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The  authors  here  described  a visual  detection  strategy  employing  4-amino-3-hydrazino-5-mercapto-
1, 2,  4-triazole  (AHMT)  functionalized  gold  nanoparticles  (AuNPs)  to detect  kanamycin  (KA)  in various
samples.  The  AHMT  with  mercapto  group  was  self-assembled  onto  the  surface  of AuNPs  and  the  AHMT
functionalized  AuNPs  (AHMT-AuNPs)  aggregated  when  KA  existed  owing  to  the hydrogen-bonding  inter-
action between  KA  and AHMT.  As a result,  the  color  of the  AHMT-AuNPs  solution  changed  from  wine
red-to-deep  purple  with  the  increasing  concentration  of KA.  Taking  advantage  of the  hydrogen-bonding
interaction,  KA could  be  quantitatively  detected  by the  proposed  sensor  in  the  range  of  0.005–0.1  �M
and  0.1–20  �M, with  the detection  limit  as  low  as  0.004  �M which  is  much  lower  than  the maximum
ydrogen-bonding recognition
old nanoparticles
-Amino-3-hydrazino-5-mercapto-1, 2,
-triazole
ensor
olorimetric

contamination  level  for KA  in milk  defined  by the  European  Union.  Furthermore,  the proposed  sensor
was  not  affected  by  the  interference  chemicals  including  common  amine  acid,  antibiotics,  and  metal  ions.
The  sensor  was  also used  to  detect  KA  from  various  real  samples,  and the  results  were  excellent  in  accord
with the  values  measured  by  the  high  performance  liquid  chromatography  (HPLC).  This  sensor  exhibited
a  promising  potential  for  simple  and  real-time  detection  of KA in  various  real  samples.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nano-sized precious metal particles, such as gold nanoparti-
les (AuNPs) and silver nanoparticles, have been manufactured
nd applied in many fields because of their unique optical char-
cteristics [1,2]. As a visual element providing broad applications
n chemistry, biology, medical, and material science, AuNPs have
ttracted much interest since the gold hydrosols were prepared by
ichael Faraday in 1857 [3,4]. AuNPs supplied a spectral innovative

pproach for the sensing system owing to its unique optoelec-
ronic properties, such as conductivity or redox behavior, surface

lasmon resonance absorption, and resonance light scattering [5].
hat is more remarkable is that the search for colorimetric detec-

ions based on AuNPs has been applied in many fields for their

∗ Corresponding authors at: College of Environmental Science and Engineering,
unan University, Changsha, Hunan 410082, PR China.

E-mail addresses: zgming@hnu.edu.cn (G. Zeng), laicui@hnu.edu.cn (C. Lai).

ttp://dx.doi.org/10.1016/j.snb.2016.12.086
925-4005/© 2016 Elsevier B.V. All rights reserved.
convenience of simple operations and visual observation [6,7]. For
example, Elghanian et al. [8] reported a highly selective colorimet-
ric polynucleotide detection approach based on a single-stranded
target oligonucleotide (mercaptoalkyoligonucleotide) functional-
ized AuNPs probes. It provided the results with a concomitant
red-to-pinkish/purple color change. In 2011, Guo et al. [9] devel-
oped a simple and simultaneous determination method of Hg2+,
Pb2+, and Cu2+ using the papain-modified AuNPs with the low-
est detection concentration of 200 nM.  On this basis, our group
has developed a papain and 2,6-pyridinedicarboxylic acid func-
tionalized AuNPs (P-PDCA-AuNPs) sensor system for sensitive and
selective detection of mercury ions based on the non-covalent reac-
tion, with the linear range of 0.01–14 �M and detection limit of
9 nM [10]. Based on these promising results, AuNPs have been
acknowledged as suitable for the detection of organic molecules.
In particular, many novel nanoparticle sensors for the identifica-
tion of organic molecules have been developed by taking advantage
of the color change of AuNPs induced by hydrogen-bonding recog-
nition [11,12]. The hydrogen-bonding interaction is an attractive

dx.doi.org/10.1016/j.snb.2016.12.086
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.12.086&domain=pdf
mailto:zgming@hnu.edu.cn
mailto:laicui@hnu.edu.cn
dx.doi.org/10.1016/j.snb.2016.12.086
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nteraction between a hydrogen atom from a molecule or a molec-
lar fragment X-H and an atom or a group of atoms in the same or
ifferent. A typical hydrogen-bonding interaction may  be depicted
s X-H...Y, where X-H represents the donor and Y is the acceptor
n which the change transfer presents between them leading to
artial covalent bond formation between Y and H [13]. As for the
pplications of AuNPs based on hydrogen-bonding interaction, Ai
t al. [14] developed a visual detection method of melamine in raw
ilk and infant formula based on hydrogen-bonding recognition-

nduced color change of AuNPs, which used the hydrogen-bonding
nteraction between melamine and the derivatives of cyanuric acid
hat could form a stable NH·  · ·O and NH· · ·N hydrogen bonds. Then,

 colorimetric sensor for clenbuterol using AuNPs in the presence
f melamine was reported by Zhang and his group [11]. This paper
escribed the hydrogen-bonding interaction between melamine
nd clenbuterol which led to the aggregation of AuNPs and a con-
equent color change. It is a new tendency of using AuNPs based on
ydrogen-bonding interaction to identify organic molecules, espe-
ially antibiotics.

As a new kind of pollutants, antibiotics have attracted partic-
lar attention due to their broad applications and potential side
ffects [15]. Kanamycin (KA), an aminoglycoside antibiotic, is aris-
ng from the fermentation of Streptomyces kanamyceticus and used
s a second-line antituberculosis drug because of its clinically
seful activity against the Mycobacterium tuberculosis [16,17]. Sim-

lar to most of aminoglycoside antibiotics, indeed dependent side
ffects of nephrotoxicity, ototoxicity, and allergic reactions have
een reported [18]. Besides, the residual amount of kanamycin in
oodstuff may  result in antibiotic resistance from the pathogenic
acterial strains, which could imperil the consumer [19]. Herein,
n analytical method for the detection of kanamycin in various
amples is still needed. Several methods, such as high performance
iquid chromatographic methods [20,21], immunoassay [22], elec-
rochemical detection [23], colorimetric detection [24,25], and
as chromatography [26] have been reported for the determina-
ion of kanamycin. Compared with these methods, colorimetric
etection of kanamycin based on hydrogen-bonding interaction
f functionalized AuNPs real-time analytical devices has many
dvantages, including simple, fast, low cost, high sensitivity, and
electivity. For example, Feng et al. [27] developed a practical col-
rimetric approach for the quantitation determination of dopamine

n 2013, which was based on the hydrogen-bonding interaction
etween 4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazol (AHMT)
nd dopamine. AHMT contains amino, hydrazine, mercapto, and
rialzol groups, as the full name it is [28]. It can bind with AuNPs on
he surface because of the mercapto-group [29]. On the other hand,
he melamine molecule provides some hydrogen bond sites since it
as three exocyclic amino groups and a three nitrogen hybrid ring,
hich is similar with AHMT [30]. Thus, AHMT can provide hydrogen

ond sites.
In this study, a colorimetric sensor for kanamycin recognition

ased on AHMT functionalized AuNPs by the hydrogen-bonding
nteraction was developed. The determination of kanamycin in var-
ous samples was obtained and the sensitivity was satisfied. Many
inds of other organics were used here to illustrate the selectivity
f this sensor system. In addition, high performance liquid chro-
atography (HPLC) was  employed for the low levels of kanamycin

o exhibit the accuracy of this method.

. Materials and methods
.1. Materials and instruments

Sodium citrate and chloroauric acid hydrated (HAuCl4·4H2O)
ere obtained from Sinopharm Chemical Reagent Co., Ltd (Beijing,
rs B 243 (2017) 946–954 947

China). Kanamycin monosulfate (KA·H2SO4) and 4-amino-3-
hydrazino-5-mercapto-1, 2, 4-triazole (AHMT) were purchased
from Xiya Chemical Industry Co., Ltd (Shandong, China). All of the
other amino acids and carbohydrate used in this work, includ-
ing l-aspartic acid, l-arginine, Glycine, l-phenylalanine, l-cysteine,
Glutathione, Tetracycline, and Glucose, were received from Sigma-
Aldrich (USA). Other chemicals involving metal ions salts were
obtained from Damao Reagent of Tianjin (Tianjin, China). All the
chemicals were of analytical grade and used without further purifi-
cation. Ultrapure water (18.2 M� cm,  Milli-Q Millipore) was  used
throughout the whole experiments. The buffer used in this work
was 20 mM phosphate buffer (PB) (pH 7.4).

The size and the aggregation status of AHMT-stabilized
gold nanoparticles were examined by the transmission electron
microscopy (TEM) using TECNAI T20 G2 electron microscope instru-
ment operated at accelerating voltage of 200 Kv (FEI, Netherland).
The UV–vis spectra of the sensor system were recorded by a
UV-2005 spectrometer with a 1-cm path length quartz cuvette
(Shimadzu Corporation, Kyoto, Japan). Pictures for color changes
were taken with a Canon 70d digital camera. Zeta potential mea-
surements were performed on a Zetasizer Nano ZS (England).
High performance liquid chromatography (HPLC) was performed
using an Agilent Technologies 1200 high performance liquid chro-
matography equipped with a UV–vis detector (DAD) and C18
column (4.6 mm × 250 mm,  5 �m).  The mobile phase was ace-
tonitrile/water (40/60, v/v) at the flow rate of 1 mL  min−1. The
wavelength of UV detector was  set at 230 nm and the injection
volume was  50 �L.

2.2. Preparation of AHMT functionalized AuNPs

The glasswares were cleaned in a bath of freshly prepared 3:1
(V/V) HNO3-HCl, amply rinsed with ultrapure water, and dried in
the air. AuNPs used in this study were prepared by sodium citrate-
mediated reduction of HAuCl4 according to the literature [10,31]
with a little modification. Briefly, 100 mL  of 0.3 mM HAuCl4 aqueous
solution in a 250 mL  round-bottom flask equipped with a condenser
was heated to thorough boiling. Later, 15 mL of 38.8 mM sodium
citrate was  quickly added to the boiling solution with vigorous stir-
ring. The color of the solution changed from light yellow to wine
red within 3 min, which indicated the formation of AuNPs. The solu-
tion was cooled to room temperature under continuous stirring for
20 min  and filtered through a 0.22-�m Millipore syringe filter. The
resulting AuNPs were stored at 4 ◦C in the dark for further use. The
average diameter of such AuNPs was ∼15 nm through the measure-
ment of TEM images and Zetasizer Nano ZS. The concentration of
such prepared AuNPs was  detected by UV–vis spectra according
to Beer’s law, using the molar extinction coefficients at the maxi-
mum  absorption band of gold colloid [32]. The concentration of the
prepared AuNPs was 10 nM.

The AuNPs functionalized with AHMT (AHMT-AuNPs) were
obtained by adding (0.05 mM,  10 mL)  AHMT to the AuNPs solutions
(10 nM,  300 mL). The mixture was incubated in dark for 2 h under
oscillation to ensure the functionalization of AHMT onto the sur-
face of AuNPs. Then the AHMT-AuNPs solution was centrifuged at
12000 rpm for 20 min, and the deposition was washed for several
times by ultrapure water to removal the excess AHMT in solution.
After centrifuging, the sediment was resuspended to original vol-
ume  with 20 mM PB. Consisting with the reported literature [27],
the surface coverage ratio of AHMT-AuNPs is about 91.5%, which
may  attribute to both the nitrogen atom and −SH of AHMT can

combine with AuNPs on the surface. Hence, the prepared AHMT-
AuNPs were with good stability and then characterized by TEM and
UV–vis microscopy. The pH of the solution controlled using the PB
(20 mM,  pH 7.4).
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.3. Colorimetric detection of KA in various samples

Colorimetric detection of KA was used to evaluate the range
f detection concentration of KA with the AHMT-AuNPs system.
ypically, different concentrations of analytes were added to 2 mL
f prepared AHMT-AuNPs solution in a 5 mL  sample bottle and
hen incubated at room temperature for 10 min. The color change
f the mixtures was observed with the naked eye and recorded
ith a digital camera. The absorbance spectra were performed with

 UV–vis spectrometer over the wavelength range from 200 to
00 nm.  The aggregation kinetics at different concentrations of KA
nalyte was obtained through the absorption ratio of A650/A520. In
rder to testify the hydrogen-bonding interaction between AHMT
nd KA, the potential of different concentrations of KA with AHMT-
uNPs system was detected using a Zetasizer Nano ZS. To evaluate

he selectivity, several similar materials were tested using the
HMT-AuNPs system, including organic molecules (Tetracycline,
-arginine, l-aspartic acid, Glucose, Glutathione, Glycine, l-lysine,
nd l-phenylalanine) and metal ions (Na+, K+, Mg2+, and Ca2+). The
oncentration of these molecules in the control experiments was
0 �M,  and then the UV–vis spectra were recorded in 10 min.

.4. Extract of various real samples

In the first place, different kinds of water samples including tap
ater, drinking water, river water, and pond water were collected

rom our laboratory, office, the Hsiang River (Changsha, China),
nd Lake of Peach (Changsha, China), respectively. All of these
ater samples were filtered through a 0.22 �m syringe filter and

entrifuged for 20 min  at 12000 rpm before the detection measure-

ents were performed. Then, the contents of KA in these samples
ere measured by HPLC. Finally, the samples were prepared via

piking with the standard solutions of KA and stored at 4 ◦C for fur-
her analysis. Secondly, the milk without KA was bought from a

Scheme 1. Colorimetric detection of kanamycin using the AHMT-functiona
rs B 243 (2017) 946–954

local supermarket and the urine was  collected from a pig (in a local
pig farm) and directly measured by HPLC. Then, the samples were
diluted for 100-fold and spiked with the standard solutions of KA
for validating the effectiveness of the colorimetric detection of KA
in real samples. After that, the samples were filtered and stored in
accord with the aforementioned process.

3. Results and discussion

3.1. Mechanism of proposed sensor for KA detection

The surface attachment of mercapto group and electron-rich
nitrogen-containing ligands on AuNPs has been well developed
[9,33]. On one hand, AHMT contains one mercapto group, which can
strongly coordinate to the surface of AuNPs. In addition, AHMT has
two exocyclic amino groups and a three nitrogen hybrid ring, which
is similar with melamine. Literatures reported that melamine has
been widely used as a gelling component since it contains nine
hydrogen bonding sites in its molecule [30,34]. AHMT has the same
property as melamine according to the studies of Feng et al. [35]
and Chen et al. [36]. On the other hand, as an aminoglycoside antibi-
otic, KA has four amino groups (-NH2) and seven hydroxyl groups
(-OH) which may  combine with the AHMT through hydrogen-
bonding interaction. As described in Scheme 1, the as-prepared
AHMT-AuNPs solution is stable and well dispersed, owing to the
electrostatic repulsion of the positive capping agent against the van
der Waals attraction. When the KA exists, the hydrogen-bonding
interaction comes about and induces the collective oscillations of
the surface electron, which results in the aggregation of AHMT-
AuNPs and a series of color change.
In order to verify the speculation, the design was applied to rec-
ognize KA via AHMT functionalized AuNPs. After addition of AHMT,
little difference of the color change was  observed with the naked
eyes compared with the unmodified AuNPs, and the absorbance

lized gold nanoparticles based on the hydrogen-bonding interaction.
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Fig. 1. UV–vis absorption spectra of the AuNPs, AHMT-AuNPs, AuNPs in the presence
of  5 �M kanamycin and AHMT-AuNPs in the presence of 5 �M kanamycin at pH 7.4
in  room temperature. Inset shows the color change versus the AuNPs, AHMT-AuNPs,
L. Qin et al. / Sensors and A

t 520 nm of UV–vis absorption spectra slightly decreased. It is
ossible because that AHMT could result in the part aggregation
f AuNPs since it has mercapto group and N atom, which was
emonstrated by the following experiment and it indicated the
ombination of AHMT and AuNPs. In addition, the incubation time
as much longer than the reaction time resulting in a constant

bsorbance that verified the existence of AHMT with the concen-
ration of 0.05 mM had no influence on the results and the stability
f AuNPs. Moreover, when the amount of KA added into the AHMT-
uNPs solution, the color changed from wine red to deep purple
apidly and the intensity of the spectral feature at 650 nm was
een to increase, while the signal observed at 520 nm decreased
nd became broader accordingly (Fig. 1). It indicated that KA was
ombined with AHMT on the surface of AuNPs, decreased the dis-
ance and led to a shift of the surface plasma resonance peak and

 red-to-purple color change (Fig. 1, inset). TEM images (Fig. 2)
lso proved the aggregation of AHMT-AuNPs. Fig. 2 showed the
EM images of AHMT-AuNPs in the absence (Fig. 2B) and pres-
nce (Fig. 2C) of 5 �M KA. In the absence and presence of AHMT,
uNPs were both well dispersed (Fig. 2A and B). On the other hand,
pparent aggregation occurs when KA was added (Fig. 2C). What’s
ore, it is reported that most of KA could be triprotonated and

ormed three positive charges at pH 6.7, which adsorbed on the
urface of AuNPs and led to aggregation. The OH groups of KA
ould serve as the bridge to form intermolecular hydrogen bonds
nd expand the AuNPs aggregation [24]. Hence, the color changed
nd UV–vis absorption spectra of AuNPs adding with KA alone were
lso recorded. It is true that KA could cause the aggregation of
uNPs, but what is noteworthy is that the color was not so deep
hen compared with the color of AHMT-AuNPs system and the
V–vis absorption spectra proved this phenomenon in Fig. 1. It
ay  attribute to the intensity of Au-S bond is stronger than the

u-N bond and the KA may  disperse in solution after thorough stir-
ing [37,38]. At the same time, when KA is coexisted with AHMT,
he spatial hindrance induced by the hydrogen-bonding interac-
ion between KA and AHMT might allow the mercapto group of
he AHMT binding onto the surface of AuNPs only, instead of the
itrogens from the hybrid ring and the exocyclic amino groups
Scheme 1). On the other hand, to validate the hydrogen-bonding
nteraction of KA and AHMT, the zeta potential of AHMT-AuNPs
olution with different concentrations of KA (KA-AHMT-AuNPs)
as measured. As exhibited in Fig. S-1, with the increasing concen-

ration of KA, the potential of AHMT-AuNPs increased gradually,
hich indicates the reducing of negative charge, increase of pos-

tive charge and aggregation of AHMT-AuNPs. Thus, the results

llustrate that the AHMT-AuNPs are sensitively responded to KA
y hydrogen-bonding interaction.

Fig. 2. Transmission electron microscope images of the (A) AuNPs, (B) AHM
AuNPs in the presence of 5 �M kanamycin and AHMT-AuNPs in the presence of 5 �M
kanamycin at pH value of 7.4 in room temperature.

3.2. Optimal concentration of AHMT

The colorimetric determination of KA was  strongly influenced
by the experimental conditions, such as the concentration of AHMT,
media pH, reaction time and temperature. For this, different con-
ditions were investigated in this work.

For the optimum concentration of AHMT, six different con-
centrations, 10, 50, 75, 100, 500, and 1000 �M,  were diluted
respectively. For the best sensitivity, the AHMT-AuNPs solutions
obtained at pH 7.4 in room temperature. With the increase of
the concentration, the color change of AHMT-AuNPs was observed
gradually from red to purple (Fig. S-2 inset) when the concentration
was above 100 �M.  In addition, when the concentration exceeded
75 �M,  a marked increase in the spectral feature at longer wave-
length and decreased at 520 nm was  exhibited. But it was  different
with the KA-AHMT-AuNPs system, which showed another peak at
650 nm (Fig. S-2). It is because that the mercapto group of AHMT
can bind with the AuNPs on the surface. Furthermore, the exocyclic
amino groups and three nitrogen hybrid ring of AHMT lead to the
combination of AHMT and AuNPs either, so the color changed from
red-to-purple. But the N-Au bond is not so stronger than the S-

Au, which was  not enough for the aggregation to form another
peak at 650 nm.  In consideration of the response sensitivity and
background signal, 50 �M AHMT was selected as the optimized
concentration.

T-AuNPs, and (C) AHMT-AuNPs in the presence of 5 �M kanamycin.
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.3. Temperature and pH effects

AHMT-AuNPs were synthesized at room temperature, and the
ensitivity of AHMT- AuNPs system to KA at different temperature
10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70 ◦C) was investigated
y setting the AuNPs solutions to the water bath and refrigera-
or, respectively. The KA added, and the UV–vis absorption spectra
ere measured after the reaction of 10 min. The level of AHMT-
uNPs aggregation was demonstrated by the ratio absorbance of

he UV–vis absorption spectra at 650 nm and 520 nm (A650/A520).
fter the addition of KA, with the increase of temperature to
5 ◦C, the ratio of A650/A520 was also increased slightly, and then

t declined very slowly (Fig. S-3A). When the temperature reached
0 ◦C, the ratio of A650/A520 decreased sharply. That may  be because
hat the structure and property of KA or AHMT changed in such
igh temperature. Meanwhile, the UV–vis absorption spectra of the
HMT-AuNPs with different temperatures (15, 25, and 35 ◦C) in the
resence of 5, 10, and 100 �M kanamycin at pH 7.4 were detected
Fig. S-3A–D) and the results showed the AHMT-AuNPs system was
ot so sensitive to the temperature. It can be used as a colorimetric
ensor for KA in a broad temperature range and is convenient for
eal-time application. Hence, the whole process of experiment was
et at the room temperature.

Owing to the reaction process related with hydrogen-bonding
nteraction, which is strongly influenced by H+, the pH was  a
ey factor for the sensitivity of AHMT-AuNPs system. It has been
eported that due to the repulsive electrostatic forces of AuNPs at
ower or higher pH, the optimum pH should be determined for each
ggregation [39]. In their study, the aggregation rate peaks were
t pH 7.0 because of the repulsive electrostatic forces at higher
r lower pH. Results reported by Xiao et al. [40] have shown that
nder the near-neutral pH conditions, the melamine was more eas-
ly absorbed onto the AuNPs surface. Herein, different pH in the
ange of 6.4-8.0 was investigated in this work (Fig. S-4). It is clear
hat the effects of pH in such range are not so obvious, which means

ig. 3. (A) UV–vis absorption spectra of AHMT-AuNPs in the presence of different
oncentrations of kanamycin at pH 7.4 in room temperature (A to T express 0, 0.005,
.01,  0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, 0.8, 1, 5, 10, 20, 40, 60, 100,150, 200 �M,
espectively). (B) Color changes of the images for AHMT-AuNPs containing different
oncentrations of kanamycin at pH 7.4 in room temperature (0, 0.005, 0.02, 0.06,
.1, 0.4, 0.8, 5, 20, 60, 100, 200 �M,  respectively).
rs B 243 (2017) 946–954

the AHMT-AuNPs system is helpful in relative broad range. With
the increasing from 6.4 to 7.4, the ratio of A650/A520 also increased,
while started decreasing when the pH above 7.4. It can be seen that
the AHMT-AuNPs system presents better sensitivity in the detec-
tion of KA (5 �M)  in pH 7.4, in which the maximal ratio of A650/A520
indicated. So, pH 7.4 was  regarded as the ideal conditions for the
measurement of KA. The results are essentially consistent with the
reported study [27,36].

3.4. The optimum of reaction time

As expected, incubation time and reaction time also influence
the colorimetric responses of the AHMT-AuNPs system in the
presence of KA. The incubation time of AHMT adsorbed on the sur-
face of AuNPs was 2 h according to the reported literature [29].
With respect to the reaction time, it was shown that the color
changed from deep red to purple and blue, and the absorbance peak
decreased gradually at 520 nm when extending the reaction time
in the experimental process. Meanwhile, another shoulder peak
emerged at 650 nm,  then, slowly red shifted and became stronger
in 10 min. As exhibited in Fig. S-5, four different concentrations (0.1,
5, 40, 100 �M)  of KA were added to the AHMT-AuNPs solution, and
the absorption spectra was recorded continuously in 25 min. As a
result, the absorption ratio of A650/A520 quickly increased within
10 min, whereas a plateau was  reached when the time was more
than 10 min. Thus, 10 min  were chosen for the optimal reaction
time in the experiments.

3.5. Sensitive colorimetric detection of KA

In order to verify the visual colorimetric detection of KA, UV–vis
spectra were recorded in the absence and presence of different
concentrations of KA. It is well known that the color of citrate-
stabilized AuNPs was wine red, and exhibited a property absorption
band at 520 nm.  However, upon the addition of different concen-
trations (from 0.005 to 200 �M)  of KA combining with AHMT, a
series of color change from red to purple and blue turned up and
a significant change in the spectral profile were observed (Fig. 3).
These changes are as follows: (1) a gradual decreasing for the peak
of the absorption spectra at 520 nm,  (2) the appearance of a new
band at 650 nm, (3) obvious red shift and increasing of the absorp-
tion spectra at 650 nm (Fig. 3A), which showed the aggregation of
AuNPs. Most importantly, even the addition of trace amounts of KA
could result in a significant color change, which could be distin-
guished by the naked eye, provided a visual application of AuNPs.
Direct evidence for KA-stimulated aggregation of AHMT-AuNPs
could be further proved by the transmission electron microscopy
(TEM) images (Fig. 2). In addition, quantitative analysis was inves-
tigated via adding different concentrations of KA to AHMT–AuNPs
and monitored through UV–vis absorption spectra. The ratio of
A650/A520 has been used to represent the aggregating degree of
AuNPs and quantify the concentration of KA. As shown in Fig. 4A, it
was found that the ratio increased gradually with the rising concen-
tration of KA. Moreover, under the optimum condition, two linear
correlations exhibited in the range from 0.005 to 0.1 �M and from
0.1 to 20 �M,  with the correlation coefficients of 0.9936 (Fig. 4B)
and 0.9867 (Fig. 4C), respectively. The calibration equation was
obtained by fitting the experimental data:

y = (0.7749 ± 0.012)x + (0.0795 ± 0.023) (1)

y = (0.0321 ± 0.0042)x + (0.2148 ± 0.034) (2)
Where y is the absorption ratio of A650/A520, and x is the con-
centration of KA (�M).  Additionally, the correlation coefficient of
the equation is 0.9936 and 0.9867, respectively. Furthermore, the
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Fig. 4. (A) The absorption ratio (A650/A520) of AHMT-AuNPs versus different concen-
trations of kanamycin at pH 7.4 in room temperature (0, 0.005, 0.01, 0.02, 0.04, 0.06,
0.08,  0.1, 0.2, 0.4, 0.8, 1, 5, 10, 20, 40, 60, 100,150, 200 �M, respectively). Error bars
were obtained from three experiments. (B) The linear correlation of the absorption
r
l
E

d
m

L

W
t
(

atio (A650/A520) for AHMT-AuNPs in the range of 0.005–0.1 �M. (C) The linear corre-
ation of the absorption ratio (A650/A520) for AHMT-AuNPs in the range of 0.1–20 �M.
rror bars were obtained from three experiments.

etection limit (LOD) is calculated according to the following for-
ula:

OD = 3.3(SD/S) (3)
here SD is the standard deviation of the response of blank, and S is
he slope of the calibration curves [41]. Since, the LOD of 0.004 �M
S/N = 3) based on this approach could be obtained, which is much
rs B 243 (2017) 946–954 951

lower than the MAL  (maximum allowable level) of ∼ 0.25 �M (146
ppb) in milk defined by the European Union [19,42]. In the exis-
tence of high concentration of KA, the UV–vis absorption spectra
became much broader and the red shift observed, the A650/A520
value was  not in a linear range. That may  be because the concen-
tration of AHMT-AuNPs was close to saturation. It is similar to most
of this kind of researches [37,43,44]. Comparing with other sensors
(Table 1), the sensitivity of this method is also satisfactory.

3.6. Selectivity and interference study of KA

For investigating the selectivity of this system to KA, some
common potentially interfering substances were added into the
AHMT-AuNPs solution, with the same concentrations of 20 �M,
which was  much higher than the concentration of 5 �M for KA.
The extinction ratio (A650/A520) response in the presence of other
molecules with similar structures was  monitored to evaluate the
selectivity of the optimized sensor for KA. The results showed high
selectivity for KA over Tetracycline, l-arginine, l-aspartic acid, Glu-
cose, Glutathione, Glycine, l-cysteine, and l-phenylalanine (Fig. 5).
Meanwhile, in contrast to the significant response observed for KA,
negligible signal changes were observed upon the addition of some
metal ions. As exhibited in Fig. S-6, the color changes of AHMT-
AuNPs induced by the addition of similar substances and metal
ions were obtained. Except KA, few of these chemicals could lead
to the red-to-blue color change, which showed good selectivity
toward KA because of the hydrogen-bonding interaction between
KA and AHMT. Moreover, KA and other chemicals including the
amino acid and metal ions were mixed to form a mixture solution
as a sample for the interference study of this sensor. The extinction
ratio (A650/A520) response was  obviously higher than other samples
without KA. These results indicated that this sensor was  not only
insensitive to other substances but also selective toward KA in their
presence. As mentioned above, the present sensor has outstanding
anti-interference capability and satisfactory selectivity.

3.7. Real samples detection

To evaluate the practical application of the proposed method,
several real samples spiked with KA including environmental water
samples, milk samples, and urine samples, with concentrations
of 0.01, 1.0, and 5.0 �M,  were tested using the proposed method
and HPLC. The environmental water samples used in this work
were tap water, drinking water, river water, and pond water sam-
ples. Through measuring, the sole addition of these samples to the
AHMT-AuNPs solution did not lead to a distinguish color change.
However, when the samples with 0.01, 1.0, and 5.0 �M KA were
added, a red-to-purple color change could be observed clearly, coin-
ciding with the extinction ratio (A650/A520) response. As shown
in Table 2, the concentration of KA in the spiked water samples
detected by the AHMT-AuNPs system with an external calibra-
tion revealed good agreement with the measurement of HPLC.
More importantly, such a colorimetric sensor also can find poten-
tial application in the detection of KA in milk and urine. Similarly,
when the three concentrations of KA (0.01, 1.0, and 5.0 �M) added,
a red-to-purple color change could be observed, and the extinc-
tion ratio (A650/A520) response agreed with the results (Table 3). It
could be seen that there was little interference encountered in the
analysis of these samples.

4. Conclusions
In summary, a simple, reliable and sensitive detecting method
in various samples based on the hydrogen-bonding interaction of
AHMT functionalized gold nanoparticles was developed for the
highly sensitive detection of kanamycin. The AHMT functionalized
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Table 1
Comparison of different methods for the detection of kanamycin.

Technique Supporting Linear range (nM) LOD (nM) References

Colorimetry PRLSa 20–800 2 [1]
DNAb aptamer Not shown 25 [2]
Pyrocatechol violet (PCV) 10–500 and 500–55000 1 [3]
AHMT 5–100 and 100–20000 4 This work

Electrochemical
detection

cPoly-DPB aptamer (CVs and LSV) 50–9000 9.47 ± 0.4 [4]
aptamer 0.1–60 0.06 [5]

dMRS  immunosensor eB-SA system 2.6–43 0.17 [6]
Electrochemical immunosensor (fWGS)/gPB-CTS/hNPG 34–24000 10.83 [7]
immunosensor Ag@Fe3O4 NPs and iTH-GS 86–27000 25.75 [8]
Fluorescence ssDNA aptamer 1–100 1.49 [9]

aptamer 0.8–350 0.3 [10]
exonuclease III and aptamer 0.5–20 0.321 [11]

a PRLS, plasmon resonance light scattering.
b DNA, Ky2 aptamer.
c poly-DPB, TGGGGGTTGAGGCTAAGCCGAC.
d MRS, magnetic relaxation switch.
e B-SA, biotin-streptavidin.
f WGS, water-soluble grapheme sheet.
g PB-CTS, prussian blue-chitosan.
h NPG, nanoporous gold.
i TH-GS, thionine mixed graphene sheet.

Fig. 5. The absorption ratio (A650/A520) of AHMT-AuNPs versus different kinds of similar substances and metal ions (20 �M) at pH 7.4 in room temperature (A to O express the
Tetracycline, l-arginine, l-aspartic acid, Glucose, Glutathione, mixed without kanamycin, Glycine, l-cysteine, l-phenylalanine, kanamycin, Ca2+, mixed with kanamycin, K+,
Na+, and Mg2+, respectively). The concentration of kanamycin was 5 �M while those of the other chemicals were 20 �M.  Error bars were obtained from three experiments.

Table 2
Levels of kanamycin in real water samples were measured using our method and HPLC measurement with the range of Relative Standard Deviation from 0.203% to 1.98%.

Samples Added (�M) Found (�M) Recovery (%) RSDa (%) HPLCb (�M)

Tap water 0.01 0.011 110.00 0.293 0.012
1  1.022 102.20 0.352 1.021
5  4.962 99.24 1.036 5.022

Drinking water 0.01 0.012 120.00 0.243 0.010
1  0.982 98.20 0.735 1.002
5  5.030 100.60 1.748 5.021

River  water 0.01 0.012 120.00 0.272 0.010
1  1.068 106.80 0.731 1.002
5  5.442 108.84 1.463 5.032

Pond  water 0.01 0.011 110.00 0.203 0.011
1  1.073 107.30 1.524 1.023
5  5.084 101.68 1.980 5.051

a RSD, relative standard deviation.
b HPLC, High performance liquid chromatography.
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Table  3
Levels of kanamycin in real samples of milk and urine were measured using our method and the HPLC measurement with the range of Relative Standard Deviation from
0.264% to 1.427%.

Samples Added (�M)  Found (�M) Recovery (%) RSDa (%) HPLCb (�M)

Milk 0.01 0.012 120.00 0.374 0.011
1  1.041 104.10 0.643 1.010
5  5.067 101.34 1.216 5.034

Urine 0.01  0.011 110.00 0.264 0.010
1  1.023 102.30 0.845 1.008
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a RSD, relative standard deviation.
b HPLC, High performance liquid chromatography.

old nanoparticles were aggregated owing to the hydrogen-
onding interaction between KA and AHMT. The concentration of
A can be determined with a UV–vis spectrometer and the naked
yes, which provided a visual method. The interference chemicals
ncluding common amine acid and antibiotics or metal ions did
ot affect the detection of KA. The novel method provides sev-
ral advantages over current KA detection techniques. Firstly, this
pproach does not require complicated or expensive instruments,
hich reduces the cost and simplifies operations. Secondly, the

pproach allows a determination concentration as low as 0.004 �M,
seful for ultrasensitive and rapid detection of KA in various real
amples. Particularly, the proposed method can be successfully
pplied to the determination of KA in various real samples with high
everies from 98.2% to 120%. Finally, this sensor shows excellent
electivity for KA over other molecules. These advantages substan-
ially allow this approach quite promising for simple and real-time
etermination of KA in water samples, milk, and urine, as well as
ther real samples. This study reveals a promising application of
old nanoparticles in organic molecules detection. Further studies
n more application of gold nanoparticles are needed to develop in
he future.
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