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Abstract In the present research, design and construction of a
development potentiometric sensor based on a newly
nanosensing layer for the sensitive determination of tramadol
in various real samples were suggested. The proposed
nanosensing layer was fabricated with the incorporation of a
synthesized tramadol-imprinted polymer nanoparticles Bas an
efficient sensing agent^ into the carbon paste matrix com-
posed of graphite powder, decorated graphene nanosheets
with silver nanoparticles, and a typically ionic liquid as the
conductive pasting binder. The detection limit and the linear
range of this study were found to be 2.04 × 10−9 and
3.50 × 10−9 to 1.00 × 10−2 M with a Nernstian slope of
59.85 ± 0.13 mV decade−1, respectively. The presented mod-
ified carbon paste sensor was successfully applied for the de-
termination of tramadol in pharmaceutical and biological
samples.

Keywords Tramadol-imprinted polymer . Potentiometric
sensor . Decorated nanographene . Silver nanoparticles . Ionic
liquid

Introduction

Determination of drug species in a wide variety of real sam-
ples such as biological and pharmaceutical samples, pharma-
ceutical industry products, and hospital residual waste is a
very important branch of analytical chemistry for many appli-
cations (e.g., clinical, forensic science, quality production con-
trol, and environmental protection) [1–7]. Therefore, the in-
troduction of new strategies for the design and construction of
analytical tools for the accurate determination of drugs in trace
level in these samples is an urgent need [4–7]. As a classic
opioid and an analogue of codeine, tramadol (TRA) is a cen-
trally acting analgesic in the treatment of moderate to severe
pains [8]. Also, it is used as an anti-addictive by addicts and a
severe dependence to TRA in addicts has been reported be-
cause of its effect on opioid receptors in central nervous sys-
tem. According to the many reports in recent years, the over-
dose and poisoning of TRA have been significantly increased
especially in young adults with a history of drug abuse and
mental disorders [9]. The most common symptoms of TRA
poisoning are including depression, nausea and vomiting,
tachycardia, seizures, and prolonged hypoglycemia [10–12].
These serious side effects may occur because TRA can be
accumulated in the body achieving critical levels of toxicity.
Also, this toxic substance is a potent water polluter chemical
agent which must be determined in wastewater in a water
treatment process and then removed from it [13].
Consequently, it is desired to develop the simple, efficient,
eco-friendly, and accurate methods with high sensitivity and
selectivity for the determination of trace levels of TRA in real
samples. Various quantitative instrumental techniques includ-
ing high-performance liquid chromatography (HPLC)
[14–16], liquid chromatography–mass spectroscopy (LC-
MS) [17], gas chromatography–mass spectroscopy (GC-MS)
[ 1 8 – 2 0 ] , c a p i l l a r y e l e c t r o p h o r e s i s w i t h
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electrochemiluminescence detection [21], spectrophotometry
[22, 23], and fluorescence [24, 25] have been reported for the
determination of TRA. However, most of these common in-
strumental techniques are too expensive that they are not ap-
plicable for in situ analysis and also need time-consuming
procedures. On the other hand, the ideal analytical tool for
analysis applications should provide a fast, reliable response,
preferably at the point of sample collection, and should be
advisedly affordable. These problems could be solved by the
application of the electrochemical methods, which are rela-
tively simple, low cost, and readily available techniques
[26–42]. Among the various electrochemical methods, poten-
tiometric carbon paste electrodes (CPEs) can offer the straight
advantage of being able to distinguish one specific species in
complex mixtures. Also, potentiometric CPEs are considered
to have technical simplicity, good sensitivity, and stability in
response, chemical inertness, robustness, and easy adaptabil-
ity for in situ analysis with relatively inexpensive instrumental
setups [3, 4]. The key component of any potentiometric CPEs
is the sensing layer. The composition of the sensing layer is of
unconditional importance in order to obtain a highly sensitive
and selective potentiometric sensor. Potentiometric CPEs
have been widely considered as efficient tools for the trace-
level determination of various target species. The operation
mechanism of such potentiometric CPEs depends on the prop-
erties of the modifier(s) used to improve the selectivity and
sensitivity toward the target species. Recently, research activ-
ities are related to the optimization and rational design of the
paste components and matrices targeted to particular applica-
tions [28–42]. On the other hand, due to the promotion of the
performance of potentiometric CPEs, many attempts have
been made by several alterations of the kind of methods. For
example, various materials such new synthesized Schiff bases,
ion exchangers, nanomaterials, molecularly imprinted poly-
mers (MIPs), and ion-imprinted polymers (IIPs) into the paste
structure of the potentiometric CPEs have been used as effi-
cient modifiers [3, 4, 28–42]. A considerable number of re-
search reports were raised recently, underlining the impor-
tance of utilizing graphene for potentiometric CPEs and prov-
ing the suitability of the material for the detection of species
[4, 39–42]. But, there is still an urgent demand and new strat-
egies for highly selective and sensitive modifiers in this field.
A high degree of selectivity is particularly desirable for
extraction of a single compound from a complex matrix
[43].

In the present research, we introduced a new strategy
for construction of a developed tramadol-selective poten-
tiometric CPE based on a novel nanosensing layer in-
cluding graphite powder, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide B[BMP]Tf2N^ as the con-
ductive pasting binder, synthesized tramadol-imprinted poly-
mer nanoparticles (TRA-MIP NPs), and decorated graphene
nanosheets with silver nanoparticles (GNS@Ag NPs). It was

expected that replacing paraffin oil with [BMP]Tf2N into the
paste structure would improve the potentiometric response of
the sensor. Also, the application of GNS@Ag NPs and TRA-
MIP NPs in the paste composition could amplify the signal
significantly.

Experiment

Instrumentation

The glass cell in which the potentiometry was carried out into
contained an Ag/AgCl electrode (Azar electrode, Iran) as a
reference electrode and fabricated modified TRA-selective
potentiometric CPE as the working electrode for the determi-
nation of TRA. Both of the electrodes were connected to a
digital millivoltmeter (HIOKI 3256.50). Voltammetric mea-
surement was performed using an Autolab PGSTAT 302N
potentiostat/galvanostat (302N, Utrecht, Netherlands). A
Metrohm pH meter (CRISON GLP 22, Swiss) with a com-
bined glass electrode was used for pH controlling, and a
Heidolph type of stirrer (MR 2000, Germany) was used for
stirring the solutions. Transmission electron microscopy
(TEM; Philips, CM10 and 100 kV) was performed to assay
the morphology and structure of the prepared TRA-MIP NPs,
GNSs, and GNS@AgNPs. Energy dispersive X-ray spectros-
copy (EDX) analysis was performed using a FEI Quanta 250
FEG. A DIONEX HPLC instrument was used for chromato-
graphic analysis of TRA samples.

Reagents and materials

Natural graphite powder (98%, 50 mesh, and 2–5 mm in lat-
eral size) was obtained from Hyundai Coma Ind. Co., Korea,
high-purity paraffin oil (Aldrich, USA), and the room temper-
ature ionic liquids )RTILs( of [BMP]Tf2N (Merck Company)
were used for the preparation of carbon pastes. Nanographites
(NGPs) were supplied byAngstronMaterials LLC, OH, USA.
The thickness of the NGPs was smaller than 100 nm.
Potassium permanganate (KMnO4), sodium nitrate
(NaNO3), NaBH4, ethylene glycol (EG), and silver nitrate
(AgNO3) were received from the Showa Chemical Co.,
Tokyo, Japan. Methacrylic acid (MAA), ethylene glycol
dimethacrylate (EGDMA), 2-2′-azoisobutyronitrile (AIBN),
chloroform, toluene, acetonitrile (ACN), methanol, and acetic
acid from Merck (Darmstadt, Germany) were used. TRA tab-
lets (Tehran Daru, Iran) were purchased from the local drug-
store. Double-distilled water (DDW) was used throughout all
experiments. For preparing of tramadol base (as the template
for imprinting process), tramadol hydrochloride solution
(100 mg mL−1) was alkalinized with NaOH (1 M). In follow-
ing, the resulted precipitate was washed several times with
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DDW to remove the water-soluble impurities and finally dried
at room temperature in darkness.

Preparation of graphene oxide from NGPs

Graphene oxide (GO) was prepared by a modified Hummers
method [44, 45] as follows: 4 g of NGPs and 3 g of NaNO3

(35 mmol) were combined in a four-necked 1-L flask with
600 mL of H2SO4 (98%). The mixture was magnetically
stirred at 0 °C in an ice water bath. KMnO4 (18 g, 113 mmol;
purity 99%) was added to mixture slowly over 1 h, and then
cooled for 2 h. The mixture was stirred for 2 days at room
temperature to obtain a highly viscous fluid. The flask was
placed in an oil bath at 60 °C to reduce viscosity, and 240 mL
of DDW was added slowly. The resulting solution was added
to 3 L of H2O2 (5% w/v) while stirred in an ice bath, and the
resultant mixture was stirred for another 2 h. In order to re-
move oxidant ions, particularly manganese ions, the resultant
liquid was purified by repeating the following procedure cycle
10 times: removal of the supernatant liquid, addition of a
mixed aqueous solution of H2O2 (500 mL, 5% w), and centri-
fugation at 10,000 rpm for 30 min. In final, after completing
10 cycles, re-dispersed GO in DDWand a dispersive solution
was obtained.

Preparation of GNSs and GNS@Ag NPs

According to the literature [46], 50 mg of GO, 0.9 mM of
AgNO3, and 200 mL of DDW were mixed in a 500-mL
four-necked flask under a nitrogen atmosphere; the mixture
was sonicated for 1 h. Then, 50 mL of NaBH4 (13 mmol) was
added slowly, and the reaction mixture was stirred at 100 °C
for 24 h. The solid GNS@Ag product was isolated by 10
times repeated centrifugation (10,000 rpm). The GNSs were
prepared using the same manner in absence of AgNO3.

Synthesis of TRA-MIP NPs and non-imprinted polymer

TRA-MIP NPs were synthesized according to the literature
[47] as follows: 0.36 mmol of TRA (as the template molecule)
and MAA as the functional monomer (1.44 mmol) were dis-
solved in a solvent and stored at room temperature in the
darkness for 12 h to form effective template–monomer com-
plexes before polymerization. Then, 3.56 mmol of EGDMA
(as the cross-linker) and 40 mmol of AIBN (as the initiator)
were added to the solution. The mixture was sonicated in a
bath sonicator at 60 °C for 15 min, purged with nitrogen gas
for 5 min, and sealed while nitrogen gas was blown. After
polymerization, the obtained particles were washed with
2 × 10 mL of acetone and then were washed with a
methanol-acetic acid mixture (90–10, v/v). In order to remove
the supernatant, the suspension was centrifuged at 15,000 rpm
for 25 min. Washing step was continued to the extraction of

the TRA from the polymer network. The template extraction
of the polymer created the cavities, leading to the specific
sorption of the template. Also, the removal of the residual of
other compounds from the polymer took place. Finally, the
particles were washedwithmethanol to remove residual acetic
acid and dried at room temperature for 24 h. A control non-
imprinted polymer (NIP) was prepared using the samemanner
without the presence of the template (TRA).

Fabrication of the TRA-MIP CPE

The proposed TRA-MIP CPE was prepared by thorough hand
mixing different amounts of TRA-MIP NPs along with appro-
priate amounts of graphite powder (GP), paraffin oil (PO) or
[BMP]Tf2N RTIL, GNSs, and GNS@Ag NPs in a mortar
using a pestle. A portion of the prepared nanocomposite mix-
ture was packed firmly into an insulin syringe with an internal
diameter of 2.5 mm and a height of 3 cm as a piston-driven
CPE holder. The proposed homogenized paste was carefully
packed into the syringe tip to avoid possible air gaps, which
often enhance resistance of the electrode. A copper wire was
inserted into the opposite end of the CPEs to establish electri-
cal contact. The external surface of the carbon paste was
smoothed with soft paper. A new surface was produced by
scraping out the old surface and replacing the new carbon
paste. The surface of fresh CPEs was preconditioned by ex-
posure to a 1.00 × 10−3 M TRA solution for 1 h, and then, the
electrode was rinsed with DDW. A fresh electrode surface was
obtained by squeezing. The surplus of paste was cut out and
the exposed end was polished on a paper until the surface
showed shiny appearance.

Electrode system and EMF measurements

The performance of the presented potentiometric TRA-MIP
CPE was assayed by measuring the EMFs of TRA solution in
range of 1.00 × 10−10–1.00 × 10−1 M. All EMFmeasurements
with the proposed TRA-MIP CPE were carried out at 25 °C
with the following potentiometric cell assembly:

Ag, AgCl, KCl (satd.) | sample solution | (GNS@Ag NPs /
TRA-MIP NPs / [BMP]Tf2N RTIL)-modified CPE

Results and discussion

The presented TRA-MIP CPE was used to the determination
of TRA as a classic opioid drug. The species levels of TRA
were sensed by a suggested potentiometric TRA-selective
sensor. However, when MIP materials are used as a sensing
agent, their strength and kind of binding to the target analyte
species should be associated with the general behavior of the
corresponding CPEs. In the present study, we synthesized
TRA-MIP NPs by precipitation polymerization method and
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were characterized by TEM technique (Fig. 1a) and finally
used as a high selective sensing agent toward TRA into the
newly TRA potentiometric CPE composed of a suggested
novel nanocomposite. Also, for the fabrication of a new
nanographene potentiometric CPE, the decorated GNSs with
silver NPs (GNS@Ag NPs) were prepared as carbon base of
CPE and characterized by TEM technique. The TEM images
in Fig. 1b, c exhibit the stacking of GNS and GNSs coated
with silver NPs, respectively. The TEM image of Fig. 1c
shows that silver nanoparticles are well distributed at the
GNS surface. Also, to investigate the Ag content in the pre-
pared GNS@Ag NPs, we have used EDX. The elemental plot
of Fig. 2 clearly indicates the presence of Ag NPs on graphene
nanosheets, confirming preparation of coated GNSs with Ag
NPs.

Finally, the presented TRA-MIP CPE B(GNS@Ag NPs/
TRA-MIP NPs/[BMP]Tf2N RTIL)-modified CPE^ was ap-
plied for the determination of TRA. For this purpose, the po-
tentiometric responses of the conventional bare CPE and pre-
sented modified CPE toward TRA were studied in terms of
linear range, detection limit, selectivity coefficients, response
time, lifetime, and response stability which are important char-
acterizations of every ion-selective CPE.

Surface area study

In order to obtain the electrochemical active surface areas of
both the bare and modified CPEs, the cyclic voltammograms
(CVs) of K4[Fe(CN)6], as a redox probe, were performed
using the Randles–Sevcik equation (Eq. 1):

Ipa ¼ 2:69� 105
� �

n
3

.
2
AC*D

1

.
2
v
1

.
2 ð1Þ

The CVs for bare CPE and GNS@AgNPs/TRA-MIP NPs/
[BMP]Tf2N RTIL)-modified CPE are shown in Fig. 3a, b,
respectively. In the Randles–Sevcik equation, Ipa refers to

the anodic peak current, n is the total number of elec-
trons transferred (n = 1), A is the effective surface area
of the electrode, D is the diffusion coefficient for
K4[Fe(CN)6] = 7.6 × 10−6 cm2 S−1, C* is the concentra-
tion of K4[Fe(CN)6], and v is the scan rate. The surface area of
GNS@Ag NPs/TRA-MIP NPs/[BMP]Tf2N RTIL)-modified
CPE (0.19 cm2) is higher than the CPE (0.062 cm2), and the
increase of the electroactive surface area of the modified elec-
trode showed the influence of the modifiers that provides a
large surface and facilitates the electron transfer between sur-
face of the electrode and the solution. It was concluded that the
functionalization of GNS with Ag NPs has made the realiza-
tion of nanoscale composite electrodes possible.

Effect of the electrode composition

It has been well known that the potentiometric response of the
CPEs depends significantly on nature and the amounts of the
sensing agent or receptor in the paste mixture and also other
components of the electrode composition [28–42]. Hence, in

Fig. 1 TEM images of the tramadol-imprinted polymer nanoparticles (a), graphene nanosheet (b), and graphene nanosheet coated with silver nano-
particles (c)

Fig. 2 EDX image of the graphene nanosheet coated with silver
nanoparticles confirming the presence of Ag and C
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order to obtain the best performance of the proposed electrode,
several electrodes with different carbon paste compositions
were prepared and investigated. The results are summarized
in Table 1.

As can be seen from Table 1, the electrode without TRA-
MIP modifier (no. 1) exhibited a low potentiometric response
toward TRA. Clearly, an increase at the TRA-MIP level in the

paste composition (nos. 1–3) caused a slope increase of the
calibration curve. On the other hand, the potentiometric sen-
sitivity of the proposed TRA-selective sensor was improved.
This indicated that the TRA-MIP is the most important com-
ponent in the paste composition for sensing of TRA. Further
addition of the TRA-MIP, however, resulted in a little decrease
in the response of the electrode. This phenomenon can arise

Fig. 3 Cyclic voltammograms
and curves of I vs. v1/2 of a bare
CPE and b GNS@Ag NPs/TRA-
MIP NPs/[BMP]Tf2N RTIL)-
modified CPE in 0.001 M
K4[Fe(CN)6] and 0.1 M KCl at
different scan rates from 50 to
350 mV/s

Table 1 Compositions of the
paste used in the fabrication of the
presented TRA potentiometric
CPE

Electrode
no.

Binder (%) MIP (%) GP (%) GNSs (%) GNS@Ag NPs (%) Slope
(mV/decade)

1 25- PO 0.0 75 0.0 0.0 6.91 ± 0.27

2 25- PO 10 65 0.0 0.0 24.88 ± 0.30

3 25- PO 12 63 0.0 0.0 33.52 ± 0.19

4 25- PO 13 62 0.0 0.0 32.79 ± 0.26

5 25- [BMP]Tf2N 12 63 0.0 0.0 38.61 ± 0.31

6 30- [BMP]Tf2N 12 58 0.0 0.0 37.29 ± 0.24

7 25- [BMP]Tf2N 12 58 5.0 0.0 45.58 ± 0.17

8 25- [BMP]Tf2N 12 53 10.0 0.0 52.84 ± 0.20

9 25- [BMP]Tf2N 12 53 0.0 10.0 57.72 ± 0.18

10 25- [BMP]Tf2N 12 52 0.0 11.0 58.65 ± 0.21

11 25- [BMP]Tf2N 12 51 0.0 12.0 59.85 ± 0.13

12 25- [BMP]Tf2N 12 50 0.0 13.0 59.47 ± 0.16

Optimized values are italicized
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from the decrease of graphite powder/TRA-MIP ratio, there-
upon decreases of paste homogeneities and conductivity. The
same experiment was carried out in the case of the sensor
fabricated with NIP. The results showed that the potentiomet-
ric response obtained for the MIP-CPE is noticeably higher
than that of the NIP-CPE, indicating the existence and proper
functioning of the selective cavities in the MIP, created in the
polymerization step.

In recent studies, for improvement or the potentiometric
performance of CPEs, the graphene compounds such as
GNSs can be used as excellent candidates of modifier for the
modification of CPEs owing to their superior electrical
conducting ability and high specific surface area [4, 39–42].
On the other hand, GNSs increased the available surface
area and also improved the conductivity properties of the
electrode surface and, therefore, conversion of the chemical
signal to an electrical one. The electrical conductivity of
GNSs is due to the delocalized π-electrons throughout the
entire structure [46]. The conductivity behavior of GNSs
relates to the degree of graphene structure and to the
heterocarbon component. In this study, a strategy was de-
signed to improve the performances of GNSs though deco-
rating silver NPs on GNSs, and then, it was incorporated
into the paste composition. Silver NPs act as a useful
nanospacer and conductor, which not only increase the in-
terlayer distance but also improve the electrical conductiv-
ity between layers [42]. The results obtained in this study
showed that the best potentiometric response of the pro-
posed TRA-MIP potentiometric CPE was obtained for a
12.0 wt.% of the GNS@Ag NPs.

In the past years, RTILs have been proposed to be very
interesting and efficient pasting binders in place of non-
conductive organic binders such as PO for the fabrication of
potentiometric CPEs [42, 32–38]. As can be seen from
Table 1, using RTILs instead of PO in the paste composition
indicates the better potentiometric response of the proposed
TRA-MIP CPE. This is probably due to the much higher
dielectric constant, high ionic conductivity, and good electro-
chemical and thermal stabilities of RTIL, and they may be a
better binder compared to non-conductive organic binders.
Also, when RTIL was mixed with GP and other components
of the paste structure, it not only acted as a binder to bind the
components together but also filled the void spaces between
the components to form an excellent charge-transfer bridge in
the bulk of the CPE [48]. A layer of RTIL was also formed on
the surface of CPE. So, the significant improvement of the
reversibility and sensitivity was achieved on the decorated
nanographene/TRA-MIP NPs.

Consequently, the (GNS@Ag NPs/TRA-MIP NPs/
[BMP]Tf2N RTIL)-modified CPE percentage ratio of 25%
[BMP]Tf2N, 12% TRA-MIP NPs, 51% GP, and 12%
GNS@Ag NPs (no. 11) indicated best performance with a
Nernstian slope of 59.85 ± 0.13 mV/decade.

Calibration graph and detection limit
of the presented TR-MIP potentiometric CPE

Measuring range and detection limit (DL) of the presented
modified CPE for TRA (Table 1, no. 11) was evaluated in
the concentration range of 1.00 × 10−10–1.00 × 10−1 M. The
applicable linear dynamic range of the proposed TRA-MIP
potentiometric CPE extends from 3.50 × 10−9 to
1.00 × 10−2 M of TRA with the calibration equation of
y = 59.85x + 802.56 and R2 = 0.997, within the Nernstian
slope of 59.85 ± 0.13 mV decade−1 at 25 ± 1 °C as seen in
Fig. 4. The standard deviation for six replicates was 0.13 mV.
The DL was 2.04 × 10−9 M, which was calculated by the
extrapolating of the two segments of the calibration curve in
Fig. 4.

Effect of the pH solution on the electrode response

An important factor in the performance of potentiometric
sensors is the pH value of the test solution [26–40]. To
investigate the pH effect on the response of the presented
TRA-MIP potentiometric CPE (Table 1, no. 11), the poten-
tials were measured for fixed concentration of TRA solu-
tion (1.00 × 10−5 M) at different pH values (Fig. 5). The pH
was varied from 2.00 to 10.00 by the addition of diluted
solutions of nitric acid and/or sodium hydroxide. The elec-
trode composition was kept constant during all experi-
ments. It is clear from Fig. 5 that the potential remains
constant in the range in the range of pH = 3.50–6.00, which
may be taken as the working pH range of the electrode
assembly, as no interference from H+ or OH− was observed
in this range. The fluctuations at pH values lower than 3.50
can be attributed to the protonation of MIP active sites in
the carbon paste.

Fig. 4 Calibration curve of the presented TRA potentiometric CPE
(no. 11)
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Response time and reversibility of the presented
TR-MIP potentiometric CPE

The response time is a significant factor for any potentiometric
sensor in analytical application [37–40]. The practical re-
sponse time (the time required to achieve a 90% of the final
steady potential value of the electrodes after successive im-
mersion in TRA solutions, each having a 10-fold difference in
concentration), has been recorded at different concentrations
of TRA. In this study, the practical response time (for sensor
no. 11) was recorded by changing the TRA concentration in
solution, over a concentration range of 1.00 × 10−5 to
1.00 × 10−3 M (Fig. 6). As it is seen, the electrode reached
the equilibrium response in a very short time of about 5 s. To
evaluate the reversibility of the electrode, a similar procedure
in the opposite direction was adopted. According to our pre-
vious papers [37–40], the measurements were performed in
the sequence of high-to-low (1.00 × 10−3 to 1.00 × 10−5 M)
concentrations. The results exhibited that the response of the
electrode was reversible; although the time needed to reach
equilibrium values (about 16 s) was longer than that for low-
to-high sample concentrations (about 5 s), because residual
analyte target will still be adsorbed on the surface of the

presented modified potentiometric CPEs, and cause to occupy
the site of surface of the indicator electrode significantly, the
proposed electrodes cannot sense the analyte target that exists
in the bulk of the solution promptly, which will lead to less
response time.

Selectivity behavior of the (GNS@AgNPs/TRA-MIP
NPs/[BMP]Tf2N RTIL)-modified CPE

As we know, an important characteristic of any potentiometric
sensor is its response to the primary ion in the presence of
other species in the test solution, which is expressed in terms
of the potentiometric selectivity coefficient [28–42]. In this
study, the potentiometric selectivity coefficients of the pre-
sented TRA-MIP potentiometric CPE toward different species
were evaluated by the matched potential method (MPM) [42].
As shown in Table 2, all interfering species applied in this
study would not affect the selectivity of the presented elec-
trode and have a small value of selectivity coefficient in the
most cases. On the other hand, the values in Table 2 reflect a
very high selectivity of this electrode for reliable quantifica-
tion of TRA over a wide variety of other species.

Lifetime and long-term stability of the (GNS@Ag
NPs/TRA-MIP NPs/[BMP]Tf2N RTIL)-modified
CPE

Another important factor of the potentiometric sensor is the
lifetime and long-term stability of the electrode that is gener-
ally evaluated in these methods [28–42]. The lifetime and
long-term stability of the presented TRA-MIP potentiometric
CPE were assayed by periodically recalibrating in series stan-
dard solutions of TRA and calculating the slope of the opti-
mized CPE over a period of 24 weeks in a linear dynamic
range of 3.50 × 10−9 to 1.00 × 10−2 M TRA solutions.
During this period of time, the electrode was used weekly.
The electrode was gently washed with distilled water, dried,
and stored at room temperature when not in use. The results
exhibited that the slope of the electrode responses before
21 weeks was reproducible, and no significant drift and also

Fig. 6 Response time of the presented TRA potentiometric CPE (no. 11)
for step changes in TRA concentration (from low to high and vice versa).
a 1.00 × 10−5 M. b 1.00 × 10−4 M. c 1.00 × 10−3 M

Fig. 5 Effect of pH on cell potential of the presented TRA potentiometric
CPE (no. 11)

Table 2 Selectivity
coefficients (KTRA,I) of
various interfering
species for the presented
TRA potentiometric
CPE

Interference cation (I) KTRA,I by MPM

Diphenhydramine 1.63 × 10−6

Dextromethorphane 3.29 × 10−6

Bromhexine 1.37 × 10−6

Gabapentin 4.51 × 10−6

Imipramine 4.18 × 10−6

Glucose 5.32 × 10−7

Lactose 8.71 × 10−7
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no significant change in the performance of the electrode were
observed and the electrode potential was stable for this period
of time (Fig. 7). After this time, there was a slight gradual
decrease in the slopes from 59.85 to 58.61 mV decade−1.
This shows that the lifetime of the presented TRA-MIP CPE
was more than 5 months.

Reproducibility of the (GNS@Ag NPs/TRA-MIP
NPs/[BMP]Tf2N RTIL)-modified CPE

In order to evaluate the reproducibility of presented TRA-MIP
potentiometric CPE, a series of finally modified sensors (six)
with an optimal composition of the paste (Table 1, no. 11)
were fabricated and the responses of these sensors were
assayed to TRA concentration. The results indicated the aver-
age of slopes, detection limits, and linear dynamic ranges were
59.85 ± 0.13 mV decade−1, 2.04 (±0.17) × 10−9 M, and 3.50
(±0.19) × 10−9 to 1.00 (±0.22) × 10−2 M, respectively.

Precision and accuracy of the (GNS@Ag
NPs/TRA-MIP NPs/[BMP]Tf2N RTIL)-modified
CPE

The precision of the proposed sensor was evaluated by caring
out an analysis using standard working solutions, the same
sensors, and the same conditions. The R.S.D. of <1% was
observed for six measurements. The results indicate that the
suggested method is capable of producing results with high
precision. Also, the accuracy was expressed in terms of per-
centage of absolute errors obtained in the measurement of
known concentrations. The obtained results are within the
acceptable range of <1%.

Comparison studies with reported electrodes

A comparison between the analytical parameters of the pre-
sented TRA-MIP potentiometric CPE (Table 1, no. 11) and a

few previous potentiometric [1, 49, 50] and voltammetric
electrodes [26, 27] reported in the literature for the determina-
tions of TRA are given in Table 3. It is clear that in all cases,
the performances of the presented TRA-MIP potentiometric
CPE exhibit superior behavior if compared with the some
previously reported TRA electrodes.

Evaluation of the analytical performance

In order to assay the analytical applicability of the presented
TRA sensor, it has been applied for the direct analysis of TRA
in different kinds of a pharmaceutical formulation (TRA tab-
let) and also biological samples (human urine).

To prepare the pharmaceutical samples of TRA, certain
numbers of tablets were disintegrated to a homogeneous
fine powder in a mortar. Then, a suitable amount of the
tablet powder was accurately weighed and dissolved in
100 mL water by ultrasonication. After mixing completely,
the mixture was filtered using filter paper, and 10 mL of
each sample was subsequently transferred into a 100-mL
volumetric flask and diluted to the mark with DDW.
Then, an aliquot of the solution was transferred into the
potentiometric cell for analysis.

Urine samples were stored in a refrigerator immediately
after their collection. Of the sample, 10 mL was centrifuged
for 20 min at 2000 rpm. The supernatant was filtered using a
0.45-μm filter, then diluted five times with DDW, and adjust-
ed at optimal pH. Then, an aliquot of the solution was trans-
ferred into the potentiometric cell to be analyzed without any
further pretreatment.

The potentiometric determination of TRA was carried
out by the standard addition method. The obtained results
are given in Table 4. According to this table, the satisfac-
tory recoveries and the good agreements between the ob-
tained value and the manufacturer’s value (was given as
100 mg per tablet) for TRA tablet showed that the present-
ed TRA sensor had great potential in the practical sample
analysis.

The presented TRA sensor was also successfully applied to
obtain recoveries of TRA in urine samples. According to re-
sults of Table 4, proposed sensor provides a good alternative
for the detection of TRA in biological samples. In addition,
HPLC method was used for the analysis of the samples to
confirm the accuracy of the proposed method.

Conclusions

Herein, the excellent characteristics of nanographene-
composite (decorated GNSs with silver nanoparticles) were
used to construct a highly sensitive novel potentiometric
TRA-MIP CPE for the determination of TRA. In summary,Fig. 7 The lifetime of the presented TRA potentiometric CPE (no. 11)
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we prepared a nanocomposite of graphene via three sequential
steps. First, the GO was synthesized. In next step, the GNSs
were prepared from GO, and finally, in the last step, the pre-
pared GNSs were coated with silver NPs (GNS@Ag NPs).
And also, TRA-MIP NPs were prepared as an efficient sens-
ing element toward tramadol. In following, the prepared
nanographene composite was incorporated into the proposed
TRA potentiometric CPE consisting of graphite powder,
[BMP]Tf2N, and prepared TRA-MIP NPs. Finally, the high
degree of TRA selectivity by the (GNS@Ag NPs/TRA-MIP
NPs/[BMP]Tf2N RTIL)-modified CPE makes it potentially
useful for monitoring concentration levels of TRA in pharma-
ceutical and biological real samples without significant inter-
actions from other interference species present in the samples.
However, the presented newmodified CPE has been shown to
have good operating characteristics in terms of sensitivity,
lifetime, response time, detection limit, and linear concentra-
tion range.
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