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Electrochemical measurement
of morphine using a sensor
fabricated from the CuS/g-C,N./Ag

nanocomposite

Hakimeh Teymourinia»?*‘, Zakyeh Akram?, Ali Ramazani' & Vahid Amani2

Morphine, as one of the most important narcotic drugs, significantly affects the nervous system and
increases euphoria, which raises the likelihood of its misuse. Therefore, its measurement is of great
importance. In this work, a new electrochemical sensor based on a nanocomposite of CuS/g-C,N,/
AgNPs was developed for modifying Screen printed carbon electrodes (SPCEs) and used for the
measurement of morphine through cyclic voltammetry and differential pulse voltammetry. Various
analytical methods initially characterized the nanocomposite. The prepared sensor, which also has

an extensive surface area, achieved a detection limit of 0.01 uM for morphine in a concentration

range of 0.05-100 puM at pH 7. Besides its excellent capability in measuring morphine in real samples,
the sensor exhibits good stability, reproducibility, and repeatability. The presence of CuS, due to its
excellent high surface area alongside silver nanoparticles, leads to an increase in the conductivity of
the g-C;N, modified electrode, resulting in an increased oxidative current of morphine at the surface of
the prepared sensor. Therefore, measuring low concentrations of morphine with this sensor was made
possible. Additionally, measuring morphine without interference from various species is a strong point
of the electrochemical sensor for morphine detection, and combined with the simplicity and ease of
the method, it allows for morphine measurements to be conducted in the shortest possible time.
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Morphine (MO), originating from poppy plants, is a powerful narcotic medication mainly used to treat intense
and long-lasting pain, particularly in patients with cancer. The drug is known for its therapeutic benefits such
as providing pain relief, inducing relaxation, boosting energy, reducing coughing, and positively influencing
several organ systems'. However, the consumption of MO is linked with a variety of possible negative effects,
including a reduction in heart rate, respiratory insufficiency, disruptions in the central nervous system, risks of
asphyxiation, and low blood pressure. Consuming too much MO can cause deadly respiratory failure?. Beyond
these harmful physical impacts, such as potential teratogenic effects, MO is considered a dangerous narcotic
and analgesic because it significantly alters the central nervous system’s ability to transmit pain messages to the
brain®*. Dependency on MO can occur swiftly, often within a mere three days of beginning use®. As it is deemed
an illicit drug, it is crucial to detect MO in different biological samples, underlining its significance in medical
examinations and legal inquiries®®. Thus, there is a pressing need to create a sensor that is sensitive, selective,
and suitable for accurately measuring MO levels across various biological and environmental samples. A wide
array of methods for the detection and measurement of MO is presented in the scientific literature, including
techniques such as chromatographic assays’, chemiluminescence®, spectrophotometry®, high-performance
liquid chromatography (HPLC)!®!!, spectroscopy!?, fluorescence assays'>!4, and surface plasmon resonance'.
Although some of these approaches offer considerable accuracy, they frequently come with limitations that
restrict their practicality for immediate drug testing applications. Challenges include prohibitive costs, the
absence of portability, the requirement for substantial time investments, and the need for specific laboratory
apparatus in addition to steps for sample preparation before analysis. Recently, electrochemical techniques have
risen to prominence as affordable, mobile, and uncomplicated approaches for the analysis of drugs, attracting
considerable interest from the scientific community'®!”. These techniques are noted for their high sensitivity,
straightforwardness, and specificity, making electrochemical sensors indispensable tools for the identification
of illegal drugs in biological materials. The advantages of these methods are manifold, including their precise

1Department of Chemistry, Faculty of Science, University of Zanjan, 45371-38791 Zanjan, Iran. 2Department of
Chemistry Education, Farhangian University, P.O. Box 14665-889, Tehran, Iran. *email: h.teymourinia@znu.ac.ir

Scientific Reports|  (2024) 14:27361 | https://doi.org/10.1038/s41598-024-78585-y nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf

www.nature.com/scientificreports/

selectivity, high accuracy, quick reaction times (just minutes), broad dynamic range, minimal detection levels,
and user-friendliness'®!°. However, the development of an effective and straightforward electrochemical sensor
presents a notable challenge. Enhancing these sensors crucially involves creating a cost-effective, portable
framework capable of the highly sensitive detection of particular substances. Key to this advancement is the
modification of the electrode surface, which enables improvements in the sensor’s sensitivity, precision, stability,
and selectivity amidst significant external interference, while simultaneously lowering the detection limit
(LOD)?. Moreover, it’s essential to understand that MO is classified as a phenolic compound, capable of electron
transfer to electrodes under certain potentials!. This property validates the use of electrochemical sensors as a
viable platform for MO detection.

Screen printed carbon electrodes (SPCEs) are highly valued in the development of electrochemical sensors, as
they offer a range of benefits that meet the requirements of modern analytical methods. Economical and scalable
for production, they are perfectly suited for one-time use scenarios. The flexibility in their design permits a wide
range of shapes, sizes, and electrode setups, making them adaptable to varied sensor needs. The single-use nature
of SPCEs mitigates hygiene risks and prevents cross-contamination without necessitating thorough cleaning.
Altering their surface enhances the sensitivity and selectivity for a broad range of analytes, essential in areas
from environmental monitoring to medical diagnostics. SPCEs demand only small amounts of samples, boast
portability for field analyses, are eco-friendly, and facilitate swift data acquisition. Such characteristics render
SPCEs critical in the progression of fast and precise analytical and diagnostic methods??~2%. To overcome these
drawbacks, it’s essential to enhance the SPCEs with modifiers that boast electrocatalytic properties. Graphitic
carbon nitride emerges as a superior choice in this context, significantly boosting the electrode’s operational
efficiency and sensitivity.

Nitrogen-doped graphitic carbon nitride (g-C,N.) is recognized as a semiconductor material, distinguished
by its distinct electronic and photophysical characteristics. The introduction of nitrogen improves its electrical
conductivity, increases its surface area, and enhances its overall electronic features, making it a valuable modifier
for electrodes used in the electrochemical analysis of substances?’. In its role as an electrode substance, the
nitrogen-enriched g-C,N, demonstrates enhanced electrocatalytic capabilities, greater efficiency in charge
transfer, and elevated levels of sensitivity and specificity for different analytes. Such improvements boost
the efficacy of electrochemical sensors and biosensors, rendering them exceptionally adept at identifying
and measuring various compounds in a range of environmental and biological contexts. Furthermore, the
augmentation attributed to nitrogen incorporation not only reduces detection thresholds but also broadens the
range of linear responses, markedly improving the effectiveness of electrochemical measurement approaches?*?’.
Employing copper sulfide (CuS) nanoparticles has been identified as a viable choice to improve the electrode’s
catalytic properties, sensitivity, electrical conductivity, and stability?®*. CuS nanoparticles has been recognized
for its capabilities as a p-type semiconductor, making strides in fields such as the harvesting of solar energy,
the development of LEDs, applications in photocatalysis, and the innovation of battery technologies®*-32. The
nanoparticle form of this substance has attracted attention due to its diverse morphologies, cost-effectiveness,
enhanced catalytic properties, and improved electron mobility at the electrode surface. Such attributes render
CuS nanoparticles an excellent choice for crafting electrochemical sensors, effectively marrying cost-efficiency
with advanced technical performance33’34. In contrast to alternative CuS$ structures, the flower-like formation
offers an increased specific surface area and a greater number of accessible active sites, enabling enhanced
loading of electroactive species onto the electrode surface®*. Additionally, the distinctive three-dimensional
porous framework within the flower-like Cu$ facilitates swift analyte transport to the electrode interface,
thereby augmenting the sensitivity and responsiveness of the electrochemical sensor’”%. In addition to the
two previously mentioned modifiers, silver nanoparticles (AgNPs) have been shown to significantly improve
the performance of electrodes in MO electrochemical sensors. Due to their high electrical conductivity and
substantial surface area-to-volume ratio, AgNPs improve the electron transfer rate and offer numerous active
sites for interaction with the analyte®>%?. The integration of AgNPs into the electrodes can reduce the morphine
oxidation overpotential compared to unmodified electrodes. Research indicates that the use of AgNPs on
electrode surfaces can triple the current response and heighten the sensitivity for detecting MO. Moreover,
AgNPs have the capacity to decrease interference from other substances, thereby enhancing the selectivity of the
MO sensor in complex biological matrices*42.

Upon reviewing the published scientific literature, we found that a number of electrochemical sensors have
been developed for the detection of MO. The study by Baghayeri et al. introduced a graphene/Ag nanoparticle-
modified electrode capable of detecting methadone with a range of 1.0-200.0 uM and a low detection limit of
0.12 pM, showing promise for use in complex biological matrices like blood serum®!. Beitollahi et al. created a
graphene-cobalt oxide nanocomposite sensor with a detection range of 0.02-575.0 uM for MO, offering high
selectivity over diclofenac and achieving near-perfect recovery in pharmaceutical and biological samples®’. A
colorimetric assay utilizing silver citrate-coated Au@Ag nanoparticles, which undergoes a color change for
MO detection, has been created for its simplicity, stability, and selectivity, with optimization via variable-power
sonication as noted by Bastami et al.**, Bastami et al. reported a colorimetric assay using Ag/Cu nanoparticles
that discerns MO and methamphetamine by color change, with detection limits of 0.21 pg/mL and 0.49 ug/mL
and incubation times of 7 and 35 min, respectively*>.

In this study, we developed a novel electrochemical sensor by modifying a SPCEs with g-C,N., flower-like
CuS nanoparticles, and Ag nanoparticles. The sensor was utilized to detect MO within biological specimens.
Comprehensive characterization of the engineered composite material was conducted using multiple analytical
methods, including, X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), elemental analysis,
and Field emission scanning electron microscopy (FE-SEM). Performance evaluation of the electrode was
executed via cyclic voltammetry, examining influences of temperature, scan speed, morphine concentration,
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and pH. For the quantitative determination of morphine in genuine biological matrices like plasma and urine,
differential pulse voltammetry was employed.

Results

Characterization

The XRD pattern of g-C,N. is shown in Fig. 1. It exhibits a broad peak at 26 =27°, corresponding to its aromatic
structure’s (002) planes. Figure 1 also shows the XRD pattern for CuS. The peaks are at 20 =27.5, 28.5, 29.4, 47,
54 and 61°. This indicates the successful synthesis of CuS. Figure 1 presents the XRD pattern of CuS/g-C,N.,
where the Cu$ peaks remain visible. In the XRD pattern of nanocomposite CuS/g-C,N./AgNPs, in addition to
the CuS peaks, four other peaks are visible at 20 =35, 39, 61 and 78°. These correspond to silver nanoparticles
(standard number JSCP-004) and are related to (111), (200), (220), and (311) planes. This confirms the successful
synthesis of the CuS/g-C,N,/AgNPs nanocomposite>~*%,

Figure S1 shows FE-SEM images of CuS. The uniform size structures with self-assembled hexagonal
nanoplates indicate the influence of Van der Waals forces, leading to the formation of nanoplate architectures.
This growth process may be attributed to the end-to-end growth of plates, which is further enhanced by prolonged
reaction time. These findings suggest that the formation of hexagonal nanoplates is likely influenced by the
intrinsic anisotropic structural characteristics of CuS and the presence of the surfactant (CTAB). Additionally,
the complete disappearance of tubular structures and the exclusive presence of self-assembled nanoplates further
support this observation. It is well understood that nanostructures undergo nucleation and growth phases,
and in the presence of a stabilizer such as CTAB, the growth phase is prolonged, preventing CuS nuclei from
aggregating and resulting in the formation of nanoplates over an extended period of time. FE-SEM images of
g-C,N, are also visible in Figure S1, depicting nitrogen-rich carbon nitride as coarse plates with occasional

35
rod-like structures. In the images of nanocomposites g-C,N./CuS and CuS/g-C,N./CdS, the CuS morphology
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Fig. 1. XRD pattern of nanomaterial.
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remains distinct as specific flower like, visible alongside g-C,N.. The presence of small silver nanoparticles is also
discernible in the FE-SEM images**-2.

Transmission electron microscopy images for the CuS/g-C,N./AgNPs nanocomposite are presented in Fig.
S2. These images clearly show CuS flower like, silver nanoparticles, and g-C,N, structures. Figure S3 shows
the elemental analysis of the CuS/g-C3N5/AgNPs nanocomposite, confirming its successful synthesis. This
nanocomposite comprises the following elemental percentages: carbon (22.2%), nitrogen (15.11%), cupper
(16.61%), and silver (28.94%).

Evaluation of electrode performance

The electrochemical performance of electrodes prepared in a potassium ferrocyanide/ferricyanide solution
containing potassium chloride was investigated using electrochemical impedance spectroscopy. The results are
presented in Fig. S4. The charge transfer resistance was found to be 1.83 KQ for SPCE, 1.04 KQ for SPCE/
CuS, 0.85 KQ for SPCE/g-C,N,, 0.3 KQ for SPCE/CuS/g-C,N; and 0.064 KQ for SPCE/CuS/g-C,N./AgNPs.
Additionally, the electrochemical behavior of iron species on the surface of electrodes prepared in the potassium
ferrocyanide/ferricyanide solution containing potassium chloride was examined using cyclic voltammetry. The
oxidation/reduction potential differences for the iron species on the surfaces of electrodes SPCE, SPCE/CuS,
SPCE/g-C,N,, SPCE/CuS/g-C,N,, and SPCE/CuS/g-C,N./AgNPs were respectively found to be 0.28, 0.22, 0.23,
0.18 and 0.08 V. As observed, the charge transfer resistance and potential difference for the iron species on
electrode e are lower compared to other electrodes, indicating better performance of this electrode. Furthermore,
the surface area of the electrodes was investigated using the Randles-Sevcik equation. The obtained surface
areas for SPCE, SPCE/CuS, SPCE/g-C,N,, SPCE/CuS/g-C,N,, and SPCE/CuS/g-C,N./AgNPs were 0.036,
0.045, 0.048, 0.056 and 0.68 cm™1, respectively. The study of the electrochemical behavior of morphine on the
surfaces of SPCE, SPCE/CuS, SPCE/g-C,N,, SPCE/CuS/g-C,N,, and SPCE/CuS/g-C,N./AgNPs was conducted
using cyclic voltammetry in the potential window of 0 to 0.6 V. The voltammograms are presented in Fig. 2. An
oxidative peak for morphine in a phosphate buffer solution with a pH of 7 is observed on the surfaces of the
prepared electrodes. This oxidative peak for SPCE, SPCE/CuS, SPCE/g-C,N,, SPCE/CuS/g-C,N., and SPCE/
CuS/g-C,N,/AgNPs occurred respectively at potentials of 0.35, 0.35, 0.34, 0.33 and 0.32 V. Additionally, the
oxidative current for 10 uM morphine at the surfaces of SPCE, SPCE/CuS, SPCE/g-C,N,, SPCE/CuS/g-C,N.,
and SPCE/CuS/g-C,N./AgNPs is respectively 0.5, 2, 3, 7.3, and 22 pA.

Therefore, the majority of the oxidative current is related to SPCE/CuS/g-C,N,/AgNPs. Additionally, the
oxidative potential at the surface of SPCE/CuS/g-C,N./AgNPs was observed to have more negative potentials
than other electrodes. Hence, it can be said that SPCE/CuS/g-C,N./AgNPs possesses electrocatalytic properties.
This is due to the high surface area of SPCE/CuS/g-C,N,/AgNPs compared to different electrodes. Moreover,
graphitic carbon nitride containing high levels of nitrogen (g-C,N.) increases the electrode surface area and
enhances the conductivity of the unmodified electrode. On the other hand, CuS with a flower-like morphology
significantly increases the electrode surface area due to its pristine morphology, which allows a more significant
amount of analyte to be present on the electrode surface. Furthermore, silver increases the electrical conductivity
of the electrode, consequently increasing the electron transfer rate and the oxidative current of morphine, and
ultimately, electrocatalytic activity for SPCE/CuS/g-C,N./AgNPs is observed, making it possible to measure
morphine at lower concentrations®>>,

5

Oxidation of morphine at different pH levels

In this study, the effect of pH as one of the most critical parameters affecting the potential and current of oxidation/
reduction of various compounds was investigated using cyclic voltammetry. For this purpose, the measurement
of morphine at surface SPCE/Cu$S/ g-C,N./AgNPsina BR buffer solution at pH levels of 2, 3, 4, 5, 6, 7, 8, and 9 in
the potential window of 0 to 0.6 V was conducted. The oxidative potential of morphine at pH levels of 2, 3, 4, 5, 6,
7,8 and 9 occurred respectively at 0.58, 0.51, 0.45, 0.41, 0.38, 0.33, 0.28 and 0.33 V. The results indicate that with
an increase in pH to alkaline values, a shift in potential towards more positive values occurred, and the slope of
the line obtained from the pH versus potential graph is equivalent to the slope of the Nernst equation. Therefore,
it can be said that the number of electrons/protons transferred in the electrochemical process of morphine is
consistent. Additionally, the results show that the highest oxidative current is related to pH 7 (Fig. S5), thus this
pH was selected as optimal. Furthermore, the morphine oxidation process is presented in Fig. 3.

Scan rate analysis

Investigating different scan rates is crucial for determining the electron transfer coefficient and the type of
electrochemical process. Therefore, the oxidation of morphine at surface SPCE/CuS/g-C,N./AgNPs was
studied using cyclic voltammetry at various scan rates. The voltammograms of morphine at different scan
rates are presented in Fig. S6. An increase in the oxidative current of morphine with increasing scan rate is
observed; however, the oxidative peak of morphine is not well-defined at higher scan rates due to the insufficient
opportunity for the species to reach the electrode surface, which prevents the precise observation of morphine
oxidation. Since the electrochemical process is an electrocatalytic event, examining the type of reaction in the
oxidation process of morphine is of great importance®>. Figure S6b displays a plot of current versus the square
of the scan rate, suggesting that the oxidation of morphine at surface SPCE/CuS/g-C,N,/AgNPs is a diffusion-
controlled process. Additionally, to examine the electron transfer coeflicient, a potential versus current plot at a
scan rate of 10 mV at the starting potentials of the electrochemical process of morphine was drawn. The cathodic
and anodic transfer coefficient ac is defined as -(RT/F)(dln|jc|/dE), where jc is the cathodic current density
corrected for any changes in the reactant concentration on the electrode surface with respect to its bulk value, E
is the applied electric potential, and R, T, and F have their usual significance. Based on the slope of Fig. S6¢c and
cathodic and anodic transfer coefficient equation, an electron transfer coeflicient of 0.55 was obtained.
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Fig. 2. CVs of 10 uM morphine at the surface electrodes.

Investigation of different concentrations
The investigation of different morphine concentrations at surface E was conducted using differential pulse
voltammetry in the range of 0.05-150 uM in BR buffer solution with pH 7. The differential pulse voltammograms
related to morphine are presented in Fig. S7. The increase in current is proportional to the concentration of
morphine, which is confirmed by the graph observed in Fig. S7b. The limit of detection (LOD) obtained for
morphine at surface SPCE/CuS/g-C,N./AgNPs in the concentration range of 0.05-150 uM was determined using
cathodic and anodic transfer coefficient equation s/m and found to be 0.01. A comparison of the performance
of previous electrodes with the mentioned method for measuring morphine is provided in Table S1. The results
indicate that the concentration range obtained here is broader, and the LOD for morphine using the sensor based
on the modified electrode with e nanocomposite is equivalent and compared with other sensors. Therefore, the
modified electrode demonstrated excellent capabilities in terms of LOD and concentration range, and it also
exhibits good electrocatalytic activity alongside an easy synthesis method and unique and pristine morphology,
which are distinctive features of this sensor.

Various compounds were used in the measurement of morphine to examine the selectivity of the method.
The results are presented in Table S2. As the results show, various compounds have caused minor changes, less
than 5%, in the oxidative current of morphine.
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Fig. 3. The oxidation process of morphine.

The stability of the electrode fabricated based on nanocomposite e was investigated in a BR buffer solution
with a pH of 7 over one month. The fabricated electrode was used weekly for morphine measurement, and each
time after use, it was washed with water and buffer and stored at a temperature of 4 °C. The obtained relative
standard deviation (RSD) value for the current obtained for the stability of the fabricated electrode was 3.94%,
indicating good stability of the prepared sensor. The repeatability of the fabricated electrode was examined by
measuring morphine four times consecutively. The obtained RSD value for the morphine currents over four
consecutive repetitions was 3.21%, indicating good repeatability of the electrode. The reproducibility of the
electrode was also carried out by modifying four electrodes similarly. The RSD value of the current obtained
from the reproducibility of the electrode was 2.34%, which indicates good reproducibility of the prepared sensor.

Measurement of morphine in real sample

Morphine measurement in a real sample was conducted using a sensor prepared by the standard addition
method at concentrations of 1, 5 and 10 in a blood sample. Table S3 shows that the recovery percentage obtained
for morphine in the real sample at the mentioned concentrations ranges between 97 and 101%, and the RSD
values for the real samples at these concentrations are 3.82%, 3.95%, and 3.62%.

Discussion

The measurement of morphine was carried out using an electrochemical sensor prepared based on CuS/g-C,N./
AgNPs nanocomposite, which has a high surface area and a unique and pristine morphology. Good results
such as selectivity, stability, reproducibility, a wide concentration range, and a low detection limit comparable
to other sensors were obtained in this work. The detection limit achieved in the 0.05-150 uM concentration
range is 0.01 uM. Due to the presence of silver, flower-like Cus, and nitrogen-rich graphitic carbon nitride, the
sensor prepared has shown excellent and remarkable results for the measurement of morphine. The modified
electrode’s meager charge transfer resistance, which indicates excellent conductivity and consequently increases
the electron transfer rate at the electrode surface, is one of the exceptional characteristics of the prepared sensor.
Therefore, the prepared sensor is recognized as a perfect sensor with outstanding features, and given that the
prepared sensor has an exceptional capability for measuring morphine in blood plasma samples, it can also
be used in medical applications. This electrochemical sensor was developed using cost-effective materials and
synthesized through a novel and straightforward method that avoids the use of harmful solvents. Notably, the
SPCE/CuS/g-C,N./AgNPs demonstrates excellent performance in detecting morphine amidst various sample
types, showcasing impressive selectivity for morphine analysis in real-world samples. Considering these
advantages, the authors believe that the electrochemical sensor created with CuS/g-C,N./AgNPs for improved
signal amplification presents a viable approach for detecting morphine in real samples.

Methods

The materials and equipment, synthesis of CuS/g-C,N./AgNPs nanocomposite, and preparation of
electrochemical sensor with details are in Supplementary file.
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