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Here, a specific and reliable fluorometric method for the rapid determination of amikacin was developed based
on the molecularly imprinting polymer (MIP) capped g-C3N4 quantum dots (QDs). g-C3N4 QDs were obtained
by facile and one-spot ethanol-thermal treatment of bulk g-C3N4 powder and showed a high yield fluorescence
emission under UV irradiation. The MIP layer was also created on the surface on QDs, via usual self-assembly
process of 3-aminopropyl triethoxysilane (APTES) functional monomers and tetraethyl ortho-silicate (TEOS)
cross linker in the presence of amikacin as template molecules. The synthesized MIP-QDs composite showed
an improved tendency toward the amikacin molecules. In this state, amikacin molecules located adjacent to
the g-C3N4 QDs caused a remarkable quenching effect on the fluorescence emission intensity of QDs. This effect
has a linear relationship with amikacin concentration and so, formed the basis of a selective assay to recognize
amikacin. Under optimized experimental conditions, a linear calibration graph was obtained as the quenched
emission and amikacin concentration, in the range of 3–400 ng mL−1 (4.4–585.1 nM) with a detection limit of
1.2 ng mL−1 (1.8 nM). The high selectivity of MIP sites as well as individual fluorescence properties of g-C3N4

QDs offers a high specific and sensitive monitoring method for drug detection. The method was acceptably
applied for the measurement of amikacin in biological samples.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Amikacin (O-3-amino-3-desoxy-a-D-glucopyranosyl-(1-6)-O-[6-
amino-6-desoxy-a-d-glucoyra-nosyl-(1-4)]-N1-(4-amino-2-hydro-xy-
1-oxobutyl)-2-desoxy-d-streptamine, C22H43N5O13) sulfate is a semi-
synthetic and water soluble antibiotic (Fig. 1) related to the aminogly-
cosides [1]. In comparison to other aminoglycosides, amikacin has
fewer sites susceptible to enzymatic attacks, and therefore, it can sup-
press drug resistance to some similar antibiotics, such as kanamycin,
gentamicin and tobramycin [2]. On the other hand, unsuitable usage
of amikacin by patients can cause perilous side effects like ototoxicity
and nephrotoxicity. For example, the beneficial dose of amikacin is
esearch Center, Baqiyatallah

adi).
usually 15mg/kg of bodyweight, which can be harmfulness for preterm
infants with premature renal actions [3]. Consequently, monitoring and
determination of amikacin concentration in biological media have a
great important for the therapeutic studies or toxic control. For this
aim, a reliable, sensitive and specific method is vital for the trace analy-
sis of amikacin sulfate. Themost of determinationmethods reported for
amikacin sulfate are based on chromatographic techniques [4–6], capil-
lary electrophoresis [7], spectrophotometry [8], luminescence methods
[3,9] and electrochemicalmethods [10]. Thesemethods encounter some
problems, such as need for special derivatization or pretreatment pro-
cess, special instruments, low sensitivity and selectivity.

In recent years, the use of nanostructures in diverse technological
application like photocatalyst, supercapacitor, energy storage and etc.
has grown to a great extent [11–19]. In this regard using nanostructures
in modified sensors and electrochemical sensors is a field of interest
[20–25]. Development of a simple, reliable and specific method for the
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Fig. 1. Chemical structure of amikacin.
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determination of amikacin in real samples is themain aimof thepresent
research. High sensitive and low-cost fluorometricmethods can be ben-
eficial for this aim. In this regards, high luminescent quantum dots
(QDs) have been extensively applied in sensing area, because of their
distinctive photo-stability, wide absorption area, great quantum effi-
ciency and the narrow emission band with large Stokes shift [26,27].
Carbon-based quantum dots with their exceptional optical behavior
are mostly preferred and used as promising alternatives to organic
dyes or traditional QDs [28,29]. They can overcome to the most of limi-
tation, like serious toxicity of heavy metals in the semiconductors QDs
or the inferior photo-bleaching of organic dyes [28,30,31]. Currently,
graphitic carbon nitride (g-C3N4) with an analog layered structure to
graphene, has been considered in literature [32,33]. It consist of C\\N
layerswithweak van derWaals between them,which facilitate its exfo-
liation into zero dimensional QDs by external forces [34]. Furthermore,
the sp2 C\\N band in a conjugated tri-s-triazine structure and the suit-
able band gap (around 2.7 eV) [35] provide an intensive blue fluores-
cence [36]. g-C3N4 QDs have strong quantum confinement and edge
effects and show outstanding spectral features. Therefore, they have
been extensively applied in optical sensing or bio-imaging [32,35,36].

On the other hand, molecular imprinting is known as an effective
process to produce simulated recipient siteswith a high affinity to inter-
ested molecules [37,38]. The process includes the polymerization of
functional monomers in the presence of interested molecules as tem-
plate. Another monomer is also used to create a high degree of
crosslinking leading to the solid matrix [39]. The produced molecular
imprinted polymers (MIPs) have a great specificity and high stability
[38]. They have interesting applications in various areas such as sensor
designing, extraction and artificial enzymes [40–43]. The link between
the specific reception of MIPs and the sensitive fluorescence detection
systems based on g-C3N4 QDs can be an appealing field in the selective
and sensitive recognition of important analytes [44,45].

To the best of our knowledge, there is not any application of MIPs-
capped g-C3N4 QDs for the detection of amikacin. In present work, a
high sensitive and selectivemethod for the simple and cost-effective de-
tection of amikacin in biological samples have been introduced based on
fluorescent MIP-coated g-C3N4 QDs. The applied QDs were prepared by
one-spot ethanol-thermal treatment of bulk g-C3N4 powder. Then, a
MIP layer was formed on the surface of QDs, via self-assembly reaction
of 3-aminopropyl triethoxysilane (APTES) functional monomers and
tetraethyl ortho-silicate (TEOS) cross linker in the presence of amikacin
as template molecules. The synthesized MIP/g-C3N4 QDs composite has
an intensive fluorescence emission which can be altered by addition of
amikacin. Also, an improved selectivity toward the amikacin molecules
was obtained by MIP technique. Amikacin molecules can be selectively
adsorbed into the MIP sites and placed nearby the QDs, affecting their
fluorescence emission intensity. The decrease in the detected fluores-
cence signal was proportional to amikacin concentration. Accordingly,
a selective method was provided to the accurate recognition of
amikacin. The method is more cost-effective and simple with a high
sensitivity to amikacin. A schematic image for the offered system was
provided in Fig. 2.

2. Experimental section

2.1. Chemicals and apparatus

Tetraethyl orthosilicate (TEOS), 3-aminopropyl triethoxysilane
(APTES), melamine, ethanol and KOH were purchased from Sigma Al-
drich (www.sigmaaldrich.com). Stoke solution of amikacin sulfate was
prepared by dissolving its pure powder (Exir pharmaceutical Co., Teh-
ran, Iran) in deionized water.

Fluorometric analysis were performed using a Shimadzu spectroflu-
orometer (RF-5301 PC, www.shimadzu.com). UV–visible absorption
spectra were obtained by means of a Shimadzu spectrophotometer
(UV-1800). Also, themorphology and chemical structure of synthesized
g-C3N4 QDs were studied by transmission electron microscopy (TEM,
Leo 906, Zeiss, Germany), emission scanning electron microscopy
(Mira3 FEG SEM, Czech Republic), Fourier transform infrared spectrom-
etry (FTIR, Tensor 27, Bruker, Germany) and X-ray diffraction (XRD)
method (D5000, Siemens, Germany; by a Cu Kα exciting source and λ
= 1.54056 Å).

2.2. Synthesis of g-C3N4 quantum dots

The synthesis of g-C3N4 quantum dots (QDs) was performed by
ethanol-thermal pretreatment of bulk g-C3N4 powder as precursor
[32]. First, melamine powder (6 g) was heated at 650 °C for a 2.5 h
time period. The heating process was performed in an open alumina
crucible (The ramp rates for heating and cooling processes were 3 °C/
min). The bulk g-C3N4 powder (~2 g) was obtained by grounding the
initial product using an agate mortar. Then, in order to synthesize g-
C3N4 QDs, a dispersion of bulk powder in ethanol (30 mg/30 mL) was
prepared and mixed with KOH concentrated solution (0.45 mL). The
mixture was stirred for at least 15 min and then heated for 16 h in a
Teflon-sealed autoclave (180 °C). The resulted suspension was cooled
and then vacuum-filtrated by means of a 0.22 μm cellulose ester mem-
brane to separate the agglomerated or outsized particles. The excessive
reagents including ethanol and KOH were also removed by dialysis
(1000 Da bag) of yellowish suspension against deionized water.
After a lyophilization process, the yellow g-C3N4 QDs were obtained.
The g-C3N4 QDs were redispersed in water for our examinations.

The quantum yield of synthesized fluorescent g-C3N4 QDs was
calculated using quinine sulfate as a reference material (quantum
yield = 0.56 in 0.1 M H2SO4) [32].

2.3. Preparation of MIP-coated g-C3N4 quantum dots

The MIP layer was created on the surface of g-C3N4 QDs by co-
polymerization reaction of TEOS (as cross-linker) and APTES (as main
monomer) monomers. In brief, the mixture of APTES (500 μL) and
amikacin (20 mL ethanol solution containing 100 mg amikacin as tem-
plate) was agitated for 15min. 2 mL TEOS and then 500 mg g-C3N4 QDs
were added, respectively. Themixturewas stirred for another 5min and
2 mL NH3 solution (8% in H2O) was added. Finally, the solution was
sealed and stirred for a 16 h time period. On the other hand, non-
imprinted polymer (NIP)-capped g-C3N4 QDs were also prepared by a
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Fig. 2. Schematic design for the fluorometric detection of amikacin by MIP coated g-C3N4 QDs.

453J. Hassanzadeh et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 214 (2019) 451–458
same procedure, but without template molecules. The produced MIP/
NIP-modified g-C3N4 QDs were collected by their centrifugation. They
were washed with ethanol for at least three times to evacuate the
template sites. The washing process for MIP-modified QDs should be
resulted in their FL emission intensity approximately identical with
NIP-modified QDs.

2.4. Fluorescence experiments

The fluorometric determination of amikacin was accomplished in
batch state. Constant amounts (250 μL, 150 mg L−1) of synthesized
MIP-modified QDs were mixed with standard amikacin solutions
(with different concentrations) or its sample solution. Tris buffer (500
μL, 0.02 M) was added to adjust the pH of solutions to 7. The mixtures
were effectually mixed and their final volumes was reached to 5 mL
using deionized water. After 5 min stirring process, the fluorescence in-
tensities were recorded at 520 nm (λex = 374 nm) for all solutions.

2.5. Sample preparation

The applicability of developed method for real sample was assessed
by some spiked water samples or human urines. Certain amounts of
amikacin standard solution were added to the samples and then, they
were applied for the determination of amikacin concentration by devel-
oped method after suitable dilutions. No additional pretreatment pro-
cesses were needed for analyzed samples, except the elimination of
their suspended particles by means of 220 nm micro-porous filters.
The concentration of amikacin in real samples were obtained by
standard addition method.

3. Results and discussion

As showed in Fig. 2, the MIP-capped g-C3N4 quantum dots were ap-
plied for the selective recognition of amikacin in aqueous samples. First,
g-C3N4 QDs were synthesized by a recently reported method, resulting
in high intensive fluorescent QDs. Then, MIP layer was created by the
self-assembly process of certain monomers and cross-linkers. The
amikacin was also used as template molecules to generate specific
sites in polymeric matrix. The synthesis procedure was green, simple,
economic and relatively rapid. To the best of our knowledge, no MIP-
based fluorescent method has been reported for the detection of
amikacin using g-C3N4 QDs.

3.1. Characterization of g-C3N4 QDs

TEM images for g-C3N4 QDs and its composite with MIP layer were
shown in Fig. 3a and b, indicating the uniform and monodispersed par-
ticles with average sizes of ~5.5 and 35 nm, respectively. So, an about
30 nm polymeric MIP layer can be considered on the g-C3N4 QDs. The
HR-TEM image for g-C3N4 QDs showed their highly crystalline structure
with a lattice distance of ~0.21 nm (Inset of Fig. 3a). The AFM image
(Fig. 3c) also showed the low thickness of the obtained g-C3N4 QDs
(below 2 nm), so these QDs contain a single layer or a few layers of
C\\N sheets.



Fig. 3. TEM images for g-C3N4 QDs (a) and its composite with MIP layer (b); AFM image for g-C3N4 QDs (c).
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XRDpatternwas applied for the characterization of crystalline struc-
ture of produced g-C3N4 QDs (Fig. 4a), which indicated one broad dif-
fraction peak at 2θ value of about 27.8°. However, two specific peaks
are observed for bulk g-C3N4 at about 13.1° and 27.8° (Fig. 4a). The
peak at 27.8° is relatively sharp showing the inter-planar stacking of
C\\N sheets, but the additional weak peak observed at 13.1° is associ-
ated to the aromatic structures. The fine and low-layer building of g-
C3N4 QDs leads to the highlyweakened peak at 27.8° and disappearance
of 13.1° peak. This subject demonstrate the effective exfoliation process
synthesis step [32].

The additional investigation for synthesized QDs was performed by
FT-IR method (Fig. 4b). The main absorption bands in the spectrum of
g-C3N4 QDs were located at around 1060 cm−1 (stretching C\\O),
1409 cm−1 (stretching C\\N), 1580 cm−1 (stretching C_N) and
1628 cm−1 (stretching C_O), respectively. Also, the stretching vibra-
tion of O\\H/N\\H bonds created a broad peak at about 3430 cm−1.
For MIP-capped QDs, the specific bands of Si\\O bonds were appeared
at 1110 and 1021 cm−1. Also, the relatively strengthened N\\H band
was observed at 1620 cm−1.

UV–vis absorption and fluorescence emission spectra were also re-
corded for the optical investigation of prepared g-C3N4 QDs. The absorp-
tion spectrum showed aweak band at about 360 nmwhich is related to
the n-π* transition of the carbonyl and C_N bonds. On the other hand,
the fluorescence spectrum of g-C3N4 QDs showed an excitation
wavelength-dependent feature, with a maximum emission intensity
at 410 nm (while the excitationwavelength is 320 nm) (Fig. 4c).The in-
herent emission behavior of g-C3N4 QDs has been connected to the sp2
C\\N bonds in conjugated tri-s-triazine assemblies. The optical selec-
tion of particles with diverse dimensions (quantum effect) and also ex-
tensive dispensing of emissive trap sites on the surface of QDs are the
reason for the change in emission wavelength by changing the excita-
tion wavelength [32].

Finally, the quantumyield and also the stability of emission intensity
were studied for the g-C3N4 QDs and their MIP-coated form. Using qui-
nine sulfate standardmaterial, the quantum yields of 41% and 32%were
obtained for free QDs and MIP-coated ones, respectively. The stability
results illustrated a constant emission intensity of for at least 10 day
for both free and MIP-coated QDs. The data were attained by 10 re-
peated determinations for a constant concentration of nanomaterials.
The relative standard deviations (RSD) were acceptable (0.5%–1.8%).

3.2. MIP-coated g-C3N4 QDs for the determination of amikacin

The synthesized MIP-coated g-C3N4 QDs were exploited for the reli-
able and selective recognition of amikacin. In this structure, theMIP spe-
cific sites had been generated in the presence of amikacin as template
molecules. The molecular imprinting process involved the self-
assembly reaction of APTES monomers on the surface of QDs, while
the TEOS was also applied as cross-linking monomers. The template
molecules were entrapped into the polymeric shell throughout the po-
lymerization process. The connection of template molecules with their
surroundingmedia are often non-covalent, probablywith amino groups
of APTES. An efficient washing step can eliminate the template mole-
cules and leave specific vacant sites matching to amikacin molecules



Fig. 4. a) XRD patterns for bulk g-C3N4 and g-C3N4 QDs; b) FTIR spectra for g-C3N4 QDs and its composite with MIP layer; (c) fluorescence spectra for g-C3N4 QDs with different excitation
wavelengths.
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in shape and functional groups. Consequently, an improved selectivity
can be obtained without serious interfering effect from other similar
compounds. Also, g-C3N4 QDs also acted as optical antenna to recognize
the absorbed amikacin molecules in MIP sites. The high emission
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Fig. 5. Fluorescence spectra for (a) g-C3N4 QDs, (b) NIP-coated g-C3N4 QDs and (c) MIP-
coated g-C3N4 QDs after 4 washing step, (d) MIP-coated g-C3N4 QDs after 2 washing
step, (e) MIP-coated g-C3N4 QDs after 1 washing step, (f) MIP-coated g-C3N4 QDs.
efficiency of applied QDs led to enhanced sensitivity. The presence of
amikacin near the g-C3N4 QDs led to a quenching effect on their fluores-
cence intensity (Fig. 5). Initial investigations showed that the
diminution effect was increased by an increasing in the amikacin con-
centration. So, it can be considered as a simple platform for the rapid
and economic determination of amikacin.

The NIP-coated QDs were also used to further selectivity or compar-
ison experiments. The fluorescence emission of MIP-coated g-C3N4 QDs
(λem = 410 nm and λex = 320 nm) displayed a remarkable quenching
behavior in the presence of amikacin (template) molecules. Removing
the amikacin molecules from theMIP sites using a proper washing pro-
cess could restore the fluorescence intensity (Fig. 5). The washing step
and thoroughly elimination of template molecules from the MIP sites
on the surface of g-C3N4 QDs was controlled by comparing the obtained
fluorescence intensity with the emission of NIP-coated QDs. Without
any template, the fluorescence intensities must be equal for the NIP-
and MIP-coated QDs.

3.2.1. Optimization experiments
The sensitivity of designed probe can be improved by optimization

of key factors which can affect the obtained signal intensity. In this re-
spect, the effect of pH and incubation time for adsorbing amikacin in
MIP sites were examined (Fig. 6). Firstly, the pH of reaction solution
was altered in the wider range of 4–12 and the fluorescence responses
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(ΔF = − F − F0, F0 and F illustrate the fluorescence intensity of MIP-
coated g-C3N4 QDs in the absence and presence of amikacin, respec-
tively) for a constant concentration of amikacin were followed
(Fig. 6a). The results showed a lower signal in acidic or high basic pHs,
and a suitable sensitivity was obtained for pH range of 6–9. The proper
buffer for adjusting pH was Tris, and other examined buffers (phos-
phate, ammonium acetate, and bicarbonate) led to a lower signal. The
decreased signals in lower and higher pHs can be described by decrease
in the fluorescence efficiency of applied QDs. For example, the proton-
ation of nitrogen at low pH can deactivate the fluorescence feature of
QDs [32], leading to lower emission intensities. Also, the change in the
functional groups of MIP sites in different pHs can be considered as an
important reason which affect the adsorbing of amikacin in these
sites. This event leads to the lower responses of probe in some pHs.

For the investigation of incubation time effect on the sensitivity of
developed probe, different time periods were considered for the
adsorbing of amikacin in a constant concentration into the MIP-coated
g-C3N4 QDs (Fig. 6b). The data showed a rapid decrease in the fluores-
cence intensity ofMIP-coated g-C3N4QDs after the addition of amikacin.
The fluorescence intensity was reached to a constant value after 5 min
and so, we considered 7min as the optimum incubation time for subse-
quent experiments.
y = 1.0439x + 14.913
R² = 0.9988
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Fig. 7. a) Fluorescence spectra for MIP-coated g-C3N4 QDs in the presence of increasing
concentrations of amikacin and, b) corresponding calibration curve.
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Fig. 6. Optimization of pH and incubation time in the determination process of amikacin
by developed method.
3.2.2. Effect of amikacin concentration
The emission intensity ofMIP-coated g-C3N4 QDswas diminished by

addition of amikacin even in trace amounts (Fig. 7a). This quenching ef-
fect was proportional to the amikacin concentration and a linear
Table 1
Interfering effect of some common species on the determination of 100 ngmL−1 amikacin
(in optimum condition).

Coexisting substance Tolerance limit
(interference to analyte ratio)

Ca2+, Mg2+, Na+, K+, CO3
2−, NO3

−, Cl− 3200
Al3+, Mn2+, PO4

3−, SO4
2−, oxalate 2400

Fe3+, Cr3+, HCO3
−, CH3COO− 1500

Ni2+, Fe2+, glucose, ascorbic acid 1350
Uric acid, citrate, glutathione 1100
Cysteine 800
I−, Cu2+, Zn2+, Pb2+, Cd2+ 250
Hg2+ 100
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calibration graph was achieved in the amikacin concentration range of
3–400 ng mL−1 (4.4–585.1 nM), as the fluorescence responses, ΔF,
against to the amikacin concentration (C, ng mL−1). The regression
equation was ΔF = 1.0439(C) + 14.913 (R2 = 0.9988) (Fig. 7b). The
limit of detection for this method was obtained 1.2 ng mL−1 (1.8 nM)
using 3Sb/m (Sb is standard deviation for five replicate determination
of F0 and, m is the slope of calibration curve). RSD values were also cal-
culated for repeated determinations of 10 and 200 ng mL−1 amikacin.
The obtained results (3.62 and 1.93%, respectively) confirmed the
proper reproducibility of the designed probe.

3.2.3. Selectivity experiments
The selectivity of developed system for the determination of

amikacin was investigated by analysis of amikacin standard solution
(100 ngmL−1) in the presence of increasing amounts of some probable
interfering species which can be exist in real samples. The analysis pro-
cess was performed according to the described general procedure in
Section 2.4. A relative error of b5%was considered as the tolerable inter-
fering concentration ratios. The obtained results are showed in Table 1.
No remarkable interfering effect was observed for the examined species
in mentioned concentrations. On the other hand, the concentration for
the most of inspected substances in considered real samples are below
Table 2
Determination of amikacin in spiked real samples by developed method.

Sample Added
(ng mL−1)

Founda

(ng mL−1)
Recovery % ±
RSD

t-Statisticb

River water 0 ND – –
1.0 1.01 ± 0.04 101.03 ± 3.86 0.46
2.0 1.96 ± 0.03 97.82 ± 1.51 2.58

Urine 1 0 NDc – –
1.0 0.98 ± 0.02 97.60 ± 1.95 2.18
2.0 2.03 ± 0.06 101.51 ± 3.08 0.83

Urine 2 0 ND – –
1.0 0.97 ± 0.02 97.13 ± 1.77 2.88
2.0 1.96 ± 0.03 98.05 ± 1.61 2.14

a Mean of three determinations ± standard deviation.
b t-Critical = 4.3 for n = 2 and P = 0.05.
c Not determined.
these levels. Therefore, an interference-free analysis can be expected
for the determination of amikacin in urine samples.

Besides, the selectivity of prepared MIP-based probe was studied
against some similar compounds with amikacin (listed in Fig. 8). As
can be seen from Fig. 8, the presence of even 10 μg mL−1 of examined
compounds caused no considerable quenching response in the fluores-
cence intensity. So, a great selectivity was demonstrated for the pre-
sented sensor toward the amikacin, which is related to the specific
MIP sites on the surface of g-C3N4 QDs. The NIP-capped g-C3N4 QDs
showed an almost sensible response for all of tests.

3.2.4. Application for real samples
The reliability of developed probe for amikacin was assessed by its

application for the analysis of some spiked water samples (Aji-chay
river water (Tabriz, Iran), and human urines (from two healthy individ-
ual) (Table 2). The recovery values were in the acceptable range
(96.3–102.5%) indicating the good accuracy of our method.

4. Conclusions

High fluorescent g-C3N4 QDs coated with polymeric MIP layer were
acceptably synthesized using the co-polymerization process of APTES
and TEOS in the presence of g-C3N4 QDs as a proper support and
amikacin as template. The characterizationmethods illustrated the suc-
cess of this synthesis procedure. The existence of amikacin molecules
during the imprinting process led to its entrapping into the produced
polymeric matrix. After the washing process, specific recipient sites
were generated for amikacin. On the other hand, adsorbing the
amikacin into the formed MIP cavities near the g-C3N4 QDs decreased
their fluorescence emission intensity.We applied this plan for the selec-
tive detection of amikacin in water and urine samples. Themethod was
able to detect the amikacin concentrations as low as 3 ngmL−1, without
any interfering effect from similar compounds.
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