensor developed in this
work provides a rapid, simple, and nondestructive analysis
method for the detection of doxorubicin and daunorubicin.
With this method, the detection of the two anthracyclines
in the mid-nanomolar range was possible. This study also
aims to contribute to the understanding of the detection of
small molecules with aptamers.

Conclusions

The contamination of drinking water and groundwater with
medicinal residues represents a growing environmental prob-
lem, so that the monitoring of water contamination plays a
more important role. For this reason, steps toward an
aptamer-based biosensor for the detection of the anthracycline
doxorubicin were done.

The daunorubicin-aptamer was successfully immobilized
on gold electrodes. Using the co-immobilization method, a
density of 1.3*%10"* + 2.4%10'> DNA molecules/cm® was
achieved.

Detecting the binding of small molecules as doxorubi-
cin (~580 g/mol) to the DRN-aptamer can be difficult due
to low weight, small size, and few interaction sites. By the
use of electrochemical impedance spectroscopy, doxoru-
bicin was successfully detected by the decrease in electron
transfer. Increasing concentrations from 4 to 1000 nM
resulted in an increasing signal. In comparison, 500 nM
of tetracycline and chloramphenicol, structurally similar
molecules, gave signals below the background signal of
the applied binding buffer. This confirmed the high spec-
ificity of the aptamer. From the binding curve a dissocia-
tion constant K of 64 nM and a detection limit LoD of
28.3 nM were determined. The aptamer shows a high
sensitivity towards doxorubicin that proves the applicabil-
ity of the aptamer for biosensor purposes. The reproduc-
ibility was in an acceptable range for the number of rep-
etitions performed, as the standard deviation was 5 Q*cm?
for all measurements. For the detection of doxorubicin in
residual water, our developed sensor will need further
optimization.

In summary, we showed the proof of concept of an
impedimetric aptasensor for the detection of doxorubicin in
the mid-nanomolar range. Owing to the combination of
aptamers and electrochemical impedance spectroscopy, our
developed sensor unites rapid detection and easy automation
of the measurement procedure with low cost and high speci-
ficity. Furthermore, due to the simplicity of the immobilization
and the measurement principle, this concept can be transferred
to other aptamers and used for the detection of multiple
analytes.
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