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Abstract: In this proof-of-concept study, a novel nanocomposite of the thiolated polyaniline 
(tPANI), multi-walled carbon nanotubes (MWCNTs) and gold–platinum core-shell nanoparticles 
(Au@Pt) (tPANI-Au@Pt-MWCNT) was synthesized and utilized to modify a glassy carbon electrode 
(GCE) for simultaneous voltammetric determination of six over-the-counter (OTC) drug molecules: 
ascorbic acid (AA), levodopa (LD), acetaminophen (AC), diclofenac (DI), acetylsalicylic acid (AS) 
and caffeine (CA). The nanocomposite (tPANI-Au@Pt-MWCNT) was characterized with transmis-
sion electron microscopy (TEM), Fourier-transform infrared spectroscopy (FT-IR), and X-ray pho-
toelectron spectroscopy (XPS). Using the sensor (GCE-tPANI-Au@Pt-MWCNT) in connection with 
differential pulse voltammetry (DPV), the calibration plots were determined to be linear up to 570.0, 
60.0, 60.0, 115.0, 375.0 and 520.0 µM with limit of detection (LOD) of 1.5, 0.25, 0.15, 0.2, 2.0, and 5.0 
µM for AA, LD, AC, DI, AS and CA, respectively. The nanocomposite-modified sensor was suc-
cessfully used for the determination of these redox-active compounds in commercially available 
OTC products such as energy drinks, cream and tablets with good recovery yields ranging from 
95.48 ± 0.53 to 104.1 ± 1.63%. We envisage that the electrochemical sensor provides a promising 
platform for future applications towards the detection of redox-active drug molecules in pharma-
ceutical quality control studies and forensic investigations. 

Keywords: drug analysis; electrochemical sensor; voltammetry; polyaniline; gold–platinum core-
shell nanoparticles; multi-walled carbon nanotubes; over-the-counter drugs 
 

1. Introduction 
Over-the-counter (OTC) drugs are medicines that are sold directly without the re-

quirement of a prescription from a healthcare professional, and are widely used in daily 
life. Non-steroidal anti-inflammatory drugs (NSAIDs) are marketed as one of the most 
common OTC pain relievers. NSAIDs control pain and inflammatory conditions by in-
hibiting two of the closely related cyclooxygenase enzymes, COX-1 and COX-2 [1]. 
NSAIDs include diclofenac (DI) and acetylsalicylic acid (AS), which are commonly used 
for the treatment of inflammation, pain, and fever [1]. Ascorbic acid (AA), which is also 
known as vitamin C, is a vitamin found in various foods and sold as a dietary supplement. 
AA has been used for pain relief along with the prevention of common cold [2]. Levodopa 
(LD) is one of the precursors for the biosynthesis of dopamine. Most commonly, LD is 
used as a dopamine replacement agent for the treatment of Parkinson’s disease. It is most 
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effectively used to control bradykinetic symptoms that are apparent in Parkinson’s dis-
ease [3]. Acetaminophen (AC) is a medication used to treat pain and fever [4]. Caffeine 
(CA) is a central nervous system stimulant and is widely consumed by people every day, 
it is also used to treat tension-type headache. However, overuse of OTC drugs such as AS 
has been known to suppress prostaglandin production, decreasing the subsequent gastric 
mucosa layer, reducing gastric acid neutralization that causes stomach ulcers, stomach 
bleeding and many other intestinal disorders [5]. Whereas overdosing on DI can lead to 
adverse skin irritation and even in some severe cases respiratory irritations [5]. Thus, it is 
of a great interest to develop a sensor platform that allows the detection and analysis of 
the OTC drug molecules.  

Several studies on the detection of OTC drugs have been reported using the electro-
chemical sensors. Sun et al. [6] described a graphene-based electrochemical sensor to de-
tect CA. A novel nanocomposite of Au nanoparticles and multi-walled carbon nanotubes 
(MWCNTs) was synthesized to provide a sensitive detection of DI [6]. Daneshinejad et al. 
[7] modified a glassy carbon electrode (GCE) with a thin film of poly(solochrome black T) 
and this sensor provided a sensitive and selective voltammetric simultaneous determina-
tion of dopamine and AC. Wearable electrochemical sensors have recently been utilized 
to determine patient-specific dose regulation and pharmacokinetics of drug molecules as 
well as supporting the law enforcement agents with on-site forensic analyses to detect the 
drugs of abuse [8]. In addition, a GCE modified with Au nanoparticles was developed to 
detect AA [9]. Moreover, Wudarska et al. [10] utilized a platinum electrode to study the 
electrochemical behavior of AS. With increasing attention drawn to the convivence of the 
use of screen-printed electrodes (SPEs), recent literature reported several approaches to-
wards the use of SCEs as the base construct of the novel drug sensor. Previously, Bergam-
ini et al. [11] have reported a gold screen-printed electrode coupled into a microflow cell 
system to achieve the detection of LD. Later, another group has reported the use of carbon 
SPEs modified with carbon nanofibers as a new sensor for the detection of AC and ibu-
profen demonstrating the application of novel nanocomposites [12]. However, to the best 
of our knowledge, there is no study that reported a nanocomposite-based electrochemical 
sensor capable of detecting all six OTC drug molecules such as AA, LD, AC, DI, AS and 
CA simultaneously using voltammetry.  

Recently, the composite structures of conducting polymers with MWCNTs have been 
widely studied due to ease of preparation and the enhanced electrochemical properties. 
The MWCNTs are well known for their high tensile strength of most outer layer ranging 
from 11 to 63 gigaPascals [13]. This high strength is due to its unique structural properties. 
The MWCNTs consist of multiple rolled layers of graphene [14]. In the graphite layer, the 
carbon atoms are packed into a benzene-ring structure [15]. Each carbon atom in the 
graphite layer is covalently bonded to the other surrounding carbon atoms using sp2 hy-
bridization and create the structure of a carbon film [16]. The strength of the sp2 carbon–
carbon bonds provides MWCNTs with high tensile strength [17,18]. As the thin carbon 
films exhibit a strong ambipolar electric field effect with high electrical conductivity, 
MWCNTs have become a widely used material for electrochemical sensor fabrication 
[15,19]. In the literature, MWCNTs were used as the electrode nanocomposite to detect 
NSAIDs such as AC and DI [6,20]. Polyaniline (PANI) was chosen as the conductive pol-
ymer in this study due to its facile preparation and high conductivity. The thiolated PANI 
(tPANI) contains functional groups such as -SH at its para position, such as 4-aminothio-
phenol that can be substituted to allow for metal nanoparticles. Secondly, once polymer-
ized, PANI is highly compatible with other carbon-nanomaterials such as MWCNTs. Sev-
eral studies that combined PANI with MWCNTs achieved significant improvement at 
lowering the limit of detection (LOD) when detecting ammonia [21,22]. Finally, Au and 
Pt nanoparticles also have a large surface area, high conductivity and excellent electrocat-
alytic characteristics that are highly suitable to enhance the sensitivity and the detection 
limit in an electrochemical sensor construct [23–26]. One of the major challenges in chem-
ical sensors is the task to detect multiple analytes simultaneously that are often found in 
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one sample without having to employ sophisticated separation techniques. A single type 
of nanocomposite, though it can increase the performance of the sensor, is often limited 
to the detection of two or three compounds. Thus, the use of hybrid materials has been 
widely explored for simultaneous determination of multiple analytes. Hrapovic et al. [26] 
previously reported a composite of Pt nanoparticles and MWCNTs composite to-wards 
the detection of glucose. Their reported system was able to reach a remarkable LOD of 0.5 
µM in 3 s. This was attributed to the synergistic effect of the high conductance of Pt nano-
particles and the high surface-area-to-volume ratio of the MWCNTs. Additionally, an in-
crease in the electrocatalytic performance was observed for systems combining PANI with 
MWCNTs. A carbon paste electrode modified with PANI/MWCNTs was reported as a 
non-enzymatic sensor for cholesterol [27]. Furthermore, our group has reported several 
nanocomposite-modified chemical sensors, and have demonstrated that the synergistic 
effect of different materials can result in a significant enhancement in sensitivity, stability, 
and selectivity towards the target analyte [28–30]. Thus, in this study, the synergistic effect 
between PANI, MWCNTs, and core-shell nanoparticles was exploited for the fabrication 
of a novel nanocomposite.  

In this study, the fabrication of MWCNTs enveloped by PANI (doped with the thio-
lated aniline to synthesize tPANI) were decorated with gold–platinum (Au@Pt) core-shell 
nanoparticles to synthesize a novel nanocomposite, tPANI-MWCNT-Au@Pt, for the sim-
ultaneous voltammetric detection of redox-active drug molecules, AA, LD, AC, DI, AS 
and CA, in a single measurement. To the best of our knowledge, the voltammetric detec-
tion of these six drug molecules in a single measurement has been achieved here in this 
report for the first time. GCE modified with tPANI-MWCNT-Au@Pt (GCE-tPANI-
MWCNT-Au@Pt) was further challenged with stability, reproducibility, and recovery 
tests in commercially available OTC products. The results demonstrated that the sensor 
was stable, reproducible with excellent sensitivity and a wide dynamic range indicating 
the future applications of the sensor towards the detection of redox-active drug molecules 
in quality control and forensic toxicity assays. 

2. Materials and Methods 
2.1. General Materials 

Chloroauric acid (HAuCl4), chloroplatinic acid (H2PtCl6) 4-aminothiophenol, aniline 
hydrochloride, MWCNTs, AA, LD, AC, DI, AS, and CA were obtained from Sigma-Al-
drich Company (Oakville, ON, Canada) and all chemicals were used as received. The elec-
trolyte and buffer solutions with final concentration 0.5 M at pH 2.0-8.0 were prepared 
using phosphoric acid and NaOH. All solutions were prepared using Milli-Q water (18.2 
MΩ cm) obtained from a Cascada LS water purification system (Pall Co., Mississauga, 
ON).  

2.2. Instrumentation 
A Hitachi H7500 Transmission Electron Microscope (Hitachi, Tokyo, Japan). Fourier 

transform-infrared spectroscopy (FT-IR) spectra were recorded on a Bruker Alpha FT-IR 
with a Digilab FTS 4000 fitted with an attenuated total reflectance (ATR) (Bruker, Billerica, 
Massachusetts). Angle-resolved X-ray photoelectron spectroscopy (XPS) was performed 
with a Theta-probe Thermo-Fisher Scientific Instrument (East Grinstead, UK) with a mon-
ochromatic A1 Ka source with a photo energy 1486.6 eV. The accumulated angle was 90° 
with a 20 eV pass energy at the analyzer at a 10–8 mbar vacuum chamber. The analysis 
area was 500 µm2. An Autolab PGSTAT 128N supported by NOVA™ 2.1 software 
(Metrohm, Utrecht, The Netherlands) was used for all electrochemical studies. A 
Metrohm electrochemical cell including a platinum wire and a silver/silver chloride elec-
trode as the counter and reference electrodes, respectively. Glassy carbon electrodes 
(GCEs, CH Instruments Inc., Austin, TX, USA) were used as the working electrode. All 
electrochemical impedance spectroscopy (EIS) measurements were performed in 10 mM 
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[Fe(CN)6]3−/4− with 0.10 M NaClO4 at a constant applied potential of 0.20 V (vs. Ag/AgCl) 
over the frequency range from 100 kHz to 500 mHz with a 10 mV potential amplitude. 
Differential pulse voltammetry (DPV) was performed in a wide potential window from 
−0.1 to 1.55 V at a step potential of 5 mV and a modulation amplitude of 0.025 V with a 
modulation time of 0.05 s as well as an interval time of 0.5 s. For each successive measure-
ment, a freshly prepared GCE-tPANI-Au@Pt-MWCNT was employed as the working 
electrode. The electrochemical measurements were repeated in triplicates (n = 3), unless 
otherwise stated. 

2.3. Synthesis of Gold-Core Platinium-Shell Nanoparticles (Au@Pt) 
The synthesis of Au@Pt was achieved by following a modified version of Frens’ 

method [31,32]. Briefly, an aliquot (10 mg) of HAuCl4 was dissolved in 100 mL water. The 
solution was heated to boil and then 1 mL of 0.01 g/mL citrate solution was added. This 
method was utilized to synthesize the gold nanoparticles with an approximate size of 55 
nm in diameter. Then, 30 mL of gold nanoparticles was mixed with 10 mL of 1 mM 
H2PtCl6. This amount of H2PtCl6 enabled the synthesis of Pt shell with an approximate 
thickness of 2.75 nm on gold nanoparticles. Then, the mixture was heated to 80 °C while 
stirring. An aliquot (5 mL) of 10 mM freshly prepared AA solution was added to the mix-
ture and stirred until the color changed from dark green to brown. 

2.4. Preparation of Nanocomposite 
Briefly, 100 mg of 4-aminothiophenol and 50 mg of MWCNT were mixed in solid 

form. Then, 1 mg of aniline and 150 mg of potassium peroxydisulfate were added and 
dissolved in 5 mL of 1.2 M HCl. The mixture was stirred rapidly for 2 min, and then left 
at room temperature for 12 h. The color of this mixture turned from light grey to green 
and finally black during this period. This mixture was collected with filtration and washed 
with 1 M HCl and then ethanol for three consecutive times. The resulting solid product 
was dried at room temperature for 12 h and further dried in an oven for 3 h at 70 ℃. Then, 
an aliquot (10 mL) of Au@Pt solution was added to the solution and mixed by shaking. 
The Au@Pt nanoparticles were adsorbed by the polymer-MWCNT composite. The solu-
tion was centrifuged, and the solid nanocomposite was collected and dried at room tem-
perature for 12 h. The synthesis steps of the nanocomposite are briefly illustrated in 
Scheme 1. 

 
Scheme 1. Schematic illustration depicting the synthesis of thiolated polyaniline multi-walled car-
bon nanotubes and gold–platinum core-shell nanoparticles (tPANI-Au@Pt-MWCNT) nanocompo-
site. 
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2.5. Preparation of Nanocomposite-Modified GCE 
GCEs were polished to a mirror finish with alumina powder starting from 1.0 µm, 

0.3 µm and 0.05 µm in size for 15 min. The polished GCEs were then sonicated in water 
for 10 s to remove the remaining alumina powder. The acid-activation was achieved by 
applying a potential ranging from −1.0 to 1.5 V at a scan rate of 100 mV/s for 30 cycles in 
0.5 M H2SO4. After gently rinsing with water, the preparation of acid-activated GCEs was 
completed. The acid-activated GCE surfaces were then modified by drop-casting 20 µL of 
the freshly prepared nanocomposite dispersed in Nafion™ (1.5% v/v). The modified elec-
trodes (GCE-tPANI-MWCNT-Au@Pt) were allowed to dry for 18 h at room temperature. 

2.6. Analyses with Commercial Products 
Five of the OTC drugs (AA, AC, DI, AS and CA) were purchased from commercial 

vendors and dissolved using deionized distilled water. For AA, the energy drink Vitamin 
Water™ was diluted in a 1:10 dilution with distilled water. For AC, five tablets of 
pseudoephedrine hydrochloride, which each of the tablet contained 325 mg AC was 
crushed and powdered first, and then 0.5 g of this powder was dissolved in 50 mL distilled 
water and then filtered for removing any remaining solids. An amount of 0.0380 g of Vol-
taren™ cream which contains 23.2 mg/g of DI was dissolved in 50 mL of distilled water 
to create the stock solution for testing. Then, 5 tablets of Aspirin™ (containing 500 mg AC) 
was powdered and 0.2 g of the powder was dissolved in 25 mL of distilled water and 70 
µL of KOH was added into the solution. Similarly, 5 CA tablets (containing 200 mg CA 
each) was powdered first and then 0.4 g of this powder was dissolved in 50 mL of distilled 
water and 600 µL of KOH was added into the solution to prepare the stock solution. All 
the stock solutions were freshly prepared immediately before the electrochemical meas-
urements. 

3. Results and Discussion 
3.1. Characterizaion of tPANI-MWCNT-Au@Pt Nanocomposite 

To demonstrate the successful synthesis of tPANI-Au@Pt-MWCNT nanocomposite, 
FT-IR experiments were performed to monitor the stepwise synthetic processes (Figure 
1). MWCNTs demonstrated a weak C-C boding around 3300 cm−1. The monomer, 4-ami-
nothiophenol, demonstrated a primary amine, C-H, and C-SH stretches with an aromatic 
breathing at 3416, 3301, 3186, 1583-1487 cm−1, respectively. This is consistent with the lit-
erature that reported spectra of 4-aminothiophenol [33]. Aniline HCl demonstrated an 
amine salt stretch at 2797 cm−1, which is common for primary amines when in salt form. 
In addition, the corresponding CH and aromatic signals were found at 2569, 1575-1461 
cm−1, suggesting that unpolymerized aniline was also present. The tPANI-Au@Pt-
MWCNT nanocomposite demonstrated a medium peak at 3240, 1298 and 1575-1482 cm−1, 
which correlates to the presence of an amide bond, the C-N= bonding between a ben-
zenoid and a quinoid unit and aromatic ring, respectively. This result suggested that the 
aniline polymerized into PANI and incorporated the MWCNTs forming the final tPANI-
Au@Pt-MWCNT nanocomposite.  
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Figure 1. FT-IR spectra of MWCNTs (black), 4-aminothiophenol (red), aniline HCl (blue), and the 
final nanocomposite tPANI-Au@Pt-MWCNT. 

To demonstrate the physical characteristics of the nanocomposite as well as showing 
that Au@Pt was incorporated into the nanocomposite, the final structure was analyzed 
using electron microscopy. Figure 2 displays the TEM of tPANI, Au@Pt, tPANI-MWCNT, 
tPANI-Au@Pt-MWCNT. Based on Figure 2a,b with different magnifications, the tPANI-
SH shows a fiber distribution that randomly oriented with a diameter varying between 65 
and 130 nm. The TEM images of Au@Pt are shown in Figure 2d–f with uniform raspberry-
like core-shell nanoparticles with a diameter of 33 ± 3 nm. This morphology is in agree-
ment with previous literature where the gold-core nanoparticles coated with platinum 
exhibited this “fuzzy” raspberry-like structure indicating the formation of the platinum 
shell [32]. Figure 2g–i show the TEM images of tPANI-MWCNTs with sharp dendritic 
structures. In TEM images of tPANI-Au@Pt-MWCNT, the dendrites of the tPANI-
MWCNT adjoined with each other and trapped MWCNTs and Au@Pt in a cluster. The 
main reason for this change of physical appearance was attributed to the presence of the 
Au@Pt nanoparticles. Due to the thiol groups present within the tPANI polymer matrix, 
Au@Pt nanoparticles might have facilitated the polymer wrapping around the MWCNTs. 
In addition, since MWCNTs were incorporated into the tPANI, tubular structures were 
thus observed across the entire cluster. These images suggested that the final tPANI-
Au@Pt -MWCNTs nanocomposite was successfully synthesized. 
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Figure 2. TEM images tPANI with different magnifications with scale bars indicating 5 µm, 2 µm and 0.5 µm in (a), (b) 
and (c), respectively; Au@Pt core-shell nanoparticles with different magnifications with scale bars indicate 1 µm, 0.2 µm 
and 0.1 µm in (d),(e) and (f) respectively. tPANI-MWCNT with different magnifications with scale bars indicating 5 µm, 
2 µm and 0.2 µm in (g), (h) and (i), respectively; and tPANI-Au@Pt -MWCNT with different magnifications with scale 
bars indicating 1 µm, 0.2 µm and 0.1 µm in (j), (k) and (l), respectively. 

To further characterize the elemental composition of the nanocomposite, XPS was 
performed and the results are shown in Figures 3, S1–S3. Figure 3 shows the Au 4f and P 
4f for different modified electrodes with tPANI (Figure 3a,b), tPANI-MWCNT (Figure 
3c,d), and tPANI-Au@Pt-MWCNT (Figure 3e,f). As expected on the Au 4f and Pt 4f spec-
tra, no observable peaks were found. The XPS of the tPANI is shown in Figure S1. The 
N1s spectra displayed (Figure S1c) peaks at 399.1 and 401.5 eV correlating to the -N= and 
-NH- structures, respectively, that are in alignment with the polymerized aniline as re-
ported in a previous study [34]. Sulfur XPS was also performed to observe the -SH group 
within the tPANI matrix formed by 4-aminothiophenol. As shown in Figure S1d, the S 2p 
spectrum displayed a 169.7 and 167.8 eV peak corresponding to the -SH group. The high 
eV value indicated the presence of -SH groups that were not yet bound to metallic ele-
ments [34]. For the next step, tPANI-MWCNT (Figure S2), again, no observable peaks 
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were found on the Au 4f and Pt 4f spectra. C 1s spectra (Figure S2b) demonstrated the 
incorporation of -SH containing PANI with MWCNT, peaks were found at 289.2, 287.6, 
286.4, 285.4, and 283.8 eV correlating to O-COO, -C=O, C-O, sp3 C-C, and sp2 C=C, respec-
tively, similar to previously reported values of MWCNTs [35]. In addition, the N 1s spec-
tra (Figure S2c) demonstrated a slight shift in the binding energy, S 2p spectrum shows 
no change in its profile, this suggested that the tPANI-MWCNT was synthesized success-
fully. In the final step, the incorporation of Au@Pt produced the final tPANI-Au@Pt-
MWCNT nanocomposite. As shown in Figure 3e, the Au 4f spectrum demonstrated peaks 
at 83.4 and 87.1 eV corresponding to the Au 4f7/2 and Au 4f5/2 peaks. The Pt 4f spectrum 
also showed peaks at 71.2 and 74.8 eV, that can be assigned to the Pt 4f7/2 and Pt 4f5/2 for 
the Pt0. The additional peaks observed at 70.5 and 77.1 eV were attributed to the Pt2+ spe-
cies, and due to the Pt0 ratio were higher than the Pt2+ peaks, suggesting that Pt0 species 
were dominant as observed in Au@Pt core-shell nanoparticles [32,36]. In addition, Au 
peaks were lower in intensity compared to the Pt peaks. This is also a characteristic of the 
Pt shell-gold core nanoparticles that were previously reported [36]. This suggested that 
the Au@Pt core-shell nanoparticles were obtained. The S 2p spectrum (Figure S3d) also 
showed a corresponding change, as the 163.2 eV peak indicated that the Au-S bond was 
formed. N 1s and C 1s spectra (Figures S3b–d) both showed no observable changes, con-
clusively suggesting that the Au@Pt core-shell nanoparticles were successfully attached 
to the tPANI wrapping around the MWCNTs creating the nanocomposite PANI-Au@Pt-
MWCNT. 

3.2. Electrochemical Characterization of tPANI-Au@Pt-MWCNT Modified GCE 
To analyze the electrochemical activity of the GCE-tPANI-Au@Pt-MWCNT, CV and 

EIS studies were performed. As shown in Figure 4a, the cyclic voltammograms of GCEs 
modified with different composite structures were analyzed in 10 mM Fe(CN)63−/4−. CV 
results demonstrated anodic and cathodic peaks at 0.30 V and 0.144 V vs. saturated 
Ag/AgCl, respectively. When the GCEs were modified with tPANI, a decrease in the cur-
rent intensity was observed accompanied by the presence of new anodic and cathodic 
peaks at 0.537 and −0.168 V, which were attributed to the redox signal of tPANI. When 
MWCNTs were included along with tPANI, an increase in current intensity was observed 
along with a shift of the anodic and cathodic peak corresponding to Fe(CN)63−/4− to 0.344 V 
and 0.085 V, respectively. This phenomenon was attributed to the chemical characteristics 
of sulfonated PANI. The construct incorporated 4-aminothiophenol during the polymeri-
zation of PANI, thus, creating gaps between the conductive matrix at the surface and re-
sulting in the decrease in current density. However, when MWCNTs were incorporated, 
a synergistic effect was observed where the MWCNTs might have bridged the conductive 
gaps facilitating the electron transfer and increasing the current intensity. In addition, the 
peaks correlated to the tPANI signal become non-observable. Similarly, current increase 
also occurred as Au@Pt particles were incorporated into the nanocomposite, but the redox 
signals of Fe(CN)63−/4− became less obvious in the voltammograms. However, when both 
MWCNTs and Au@Pt were present in the final composite, a stronger current intensity 
compared to GCE was observed. Additionally, the Fe(CN)63−/4− was clearly observed at 
0.351 V and 0.100 V for the anodic and cathodic peaks, respectively. On the corresponding 
EIS spectra (Figure 4b), the effect towards surface modification that the nanocomposites 
imposed was detected.  
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Figure 3. Au and Pt X-ray photoelectric spectra of the characterization of nanocomposite on a glassy carbon electrode 
(GCE) surface, (a,b) tPANI, (c,d) tPANI-MWCNT, and (e,f) tPANI-Au@Pt-MWCNT. 

Blank GCE demonstrated a charge transfer resistance (RCT) of 135.35 ± 3.496 Ω. When 
GCE was modified with only tPANI, the RCT increased to 569.93 ± 74.09 Ω. When only 
Au@Pt or only MWCNTs were incorporated along with tPANI, the RCT increased to 396.13 
± 4.88 Ω and 404 ± 10.44 Ω, respectively. However, when the GCEs were modified with 
final components as tPANI-Au@Pt-MWCNT, an RCT value was not detected. Firstly, in the 
sole presence of tPANI, the CV and EIS results suggested that tPANI might hinder the 
electron transfer kinetics between the Fe(CN)63−/4− probe and the electrode, suggesting a 
possible spatial separation within the tPANI polymer network. However, with the incor-
poration of MWCNTs and Au@Pt, due to their inherent electrocatalytic ability, the nano-
composite might have facilitated the electron transfer process of Fe(CN)63−/4−, hence, an 
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increase in current intensity and a decrease in RCT were observed with CV and EIS, respec-
tively. When both Au@Pt and MWCNTs were present, a synergistic catalytic effect along 
with tPANI was observed. Therefore, these results indicated that the final nanocomposite 
was able to improve the electrochemical performance of GCE, and a synergistic effect was 
observed after the modification with MWCNTs and Au@Pt nanoparticles. 

 

 

Figure 4. (a) Cyclic voltammograms, and (b) the Nyquist plots of GCEs with various modifications of nanocomposite 
components. Bare GCEs (black), GCE-tPANI (red), GCE-Au@Pt-tPANI (green), GCE-tPANI-MWCNT (blue), and GCE-
tPANI-Au@Pt-MWCNT (yellow) in 10 mM Fe(CN)63-/4- with 0.1 M NaClO4 as supporting electrolyte. Following EIS studies, 
the resulting RCT values were extrapolated by fitting the Nyquist plots to a Randles equivalent circuit (shown in B, inset). 

3.3. Simultaneous Detection of Six OTC Drug Molecules Using DPV 
In order to demonstrate the nanocomposite was effective at enhancing the electro-

chemical detection of all six OTC drug molecules, a simultaneous comparison study was 
performed. As shown in Figure 5, GCEs were modified with different nanocomposite 
structures, and subjected to the detection of AA (150 µM), LD (15 µM), AC (15 µM), DI 
(15 µM), AS (150 µM), and CA (150 µM) using DPV. Blank GCE displayed low current 
peaks at 0.24 V, 0.73 V, 0.96 V, and 1.23 V corresponding to the oxidation of AA, DI, AS, 
and CA, respectively. However, LD and AC were not observable. For tPANI modification, 
no observable signals were observed except for a large background peak at 0.24 V, which 
was consistent with CV and EIS results suggesting tPANI alone might not present enough 
catalytic properties. With the incorporation of Au@Pt with tPANI, the current peaks were 
detected at 0.52 V and 0.75 V corresponding to the oxidation signals of AC and DI, respec-
tively. In addition, a broad peak between 0.24 V–0.35 V was observed, which could be 
attributed to the overlapping oxidation signals of AA and LD. For the tPANI-MWCNT, 
low current peaks at 0.30 V, 0.39 V, and 0.62 V were detected, and were found to be AA, 
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LD and DI but tPANI-MWCNT-modified electrode still was unable to detect all six drug 
molecules. Finally, using the tPANI-Au@Pt-MWCNT nanocomposite, six well-defined 
current peaks were detected at 0.30 V, 0.41 V, 0.58 V, 0.76 V, 1.03 V, and 1.37 V for AA, 
LD, AC, DI, AS, and CA, respectively. All six peaks displayed good separation with clear 
peak shape. This result suggested that the tPANI-Au@Pt-MWCNT nanocomposite might 
enhance the overall detection capabilities of the sensor, further supporting that Au@Pt, 
MWCNT, and tPANI might have a synergistic effect on anodic current responses. 

 
Figure 5. Differential pulse voltammograms for the electrochemical oxidation of ascorbic acid (AA) (150 µM), levodopa 
(LD) (15 µM), acetaminophen (AC) (15 µM), diclofenac (DI) (15 µM), acetylsalicylic acid (AS) (150 µM), and caffeine (CA) 
(150 µM) at the blank GCE (black line), tPANI-modified GCE (red line), tPANI-Au@Pt-modified GCE (green line), tPANI-
MWCNT-modified GCE (blue line), and tPANI-Au@Pt-MWCNT-modified GCE (yellow line) in 0.5 M PBS (pH 3.0). 

It was necessary to examine the performance of GCE-tPANI-Au@Pt-MWCNT in both 
individual and mixed solutions of the OTC drug molecules. As shown in Figure 6, DPV 
peaks were found at approximately 0.29 V, 0.41 V, 0.57 V, 0.79 V, 1.03 V, and 1.38 V, which 
correspond to the anodic peak of AA (red line), LD (orange line), AC (green line), DI (blue 
line), AS (grey line) and CA (purple line), respectively. When all six analytes were mixed 
(black line), the electrochemical oxidation signals correlating to all six OTC drug mole-
cules were detected in a single scan (black line). The low peak recorded at 0.28 V was a 
characteristic signal for PANI formation as reported in the literature [37]. 

  



Chemosensors 2021, 9, 24 12 of 23 
 

 

 
Figure 6. Differential pulse voltammograms of ascorbic acid only (AA, 250 µM, red line), levodopa only (LD, 25 µM, 
orange line), acetaminophen only (AC, 25 µM, green line), diclofenac only (DI, 25 µM, blue line), acetylsalicylic acid only 
(AS, 250 µM, grey line) and caffeine only (CA, 245 µM, purple line), and all six over-the-counter (OTC) drug molecules at 
the same concentrations in one solution (black line) at a GCE-tPANI-Au@Pt-MWCNT in 0.5 M PBS (pH 3.0). 

3.4. Effect of pH 
To examine the performance of GCE-tPANI-Au@Pt-MWCNT in different pH condi-

tions, the detection of six OTC drug molecules was analyzed using DPV. As shown in 
Figure S4a, as pH increased, the peak potential of six analytes shifted towards lower po-
tentials. The current peak at pH 3.0 was the most robust, and thus, was determined to be 
the optimal pH environment for the subsequent detection analysis. Additionally, to fur-
ther understand the mechanism of the redox processes, the peak potential shift was plot-
ted against the pH (Figure S4b). By fitting the plotted values, a slope was extrapolated for 
each OTC drug and the results were found to be 0.0534, 0.0554, 0.0504, 0.0393, 0.0307 and 
0.001 for AA, LD, AC, DI, AS and CA, respectively. For three of the analytes AA, LD and 
AC, the slope values were close to the Nernstian value of 0.059 mV/pH for a two-electron 
and two-proton equivalent exchange mechanism, except for DI, AS and CA. DI and AS 
might form 3,6-dioxocyclohexa-1,4-dienecarboxylate or 5,6-dioxocyclohexa-1,3-dienecar-
boxylate and undergo a hydrolysis reaction that involved two-electron and one-proton 
transfer [38]. For CA, as reported in the previous literature, there is no correlation between 
the changes in pH and electron transfer during the oxidation reaction [39], which was 
observed as 0.001 mV/pH calculated from the experimental data. The predicted electro-
chemical oxidation reactions of AA, LD, AC, DI, AS, and CA are shown in redox process 
equations (1)–(6) as follows: 
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3.5. Calibration Curves 
To examine the dependence of peak current signals on the concentration of analytes, 

calibration curves for six OTC drug molecules were plotted, and the results are shown in 
Figure 7. The sensor demonstrated a linear response to the addition of analytes at increas-
ing concentrations. The anodic peak current intensity was obtained and plotted against 
the concentration (Figure S5) and the results are summarized in Table 1. Two-segment 
linear regression curves were found except for those plotted for AS and CA with a one-
segment curve. This effect can be correlated to the decreasing available active surface area. 
Initially, the concentration of the analyte with the solution was low, the available active 
surface area on the electrode could rapidly undergo electron exchange reactions. With 
increasing concentration of the analyte, the available active surface area decreased, which 
resulted in a less sharp slope. The calibration curves were linear up to 570.0, 60.0, 60.0, 
115.0, 375.0 and 520.0 µM with the limit detection (LOD = 3Sbk/m where Sbk and m are 
standard deviation of blank solution for 10 independent measurements (n = 10) and the 
slope of calibration curves, respectively) 1.5, 0.25, 0.15, 0.2, 2.0 and 5.0 µM for AA, LD, 
AC, DI, AS and CA, respectively. The figures of merit of the nanocomposite-modified 
sensor in comparison with the reported ones in literature for the electrochemical determi-
nation of AA, LD, AC, DI, AS and CA are shown in Table 2. Based on Table 2, the dynamic 
range and LOD of GCE-tPANI-MWCNT-Au@Pt were significantly improved when com-
pared with those reported ones for the electrochemical detection of all six OTC drug mol-
ecules. 
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Figure 7. Differential pulse voltammograms for the dependence of oxidation current responses obtained from GCE-
tPANI-Au@Pt-MWCNT on the concentration of AA (5.0–570.0 µM), LD (0.5–60.0 µM), AC (0.5–55 µM), DI (0.5–115 µM), 
AS (5.0–375.0 µM) and CA (5.0–520 µM) in 0.5 M PBS (pH 3.0). 

Table 1. Summary of the calibration curves and the R2 values of the linear fit, the limit of detection (LOD) and the dynamic 
range for the electrochemical detection of six OTC drug molecules using GCE-tPANI-Au@Pt-MWCNT. 

Analyte 
 

LOD (µM) Dynamic Range (µM) 
I II 

AA ΔIp1 = 0.0053x + 0.5031 
R² = 0.9951 

ΔIp2 = 0.0035x + 0.7869 
R² = 0.9937 

1.5 5.0–150.0 
150.0–570.0  

LD ΔIp1 = 0.0584[LD] + 0.4826 
R² = 0.9889 

ΔIp2 = 0.0195x + 1.249 
R² = 0.9816 0.25 0.5–20  

20–60.0 

AC 
ΔIp1 = 0.0545[AC] + 0.4393 

R² = 0.991 
ΔIp2 = 0.0307[AC] + 1.00071 

R² = 0.991 0.15 
0.5–25.0 

25.0–60.0 

DI ΔIp1 = 0.0536[DI] + 0.4721 
R² = 0.9897 

ΔIp2 = 0.0093[DI] + 1.1002 
R² = 0.9922 

0.2 0.5–15.0 
15.0–115.0 

AS ΔIp = 0.0066[AS] + 1.0234 
R² = 0.9912 

- 2.0 5.0–375.0  

CA 
ΔIp1 = 0.0101[CA] + 3.665 

R² = 0.9933 - 2.5 5.0–520.0  

Table 2. Comparison of GCE-tPANI-Au@Pt-MWCNT with the existing electrochemical sensors reported for the detection 
of ascorbic acid (AA), levodopa (LD), acetaminophen (AC), diclofenac (DI), acetylsalicylic acid (AS) and caffeine (CA) in 
the literature. 

Analyte Electrode LOD/ µM Dynamic Range/ µM Ref 

AA 

Au/RGO/GCE 1 51.0 240.0–1500.0 [9] 
PG/GCE 2 6.45 9.0–2314.0 [40] 
PPF/GNS 3 120.0 400.0–6000.0 [41] 
NG/GCE 4 22.0 50.0–1300.0 [42] 

ERGO/GCE 5 250.0 500.0–2000.0 [43] 
Pd/CNFs 6 15 50.0–4000.0 [44] 

GCE-tPANI-Au@Pt-MWCNT 1.5 5.0–570.0µM This study 
LD Au screen-printed electrode 0.99 1.0–660.0 [11] 
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Modified CP-TNMCPE 7 0.069 0.1–100.0 [45] 
GR/ZnO/SPE 8 0.45 1.0–1000.0 [46] 
GR/ZnO/SPE 0.09 0.25–200.0 [47] 

CNT paste/EBNBH 9 0.094 0.2–700.0 [48] 
GCE-tPANI-Au@Pt-MWCNT 0.25 0.5–60 This study 

AC 

NiO/CNTs/DPID/CPEs 10 0.3 0.8–550.0 [49] 
(poly(solochrome black-T)/ GCE 0.14 0.5–50.0 [7] 

GR–CS/GCE 11  0.03 1.0-100.0 [50] 
PANI–MWCNTs modified electrode 12 0.25 1.0-100.0 [51] 

SWNT-DCP GCE 13 0.04 0.1–20.0 [20] 
NiO–CuO/GR/GCE 14 1.33 4.0–400.0 [52] 

GCE-tPANI-Au@Pt-MWCNT 0.15 0.5–55.0 This study 

DI 

VFMCNTPE 15 2.0 5.0–600.0 [53] 
CuZEGE electrode 16 0.05 0.3–20.0 [54] 

BDD electrode 17 0.03 0.31–31.1 [55] 
NiO-SWCNTs/DDPM/CPE 18  0.008 0.04–1200.0 [56] 

AuNP/MWCNT/GCE 19 0.02 0.03–200.0 [6] 
GCE-tPANI-Au@Pt-MWCNT 0.2 0.5–114.0 This study 

AS 

MIP film electrochemical sensor 20 0.0003 0.001–0.7 [57] 
Graphene modified GCE 0.02 1–200.0 [58] 

ZnO/NP/IL/CPE 21 0.3 0.7–950.0 [59] 
SPGrE 22 0.09 0.1–100.0 [60] 

ISSM-CNT-PE 23 0.084 0.2–62.0 [38] 
GCE-tPANI-Au@Pt-MWCNT 2.0 5.0–375.0 This study 

CA 

Nafion–Gr/GCE 24 0.12 0.4–40.0 [39] 
GNPs/MWNTs/GCE 25 0.0005 0.0005–0.160 [24] 

MnFe2O4@CNT-N/GCE 26 0.83 1.0–1100.0 [61] 
ISSM-CNT-PE 0.08 0.291–62.7 [38] 

GCE-tPANI-Au@Pt-MWCNT 2.5 5.0–520.0 This study 
1 Au/RGO/GCE: Gold/reduced graphene oxide/glassy carbon electrode. 2 PG/GCE: Pristine graphene/glassy carbon elec-
trode. 3 PPF/GNS: Pyrolyzed photoresist film/graphene nano-sheets. 4 NG/GCE: Nano-gold/glassy carbon electrode. 5 
ERGO/GCE: Electrochemically reduced graphene oxide/glassy carbon electrode. 6 Pd/CNFs: Palladium nanoparticle-
loaded carbon nanofibers. 7 CP-TNMCPE: Cobalt porphyrin-TiO2 nanoparticle-modified carbon paste electrode. 8 
GR/ZnO/SPE: Graphene oxide/zinc oxide nanorods/screen-printed electrode. 9 CNT paste/EBNBH: Carbon nanotube 
paste/ 2,2′-[1,2-ethanediylbis (nitriloethylidyne)]-bis-hydroquinone. 10 NiO/CNTs/DPID/CPEs: Nickle oxide/carbon nano-
tube/ (2-(3,4-dihydroxyphenethyl) isoindoline-1,3-dione)/carbon paste electrodes. 11 GR–CS/GCE: Graphene chi-
tosan/glassy carbon electrode. 12 PANI–MWCNTs composite modified electrode: Polyaniline-multi-walled carbon nano-
tubes. 13 SWNT-DCP modified GCE: Singled-wall carbon nanotube-dicetyl phosphate modified glassy carbon electrode. 
14 NiO–CuO/GR/GCE: Nickel oxide–copper oxide nanoparticles–graphene composite film modified glassy carbon elec-
trode. 15 VFMCNTPE: Vinylferrocene modified multi-walled carbon nanotubes paste electrode. 16 CuZEGE electrode: Cop-
per doped zeolite-expanded graphite-epoxy electrode. 17 BDD electrode: Boron-doped diamond electrode. 18 NiO-
SWCNTs/DDPM/CPE: NiO-SWCNTs as conductive mediator and 2, 4-dimethyl-N/-[1-(2, 3-dihydroxy phenyl) methyli-
dene] aniline carbon paste electrode. 19 AuNP/MWCNT/GCE: Gold nanoparticles/multi-walled carbon nanotube/glassy 
carbon electrode. 20 MIP: Molecular imprinted polymer. 21 ZnO/NP/IL/CPE: Zinc oxide nanoparticles ionic liquid carbon 
paste electrode. 22 SPGrE: Screen-printed graphene electrode. 23 ISSM-CNT-PE: In-situ surfactant-modified multi-walled 
carbon nanotube paste electrode. 24 Nafion–Gr/GCE: Nafion-graphene/glassy carbon electrode. 25 GNPs/MWCNTs/GCE: 
Gold nanoparticles/multi-walled carbon nanotubes/glassy carbon electrode. 26 MnFe2O4@CNT-N/GCE: N-doped carbon 
nanotubes functionalized with MnFe2O4 magnetic nanoparticles functionalized glassy carbon electrode. 
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3.6. Chronoamperometry 
In order to understand the electrochemical reaction under diffusive mass-transport 

limitation, the diffusion coefficients (D) of AA, LD, AC, DI, AS and CA were determined 
using chronoamperometry. The measurements were performed in 0.5 M PBS buffer (pH 
3.0) over a period of 10 s at a constant applied potential of 0.289, 0.408, 0.571, 0.786, 1.027, 
and 1.380 V which were assigned as the anodic peak potential of AA, LD, AC, DI, AS and 
CA, respectively, from our DPV studies. As an example, the determination of D of AC 
was determined as shown in Figure 8. A plot of I vs. t−1/2 was generated, and the linear 
region was fitted through a linear line of best-fit to obtain the slope (Figure 8b). Finally, 
the slopes were plotted against the concentration of AC spiked in the measurement cell 
(Figure 8c). The Cottrell relation was applied: 

i = nFACD1/2(πt) −1/2 (7)

where i is the current (A), n is the number of electrons exchanged, F is the Faraday’s con-
stant (96,485 C/mol), A is the area of the working electrode (determined to be 0.071 cm2), 
C is the concentration analyte in the bulk solution, D is the diffusion coefficient (cm2.s−1), 
and t is time (s). The same set of chronoamperometric studies were performed for each of 
the six drug molecules. The calculated values of D were 2.0181 × 10−6, 3.2857 × 10−5, 3.5822 
× 10−6, 2.2832 × 10−6, 6.5608 × 10−7, and 4.1989 × 10−7 cm2. s−1 for AA, LD, AC, DI, AS and CA, 
respectively. In our preliminary results, it was found that the magnitudes of the calculated 
diffusion coefficients were comparable to those reported in the literature. Further experi-
mental work is under progress in our laboratory to achieve more conclusive results to 
determine the diffusion coefficients (Table 3). 
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Figure 8. (a) Chronoamperograms of tPANI-Au@Pt-MWCNT-GCE in the presence of increasing concentrations of AC; 7.5 µM 
(red), 15 µM (purple), 22.5 µM (blue), 30 µM (yellow), and 37 µM (green) in 0.5 M PBS (pH 3.0), (b) the t−1/2 vs. Ipa plots, 
and (c) is the slope obtained from (b) plotted against the concentration of AC. 

Table 3. Summary of the calculated diffusion coefficients (D) and the comparison to previously 
reported values using various modified electrodes. 

Analyte Diffusion Coefficient (cm2 s−1) Reference 

AA 

1.87 × 10−5 [62] 
4.0 × 10−6 [63] 

9.07 × 10−6 [64] 
1.33 × 10−6 [65] 
2.02 × 10−6 This work 

LD 

2.09 × 10−4 [66] 
1.9 × 10−6 [67] 

1.06 × 10−6 [68] 
6.70 × 10−6 [69] 
3.29 × 10−5 This work  

AC 

1.25 × 10−5 [38] 
4.97 × 10−6 [65] 
5.91 × 10−6 [51] 
1.09 × 10−9 [50] 
3.58 × 10−6 This work  

DI 

3.39 × 10−4 [67] 
5.9 × 10−6 [70] 

2.67 × 10−6 [71] 
3.7 × 10−4 [53] 

2.28 × 10−6 This work 

AS 

1.536 × 10−5 [38] 
6.46 × 10−6 [72] 
7.1 × 10−6 [10] 

7.84 × 10−6 [73] 
6.56 × 10−7 This work 

CA 

2.174 × 10−5 [74] 
5.236 × 10−6 [75] 
4.2 × 10−5 [75] 

1.095 × 10−5 [38] 
4.1989 × 10−7 This work  

3.7. Sensor Reproducibility, Stability, and Interference 
To demonstrate that GCE-tPANI-Au@Pt-MWCNT provided stable and reproducible 

results, ten independent measurements in the presence of AA (100 µM) LD (25 µM), AC 
(25 µM), DI (50 µM), AS (150 µM) and CA (150 µM) were performed. As shown in Figure 
S6a–c, the current peaks for AA, LD, AC, DI, AS and CA demonstrated a relative standard 
deviation of peak height at the same potential of 0.62%, 0.27%, 0.63%, 0.44%, 0.28% and 
0.33%, respectively (n = 10). Next, to demonstrate the GCE-PANI-Au@Pt -MWCNT sensor 
is stable over time, AA (100 µM) LD (25 µM), AC (25 µM), DI (50 µM), AS (150 µM) and 
CA (150 µM) were measured over a period of 45 days (Figure S6d). The signal retention 
was 95.3%, 95.2 %, 104.1%, 97.79%, 95.70%, and 97.06% for AA, LD, AC, DI, AS and CA, 
respectively, suggesting the electrodes were stable. Finally, interference study was per-
formed to show that the OTC drug molecules did not interfere with each other during 
electrochemical detection. As shown in the differential pulse voltammograms of Figure 
S7, five drug molecules were kept at a fixed concentration while the concentration of one 
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of the chosen molecules were increased. Each drug molecule demonstrated a linear re-
sponse with the following equations for AA: Ipa = 0.0028 [AA] + 0.8202 (R2 = 0.9905), LD: 
Ipa = 0.0457[LD] + 1.0606 (R2 = 0.9943), AC: Ipa = 0.0628[AC] + 0.3714 (R2 = 0.9856), DI: Ipa = 
0.0312[DI] + 0.5019 (R2 = 0.9822), AS: Ipa = 0.0089[AS] + 0.7102 (R2 = 0.9812) and CA: Ipa = 
0.0102[DI] + 2.9973 (R2 = 0.9991). 

3.8. Real Sample Analyses in Commercial Products 
To determine the applicability of the GCE-tPANI-Au@Pt-MWCNT sensor in real 

samples, commercially available pharmaceutical products such as tablets and cream were 
purchased and analyzed for their contents containing the six chosen molecules. For this 
purpose, five OTC drug molecules were purchased from commercial sources and diluted 
using distilled water as described in the Materials and Methods 2.6 section. The results for 
individual determinations of AA, AC, DI AS, and within the selected commercial prod-
ucts are summarized in Table 4. The “Detected” is the analyte concentration found, as re-
ported by their nutrition label on the products. The “Determined” is the analyte concentra-
tion that was detected after correlating the signal obtained from the sensor through a 
standard addition method (n = 5). Recovery percentage was calculated by dividing “de-
termined” by “detected” and multiplying by 100%. The results showed that the recovery 
percentages ranged between 95.5 ± 0.53 and 104.1± 1.63%, suggesting that the sensor plat-
form can detect the targeted molecules in the samples purchased from commercial 
sources. 

Table 4. Application of GCE-tPANI-Au@Pt-MWCNT for individual determinations of AA, AC, DI, AS and CA in the 
commercial products (n = 4, for the reported relative standard deviation (RSD) values). 

 Analyte Detected (µM) Determined (µM) Recovery (%) 
Vitamin Water™ (Energy drink) AA 70  68.08 ± 13.04  98.2 ± 1.89 

Pseudoephedrine Hydrochloride (Tablet) AC 52.9  51.84 ± 4.67  97.95 ± 2.42 
Voltaren™ (Cream) DI 5.54  5.37 ± 0.42 96.9 ± 3.52 
Aspirin™ (Tablet) AS 111  105.21 ± 6.52 95.48 ± 0.53 

Caffeine Tablet CA 205.67  214.28 ± 10.42 104.1 ± 1.63 

4. Conclusions 
Herein, a novel nanocomposite was synthesized for the construction of a sensor to 

detect six redox-active drug molecules simultaneously for the first time, to the best of our 
knowledge. This nanocomposite, tPANI-Au@Pt-MWCNT, was characterized using FT-IR, 
TEM, and XPS to demonstrate the successful synthesis. The incorporation of tPANI-
Au@Pt-MWCNT to the GCEs provided an enhanced electrocatalytic activity as reflected 
by CV and EIS. The sensor allowed the sensitive determination of all six OTC drug mole-
cules in one measurement using DPV. Moreover, the sensor demonstrated good repro-
ducibility and stability over a period of 45 days of storage time, as well as acceptable re-
covery values when determined in commercially available OTC products. In connection 
with the optimized sampling and chromatographic separation systems, we envisage that 
this electrochemical sensor GCE-tPANI-Au@Pt-MWCNT can become a powerful tool for 
the sensitive determination of redox-active drug molecules in toxicological and forensic 
investigations. The pharmacokinetic properties of the therapeutic drugs can also be deter-
mined in real samples upon adjusting the pH and ionic strength to the optimized condi-
tions reported here. The electrochemical sensors can be miniaturized for easy on-site ap-
plications to allow law enforcement agents to detect the abuse of drugs. With the expo-
nential growth of nanomaterials, the nanocomposite-modified electrochemical sensors 
and biosensors are poised to appear in the market in the near future. 
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Supplementary Materials: The XPS survey spectra of nanomaterial-modified surfaces, DPV studies 
for the pH dependence of current responses, calibration plots, repeatability, stability and interfer-
ence studies are available online at www.mdpi.com/2227-9040/9/2/24/s1. 
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