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A novel, low-cost and sensitive electrochemical detection method was proposed for quantitative measurement of tram-
adol (TRA) based on using a pencil graphite electrode (PGE) modified with multiwalled carbon nanotubes (MWCNTSs)
and gold nanoparticles (AuNPs). The electroanalysis of tramadol was carried out by cyclic voltammetry (CV) and dif-
ferential pulse voltammetry (DPV) techniques. Field emission scanning electron microscopy (FE-SEM) was used to in-
vestigate the surface morphology of the modified electrode and the electrochemical properties of f-MWCNTs/AuNPs/
PGE surface were evaluated using electrochemical impedance spectroscopy (EIS) technique. The effect of several sig-
nificant parameters such as pH, scan rate and immersion time of PGE in f-MWCNTs suspension was examined and they
were optimized. The influence of interfering species including ascorbic acid, uric acid and citric acid was evaluated and
the obtained results showed that the developed sensor has a high selectivity for tramadol molecules. A linear relation-
ship was observed between differential pulse voltammetry response of the modified electrode and the concentration of
TRA in the range of 12-100 and 100-3000 nM. The proposed electrode showed high sensitivity and selectivity for de-
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termination the concentration of tramadol in tablet and biological fluids.
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1. Introduction

Today, in all societies, the pharmaceutical compounds are part of the
daily people life and in the meantime, the consumption of tranquilizers
and opiate is increasing. Tramadol (TRA) is one of the painkillers and opi-
oid analgesic which is used mostly by the young people. Tramadol,
(1R,2R)-2-[(dimethylamino)methyl]-1-(3-methoxyphenyl) cyclohexanol,
is an opioid atypical drug with the central effect which has an agonist effect
on the p-opioid receptor. It attaches to the p-opioid receptor and then stim-
ulates the function of the receptor and may imitate the regulatory action of
the body [1,2]. The analgesic potency of tramadol is between weak opioid
and morphine. This drug can be taken by injection, suppository and oral.
Most of the reported side effects of tramadol have happened with intramus-
cular injection and in recent years, its use has increased in society [3]. The
tramadol overdose can cause dizziness, vomiting, nausea, diarrhea, chills,
hallucinations and respiratory problems since it is considered as a toxic ma-
terial in nature [4]. Today, consumption of tramadol is one of the most pre-
dictable harmful behaviors in the world with over one million deaths
annually. According to the World Health Organization, the use of this
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deadly substance is released in many countries and it can cause great
harm [4].

Quantitative determination of tramadol in biological samples has been
investigated by some instrumental methods such as GC [5], GC-MS [6,7],
HPLC [8], capillary electrophoresis [9,10], spectrophotometry [11,12],
chemiluminescence [13] and electrochemical methods [14]. The electro-
chemical methods have attracted more attention in recent years due to
their recognition properties, simplicity, low cost and fast response. How-
ever, for the purpose of direct determination of the analytes, electrochemi-
cal methods usually require the modification and application of materials
such as carbon nanotubes, graphene and metal nanoparticles to amplify
the electrochemical signals.

Multi-walled carbon nanotubes (MWCNTS) are the allotropes of carbon
with a cylindrical nanostructure which are used extensively in the construc-
tion of electrochemical sensors because they are able to facilitate the electron
transfer process in electrochemical reactions [15,16]. MWCNTs with high
surface areas and unique physical properties, high stability and adjustable
length, are a good option for biological and pharmaceutical applications [17].

The nanoscale materials such as gold metal nanoparticles (AuNPs), have
a diagnostic capacity due to their joining up power with biological and
pharmaceutical molecules [16]. The gold nanoparticles can be used as the
catalyst for a large number of sensors owing to the stability and complete
recovery of these nanoparticles in the redox processes.
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In this research work, a new electrochemical sensor was constructed for
quantitative measurement of tramadol in solutions, using multiwalled car-
bon nanotubes (MWCNTs) and the gold nanoparticles (AuNPs). The pencil
graphite with a wide potential window can be used as an electrode for elec-
troanalytical applications. Pencil graphite electrode (PGE), with its graphite
nature as an amplifier platform, also has a great effect in increasing the elec-
trochemical signal and reducing the overvoltage. Therefore, PGE is an ideal
substrate for designing and construction of electrochemical sensors.

The electrochemical sensor was fabricated via immersing of a pencil
graphite electrode in multiwalled carbon nanotubes suspension and then
deposition of the gold nanoparticles through the electrochemical method.
The fabrication process of the sensor was characterized by cyclic voltamm-
etry (CV), electrochemical impedance spectroscopy (EIS), field emission
scanning electron microscopy (FE-SEM) and energy dispersive spectros-
copy (EDS). The experimental results showed that the developed sensor
has an excellent electrocatalytic activity for oxidation of tramadol mole-
cules. The advantages of pencil graphite electrode are high electrochemical
activity, good mechanical strength, low cost, easy method of preparation
and ease modification, saving time and also good reproducibility. The con-
structed electrode showed good repeatability and reproducibility, high sen-
sitivity and selectivity and also good recovery for determination of
tramadol in tablet and biological fluids as real samples.

2. Experimental
2.1. Chemicals

Tramadol was obtained from Sajjad Daru Shargh Pharmaceuticals Com-
pany (Mashhad, Iran). MWCNTs (>95%, outer diameter 5-15 nm) was pur-
chased from US research nanomaterials, Houston, USA. Hydrogen
tetrachloroaurate trihydrate (HAuCly-3H,0) was obtained from Sigma-
Aldrich (USA). All the other chemicals and reagents used in this work
were obtained from Merck (Darmstadt, Germany) and used without further
purification. All solutions were prepared in deionized distilled water.

Teflon
bond

1em ||

(Pencil Graphite Electrode)
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2.2. Instrumentation

All voltammetric measurements were performed using a p-Autolab III
(Eco Chemie, The Netherlands) potentiostat/galvanostat equipped with
NOVA software. A three electrode system was used with a modified pencil
graphite electrode (PGE), an Ag/AgCl/KCl (3.5 M) and a platinum wire
electrode as the working, reference and counter electrodes, respectively.
The pencil graphite (type 2B, 0.7 mm diameter, KNOW Korea) was pur-
chased from stationery store. The two other electrodes were purchased
from Azar Electrode Company (Urmia, Iran). pH measurements were per-
formed with a Metrohm pH meter (model 827 pH, Swiss made). The elec-
trochemical impedance spectroscopy (EIS) measurements were carried
out using Gill AC potentiostat (ACM). The morphology of fabricated elec-
trodes was characterized by using a TESCAN BRNO-Mira3 LMU field emis-
sion scanning electron microscope (FE-SEM). Surface elemental analysis of
the modified electrode was performed by energy dispersive X-ray (EDX)
technique using Oxford-7353 EDX microanalyzer.

2.3. Preparation of modified electrode

Alength of 1 cm of a pencil graphite rod was chosen as the electrode sur-
face and the rest of its surface was covered by a Teflon bar (Fig. 1). Initially, a
suspension containing 5 mg of functionalized multi-wall carbon nanotubes
(MWCNT-COOH) in 2.5 ml of DMF was prepared and then the suspension
was made uniform in an ultrasonic bath for 20 min. For modifying the surface
of the pencil graphite electrode, it was immersed in the prepared suspension
for a period of 105 min while the suspension was stirred by a magnetic stirrer
with a medium speed. Then, the surface of the electrode was exposed to an IR
light for drying out completely and creating a carbon nanotube film at the
electrode surface. Then, the fFMWCNTs modified electrode was dipped into
an electrochemical cell containing 0.5 mM HAuCl,.3H,0 and 0.1 M KNO; so-
lution. The electrochemical deposition of gold nanoparticles was carried out
by using chronoamperometry technique at a constant potential of —0.2 V
for 360 s. The modified electrode was washed with double-distilled water
and was exposed to air (Fig. 1).

Fig. 1. Schematic illustration for preparation of f-MWCNTs/AuNPs/PGE.
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Fig. 2. Field emission scanning electron microscope (FE-SEM) images of (A) bare PGE, (B) f-MWCNTs/PGE, (C) and (D) f-MWCNTs/AuNPs/PGE.

2.4. Preparation of real samples

The pharmaceutical sample (tramadol tablet from Sajjad Daru
Shargh Pharmaceutical Co., Iran, 100 mg) was purchased from a
local drug store. One tramadol tablet was weighted, crushed as a
soft powder by moss and dissolved in 100 ml of deionized water.
The solution was filtered by a filter paper and it was used as a real
sample.

The urine sample was collected from a healthy person and diluted 50
times with 0.1 M phosphate buffer (PBS) to reduce the matrix effects.

Standard addition method was used for determination the concentration
of TRA in the prepared solution.

3. Results and discussion
3.1. Characterization of f-MWCNTs/AuNPs nanocomposite
3.1.1. Field emission scanning electron microscope (FE-SEM)

The surface morphologies of the modified electrode were investigated
by field emission scanning electron microscope (FE-SEM). Fig. 2, shows

1 2 3 4
Full Scale 37 cts Cursor: 0.000 keV

5
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Fig. 3. EDS spectrum of f-MWCNTs/AuNPs/PGE.
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Fig. 4. Cyclic voltammograms of (a) bare PGE, (b) f-MWCNTSs/PGE and (c) f-MWCNTs/AuNPs/PGE in 0.1 mM tramadol solution with the scan rate of 0.05 V/s.

the FE-SEM images of the bare PGE, f-MWCNTs/PGE and f-MWCNTs/
AuNPs/PGE. At the bare PGE, the graphite layers can be seen obviously
as cumulative and create porous and irregular sheet-like structure. After
immersing of the pencil graphite electrode in f-MWCNTSs suspension, the
multiwalled carbon nanotubes are attached at the surface of the PGE
(Fig. 2B). Figs. 2C & D, illustrate the FE-SEM images of the surface of f-
MWCNTs/AuNPs/PGE after electrochemical deposition of gold
nanoparticles.

3.1.2. Energy dispersive spectroscopy (EDS)

The EDS spectrum in Fig. 3, provides direct elemental information of f-
MWCNTs/AuNPs/PGE at the electrode surface. This spectrum clearly
shows the presence of elements such as carbon, silicon, aluminum, and
most importantly gold. The presence of Si and Al signals in the EDS spec-
trum is due to the presence of clay (Al,032SiO5) [18] at the electrode sur-
face. The gold peak clearly shows the successful electrochemical deposition
of the gold nanoparticles at the surface of the pencil graphite electrode.

3.2. Electrochemical characteristics

3.2.1. Electrochemical behavior of f-MWCNTs/AuNPs/PGE

In order to describe and compare the effect of presence and absence of
the modifier layer on the surface of PGE, cyclic voltammetric technique
(CV) was utilized [19]. The cyclic voltammograms of TRA at the bare
PGE, f-MWCNTs/PGE and f-MWCNTs/AuNPs/PGE at a scan rate of
50 mV/s are shown in Fig. 4. As is evident in this Figure, the bare electrode
does not show a significant peak for oxidation of TRA molecules (curve a).
However, a relatively strong anodic peak of tramadol molecules is observed
at about 0.61 V at the surface of f-MWCNTSs/PGE (curve b). When the f-
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MWCNTs/PGE is modified with the gold nanoparticles, the oxidation
peak current of TRA molecules increases and the oxidation peak potential
significantly shifts to the negative direction (curve c). This behavior may
be attributed to the large specific surface area and high electrical conductiv-
ity of -MWCNTs and also the good electrocatalytic activity of AuNPs which
enhance the electron transfer process between the tramadol molecules and
the electrode surface [20].

In order to obtain the electroactive area of the proposed sensor com-
pared to the bare PEG and f-MWCNTSs/PEG, cyclic voltammograms were re-
corded in a 5.0 mM K4Fe(CN)g solution containing 0.1 M KCl at different
scan rates. According to the Randles-Sevcik equation and the slope of the
plot of I, versus v'/?, the electroactive area was calculated [21].

I, (A) = 2.99 x 10° n[(1 —a) ng]'? ACD'/? v!/?

The electroactive areas were estimated to be 3. 09 x 10 %,
1.03 x 10~ * and 2.06 x 10~ cm?® for PEG, fMWCNTs/PEG and f-
MWCNTs/AuNPs/PGE, respectively. Therefore, the surface modification
can increase the specific surface area.

3.2.2. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS), can be used for in-
vestigation the interfacial electron transfer properties of electrodes at differ-
ent modification steps. Fig. 5A and B display the Nyquist plots of the bare
PGE, f-MWCNTs/PGE and f-MWCNTs/AuNPs/PGE in solutions 0.1 M KCl
containing 5 mM [Fe (CN)6]~ /%~ and 1 mM TRA in PBS (pH 7.0), respec-
tively. In the Nyquist plot, the diameter of the semicircle at high frequency
equals to the charge transfer resistance and it can be used to describe the in-
terface properties of the electrode [22,23]. The electrical equivalent circuit
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Fig. 5. Electrochemical impedance spectra of (a) bare PGE, (b) f-MWCNTs/PGE and (c) f-MWCNTs/AuNps/PGE in (A) 5 mM [Fe (CN) ¢] ~3/7%(1: 1) solution containing

0.1 M of KCl and (B) 1 mM TRA in PBS (pH 7.0).
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which was used for the fitting of the experimental data is presented in the
inset of Fig. 5. In this circuit, Ry and R, are the solution resistance and
charge transfer resistance, respectively. W is the Warburg and Cgy; repre-
sents the double layer capacitance. The values of the equivalent circuit ele-
ments obtained from the fitting of the experimental information are
summarized in Table 1. The obtained results in Fig. 5A and Table 1, show
that the bare PGE has the largest semicircle diameter in the high-
frequency region which is due to the high resistance (140 kQcm?) toward
the electron transfer. But the f-MWCNTs/PGE and {-MWCNTs/AuNPs/
PGE, have the lower electron transfer resistances of 20.84 kQcm? and
19.41 kQcm?, respectively. As is evident in Fig. 5B, the impedance spectra
in TRA solution are different in the presence and absence of AuNPs. The
bare PGE shows the most electron transfer resistance (11.11 kQcm?). How-
ever, in the presence of f-MWCNTs, the electron transfer resistance is 4.83
kQcm?. When the surface of f-MWGCNTSs/PGE is modified with gold nano-
particle, the diameter of the semicircle decreases and the electron transfer
increases (1.94 kQcm?) which demonstrates that the presence of f-
MWCNTSs and AuNPs at the surface of the fabricated electrode, can facilitate
the electron transfer process between the TRA molecules and the electrode
surface.

3.3. Effective parameters

3.3.1. Effect of pH

One of the parameters which effects, the analytical performance, elec-
trochemical characteristic and also the oxidation mechanism of TRA mole-
cules is the pH of the solution [24]. In order to optimize this parameter,
cyclic voltammetric measurements were carried out for TRA solutions con-
taining 0.1 M PBS in a wide pH range (4-9). The corresponding cyclic volt-
ammograms are shown in Fig. 6A. As is evident in Fig. 6A, the oxidation
peak current of TRA molecules increases from pH 4 to pH 7 and then de-
creases. Therefore, pH 7 was selected as an optimum value in the subse-
quent experiments. Since the oxidation of tramadol molecules involves
the removal of protons, therefore, this oxidation process occurs extremely
hard in acidic environments [25]. According to the slope of the anodic
peak potential versus pH plot in Fig. 6B in which dE,/dpH = —2.303
mRT/nF [26,27], the m/n ratio is obtained 1 which indicates that the
equal number of protons and electrons are involved in the oxidation process
of TRA molecules in solutions.

3.3.2. Effect of scan rate

Cyclic voltammetric measurements of the tramadol solution were
carried out using f-MWCNTs/AuNPS/PGE at pH 7 at different scan
rates (Fig. 7A). The cyclic voltammograms show that as the scan
rates increases, the peak current increases and the peak potential
moves to more positive values which indicates that the electrochemi-
cal oxidation of tramadol molecules is irreversible. The plot of the an-
odic peak current (I,) versus the square root of the scan rates (o ) is
linear which shows that the electrooxidation of tramadol molecules
at the electrode surface is diffusion controlled (Fig 7B). The relation-
ship between the intensity of the peak current and the square root of
the scan rate for an irreversible electrode reaction is shown by
Randles-Sevcik Eq. [28]:

I, (A) =2.99 X 10° n[(1-0) n]"/*ACD"? v'/2.

In this case, the calculated electrode surface area (A) was
2.06 x 10~ % cm? the concentration of tramadol (C) was 10~ * mol/cm®
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Fig. 6. (A) Cyclic voltammograms of TRA at the surface of the f-MWCNTs/AuNPs/
PGE at various pHs (B) the relationship of the oxidation peak potential (E,) with pH.

and the diffusion coefficient (D) was 9.17 x 10~ ° em?/s [29]. The (1-a)
n, was calculated by [30]:

E, —Ey» = 47.7/(1 —a)ng mV at 25 °C

where Ep is the peak potential and Ep/2 is the half-height potential for
tramadol oxidation.

According to the slope of the line in Figure 7B which is equal to
7 % 1075, the total number of electrons involved in the electrochemical ox-
idation of tramadol molecules was calculated to be 2 electrons. The results
obtained from the study of pH and scan rate effects indicate that the electro-
oxidation of tramadol should be a two-electron and two-proton process.
This result is consistent with the oxidation mechanism of TRA molecules
which is presented in Fig. 8. According to this mechanism, in the first
step due to the removal of one electron from N atom of amin group, an
aminium radical cation (1) is generated. In the second step, a proton is re-
moved from the CH3 group and a free radical is formed (2). Afterward, re-
moving of one electron from the radical, results in the formation of an
iminium cation (3). In the last step, the iminium cation hydrolyzes through
formation of hemiaminal which in turns decomposes to the final product

Table 1
Electrochemical impedance spectroscopy response at the different electrodes in (A) 5 mM [Fe (CN)e] ~3/=%(1: 1) solution containing 0.1 M of KCl and (B) 1 mM TRA in PBS
(pH 7.0).
Electrode (A) (B)
R(Qem?) R (kQem?» n Ca(@Fem™)  W(kQem?) Ri(Qem?) Ry(kQem? n Cq(WFem™2) W (k Q cm?)
PGE 3.00 140.00 0.896 10.77 0.06 3.96 11.11 0.907 14.33 1.95
MWCNT/PGE 4.00 20.84 0.367 3088.10 0.08 4.70 4.83 0.915 305.03 0.17
MWCNT/AuNPs/PGE 6.94 19.41 0.426 8804.03 0.08 4.90 1.94 0.844 176.33 0.03
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Fig. 7. (A) Cyclic voltammograms of TRA at the surface of -MWCNTs/AuNPs/PGE in 0.1 M PBS (pH 7.0) at various scan rates from 50 to 500 mVs ~ 1.(B) The plot of Iy, vs. v”

(4). This oxidation mechanism for TRA molecules is also reported in refer-
ence [31].

3.3.3. Effect of immersion time of PGE in f-MWCNTs suspension

The effect of the immersion time of PGE in f-MWCNTs suspension on the
electrochemical response of the fabricated electrode toward the TRA mole-
cules was investigated by using differential pulse voltammetry (DPV) mea-
surements (Fig. 9). For this purpose, a suspension containing 5 mg of f-
MWCNTs in 2.5 ml of DMF was prepared and the surface of graphite pencil
electrodes was modified by immersing the electrodes in the f-MWCNTS sus-
pension at different times from 15 to 120 min. As is evident in Fig. 9, the
oxidation peak current increases from 15 to 105 min and then decreases.
Therefore, 105 min was chosen for the modification of the electrode sur-
face. It seems that at higher immersion times, the amount of carbon nano-
tubes increases and reaches to the saturation level which makes the
electron transfer process between the TRA molecules and the electrode sur-
face difficult.

OCH,
-&"
—— P~
HO
o HO
T ~
Tramadol ()
OCH,
/
-HCHO |
e S \\
HO
~ » HO
/

(@)

3.4. Calibration plot

Under optimum experimental conditions, the quantitative measure-
ments of TRA in solutions were performed by differential pulse voltamme-
try (DPV) using f-MWCNTs/AuNPs/PGE at pH 7. As can be seen from
Fig. 10, the calibration curve is linear in the ranges of 12-100 nM and
100-3000 nM with respect to the concentration of tramadol. The correla-
tion coefficients were found to be 0.9875 and 0.9919 in these concentration
ranges, respectively. The detection limits of the method which were ob-
tained by means of LOD = 3S,/m were5 X 10"°Mand 1.3 x 10~ M
and the limit of quantitations based on using LOQ = 10S,/m were found
tobe 20 x 10~ ?Mand 4.3 x 10~ 7 M for the first and second linear ranges,
respectively.

In order to compare the performance of the proposed electrochemical
sensor with some of the modified electrodes for measurement the concen-
tration of tramadol, the obtained analytical parameters are presented in
Table 2. As can be seen in this Table, the proposed sensor has a wider linear
range and a lower detection limit than the other reported electrodes.

OCH, OCH,
H*
o e
HO &
- 4/ ™~ /CH~
N T
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-
OCH, P OCH,
o |
-H" S
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~
CH,OH
N T~ :4////
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Fig. 8. Suggested oxidation mechanism for TRA molecule.
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Fig. 9. Effect of immersion time of PGE in f-MWCNTs suspension.

3.5. Reproducibility, repeatability and stability of f-MWCNTs/AuNPs/PGE

In order to evaluate the reproducibility of the modified electrode, 5
modified electrodes were prepared under the same experimental conditions
and the concentration of tramadol in solution (0.1 mM) was measured by
differential pulse voltammetry (DPV) and the relative standard deviation
was found to be: 2.4%. The repeatability of the modified electrode was in-
vestigated by sequential measurements (n = 5) of 0.1 mM tramadol solu-
tion and the relative standard deviation (RSD) was calculated 2.2% which
indicates the good repeatability of the developed electrode. According to
these experimental results, the reproducibility and repeatability of the pro-
posed sensor are acceptable.

Journal of Electroanalytical Chemistry 862 (2020) 113996

Table 2
Comparison of detection limits and dynamic ranges of some electrochemical sensors
for the detection of TRA.

Modified electrode Linear range LOD References
(uM) (uM)
CNP-GCE* 10-100, 100-1000 5 [32]
D50wx2/GNP/GCPE” 0.03-42 0.01 [33]
MWCNTs/GCE® 2-300 0.36 [34]
AuNPs/CNTs/GCE? 10-450, 600-1000 0.068 [29]
Glassy carbon electrode 15-75 2.2 [35]
LPME-BE/HPLC® 0.3-130 0.12 [36]
GPE' 0.1-1.5 0.004 [21]
Graphene/NiFe,04 nanocomposite 0.01-9 0.003 [37]
PAMDAN/Pt® 5.0-30 0.327 [38]
f-MWCNTs/AuNPs/PGE 0.012-0.1, 0.1-3 0.005 This paper

@ Carbon nanoparticles modified glassy carbon electrode.

b Glassy carbon paste electrode (GCPE) modified with a cation exchanger resin,
Dowex50wx2 and gold nanoparticles.

¢ Multiwalled carbon nanotube modified glassy carbon electrode.

4" Au nanoparticles and multiwalled carbon nanotube modified glassy carbon
electrode.

¢ Back extraction liquid phase micro extraction-high performance liquid
chromatography.

f Graphite pencil electrode.

& Platinum electrode modified with poly 8-(3-acetylimino-6-methyl-2,4-
dioxopyran)-1-aminonaphthalene.

The stability of the proposed sensor was also investigated. For this pur-
pose, the -MWCNTs/AuNPs/PGE was utilized for determination the same
concentration of TRA for 10 days. After each measurement, the electrode
was placed in a refrigerator at 4 °C. The modified electrode showed
95.63% of the initial electrochemical response after 10 days which indi-
cates the good stability of the modifier layer on the surface of PGE.

3.6. Interferences study

The effect of the presence of some interfering compounds such as ascor-
bic acid, uric acid and citric acid on the electrochemical measurement of
tramadol was also investigated using the fabricated electrode. For this pur-
pose, solutions of TRA (0.1 mM) and the above-organic compounds with
concentrations of 10 and 100 times higher than TRA were prepared at

160
140 1=23.238C + 66.814
R*=0.9919
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Fig. 10. Calibration curve of f-MWCNTs/AuNPs/PGE in the concentration range of 0.012 to 3 uM of tramadol. The error bars represent the standard deviation for three
duplicate measurements. Inset is the differential pulse voltammograms of modified electrode in different concentrations.
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Table 3 Table 5

Effect of some interfering compounds on the determination of tramadol. The Results for determination of tramadol in human urine samples (n = 3).
Interferent % Recovery (10 times) % Recovery (100 times) Real sample Added (nM) Founded (nM) Recovery (%) RSD%
Ascorbic acid 102 97 Urine 40 39.94 99.85 1.53
Uric acid 99 101 80 79.76 99.70 0.73
Citric acid 98 103

pH 7 and they were measured by differential pulse voltammetry. The values
of recoveries are given in Table 3. As is evident in this Table, the presence of
these three organic acids does not interfere with the quantitative measure-
ment of tramadol in solutions. Since the pK, values of ascorbic acid, uric
acid and citric acid are 4.2, 5.4 and 3.13, respectively [31], therefore,
they do not adsorb at the surface of the modified electrode with a negative
charge at pH 7 and hence these organic acids do not interfere in the deter-
mination of tramadol in solutions.

3.7. Analytical application of modified electrochemical sensor

The applicability of the f-MWCNTs/AuNPs modified electrode for quan-
titative measurement of tramadol in a pharmaceutical sample (100 mg tab-
let) and a human urine sample was studied using differential pulse
voltammetry technique, and the experimental results are shown in
Tables 4 and 5, respectively. The samples were prepared by the procedures
which are described in the real samples' preparation section. The standard
addition method was used for determination the concentration of TRA in
the prepared samples (n = 3). The tramadol content of the tablets which
was determined by the proposed sensor, was found to be: 101.2 mg per tab-
let, which is very close to its actual value (100 mg per tablet). The obtained
recoveries for all of the samples, were in the range of 99.70%-101.83%
with RSDs of 0.16-1.53%, indicating that the response of the constructed
electrochemical sensor is independent of the matrix of real samples and it
can be used for determination TRA in real sample solutions.

4. Conclusion

In the present study, the multiwalled carbon nanotubes and gold nano-
particles were used as the modifier materials on a pencil graphite electrode
for construction of a new electrochemical sensor for voltammetric determi-
nation of tramadol in solutions. The combination of carbon nanotubes and
gold nanoparticles improved the electrocatalytic activity of the sensor to-
ward the oxidation of tramadol molecules in solutions. The modified elec-
trode showed a good selectivity, low detection limit and wide linear
range. Also, the proposed sensor provided good repeatability, reproducibil-
ity and stability. The constructed electrochemical sensor is a promising tool
for determination of tramadol in both pharmaceutical and biological
samples.
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