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Abstract
 A novel molecularly imprinted electrochemical biosensor for glucose detection is reported based on a hierarchical N-rich 
carbon conductive-coated TNO structure (TNO@NC). Firstly, TNO@NC was fabricated by a novel polypyrrole-chemical 
vapor deposition (PPy-CVD) method with minimal waste generation. Afterward, the electrode modification with TNO@
NC was performed by dropping TNO@NC particles on glassy carbon electrode surfaces by infrared heat lamp. Finally, 
the glucose-imprinted electrochemical biosensor was developed in presence of 75.0 mM pyrrole and 25.0 mM glucose in a 
potential range from + 0.20 to + 1.20 V versus Ag/AgCl via cyclic voltammetry (CV). The physicochemical and electrochemi-
cal characterizations of the fabricated molecularly imprinted biosensor was conducted by transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) method, X-ray photoelectron spectroscopy (XPS), 
electrochemical impedance spectroscopy (EIS), and CV techniques. The findings demonstrated that selective, sensitive, 
and stable electrochemical signals were proportional to different glucose concentrations, and the sensitivity of molecularly 
imprinted electrochemical biosensor for glucose detection was estimated to be 18.93 μA μM−1  cm−2 (R2 = 0.99) at + 0.30 V 
with the limit of detection (LOD) of 1.0 ×  10−6 M. Hence, it can be speculated that the fabricated glucose-imprinted biosen-
sor may be used in a multitude of areas, including public health and food quality.

Keywords Glucose biosensor · Molecularly imprinting · Electrochemistry · Ti2Nb10O29

Introduction

Chronic diabetes disease has been affecting a large number 
of people all around the world, thereby developing a non-
invasive glucose detection technique with high sensitivity, 
and low cost is of substantial importance [1, 2]. Several 
methods, such as colorimetry [3], gas or liquid chromatog-
raphy [2, 4], fluorescence [5], Fourier transform infrared 
spectroscopy [6], chem- or electrochemiluminescence [7, 8], 

and electrochemical techniques [9], have been employed to 
determine the glucose level in human serum and foodstuffs 
during the last few decades. However, there are some short-
comings of glucose determination by reported methods. Spe-
cifically, various other substances in the environment dur-
ing glucose measurement, such as acetaminophen, uric acid, 
and ascorbic acid, may interact with glucose; thus, a high 
amount of samples is necessary for glucose determination 
[9]. Hence, the advantages of the simpler and less expensive 
techniques might be considerable in terms of therapeutic 
benefit. In this respect, electrochemical sensors appear to be 
one of the most promising approaches to detect glucose with 
high sensitivity, ease of use, and cheap cost.

Electrochemical sensors have risen to prominence 
among many other analytical techniques because 
of their simplicity of use, versatility, and low cost. 
Although enzyme-based electrochemical glucose sensors 
have been widely used to date, their high cost, sensitivity 
to operation conditions (such as pH and temperature), and 
intrinsic instability of natural enzymes restrict their fur-
ther applicability [10]. As a result, enzyme-free glucose 
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sensors have attracted substantial attention in the nano-
technology field, thanks to their several advantages such as 
long-term stability, ease of operation, cost-effectiveness, 
and portability [10, 11]. For instance, the perovskite-based 
electrochemical biosensors for glucose detection have been 
currently presented in literature [12]. The perovskites 
formulated as  ABO3 (A, alkali metal or a lanthanide; B, 
transition metal; and O, oxygen ion) demonstrate good 
electrocatalytic effect against bioactive molecules such as 
glucose and dopamine [13–15].

Along with all the aforementioned aspects in mind, nano-
materials have been regarded as a viable option for prevent-
ing drawbacks and enhancing electrode performance due to 
their exceptional physicochemical characteristics.  TixNbyOz 
materials with nanosize such as  TiNb24O62 [16],  Ti2Nb10O29 
[17], and  TiNb2O6 [18] have been currently used for elec-
trochemical sensor application or energy storage. Especially, 
 Ti2Nb10O29 is very important in terms of its high theoretical 
capacities of about 400 mAh  g−1, providing efficient coating 
for the preparation of novel composites [19].  TixNbyOz mate-
rials’ crystal structure is similar to H-Nb2O5 family with 
about 3 octahedral long in length and width [20]. In crystal 
structure,  Ti4+ selectively stayed on edge sites of the blocks, 
providing ionic conductivity [21]. The limited electrical con-
ductivity of  TixNbyOz materials also can be improved by 
carbon coating [22] and nanostructuring [23]. The produc-
tion of  TixNbyOz materials can be performed by solid-state 
synthesis until 1000 °C providing particles having the size of 
10–60 µm [24]. In addition, PPy-CVD method was utilized 
for preparation of carbon conductive-coated TNO structure 
(TNO@NC). Thus, TNO@NC provides the improved elec-
trical conductivity and volumetric capacity [25].

The molecular imprinting technique has been employed 
to prepare polymers with selective recognition sites for the 
target molecules [26]. Thanks to their high affinity and selec-
tivity, comparable to natural receptors, enhanced stability 
comparing to biomolecules, ease of manufacture, and adapt-
ability to a variety of practical applications, molecularly 
imprinted polymers have gained considerable prominence 
[27]. Furthermore, molecularly imprinted polymers are 
favored owing to their superior mechanical characteristics, 
heat and pressure tolerance, physical endurance, and chemi-
cal stability in acids, bases, metal ions, and organic solvents. 
Thanks to these characteristics, molecularly imprinted poly-
mers might well be utilized for identification and separation 
objectives in a variety of disciplines, including life, phar-
maceutical, and environmental sciences [28]. These poly-
mers’ high stability, low cost, and the polymerization steps 
in harmony with micro-production used in sensor technol-
ogy allow it to be used as a synthetic recognition element 
in many practical applications [29]. Therefore, molecularly 
imprinted polymers are increasingly being utilized in the 
fabrication of biosensors and nanosensors [30].

Herein, in the light of all aforementioned points in mind, 
it was aimed to fabricate a novel molecularly imprinted 
electrochemical biosensor-based N-rich carbon conductive-
coated TNO structure for glucose detection for the first time 
in literature. The developed biosensor provided a number 
of advantages including ease of application, fast, and high 
selectivity. In addition, a sensitive LOD of 1.0 ×  10−6 M was 
obtained, and glucose detection was performed with high 
selectivity without interference in plasma samples. Hence, 
the fabricated enzyme-free glucose sensor based on molecu-
larly imprinted polymer paves the way for a new perspective 
in the monitoring glucose level in plasma samples.

Experimental section

Materials

D-glucose (D-GLU), ascorbic acid (AA), uric acid (UA), 
bovine serum albumin (BSA), sodium chloride (NaCl), pyr-
role, niobium (V) oxide  (Nb2O5, 99.99%), Fe (III) p-tolue-
nesulfonate, pyrrole (98%), metatitanic acid (TiO(OH)2), 
and anatase  TiO2 were purchased from Sigma-Aldrich. As a 
supporting electrolyte and dilution buffer, 0.1 M phosphate-
buffered saline (PBS) solution (pH 7.0) was employed.

Apparatus for characterization of nanomaterials

Surface morphological characteristics were explored by 
using both a ZEISS EVO 50 SEM and a JEOL 2100 TEM. 
X-ray patterns of nanomaterials was recorded by a Rigaku 
X-ray diffractometer with Cu-K radiation (λ = 0.150 nm). 
The PHI 5000 Versa Probe spectrometer was used to per-
form the XPS survey. Electrochemical characterization tech-
niques such as CV, EIS, and differential pulse voltammetry 
(DPV) were also conducted using the Gamry Reference 600 
workstation (Gamry, USA).

TNO@NC synthesis

TNO@NC was synthesized using a solid-state reaction 
method assisted by PPy-CVD. In this technique,  Nb2O5 
(10.0 g) was billed in ultra-quality water at 1000 rpm over 
2 h. Subsequently, the material was dispersed in Fe (III) 
p-toluenesulfonate solution (30.0 wt%) to provide the cover-
ing of  Nb2O5 with  Fe3+ ions (Nb2O5@Fe3+), which ensured 
the pyrrole polymerization on  Nb2O5@Fe3+ surface [31]. 
Subsequently, pyrrole vapor (2.0 mL) was introduced into 
 Nb2O5@Fe3+ mixture at 25 °C to provide the pyrrole polym-
erization resulting in polypyrrole (PPy). After 60 min, the 
powder was washed with methanol several times to elimi-
nate  Fe3+ ions and residual pyrrole monomers. The obtained 
product was tagged as Nb2O5@PPy. After that,  Nb2O5@PPy 
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was ground with TiO(OH)2 for 90 min before being calcined 
at 500 to 900 °C for 24 h in a high-purity  N2 atmosphere 
(TNO@NC). Meanwhile, as a control experiment, TNO was 
similarly fabricated via solid-state reaction of  Nb2O5 powder 
and anatase  TiO2. Scheme 1 illustrated the schematic repre-
sentation of the preparation procedure for the final product 
TNO@NC.

Preparation of electrode

The glassy carbon electrode (GCE) was prepared as fol-
lows to be utilized in the further steps [32]: Firstly, 0.1 µm 
and 0.05 µm alumina slurries were transferred on cleaning 
pads, respectively. Following, the GCE was polished with 
these alumina slurries for 20 min. Then, the electrodes were 
rinsed with isopropyl alcohol and acetonitrile, respectively, 
to remove the alumina remains at 25 °C.

The electrode modifications with  Nb2O5@PPy, TNO, and 
TNO@NC suspensions (20.0 μL, 0.2 mg  mL−1) were per-
formed by dropping these suspensions on the clean GCEs. 
After 30 min, the solvent removal was carried out by infra-
red heat lamp, providing  Nb2O5@PPy, TNO, and TNO@
NC-modified GCEs (Nb2O5@PPy/GCE, TNO/GCE, and 
TNO@NC/GCE).

Preparation of D‑GLU‑imprinted sensor and D‑GLU 
removal from electrode surface

In the presence of 75.0 mM pyrrole solution (as a mono-
mer) containing 25.0 mM D-GLU (as a target molecule) 
in 0.1  M PBS (pH 7.0), each of the D-GLU-imprinted 
GCEs were constructed via 20 subsequent CV cycles at 
a potential scan rate of 200 mV  s−1 and a potential range 
of + 0.20 to + 1.20 V. Each of the D-GLU-imprinted GCEs 
were tagged as MIP/bare GCE, MIP/Nb2O5@PPy/GCE, 
MIP/TNO/GCE, and MIP/TNO@NC/GCE, separately. Ag/
AgCl(aq) and Pt wire were utilized as the reference and 
the counter electrodes, respectively. In addition, to con-
firm the high imprinting selectivity, D-GLU non-imprinted 
TNO@NC/GCE (NIP/TNO@NC/GCE) was prepared in the 

presence 75.0 mM pyrrole solution as monomer in 0.1 M 
PBS (pH 7.0) without analyte molecule.

To remove the target molecules (D-GLU) on electrode 
surface, the prepared imprinted electrodes were immersed 
into 2.0 M NaCl as desorption agent to eliminate the inter-
actions between polar groups of pyrrole and D-GLU mol-
ecules. This treatment approach was continued for 20 min as 
elution time at 150 rpm. Finally, the electrodes such as MIP/
bare GCE, MIP/Nb2O5@PPy/GCE, MIP/TNO/GCE, and 
MIP/TNO@NC/GCE were dried with nitrogen gas at 25 °C.

Sample preparation

On Supplementary Data, the sample preparation process was 
detailed [33].

Results and discussion

Characterization studies

According to Fig.  1A and B, high-energy ball milling 
(HEBM) treatment provided the reduction of the particle 
size of  Nb2O5 from micron to 30 to 35 nm. Then,  Nb2O5 
nanoparticles were dispersed in Fe (III) p-toluenesulfonate 
solution for covering of  Nb2O5 nanoparticles with a layer of 
oxidant. The chemical polymerization of pyrrole was initi-
ated by  Nb2O5@Fe3+.  Nb2O5@Fe3+ was transferred into a 
tube including pyrrole vapor to form polypyrrole (PPy) on 
 Nb2O5@Fe3+ surface. The agglomeration of  Nb2O5 nanopar-
ticles with larger dimensions (250–350 nm) simultaneously 
occurred (Fig. 1C). This increased particle size is beneficial 
in terms of the electrochemical activity enhancement of the 
material [34]. According to Fig. 1D, the particle sizes were 
observed about 35–38 nm, while the thickness of the carbon 
layer was detected in a range between 1 and 5 nm (Fig. 1E). 
The d-spacing values of 0.349 and 0.267 nm are harmony 
with (400) and (215) planes for monoclinic TNO, respec-
tively (Fig. 1E). PPy coating ensured to inhibit the sintering 

Scheme 1  Schematic preparation procedure for TNO@NC sample
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of TNO as seen on Fig. 1D and F showing different particle 
size between TNO@NC and TNO.

The phase investigations of the product TNO@NC 
at calcination temperatures between 500 and 900 °C for 
24 h were carried out by XRD (Fig. 2). According to 
Fig. 2, the phase structure of 500-TNO@NC looked alike 
bronze structure such as T-Nb2O5 [20]. For 600-TNO@
NC product, the formation of the monoclinic-TNO phase 
was observed. Then, the bronze structure disappeared 
with novel weak peaks at 23.1° and 26.5° for 700-TNO@
NC product in harmony with pure monoclinic TNO [35]. 
The monoclinic phase was formed for 800-TNO@NC and 
900-TNO@NC products with higher peak intensity, dem-
onstrating the high crystallinity of the oxide with tem-
perature. SEM images of TNO@NC products were also 
observed (Fig. S1) for investigating the morphological 
properties. The secondary particle size of 700-TNO@
NC was similar to that of 500-TNO@NC and 600-TNO@
NC products owing to the effect of the carbon layer on 
particle growth. The particle size of 800-TNO@NC was 
slightly larger than that of 700-TNO@NC. When the 

morphology of 900-TNO@NC was investigated, the par-
ticle size increased, demonstrating the disappearance of 
carbon layer effect on particle growth. Fig. S2 confirmed 
the presence of an amount of nitrogen and the homogenous 
coating. Hence, it could be mentioned that nitrogen dop-
ing treatment increases electron transfer kinetics [36, 37].

High-resolution XPS spectra of N1s, C1s, Ti2p, Nb3d, 
and O1s of TNO@NC was presented on Fig. S3. The con-
versions of  Ti4+ and  Nb5+ into  Ti3+ and  Nb4+ on TNO@
NC were observed (Fig. S3A and B) [38, 39]. This con-
version verified TNO@NC formation in comparison with 
pristine TNO. In addition, N1s and C1s XPS spectra 
(Fig. S3D and E) showed Ti-N chemical bond formation 
[36], indicating high electronic conductivity of Ti-N. 
According to O1s spectra (Fig. S3C), the peak at 529.5 eV 
shifted higher binding energy for TNO@NC product in 
comparison with pristine TNO, demonstrating electron 
drain in the oxide matrix [40]. This situation showed the 
oxygen deficient in lattice [41]. In addition, ratio analysis 
of the peaks in XPS spectrum of pristine TNO and TNO@
NC was evaluated (Table S1).

Fig. 1  TEM images of A bulk  Nb2O5, B ball-milled  Nb2O5, C  Nb2O5@PPy, D TNO@NC, E HRTEM image of TNO@NC, and F TEM image 
of pristine TNO
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CV and EIS characterizations of  Nb2O5@PPy, TNO@
NC, and TNO‑modified electrodes

Electrochemical investigations for modified electrodes were 
progressively performed by using CV and EIS methods in 
presence of 1.0 mM [Fe(CN)6]3−/4− as redox pair. Firstly, 
the anodic and cathodic signals on bare GCE were observed 
at Epa = 500 mV and Epc = 250 mV, respectively (curve a 
of Fig. 3A). When  Nb2O5@PPy/GCE was used towards 
1.0 mM [Fe(CN)6]3−/4−, the more obvious electrochemical 

signals were obtained in comparison with bare GCE (curve 
b of Fig. 3A) owing to high conducting polymer structure 
of PPy [42]. Then, due to TNO’s high theoretical capac-
ity (400 mAh  g−1) and fast electrochemical reaction kinet-
ics, there was more electrochemical catalytic effect on the 
signals (curve c of Fig. 3A) [43]. Finally, the electronic 
conductivity, specific area and porous nano-structure of a 
hierarchical N-rich carbon conductive-coated TNO structure 
provided the highest electrochemical responses in compari-
son with TNO/GCE (curve d of Fig. 3A) [22, 23]. The val-
ues of peak potential difference (ΔEp) were also calculated 
as 250 mV for bare GCE, 200 mV for  Nb2O5@PPy/GCE, 
160 mV for TNO/GCE, and 130 mV for TNO@NC/GCE. 
Finally, the specific surface areas of bare GCE,  Nb2O5@
PPy/GCE, TNO/GCE, and TNO@NC/GCE were calcu-
lated as 0.170 ± 0.06  cm2, 0.486 ± 0.03  cm2, 0.708 ± 0.04 
 cm2, and 1.193 ± 0.02  cm2 in the presence of [Fe(CN)6]3−, 
respectively, by Randles–Sevcik equation [44]. This situa-
tion shows that TNO@NC product can be used as electro-
chemical sensor for sensitive determination of D-GLU.

EIS experiments were performed to prove CV results and 
according to Fig. 3B, the obtained charge transfer resist-
ances were calculated as 160, 135, 110, and 90 Ω for bare 
GCE,  Nb2O5@PPy/GCE, TNO/GCE, and TNO@NC/GCE, 
respectively. Hence, the highest electrical conductivity and 
the easiest electron transfer occurred on TNO@NC/GCE, 
indicating in coherence with CV results.

Formation of D‑GLU‑imprinted polymer on TNO@
NC/GCE

For the formation of D-GLU-imprinted polymer on 
TNO@NC/GCE, 75.0 mM pyrrole solution containing 
25.0 mM D-GLU was transferred into electrochemical 
cell. According to Fig.  4A, during the applied poten-
tial scan, the obvious oxidation peaks at about + 0.80 V 
were observed. Nonetheless, these polymerization peaks 
started to decrease after first scan and disappeared at 20th 

Fig. 2  XRD pattern of TNO@NC products at different calcination 
temperatures between 500 and 900 °C for 24 h

Fig. 3  A Cyclic voltammo-
grams and B EIS responses 
at (a) bare GCE, (b)  Nb2O5@
PPy/GCE, (c) TNO/GCE, (d) 
TNO@NC/GCE, Redox probe: 
1.0 mM [Fe(CN)6]3−/4− con-
taining 0.1 M KCl, scan rate: 
100 mV  s−1
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cycle. Hence, this disappearance on the oxidation peaks 
confirmed the formation of D-GLU imprinted polymer on 
TNO@NC/GCE. The prepared MIP and NIP surfaces were 
investigated in terms of morphological features (Fig. 4B 
and C). As expected, apparent porous polymeric struc-
tures on Fig. 4B and non-porous polymeric structures on 
Fig. 4C were observed. Finally, in order to demonstrate 
the imprinting selectivity, the electrochemical properties 
of the prepared MIP and NIP electrodes were investigated. 
The electrochemical signals were not observed by MIP/
TNO@NC/GCE in blank buffer solution without D-GLU 
(curve a of Fig. 4D). However, MIP/TNO@NC/GCE dem-
onstrated the obvious electrochemical signals belonging to 
D-GLU at + 0.30 V in the presence of 0.5 mM D-GLU in 
0.1 M PBS (curve c of Fig. 4D). In addition, as expected, 
the smaller signals were observed by NIP/TNO@NC/GCE 
in the presence of 0.5 mM D-GLU in 0.1 M PBS (curve 
b of Fig. 4D). Thus, it was confirmed that the molecular 

imprinting is an efficient technique providing the high 
selective detection in complex samples [45]. Lastly, the 
different molecular-imprinted electrochemical biosen-
sors (MIP/bare GCE, MIP/Nb2O5@PPy/GCE, MIP/TNO/
GCE, MIP/TNO@NC/GCE) were gradually prepared to 
show the electrochemical activity of the final biosensor. 
According to Fig. 4E, the highest electrochemical signal 
was observed by using MIP/TNO@NC/GCE (curve d of 
Fig. 4E) thanks to the enhancement of electron transfer 
ability resulting from nitrogen doping.

Optimization studies

The important parameters such as pH, mole ratio D-GLU 
to pyrrole monomer, desorption time, and scan cycle were 
investigated on Fig. S4 of Supplementary Data.

Fig. 4  A Polymerization of 75.0  mM pyrrole containing 25.0  mM 
D-GLU on TNO@NC/GCE (scan rate: 100  mV   s−1); SEM images 
of B MIP/TNO@NC/GCE and C NIP/TNO@NC/GCE, D differ-
ential pulse voltammograms (DPVs) of the prepared electrodes in 
this study: (a) MIP/TNO@NC/GCE in blank buffer solution (pH 
7.0), (b) NIP/TNO@NC/GCE after rebinding of 0.500 mM D-GLU 
in 0.1 M PBS (pH 7.0), (c) MIP/TNO@NC/GCE after rebinding of 

0.500 mM D-GLU in 0.1 M PBS (pH 7.0) (parameters are frequency 
of 100 Hz, pulse amplitude of 25 mV and scan increment of 5 mV); 
E DPVs of different molecularly imprinting electrodes after rebind-
ing of 0.500 mM D-GLU in 0.1 M PBS (a) MIP/bare GCE, (b) MIP/
Nb2O5@PPy/GCE, (c) MIP/TNO/GCE, (d) MIP/TNO@NC/GCE 
(parameters are frequency of 100 Hz, pulse amplitude of 25 mV, and 
scan increment of 5 mV)
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Linearity range and electrochemical mechanism

Typical glucose levels in human blood for type 2 diabetes 
normally vary in the range from 4.0 ×  10−3 to 5.0 ×  10−3 M 
before having a meal and should be less than 7.0 ×  10−3 M 
within 1–2 h after a meal [46, 47]. Figure 5 showed DPVs 
including the observed electrochemical signals against 
D-GLU concentration (from 0.01 to 5.0 mM) by using 
MIP/TNO@NC/GCE and NIP/TNO@NC/GCE. Hence, a 
certain linearity for MIP and NIP biosensors was obtained 
as y (µA) = 19.811x (mM) + 0.1927 and y (µA) = 7.9818x 
(mM) + 0.3735, respectively, in this concentration range. 
It was concluded that the molecularly imprinting provided 
important advantages such as high selectivity and sensi-
tivity towards D-GLU determination in harmony with 
Fig. 4D.

D-GLU’s electrooxidation to glucolactone was cata-
lyzed by MIP/TNO@NC/GCE according to the following 
electrochemical reaction [48]:

Then, to highlight the possible electrochemical reac-
tion mechanism, the different cyclic voltammograms 
(Fig. 6) curves at MIP/TNO@NC/GCE in pH 7.0 of PBS 
in 1.0 mM D-GLU solution at different scan rates (from 
10 to 100 mV  s−1) and anodic/cathodic currents as a func-
tion of square root of scan rate were obtained. According 
to Fig. 6, the following linear regression equations were 
obtained below:

(1)Glucose → e− + Glucolactone

A linear relationship justified a diffusion-controlled elec-
trochemical process for the electrooxidation of D-GLU.

The sensitivity of the developed electrochemical MIP 
biosensor for glucose detection was determined by Eq. (4) 
and Eq. (5).

(2)Ipa = 3.8106(v)
1/

2 + 5.0398(R2 = 0.9997)

(3)Ipc = −3.9317(v)
1/

2 − 6.0979(R2 = 0.9993)

Fig. 5  Differential pulse 
voltammograms with different 
D-GLU amounts at MIP/TNO@
NC/GCE in pH 7.0 of PBS 
(from 0.01 to 5.0 mM). Inset: 
D-GLU’s calibration curves for 
MIP and NIP biosensors (n = 6) 
(parameters are frequency of 
100 Hz, pulse amplitude of 
25 mV, and scan increment of 
5 mV)

Fig. 6  Cyclic voltammograms curves at MIP/TNO@NC/GCE in pH 
7.0 of PBS in 1.0 mM D-GLU solution at different scan rates (from 
10 to 100 mV  s−1)
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where S is standard deviation of intercept value on calibra-
tion equation for MIP biosensor and m is slope on calibra-
tion equation for MIP biosensor. According to Eq. (4) and 
Eq. (5), the values of limit of quantification (LOQ) and LOD 
were calculated as 1.0 ×  10−5 and 1.0 ×  10−6 M, respectively. 
Table 1 demonstrated some important comparisons such as 
sensitivity between D-GLU-imprinted TNO@NC/GCE and 
other glucose detection methods. Firstly, it was shown that 
glucose determination can be made in high sensitivity. Sec-
ondly, thanks to molecular imprinting technique, the glu-
cose determination can be performed with high selectivity 
in complex sample such as plasma. During the preparation 
of N-rich carbon conductive-coated TNO structure, owing 
to solid-state reaction technique, an environmentally and 
human-friendly biosensor is achieved in terms of minimum 
waste generation. Finally, the portable, stable, and reproduc-
ible molecularly imprinting biosensor for glucose determina-
tion was developed in this study.

Recovery

Recovery experiments showed that glucose determination 
was performed with high selectivity without any interfer-
ence. According to Table S2, the fabricated molecularly 
imprinted electrochemical biosensor was of a detection abil-
ity in complex plasma samples due to the values to approxi-
mately 100.00%. Furthermore, standard addition method 
was applied to the prepared plasma samples, and the cali-
bration equation of y (µA) = 19.197x (mM) + 10.0846 was 
obtained by using MIP biosensor. Hence, the close slopes 
between direct calibration and standard addition methods 

(4)LOQ = 10.0S∕m

(5)LOD = 3.3S∕m

confirmed the high selective glucose determination without 
interference.

The validity of the molecular imprinted biosensor was 
investigated by LC/MS [57]. Table S3 indicated the com-
parison results, showing that no significant difference was 
observed between the prepared biosensor and LC/MS 
(Tcalculated > Ttabulated, p > 0.05).

Selectivity, stability, reusability, and reproducibility

For the selectivity test of D-GLU-imprinted electrochemi-
cal biosensor, some agents such as AA, UA, BSA, and 
NaCl with a high probability of co-existing with glucose 
in the plasma sample were preferred. As seen in Fig. 7A, 
the prepared D-GLU imprinted electrochemical biosensor 
showed the highest electrochemical affinity towards D-GLU, 
as expected. Likewise, the prepared D-GLU-imprinted 
electrochemical biosensor showed low affinity for other 
agents of 100.0 mM AA, 100.0 mM UA, 100.0 mM BSA, 
and 100.0 mM NaCl (Fig. 7A). This low affinity resulted 
from the physicochemical properties between D-GLU and 
the other agents. Secondly, to demonstrate the imprinting 
selectivity of D-GLU-imprinted electrochemical biosen-
sor, D-GLU non-imprinted electrochemical biosensor 
(NIP/TNO@NC/GCE) was applied to 0.500 mM D-GLU, 
100.0  mM AA, 100.0  mM UA, 100.0  mM BSA, and 
100.0 mM NaCl, and these results were shown on Fig. 7B 
and Table 2. As expected, NIP/TNO@NC/GCE showed the 
low electrochemical affinity against D-GLU and the other 
agents. In addition, the calculated selectivity coefficients (k) 
and relative selectivity coefficients (k′) values were tabu-
lated, according to k and k′ values, it can be concluded that 
D-GLU imprinting procedure provided the high selectivity 
against D-GLU analysis in complex samples.

For the stability of D-GLU-imprinted electrochemical 
biosensor (MIP/TNO@NC/GCE), the prepared electrode 
was applied to 0.500 mM D-GLU during 60 days. The 

Table 1  Comparison of 
the proposed D-GLU 
electrochemical biosensor with 
other analytical methods

CuO/ITO copper(II) oxide/indium tin oxide, rGO/APBA reduced graphene oxide/3-amino phenylboronic 
acid, APBA/GNPs 3-amino phenylboronic acid/gold nanoantennas, CNTs/PBA phenylboronic acid func-
tionalized carbon nanotubes, SERS surface-enhanced Raman spectroscopy, µPAD paper-based microfluidic 
devices, PEDOT-Pd-GOx poly(3,4-ethylenedioxythiophene)-palladium nanoparticles-glucose oxidase

Material or method Linear range (M) LOD (M) Ref

CuO/ITO electrode 1.0 ×  10−5–4.0 ×  10−3 3.0 ×  10−6 [49]
rGO/APBA 1.0 ×  10−4–1.0 ×  10−3 2.6 ×  10−5 [50]
APBA/GNPs 1.0 ×  10−3–5.0 ×  10−2 5.0 ×  10−5 [51]
CNTs/PBA 1.0 ×  10−6–1.0 ×  10−4 1.2 ×  10−5 [52]
Alkyne/boronic acid/SERS 1.0 ×  10−4–100.0 ×  10−3 1.0 ×  10−4 [53]
Smartphone coupled µPAD 1.0 ×  10−4–1.0 ×  10−2 4.7 ×  10−5 [54]
Polybithiophene-palladium particle 4.0 ×  10−5–4.0 ×  10−4 7.0 ×  10−6 [55]
PEDOT-Pd-GOx 5.0 ×  10−4–3.0 ×  10−2 7.5 ×  10−5 [56]
MIP/TNO@NC/GCE 1.0 × 10−5–5.0 × 10−3 1.0 × 10−6 This study
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repeated signals (approximately 10.0 A with 0.21% relative 
standard deviation) were detected in Fig. S5A, indicating 
satisfactory glucose determination stability.

In addition, the reusability of MIP/TNO@NC/GCE was 
examined after 50 times usage. As can be seen Fig. S5B, 
the stable electrochemical responses with 0.39% of RSD 
were observed, confirming the high reusability of D-GLU-
imprinted electrochemical biosensor.

Finally, 15 D-GLU-imprinted electrochemical biosen-
sors were separately prepared and tested in the presence of 
0.500 mM D-GLU for the reproducibility test. Electrochemi-
cal signals with 0.61% of RSD at + 0.30 V verified the reli-
ability of sensor preparation procedure.

Precision and accuracy

The studies of same day (intra-day precision) and 6 con-
secutive days (inter-day precision) were carried out in 
the presence of three concentrations (2.000, 3.000, and 

4.000 mM D-GLU) in linearity range (Table S4). The 
values of RSD for intra-day and inter-day precision were 
obtained as 0.025–0.082 and 0.012–0.082, respectively. 
Hence, low RSD verified high precision of the prepared 
imprinted biosensor. Accuracy as Bias % was also tested 
and low Bias % (Table S4) suggested the high accuracy of 
the prepared imprinted biosensor.

Conclusions

In this study, the molecularly imprinting electrochemical 
biosensor based on a hierarchical N-rich carbon conduc-
tive-coated TNO structure was used for glucose detec-
tion in plasma samples. The preparation of N-rich carbon 
conductive-coated TNO structure was accomplished with 
minimal waste generation, providing the development of 
environmentally and human-friendly biosensor. A vali-
dated electrochemical method was proposed in terms of 
selectivity, stability, reusability, and reproducibility. Thus, 
glucose detection was carried out in lower concentrations 
by this biosensor. Hence, it is an encouraging approach 
for the design and application of non-enzymatic glucose 
sensors in practical applications.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 021- 05128-x.

Acknowledgements Mehmet Lütfi Yola would like to thank Turkish 
Academy of Sciences for their invaluable support in respect to Young 
Scientists Award Program, TÜBA-GEBIP (2019).

Declarations 

Conflict of interest The authors declare no competing interests.

Fig. 7  Differential pulse vol-
tammograms of A MIP/TNO@
NC/GCE and B NIP/TNO@
NC/GCE in 0.500 mM D-GLU, 
100.0 mM AA, 100.0 mM UA, 
100.0 mM BSA, and 100.0 mM 
NaCl (parameters are frequency 
of 100 Hz, pulse amplitude of 
25 mV, and scan increment of 
5 mV)

Table 2  k and k′ values of D-GLU-imprinted electrode (n = 6)

k the calculated selectivity coefficient, k′ relative selectivity coeffi-
cient.
Analyte concentrations: 0.500  mM D-GLU, 100.0  mM AA, 
100.0 mM UA, 100.0 mM BSA, and 100.0 mM NaCl

MIP NIP

∆I k ∆I k k′

D-GLU 10.00 ± 0.001 - 1.000 ± 0.001 - -
AA 1.000 ± 0.002 10.00 0.500 ± 0.002 2.00 5.00
UA 0.500 ± 0.002 20.00 0.250 ± 0.003 4.00 5.00
BSA 0.250 ± 0.001 40.00 0.200 ± 0.002 5.00 8.00
NaCl 0.100 ± 0.002 100.00 0.100 ± 0.001 10.00 10.00
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