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� A biosensor based on the use of
specific aptamer biding have been
developed.

� The aptamer was immobilized at the
sensor surface using two types of
graphene.

� Chemical vapor deposition graphene
and reduced graphene oxide were
compared as sustrate surface.

� The union of the analyte was moni-
tored by surface plasmon resonance.

� The aptasensor was applied to the
kanamycin determination in cow
milk samples.
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A biosensor in which an affinity reaction occurs in the sensitive microzone through the use of specific
aptamers to determine kanamycin residues in agri-food samples has been developed. It is an irreversible
and continuous flow aptameric biosensor (aptasensor) in which the signal variations are monitored by
surface plasmon resonance (SPR) measurements based on the specific interaction of the aptamer with
the antibiotic. The signal variation is proportional to the analyte concentration. Graphene is known for
efficient binding of molecules with its p-electron system, so a monolayer of graphene prepared from
chemical vapor deposition (CVD) has been compared to a multilayer of graphene made from reduced
graphene oxide (rGO) for immobilization of the aptamer on the gold surface of the physicochemical
transducer. The best results have been obtained with CVD graphene. The dynamic range was between 1
and 100 mmol L�1 of kanamycin concentration (r2 ¼ 0.9981, n ¼ 7, r ¼ 4), with a limit of detection of
285 nmol L�1 and a sampling frequency of 6 h�1. The precision, expressed as relative standard deviation
(RSD%), was established in the range of 1.49 and 3.89%, calculated for 1, 10, and 50 mmol L�1. The
selectivity was studied applying the described method to determine other antibiotics, obtaining no
significant difference in the analytical signal. The method was applied to determine kanamycin residues
in milk samples with recovery values ranging between 90 and 96%.

© 2021 Elsevier B.V. All rights reserved.
ampus de Rabanales, Edificio Anexo “Marie Curie”, 14071, C�ordoba, Spain.
omero).

mailto:qa1feroj@uco.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2021.338631&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2021.338631
https://doi.org/10.1016/j.aca.2021.338631


�A. �Ecija-Arenas, E.-M. Kirchner, T. Hirsch et al. Analytica Chimica Acta 1169 (2021) 338631
1. Introduction

Surface plasmon resonance (SPR)-based biosensors are valued
in different fields such as medical diagnosis and analytical or
biochemical monitorization for labeling-free and providing infor-
mation on binding events in real-time monitoring methods [1e4].
SPR is an optical technique reporting an intensity change of the
reflected light at a specific angle of incidence (resonance angle) at a
receptor modified-metal surface caused by the alteration of the
refractive index at proximity to this surface due to the analyte
binding [5,6]. SPR sensing has been developed in the last years for
timesaving, inexpensive, simple operation, and portable miniatur-
ized devices [6,7]. Quantifying low molecular weight compounds
makes this technique suitable for its application in broad areas such
as clinical, pharmaceutics, theranostics, environmental research,
and food safety [3,8]. It is widely used in real sample analysis due to
the lack of matrix effect susceptibility, making sample pretreat-
ment unnecessary. However, the sensitivity of the SPR sensor is
determined by the sensor surface, considering the transport and
binding of small concentrations of the analyte or the surface
available for analyte binding. Approaches based on graphene
coating of the gold substrate can improve the sensitivity and in-
crease the immobilized molecule concentration [5].

Aptamers are short RNA or single-stranded DNA oligonucleotide
sequences obtained by the in-vitro well-known selection process
called SELEX (Systematic Evolution of Ligands by Exponential
Enrichment). Their interest as recognition elements has been raised
as an alternative to antibodies due to their high affinity and
selectivity to the target molecule with the advantages of chemical
stability, easy synthesis and modification, high resistance against
denaturation, and ability to bind many types of target molecules,
including antibiotics. These advantages make them attractive in the
field of analytical chemistry, giving a new approach to biosensors.
These types have been called aptasensors and have been used to
determine a wide range of analytes with SPR detection [7,9,10].
Different options to assemble aptamers on the gold surface have
been studied. Thiol groups self-assemble to the gold surface via
well-known and stable AueS-binding, so a thiol-modified aptamer
can be developed [7,11,12]. Self-assembling via alkanethiols is
known to form a too dense layer of aptamers, and the target cannot
bind efficiently for steric hindrance and electrostatic reasons. This
drawback can be overcome by diluting the aptamer-modified thiols
with non-functionalized short-chain thiols at the surface, accom-
panied by an increase of non-specific binding. More advanced
surface chemistry would enlarge the distance of the analyte to the
surface. As sensitivity in SPR decays exponentially with distance,
this is not favorable for reasons of decreased sensitivity. A feasible
alternative is the use of graphene monolayers to anchor the
aptamer to the surface.

Graphene is a 2D layered material of sp2 hybridized carbon
atoms with an increasing interest in the use of biosensors due to its
properties, such as biocompatibility, high surface-to-volume ratio,
p-stacking interactions, possible modifications, the presence of an
intrinsic surface plasmon, and its hydrophobicity, which means
there should be not much unspecific binding in aqueous systems.
Graphene layers can be obtained multiple ways from top-down
starting from graphite, like reduced graphene oxide (rGO), or
bottom-up methods, like chemical vapor deposition (CVD) metal
substrates. The first one was fabricated by chemical exfoliation as a
top-down approach from graphite, and the second one was grown
on a copper substrate. The physical and chemical properties of the
resulting nanomaterial differed according to the adapted method,
observing materials with different flake sizes and a different
number of layers [13].

The rGO synthesis is simple, cheap, and the material can be
2

processed quickly by drop-casting. Nevertheless, the preparation is
time-consuming and cannot result in a large area of a uniform
graphene monolayer. Thus, the resulting quality layer was not so
excellent to increase sensitivity due to the considerable in-
homogeneity and lattice defects. On the other hand, CVD results in
an almost perfect monolayer with numerous receptor places and
better sensitivity [7,14e16]. Both types of graphene have been used
in biosensors to determine different analytes with SPR [5,6,14,17].
However, only the rGO has been used for kanamycin determination
with various detection methods [18,19].

Once the aptasensor has been developed, its usefulness has been
demonstrated by applying it to the determination of kanamycin
residues in food samples. Kanamycin is an aminoglycoside anti-
biotic widely used in treating Gram-positive and Gram-negative
bacterial infections in human and veterinary medicine due to the
interaction with ribosomal RNA interfering with the bacterial pro-
tein synthesis [20,21]. However, kanamycin residues can be found
in animal-derived foods due to their overuse. Accumulative over-
dose of this antibiotic may cause several affections such as neph-
rotoxicity, auditive loss, allergic reactions, and antibiotic resistance
[22]. Therefore, the European Union has fixed maximum residue
limits (MRLs) for kanamycin in milk as 150 mg kg�1, and highly
sensitive, accurate, economical, and simple detectionmethods have
to be established to determine this amount [23].

In this study, an SPR-based biosensor was developed and
applied to determine kanamycin by demonstrating the benefits of
using CVD graphene compared to rGO. The differences between the
two graphene types and the homogeneity of the transfer process
were characterized using Raman spectroscopy.

2. Materials and methods

2.1. Reagents

Kanamycin sulfate from streptomyces kanamyceticus, penicillin,
streptomycin, 1-pyrenebutyric acid (PBA), 1-ethyl-3-(3-(dimethy-
lamino)propyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS),
and 16-mercaptohexadecanoic acid (MHA) were obtained from
Sigma-Aldrich (Taufkirchen, Germany, www.sigmaaldrich.com).
Other chemicals were obtained from VWR International (Darm-
stadt, Germany, www.de.vwr.com), and all chemicals used were of
analytical grade. A solution containing 25 mmol L�1 disodium
hydrogen phosphate (Merck, Taufkirchen, Germany, www.
sigmaaldrich.com), adjusted to a pH 7.4, was used as the buffer.
Kanamycin aptamer (50eH2NeAGATGGGGGTTGAGGCT-30) was
purchased from Eurofins Genomics (Ebersberg, Germany, www.
eurofinsgenomics.eu) which is synthesized using SELEX proced-
ure [18,24]. The aptamer was functionalized with an amino group
at the 5’ terminal for immobilization on the graphene surface.
Before being used, the aptamer was stored at �4 �C ant in stock
buffer (Eurofins Genomics, Germany) and was dissolved in the
immobilization buffer containing 25 mmol L�1 disodium hydrogen
phosphate, 100 mmol L�1 NaCl, and 4 mmol L�1 EDTA (pH 7.4),
previous to its use.

2.2. Materials and instruments

Glass slides (20 � 20) mm of F1-type with a refractive index of
1.61 covered with a continuous gold film of 45 nm thickness were
purchased at Mivitec GmbH (Sinzing, Germany, www.mivitec.de).
Samples of a chemical vapor deposited graphene monolayer
(10� 10)mm grown on an 18 mm thickness copper substrate coated
with approximately 60 nm thickness of a polymethylmethacrylate
layer (PMMA) Model 495K, A2, which was purchased from Gra-
phenea (San Sebasti�an, Spain, www.graphenea.com).

http://www.sigmaaldrich.com
http://www.de.vwr.com
http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
http://www.eurofinsgenomics.eu
http://www.eurofinsgenomics.eu
http://www.mivitec.de
http://www.graphenea.com
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All SPR experiments were carried out on a BioSuplar SPR in-
strument (Mivitec GmbH, Germany). The gold-coated glass slide
was brought in optical contact with an index-matching fluid (Car-
gille®, Cargille Labs, Cedar Groove, NJ, www.cargille.com). The so-
lutions entered the system through a four channels peristaltic
pump IPC 4 (Ismatec, NeoLab, Heidelberg, Germany, www.ismatec.
com). Raman spectroscopy measurements used to characterize the
subsequent sensor surface modification stages were performed on
a DXR Raman microscope (Thermo Fisher Scientific GmbH,
Dreieich, Germany, www.thermofisher.com). The Raman micro-
scopic mapping images were obtained with an MPlan N 100'/0,90
BD objective (Olympus SE & Co. KG, Hamburg, Germany, www.
olympus-europa.com).

2.3. Aptasensor fabrication

The aptasensor consisted of a glass slide coveredwith a thin gold
layer and was functionalized with graphene to ensure the binding
of the aptamer to the sensor surface. Two types of graphene were
studied to carry out this binding, rGO, and CVD-graphene. Despite
the graphene being directly deposited onto the sensor surface, a
cleaning step must be introduced beforehand. The sensor surface
formed by the gold-covered glass slides was thoroughly cleaned
with ethanol and dried with a nitrogen stream.

The rGO was synthesized by a modified Hummers method and
subsequent chemical reduction using hydrazine [25,26]. The gold-
layer surface modification with rGO was developed by adapting a
previously described method [27]. Gold surfaces were immersed in
16-mercaptohexadecanoic acid (MHA) before the rGO deposition to
render the hydrophilic surface to improve their spreading adhesion
to form a self-assembledmonolayer (SAM) [28e30]. The slides have
been immersed for a minimum of 20 h in an ethanolic solution of
MHA (200 mmol L�1). At ambient conditions, drop-casting of 50 mL
rGO (b ¼ 250 mg mL�1) dispersed in a 1:1 (v/v) water and iso-
propanol solution ensured a uniform film formation on top of the
slides.

CVD-graphene was grown by the direct deposition of gaseous
reactants onto a substrate surface (Graphenea, Spain). For the
modification with a monolayer of CVD-graphene, a wet transfer
method was used [5,16]. CVD-graphene, supported by a copper
substrate and covered by protective polymethylmethacrylate
(PMMA) layer (Graphenea, Spain), was floated for 30 min on the
surface of a solution of 400 mmol L�1 iron (III) chloride to etch the
copper. After a thorough washing step, the CVD-PMMA-layer is
deposited onto the slide, putting this one at the bottom of the so-
lution and removing the solution to lower the film onto the gold
slide. A thermal treatment consisted of heating at 70 �C in the air for
30min flattened the CVD graphene film. The immersion of the slide
into an acetone bath for 30min is used to dissolve PMMA before the
aptamer immobilization. The chips were rinsed with ethanol and
dried with nitrogen.

Once the gold film was covered by graphene, the surface was
modified with 1-pyrenebutyric acid (PBA) via p-stacking to ensure
the covalent binding of the aptamer. PBA consists of a pyrene group
molecule with p-electrons and a carboxylic group that can be used
to facilitate further functionalization [15]. The graphene-modified
slides were assembled into the flow system of the SPR instru-
ment and treated with PBA. First, a 5 mmol L�1 PBA solution in
DMSO was introduced into the system at a flow rate of
0.1 mL min�1 for 30 min. A carbodiimide coupling reaction ensured
the binding of aptamers. EDC and NHS activated the carboxyl
groups of PBA and facilitated an amide binding with the aptamer
[31]. The buffer containing 50 mmol L�1 EDC and 50 mmol L�1 NHS
was added at a flow rate of 0.2 mL min�1 for 10 min. The slide was
incubated with 1 mmol L�1 antikanamycin aptamer dissolved in the
3

immobilization buffer, containing 100 mmol L�1 NaCl and
4 mmol L�1 EDTA, for 30 min. Afterward, the slides were rinsed
thoroughly with the buffer.

2.4. Aptasensor characterization

Besides the deposition of PBA, the quality of the deposited
graphene films was monitored by Raman spectroscopy using a
532 nm laser excitation (10 mW) and with a 50 mm slit. SPR
monitored the deposition of PBA and the aptamer. Changes in the
intensity of reflected light were recorded at a fixed angle. An F1-65�

glass prism was installed on a swiveling carriage. A flow cell with
two channels was placed on the slide. One channel was used as a
reference and the other one for the sample. Only the buffer, without
analyte or surface modifiers, passed through the reference channel.

2.5. Kanamycin determination using the SPR based aptasensor

The determination of kanamycin is based on the affinity inter-
action between the analyte and the immobilized aptamer, which
provides changes in the refractive index at the near-field surface
monitored by an SPR detector. The SPR instrument includes two
monitoring cells (reference and sample) that provide continuous
monitoring of the refractive index variations at the same incidence
angle close to the active sensor surface. The corrected baseline was
obtained by subtracting the reference channel signal from the
sample channel signal to eliminate small fluctuations in laser in-
tensity or temperature variations. Any changes can be related only
to the binding events at the sensor surface. The determination of
kanamycin through the affinity interaction to the immobilized
aptamer was studied at a concentration range between 1 and
100 mmol L�1 prepared in phosphate buffer (25mmol L�1, pH 7.4) at
room temperature.

The selectivity of the aptasensor has been tested using an ami-
noglycoside antibiotic (streptomycin) and others from another
antibiotic family (penicillin). The cross-reactivity of these antibi-
otics was tested at two concentrations (50 and 100 mmol L�1) of
each potential interferent.

2.6. Application of the method

The developed aptasensor was applied to determine different
kanamycin concentrations in commercial cow milk samples (1.5%
fat content) provided from a local commercial market. No sample
pre-treatment was required to obtain the measurements, and
samples were directly measured with the developed aptasensor. No
kanamycin residues were found in previous studies performedwith
these milk samples. Therefore, a standard addition method was
carried out with milk samples directly spiked with solid kanamycin
to obtain a recovery study. Different kanamycin amounts were
directly added to the samples to obtain known analyte concentra-
tion levels in samples ranged from the lowest concentration in the
dynamic range to the middle of this range (1, 10, and 50 mmol L�1).
When their signal difference in RIU of each spiked sample was
obtained regarding blank samples and the calibration graph, the
added kanamycin concentration was calculated. The relation be-
tween the obtained and the known concentrations were necessary
to obtain the recovery data.

3. Results and discussions

3.1. Aptasensor design and characterization

Several steps have been studied to obtain the best aptasensor
signal. The first step is to functionalize the gold surface with both

http://www.cargille.com
http://www.ismatec.com
http://www.ismatec.com
http://www.thermofisher.com
http://www.olympus-europa.com
http://www.olympus-europa.com
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graphene types (rGO and CVD-graphene). Fig. 1 depicted the
Raman spectroscopy characterization. As can be seen, three Raman
bands at 1350 cm�1 (D-peak), 1600 cm�1 (G-peak), and 2690 cm�1

(2D-peak) were used to identify the graphene layers. Intensity ra-
tios between the characteristic bands, such as ID/IG and I2D/IG ratios,
were used to indicate the graphene deposition on the metal sur-
face. The ratio I2D/IG z 2 reveals the monolayer CVD deposition,
whereas the low intensity of the 2D-peak of rGO shows stacked
multilayers of graphene. The constant ID/IG ratio indicated the ho-
mogeneous distribution of reduced graphene oxide along the sur-
face. This result was also attributed to the slide modified by CVD, as
demonstrated by a constant I2D/IG ratio for CVD graphene due to the
absence of a D-peak in CVD. The ID/IG ratio provides information
about the flake size and some defects, involving the I2D/IG ratio with
the number of layers [32,33].

In the case of rGO immobilization, different amounts of gra-
phene were drop cast. The functionalized surfaces were analyzed
using Ramanmicroscopy (Fig. 2). The microscopic imagewith a 2D-
intensity map of a characteristic peak (G-peak) (Fig. 2a) shown
qualitative information about the film homogeneity. The contin-
uous red color of the images indicates no variations in the layer
thickness of the rGO deposited. Spectra of rGO (Fig. 2b) showed
quantitative results with the typical features: broad peaks and,
most importantly, an ID/IG ratio that is slightly higher than 1 [34].
The optimization of the influence of the amount of graphene used
to perform the rGO deposition was supported on the ID/IG ratios
obtained, shown in Table 1. The best results were achieved using
50 mL of a solution of 250 mg mL�1 rGO with 1:1 (v/v) isopropanol
and water.

Regarding the immobilization of CVD graphene, Table 1 sum-
marizes the intensity ratios studied. The presence of a small single
2D-peak with around double the G-peak intensity and an ID/IG ratio
in the range of 0.05e0.3 is typical for CVD-derived monolayer
samples [35]. These results indicate the successful transfer of CVD
graphene onto the substrates.
Fig. 1. Raman spectra of CVD-graphene and rGO

4

The consecutive functionalization steps were monitored via
Raman spectroscopy and SPR spectroscopy, depicted in Figs. 3 and
4. The graphene surface was modified using PBA via p-stacking
interactions to facilitate the immobilization of the biorecognition
molecules. PBA provided enough superficial acid groups on the
modified graphene surface to facilitate the aptamer covalent bound
through its amino-derived functionalization. As shown in Fig. 3, a
small peak near the D-peak (1230 cm�1) appeared on Raman due to
the PBA deposition (red line) and possible G-peak intensity changes
due to multilayer conversions. The I2D/IG ratio decreases from
2.19 ± 0.51 to 1.42 ± 0.23, keeping the ID/IG ratio constant in
0.18 ± 0.06. The SPR signal change expressed as refractive index
units (RIU) has been used to monitor the SPR measurements. As
shown in Fig. 4a, a change of 4$10�3 RIU with CVD-graphene and
2.5$10�3 RIU with rGO was obtained due to the immobilization of
PBA.

The surface was modified with an EDC-NHS solution to activate
the carboxyl groups and ensure binding to primary amines and the
efficient coupling to the aptamer. After this modification, the
Raman spectra remained constant. However, as shown in Fig. 4 b,
the SPR signal changed to 2$10�3 RIU using these EDC-NHS modi-
fied CVD-graphene surfaces and 1.6$10�3 RIU EDC-NHS rGO. The
I2D/IG ratio decreases again (1.25 ± 0.36) after the coupling of the
antikanamycin aptamer, keeping constant the ID/IG ratio
(0.17 ± 0.09) (blue line in Fig. 3). The refractive index changed to
1.8$10�3 RIU for the CVD-graphene-based surface and 1.3$10�3 RIU
for the rGO-based (Fig. 4b). All this information suggests the suc-
cessful modification of the graphene sensor with the bio-
recognition elements.

3.2. Analytical features of the method

The calibration graphs of the method for determining kana-
mycin using the aptasensor under the optimum experimental
conditions and monitoring the SPR signal expressed in RIU are
modified slides normalized to the G-peak.



Fig. 2. Microscopic image (A) and Raman spectra (B) of a gold slide modified with 100 mL rGO (b ¼ 62 mg mL�1) (a), 50 mL rGO (b ¼ 125 mg mL�1) (b), 30 mL rGO (b ¼ 250 mg mL�1) (c),
and 50 mL rGO (b ¼ 250 mg mL�1) (d). A 2D intensity map of the G-peak is blended over the microscopic images. The scale bars are 100 mm. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
ID/IG and I2D/IG ratios of each type of graphene used (n ¼ 3, r ¼ 50).

Type of graphene Case number ID/IG I2D/IG

rGO

100 mL of 62,5 mg mL�1 1:4 (v/v) isopropanol and water 1 1.24 ± 0.28 0.39 ± 0.29
50 mL of 125 mg mL�1 1:2 (v/v) isopropanol and water 2 1.12 ± 0.05 0.15 ± 0.07
30 mL of 250 mg mL�1 1:1 (v/v) isopropanol and water 3 1.86 ± 0.51 0.67 ± 0.24
50 mL of 250 mg mL�1 1:1 (v/v) isopropanol and water 4 1.14 ± 0.02 0.13 ± 0.03
CVD 0.14 ± 0.04 2.19 ± 0.51

Fig. 3. Raman spectra of CVD modified slides (black line), CVD treated with 1-pyrenebutiric acid (PBA) (red line), and a CVD-PBA modified slide after the aptamer immobilization
(blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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shown in Fig. 5. Fig. 5 a shows the RIU change for different kana-
mycin concentrations obtained with deposited CVD-graphene-
based aptasensor. The SPR signal increased after the kanamycin
5

binding, providing the immobilization of the antibiotic via the
interaction with the specific aptamer, as evidenced in the calibra-
tion graphs in Fig. 5 b, where the difference between the signal



Fig. 4. SPR characterization of the gold surface with CVD-graphene (black line) and rGO (red line) after the immobilization of PBA (A) and the aptamer solution, with a previous
modification with an EDC-NHS solution (B). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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obtained when no kanamycin was bound to the aptasensor and the
signal provided by different kanamycin concentration solutions has
been represented. A linear relationship was found within the
concentration mentioned above range, relating the difference
signal with the kanamycin concentration logarithm.

Table 2 summarizes the features for the determinationwith rGO
and CVD graphene, which include the equation parameters for the
Hill relationship and the linearization of the representation, the
dynamic range of the calibration graph, the limit of detection (LOD),
and the limit of quantification (LOQ) established according to IUPAC
recommendations [36], and the precision of the method expressed
as RSD% values. LOD and LOQ were calculated from the standard
deviation of the blanks. A high number of blanks (r ¼ 28) were
measured, and calculated the corresponding concentration for each
calibration graph. Once concentrations were calculated, the mean
and the standard deviation of the blank were obtained. LOD was
defined by the mean value plus three times the standard deviation
of the blank, and LOQ was obtained as the mean value plus ten
times the standard deviation of the blank. The sampling frequency
under the working conditions was estimated as 6 h�1.

As can be seen, the LOD using CVD-graphene is round
0.28 mmol L�1, which is 7-fold lower than obtained with rGO. The
precision values were also better in the chase of the CVD-graphene
aptasensor. The selectivity was studied by assaying other antibiotics
(streptomycin and penicillin) instead of kanamycin. The results
showed in Fig. 6 revealed that the kanamycin signal difference was
significantly higher than other antibiotics.
Fig. 5. (A) Signal change in refractive index units (RIU) of aptasensor with CVD-graphene wi
change in RIU of the aptasensor using CVD-graphene (black line) or rGO (red line) and the co
change in RIU and the logarithm of the kanamycin concentration for both types of graphene.
to the Web version of this article.)
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The developed method based on an aptasensor has been
compared with other methods for kanamycin or other amino-
glycoside antibiotics determination. Several methods for deter-
mining kanamycin based on aptasensors [12,37e39] or SPR
detection [40] separately have been established. Even though
combining both techniques in the same method has been reported
for determining other analytes [41], this combination has not been
used to date for determining kanamycin. The LOD was in the same
order of magnitude [42] or higher [38] than other methods based
on luminescence detection but lower than using other aptasensors
[39]. Nevertheless, the proposed method showed advantages con-
cerning portability, cost, and measurement time. Also, the use of
aptamers interaction provided higher selectivity than others sup-
ported on chemical reactions.

3.3. Application of the method

The developed aptasensor was applied to determine different
kanamycin concentrations in commercial cow milk samples (1.5%
fat content) from a local commercial market. No SPR signal
response corresponding to kanamycinwas observed when the milk
samples were analyzed; thus, different kanamycin concentrations
(1, 10, and 50 mmol L�1) were directly added to the samples to carry
out the standard additionmethod. A recovery studywas carried out
by adding kanamycin to reach three milk sample concentrations,
obtaining their signal difference in RIU regarding blank samples.
Taking into account the calibration graph, this difference was
th different kanamycin concentrations. (B) The derived relationship between the signal
ncentration of kanamycin. The inset indicates the linear relationship between the signal
(For interpretation of the references to color in this figure legend, the reader is referred



Table 2
Analytical features of the method.

rGO method CVD-graphene method

Calibration graphs Hilla,b Linearizationa,c Hilla,b Linearizationa,c

Equation parameters RIUmax ¼ 1.9$10�3 (±6.5$10�5) a ¼ 7.6$10�4 (±5.8$10�5) RIUmax ¼ 2.1$10�3 (±3.4$10�5) a ¼ 9.1$10�4 (±5.1$10�5)
KD ¼ 9.1 (±0.5) b ¼ 1.5$10�4 (±3.9$10�5) KD ¼ 9.6 (±0.3) b ¼ 1.4$10�4 (±2.8$10�5)
r2 ¼ 0.997 r2 ¼ 0.967 r2 ¼ 0.998 r2 ¼ 0.982

LOD, mmol L�1 1.79 1.53 0.28 0.81
LOQ, mmol L�1 5.88 3.46 0.92 1.06
Linear range, mmol L�1 (n ¼ 7, r ¼ 4) 5.88e100d 3.46e100 1e100d 1e100
RSD, % (r ¼ 4)
1 mmol L�1 4.55 3.89
50 mmol L�1 1.26 1.49

a y ¼ signal difference in refractive index units (DRIU); x ¼ kanamycin concentration (mmol L�1).
b Hill equation: y ¼ RIUmax$x/(KD þ x).
c Linearization of the representation: y ¼ a$log x þ b.
d Dynamic range for the Hill relationship.

Fig. 6. Signal change in RIU for penicillin, streptomycin, and kanamycin at two concentration levels: 50 mmol L�1 (red columns) and 10 mmol L�1 (blue columns). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Application of the method to the determination of kanamycin in milk.

Added, mmol L�1 RIU signala Founda, mmol L�1 Recoverya, % RSD, % (n ¼ 3)

1 1.91$10�4 (±1.44$10�5) 0.96 96.24 7.55
10 1.06$10�3 (±9.52$10�5) 9.78 97.85 5.91
50 1.75$10�3 (±4.71$10�5) 45.06 94.53 2.72

a Mean value of three experiments.
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related to the added kanamycin concentration. Known the added
concentration, the recovery values were calculated. As can be seen
in Table 3, the recovery values obtained were 96.24 ± 7.55%,
97.85 ± 5.91%, and 94.53 ± 2.72%, respectively for 1, 10, and
50 mmol L�1 kanamycin concentrations.
4. Conclusions

The development of SPR substrates based on graphene modified
with aptamers has been carried out in this research and was
applied to the determination of kanamycin residues. Comparing
7

both types of graphene studied, rGO and CVD, the last one shows
more homogeneous and reproducible graphene films, leading to a
better immobilization of aptamers. Within SPR measurements, the
highest surface sensitivity was achieved for those modified with
CVD graphene, resulting in a 7-fold lower LOD for the kanamycin
detection. Therefore, PBA can be attached to the 2D carbon nano-
material via p-stacking and subsequently modified by the aptamer,
leading to a universal approach for selective (bio)analysis. This
feature represents an advantage in developing selective methods
because just by changing the immobilized aptamer, themethod can
be adjusted to determine another analyte. The method has several
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advantages, such as portability, speed of measurement, and low
cost. The applicability of the method was demonstrated by the
determination of one aminoglycoside antibiotic in milk samples.
Even though the sensibility of the method and the values of LOD
and LOQ can be improved to reach the values obtained with other
techniques, the selectivity of the method was significant due to the
high affinity and sensibility of aptamers for the target molecule.
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