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Abstract Impedimetric aptamer-based biosensors show high potential for handheld
devices and point-of-care tests. In this review, we report on recent advances in
aptamer-based impedimetric biosensors for applications in biotechnology. We detail
on analytes relevant in medical and environmental biotechnology as well as food
control, for which aptamer-based impedimetric biosensors were developed. The
reviewed biosensors are examined for their performance, including sensitivity,
selectivity, response time, and real sample validation. Additionally, the benefits
and challenges of impedimetric aptasensors are summarized.
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1 Introduction

The main focus of this book chapter is on the review of impedimetric aptasensors
since 2005 for their possible applications in biotechnology, in particular in the fields
of health care, food inspection, and environmental protection (Sects. 2—4) with
emphasis on target type, limit of detection, and real sample testing. Their perfor-
mance will be compared to other biosensors to discuss, which benefits they offer and
which challenges still have to be taken for their introduction into market (Sect. 5).
Although several academic databases and search engines were sifted, some articles
might have been overlooked.

2 Impedimetric Aptasensors for Health Care Applications
(Red Biotechnology)

Red biotechnology aims to advance the application of biotechnological tools to
benefit (bio)medical purposes. Besides developing and providing drugs, a major
purpose of red biotechnology addresses the field of medical diagnostics. Instrumen-
tal diagnostic procedures are necessary in order to derive reliable diagnoses and
thereby specific therapy decisions. With regard to red biotechnology, the analysis of
usually complex samples (e.g. whole blood) often requires multiple processing steps
in standard laboratories which demand time, highly trained personnel, and money.
An ideal sensor offers cost-efficient, selective, and rapid measurements of
non-processed as well as low-volume samples. Point-of-care tests point toward
such specifications and enable rapid detection of analytes on-site, which can be
crucial depending on the specific disease as well as the medical supply available to
the patient. Readouts of point-of-care tests by smartphone applications might be the
highlight of the development of simplified analysis and exchange of information
with even distant professionals. The crucial question is if impedimetric aptasensors
match these requirements.

Impedimetric aptasensors combine the advantages of aptamers with the advan-
tages of EIS (electrochemical impedance spectroscopy). EIS-based sensors are
promising with regard to simplified diagnostics due to rapid and label-free applica-
tion without complex sample preparation. Based on the sensitivity of impedance
changes at the interface of electrode and electrolyte, even the detection of analytes in
the pM range is feasible. The selectivity of the sensor is ensured by aptamers which
are short, stable and cost-efficient molecules [1-3].

This paragraph reviews recent publications in the field of aptamer-based
impedimetric biosensors targeting medically relevant analytes, grouped by their
application in the diagnosis of diseases, cancer detection, and other use cases. This
review shows the potential of impedimetric aptasensors for detection and analysis of
a variety of targets (e.g. proteins, cells, small molecules) from even complex origin
(e.g. serum, plasma, urine).
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2.1 Diagnosis of Diseases

The body’s health status can be portrayed by the quantitative determination of
different biomarkers which include hormones or infection-related components.
Depending on the application, the diagnostic tool can facilitate a rapid alert system
by the determination of general biomarkers such as the inflammatory marker CRP
(C-reactive protein) or specific biomarkers for a virus type during the early stage of
disease progression (see Fig. 1). Thereby, such sensitive and rapid diagnostic tools
may support initial clinical examination as well as long-term monitoring of a
condition, with regard to progression, recession, or recurrence.

C-reactive protein (CRP) is an unspecific biomarker that detects the risk for
cardiac disease or inflammation at an early stage. Thereby, concentrations below
8 nM CRP in blood point to a low risk while concentrations above 25 nM CRP
indicate a high risk [5].

So far, only non-faradaic impedimetric aptasensors have been developed for the
detection of CRP but have not yet been applied in a clinically relevant matrix (serum,
blood, plasma, urine, saliva). An overview of affinity-based detection methods is
presented in Table 1. Qureshi et al. presented an RNA-aptamer-based sensor with
gold-interdigitated capacitor arrays for the purpose of surface maximization [6]. A
linear range of 4-20 pM was achieved. In the process of sensor optimization, the
authors showed the influence of AC frequency on the aptamer-CRP-complex
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Fig. 1 The progression of a disease. A rapid increase of severity after appearance of symptoms
requires more sensitive diagnostic tools facilitating detection on the very beginning of biomarker
genesis. (Adapted from [4]; copyright John Wiley & Sons, Inc.)
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Table 1 Biosensors for CRP determination using different methods

Method | Biorecognition element Sample LoD Linear range Reference
EIS Aptamer Buffer 4 pM 4-20 pM [6]

EIS Aptamer Buffer 1 pM 10'-10* pM [71

SPR Antibody Serum 0.36 nM | 0.24-2,800 nM | [8]

EIS Antibody Serum 176 pM | 0.5-50 nM [9]

EIS Antibody Serum 176 pM | 0.5-70 nM [10]

SPR Aptamer-antibody- Diluted 10 pM 10 pM to [11]

Sandwich serum 100 nM
LMR Aptamer Buffer 2.5 nM 2.5-40 nM [12]

SPR surface plasmon resonance, EIS electrochemical impedance spectroscopy, LMR lossy mode
resonance

formation. Depending on the AC frequency, the dissociation constant changed in a
non-linear manner. Hence, the impact of an electric field on binding events of
aptamer and target should be considered during the experiments. In 2018,
Piccoli et al. presented another aptasensor based on capacity measurements with a
linear range of 10-10* pM and no interference with HSA [7].

Lysozyme, also called the body’s own antibiotic, plays a key role in the innate
human immune system [13]. It protects the organism from infections by gram-
positive bacteria by hydrolyzing the murein in the cell walls. Muramidase lysozymes
are especially present in secretions such as tears or saliva.

Lysozymes can serve as medical biomarkers with regard to several infections
such as AIDS (acquired immune deficiency syndrome), malaria, and bacterial
meningitis as well as autoimmune Alzheimer’s disease or rheumatoid arthritis
[13]. Lysozyme concentration in the saliva and serum of healthy patients ranges
from 32 to 207 nM, while an increase points to different disorders. Herein, the
potential of impedimetric aptasensors for lysozyme quantification will be discussed
and compared to other biosensors (see Table 2).

Similar strategies have been published by Peng et al. and Xia et al. enabling
lysozyme detection [14, 15]. The aptamer is hybridized on an immobilized, com-
plementary strand. By addition of 100 pl sample containing lysozyme, the aptamer is
released (target induced dissociation). The regeneration requires rehybridization of
an aptamer sequence after formamide treatment. Mentionable features of the

Table 2 Biosensors for lysozyme determination using different methods

Method | Biorecognition element | Sample LoD Linear range Reference
EIS Aptamer Buffer 0.2 nM 0.2-100 nM [14]
EIS Aptamer Buffer 0.07nM | 0.2-4 nM [15]
EIS Aptamer Buffer 1.04 pM | 3.5-70 pM [16]
EIS Aptamer Buffer 10 tM 0.1-500 pM [17]
EIS Aptamer Buffer 6.3 nM 6.3-70 nM [18]
ECL Aptamer Spiked serum | 0.4 fM 3.5fM to 350 pM | [19]

EIS electrochemical impedance spectroscopy, ECL electrogenerated chemiluminescence
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approach by Peng et al. are a bulge of the cDNA during hybridization which
increases the charge-transfer resistance as well as a covalently attached ferrocene.
Their design results in a linear range of 0.2—100 nM in a buffer system, while Xia
et al. enabled a linear range of 0.2—4 nM and a limit of detection (LoD) of 70 pM
[14, 15]. Additionally, Xia et al. have shown the impact of incubation time. Maximal
charge-transfer resistance was achieved after 80 min of incubation [15].

In order to achieve improved fabrication of the functionalized electrode with
regard to higher reproducibility and automation, Khan et al. deposited carbon-
nanotube-aptamer complex by inkjet printing (see Fig. 2). The anionic character of
DNA results in a high charge-transfer resistance and a binding event decreases this
resistance. A detection limit of 6.3 nM could be measured [18]. Hence, the approach
is a seldom example of lowered impedance due to a binding event. By immobilizing
the aptamer on gold nanoparticles deposited on a gold electrode, a linear range of
0.1-500 pM and a LoD of 10 fM has been achieved [17].
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Fig. 2 Instead of a direct immobilization of the aptamer, a carbon-nanotube-aptamer-complex
(CNT-Aptamer) is inkjet-printed on the working electrode. The complex is based on the high
affinity between single-stranded DNA and carbon nanotubes. The anionic character of DNA results
in a high charge-transfer resistance and binding of the positively charged analyte decreases this
resistance. (Adapted from [18] under the CC BY license (http://creativecommons.org/licenses/by/
4.0/), licensed under CC BY by SciGraphics)
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In conclusion, several groups have reported aptamer-based impedimetric bio-
sensors for lysozyme detection at picomolar concentrations (see Table 1). By using
electrochemical chemiluminescence and aptamers as recognition element Dong et al.
showed an astonishing detection limit of 0.4 fM in spiked serum [19]. Due to the
high sensitivity of EIS aptasensors presented by Chen et al. and Zhang et al. which is
magnitudes lower than the physiological concentrations, sample dilution in an
appropriate buffer might be a promising strategy. Nonetheless, a proof of concept
in a diluted clinical sample still needs to be provided.

Thrombin, as coagulation agent in human blood, plays a central role in
human physiology. Usually, thrombin levels are low and additionally inhibited by
anti-thrombin agents in order to prevent non-functional blood clogging (thrombo-
sis). Moreover, thrombin is involved in different neurodegenerative diseases such as
Alzheimer’s disease or Parkinson [20].

To increase sensitivity, signal amplification is a possible strategy. For instance, a
strategy presented by Deng et al. utilized the two binding sites of thrombin and
consists of a multiple step detection enhancement [21]. First, thrombin is captured by
immobilized aptamers on a gold surface. Second, gold nanoparticles coupled with
aptamers build a sandwich with captured thrombin. Third, the gold nanoparticles
serve as seed for further nanoparticle growth and thus increased steric hindrance
(reduction of HAuCly). Fourth, SDS (sodium dodecyl sulfate) builds a self-
assembled monolayer on the gold nanoparticles. Their negative charge further
enhances the charge-transfer resistance resulting in a linear range from 50 pM up
to 35 nM (LoD 100 fM) and showing fair recoveries in spiked serum.

Lu et al. developed a design suitable for EIS as well as ECL determination with
the same aptamer sequence as Deng et al. The aptamer is immobilized on a gold
electrode while a complementary strand coupled to a Quantum Dot is supposed to be
released in the presence of thrombin (target induced dissociation). Thus, the imped-
ance increases while the ECL signal decreases. The limit of detection of both
measurement strategies is 2.7 aM. Both measurement methods result in wide linear
ranges from 2.7 aM up to 2.7 pM for EIS and 2.7 aM up to 27 nM for ECL
[22]. Although there is no investigation in serum, it might work since the same
sequence was applied by Deng et al. for biosensor experiments in human serum.

An aptasensor based on another sequence was reported by Heydari-Bafrooei et al.
in 2016 [23]. Based on a nanocomposite consisting of TiO,, MWCNT (multiwalled
carbon nanotube), chitosan, and a Schiff base applied on a glassy carbon electrode, a
LoD of 1 fM was achieved due to increased surface (linear range from 50 fM up to
10 nM). The aptamer is immobilized by simple n-n stacking. Compared to an ELISA
kit on healthy serum and serum of patients with different diseases (e.g. Parkinson,
Epilepsy), similar results were obtained showing the applicability of the design even
in complex matrices.

Interleukins, member of the cytokines, are peptide hormones that regulate
immune cells. The analysis of different interleukin levels in human blood allows
inferences of cell state and cell-to-cell communications.

For instance, interleukin 17A (IL17A) is a biomarker for different autoimmune
diseases like arthritis or multiple sclerosis [1]. The synthesis of ILI17A strictly
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correlates to the synthesis of its corresponding receptor interleukin 17RA [24] and
therefore is a promising target. Jo et al. presented a simple impedimetric aptasensor
which is based on the coupling of thiol-modified aptamers on the gold electrode with
deposited gold nanoparticles that are supposed to increase the surface for enhanced
sensitivity. The approach enabled selective target recognition with regard to other
interleukin proteins and a linear range of approx. 10-40 fM [1].

The pro-inflammatory Interleukin 6 is thought to play a role in the occurrence of
major depression as it influences the neurotransmitter metabolism and neural plas-
ticity [25]. Tertis et al. applied a screen-printed carbon electrode with a film of
polypyrrole and gold nanoparticles. A detection limit of 14 fM and a linear range
from 42 fM to 633 nM cover the essential range [25].

Troponin I gained due to its high specificity for heart damages high relevance as a
biomarker for early detection of, e.g., acute myocardial infarction. Antibody-based
tests, usually ELISA and radioimmunoassay, generally lack thermal stability, require
a complex sample preparation, and are cost-inefficient, albeit being sufficiently
specific and sensitive [26]. Troponin I concentrations below 24.9 pM represent
normal level while high concentrations above 70 pM are indicative for cardiac tissue
damage [27].

In 2015, Jo et al. presented an electrochemical aptasensor that is able to quantify
Troponin I with a linear range of 2 nM to 2 pM in human serum [26]. Wang et al.
introduced a 13-mer peptide aptamer, immobilizing Troponin I on deposited gold
nanoparticles by using the thiol-functionality of the terminal cysteine [28]. This
approach achieved a linear range of 0.7-700 pM. Troponin I detection from clinical
samples showed fair recoveries of 91-105%.

Higher sensitivity was achieved by Akter et al. in 2017 by an antibody-based EIS
sensor [29]. Dendrimers between the electrode and the aptamer enhanced the
performance resulting in even lower detection limits of 11.7 fM and a linear range
of 46 fM to 46 nM. The lowest concentration measured in spiked serum was 460 fM.

Malaria results from an infection caused by parasites belonging to the Plasmo-
dium family. P. falciparum and P. vivax are the main species which are transferred
by the Anopheles mosquito. In 2016, 216 million individuals were affected by
malaria and 445,000 died from it (see WHO malaria report 2017). Recommended
by the WHO as state-of-the-art blood diagnostics are microscopy and rapid diag-
nostic testing (RDTs) [30]. However, both methods show significant disadvantages:
While microscopy requires time and well-trained experts, RDTs based on antibodies
against Plasmodium lactate dehydrogenase (LDH) show limitations with regard to
costs, sensitivity at low concentrations, specificity, and thermal stability [31]. None-
theless, since Plasmodium LDH is expressed in the sexual as well as the asexual
stage of the parasite, it is a reliable target for affinity-based sensors.

Lee et al. and Figueroa-Miranda et al. presented impedimetric aptasensors for
Plasmodium LDH determination from patient’s blood and diluted human serum
[31, 32]. In this way, they were able to distinguish between infected and uninfected
blood. A simple design based on co-immobilization of 6-mercapto-1-hexanol and
thiolated aptamer on a gold electrode resulted in a linear detection range of 1-1,000
pM [31]. Figueroa-Miranda et al. reported a linear range of 1 pM to 10 nM of the
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Plasmodium LDH covering the necessary range from 13 to 206 pM. Depending on
the pH, the required linear range can be adjusted. Moreover, the regeneration of the
sensor was demonstrated [32].

For influenza virus HINI, Kiilerich-Pedersen et al. presented an impedimetric
aptasensor that is potentially applicable as a point-of-care test [33]. Standard
methods include RT-PCR, antigen staining, and virus cultivation. Especially virus
cultivation requires several days and is therefore not suitable for rapid testing.
However, by way of example, an influenza virus that is responsible for a potentially
pandemic flu, as arisen in 2009, needs to be determined in a rapid and reliable
manner. In a buffer system, a linear range of 10'=10° Plaque-forming units (PFU)
per ml was achieved. Briefly, a suitable DNA-aptamer was immobilized on a
conductive polymer in a microchannel. A saliva sample spiked with 10° PFU/ml
(100-fold lower than in real samples) caused a signal within 15 min, which was not
induced by a HINT1 virus-free saliva sample.

Cyclic adenosine monophosphate (cAMP) is a secondary messenger with various
functions in different physiological contexts [34]. cAMP levels are usually low and
stable, while an increase in urine or plasma points to different diseases. The detection
of cAMP is an example of detecting relatively small molecules by means of
impedance increase. Zhao and coworkers applied a RNA aptamer in a simple
approach that uses gold electrodes [35]. These gold electrodes were enhanced by
gold nanoparticles that allowed for the detection of cAMP in buffer and spiked
diluted serum. In spiked serum, a linear range of 50 nM to 1 pM was achieved. Three
orders of magnitude lower, in a linear range of 50-250 pM, were detectable in a
buffer system. Selectivity was proven, as the sensor was not triggered by ATP,
AMP, or c-diGMP.

For the detection of adenosine, Wang et al. used a methodically similar design
[36]. The study demonstrates the influence of backfiller such as DTT and MCH
which are added to functionalized aptamer solutions (see Fig. 3). Depending on the
backfiller composition, linear ranges of 0.1-61 nM for pure MCH backfilling (LoD
0.03 nM), 0.5-27 pM for pure DTT backfilling (LoD 0.2 pM), and 0.05-17 pM for a
mixture of DTT and MCH (LoD 0.02 pM) were achieved. For testing clinical
suitability, diluted clinical samples were analyzed, resulting in recoveries of
95-101% (lowest sample concentration 0.066 pM).

2.2 Cancer Detection

The uncontrolled proliferation of the body’s owns cells and the inhibition of natural
cell death (apoptosis) as present in cancer require early diagnosis in order to prevent
the formation of metastases. Since aptamer sequences with a high and specific
affinity to different tumor-related markers and cancer cells have been selected lately,
the development of impedimetric aptasensors for the detection of low level tumor
markers at an early point is pursued [37, 38]. Beside the benefits of specific
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Fig. 3 Gold electrodes are often functionalized by well-known gold sulfur chemistry. In order to
achieve a self-assembled monolayer (SAM) and to reduce non-specific binding, the application of
short backfillers is a common strategy besides co-immobilization or post-functionalization of SAM.
The impact of backfiller composition should be taken into account. (Adapted from [36], with
permission from Elsevier)

diagnostics, this chapter deals with the potential of impedimetric aptasensors for
aptamer-based cancer treatment by oncolytic virus.

2.2.1 Cancer Cells

The state-of-the-art diagnostics of cancer types that are based on imaging methods
are limited since they mainly analyze morphology. However, morphology-based
classification does not allow for early-stage-diagnosis as morphologic changes do
not occur right away. As an alternative, impedimetric aptasensors are an opportunity
of rapid and label-free detection of cancer cells themselves. For instance, CT26
(colorectal cancer) were detected by an impedimetric aptasensor as a rapid and label-
free approach [39]. The proposed sensor enabled LoD of 2 cells/ml and a linear range
of 1 x 10°-6 x 10° cells/ml.

Diagnosis of hepatocellular carcinoma (HCC) goes along with poor prognosis for
survival the next 5 years due to the lack of effective treatment strategies. So far, the
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majority of patients are diagnosed at a late stage, because a-fetoprotein, considered
to be the most useful HCC marker in human serum, lacks sensitivity and specificity
as increased concentrations might be due to other liver related diseases [41]. A more
specific and reliable tool for diagnostics might be the direct detection of cancer cells
as published by Kashefi-Kheyrabdi et al., who proposed an impedimetric aptasensor
for quantification of HepG2 cells which are a hepatocellular carcinoma cell line
[38]. A LoD of 2 cells/ml and a linear range of 10?-10° cells/ml were achieved based
on the covalent immobilization of aptamer molecules on a gold electrode.

Since the blood of tumor patients contains low levels of circulating tumor cells
(CTCs), screening of isolated CTCs enables diagnosis at early stage. Shen et al. [40]
presented an approach that focuses on the reuse of the biosensor surface and the
collection of viable cells after detection [40]. The authors used an aptamer that
targets an epithelial adhesion molecule that is specifically overexpressed in breast
cancer cells. The sensor design consisted of an immobilized capture probe comple-
mentary to the aptamer. The hybridized aptamers captured the CTCs and the
impedance is measured. A uracil excision enzyme specifically digested the aptamer,
leaving the DNA capture probe intact for further experiments and the isolated cells
are released for further cultivation (see Fig. 4). With regard to the CTC, a LoD of
10 cells/ml and a high linear range of 30-10° cells/ml were achieved.

2.2.2 Soluble Tumor Marker

The carcinoembryonic antigen (CEA) is an example of a protein tumor marker that is
quantifiable by impedimetric aptasensors. Despite its unspecificity, CEA plays an
important role in diagnostics and monitoring. CEA is expressed on the tumor
membrane and additionally secreted into the blood. Normal concentrations of
CEA in the blood range from 3 to 5 ng/ml; increased CEA levels indicate tumor
progression or recurrence [42, 43].

Different biosensors for CEA detection have recently been published as summa-
rized in Table 3. Shekari et al. developed a selective aptasensor with a linear range of
1 pg/ml to 100 ng/ml [43]. An even lower linear range of 0.1 fg/ml to 1 pg/ml was
achieved by Wang et al. in 2015 by excluding the usual need of covalent immobi-
lization [44]. The required sample volume was 50 pl. The working principle engages
the differences of adsorption from ssDNA and dsDNA on graphene surfaces when
target binding to the single-stranded aptamer induces dsDNA formation. The
lowered charge-transfer resistance results from dsDNA desorption. Since the linear
range falls far below the diagnostic range, the required dilution of serum is not
limiting. In 2017, Guo et al. reported about a design based on silver nanoclusters and
aptamers embedded in zirconium metal-organic clusters [45]. Achieving a linear
range of 10 pg/ml up to 10 ng/ml (LoD: 5 pg/ml) in spiked serum, the approach
potentially enables appropriate diagnostics. Good repeatabilities (n = 5), selectivity,
lifetime (12 days), and possible regeneration (n = 8) were achieved. Just the sample
incubation time of 3 h might be limiting with regard to rapid diagnostics.
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Table 3 Different biosensors for CEA detection

Biorecognition Linear range in

Method | element Sample LoD g/ml Reference

EIS Aptamer Diluted 1 pg/ml 1 pto100n [43]
serum

EIS Aptamer Diluted 0.1 fg/ml [0.1fto1p [44]
serum

EIS Aptamer Spiked serum |5 pg/ml | 0.01-10 n [45]

DPV Aptamer Human serum | 3.4 ng/ 5-40n [46]

ml

ELISA | Antibody Spiked 2 ng/ml  |2-64n [47]

plasma

DPYV differential pulse voltammetry, ELISA enzyme-linked immunosorbent assay, EIS electrochem-
ical impedance spectroscopy

The vascular endothelial growth factor (VEGF) is an important biomarker for
cancer diagnostics as well as for other diseases [48, 49]. Secreted into the blood for
the purpose of angiogenesis, healthy individuals have serum concentrations of
1-177 pg/ml VEGF while individuals with cancer show a serum level of
18-328 pg/ml VEGF due to increased tissue formation [50]. Therefore, highly
sensitive detection methods are required in order to detect the fine differences
between healthy and cancerous VEGF blood concentrations [51].

In 2015, two studies were published presenting impedimetric aptasensors for
VEGEF detection in human serum. Tabrizi et al. reached a linear range of 10-300 pg/
ml and a detection limit of 1 pg/ml by using mesoporous gold nanocomposites on a
screen-printed electrode [49]. For the immobilization, the affinity of gold toward
thiolated aptamer molecules was used. As proof for a potential application, diluted
serum of a patient with lung cancer was tested. The value measured with a standard
ELISA at the local hospital could be recovered to 97% by the developed biosensor.

A more exotic approach was proposed by Qureshi et al. who designed a
non-faradaic aptasensor. Instead of impedance change, this sensor used changes in
capacitance [48]. A linear detection range of 400 pg/ml up to 1 ng/ml VEGF in
spiked serum was obtained for a low volume sample of 5 pl (LoD: 5 pg/ml). The
authors showed the increased capacitance change by a sandwich assay design
compared to a simple aptamer immobilized on a gold surface. The sandwich assay
additionally included an antibody linked to a magnetic bead (see Fig. 5). The
approach is promising with regard to potential parallelization and the need of low
volumes. However, the complexity of the approach might be limiting due to the need
of an additional element such as an eventually expensive antibody. Moreover, the
antibody must not bind the same epitope as the aptamer. The approaches presented
by Tabrizi et al. and Qureshi et al. are close to the medically relevant range.

Compared to other VEGF-biosensors, the presented impedimetric biosensors
stand out due to its high sensitivity even in a complex biological matrix (see
Table 4). Da et al. presented an aptasensor based on photoelectrochemical detection
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Table 4 Different biosensors for VEGF determination

Biorecognition LoD in Linear range in

Method | element Sample pg/ml g/ml Reference

EIS Aptamer Diluted 1 10-300 p [49]
serum

EIS Aptamer-antibody Spiked serum |5 400 pto1n [48]

EIS VEGF receptor 1 Artificial 100 100-700 p [52]
serum

DPV Antibody Human 50 50 pto 100 n [53]
serum

PEC* Aptamer Buffer 1.16 3.86 pto 386 n [54]

EIS electrochemical impedance spectroscopy, DPV differential pulse voltammetry, PEC
photoelectrochemical
#To calculate concentration, VEGF was assumed to form a dimer

with a dynamic range of approx. 4 pg/ml to 386 ng/ml VEGF, but a proof of concept
in serum is missing [54].

2.2.3 Oncolytic Virus

Biosensors are useful not only to detect tumor marker or cancer cells, but also to
monitor cancer treatment or to test new treatment strategies. Therapies based on
oncolytic viruses might be a game changer for modern cancer treatment. With a
special focus on cancer cells, the infection with oncolytic virus causes tumor lysis
and supports the development of tumor-specific immunity. Especially promising is
this treatment strategy’s versatility [55].

However, the immune response might release neutralizing antibodies, shortening
the circulation time of oncolytic virus. As a consequence, due to the immunological
memory, the application of the oncolytic virus at a later time point is then limited.
Impedimetric aptasensors might contribute to overcome this limitation since
aptamers as nucleic acids do not activate an immune response. Therefore, aptamers
protecting the epitopes can be utilized in order to extend circulation time. Labib et al.
proposed an impedimetric aptasensor for testing the degree of protection of an
oncolytic virus by different anti-vesicular stomatitis virus (VSV) aptamers [56]. In
this study, the oncolytic virus VSV was captured by an aptamer immobilized on an
electrode surface. After incubation with polyclonal antibodies, the change of imped-
ance determines the degree of virus protection (compare with Fig. 6). The presented
aptasensor enabled a linear range of 40,000—-110,000 plague forming units (PFU) per
ml and a LoD of 30,000 PFU/ml.
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Table 5 Different biosensors for endotoxin detection

Biorecognition
Method | element Sample LoD Linear range Reference
EIS Aptamer Diluted 7.94 zM*? 0.01 aM to 1 pM [59]
insulin

EIS Aptamer Buffer 5 pg/ml® 0.01-10.24 ng/ml | [58]

EIS Aptamer Buffer 0.01 ng/ml° 0.01-1 ng/ml [60]
LSPR | Polymyxin B Buffer 340 pg/ml* 107°-10 pg/ml [61]

PC- LAL LAL reagent |2.5 x 107 EU/ [2.5 x 107¢— [57]

TIR water ml® 5 x 1072 EU/ml

LSPR localized surface plasmon resonance, EIS electrochemical impedance spectroscopy, PC-TIR
photonic-crystal total-internal-reflection. For endotoxin, the LoD depends not only on the concen-
tration, but also on the pyrogenicity of the endotoxin that is defined by the endotoxin unit (EU),
which varies depending on the source of the endotoxin. Calculations of the endotoxin unit
(EU) were based on information about EU and concentrations specified by the author

41 EU/kg body weight = 100 pM

®5 pg/ml = 2.5 x 107> EU/ml

2 uM = 2 x 10" EU/ml = 4 mg/ml

4Approximately 340 pg/ml = 3 EU/ml

°1 EU/ml = 0.1-0.2 ng/ml

2.3  Other Use Cases

This paragraph gives a short overview about targets which points beyond the classic
diagnostics as a major field of red biotechnology. Since red biotechnology deals with
biotechnology in health care related applications in general, the analytics for diverse
non-protein or non-cell targets such as drugs are required in order to ensure safe
production of pharmaceuticals, drug monitoring, or forensic analytics.

The pyrogenic endotoxin, also called lipopolysaccharide (LPS), causes an
immune response including fever or septic shock. Therefore, the removal of endo-
toxins is of great interest for the drug industry concerning potential contamination of
pharmaceutical products.

Endotoxins originate from the outer membrane of gram-negative bacteria and are
released after cell death and are chemically stable even with regard to sterilization
[57, 58]. Thus, the drug industry needs to meet legal limits with regard to endotoxin
concentration which lies at approximately 20 pM for drug distribution [59].

The most popular endotoxin detection method is the Limulus amebocyte lysate
(LAL) test which utilizes the unique coagulation based on an endotoxin induced
enzyme cascade in the Limulus blood. Chromogenic and turbidimetric assays are
available [57]. The need for more rapid testing and the increased need for pharma-
ceutical contamination detection require more sustainable alternatives than the
horseshoe crab based LAL test.

Several impedimetric aptasensors have been developed for the detection of
endotoxin. As an example, Posha et al. quantified LPS in diluted, spiked urine
with excellent recoveries and a wide linear range from 1 aM to 1 pM, while the
lower limit of the range in a PBS buffer system was even 100-fold lower [59]. The
surface for aptamer immobilization was increased by gold atomic clusters. In Table 5
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biosensors for endotoxin determination are listed, but since EU (endotoxin unit) is a
measurement for pyrogenic activity, comparability of different sensor methods is
restricted. In all conscience of the announced information by the authors, endotoxin
detection limits and ranges are summarized.

Therapeutic drug monitoring (TDM) aims at determining drug concentrations in
blood or blood-related samples. Many drugs can be classified as small organic
molecules. For the field of affinity-based detection in general, antibodies are the
most important strategy. However, the need of immunogenicity usually limits the
application of antibodies for small molecule detection [62]. Additionally, antibodies’
high molecular mass might reduce its feasibility in many sensor designs with regard
to low mass targets. Alternatives such as GC-MS or HPLC require highly trained
personnel [63]. Thus, aptamers are considered as an opportunity for drug monitoring
and testing.

Medication is sought to be improved by TDM for drugs demanding narrow
concentration ranges. Since many drugs are small molecules, the sensors need to
be sufficiently sensitive on a small scale. For instance, Roushani and Shahdost-fard
presented a sensor for the determination of ibuprofen [64], as the long-term medi-
cation risk of ibuprofen with regard to heart attacks is especially striking. Common
approaches for its detection are GC-MS or HPLC reaching a LoD of 1 — 8§ pM
[65, 66]. Roushani and Shahdost-fard reported an ibuprofen detection down to
16 pM with a wide linear range of 50 pM up to 20 uM with high recovery rates in
spiked blood. This approach is based on functionalized Quantum dots on an elec-
trode surface. The Quantum dots are supposed to increase the surface and therefore
the sensitivity for small molecule determination. The authors immobilized a capture
DNA probe on the Quantum dots. The aptamer contains a single-stranded target
binding site, while the rest is hybridized on the capture probe for immobilization
purposes (see Fig. 7). By a conformational change due to complex formation, an
increase of impedance was measured.

2.4 Conclusions

Aptamer-based impedimetric biosensors have been applied to a versatile range of
targets underlying the universal qualification as biotechnological tool while the
numbers of faradaic EIS applications dominate the non-faradaic ones. From cells
to small molecules, the targets of interest generally seem unlimited. Nonetheless,
aptamers for further medically relevant targets are required in order to cover the
variety of biomarker diagnostics. As a possible alternative to standard techniques,
impedimetric aptasensors have been proven to be an easy and rapid diagnostic tool
even without elaborate sample preparation due to the label-free application. In many
reports, low sample volumes of 5-100 pl were sufficient. A range of authors reported
on picomolar detection levels for small molecule and protein targets, while some
even reported (sub-)femtomolar LoD levels. Thereby, the success of aptamers as a
sensitive recognition element might root in high immobilization densities (approx.
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Fig. 7 Ibuprofen (IBP) causes a conformational change of the aptamer resulting in an increase of
impedance. A capture probe is immobilized on Quantum dots in order to immobilize the aptamer by
hybridization. (Adapted from [64], with permission from Elsevier)

10" aptamer molecules per cm?) due to its lower molecular mass compared to
antibodies [62]. However, for some targets (e.g. lysozyme) no measurement in a
medically relevant matrix is reported.

With regard to point-of-care tests, EIS might not be the method of choice since
high-priced potentiostats are required and are not suitable for in-field diagnostics
(malaria or virus detection). Nonetheless, organizations, which are able to cover the
investment costs (e.g., cancer medicine or food industry), might benefit from it by
reducing current costs and time. Thus, the important aspects to be clarified are costs
per unit, proof of standardized mass production, and tests of stability. The common
strategy of self-assembled monolayer formation which requires several hours might
be a limiting factor of fabrication and commercialization.

The increase of charge-transfer resistance by a binding event is the most dominant
design strategy. An advantage by aptasensors is the relatively low molecular weight
of an aptamer compared to an antibody. Therefore, a binding event and the subse-
quent conformational change might have a higher impact on the charge-transfer.

Another aspect of red biotechnology is the monitoring in biopharmaceutical
processes and has not been a topic in literature. To overcome limitations with regard
to manual handling which is needed for sample dilution or continuous monitoring,
the combination of EIS aptasensors with microfluidic tools might be promising.
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3 Impedimetric Aptasensors for Environmental
Application (Gray Biotechnology)

In gray biotechnology, impedimetric aptasensors attracted attention in recent years
due to Guideline 2008/105/EG of the European Parliament and the Council of
16 December 2008. Gray biotechnology covers biotechnological applications in
the environment such as monitoring of drinking water quality and efficiency of
wastewater treatment and is therefore also called environmental biotechnology.
Impedimetric aptasensors were developed for various purposes in environmental
biotechnological applications with the main focus on the detection of pollutants in
water sources such as drug residues, bacteria, toxins, and pesticides.

The sources of pollution are versatile, as drug residues are introduced by medical
treatments while micropollutants are released into the environment through plastic
production. Toxins produced by microorganisms enter the environment during cell
death or through their metabolism and accumulate, for example, in shellfish. With
impedimetric aptasensors due to the in vitro synthesis of aptamers, it is possible to
detect not only proteins, but also toxins, whole cells, and small molecules such as
ethanolamine, which has a molecular weight of 61 g/mol and is released into the
environment by the textile, chemical, and pharmaceutical industries. In 2016, Liang
et al. developed an impedimetric aptasensor for ethanolamine with a detection limit
of 0.08 nM, thus more sensitive than currently used chromatographic methods
(0.4 pM) [67]. This chapter is intended to give an overview of environmental
application of impedimetric biosensors and compares them with classical analytical
methods.

3.1 Drug Residues

As mentioned above, drugs are important for medical treatment, but they have
significant side effects when they are released into the environment or accumulate
in animal products (like milk). The residues of drugs are continuously released into
the environment, especially into the water. They can intervene in the regulatory
mechanism of the organisms present there. They can be detected there unchanged,
since they are often difficult to degrade and mobile. In sewage treatment plants, these
can only be retained to a limited extent. Due to the low concentration, many drug
residues cannot be detected with the previous methods; therefore, numerous
impedimetric aptasensors have been developed for the detection of antibiotics such
as tetracycline and chloramphenicol, chemotherapeutics like doxorubicin and hor-
mones such as 178-estradiol and progesterone (see Table 6). These drugs are used in
cancer therapy, hormone therapy, and animal breeding. With these sensors a faster,
simpler, and more sensitive measurement is possible.
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Table 6 Li;t Ofémgedimetﬁc Drug residue Detection limit (M) Reference
aptasensors for the detection "y, Shenicol 176 x 10° [68]
of drug residues 5
Doxorubicin 2.80 x 10~ [69]
1.28 x 1077 [70]
17B-estradiol 1.00 x 1071 [71]
2.00 x 10712 [72]
Progesterone 3.00 x 107° [73]

3.1.1 Antibiotics

Chloramphenicol is an effective broad-spectrum antibiotic used in the treatment of
infectious diseases. Due to its potential lethal side effects it was defined that
chloramphenicol in any concentration is a health risk. To ensure food safety, the
European Commission set a minimum required performance limit (MRPL) value,
defining the lowest detectable concentration of the analysis method [74]. Currently,
the detection of chloramphenicol is based on gas chromatography, high performance
liquid chromatography, and mass spectrometry, which are very sensitive, but are
expensive, time-consuming, and require highly trained personnel. Pilehvar et al.
developed a simple low-cost aptamer-based impedimetric biosensor with an approx-
imate assay time of 5 h and a detection limit of 1.76 nM (0.6 pg/l), which approaches
the MRPL value of 0.3 pg/kg [68].

3.1.2 Anthracycline

Doxorubicin belongs to the group of anthracycline antibiotics and is used as
chemotherapeutics in cancer therapy. By incomplete degradation in wastewater,
this drug residue reaches our tap water. Due to its cardiotoxicity, it contaminates
nature and threatens humans and the environment. An aptamer-based biosensor for
detection of doxorubicin by electrochemical impedance spectroscopy was developed
by Bahner et al. [69]. The developed sensor was able to reach a detection limit of
28 nM in buffer and thus a lower detection limit as previously reported by Erdem
et al. (128 nM) [70].

3.1.3 Hormones

Hormones can also be detected with aptasensors. The hormone estradiol is one of the
most important active ingredients for contraception and hormone treatment. When
ingested by humans, it can enter the sewage system. Zhu et al. developed a sensitive
impedimetric aptasensor for the detection of 17B-estradiol with a detection limit of
1 fM [71]. They successfully detected estradiol in spiked biologically complex
human urine samples as well as spiked untreated tap water samples and obtained
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Fig. 8 Principle of an aptamer-based impedimetric biosensor for the detection of progesterone.
(Adapted with permission from [73]. Copyright 2015 American Chemical Society)

similar results to estradiol in buffer solution. Also Lin et al. developed in 2012 an
aptasensor for the detection of 17B-estradiol with a detection limit of 2 pM
[72]. With the sensor, it was possible to detect 17B-estradiol in urine, which was
added with 178-estradiol. Average recovery rates range from 92% to 101% with
relative standard deviations below 4.4%. The sensor can therefore be used to
determine 178B-estradiol in urine samples.

Another hormone is progesterone, which is used in hormone therapy. For detec-
tion of progesterone in water an aptasensor with a detection limit of 3 nM was
developed by Contreras Jimenez et al. (see Fig. 8) [73]. This sensor shows a higher
sensitivity than instrumental analysis methods such as HPLC, LC/MS, or GC/MS,
because they can detect progesterone concentrations as low as 32 pM.

3.2 Toxins

Toxins produced by bacteria enter the environment during cell death or according to
their metabolism. Also the use of insecticides in modern agriculture contaminates the
natural environment and through plastic production bisphenol A is released into the



Impedimetric Aptamer-Based Biosensors: Applications

Table 7 List of impedimetric ~ Apa]yte Detection limit Reference
2?3;2?:1‘1’;:?5 the detection " coli O157:HT 100 CFU/ml [(75]
Brevetoxin-2 0.12 nM [76]
Cylindrospermopsin 0.3 nM [77]
Microcystin-LR 18 pM [78]
Atrazine 10 pM [79]
Bisphenol A 45 fM [80]
10 tM [81]
72 M (82]

environment. Therefore, impedimetric aptasensors have been developed for the
detection of toxins as the examples shown in Table 7.

3.2.1 Escherichia coli and Toxins Produced by Bacteria

One of the main causes of human infectious diseases are pathogenic bacteria such as
Escherichia coli (E. coli). The presence of E. coli bacteria in water usually indicates
fecal contamination; therefore, a detection of E. coli in tap water is required. For
routine measurements, a method based on colony forming units is used, which is
very sensitive but takes up to 24 h. Thus, biosensors offer a valuable alternative for
rapid detection of E. coli. For example, the impedimetric aptasensor developed by
Brosel-Oliu et al. detects E. coli O157:H7 in tap water within 30 min and reaches a
detection limit of 100 CFU/ml [75]. Although this sensor is not as sensitive as
cultivation methods, it is more sensitive compared to other previously reported
biosensors.

Furthermore, microorganisms produce toxins that enter the environment during
cell death or through their metabolism. One associated toxin is Brevetoxin-2 that is
produced by dinoflagellates Karenia brevis and accumulates in shellfish. It has no
toxic effect on shellfish, but it is toxic to the sea, mammals, birds, fish, and humans
[83]. Eissa et al. developed in 2015 an impedimetric aptasensor against Brevetoxin-2
in shellfish with a detection limit of 0.12 nM [76], which is comparable with
previously reported electrochemical immunosensor (0.12 nM) [84].

Cylindrospermopsin, produced by cyanobacteria, is also a kind of widespread
toxin in water sources and exhibits strong cytotoxicity and carcinogenic activity
[85]. The aptasensor for detection of cylindrospermopsin in lake water has a
detection limit of 0.3 nM (0.12 ng/mL) [77] and thus shows a higher sensitivity
than instrumental analysis methods such as HPLC or LC/MS that detect
cylindrospermopsin up to 1 and 0.5 ng/L [86, 87].

Another toxin produced by cyanobacteria is microcystin-LR (MC-LR), which is
released in situation of cell rupture into the water. Due to the toxicity of microcystin-
LR, it causes health and environmental problems, e.g. it leads to liver damage and
possible death when exposed to humans and animals. Lin et al. developed a sensor
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against microcystin-LR and reached a detection limit of 18 pM [78]. Many other
methods for MC-LR detection have been reported and showed good detection limits,
but the impedimetric aptasensor tops with its simplicity, low-cost, and rapid
detection.

3.2.2 Pesticides and Bisphenol A

Pesticides are chemicals that kill fungi, bacteria, insects, snails, slugs, or weed to
avoid plant diseases, plant damage, or suppressed growth. Subgroups of pesticides
are insecticides, which are substances that are used to kill, harm, repel, or mitigate a
specific species of insects. Insecticides are often used to increase crop yields and
improve the quality of agricultural products. The use of insecticides in modern
agriculture contaminates the natural environment, which can pose a potential health
risk to humans. One of the most extensively employed insecticides is acetamiprid
that belongs to the class of systemic broad-spectrum insecticides and is used for
controlling insects such as Lepidoptera and Thysanoptera [88]. Aptamer-based
biosensors for the detection of acetamiprid are reviewed in Verdian [89] including
optical and electrochemical transducers. An impedimetric aptasensor for detection of
acetamiprid residues in wastewater and tomatoes was developed by Fan et al. who
achieved a detection limit of 1 nM, which is comparable or even lower than
conventional instrumental methods (see Table 8) [95]. Fan et al. also examined the
application of the sensor for real samples. For this purpose, wastewater samples were
added with three different concentrations of acetamiprid and the concentration was
determined by the sensor. Average recovery rates range from 94% to 103% with
relative standard deviations of 4.9%. The sensor can therefore be used to determine
acetamiprid residues in the environment.

Furthermore, an aptamer-based impedimetric biosensor for detection of
acetamiprid and atrazine in water was developed [79]. Atrazine is one of the most
commonly used herbicides, a subgroup of pesticides used to kill undesirable plants.
The developed sensor by Medianos et al. reached a detection limit of 1 pM for
acetamiprid and 10 pM for atrazine. In this case, it can be seen that aptasensors allow
the detection of molecules in the picomolar concentration range. As far as the

;I‘alll)le.: 8 C;)m[t) }?rison of Method Detection limit Reference
echniques for the
detern?ination of acetamiprid HPLC 2.69 nM (901
0.157 nM [91]
GC 4.49 nM [92]
4.49 nM [93]
ELISA 4.49 nM [94]
Aptasensor 0.898 nM [95]
17 M [96]
33 M [97]
0.9 pM [79]
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detection of acetamiprid is concerned, the proposed impedimetric biosensor is more
sensitive than conventional instrumental methods and the aptasensor reported by Fan
et al. but lower detection limits of 17-33 fM are reached by other impedimetric
biosensors [96, 97]. The developed aptasensor reported the lowest detection limit for
atrazine at this time.

Bisphenol A is an organic monomer and is widely used in the chemical industry
for manufacturing polycarbonate plastics. In food packaging, it was used, for
example, in beverage bottles, baby bottles, and medical devices [98]. Due to its
toxicity and harmful endocrine disrupting activity, bisphenol A was banned in baby
bottles since 2010 [99]. In recent years, several impedimetric aptasensors against
bisphenol A were developed, which allow quick and easy measurement. These
sensors reached detection limits of 45 fM [80], 10 fM [81], and 7.2 fM [82],
which are the lowest compared to other biosensors.

3.3 An Outlook on Environmental Application
of Impedimetric Biosensors

The detection and quantification of pathogens and chemical agents are of great
importance for water and environmental analysis. The classical methods such as
HPLC and GC/MS are usually time-consuming and require highly qualified person-
nel and highly developed equipment. Therefore, new technologies are constantly
being developed. Aptasensors are real-time measurements of different targets in the
environment with high sensitivity and specificity (see Fig. 9).

The aptasensors presented here were able to withstand the interference of com-
plex matrices and can therefore be used for determination in environmental samples.
In addition, the detection process with these aptasensors usually only takes 3 h. To
improve detection, the aptamers used should be optimized by shortening and
stabilizing so that cross sensitivities are reduced. Furthermore, the reproducibility
and also the possibility of regeneration must be further investigated.

4 Impedimetric Aptasensors for Food Control

White biotechnology is descriptive for industrial processes to generate products
useful for us humans such as chemicals and food. The role of biotechnology in the
food industry is copious, ranging from increasing productivity in food manufactur-
ing and handling to fabrication of food additives and preservatives [100]. During
growth, fermentation, and processing, the food can be contaminated with microor-
ganisms or toxins. The World Health Organization (WHO) estimated that there are
600 million cases of foodborne diseases every year worldwide. The economic
burden of foodborne diseases in Europe is about 171 million US$ per year
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Fig. 9 Overview of the applications of aptasensors in gray biotechnology

[101]. During transportation and storage, the food is densely packed, often still moist
and not cooled, which is why microorganisms grow and produce toxins (see Fig. 10).
Thus, food control upon arrival at the factory as well as before the delivery to the
consumer is essential. Especially small manufacturers have a high demand in
compact devices with easy handling for rapid on-site detection. Beside ELISAs
and microarrays, biosensors are an alternative for rapid detection of contaminants.
An important step in food control is the extraction of the analytes from the food
matrix which might be reduced in biosensor setups by the use of stable and
biocompatible recognition elements, such as aptamers. In this chapter, we will
review the advances in aptamer-based impedimetric biosensors for the detection of
mycotoxins and microorganisms in food.

food control

5 [+toxin]

. ' / +Toxin g
_— ¢ .
franspont further processing I I | ’”
storage
toxing toxins

Fig. 10 Role of food control in white biotechnology — it is essential to control food before
processing at the factory — methods for fast detection in situ are desired, as e.g. biosensors
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4.1 Mycotoxins

Mycotoxins are metabolites produced by fungi that are toxic for humans and
animals. Fungi grow best in moisture and warm environments and thus, mycotoxins
are found in products grown in hot climates or stored and shipped for long periods
such as coffee beans or peanuts. The toxins withstand high temperatures and thus
remain active after heat treatment. Furthermore, mycotoxins do not induce an
immune response and thus are bypassing our immune system. To produce antibodies
against a mycotoxin, it needs to be bound to an immunogenic protein carrier which is
cumbersome. Therefore, especially for small molecules like mycotoxins, aptamers
are a perfect alternative recognition element in biosensors. The major groups of
mycotoxins are aflatoxin, ochratoxin, citrinin, ergot alkaloids, patulin, and fusarium
[102]. Vidal et al. published a review discussing electrochemical biosensors for the
detection of mycotoxins in food and they conclude that label-free and direct binding
properties, as impedimetric biosensors have, are beneficial in quality control in food
processing [103]. A list of aptamer-based impedimetric biosensors for the detection
of mycotoxins is presented in Table 9.

Aflatoxins are produced mainly by Aspergillus flavus, A. parasiticus, and
A. nomius, contaminants found in nuts and grains. Not only concentrations of
~10 pg/kg body weight have an acute hepatotoxic effect, but also concentrations
below are carcinogenic [102]. From 20 known types of aflatoxins, aflatoxin B,
(AFB1) is considered the most prevalent, followed by aflatoxin B,, Gy, and G,.
The European Commission set the limit for AFB1 in food products containing nuts
and grains depending on the kind and handling to 2—12 ppb (equivalent to 2—12 ng/g
or 6.4-38.4 nM) and for processed food intended for babies or children to 0.1 ng/g
(equivalent to 0.32 nM) [116].

Castillo et al. developed an aptamer-based impedimetric biosensor for the detec-
tion of AFB1 by using PAMAM G4 dendrimers on gold electrodes to increase the

Table 9 Impedimetric aptasensors for the detection of mycotoxins

Response
Toxin | Conc. range in g/ml | LoD in pg/ml | Real sample time Reference
OTA 100 p to 25 m 100 - 15 min [104]
OTA 40pto40n 50 Coffee, flour, wine | 30 min [105]
OTA 120pto 12 n 20 Beer 30 min [106]
OTA lpto0.5n 0.2 Beer 1h [107]
OTA 4-40p 6 White wine 90 min [108]
OTA 2ptobn 2 Wine 50 min [109]
OTA 0.01fto 0.1 n 1073 Soybean 9 min [110]
OTA |0.1-10p 0.05 Grape juice 5—7 min [111]
AFBl |31pto2n 100 Peanuts 40 min [112]
AFBl |I1ftoln 04 x 1073 Peanuts 3h [113]
AFMI1 |20ptoln 1 Milk 30 min [114]
FB1 72 pto72 m 1 Maize 30 min [115]
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active surface ([112], see Fig. 11). As the pK of AFBI is 5.84, the impedance
increased upon its binding to the immobilized aptamers. An affinity constant K4 of
0.59 4+ 0.33 nM and a limit of detection (LoD) of 0.4 4 0.03 nM in buffer were
measured, proving high affinity and sensitivity. Slight interferences with aflatoxin B,
were observed, but no interference with ochratoxin A. Measurements of certified
contaminated peanut extracts resulted in recovery rates of 96—120%, but in spiked
peanut samples matrix effects were discovered. The developed biosensor has an
assay time of 30 min, is regenerable with 0.2 mM glycine, and is stable for 60 h when
stored at 4°C. As a rule of thumb, the detection limit should be ~5 times below the
legislative limit, thus the detection range is sufficient for the food control of nuts and
grains for the direct human consumption but not for baby food. As comparison, the
LoD of other developed biosensors were in the range from 0.1 to 6.4 nM, but some
researchers claimed lower limits, e.g. Li et al. who achieved a LoD of 1.3 fM by
aptamer-based surface enhanced Raman spectroscopy (SERS) and signal enhance-
ment by a recycling mechanism [113]. However, the impedimetric aptasensor
developed by Castillo et al. is 4-5 times faster and thus offers a cost-effective
alternative to ELISAs for small food manufacturers.

The presence of AFBI1 in feed leads to its digestion in lactating animals producing
its hydroxylated metabolites aflatoxin M; (AFM1) and M,. Thus, the EU regulated
the concentration of AFM1 in raw milk to 0.05 pg/kg (equivalent to 152 nM) and in
milk-based products intended for infants to 0.025 pg/kg [116]. Istamboulié et al.
developed a faradaic impedance biosensor using screen-printed carbon electrodes
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and thus enables signal enhancement. (Adapted from [112], with permission from Elsevier)
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(SPCE) covered with 4-carboxyphenyl diazonium salt (4-CP) and 5’-amino-
hexaethyleneglycol modified aptamers against AFM1 [114]. They reached in buffer
a LoD of 1.15 ng/l and in milk a linear range of 20-1,000 ng/kg. Measurements of
raw milk and pasteurized milk spiked with 500 ng/kg AFMI1 resulted in recovery
rates of 99—-111%, whereas measurements with a standard immunoassay resulted in
similar recoveries of 98—114%. The comparison to a standard method proves its
functionality, although interferences with other substances should be tested.

Hianik’s research group immobilized aptamers against AFM1 on the PAMAM
G4 modified electrodes and compared them to biotin-avidin surfaces [117]. The
results demonstrate that both immobilization methods show the same characteristics
with a dynamic range of 15-120 ng/l and a LoD of 8.5 ng/l in milk which is
sufficient for the legislative limits.

Ochratoxin is produced by fungi of the genera Aspergillus and Penicillium. It can
be found in cereals, coffee, dried fruits, cocoa, grapes, and spices as well as in
processed food like red wine, bread, beverages and it can be accumulated in animals,
e.g. pork meat. Ochratoxin A (OTA) is the most prevalent and relevant representa-
tive of the ochratoxins and has several toxicological effects such as neurotoxicity,
nephropathy, immunosuppression, and carcinogenicity [118]. The European Com-
mission set regulatory limits of OTA in foodstuff depending on the process level
from 2 to 20 ng/g and for foodstuff intended for babies or infants to 0.5 ng/g [116].

Castillo et al. from Hianik’s research group developed an aptamer-based
impedimetric biosensor for the detection of OTA by simple chemisorption of the
aptamers on a gold electrode and measuring the impedance in buffer with 1 mM of
the redox mediator ferri-/ferrocyanide [Fe(CN)ﬁ]3 - [105]. They tested different
modifications of the aptamer for immobilization; interestingly, the simplest modifi-
cation with a thiol on the 5’ end showed the best results reaching a LoD of 0.12 nM
(=0.05 ng/ml) and they notified that Ca** ions were essential for OTA binding. They
also measured the surface density of aptamers and obtained 1.85 x 10'? aptamers/
cm?. Furthermore, OTA showed a six times higher signal than OTB and N-Acetyl-L-
phenylalanine. The recoveries in coffee, flour, and wine spiked with 1, 5, and 10 ng/
g OTA were 78-108%. The sensor could also be regenerated by immersion into
1 mM HCI and no significant decrease of the signal was observed within 10 cycles of
regeneration.

Evtugyn et al. from the same research group used silver nanoparticles to enhance
the signal and obtained a LoD of 0.05 nM (=0.02 ng/ml) for OTA in buffer and a
concentration range of 0.3-30 nM [106], although they observed instability of the
coating and used significant higher concentrations of [Fe(CN)6]> "~ (0.1 M instead
of 1 mM).

For the direct detection in situ, biosensors with a wide concentration range are
favored. Hayat et al. developed an aptamer-based impedimetric biosensor for the
detection of OTA with a concentration range of 1.25-500 ng/l and a LoD of 0.25 ng/1
[107]. This low sensitivity was achieved by the modification of a SPCE with
diazonium salts and the immobilization of the aptamer via click chemistry. The
surface modification led to high impedances of about 150 kQ and thus low frequen-
cies of 10 mHz were required to measure the charge-transfer resistance in a buffer
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solution with 1 mM [Fe(CN)¢]> "~ Although the author enabled a wide concen-
tration range, it is two magnitudes below the legislative limits and thus a dilution step
is required. The concentration range achieved by Castillo et al. of 0.04—40 ng/ml is
better suited for direct detection [105]. However, dilution of the sample can increase
the signal-to-noise ratio as the matrix is diluted as well. The authors were able to
regenerate the aptasensor up to 10 times without significant signal loss.

A wide detection range can be obtained by increasing the active-surface-to-
volume ratio as Mejri-Omrani et al. achieved by modifying a gold electrode with a
conductive polypyrrole layer (PPy) and above a layer of dendrimers (PAMAM G4)
containing a high number of immobilization sites for the aptamer (see Fig. 12,
[109]). They measured a detection range from 2 pg/ml to 6 ng/ml, which is similar
to the ranges measured with high pressure liquid chromatography (HPLC), but
shifted to a lower detection limit [119]. The lower concentrations reached by
Mejri-Omrani et al. compared to Castillo et al. for AFB1 [112] may be grounded
in a higher affinity of the aptamer, the higher concentration of the redox mediator [Fe
(CN)6J>~"*~ (10 mM) or it may be due to the addition of the PPy layer. However, the
median concentration of OTA in wine is 50 pg/g and thus the demonstrated
aptasensor is a promising alternative for OTA detection in wine.

An astonishing wide concentration range and detection limit of 0.01 fg/ml to
0.1 ng/ml was achieved by Wei et al. by using a nanocomposite of porous carbon
structures with incorporated gold nanoparticles which significantly increases the
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Fig. 12 Signal enhancement by modification of the surface with the dendrimer PAMAM G4 and
the conductive polymer polypyrrole (PPy). (Adapted from [109], with permission from Elsevier)
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active surface [110]. The achieved detection limit is even lower than the LoD
obtained with real-time PCR (1 fg/ml), although such sensitivities are not necessary
for the application in food control. The developed aptasensor was tested on soybean
samples and recoveries of 95-108% were obtained. Compared to the simple sensor
surface of Castillo’s aptasensor [105], the signal ratio of OTA to AFB1 is only ~2.5.
It is reasonable to presume that by increasing the active surface, the unspecific
binding is increased as well.

In conclusion, impedimetric aptasensors for mycotoxin detection are well-
developed, providing detection limits and ranges comparable with HPLC and
sufficient for the legislative limits set by the EC. They were validated with real
samples and complex food matrices with short measurement times of 5-90 min and
have mechanisms for regeneration. For the transfer of these biosensors into com-
mercial products, handheld impedance analyzers with microfluidic cartridges are
needed.

4.2 Microorganisms

Besides mycotoxins from fungi, another major cause of foodborne diseases are the
toxins produced by bacteria like Salmonella, Escherichia coli, Staphylococcus
aureus, and Bacillus cereus. Although it is more accurate to directly determine the
toxins, often in food control the microorganisms are detected.

Optical biosensors for the detection of pathogenic bacteria are reviewed in Yoo
and Lee [120], whereas electrochemical biosensors are reviewed by Amiri et al.
[121] who concluded that aptamers, imprinted polymers, and bacteriophages are
promising alternatives to antibodies and that improvements are needed in reproduc-
ibility and reliability as well as in minimizing non-specific binding. In comparison
with clinical applications that require spotting of a single bacterium, in food control
higher concentrations are sufficient, as for example 10° colony forming units (CFU)
per ml of Staphylococcus aureus (S. aureus) are producing toxins in a quantity that
can cause food poisoning. A general review of biosensors for the detection of
foodborne pathogens is given by Arora et al. [122], whereas Teng et al. [123]
reviewed aptamer-based biosensors and Kant et al. [124] concentrate on microfluidic
devices. In this chapter, we will review aptamer-based impedimetric biosensors for
the detection of food borne pathogens (see Table 10).

Salmonella are gram-negative, flagellated, and facultative anaerobic bacteria
from the family Enterobacteriaceae. More than 2,600 serotypes are distinguished
by the existence of different antigens, like the somatic O-antigen, also known as
lipopolysaccharide or endotoxin (see Sect. 2.3) and the flagellar H antigen. How-
ever, the most common serovar found in humans and animals are S. typhimurium and
S. enteritidis that also the major pathogens in gastrointestinal infections. Salmonella
food poisoning is mainly caused not only by contaminated poultry and eggs, but also
by the feces of infected humans and animals, insufficient hygiene in food handling,
or contaminated surface water. Thus, the EC regulation No. 2073/2005 demands the
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Table 10 Impedimetric aptasensors for the detection of microorganisms and their toxins in food

LoD in Incubation time in
Analyte Method | CFU/ml Real sample | min Reference
S. typhimurium EIS 600 - 60 [125]
S. typhimurium EIS 25 Chicken 60 [126]
meat
S. typhimurium EIS 6 Apple juice 60 [127]
S. typhimurium EIS 3 Apple juice 45 [128]
S. typhimurium EIS 3 Pork meat 35 [129]
S. typhimurium EIS 1 Egg 40 [130]
S. typhimurium CA 20 Chicken 120 [131]
meat
S. typh. and RT- 78 Milk 120 [132]
E. coli PCR
S. tnteritidis EIS 600 - 60 [133]
E. coli EIS 2 x 10* - 60 [134]
E. coli EIS 4 - 12 [135]
E. coli EIS 12 Milk 120 [136]
Listeria EIS 100 - <180 [137]
L. monocytogenes | EIS 5 - 17 [138]
S. aureus EIS 10 Fish and 60 [139]
water
S. aureus EIS 10 - 10 [140]
SEB EIS 6 pM Milk 100 [141]

absence of Salmonella in 25 g of meat, gelatin, collagen, milk products, eggs, and
many kinds of ready-to-eat products including sea food, fruits, and vegetables [142].
Ma et al. developed an aptamer-based faradaic impedance biosensor for the
detection of S. typhimurium by modifying a glassy carbon electrode with a
nanocomposite of graphene oxide and gold nanoparticles [129]. They reached a
detection limit (LoD) of 3 colony forming units (CFU) per ml in buffer and a linear
range from 2.4 to 2.4 x 10> CFU/ml with a sensitivity of 706 Ohm per decade. The
high specificity of the biosensor was shown with a 12 times higher signal for
S. typhimurium compared to L. monocytogenes, B. subtilis, S. aureus, S. pyogenes,
E. coli, and Enterobacter sakazakii. Performance was verified in spiked pork
samples with recovery rates of 97-105%. With an incubation time of 35 min, the
whole measurement can be performed within 40-50 min, which is significantly
faster than a real-time PCR, taking 2 h and reaching a LoD of 78 CFU/ml [132].
An impressing detection limit of 1 CFU/ml was achieved by Ranjibar et al. by
nanoporous gold electrodes modified with thiolated aptamers [130]. The developed
impedimetric aptasensor has a wide dynamic range (6.5 x 10°-6.5 x 10® CFU/ml)
with a sensitivity of 841 Ohm per decade and a high selectivity with a 7 times higher
signal for S. typhimurium compared to S. aureus, E. coli, and Pseudomonas.
Recovery rates from spiked egg samples were 85—110% and the RSD from repeated
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experiments was only 1.47%. With an incubation time of 40 min, this biosensor
represents an attracting alternative for routinely food control purposes.

At last, we want to report on the biosensor developed by Sheikhzadeh et al. as this
is a truly label-free impedimetric aptasensor that does not require any redox probe
but enables faradaic measurements by the use of a conductive polypyrrole copoly-
mer [128]. They reached a LoD of 3 CFU/ml and a wide linear range from 107 to
10® CFU/ml. The biosensor showed good selectivity (150%) and repeatability
(5.2%, each concentration was repeated three times), but performed poorly on spiked
apple juice samples with recovery rates of 140-410%.

Escherichia coli is a bacteria that is found in the intestines of humans and most
types are harmless, but some cause food borne diseases such as the Shiga toxin
producing E. coli (STEC). According to EFSA (European Food Safety Authority),
there was an outbreak of STEC in Germany in 2011 that caused ~4,000 cases of
bloody diarrhea and hemolytic uremic syndrome. The EC sets limits for relevant
foodborne bacteria in products placed on the market and defines process hygiene
criteria to ensure food safety [142]. To this regulation, STEC should be absent in
25 g of sprouts placed on the market during their shelf-life. Besides, the detection of
E. coli is used as an indicator for fecal contamination, products with low hygiene or
high microbial contamination.

Burrs et al. [135] developed an impedimetric biosensor based on a RNA aptamer
that specifically binds to the O-antigen on the cell surface of the STEC stem O157:
H7 [143]. They increased the electroactive surface of graphene paper by
functionalization with fractal platinum nanocauliflower and obtained a roughness
factor R (= geometrical area/ electroactive surface) of 10. Immobilized thiolated
aptamers enabled the binding of E. coli from the sample resulting in an increase of
impedance. They achieved a LoD of 4 CFU/ml and a linear range from 4 to 10° CFU/
ml with a response time of 12 min by a low cost of 4 $ per sample. However, the
developed aptasensor needs to be verified in real samples with complex matrices as
no prior sample preparation step is intended.

Dua et al. developed a non-faradaic impedance biosensor based on a 2’-fluoro-
pyrimidines modified RNA aptamer selected by Cell-SELEX against E. coli DH5a
[134]. They used a gap sensor of two gold electrodes modified with the aptamers
with a distance of 4 pm in a microfluidic channel. The sample is incubated for 1 h
resulting not only in an increase of the impedance at low frequencies representing the
solution resistance, but also in an increase of the impedance at high frequencies
(10 kHz). With this sensor a LoD of 104 CFU/ml was achieved.

Yao et al. were able to detect bacteria concentrations as low as 12 CFU/ml by a
procedure combining antibody-modified magnetic nanoparticles for sample prepa-
ration and aptamer-modified gold nanoparticles with immobilized urease
[136]. With the addition of the substrate urea, ammonium carbonate is produced.
The supernatant of the enzymatic reaction will be transferred into a microfluidic cell
with interdigitated microelectrodes and the impedance at 15 kHz is measured every
2 s. The impedance decreases with increasing bacteria concentration due to the
higher conductivity of the product (see Fig. 13). The procedure was verified with
spiked pasteurized milk. This procedure contains a lot of premeasurement steps,
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which enable a 5 times concentration of the bacteria but taking all together around
2 h which is hampering the development of point-of-care tests. However, purifica-
tion steps will be necessary as the different ionic strength of samples will complicate
the measurement.

Listeria, Staphylococci, and Enterobacteriaceae are also listed in the EC regula-
tion [142]. There are two publications on aptamer-based impedimetric biosensors for
the detection of Listeria reaching LoDs of 100 CFU/ml [137] and 5 CFU/ml [138]
but without verification on real samples.

Rubab et al. published a review about biosensors for the detection of S. aureus in
food, which is a main representative of Staphylococci in food poisoning due to the
production of several exo- and enterotoxins such as sfaph. enterotoxin A and B
[144]. However, an ingestion of 144 ng staph. enterotoxin B (SEB) can cause
gastroenteritis with symptoms as vomiting and diarrhea [145]. Thus, the EC postu-
lates the absence of staph. enterotoxins in 25 g cheese, milk powder, and whey
powder.

Xiong et al. developed an aptamer-based impedimetric biosensor for the sensitive
detection of SEB as low as 0.17 ng/ml by the simple modification of gold electrodes
with thiolated aptamers and mercaptohexanol as backfiller [141]. They could detect
SEB in a linear range from 0.5 to 500 ng/ml within 100 min and proved a high
selectivity with a 9 times higher signal for SEB compared to other toxins found in
food such as OTA, SEA, and AFBI1. Furthermore, they verified the biosensor in
spiked milk samples and obtained recovery rates of 77—119%, which were compared
to measurements with an ELISA kit resulting in relative deviations of —8 to 8%.

The EC also demands a limit of coagulase-positive Staphylococci that is 10 CFU/
g in different cheese products, milk powder, and whey powder. The coagulase-test is
used to differentiate between toxic strains like S. aureus and harmless strains like
S. epidermidis, which are coagulase-negative. Jia et al. developed an aptamer-based
impedimetric biosensor for the detection of S. aureus by using a nanocomposite of
reduced graphene and gold nanoparticles to increase the effective surface
[139]. They reached a detection of 10 CFU/ml within 60 min and verified the
performance in fish and water samples with recovery rates of 92-114%. Reich
et al. performed impedimetric detection of S. aureus in buffer using aptamers
immobilized on a gold electrode in a flow-through chamber [140]. They reached a
LoD of 10 CFU/ml within 10 min, which is significantly faster than most other
methods, but they did not show any verification in real samples.

In conclusion, the development of impedimetric aptasensors for food control has
advanced in recent years. The reviewed biosensors showed sufficient detection limits
and proved functionality in real samples. However, most are still time-consuming
taking several hours and thus offer no advantage over ELISA and PCR. Although by
miniaturization of the electrochemical setups, space saving and cost-efficient solu-
tions will be developed in the near future.
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5 Benefits and Challenges of Impedimetric Aptasensors

In the first sections of this chapter, we reviewed aptamer-based impedimetric bio-
sensors with respect to their application in biotechnology. An advantage of electro-
chemical biosensors is their high sensitivity and in combination with aptamers and
surface design by using, e.g., nanocomposites or other nanostructures, the detection
limit dropped below 10 fM in the last years (see Table 11). Posha et al. reached the
impressive detection limit of 0.01 aM which is only one decade above the single
molecule detection in 1 ml of sample (1.7 zM). Enabling single molecule detection
would make calibrations redundant and thus, spare valuable time and efforts. Also
for the detection of bacteria, detection limit of 4 CFU/ml [135] and 5 CFU/ml [138]
were achieved which is close to single cell detection.

As presented in this review, there is a huge variety of surface modifications from
single monolayers and porous electrodes to complex nanocomposites. Most surface
modifications aim to increase the effective surface which may also increase the
unspecific binding, as e.g. seen in [149], leading to a loss of sensitivity. Thus, the
challenge in surface engineering is to increase the effective surface and simulta-
neously decrease unspecific binding. When measuring in real samples, low
unspecific binding is important, as seen in [150], where due to unspecific interactions
a quantification of the analyte in serum was not possible. The reduction of unspecific
binding enables measurement in complex sample matrices without the need of
purification steps. Most of the reviewed articles are measuring the calibration
curve in buffer solutions and validations of the sensor are performed in undiluted
simpler matrices such as urine [72, 151], extracted food matrices [110, 126], or water
[77, 80]. But for complex matrices such as blood, serum, and milk, the validation is
mostly performed in filtered or diluted samples. Some exceptions exist, for example

Table 11 Impedimetric aptasensors with detection limits below 10 fM

Analyte LoD Real sample Surface modification Reference
Endotoxin 0.01 aM | Insulin Au atomic cluster [59]
OTA 25 aM Soybean AuNPs porous carbon [110]
PSA 27 aM Serum TiO,-silk fibroin nanofiber- [146]
composite
Heparanase |52 aM - Hydrogel with cDNA [147]
17B-estradiol | 1 fM Tap water, urine Nanoporous electrode [71]
Thrombin 1 M Blood, Cerebro- TiO,-NPs/MWCNT/ chitosan- [23]
spinal fluid nanocomposite
PDGF-BB 2.4 t™M - Co5(POy4),-nanocomposite [148]
AFM1 3.5fM Filtered milk Diazonium salt [114]
Tetracycline | 3.8 fM | Drug, milk, honey, | Magnetic bar carbon paste/Fe;04- | [149]
serum NPs/Oleic acid
CEA 5t™M Serum Mesoporous silica film [43]
Bisphenol A | 7.2 fM Milk AuNPs + boron-doped diamond [82]
(BDD)
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Lee et al. who successfully validated the developed aptasensor for the detection of
malaria by Plasmodium lactate dehydrogenase (pLDH) with infected blood samples
from human patients [31] and Shi et al. who used serum samples of cancer patients to
validate the biosensor for ATP detection [152]. We found 47 other impedimetric
aptasensors (most covered in this chapter) that could detect the analyte in serum
samples, which show the tendency of real sample validation. However, more clinical
sample validation experiments are needed. Key parameters that should be tested in
real samples are repeatability, non-specific binding, and sample to sample variation.
The performance of aptasensors in real sample settings could be improved by
adjusting the buffer during SELEX to mimic real samples.

The SELEX procedure has been developed substantially in the last decade. Still,
the intrinsic capability to engineer an aptamer adapted to the specific needs of the
application has not been fully utilized. During the SELEX process several steps can
be included to reduce non-specific binding [153, 154] and to include a regeneration
technique [155]. For example, Wehbe et al. included an EDTA wash step to obtain
switchable aptamers (SwAps) that were used to recover vesicular stomatitis virus
after capture to allow further analytics of the sample with recovery rates of ~33%.
This technique would allow performing several analyses on the same sample for,
e.g., lab-on-a-chip developments.

Further strategies for the regeneration of the aptamer-modified sensors were
developed, mostly based on chemicals changing the ionic strength or pH of the
media, e.g. 2 M NaCl [156], 6 M guanidine hydrochloride [157], 6 M urea [32], pH
4 [158], 0.2 M glycine-HCI [112], or imidazole [159]. Others use more complex
elution buffers, e.g. Tris buffer containing 20% of methanol [107] or mixtures of
different chemicals, e.g. 0.05 M NaOH and 1 M NaCl [160] or variations of several
properties, like 1 M NaOH at 4°C [45]. But also more complex mechanisms for the
regeneration of the aptamer-target-bond were developed, e.g. the abovementioned
SwAps or the usage of mixed aptamers (MBA) that are oligonucleotides containing
more than one aptamer sequence directed against different targets. Du et al. used a
combination of ATP and thrombin aptamer, whereas the MBA was immobilized by
a complementary DNA probe immobilized on the electrode surface [161]. Part of the
ATP aptamer was complement to the DNA probe leading to a release of the MBA
when it binds to ATP. The binding of thrombin did not lead to a release but to an
increase in impedance. Thus, this aptasensor can be used to detect thrombin and can
be regenerated with ATP. A similar technique used by Liu et al. to detect Mucin
1 protein and carcinoembryonic antigen [51] is hybridization of the aptamer to an
immobilized complementary oligonucleotide, where upon binding to its target the
aptamer is released and the biosensor can be easily regenerated.

Detection of only one marker is not enough to establish a reliable diagnosis, but
biosensors targeting multiple analytes would enable early detection and help doctors
to provide a personalized therapy [162]. Although several publications report about
micro- and nanoarrays of electrodes [163-166] that are suitable for multiplexing
including repetitions and controls, unfortunately, no report on impedimetric
aptasensor used for the simultaneous detection of multiple analytes was found.
Multiplex impedimetric aptasensors would significantly enhance the chance for
market penetration and thus more research in this direction is needed.
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For the development of handheld point-of-care tests, microfluidic chips need to
be established for the usage with aptamer-based impedimetric biosensors. Some
preliminary work was done by [167-169] who used microelectrodes on glass
substrate and fixed a molded microfluidic channel from polydimethylsiloxane
(PDMS) on the electrodes. The use of microfluidics in impedimetric biosensors
reduces the amount of sample and enables low-cost disposable biosensors. Addi-
tionally, different mixing mechanisms can be included to accelerate the reaction-
diffusion kinetics [170], as for example used by Feng et al. who reduced the response
time from 60 min to only 15 min by magnetic stirring [171].

As impedimetric biosensors are valued for their fast detection, several
impedimetric aptasensors with analysis times below 15 min were developed, as
e.g. for OTA in 15,9, or 5 min [104, 110, 111], for E. coli within 12 min [135] and
for S. aureus in 10 min [140]. If, instead of a whole spectrum, the signal at a single
frequency is measured, the response time is below ms and real-time monitoring can
be performed. Liao et al. developed a non-faradaic impedance aptasensor measuring
at 5 kHz and thus, enabling in vivo monitoring of PDGF-BB [172].

Another issue is the stability of aptamers, as RNA and DNA aptamers are
sensitive to nucleases abundant in biological fluids leading to their degradation
within minutes [173]. Thus modified nucleotides were developed to increase
nuclease-resistance, such as 2'-fluoro- and 2’-amino-pyrimidines or 2’-hydroxyl-
purines, which led to the first clinically approved aptamer known as Macugen®
[174]. Gonzélez-Fernandez et al. developed an impedimetric biosensor using a fully
2'-O-methylated aptamer and detected tobramycin in diluted human serum
[175]. Other possibilities to increase the stability of aptamers are 3’- or 5'-end
cappings, locked amino acids [LNA], or peptide nucleic acids [PNA]. The aptamer
can be modified post-SELEX, but this often leads to a significant decrease in affinity
[176]. However, any modification on the aptamer increases its production costs and
may imply complications within synthesis. Thus, more research is still needed.

All over, we found electrochemical sensors based on aptamers for about 100 dif-
ferent targets and the number is rising. The thrombin aptamer is best examined, but
little is known about the mechanism of aptamer-target binding and how it is
influenced by its surrounding, such as pH, ions, and temperature. Beside experi-
ments, more mathematical calculation and simulation of electrical properties are
needed.

Impedimetric aptasensors will not supersede well-established methods like PCR,
ELISA, or HPLC, but rather fill an important gap as e.g. for the detection of small
non-immunogenic molecules. With the advances in nanotechnology, enabling the
creation of nanostructures, it is likely that we will soon be able to detect single
molecules, especially in combination with handling of nanoliter volumes. This will
require sensor miniaturization, as e.g. with integrated microelectronics, for what
impedimetric aptasensors are optimally suited. With the already established variety
of surfaces, impedimetric aptasensors can be customized for many applications in
biotechnology, especially for extreme conditions such as high temperatures, high
pH, and complex biological matrices. Nevertheless, it is important to advance the
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basic research on aptamer-target binding and develop models to enable effective
biosensor design.
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