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Aptamer-based ellipsometric sensor
for ultrasensitive determination of
aminoglycoside group antibiotics
from dairy products
Mustafa Oguzhan Caglayan*

Abstract

BACKGROUND: Residual antibiotics taken along with food consumed through the food chain are the main cause of the super-
bacteria and may damage organs such as liver and kidney. Therefore, monitoring residual antibiotic levels of products in the
food chain is both important and a requirement. Maximum residual limits for kanamycin and neomycin are 150 ng mL−1 and
500 ng mL−1 respectively, which are challenging for most sensor platforms. In this paper, a novel method is presented for
the determination of antibiotics residues in animal-derived foods.

RESULTS: Aptamer-based kanamycin and neomycin biosensors based on the spectroscopic ellipsometer and the surface plas-
mon resonance-enhanced total internal reflection ellipsometer methods as transducing element were developed. Detection
limits of both sensor platforms were in the 0.1–1 nmol L−1 ranges, and the detection range was between the detection limit
and 1000 nmol L−1.

CONCLUSION: Both ellipsometry-based aptasensors can be used as an alternative to the existing enzyme-linked immunosor-
bent assay-based method in terms of assay time (10 min), detection limit (0.22 ng mL−1 for neomycin and 0.048 ng mL−1 for
kanamycin), and detection range.
© 2020 Society of Chemical Industry
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INTRODUCTION
Antibiotics are extensively used to kill or inhibit microorganisms.
However, misuse of antibiotics both causes various side effects
in humans and also causes super-bacteria that are tolerant to
most antibiotics.1 An individual may be exposed to certain doses
of antibiotics as a result of antibiotics carried by the food chain.
For example, trace amounts of kanamycin residues in foodstuffs
cause pathogenic bacteria species to develop antibiotic resis-
tance, which could endanger the consumer.2 Therefore, it is very
important to develop sensors to test whether food products con-
tain residual antibiotics within the maximum residue limits
(MRLs).3

Aminoglycoside antibiotics are used in animal husbandry at
very high rates. Kanamycin, an aminoglycoside group of antibi-
otics, is produced by fermentation from Streptomyces kanamyce-
tius.4 Kanamycin is used in the treatment of severe infections
caused by species such as Escherichia coli, Proteus species, Entero-
bacter aerogenes, Klebsiella pneumoniae, Serriata marcescens, Aci-
netobacter spp., and Mycobacterium tuberculosis.5 Kanamycin has
a very narrow safety range and has side effects such as hearing
loss, toxicity to the kidneys, and allergic reactions to drugs.6 The
EU set the MRL for foods at 100 μg kg−1 of meat, 600 μg kg−1 of
the liver, 2500 μg kg−1 of kidney and 150 μg kg−1 of milk.7 Neo-
mycin is another aminoglycoside antibiotic, produced by

Streptomyces fradiae, that shows excellent activity against Gram-
negative bacteria and is also partially active against Gram-positive
bacteria.8 Neomycin is used extensively in the treatment of gas-
trointestinal infections of bovine animals.9 Neomycin, like other
aminoglycoside antibiotics, is known to be ototoxic and nephro-
toxic for humans and animals. The EU has established MRLs for
neomycin (500 μg kg−1 of meat, 1500 μg kg−1 of milk) for con-
sumer protection.10

A variety of analytical methods have been developed to verify
these limits. Methods for the determination of kanamycin to con-
trol drug levels include microbiological methods,11 fluorescence
immunoassay,12 fluorescence polarization immunoassay, fluoro-
metric assay,13 and chemiluminescence immunoassay.14 High-
performance liquid chromatography,15 square-wave cathodic
adsorptive stripping voltammetry,16 immunoanalysis,17 capillary
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electrophoresis,18 surface plasmon resonance (SPR),19 and micro-
biological multiple residue system.20 The most commonly used
method for the determination of antibiotics is enzyme-linked
immunosorbent assay (ELISA).21 In addition, chromatographic
methods are sensitive and reliable. Owing to its specificity, sensi-
tivity, and low cost, ELISA is frequently used in the determination
of antibiotics in food products.22,23

Other methods have also shown good analytical performances
(Table 1). In a liquid chromatography method, the limit of detection
(LOD) and the quantization limit were reported as 1.7 ng mL−1 and
5 ng mL−1 respectively.5 In another study using solid-phase extrac-
tionandcapillary electrophoresis, the LODwas2μg mL−1.26Yuet al.7

proposed a label-free immunoassay for the determination of kana-
mycin. In their study, silver hybridmesoporous ironoxide nanoparti-
cles (NPs) and thionine-mixed graphene sheets were used, in a
voltammetric assaywith anLODof15 pg mL−1.7 In anamperometric
immunoassay, a 5.74 pg mL−1 LOD was obtained using a graphene
sheet–Nafion/thionine/platinum NP-modified electrode.31 A
1 nmol L−1 LOD has been reported using gold (Au) NPs, in a colori-
metric assay.32 Chen et al.33 developed an immunoassay usingmag-
netic relaxation switching and supermagnetic iron oxide NPs
containing a biotin–streptavidin system, and the reported LOD was
0.1 ng mL−1.33 A very low LOD (6.31 pg mL−1) has been reported in
an electrochemical immunoassay where graphene/Prussian blue–
chitosan/nanoporous Au composite films were used.27

Various methods for the determination of neomycin (and their
derivatives) are also available in the literature. Liquid chromatogra-
phy34 and ELISA21 methods have been developed and applied for
the determination of neomycin in food products. For example, an
LOD of 7.63 nmol L−1 and a linear detection region of 9 nmol L−1

to7μmol L−1havebeenreported inastudyusingthemolecularsup-
pression and electrochemical sensor pair.35 The electrochemical
behavior of neomycin on the Au electrode modified using a non-
specific DNA fragment has been examined and a 0.15 μmol L−1

LODwas reported.36Anamperometric assaydevelopedby immobi-
lizationofmonoclonal neomycinantibodyona conductivepolymer
resulted in a linear detection region between 10 and 250 ng mL−1

with a 6.76 ng mL−1 LOD.8 Some of the neomycin detection
methods are also summarized in Table 1. However, many of these

methods summarized herein are not specific and selective, and the
results of the analysis are affected and variedwhen other aminogly-
coside antibiotics are present.26

Aptamers are good candidates as recognition elements since they
canbind to awide rangeof targetmolecules, such asdrugs, proteins,
or other inorganic molecules, with high affinity and specificity.37,38

These molecules are obtained by an in vitro screening/selection
methodcalledsystematicevolutionof ligandsbyexponential enrich-
ment.39,40 There are a limited number of publications on the detec-
tion of aminoglycoside group antibiotics by aptamers in the
literature. Leung et al.41 suggested the first oligonucleotide-based
luminescence assay for the determination of kanamycin in aqueous
solutions (LOD 143 nmol L−1). Their result is comparable to the
previously reported electrochemical‑ (2000 nmol L−1 LOD),42

colorimetric‑ (25 nmol L−1 LOD),43 and Au-nanocomposite-based
(9nmol L−1 LOD)27analysismethods. In another study,44 researchers
alsoreportedavoltammetricmethodusinganti-tobramycinaptamer
for antibiotic analysis, and they obtained a detection limit of
3.44 nmol L−1 and a linear range between 6.9 and 300 nmol L−1. In
a study using anti-kanamycin aptamer, a detection limit of
25 nmol L−1 was reported with an Au-NP-based colorimetric detec-
tor.43 In another voltammetric study, anti-kanamycin aptamer was
used on a conductive polymer/Au NP, and a 9.4 nmol L−1 LOD with
a50 nmol L−1–9μmol L−1detectionrangewerereported.2Baietal.45

proposed a cantilever-based aptasensor and determined its perfor-
mance for kanamycin. They reported a 50 μmol L−1 LOD and a linear
detection range of 100 μmol L−1–10 mmol L−1. In a study where
Faradaic-electrochemical impedancespectroscopyandanRNAapta-
mer was implemented for the determination of tobramycin, a
1.8 μmol L−1 LOD and a linear range between 3 and 72.1 μmol L−1

was reported for serum samples.46 The 20-O-methylated RNA apta-
mer (50-GGCCU GGGCG AGAAG UUUAG GCC-30), which is also used
inthestudy,wasusedforneomycin-BdetectionusingtheSPRsensor.
In that study, a 10 nmol L−1 LODwas reported.47

In this study, techniques involving spectroscopic ellipsometry
(SE) and SPR-enhanced (SPRe) total internal reflection ellipsome-
try (TIRE) were used. The SPR technique is a proven technique
for the simultaneous monitoring of many bio-affinity reactions.
There are examples in the literature regarding the use of SE and

Table 1. Analytical performances of some of the kanamycin and neomycin determination methods

Method Linear range/detection range LOD Reference

Kanamycin
Liquid chromatography/liquid chromatography–evaporative light scattering 4–36 μg mL−1 0.2 μg mL−1 24
ELISA — 0.83 ng mL−1 25
ELISA — 21 ng mL−1 17
SPR — 0.48 μg mL−1 19
Capillary electrophoresis 0.4–5 μg mL−1 0.1 μg mL−1 26
Electrochemical immunosensor 0.02–14 ng mL−1 6.31 pg mL−1 27
SE 0.002–0.48 μg mL−1 0.89 ng mL−1 This study
SPRe-TIRE 0.005–0.48 μg mL−1 0.048 ng mL−1 This study
Neomycin
Amperometry 6 mg L−1–1.22 μg L−1 6 mg L−1 28
ELISA 32–427 μg L−1 32 μg L−1 29
ELISA – direct 10 μg L−1–1 mg L−1 2.73 μg L−1 21
High-performance liquid chromatography 0.2–1 μg g−1 0.1 μg g−1 30
SE 0.003–0.72 μg mL−1 1.55 ng mL−1 This study
SPRe-TIRE 0.007–0.72 μg mL−1 0.22 ng mL−1 This study
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SPRe-TIRE in biosensor applications.48–50 The methods of ellipso-
metry (and SE) precisely determine the optical properties of ultra-
thin films by examining the change in polarization states of light
reflected from a surface through a thin film. In addition to this
method, TIRE, which is operated under SPR conditions, is a tech-
nique in which a simultaneous molecular deposition can be mon-
itored using a flow-cell configuration.50 In both techniques, the
interaction between the target and the diagnostic element can
be determined in detail as a result of the ultra-precise determina-
tion of surface deposits. A detailed application of these methods
for the specific and sensitive determination of aminoglycoside
group antibiotics (kanamycin and neomycin in this case) is
reported in this paper.

MATERIALS AND METHODS
Chemicals and instrumentation
All chemicals used in this study are Sigma-Aldrich, Merck or Alfa
Aesar products; unless specified otherwise, analytical-grademate-
rials were used without further purification. Water used for the
preparation of buffers/solutions was ultrapure water (18 MΩ,
Human Power; Human Corporation, Seoul, Korea). A plasma clean-
ing procedure was performed using a Diener model plasma
device (at 100 W; Diener Electronic GmbH, Ebhausen, Germany).
Surface thickness wasmeasured using an ellipsometer (with spec-
trophotometric setup, andmanual goniometer, Optosense S6000;
Optosense, Orlando, FL, USA). The roughness of the sensor chips
was determined using an atomic force microscope (XE100; Park
Systems Corp, Suwon, Korea).

Repeatability and the presentation of data
Immobilization conditions were determined using at least three
replicates. Sensor calibration curves were drawn using three rep-
licates. Selectivity tests and real sample tests were carried out
using at least two replicates. Except where stated otherwise, data
reported here are the mean of replicates with 1⊞.

Aptamer immobilization
The anti-kanamycin aptamer used in this study consists of the
main sequence 50-TGG GGG TTG AGG CTA AGC CGA C-30 which
has been reported by Bai et al.45 The 50-GGC CUGGG C-
GA GAA GUU UAG GCC-30 RNA aptamer sequence reported by
González-Fernández et al.46 was used as the anti-neomycin apta-
mer. The reported affinity constants are ~80 nmol L−1 and
~100 nmol L−1 for kanamycin and neomycin respectively in this
paper. To immobilize these aptamers to two different platforms,

thiol‑ and amine-functionalized anti-kanamycin/anti-neomycin
aptamers were provided (Ella Biotech GmbH, Planegg, Germany).
The sequence of aptamers and their terminations used in this
study are given in Table 2. The aptamers mentioned are high-
affinity aptamers with low disassociation coefficients. A 20-O-
methylated form of the same aptamer probe with unprotected
RNA aptamer for control was used to prevent the degradation
of RNA aptamers by enzymes in samples such as milk. For immo-
bilization and other experiments, all containers to be used during
the neomycin experiments were cleaned with ribonuclease
(RNase) blocker RNaseZAP®. Cleaning was carried out according
to the user instructions.
Before immobilization of the thiolated aptamer sequences, the

sensor chip surfaces (glass slides with a 50 nm Au film-coated
refractive index of 1.58 at 20° C) were immersed in these solutions
in sequence for 2 s: a piranha solution (sulfuric acid and hydrogen
peroxide, 7:3 v/v), deionized water, followed by ethyl alcohol. The
coating was carried out in the form of 50 nm Au over 3 nm Cr
coating using physical vapor deposition apparatus on glass slides
that had previously been cleaned and treated with plasma. The
sensor chips were then cleaned under air plasma.
The AntiKnm1, AntiKnm2, AntiNeo1, and AntiNeo2 aptamers

(0.01–1.0 μmol L−1) in buffer (0.01 mol L−1 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 0.15 mol L−1 sodium
chloridel, 3 mmol L−1 ethylenediaminetetraacetic acid, and
0.005% Tween 20) were immobilized on the cleaned surface.
The Au sensor chip surface was then blocked using 6-mercapto
1-hexanol (MCH, 1 mmol L−1) prepared in HEPES buffer. Immobi-
lization steps were monitored using SPRe-TIRE measurements.
Surface roughness (as root mean square (RMS)) also were deter-
mined by examining the surface topography using an atomic
force microscope.
AntiKnm3 and AntiKnm4 and AntiNeo3 to AntiNeo5 aptamers

were immobilized onto a surface-modified silicon (Si) wafer. Si
wafer pieces, cut into approximately 1 × 1 cm2, were cleaned by
plasma treatment for 30 min after wet cleaning with nitric acid,
hydrogen peroxide, ethyl alcohol, water, and acetone, subse-
quently. Dimensions of flakes were taken approximately equal
due to their importance in terms of mass transfer and binding
kinetics, since immobilization would be performed based on the
self-assembling of silanol groups by immersion. After cleaning,
wafer pieces were taken into contact with mercaptopropyl tri-
methoxysilane (MPTES) solutions prepared in absolute ethyl alco-
hol to obtain an SH-terminated monolayer on the Si surface.
Surface immobilization was monitored by thickness measure-
ment by SE. After that, a layer having COOH functionality was

Table 2. Anti-kanamycin and anti-neomycin aptamers used in the study

Probe name Sequence Sensor chip surface Method

AntiKnm1 50-(SH)-(CH2)6-TGG GGG TTG AGG CTA AGC CGA C-30 Au-coated glass SPRe-TIRE
AntiKnm2 50-(SH)-(CH2)6-(A)10-TGGGGGTTGAGGCTA AGCCGAC-30 Au-coated glass SPRe-TIRE
AntiKnm3 50-(NH)2-(CH2)6-TGGGGGTTGAGGCTA AGCCGAC-30 Si wafer SE
AntiKnm4 50-(NH)2-(CH2)6-(A)10-TGGGGGTTGAGGCTA AGCCGAC-30 Si wafer SE
AntiNeo1 50-(SH)-(CH2)6- GGC CUGGG CGA GAA GUU UAG GCC-30 Au-coated glass SPRe-TIRE
AntiNeo2 50-(SH)-(CH2)6-(A)10-GGC CUGGG CGA GAA GUU UAG GCC-30 Au-coated glass SPRe-TIRE
AntiNeo3 50-(NH)2-(CH2)6-GGC CUGGG CGA GAA GUU UAG GCC-30 Si wafer SE
AntiNeo4 50-(NH)2-(CH2)6-(A)10-GGC CUGGG CGA GAA GUU UAG GCC-30 Si wafer SE
AntiNeo5 50-(NH)2-(CH2)6-GGC CUGGG CGA GAA GUU UAG GCC-30 (20-fully methylated) Si wafer SE
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formed on the surface using mercaptoundecanoic acid (MUA).
After this process, to be carried out by the route of disulfide inter-
action, amino-group-terminated aptamers were finally bound to
the COOH-terminated surface by 1-ethyl-3-(3-dimethyl amino-
propyl)carbodiimide (EDAC) reaction. In this step, where the con-
centration and immersion times were optimized, the thickness of
the organic layer deposited on the Si surface was also monitored
using an ellipsometer.

Kanamycin and neomycin detection by SE and SPRe-TIRE
Si surfaces (sensor chips) on which AntiKnm3, AntiKnm4, or
AntiNeo3–AntiNeo5 have been immobilized under the specified
conditions were immersed in kanamycin or neomycin in buffer
solution (0–1000 nmol L−1). After immersion, the sensor surfaces
washed with buffer solution were analyzed by spectroscopic
ellipsometer. Because the Si flakes were opaque, the simulta-
neous measurement could not be performed at this step of the
study. After delta (Δ) and psi (Ψ) measurements performed in
the whole spectrum (200–1700 nm wavelength), the amount of
analyte captured by the aptasensor immobilized on the sensor
chip was evaluated in terms of Δ changes. The Δ angle (i.e. the
phase shift between polarization states) shifted to lower degrees
since the surface build-up changes the thickness and refractive
index (real and imaginary) of the surface film. The sensor calibra-
tion graph (Δ change vs target concentration) was drawn and
the LOD of the sensor was determined. Tobramycin was used to
determine the specificity. After the determination of specificity
and noise (NR) values, the theoretical determination limit (3⊞) of
the sensor was also reported. Additionally, surface thicknesses
after capturing the target molecules were determined by ellipso-
metric measurements. Surface roughness was also examined
using topography images obtained from the atomic force micro-
scope in contact mode using CM-silicon probes (Park Systems
Corp.). The roughness analyses were performed on ten different
points in ten scanning areas on at least four samples. The sche-
matic representation of ellipsometric methods and typical sensor
responses are shown in Fig. 1.
Kanamycin or neomycin solutions prepared in buffer solution, in

this part, were brought into contact with Au surfaces prepared
under specified conditions. A total internal reflection device and
a flow system (i.e. similar to SPR) were used as a requirement of

the SPRe-TIRE configuration. For this purpose, AntiKnm1 and
AntiKnm2 and AntiNeo1 and AntiNeo2 sensor chips immobilized
on the Au-coated BK7 glass surface were washed with buffer solu-
tion (HEPES) in a flow-cell comprising a BK7 glass prism coupled
with a refractive-index-matching oil (refractive index 1.58). Then,
kanamycin/neomycin solutions in the buffer (0–1000 nmol L−1)
were injected in the flow-cell of the spectroscopic ellipsometer.
First, delta (Δ) and psi (Ψ) measurements were performed in the
whole spectrum (i.e. between 200 and 1700 nm). Then, analysis
was performed in the region close to the wavelength (65° and
780 nm) where the SPR phenomenon has been determined
(where Δ has infinite slope). Antibiotics amount captured by the
aptasensor immobilized on the sensor chip was evaluated in
terms of Δ changes. Sensor performance and specificity were
determined using methods similar to those described in the pre-
vious section.

RESULTS AND DISCUSSION
Immobilization conditions on Au or Si surface
The Au-coated glass slide was used to get plasmon resonance to
operate the biosensor system under SPRe-TIRE conditions. The
immobilization time of the aptamers on this surface and the apta-
mer concentration parameters were optimized. The real-time sig-
nal obtained after injection of the probe in the buffer solution has
reached approximately an equilibrium within 5 min. Sensor sur-
faces were washed with a buffer solution after injection per-
formed for various durations. The surface build-up thickness was
then measured using a spectroscopic ellipsometer (Table 3) to

Figure 1. Schematic representation of ellipsometric methods and their typical sensor responses for (a) SE and (b) SPRe-TIRE. Schematic graphs for sensor
response versuswavelength represent usual sensor signals before (I) and after (II) target capturing. A ‘shift’ arrow represents the corresponding delta shift
(i.e. sensor signal in our case) upon target capturing.

Table 3. Ellipsometric thickness and RMS roughness for 0.1 μmol L−1

AntiKnm2 probe immobilization

Time (s) Thickness (nm) RMS roughness (nm)

60 0.74 ± 0.11 1.20 ± 0.08
120 1.25 ± 0.14 1.35 ± 0.12
240 1.84 ± 0.13 2.21 ± 0.18
300 2.03 ± 0.11 2.81 ± 0.23
7200 2.08 ± 0.10 3.02 ± 0.52
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optimize immobilization time. According to the results, 5 min was
appropriate, where significant thickness change cannot be
observed further.
The surface thickness obtained from the ellipsometric modeling

using library parameters for BK7/Cr/Au/1.46 organic/air materials,
was become steady around 300 s. Furthermore, it was observed
that the roughness obtained from topography measurements
increased, whereas the uniformity (as standard deviation)
decreased with the immobilization. The roughness of the bare
Au surface is close to that obtained for 60 s (0.81 ± 0.09), as
shown in Table 3. This shows that the probe distribution becomes
non-uniform for longer contact times. Consequently, 5 min immo-
bilization using a 1.00 μmol L−1 aptamer probe and purging with
a buffer for 2 min was deemed as optimum immobilization condi-
tions for aptamer probes. Optimized immobilization conditions
for other Au-surface-related probes and observed signals received
under these conditions are given in Table 4.
The AntiKnm2 and the AntiNeo2 are larger than other aptamers

with an additional ten A bases; therefore, a higher signal was
expected. However, values shown in Table 4 were very close to
each other, which may be the result of the diffusion limitations.
After this step, blocking was performed using 1 mmol L−1 MCH
in the buffer, to minimize non-specific interactions and to reduce
the interaction of the oligonucleotide with the Au surface. The
physically unbound MCH layer was then removed by washing
with buffer solution after 5 min of immersion.
For the SE-based assay, on the contrary, the Si surface was used

as a substrate. First, concentration and immersion time optimiza-
tion were performed for the self-assembling phase of MPTES. An
Si substrate, silicon dioxide (SiO2) layer, and organic layer as the
Cauchy model and air as a medium were used as model parame-
ters for ellipsometric modeling, which are available in the equip-
ment's library. The layer thickness on the Si surface using
1 μmol L−1 MPTES after 1–8 h dipping was then monitored. Dur-
ing the first 2 h, a near-monolayer formation (as thickness) was
observed. However, the increase in thickness for longer periods
could be a result of the accumulation of MPTES on the surface,
due to water vapor ingress from the air. Consequently, optimum
MPTES immobilization time and concentration were determined
to be 2 h (in the dark, at room temperature) and 1.0 μmol L−1

respectively. After the determination of MPTES immobilization
conditions, MUA was used to get COOH functionalized surface.
The disulfide reaction was carried out for 2–24 h, using
1.0 μmol L−1 MUA at room temperature, in the vacuumed and
nitrogen-swept closed vessels at dark. Ellipsometric thickness
(by assuming Si/SiO2/organic layer (defined by Cauchy Model)/
air) and RMS roughness were used for optimization purposes, as
described before. It was observed that immersion times ≥8 h
were appropriate for immobilizing the MUA on MPTES, as an

overlayer. The optimum MUA concentration was 5 μmol L−1,
where the thickness and roughness were almost steady.
For the immobilizationofAntiKnm3, AntiKnm4andAntiNeo3, and

AntiNeo4 andAntiNeo5 aptamers onto the COOH terminated sur-
faceviatheEDACroute,probesolutions inthebuffer (0.1–2μmol L−1)
were immobilized for 2 h (Fig. 2). Additionally, ellipsometric thick-
ness measured after immobilization of 1.5 μmol L−1 probe on the
COOH-functionalized surface for 10–240 min reached a steady

level (2.71 ± 0.13 nm) at 120 min, which also was selected as
optimum.

Sensor performance of SE and SPRe-TIRE
The ellipsometric angleΔ for each Si sensor chip gave a linearΔ–⊗
relationship between 600–700 nmwith a regression coefficient of
0.94, since the material deposited on the surface as an organic
layer upon target–aptamer interaction. This linear response zone
shifted to the lower Δ degrees upon the interaction between
the kanamycin/neomycin and the aptamer probe. The calibration
curves for all SE assays used in this study were obtained using this
correlation. The analytical performance of AntiKnm1, AntiKnm2,
AntiNeo1, and AntiNeo2 aptamers immobilized on the Au surface
as kanamycin and neomycin sensors was also tested. The ellipso-
metric angle Δ was continuously measured using a flow-cell at a
5 μL min−1 flow rate and at room temperature. Δ values shifted
to the lower degrees upon the interaction between the antibiotics
and the aptamer probe. The calibration curves for all SPRe-TIRE
assay probes were obtained using this time-dependent correla-
tion. All sensor responses were linear at low target concentrations,
whereas overall responses were exponential due to the nature of
the aptamer–target interaction.

Calibration curve parameters
Calibration curves for all assays were modeled to easily compare
assay performances via model parameters. The Langmuir model
(Eqn (1)) and the Belehradek model (Eqn (2)) parameters are

Δ=
a×b Antibiotics Concentrationð Þ1−c
1+b Antibiotics Concentrationð Þ1−c ð1Þ

Table 4. Probe immobilization optimums for SPRe-TIRE probes

Aptamer Time (s)
Concentration
(μM)

Detector signal change
Δ at optimums (deg)

AntiKnm1 300 1.00 5.20 ± 0.05
AntiKnm2 300 1.00 5.51 ± 0.05
AntiNeo1 300 1.00 5.27 ± 0.06
AntiNeo2 300 1.00 5.73 ± 0.05

Figure 2. The ellipsometric thickness of sensor surfaces after immobiliza-
tion of AntiKnm3, AntiKnm4, AntiNeo3, AntiNeo4, and AntiNeo5 at differ-
ent concentrations (room temperature, 2 h).
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Δ=a Antibiotics Concentration+bð Þc ð2Þ

Both models are suitable for single-site interaction, which
describes aptamer and target interaction. All probe–antibiotics
interactions in this study fit the Belehradek model with a regres-
sion coefficient of 90%, approximately, whereas Langmuir models
were below 80%. Consequently, model 2 (i.e. Belehradek) was
chosen, and its parameters (a, b, and c) are listed in Table 5 along
with the corresponding regression coefficients. The LOD for each
assay was calculated using the standard deviation (as 3⊞) of the
measured lowest concentration. The LODs for all aptamer assays
are also reported in Table 5.
Sensor responses obtained by SE were very similar for the

range investigated, including ten adenine-base-containing
probes. The lowest LODs were 1.84 nmol L−1 (0.89 ng mL−1)
and 2.52 nmol L−1 (1.55 ng mL−1) for kanamycin and neomycin
respectively. Both LODs are below the established residue limits
for kanamycin and neomycin7,10 and within comparable limits to
the ELISA-based method reported for kanamycin and
neomycin.21,25

To check the interference, 100 nmol L−1 tobramycin was added
to the buffer solution containing 100 nmol L−1 kanamycin/neo-
mycin. In addition, the sensor response for only 100 nmol L−1

tobramycin-containing buffer solution was measured to deter-
mine specificity. The specificity and selectivity results are reported

in Fig. 3. The specificity of aptamers to their target was success-
fully demonstrated since the tobramycin resulted in a signal
increase of less than 10% of the actual response.
Finally, all assays were checked for the real sample applicability

using kanamycin and neomycin determination in pasteurized,
commercial milk samples prepared according to the literature.51

A mid-range amount (100 nmol L−1) and a lower-range amount
(10 nmol L−1) kanamycin and neomycin solutions were spiked in
milk samples, and the recovered amounts are reported in
Table 6. The sensor was successful in detecting kanamycin and
neomycin added to the milk. There was no significant difference
in the milk sample between the methylated AntiNeo5 sensor
and the unmethylated precursor AntiNeo4 sensor because of
the RNase blocker.

Table 5. SE and SPRe-TIRE calibration parameters and LODs

Aptamer
Model

parameters
Regression

coefficient R2
LOD
(3⊞, nmol L−1)

SE
AntiKnm3 a = 6.5421

b = 0.1282
c = 0.2941

0.91 1.84

AntiKnm4 a = 5.9643
b = 0.0967
c = 0.2157

0.86 4.00

AntiNeo3 a = 4.7173
b = 0.3638
c = 0.5210

0.88 6.88

AntiNeo4 a = 4.2123
b = 0.7441
c = 0.4319

0.86 6.68

AntiNeo5 a = 5.1244
b = 0.7548
c = 0.3145

0.81 2.52

SPRe-TIRE
AntiKnm1 a = 9.5839

b = 0.0103
c = 0.2720

0.98 0.10

AntiKnm2 a = 10.5379
b = 0.0571
c = 0.25816

0.94 2.91

AntiNeo1 a = 8.1265
b = 0.0219
c = 0.11529

0.98 0.36

AntiNeo2 a = 7.05824
b = 0.0065
c = 0.1448

0.95 0.97

Figure 3. Selectivity of SE and SPRe-TIRE sensors. Sensor responses for
tobramycin, target (kanamycin/neomycin) and target + tobramycin.

Table 6. – Sensor performance for real milk samples

Aptamer
Spiked amount
(nmol L−1)

Determined
(nmol L−1) Recovery (%)

AntiKnm1 100 99.85 99.9
10 10.24 102.4

AntiKnm2 100 99.90 99.9
10 9.94 99.4

AntiKnm3 100 100.45 100.5
10 9.97 99.7

AntiKnm4 100 98.62 98.6
10 9.68 96.8

AntiNeo1 100 98.82 98.8
10 10.63 106.3

AntiNeo2 100 101.41 101.4
10 9.84 98.4

AntiNeo3 100 101.72 101.7
10 10.44 104.4

AntiNeo4 100 99.94 99.9
10 9.81 98.1

AntiNeo5 100 101.04 101.0
10 10.32 103.2
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CONCLUSIONS
In this study, two different types of aptasensors were developed
and compared using SE and SPRe-TIRE for kanamycin and neomy-
cin. The lowest and highest LODs for kanamycin were 100 pmol L−1

and 4.00 nmol L−1 respectively. The LOD for neomycin was
360 pmol L−1 and the highest was 6.88 nmol L−1. Since SPRe-TIRE
works in the SPR region where Δ changes rapidly under analysis
conditions, detection limits were lower. Moreover, the calibration
data fit better in terms of regression coefficients. The sensor perfor-
mances obtained are high enough for the MRL for kanamycin and
neomycin7,10 and within comparable limits to the ELISA-based
method reported for kanamycin and neomycin (0.83 ng mL−1

and 2.73 ng mL−1 respectively).21,25

Although the selectivity of aptamers was known, the antibiotics
added to the milk sample prepared with tobramycin at the lowest
and mid-range concentrations used in the study were accurately
measured. The highest recovery error in milk samples was 6.3%
(0.386 ng mL−1) at 10 nmol L−1 for AntiNeo1 (positive error). The
highest negative error was found to be 3.4% (0.164 ng mL−1) at
10 nmol L−1 concentration for AntiKnm4.
Consequently, SE and SPRe-TIRE-based aptasensors can be used

as an alternative to the existing ELISA-based method in terms of
assay time (10 min), detection limit (0.22 ng mL−1 for neomycin
and 0.048 ng mL−1 for kanamycin), and detection range (MRL is
0.5 μg mL−1).
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