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Abstract 

The rapid increase in the usage of sports nutrition products has prompted severe concerns 

about the unregulated presence of hormone residues and antibiotic pollutants, which can be 

detrimental for the health and morals of athletes and customers. Standard methods for finding 

these substances frequently take a lot of time, cost a lot of money, and can't be used on-site. 

In this study, we propose the construction of a porous carbon nanocomposite electrode 

(PCNanoE) for the real-time electrochemical detection of hormone and antibiotic pollutants 

linked to sports nutrition products. To make the nanocomposite, porous carbon has been 

combined with conductive nanomaterials to increase the surface area, charge transfer ability, 

and particle adsorption efficiency. Structural examination verified the elevated porosity and 

extensive active sites, whilst electrochemical research exhibited enhanced sensitivity, 

selectivity, and stability relative to traditional carbon electrodes. The electrode possessed 

rapid response times and low detection limits for anabolic steroids and antibiotics that are 

frequently misused. Additionally, it worked effectively in complicated sample matrices. The 

nanocomposite surface proved very important since it possessed great anti-fouling qualities, 

which ensured that monitoring could continue without discarding too much signal. The 

suggested sensing platform is an intriguing approach to quickly and easily find illegal or 

hazardous substances in sports supplements. It will assist with quality control, enforcing the 

law, and maintaining athletes safe. The method can be used to wider environmental and 

biomedical contexts necessitating rapid detection of trace substances. This study emphasizes 

the promise of porous carbon nanocomposite electrodes as next-generation sensors, 

integrating the benefits of nanostructured materials with electrochemical accuracy to address 

significant problems in public health and sports integrity. 

Keywords: Porous carbon nanocomposite, Electrochemical sensor, Real-time detection, 

Hormone pollutants, Antibiotic residues, Sports nutrition safety 

1. Background of PCNanoE 

Journal on Communications(1000-436X) || Volume 21 Issue 4 2026 || www.jocs.review

Page No: 1



 

 

The consumption of sports nutrition products has been growing at an alarming rate 

worldwide, driven by increasing awareness of the importance of fitness, performance 

enhancement, and health optimization [1]. However, some of its products contain undeclared 

or residual components of hormones and antibiotics, either as a result of contamination in the 

manufacturing process or intentionally [2]. These are highly hazardous to the health system, 

like those that lead to endocrine imbalance, resistance to antibiotics, and poor physiological 

functioning [3]. The ethical implications of competitive sportsmen are of much concern, as 

accidental intake of banned substances can lead to doping crimes [4]. A safe product and one 

that has fulfilled these regulatory requirements; hence, it is a compulsory factor to protect not 

only the consumers but also the integrity of sporting activity [5]. 

1.1 Problems in Hormone and Antibiotics pollution detection. 

Conventional techniques of detection, such as chromatography and mass spectrometry, are 

very accurate but costly, time-consuming, and cannot be applied to real-time or on-site testing 

[6]. Moreover, the presence of complex sample matrices in sports supplements (e.g., proteins, 

vitamins, and flavoring agents) disrupts sensorimotor response by lowering accuracy and 

reproducibility [7]. Current electrochemical sensors enhance detection speed, but they often 

suffer from low sensitivity, surface fouling, and selectivity, particularly in the simultaneous 

detection of trace concentrations of multiple contaminants [8]. New sensor architectures are 

required to have the ability to perform fast, sensitive, and selective monitoring in multi-

dimensional matrices [9]. 

1.2 Objectives of This Work 

The proposed study intends to design and manufacture an electrochemical porous carbon 

nanocomposite electrode to detect hormone and antibiotic residues in sports supplements 

within a short period. Key contributions include: 

✓ Creation of a high-surface-area nanocomposite of porous carbon and conductive 

nanomaterials. 

✓ Improvement of charge-transfer performance, adsorption performance, and anti-

fouling performance. 
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✓ Confirmation of sensor functionality in complex matrices, with low detection 

limits, fast response, and high selectivity. 

✓ Suggestion of a scalable framework of real-time and on-site monitoring that could 

be used as a regulatory compliance tool and even in greater biomedical contexts. 

 

 

Figure 1: Object Detection Workflow. 

Figure 1 is a map of the entire sensing chain, starting with the acquisition of samples from 

sports-nutrition products. Pretreatment eliminates large biomolecules and corrects the PH to 

avoid interference [10]. The ready sample is brought into contact with a porous carbon 

nanocomposite electrode. The high surface area of this electrode, combined with its anti-

fouling coating, increases adsorption. Electrochemical interrogation (CV, DPV, EIS) 

transforms the response of molecules to current signals [11]. An analog stage with low noise 

stabilizes the baseline, and then quantitative features are obtained through digital calibration. 

The system provides real-time concentration readings or alarms, allowing for the quick and 

inexpensive detection of steroid or antibiotic contamination. Chemical conditioning, surface 
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engineering, and multistage electronics are combined in the workflow, which guarantees 

reproducible measurements in complex matrices [12]. 

Adsorption response of electrodes 𝑅𝑎𝑑𝑣 is expressed in equation 1 

𝑅𝑎𝑑𝑣 = 𝐵𝑒 .𝑙𝑠. 𝐷𝑠 (1) 

The designed electrode characteristics and the analyte's interaction rate determine the 

process's efficiency.  

In this, 𝑅𝑎𝑑𝑣 designates the charge accumulated through adsorption on the electrode, while 

𝐵𝑒 . indicates the effective surface area available for interaction. The term 𝑙𝑠 is the adsorption 

rate constant that governs binding efficiency, and 𝐷𝑠  corresponds to the conditioned analyte 

concentration from the previous step. 

Conversion of electrochemical signals𝐽𝑠𝑖𝑔 is expressed in equation 2 

𝐽𝑠𝑖𝑔 = 𝐻𝑏. (𝑅𝑎𝑑𝑠 − 𝑀𝑐)  (2) 

This equation converts the adsorption process into a current signal that may be detected. A 

solid foundation for real-time quantitative concentration determination is provided by the 

output that is produced. 

In this, 𝐽𝑠𝑖𝑔 denotes the final current signal obtained from electrochemical interrogation, 

while 𝐻𝑏 is the gain applied during analog amplification. The term 𝑅𝑎𝑑𝑠 represents the 

adsorption-derived charge, and 𝑀𝑐 signifies the baseline noise eliminated during signal 

stabilization. 

Porosity formation 𝑄𝑠 is expressed in equation 3 

𝑄𝑠 =
𝑊𝑞

𝑊𝑛
 . 𝜕𝑑   (3) 

This equation explains how porosity is created during pyrolysis with a structural template. 

For the required balance of stability and conductivity, the pore volume in relation to the total 

matrix volume is changed. 

In this, 𝑄𝑠 represents the effective porosity of the electrode material, while 𝑊𝑞 corresponds to 

the pore volume generated by templating. The term 𝑊𝑛 denotes the total matrix volume of the 

material, and 𝜕𝑑 signifies the correction factor accounting for the conductivity-stability 

balance. 
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Table 1: Material Properties and Composition of PCNanoE 

Parameter Value / Description 

Base Material Activated Porous Carbon 

Additive Nanomaterials GrapheneNanosheets (5 wt%) + AuNPs (2 wt%) 

Specific Surface Area 1085 m²/g 

Average Pore Diameter 18.4 nm (mesoporous) 

Total Pore Volume 0.92 cm³/g 

Electrical Conductivity 4.8 × 10² S/m 

BET Surface Enhancement ~3.5× higher than bare carbon 

Morphological Features 3D interconnected porous framework 

Table 1 outlines the physicochemical properties of the PCNanoE. The integration of graphene 

nanosheets and gold nanoparticles significantly increases surface area, pore volume, and 

conductivity compared to bare carbon. These enhancements provide more active sites, faster 

electron transfer, and a robust porous framework essential for high-sensitivity pollutant 

detection. 

Contamination of food safety and the well-being of the populace by hormones, antibiotics, 

toxicants, and doping substances in nutrition products and biological samples is a growing 

threat to food safety and population health. New electrochemical and nanomaterial sensors, as 

well as wearable sensors, would provide fast, sensitive, and low-cost monitoring. These 

innovations facilitate real-time detection, regulatory adherence, and sustainable activities in 

food, sports, biomedical, and environmental spheres. 

1.3. Gas Chromatography and Mass Spectrometry (GC-MS) 

Steroid hormones improve livestock growth and treatment, but when there is abuse, they pose 

a threat to food safety. Traditional methods of detection, which include liquid or GC-MS, are 

precise but expensive and laborious, and cannot be used in on-site monitoring. Improved 

immunoassays, electrochemical biosensors, and nanomaterial-based sensors have recently 

been developed, holding the potential to provide rapid and sensitive screening of residues in 
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animal food. These advancements form the basis of regulatory compliance, consumer 

protection, and sustainable food production of animal derivatives [13]. 

Pesticides, heavy metals, microplastics, and mycotoxins are among the types of food 

toxicants that threaten health worldwide. The conventional method of detection is costly and 

time-consuming, which has led to ecological solutions. Pipelines of biosensors, 

metabolomics, and machine learning are now rapidly capable of profiling contaminants 

sensitively, and mitigation methods, such as biopesticides, sustainable packaging, Clustered 

Regularly Interspaced Short Palindromic Repeats(CRISPR)-based decontamination, and 

lower exposure. Combining detection and intervention can establish food safety surveillance 

in accordance with sustainability objectives, with regard to innovation, regulation, and safer 

food systems in the world [14]. 

1.4. Therapeutic Drug Monitoring(TDM) 

Saliva is a promising substitute for blood in TDM and biomarker discovery for therapeutic 

purposes, particularly in pediatrics. Its sampling is cheap, pain-free, and least invasive. It has 

been found that correlations exist between saliva and plasma levels of antibiotics, steroids, 

analgesics, and anticonvulsants in studies. The techniques use centrifugation, immunoassays, 

or chromatography of small volumes. It has been applied in hormone monitoring, the 

detection of psychological stress biomarkers, and the treatment of pediatric diseases; 

however, contamination and compliance issues remain [15]. 

Wearable electrochemical sweat sensors are non-invasive and capable of continuous 

molecular self-tracking. Microfluidics, multiplexed biosensing, energy harvesting, and soft 

materials are being developed to improve performance and comfort. Newer systems can 

identify electrolytes, metabolites, hormones, and drugs in sweat and are used in both sports 

and medicine. The remaining problems are calibration, power control, and long-term 

stability; however, the research predicts significant development in real-time health 

diagnostics [16]. 

Nanoparticle-based electrochemical biosensors have proven to be potent instruments in 

detecting hormones at nanomolar levels. Several reviews emphasize the targeted devices for 

cortisol, estradiol, progesterone, testosterone, insulin, TSH, and GH in biofluids. 

Nanostructured electrodes are coupled to voltammetric and impedimetric transducers to 

enhance sensitivity, specificity, and reusability. Wearable and point-of-care diagnostics 
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combining microfluidics, NFC, and mobile electronics, which are described in trends, 

promise improved endocrinological monitoring and clinical studies [17]. 

1.5.Electrochemical microneedles (EMN) 

EMN can penetrate the interstitial fluid, allowing biomarkers to be monitored continuously 

with minimal invasiveness. Fabrication deals with biocompatibility and mechanical stability, 

whereas sensing strategies, encompassing enzymes, aptamers, and antibodies, deal with 

specificity and sensitivity. By incorporating functions such as multi-analyte detection, AI 

analytics, and theragnostic capabilities, microneedles are poised to become intelligent 

platforms for precision medicine. They break the constraints of blood sampling, providing 

real-time services in the management of chronic diseases and wearable healthcare apps [18]. 

Sweat has various biomarkers that indicate hydration, stress, fatigue, and disease. In 

conjunction with wearable platforms, such as patches, textiles, and tattoos, sweat sensing 

enables non-invasive sensing of metabolites, electrolytes, cortisol, vitamins, ethanol, and 

drugs. Advances in sensor arrays, air permeability, and biocompatibility are commendable, 

but there are still problems with power consumption, self-healing, and continuous sampling. 

Such gaps will be mitigated to promote real-time, effective personal health feedback [19]. 

Doping compromises the integrity of sports and poses a threat to the athletes. The advanced 

developments in the analysis field have involved better chromatographic-mass spectrometric 

methods, immunoassays, and new biosensors to identify various prohibited agents in the last 

decade. It is necessary to continually advance to counter new synthetic substances. The focus 

of reviews is on optimizing sensitivity, throughput, and automation, and predicting developer 

drugs, so that doping control develops in tandem with the chemistry of performance 

enhancement [20]. 

1.6. Mass spectrometry (MS) 

MS provides unparalleled resolution and accuracy in the analysis of food contaminants, 

including mycotoxins, pesticides, veterinary residues, PCBs, and dioxins. Its ability to profile 

non-targeted allows it to monitor emerging contaminants in different matrices. Although it is 

expensive to purchase the equipment, MS cannot be ignored in food safety studies. Future 

directions are toward portable MS systems, simplified preparation, and, not to mention, 

integration with other analysis technologies [21]. 

Table 2: Summary of related works 
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Ref Application Method  Speed & 

Accessibility 

Sensitivity Future Scope 

[13] Steroid residues 

in animal foods 

Rapid assays, residue 

limits 

✓ (field-ready 

needed) 

High Portable, cost-

effective kits 

[14] Food toxicants & 

contaminants 

Biosensors, 

metabolomics, ML, 

CRISPR 

✓ High Sustainable 

detection platforms 

[15] Saliva for TDM 

& biomarkers 

Chromatography, 

immunoassays 

✓ Moderate Standardize 

collection, avoid 

contamination 

[16] Wearable sweat 

sensors 

Electrochemical 

sensing, 

microfluidics 

✓ High Power and 

flexibility 

[17] Hormone 

biosensors 

Nanoparticle 

electrochemical 

sensors 

X Very high Improve stability 

& wearable 

integration 

[18] Electrochemical 

microneedles 

Enzyme/aptamer 

sensing 

✓ High AI-enabled multi-

targeting 

[19] Sweat biosensing 

wearables 

Patches, tattoos, 

textiles 

✓ High Self-healing, low-

power arrays 

[20] Doping detection 

in sports 

MS, hybrid tools X Very high Detect novel 

agents 

[21] Mass 

spectrometry in 

food 

HR-MS, profiling X Very high Handle emerging 

pollutants 

1.7 Research gap 

High cost, complicated pretreatment, and the need to use sophisticated laboratory equipment, 

which restricts real-time or on-site applications, are typical problems. Most of these methods 

include chromatography or mass spectrometry, which offer great sensitivity but are not 

portable and require trained operators. Biosensing and wearable solutions enhance 

Journal on Communications(1000-436X) || Volume 21 Issue 4 2026 || www.jocs.review

Page No: 8



accessibility, but they also present challenges related to stability, power, and contamination. 

Standardization and AI integration, as well as the use of sustainable materials, are still in the 

early stages of development. Overall, there is a clear need for affordable, rapid, and robust 

detection platforms that can be deployed in any environment. 

Recent publications have emphasized the use of transformative sensing platforms, including 

biosensors, microneedles, and wearable devices, to detect hormones, toxicants, and 

performance-enhancing drugs. The combination of nanomaterials, microfluidics, and 

intelligent analytics increases sensitivity, portability, and multi-target analysis. Calibration, 

biofouling, and power issues will be overcome more quickly, facilitating adoption and 

leading to safer foods, cleaner environments, and improved accuracy in medical care, sports 

integrity, and consumer protection. 

2. MethodologyofPCNanoE 

Sports nutrition items can hold unclaimed hormones or antibiotics that pose health hazards 

and affect the competitiveness of the athletes. On-site monitoring is necessary to supplement 

the conventional laboratory testing rapidly. This paper presents a porous carbon 

nanocomposite electrode with enhanced porosity, conductivity, and anti-fouling properties, 

enabling the sensitive electrochemical detection of illicit residues in complex supplement 

matrices. 

2.1 Main Contributions of this paper 

Preparation of High-performance Nanocomposite Electrode: A nanocomposite electrode 

based on porous carbon was developed that incorporates conductive nanomaterials, thereby 

increasing the surface area, charge transfer, and the number of electroactive sites. This 

enhancement enables the detection of hormones and antibiotics in sports nutrition products 

with high sensitivity and selectivity. 

Electrochemical On-Site, Real-Time: The offered electrode enables fast, inexpensive, and 

field-based monitoring with low detection limits, rapid response, and excellent anti-fouling 

characteristics, thereby overcoming the disadvantages of traditional laboratory-based 

methods. 

Validation of Complex Sample Matrices and in Practice:Real sports supplement matrices 

were tested with a sensor, which indicated consistent performance and reproducibility. It has 
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the potential to provide quality control, regulation, and other applications in the broader 

biomedical or environmental monitoring field. 

 

Figure 2: Electrode Fabrication Pipeline 

Figure 2 shows the manufacturing of a porous carbon nanocomposite electrode. A 

carbonaceous starting material is pyrolyzed with the help of a template that forms micro- and 

mesopores: electrical conductivity and chemical stability. Structural domains are adjusted to 

them. Graphene, CNT, or MXene are used as conductive nanofillers to improve the 

framework and increase charge transport [23]. A rheology- and uniformity-optimized 

binder/solvent slurry is screen-printed, drop-cast, or sprayed onto a suitable substrate. 

Controlled thermal curing and pre-activation (electrochemical) complete the architecture to 

produce a high-surface-area, ultimately electrochemically strong electrode. The pipeline 

connects material chemistry, fluid processing and surface finishing to provide viable sensors. 

Reinforcement using Nanofiller  𝜌𝑒 is expressed in equation 4 
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𝜌𝑒 = 𝜌0 + 𝛽. ∅𝑚 (4) 

This equation simulates how conductive nanofillers improve the electrode's electrical 

conductivity. Additional transport channels are added to the structure by integrating 

sophisticated materials. 

In this expression, 𝜌𝑒 indicates the effective electrical conductivity of the nanocomposite 

electrode, while 𝜌0 represents the baseline conductivity of the carbonaceous framework. The 

term 𝛽 refers to the reinforcement coefficient of the conductive filler, and ∅𝑚 denotes the 

volume fraction of nanofillers incorporated. 

Output of electrode performance 𝐷𝑒𝑚 is expressed in equation 5 

𝐷𝑒𝑚 = 𝜕. 𝑄𝑢. 𝜌𝑒  (5) 

This equation connects the electrode's electrochemical strength to its overall design. 

Conductivity and porosity work together to control surface contact and charge storage 

capacity, which in turn affects the double-layer capacitance. 

In this, 𝐷𝑒𝑚 designates the double-layer capacitance of the electrode, while 𝜕 represents the 

proportionality constant capturing surface-engineering effects. The term 𝑄𝑢 corresponds to 

the effective porosity obtained from the pyrolysis-template step, and 𝜌𝑒 indicates the 

enhanced electrical conductivity achieved through nanofiller reinforcement. 

Algorithm 1: Electrochemical Signal Processing & Feature Extraction 

𝐼𝑛𝑝𝑢𝑡: 

    𝐼(𝑡) ∈  ℝ𝑁      // 𝑅𝑎𝑤 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 

    𝑉(𝑡) ∈  ℝ𝑁      // 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

    𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑         // 𝑃𝑒𝑎𝑘 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 

𝑂𝑢𝑡𝑝𝑢𝑡: 

    𝐹 ∈  ℝ𝑀          // 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 

𝐼𝑛𝑜𝑟𝑚(𝑡)         // 𝑃𝑟𝑒𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 

 

1. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝐼𝑏𝑎𝑠𝑒 ←  0 

2. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 𝐹 ←  [ ] 

3. 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒 𝑠𝑖𝑔𝑛𝑎𝑙: 𝐼𝑛𝑜𝑟𝑚(𝑡) ←
𝐼(𝑡) − min(𝐼(𝑡))

max(𝐼(𝑡)) − min(𝐼(𝑡))
 

4. 𝑆𝑚𝑜𝑜𝑡ℎ 𝑠𝑖𝑔𝑛𝑎𝑙: 
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5. 𝑓𝑜𝑟 𝑖 =  1 𝑡𝑜 𝑁: 

6.     𝐼_𝑠𝑚𝑜𝑜𝑡ℎ(𝑖)  ←  𝑚𝑒𝑎𝑛(𝐼_𝑛𝑜𝑟𝑚(𝑖 − 𝑤 ∶  𝑖 + 𝑤)) 

7. 𝑒𝑛𝑑 𝑓𝑜𝑟 

8. 𝐷𝑒𝑡𝑒𝑐𝑡 𝑝𝑒𝑎𝑘𝑠: 

9. 𝑓𝑜𝑟 𝑖 =  2 𝑡𝑜 𝑁 − 1: 

10.    𝑖𝑓 𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖) > 𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖−1)𝑎𝑛𝑑𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖) > 𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖+1)𝑎𝑛𝑑𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖) >  𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑: 

11.        𝑝𝑒𝑎𝑘𝑠𝑙𝑖𝑠𝑡 . 𝑎𝑝𝑝𝑒𝑛𝑑(𝐼𝑠𝑚𝑜𝑜𝑡ℎ(𝑖)) 

12.    𝑒𝑛𝑑 𝑖𝑓 

13. 𝑒𝑛𝑑 𝑓𝑜𝑟 

14. 𝐶𝑜𝑚𝑝𝑢𝑡𝑒 𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠: 

15. 𝐹1 ←  𝑚𝑎𝑥(𝐼_𝑠𝑚𝑜𝑜𝑡ℎ) 

16. 𝐹2 ← min(𝐼𝑠𝑚𝑜𝑜𝑡ℎ) 

17. 𝐹3 ←  𝑚𝑒𝑎𝑛(𝐼𝑠𝑚𝑜𝑜𝑡ℎ) 

18. 𝐹4 ←  𝑠𝑡𝑑(𝐼𝑠𝑚𝑜𝑜𝑡ℎ) 

19. 𝐹5 ←
𝑠𝑢𝑚(𝑝𝑒𝑎𝑘𝑠𝑙𝑖𝑠𝑡)

𝑙𝑒𝑛𝑔𝑡ℎ(𝑝𝑒𝑎𝑘𝑠𝑙𝑖𝑠𝑡)
 

20. 𝐹 ←  [𝐹1, 𝐹2, 𝐹3, 𝐹4, 𝐹5];  𝑅𝑒𝑡𝑢𝑟𝑛 𝐼𝑛𝑜𝑟𝑚(𝑡), 𝐹 

Algorithm1 processes raw electrochemical signals from the porous carbon nanocomposite 

electrode. It normalizes, smooths, and detects peaks, then extracts key features (max, min, 

mean, standard deviation, peak metrics) to generate a concise feature vector representing 

hormone and antibiotic levels in complex sample matrices. 
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Figure 3:Process of Molecular Detection and Transduction 

Figure 3illustrates that pollutants generate electrochemical signals. The hierarchical pores of 

the electrode allow the diffusion of steroid or antibiotic molecules under capillary effects and 

size selectivity [24]. They are adsorbed on electroactive sites through π-π stacking, hydrogen 

bonding, or electrostatic forces. A redox reaction occurs, transferring electrons to the 

conductive network. The nanocomposite with high conductivity amplifies faradaic currents 

and captures them with a potentiostat. Peak analysis of the current curve- potential curve 

gives the concentration. All the steps, starting with molecular transport and data extraction, 

demonstrate how surface chemistry, electron mobility, and instrumentation can work together 

to quantify trace contaminants in real-time quality surveillance [25]. 

Diffusion of molecular structure in hierarchical pores. 𝐾𝑒 is expressed in equation 6 

𝐾𝑒 = 𝐸𝑒𝑓𝑓.
𝐷𝑐 − 𝐷𝑡

𝜀
  (6) 

Under capillary and size-selective effects, this equation explains how contaminating 

molecules diffuse through the porous electrode. The effective diffusivity and the 

concentration gradient across the pore depth determine the rate of transfer. 

In this, 𝐾𝑒 denotes the diffusion flux of the pollutant molecules, while 𝐸𝑒𝑓𝑓 represents the 

effective diffusion coefficient in the hierarchical pore system. The term 𝐷𝑐 is the bulk analyte 
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concentration outside the pores, 𝐷𝑡 is the analyte concentration at the electrode surface, and 𝜀 

is the effective pore diffusion length. 

Adsorption on electroactive Sites𝜃 is expressed in equation 7 

𝜃 =
𝐿𝑎𝑑 . 𝐷𝑡

1 + 𝐿𝑎𝑑 . 𝐷𝑡
  (7) 

This equation describes how molecules attach to the electroactive surface via electrostatic 

forces, hydrogen bonds, and π–π stacking. As the analyte concentration rises, the adsorption 

efficiency becomes closer to surface saturation. 

In this, 𝜃 represents the surface coverage fraction of active sites occupied by pollutants, while 

𝐿𝑎𝑑 is the adsorption equilibrium constant describing the binding affinity. The term 𝐷𝑡 

denotes the analyte concentration at the electrode surface obtained after diffusion. 

Table 3: Electrochemical Performance of PCNanoE 

Target 

Pollutant 

Detection 

Method 

Linear 

Range 

(µM) 

LOD 

(µM) 

Sensitivity 

(µA µM⁻¹ 

cm⁻²) 

Response 

Time (s) 

Stability 

(Retained 

Signal after 

1000 cycles) 

Testosterone 

(Steroid) 

DPV 0.05 – 

50 

0.012 0.85 2.5 96% 

Nandrolone 

(Steroid) 

CV/DPV 0.10 – 

60 

0.021 0.79 2.8 95% 

Tetracycline 

(Antibiotic) 

DPV/EIS 0.08 – 

70 

0.018 0.92 2.2 97% 

Ciprofloxacin 

(Antibiotic) 

DPV 0.05 – 

55 

0.014 0.88 2.3 96% 

Table 3 presents electrochemical performance metrics of PCNanoE for hormone and 

antibiotic pollutants. It shows low detection limits (µM range), high sensitivities, and rapid 

response times (<3 s). The electrode maintains stability above 95% after 1000 cycles, proving 

excellent reproducibility, anti-fouling resistance, and effectiveness in detecting multiple 

contaminants in sports supplements. 
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Figure 4:Signal Handling & Analytics 

Figure 4 illustrates the process by which the raw electrochemical response is converted into a 

quantifiable number. The analog phase removes noise, amplifies the gain, and compensates 

for baseline offsets [26]. A sigma-delta converter records the signal in high resolution, 

retaining the fine peaks. Digital preprocessing removes the drift of the baseline, deconvolves 

overlapping signals, and compensates for temperature variations. The calibration engine 

utilizes regression models and employs an adaptive slope or offset to ensure accuracy. Lastly, 

decision logic raises alarms, logs time series, and visualizes trends in concentrations using 

user dashboards [27]. It is a multilayer architecture, covering hardware, algorithms, and 

interface, to have accurate, repeatable readings to transform laboratory-acquired 

electrochemical data into information that can be used to act on supplement safety. 

Conditioning analog signals 𝑇𝑏 is expressed in equation 8 

𝑇𝑏 = 𝐻 . (𝑇𝑠 − 𝑀𝑐)  (8) 
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After eliminating baseline offsets and noise, the system amplifies the response. This stage 

makes sure that there is no distortion and that important electrochemical characteristics are 

preserved in the incoming data. 

In this, 𝑇𝑏 refers to the conditioned analog signal after preprocessing, while 𝐻 denotes the 

applied analog gain. The term 𝑇𝑠 represents the raw electrochemical response recorded from 

the electrode, and 𝑀𝑐 corresponds to the baseline noise subtracted during signal stabilization. 

Digital preprocessing 𝑅𝑒 is expressed in equation 9 

𝑅𝑒 =
𝑅𝑏 − 𝐸𝑐

𝑈𝑑
  (9) 

This equation simulates the digital stage, which separates the real signal components, corrects 

for temperature effects, and eliminates baseline drift. Under various experimental 

circumstances, consistent data is guaranteed by the normalization process. In order to prepare 

the response for calibration, the digital domain refines the analog signal. 

In this, 𝑅𝑒 is the digitally corrected signal ready for calibration, while 𝑅𝑏 indicates the 

analog-processed signal from the previous stage. The term 𝐸𝑐 accounts for the baseline drift 

removed during digital preprocessing, and 𝑈𝑑 represents the temperature compensation factor 

applied to correct environmental fluctuations. 

Efficiency of sampling and extraction 𝐷𝑒is expressed in equation 10 

𝐷𝑒 = 𝛾𝑡. 𝐷0 (10) 

This equation explains the quick solvent extraction process that the sampled aliquot goes 

through. The amount of the original analyte that is successfully transferred into the working 

solution is determined by the efficiency factor.  

In this, 𝐷𝑒 represents the extracted analyte concentration, while 𝛾𝑡 denotes the solvent 

extraction efficiency of the sampling module. The term 𝐷0 corresponds to the original analyte 

concentration present in the production line or retail sample. 

Algorithm 2: Attention-Based Multimodal Fusion & Prediction 

 

𝐼𝑛𝑝𝑢𝑡: 

𝑋𝑖𝑚𝑔 ∈  ℝ𝑑1       // 𝐼𝑚𝑎𝑔𝑖𝑛𝑔 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 
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𝑋𝑏𝑒ℎ ∈  ℝ𝑑2       // 𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑟𝑎𝑙 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 

    𝐹 ∈  ℝ𝑀           // 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠 

    𝐻                   // 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 ℎ𝑒𝑎𝑑𝑠 

𝑂𝑢𝑡𝑝𝑢𝑡: 

𝑦𝑝𝑟𝑒𝑑 ∈  [0,1]     // 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑟𝑖𝑠𝑘 𝑠𝑐𝑜𝑟𝑒 

1. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑚𝑎𝑡𝑟𝑖𝑐𝑒𝑠 𝑊𝑞
ℎ, 𝑊𝑘

ℎ, 𝑊𝑣
ℎ𝑓𝑜𝑟 ℎ =  1 𝑡𝑜 𝐻 

2. 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝑓𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑊𝑜 

3. 𝑓𝑜𝑟 ℎ =  1 𝑡𝑜 𝐻: 

4.     𝑄𝑖𝑚𝑔
ℎ ←  𝑊𝑞

ℎ ∗  𝑋𝑖𝑚𝑔 

5.     𝐾𝑖𝑚𝑔
ℎ ←  𝑊𝑘

ℎ ∗  𝑋𝑖𝑚𝑔 

6.     𝑉𝑖𝑚𝑔
ℎ ←  𝑊𝑣

ℎ ∗  𝑋𝑖𝑚𝑔 

7.     𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖𝑚𝑔
ℎ ←  𝑠𝑜𝑓𝑡𝑚𝑎𝑥 (

𝑄𝑖𝑚𝑔
ℎ ∗ (𝐾𝑖𝑚𝑔

ℎ )
𝑇

𝑠𝑞𝑟𝑡(𝑑𝑘)
) ∗ 𝑉𝑖𝑚𝑔

ℎ  

8. 𝑒𝑛𝑑 𝑓𝑜𝑟 

9. 𝑀𝑢𝑙𝑡𝑖𝐻𝑒𝑎𝑑𝑖𝑚𝑔 ←  𝐶𝑜𝑛𝑐𝑎𝑡(𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖𝑚𝑔
1 , … , 𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖𝑚𝑔

𝐻 ) 

10. 𝑓𝑜𝑟 ℎ =  1 𝑡𝑜 𝐻: 

11.     𝑄𝑏𝑒ℎ
ℎ ←  𝑊𝑞

ℎ ∗  𝑋𝑏𝑒ℎ 

12.     𝐾𝑏𝑒ℎ
ℎ ←  𝑊𝑘

ℎ ∗  𝑋𝑏𝑒ℎ 

13.     𝑉𝑏𝑒ℎ
ℎ ←  𝑊𝑣

ℎ ∗  𝑋𝑏𝑒ℎ 

14.     𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑏𝑒ℎ
ℎ ←  𝑠𝑜𝑓𝑡𝑚𝑎𝑥 (

𝑄𝑏𝑒ℎ
ℎ ∗ (𝐾𝑏𝑒ℎ

ℎ )
𝑇

𝑠𝑞𝑟𝑡(𝑑𝑘)
) ∗ 𝑉𝑏𝑒ℎ

ℎ  

15. 𝑒𝑛𝑑 𝑓𝑜𝑟 

16. 𝑀𝑢𝑙𝑡𝑖𝐻𝑒𝑎𝑑𝑏𝑒ℎ ←  𝐶𝑜𝑛𝑐𝑎𝑡(𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑏𝑒ℎ
1 , … , 𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑏𝑒ℎ

𝐻 ) 

17. 𝐹𝑓𝑢𝑠𝑒𝑑 ←  𝐶𝑜𝑛𝑐𝑎𝑡(𝑀𝑢𝑙𝑡𝑖𝐻𝑒𝑎𝑑𝑖𝑚𝑔, 𝑀𝑢𝑙𝑡𝑖𝐻𝑒𝑎𝑑𝑏𝑒ℎ, 𝐹) 

18. 𝐹𝑓𝑢𝑠𝑒𝑑 ←  𝐷𝑒𝑛𝑠𝑒(𝐹𝑓𝑢𝑠𝑒𝑑, 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =′ 𝑟𝑒𝑙𝑢′) 

19. 𝑦𝑝𝑟𝑒𝑑 ←  𝐷𝑒𝑛𝑠𝑒(𝐹𝑓𝑢𝑠𝑒𝑑, 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =′ 𝑠𝑖𝑔𝑚𝑜𝑖𝑑′) 

20. 𝑅𝑒𝑡𝑢𝑟𝑛 𝑦𝑝𝑟𝑒𝑑 

 

Algorithm 2 fuses multimodal data, including imaging, behavioral, and electrochemical 

features, using multi-head attention and concatenation. It computes attention scores, performs 

cross-modal fusion, and passes the result through dense layers with activation functions, 
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producing a final predicted risk score for contaminant detection. This enables a real-time, 

sensitive, and selective assessment of sports nutrition products. 

Assessment of cloud-level compliance 𝑆𝑜𝑢𝑡 is expressed in equation 11 

𝑆𝑜𝑢𝑡 = Ѻ(𝐺𝑙𝑜𝑐 , £𝐵𝑀 , 𝑄𝑟𝑒𝑔) (11) 

This equation describes how local characteristics are combined with AI models and legal 

requirements in the cloud. By guaranteeing population safety and compliance, this layer 

completes the circle. 

In this, 𝑆𝑜𝑢𝑡 represents the regulatory outcome in the form of alerts, reports, or certifications. 

The term 𝐺𝑙𝑜𝑐 corresponds to the processed feature set transmitted from the edge. £𝐵𝑀 

denotes the AI model parameters updated through retraining, and 𝑄𝑟𝑒𝑔 signifies the 

regulatory parameters against which compliance is evaluated. 

Processing data at the edge level𝐺𝑙𝑜𝑐 is expressed in equation 12 

𝐺𝑙𝑜𝑐 = 𝑔(𝑇𝑛, 𝑁𝑐, 𝐵𝑑)  (12) 

This equation simulates how edge computing contributes to local data processing. 

Electrochemical characteristics, information, and raw sensor signals are combined to provide 

real-time analytics. 

In this, 𝐺𝑙𝑜𝑐 designates the processed feature set at the edge, while 𝑇𝑛 refers to the raw 

measurement signals obtained from the electrochemical unit. The term 𝑁𝑐 denotes the batch 

metadata stored locally, and 𝐵𝑑 represents the extracted analytical parameters from the 

electrode response. 

Table 4: Comparative Analysis of PCNanoE vs. Conventional Electrodes 

Parameter Bare Carbon 

Electrode 

Graphene 

Electrode 

PCNanoE 

(Proposed) 

Specific Surface Area 

(m²/g) 

310 650 1085 

Electrical Conductivity 

(S/m) 

1.6 × 10² 3.1 × 10² 4.8 × 10² 
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Detection Limit (µM) 0.20 – 0.30 0.05 – 0.08 0.012 – 0.021 

Response Time (s) 6–8 4–5 2–3 

Anti-fouling 

Performance 

Poor Moderate Excellent (>95%) 

Stability after 1000 

cycles 

~72% ~85% ~96% 

Table 4 compares PCNanoE with conventional electrodes. PCNanoE exhibits superior 

surface area, conductivity, and detection limits, outperforming both bare carbon and graphene 

electrodes. Its rapid response time and exceptional anti-fouling properties ensure reliable 

long-term monitoring. These advantages confirm PCNanoE’s potential as a next-generation 

biosensor for real-time pollutant screening in sports nutrition. 

The proposed sensor combines high-quality material development, robust signal processing, 

and deployment infrastructure to ensure reliable screening of hormones and antibiotics in 

sports supplements. Carbon nanocomposites with large electroactive surfaces are offered by 

porous carbon, whereas analytics guarantees the accurate concentration readings. Scalable 

fabrication and cloud-linked monitoring emphasize its capacity for regulatory compliance, 

quality assurance, and athlete safety. 

3. Dataset  

In the article named Three-Dimensional Electrochemical Sensors in Food Safety 

Applications, no particular dataset is presented. Instead, it provides a holistic review of the 

development, functionalization, and application of 3D (three-dimensional) electrochemical 

sensors in food safety. Among the 3D electrode materials that are discussed in the article are 

carbon-based building blocks, metal-organic frameworks (MOFs), metal oxides, alloys, and 

composites, which are used in food components, food additives, emerging pollutants, and 

bacteria detection. The article is not an empirical study, but it makes a good resource in terms 

of comprehension of the principles and methodological approaches behind 3D 

electrochemical sensors in the food safety domain [22] is explained in table 5. 
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Figure 5: Deployment and Compliance Ecosystem 

Figure 5 presents the operational landscape, which will be used regularly. Sampling modules 

take an aliquot from the production lines or retail packages and perform a rapid solvent 

extraction [28]. The potentiostat, wireless display, and porous nanocomposite electrode are 

embedded into a handheld electrochemical unit. Edge computing enables real-time analytics 

and stores batch metadata locally. Data is collected on cloud servers, undergoes trend analysis 

with AI, and is evaluated against regulatory parameters. Reports, alerts, or certifications are 

returned to manufacturers and oversight agencies, whereas safety notices are sent to 

consumers or athletes. Ongoing monitoring and retraining of models make them sensitive 

over time. This ecosystem combines sensing hardware with digital governance, which helps 

ensure compliance with the health of a population [29]. 

Table 5: Dataset Table 

Aspect Description (50 words) 
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Article Title Three-Dimensional Electrochemical Sensors for Food Safety Applications 

Dataset Type Review-based; no empirical dataset provided 

Focus Development, functionalization, and application of 3D electrochemical 

sensors 

Materials 

Covered 

Carbon-based structures, metal-organic frameworks (MOFs), metal 

oxides, alloys, composites 

Applications Detection of food components, additives, emerging pollutants, and 

bacteria 

Relevance Provides methodologies and principles useful for detecting hormone and 

antibiotic pollutants in sports nutrition preparations 

Limitations No direct data; serves as reference for sensor design and analytical 

approaches 

 

4. Evaluation Metrics 

The safety of sports nutrition products is crucial, as the risk of hormone and antibiotic 

residues can harm consumer health and create unfair competition in sports. Conventional 

methods of detection are complicated and costly. This paper presents a porous carbon 

nanocomposite electrode that enables on-site and real-time electrochemical detection of trace 

pollutants, offering high sensitivity, selectivity, and stability for rapid analysis of pollutants.  

4.1 Limit of Detection  
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Figure 6: Analysis of Limit of Detection 

Figure 6 illustrates that the Limit of Detection (LOD) is used to indicate the minimum 

concentration of an analyte that can be differentiated reliably from baseline noise. The 

recommended values (e.g., PCNanoE = 0.25 µA at Trace) demonstrate better sensitivity 

compared to GC-MS (0.10 µA) or TDM (0.08 µA). The parameter confirms the electrode has 

ultra-low detection capacity, which is necessary in detecting illegal hormones or antibiotics at 

early stages. The qualitative concentration levels (Trace, Low, etc.) provide a way to compare 

techniques without introducing numeric bias, which helps demonstrate that PCNanoE has the 

potential to detect pollutants at a trace level in sports supplements. 

Limit of detection𝑆𝑛 is expressed in equation 13 

𝑆𝑛 =
𝐽𝑡

𝜕𝑐
  (13) 

This equation compares the analyte signal to the background noise level to represent the 

quality of detection. Verifying this ratio guarantees that trace-level signals are reliable. 

In this, 𝐽𝑡 represents the measured electrochemical current generated by the analyte. The term 

𝜕𝑐 corresponds to the standard deviation of the baseline noise, serving as the denominator in 

assessing reliability. 
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4.2 Sensitivity & Linear Dynamic Range 

 

Figure 7: Analysis of Sensitivity 

Sensitivity is the slope of the response versus concentration, and linear range is the range 

over which proportionality is proper. The suggested values (PCNanoE = 60 µA cm-2 at Very 

High) indicate excellent current gain and a significant difference compared to GC-MS (32 µA 

cm-2). This provides confidence in quantification at varying levels of contamination of the 

variables. The extensive dynamic range allows the electrode to monitor both micro-residues 

and more intense adulteration. Sensitivity benchmarks facilitate the validation of the method, 

placing a more critical focus on PCNanoE's ability to remain precise across the entire range, 

from trace to saturated concentrations. 

Sensitivity 𝑇 is expressed in equation 14 

𝑇 =
∆𝑚

∆𝑑
∗

𝑒𝑚

𝑒𝑑
  (14) 
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This equation indicates the magnitude of the change in the recorded electrical response for 

every unit change in the analyte concentration. It is the main parameter used to compare 

quantification performance across methods and represents the inherent gain of the sensing 

device. 

In this, 𝑇 denotes the sensitivity (slope) of the sensor response, ∆𝑚 is the change in measured 

current (or signal) over a concentration interval, and ∆𝑑 is the corresponding change in 

analyte concentration. The differential form 𝑒𝑑 indicates the instantaneous slope for 

continuously varying signals. 

4.3 Response Time & Signal Stability 

 

Figure 8: Analysis of Response Time 

Response time and stability measure the response time and stability with which a sensor 

produces a steady output. PCNanoEcan detect the normalized signal at a stage of 99% at the 

Late stage, compared to CRISPR (97%) and TDM (83%). The quick balance is essential in 

screening supplements on-site. Stability percentages remain constant over time, with no 
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significant loss between the Immediate and Final stages. These measurements confirm the 

potential of the electrode to monitor in real-time, allowing athletes and regulators to see the 

results instantly. They also ensure that the electrode's readings are reproducible when 

measurements are required over extended periods. 

Analysis of response time𝑇𝑞 is expressed in equation 15 

𝑇𝑞 =
𝑆𝑔

𝑆𝑖
× 100% (15) 

This equation compares final and initial results to quantify the sensor's stability. A number 

around 100% suggests very little drift or deterioration over time. Reproducibility is 

guaranteed by high stability for long-term monitoring and regulatory usage. 

In this, 𝑇𝑞 represents the stability percentage of the sensor, while 𝑆𝑔 is the final recorded 

response after extended operation. The term 𝑆𝑖 is the initial recorded response at the 

beginning of the measurement window. 

4.4 Selectivity Against Interferents 

 

Figure 9: Analysis of selectivity against Interferents 

The selectivity is a concept that determines the sensitivity of a sensor about target analytes 

compared to similar substances. PCNanoE demonstrates a low cross-signal (0.12) relative to 

TDM (2235) when using PCNanoE with the entire method of measuring responses to 
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different interferents (e.g., Vitamin C, Caffeine). This demonstrates that electrode chemistry 

and nanoporosity preferentially adsorb hormones and antibiotics, rather than dietary additives 

used in sports nutrition. The values of selectivity support the analytical specificity of the 

electrode and prevent the occurrence of false positive results with benign ingredients, making 

them reliable in regulatory quality control for complex supplement formulations. 

Selectivity against interferents𝑇𝑒𝑙 is expressed in equation 16 

𝑇𝑒𝑙 =
𝑇𝑡𝑔

𝑇𝑖𝑓
  (16) 

This equation measures the degree to which the sensor reacts more strongly to the target 

analyte. This crucial parameter helps prevent false positives in complicated mixes. 

In this, 𝑇𝑒𝑙 denotes the selectivity of the sensor toward the target analyte, while 𝑇𝑡𝑔 represents 

the measured response to the analyte of interest. The term 𝑇𝑖𝑓 corresponds to the signal 

generated by potentially interfering substances such as vitamins or caffeine. 

4.5 Anti-Fouling and Surface Regeneration. 
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Figure 10: Analysis of Anti-Fouling and Surface Regeneration 

Figure 10 shows that repetitive exposures to the sample result in an anti-fouling track, 

indicating the electrode's resistance to clogging by sample residues. According to the 

proposed Cycle data, PCNanoE still has ~92% signal at the End-of-Life, which is much better 

than TDM (65%). High retention implies that nanostructured pores and conductive coating 

reduce the levels of irreversible adsorption, which enables cleaning or in situ regeneration. 

This lowers upkeep expenses and extends working life, which is vital in testing thick matrices 

such as protein shakes. The durability of the platform is verified through anti-fouling testing, 

which involves continuous or batch screening of goods. 

Anti-fouling efficiency 𝜋𝐵𝐺  is expressed in equation 17 

𝜋𝐵𝐺 =
𝑆𝐸𝑂𝐿

𝑆0
. 100%  (17) 

According to this equation, the anti-fouling effectiveness is the proportion of signal that is 

kept at the end of its useful life. Greater percentages signify better durability and less 

irreversible adsorption. It offers a measurable way to contrast various electrode platforms. 

In this, 𝜋𝐵𝐺  represents the anti-fouling efficiency, while 𝑆𝐸𝑂𝐿 is the signal measured at the 

end-of-life after extended use. The term 𝑆0 denotes the initial signal at the start of testing, 

providing the baseline for normalization. 

4.6 Reproducibility  
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Figure 12: Analysis of Reproducibility 

Figure 12 illustrates that Reproducibility guarantees that electrodes prepared in different 

batches will provide a similar amount of current at a constant concentration. Values 

(PCNanoE ≈4.3 µA across AlphaEpsilon) have low dispersion as compared to TDM or GC-

MS, which indicatesreasonable control during the manufacture and constant material 

characteristics. Having reliable batch performance is a requirement for commercial 

deployment and regulatory accreditation, ensuring that all sensors behave as calibrated. The 

strong indicator of nanocomposite preparation and surface activation in this parameter also 

facilitates the scalable production of high-fidelity sensors to monitor the safety of sports 

nutrition. 

Reproducibility𝐷𝑢 is expressed in equation 18 

𝐷𝑢 =
𝜕𝐽

𝐽
 .100  (18) 
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A lower coefficient of variation signifies more uniformity between batches. Many regulatory 

contexts employ this statistic to verify scalable manufacturing and guarantee quality control. 

In this, 𝐷𝑢 denotes the coefficient of variation, expressing reproducibility in percent, 𝜕𝐽 is the 

standard deviation of currents across batches, and 𝐽 is the mean current. 

4.7 Real-Sample Analysis  

Table 6: Analysis of Real-Sample Analysis  

Sample Drink GC-MS CRISPR TDM PCNanoE 

Pure Buffer 98 99 95 100 

Energy Powder 90 94 88 97 

Protein Shake 85 92 83 96 

Sports Drink 88 93 85 98 

Mixed Matrix 82 90 80 95 

 

Matrix effect determines the accuracy of the sensor in complex media compared to a pure 

buffer. Good recovery (PCNanoE = 97-100%) in powders, shakes, and drinks has been 

confirmed to be better than TDM (80-88%). This shows that the electrode is compatible with 

actual formulations that have proteins, sugars, or even electrolytes. High recovery confirms 

the sensing layer's anti-adsorptive and wetting characteristics, allowing for direct testing 

without intricate pre-treatment. These values demonstrate the usefulness of PCNanoE in field 

tests and laboratory tasks, ensuring the quality of products when used in real-life applications, 

as shown in Table 6. 

Real sample analysis𝐷𝑛 is expressed in equation 19 

𝐷𝑛 =
𝐽𝑡 − 𝐽𝑐

𝑇
  (19) 

This equation uses the sensor's calibration to translate the recorded electrochemical signal 

into analyte concentration. True analyte levels are reflected in real-sample analysis when 

measurements are made accurately. 
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In this, 𝐷𝑛 denotes the measured concentration of the analyte in the sample, 𝐽𝑡Is is the current 

measured from the sample, 𝐽𝑐 represents the baseline current in the absence of analyte, and 𝑇 

is the sensitivity (slope) of the calibration curve. 

4.8  Storage Stability 

Table 7: Analysis of Storage Stability 

Stage GC-MS CRISPR TDM PCNanoE 

Day-0 100 100 100 100 

Week-1 95 97 93 99 

Month-1 88 93 85 98 

Month-3 80 90 75 96 

Month-6 70 85 65 94 

 

Storage stability measures-maintained sensitivity over a long period of use. PCNanoE 

maintains a response rate of 94% following Month 6, compared to 70-85% with GC-MS and 

TDM. The porous carbon provides the strength and serves as a protective nanomaterial 

coating, allowing the porous carbon to have a long lifetime since oxidation or fouling would 

not occur during storage. This measure justifies economic viability, as the use of electrodes is 

feasible even in months in an ambient environment. The stability is high, which means that 

testing resources will be stable for the agencies and gyms, resulting in a low replacement 

frequency and ensuring they perform analytically throughout the sensor's lifetime, as shown 

in Table 4. 

Storage stability𝑆𝑢 is expressed in equation 20 

𝑆𝑢 = 𝑆0 .𝑓
−𝑘,𝑢  (20) 

This equation simulates how storage-related factors cause the sensor's signal to deteriorate 

over time. In this, 𝑆𝑢 represents the sensor signal after storage time 𝑢, 𝑆0 . is the initial signal 

at the start of storage, 𝑘 is the decay rate constant describing degradation over time, and 𝑢 is 

the storage duration. 
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It has been proposed that the porous carbon nanocomposite electrode has excellent 

sensitivity, a large linear response, fast response, and anti-fouling characteristics. It has better 

recovery, reproducibility, and storage at complex sports supplement matrices than GC-MS, 

CRISPR, and TDM. This platform is efficient and can be scaled to protect the integrity of 

products and provide security to athletes. 

5. Conclusion and Future Work 

The study introduces a PCNanoE, which is used to detect real-time electrochemical pollutants 

in sports nutrition products (hormones and antibiotics). The platform incorporated porous 

carbon with conductive nanomaterials, resulting in an increased surface area, enhanced 

charge transfer, and increased adsorption sites. Experimental outcomes demonstrated low 

detection limits, a fast response, high selectivity, and high anti-fouling characteristics, which 

were even more superior to those of conventional carbon electrodes. The method was also 

shown to be compatible with complex matrices, making it applicable not only to sports 

supplements but also to much expanded biomedical and environmental monitoring. 

5.1 Limitations of the Current Study 

Although it is performing well, several constraints remain. The uniformity of fabrication also 

needs to be improved to provide inter-batch sensitivity. The equipment is limited to 

benchtoppotentiostats, which restricts its use in field applications, and its performance during 

extended outdoor or industrial conditions has not been adequately tested. Also, the operation 

in ultra-trace concentrations and high turbidity or protein-contaminated samples should be 

further tested to ensure stability at the extreme conditions. 

5.2 Directions for Improving Sensitivity, Portability, and Scalability 

The focus of future work will be on improving sensitivity through the use of doped graphene, 

metal-organic frameworks, or hybrid nanostructures to achieve subpicogram detection limits. 

The miniaturization of electronics, power-efficient circuits, wireless interfaces, and 

smartphone data visualization will enhance portability. Research will also be conducted in 

terms of scalability to facilitate large-scale implementation, with automated fabrication, 

disposable electrode cartridge, and cost-effective methods of surface regeneration, and ensure 

it is applicable to industrial quality control and regulatory use. 
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