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A B S T R A C T

An effective SPR nanosensor based on core-shell nanoparticles (Ag@AuNPs) incorporated hexagonal boron ni-
tride (HBN) nanosheets and molecularly imprinted polymer (MIP) was presented for etoposide (ETO) detection.
Scanning electron microscope (SEM), transmission electron microscope (TEM), x-ray diffraction (XRD) method,
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), fourier transform infrared (FTIR)
spectroscopy and atomic force microscopy (AFM) methods were utilized for all characterizations of nanoma-
terials and polymer surfaces. ETO imprinted SPR nanosensor based on Ag@AuNPs-HBN nanocomposite was
developed in the presence of poly(2-hydroxyethyl methacrylate-methacryloylamidoglutamic acid) [p(HEMA-
MAGA)]. The results of the study have revealed that 0.001–1.00 ngmL−1 (1.70×10–12–1.70×10−9 M) and
0.00025 ngmL−1 (4.25×10–13 M) were found as the linearity range and the detection limit (LOD).
Furthermore, the prepared SPR nanosensor was examined in terms of stability, repeatability and selectivity.
Finally, the imprinted SPR nanosensor was applied to the urine samples having high recovery.

1. Introduction

ETO is one of the most important anticancer drugs and utilized for
treating various types of cancers. It is a derivative of podophyllotoxin
which is able to treat lung cancer, neuroblastoma and ovarian cancer
(Nguyen et al., 2016; Pang et al., 2001). However, the treatment me-
chanism is unclear on medical applications. Because of this situation,
the clinical applications are limited owing to the side effects (Poole
et al., 2006; Xu et al., 2012). Several analytical procedures like ultra
performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS), high performance thin layer chromatographic (HPTLC) and
reverse-phase high-performance liquid chromatography (RP-HPLC) are
used to determine ETO (Gong et al., 2017; Kamal et al., 2017). Due to
the high selectivity and mechanical properties, the molecularly im-
printed polymers (MIP) are the most effective means for the preparation
of synthetic recognition elements (Stobiecka et al., 2009; Yola et al.,
2016). MIPs are widely used in pharmaceutical industry, agriculture,
food and environmental science as a recognition element. The devel-
opment of MIP-based sensors is one of the most challenging issues in

recent years (Medetalibeyoğlu et al., 2018). Due to these reasons, more
sensitive, simple and selective sensors based on nanomaterials are
needed in terms of environmental safety (Hepel and Stobiecka, 2012;
Hepel, 2011).

Among sensor methods, SPR is a versatile method for probing the
binding of biomolecules through the changes in refractive index oc-
curring on thin metal films. Especially, gold nanoparticles, which are
coupled with that of a thin metal surface, are explored to enhance SPR
response in biosensors (Gao et al., 2012). In addition, silver nano-
particles produce a much stronger and sharper plasmon resonance in
comparison with gold nanoparticles (Pastoriza-Santos and Liz-Marzán,
2008; Wiley et al., 2005). Nonetheless, the structural properties such as
poor chemical belonging to silver nanoparticles prevent their broad
usage in SPR sensing. Because the plasmonic properties of silver na-
noparticles are subject to changes when exposed to water (Jiang et al.,
2007; Ying et al., 2007). The other obstacle about silver-based SPR was
high susceptibility to oxidation and consequent deterioration of the
silver layer coating (Cheng et al., 2015; Moore and Codella, 1988).
Therefore, the most common solution was the addition of protective
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layer(s) over the silver (Li et al., 2012; Zhai et al., 2007). The important
layers were oxides and gold. Especially, a thin protective gold layer was
evaporated, forming a bilayered structure. These structures provide
stability over bare silver (Xia et al., 2011).

Hexagonal boron nitride nanosheets are known as 2D materials and
can be used for sensor applications, catalysis, bioimaging and drug
delivery. The large band-gap property of 2D-hBN nanosheets makes
them transparent in visible and IR regions. In addition, due to surface
area and conductivity, they have significant electrochemical sensor
applications (Khan et al., 2016; Weng et al., 2014; Yola and Atar,
2018).

The aim of the study is built up of a novel nanosensor, which is able
to determine ETO selectively from urine sample via core-shell nano-
particles (Ag@AuNPs) incorporated hexagonal boron nitride (HBN)
nanosheets and MIP. For this purpose, ETO imprinted SPR sensors were
prepared and characterized. Ag@AuNPs-HBN nanocomposite was
firstly prepared for ETO detection in urine samples. The incorporation
between core-shell nanoparticles and HBN nanosheets forms on Lewis
acid-base interaction. Lewis base is amine functionalized Ag@AuNPs
and Lewis acid is electron-deficient boron atoms on HBN nanosheets.

2. Experimental

2.1. Materials

The materials used in this study were as follows: ETO (Merck,
Germany), glucose (GLU) (Merck, Germany), sucrose (SUC) (Merck,
Germany), ascorbic acid (ASC) (Merck, Germany), uric acid (UA)
(Merck, Germany), citric acid (CA) (Merck, Germany), HEMA (Merck,
Germany), MAGA (Merck, Germany), ethylene glycol dimethacrylate
(EGDMA) (Merck, Germany), N,N′-azobisisobutyronitrile (AIBN)
(Merck, Germany), 2-aminoethanethiol (AET) (Merck, Germany), so-
dium chloride (NaCl) (Merck, Germany), boron nitride powders (Merck,
Germany), potassium ferricyanide (K3Fe(CN)6) (Merck, Germany). The
solutions of ETO, GLU, SUC, ASC, UA and CA (1.0mM) were prepared
in a phosphate buffer solution (PBS) (0.1 M, pH 6.0).

2.2. Instrumentation

The electrochemical experiments were performed by IviumStat
(U.S). X-ray diffraction measurements were performed by Rikagu
Miniflex X-ray diffractometer. ZEISS EVO 50 (Germany) was utilized for
SEM. The ETO detection was carried out by SPR system (GenOptics,
SPRi-Lab, Orsay, France) (Yola et al., 2014).

2.3. Preparation of HBN nanosheets and Ag@AuNPs-HBN nanocomposite

HBN nanosheets were firstly developed (Yola and Atar, 2018) and
Ag@AuNPs were prepared according to these protocols (Atar et al.,
2015; Gupta et al., 2013). To form AET functionalized Ag@AuNPs via
the affinity of gold-sulphur, Ag@AuNPs dispersion (1.0 mg/mL) was
mixed with AET (0.1 mg/mL) (1:1, v/v) and the mixture was mixed for
10min and dried at 25 °C (Yola and Atar, 2014). Ultrasonication was
utilized for the formation of Ag@AuNPs-HBN nanocomposite. Mixture
of HBN nanosheets of 10.0 mg/mL and AET functionalized Ag@AuNPs
of 2.0mg/mL was subjected to ultrasonication for 10 h (Atar and Yola,
2018).

2.4. Modification of SPR chip with AET functionalized Ag@AuNPs-HBN
nanocomposite and Development of ETO imprinted sensor on Ag@AuNPs-
HBN nanocomposite modified SPR chip

The SPR surface was firstly cleaned with acidic piranha solution
(3:1H2SO4:H2O2, v/v). The surface was dried under vacuum for 2 h.
After the clean SPR surface was dipped in AET functionalized
Ag@AuNPs-HBN nanocomposite solution (1.0M), the modified surface

was dried under nitrogen atmosphere.
Development of ETO imprinted sensor on Ag@AuNPs-HBN nano-

composite modified SPR chip was carried out: ETO and MAGA
monomer (molar ratio is 2:1) were mixed with 250 µL of PBS (pH 6.0)
for 2 h. AIBN (5.0 mg) as initiator was dissolved in HEMA (1250 µL) and
EGDMA (500 µL). After ETO-MAGA complex (250 µL) was added into
the initiator solution, the nitrogen gas was passed into the final solu-
tion. 25 µL of final solution was dropped onto the SPR chip with AET
functionalized Ag@AuNPs-HBN nanocomposite by using “spin coating
method” which makes uniform thin films for 15 s. After the poly-
merization was performed by UV light (365 nm) for 30min, the chip
was dried in vacuum oven. The imprinting selectivity was analyzed by
using NIP/Ag@AuNPs-HBN/SPR without ETO.

2.5. ETO removal from chip surface

Owing to the electrostatic forces between MAGA and ETO, 1.0M
NaCl as desorption agent was used in batch system. ETO imprinted
polymer on Ag@AuNPs-HBN nanocomposite modified SPR chip (MIP/
Ag@AuNPs-HBN/SPR) was dipped into 1.0 M NaCl solution (50mL).
After SPR chip was swinged in bath (250 rpm) at room temperature, the
chip was dried with nitrogen gas under vacuum (200mmHg, 25 °C).

2.6. Procedure of the analysis

The real time determination of ETO was performed using SPR
system (GenOptics, SPRi-Lab, Orsay, France). The ETO imprinted
sensor on Ag@AuNPs-HBN nanocomposite modified SPR chip was
washed with deionized water (50mL, 2.0mLmin−1

flow-rate) and
equilibration buffer (pH: 6.0, 0.1 M PBS, 50mL, 2.0mLmin−1

flow-
rate). After the ETO-imprinted SPR surface was washed with ultra-pure
quality water (5.0 mL) (2.0 mLmin−1 of flow-rate) and pH 6.0 of 0.1M
PBS (5.0mL) (2.0 mLmin−1 of flow-rate), ETO solutions with different
concentrations in 0.1 M PBS (pH 6.0) (5 mL) were applied to SPR
system (2.0mLmin−1 of flow-rate). The changes in resonance fre-
quency were monitored instantly and reached to plateau at about
60min. The desorption studies were carried out using 1.0M NaCl so-
lution (5.0 mL) with 2.0mLmin−1 of flow-rate. The steps of ad-
sorption–desorption–regeneration were repeated for each ETO con-
centration.

3. Results and discussion

3.1. The nanostructures’ characterization

XRD pattern of bulk boron nitride (curve a) and HBN nanosheets
(curve b) were shown in Fig. 1A. The curve a shows the obvious peaks
of bulk boron nitride attributing to (100), (101), (102) planes (Hassan
et al., 2012). These peaks disappeared on XRD pattern of HBN na-
nosheets. Nonetheless, (002) plane of boron nitride remains intact (Li
et al., 2011). SEM image (Fig. 1B) of boron nitride verified the bulk
structure. In this structure, irregular morphology is obtained. After its
ultrasonication, the SEM image of the obtained HBN nanosheets
(Fig. 1C) shows that the particle thickness of HBN nanosheets decreases
in comparison with bulk boron nitride. The presence of Ag@AuNPs on
nanopore structure is confirmed on Fig. 1D. The average diameters with
20–25 nm are obtained for core-shell nanoparticles. The B, C, N, S, Au
and Ag elements on Ag@AuNPs-HBN nanocomposite confirm the for-
mation of Ag@AuNPs-HBN in the EDX analysis (Fig. 1E). In addition,
the morphology of MIP and non-imprinted (NIP) surfaces were in-
vestigated. The polymer layer was shown on Fig. 1F for MIP. The less
porous structure was seen for NIP in comparison with MIP (Fig. 1G).

3.2. CV and EIS characterization

The reversible peaks with 200mV of peak potential difference (ΔEp)
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were obtained for redox probe at bare GCE (curve a of Fig. 2A). ΔEp
decreased to 100mV with obvious increase at HBN/GCE (curve b). Due
to the more surface area of HBN nanosheets, the obvious increase was
obtained. Its high surface area causes more active sites for 1.0mM [Fe
(CN)6]3-. We can say that the HBN nanosheets can improve catalytic
performance towards analyte molecule. The higher current was seen at
Ag@AuNPs-HBN/GCE (ΔEp =50mV) (curve c). This situation can be
explained due to the synergistic effect between boron nitride na-
nosheets and core-shell nanoparticles (Atar and Yola, 2018). We also
calculated the electrode surface areas of these modified surfaces for
proving this synergistic effect by using CV method. These areas of bare
GCE, HBN/GCE and Ag@AuNPs-HBN/GCE were calculated as
0.170 cm2, 0.531 cm2 and 1.339 cm2, respectively. According to EIS
experiments (Fig. 2B), charge transfer resistance (Rct) values are 200Ω
(curve c), 150Ω (curve b) and 95Ω (curve a), respectively. Thus, Rct
values are in harmony with the results of CV. In addition, Fig. 2B shows

the experimental data obtained that are fitted to standard Randles
equivalent circuits for Ag@AuNPs-HBN/GCE analysis, which comprizes
the solution resistance (Rs), the charge transfer resistance (Rct) and the
constant phase element (CPE) for the cases of bare GCE and
Ag@AuNPs-HBN/GCE. The experimental impedance values are mat-
ched with Randles equivalent circuit simulation using Gamry software
(EIS 300 Electrochemical Impedance Spectroscopy Software).

3.3. FTIR and AFM characterization

After ETO removal from Ag@AuNPs-HBN nanocomposite based SPR
surface, O–H stretching bands of HEMA and MAGA at 3430 cm−1, sa-
turated C–H stretching bands of MAGA at 2980 cm−1, carboxyl-car-
bonyl stretching bands of MAGA at 1685 cm−1 were obtained in
Fig. 3A. In addition, the bands of absorption at 1480 cm−1 and
1450 cm−1 are related to –COO stretching peaks of MAGA monomer.

Fig. 1. XRD pattern (A) of bulk boron nitride (curve a) and HBN nanosheets (curve b); SEM images of (B) bulk boron nitride; (C) HBN nanosheets; (D) TEM and (E)
EDX images of Ag@AuNPs-HBN nanocomposite; SEM images of (F) MIP/Ag@AuNPs-HBN, (G) NIP/Ag@AuNPs-HBN.

Fig. 2. (A) Cyclic voltammograms at (a) bare GCE, (b) HBN/GCE, (c) Ag@AuNPs-HBN/GCE; (B) EIS response at (a) Ag@AuNPs-HBN/GCE, (b) HBN/GCE, (c) bare
GCE; In the presence of 1.0 mM [Fe(CN)6]3- containing 0.1M KCl, Scan rate: 200mV s−1: Frequency range is 100,000 – 0.1 Hz with 10mV wave amplitude at a
formal potential of 0.170 V. RE stands for reference electrode and WE for working electrode.
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The values of surface deepness for bare SPR (Fig. 3B) and ETO-im-
printed p(HEMA-MAGA) film on Ag@AuNPs-HBN nanocomposite
modified SPR surface (Fig. 3C) are 4.15 ± 0.85 and 34.12 ± 0.53 nm,
respectively. The results show that the polymerization on nano-
composite modified SPR surface is accomplished.

3.4. Effect of different MIP sensors on SPR signals

Fig. S1A shows the effects of different MIP sensors such as MIP/SPR,
MIP/HBN/SPR, MIP/AuNPs-HBN/SPR and MIP/Ag@AuNPs-HBN/SPR
on signals. According to Fig. S1A, the highest SPR signals were obtained
by using MIP/Ag@AuNPs-HBN/SPR in the presence of 1.0 ngmL−1

ETO. This situation is in harmony with the results of CV and EIS. Be-
cause of the synergistic effect between boron nitride nanosheets and
core-shell nanoparticles (Atar and Yola, 2018), the optimum sensor
signal was obtained on MIP/Ag@AuNPs-HBN/SPR.

3.5. Effect of pH on SPR signals

Buffer solutions with different pH were tested (Fig S1B). The re-
sponses towards SPR sensors increase gradually up to pH 6.0. Due to
MAGA monomer which is based on glutamic acid (pKa1: 2.10, pKa2:
4.07), the carboxylic acid groups of monomer loaded negatively with
the increase in pH value. These groups effectively interacted with polar
groups of ETO. Owing to this situation, the affinity of sensor-analyte
increased. However, after pH 6.0, the conversion of ETO to its anion
form occurred and the affinity of sensor-analyte decreased. Thus, the
optimum pH value in this study is pH 6.0 (ΔR =11.413) in presence of
1.0 ngmL−1 ETO (Fig S1C).

3.6. Linearity range

Fig. 4 shows the relationship between SPR signals and ETO amount
at MIP/Ag@AuNPs-HBN/SPR (from blank solution to 1.00 ngmL−1

ETO). The regression equation is as y (ΔR) =11.073× (ngmL−1)

Fig. 3. (A) FTIR spectra of the ETO-imprinted p(HEMA-MAGA) film on Ag@AuNPs-HBN nanocomposite modified SPR surface; AFM images of (B) bare SPR surface;
(C) ETO-imprinted p(HEMA-MAGA) film on Ag@AuNPs-HBN nanocomposite modified SPR surface.

Fig. 4. Effect of ETO concentration on the SPR signals: Inset: Calibration curve of ETO concentrations at MIP/Ag@AuNPs-HBN/SPR in the presence of pH 6.0 of PBS
(from blank solution to 1.00 ngmL−1 ETO): (a) adsorption; (b) desorption; (c) regeneration.
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− 0.0388 for MIP. Hence, this study has shown that MIP/Ag@AuNPs-
HBN/SPR was found to be more sensitivity to ETO analyte (Inset of
Fig. 4). 0.001 ngmL−1 and 0.00025 ngmL−1 were found as quantifi-
cation limit (LOQ) and LOD Moreover, Table 1 presented the compar-
isons between the MIP/Ag@AuNPs-HBN/SPR and other systems. Fi-
nally, MIP/Ag@AuNPs-HBN/SPR was found to reveal higher sensitivity
in comparison with other analytical methods.

3.7. Recovery

The recovery percentage values ranged between 99.30% and
100.72% with relative standard deviation< 1.00 (Table 1S). Recovery
values were calculated by the equation:

= ×

−

−
Recovery

Found amount(ng mL )
Actual amount(ng mL )

100
1

1

Closeness of the results to 100.00% showed that the developed
nanosensor was found to have a high selectivity. In addition, Fig. S2
showed SPR sensorgrams of the spiked samples for recovery test. The
calibration equation of standard addition method is as y (ΔR)
= 11.013× (ngmL−1)+ 0.149 for MIP/Ag@AuNPs-HBN/SPR. On the
other hand, no significance difference between the slopes of regression
equations of linear calibration technique and standard addition method
was found. Subsequently, the selective analysis of ETO is completed
successfully on MIP/Ag@AuNPs-HBN/SPR.

3.8. Selectivity, stability, repeatability, reproducibility and reusability of
MIP/Ag@AuNPs-HBN/SPR

To confirm the selectivity of the ETO-imprinted SPR nanosensor
against 1.0 ngmL−1ETO in urine samples in the presence of
1.0 ngmL−1 GLU, 1.0 ngmL−1 SUC, 1.0 ngmL−1 ASC, 1.0 ngmL−1 UA
and 1.0 ngmL−1 CA as competitors (Fig. 5A), the samples were applied

to the nanosensors. The selectivity coefficients (k) and relative se-
lectivity coefficients (k′) values are given in Table 2S. MIP/Ag@AuNPs-
HBN/SPR was 4.0, 6.0, 12.0, 24.0 and 48.0 times selective towards ETO
in comparison with GLU, SUC, ASC, UA and CA. The results show that
because of selective cavities in the polymer structure, ETO-imprinted
SPR nanosensor has higher adsorption capacity (ΔR values) for ETO in
comparison to GLU, SUC, ASC, UA and CA.

To display the specificity of ETO-imprinted SPR nanosensor, non-
imprinted SPR nanosensor (NIP) was also prepared and the signals of
non-imprinted SPR nanosensor against 1.0 ngmL−1ETO, 1.0 ngmL−1

GLU, 1.0 ngmL−1 SUC, 1.0 ngmL−1 ASC, 1.0 ngmL−1 UA and
1.0 ngmL−1 CA were obtained as 1.00, 0.80, 0.60, 0.40. 0.20 and 0.10,
respectively (Fig. 5B). The selectivity coefficients for non-imprinted
SPR nanosensor in respect to 1.0 ngmL−1 GLU, 1.0 ngmL−1 SUC,
1.0 ngmL−1 ASC, 1.0 ngmL−1 UA and 1.0 ngmL−1 CA were calculated
as 1.25, 1.67, 2.50, 5.00 and 10.00, respectively. The results for relative
selectivity constants showing selectivity gained by imprinting process
display that ETO-imprinted SPR nanosensor was 3.20, 3.59, 4.80, 4.80
and 4.80 times more selective in comparison to GLU, SUC, ASC, UA and
CA, respectively.

The signals of 1.0 ngmL−1 ETO were measured for the stability of
MIP/Ag@AuNPs-HBN/SPR during 60 days and the repeatable re-
sponses at about (ΔR = 11.00 with 0.17% of relative standard devia-
tion) were observed. Thus, the imprinted sensor has good stability. The
five cycles (equilibration-adsorption-regeneration) were performed in
presence of 1.0 ngmL−1 ETO for repeatability test and the repeatable
responses at about (ΔR = 11.00 with 0.21% of relative standard de-
viation) were observed during the cycles (Fig. 5C).

The reproducibility test was performed with ten different ETO-im-
printed SPR nanosensor. These imprinted nanosensors were fabricated
independently by using the same procedure. The relative standard de-
viation value was found to be 0.34% for SPR signal in the presence of
1.0 ngmL−1 ETO and it indicated the reliability of nanosensor

Table 1
Comparison of MIP/Ag@AuNPs-HBN/SPR with the other methods.

Material Linear Range (mol L−1) LOD (mol L−1) Ref.

Au/Pd@rGO 1.00× 10−8–4.00×10−5 7.18× 10−10 (Hatamluyi et al., 2018)
MWCNT/GCE 2.00× 10−8–2.00×10−6 5.00× 10−9 (Bozal-Palabiyik et al., 2013)
CQDs/GCE 2.00× 10−8–1.00×10−5 5.00× 10−9 (Nguyen et al., 2016)
CPE 2.50× 10−7–1.00×10−5 1.00× 10−7 (Radi et al., 2007)
GNWs 5.00× 10−8–5.00×10−5 4.36× 10−9 (Tzouvadaki et al., 2018)
RP-HPLC 1.70× 10−6–1.70×10−4 5.10× 10−7 (Agwa et al., 2018)
MIP/Ag@AuNPs-HBN/SPR 1.70×10−12 –1.70×10−9 4.25×10−13 This study

Au/Pd@rGO: gold/palladium@reduced graphene oxide; MWCNT/GCE: Multi-walled carbon nanotube modified glass carbon electrode; CQDs/GCE: Carbon quantum
dot modified glassy carbon electrode; CPE: Carbon paste electrode; GNWs: Graphene nanowalls; RP-HPLC: rapid reversed-phase high-performance liquid chroma-
tography; MIP/Ag@AuNPs-HBN/SPR: SPR sensor based on core-shell nanoparticles incorporated hexagonal boron nitride nanosheets.

Fig. 5. Comparison of selectivity of SPR sensors: (A) Sensorgrams relating to 1.0 ngmL−1 ETO, GLU, SUC, ASC, UA and CA on MIP/Ag@AuNPs-HBN/SPR in the
presence of pH 6.0 of PBS (a) adsorption; (b) desorption; (c) regeneration; (B) Sensorgrams relating to 1.0 ngmL−1 ETO, GLU, SUC, ASC, UA and CA on NIP/
Ag@AuNPs-HBN/SPR in the presence of pH 6.0 of PBS (a) adsorption; (b) desorption; (c) regeneration; (C) Repeatability of MIP/Ag@AuNPs-HBN/SPR: Analyte
concentration: 1.0 ngmL−1 ETO in the presence of pH 6.0 of PBS: (a) adsorption; (b) desorption; (c) regeneration.
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preparation procedure.
Finally, the reusability of ETO-imprinted SPR nanosensor was ex-

amined. According to the results, ETO-imprinted SPR nanosensor was
not found as a disposable sensor. It could be used at least 30 times
(relative standard deviation was 0.44%) after washing with 0.1M PBS
(pH 6.0).

4. Conclusion

In this study, we have combined the advantages of core-shell na-
noparticles incorporated HBN nanosheets and molecular imprinting for
detection of anticancer drug. The nanomaterials were characterized by
SEM, TEM, XRD, EDX, CV and EIS. 1.70×10−12–1.70×10−9 M and
4.25×10−13 M were found as the linearity range and LOD for the
developed SPR nanosensor. The developed nanosensor also shows high
selectivity, stability and repeatability in urine sample. According to the
recovery experiments and standard addition technique, it could be
stated that the matrix presence in urine sample had no effect on the
selective analysis of anticancer drug. In addition, the developed SPR
nanosensor was found to be stable, repeatable and reusable. Finally, the
prepared SPR nanosensor showed high selectivity and sensitivity in
urine samples in comparison with other analytical methods.
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