
Hematite Nanoparticle-Modified Carbon Paper as a Promising 
Electrochemical Sensor for Atropine Detection in Beverages 

 
Andrea Cabezasa, Scarlett Aguileraa,c, Sergio A. Urzúad, Christopher D. Cooperd,e, Cristian Veraa,c, María 

Aguirrea,c*, Paulina Márquezb,c*and Jaime Pizarroa,c* 

aDepartamento de Química de los Materiales, Facultad de Química y Biología, Universidad de Santiago de Chile 
(USACH), Santiago, Chile. 

bEscuela de Ingeniería, Universidad Central de Chile, 8330601, Santiago, Chile 

cMillennium Institute on Green Ammonia as Energy Vector MIGA, ANID/Millennium Science Initiative 
Program/ICN2021_023. 

dDepartment of Mechanical Engineering, Universidad Técnica Federico Santa María, Valparaíso, Chile. 

eCentro Científico Tecnológico de Valparaíso, Valparaíso, Chile. 

 
Abstract 

 
This study describes the electroanalytical determination of atropine in beverages using a 

carbon paper (CP) electrode modified with Fe2O3 nanostructures. The incorporation of 

nanoparticles of a transition metal oxide on CP led to an improvement in the 

electrochemical response of the electrode using the technique: square wave voltammetry 

(SWV). Morphological characterization of CPE/Fe2O3 developed by Field Emission 

Scanning Electron Microscopy (FESEM), shows a relatively uniform distribution of Fe2O3 

nanoparticles on the CP surface. The optimization of variables of pH and the amount of 

modifying agent were relevant to maximize the efficiency of the modified electrode. The 

evaluation of the pH effect shows that the maximum current response occurs at pH 11.5 in 

Britton-Robinson buffer, and the optimum amount of Fe2O3 was 1 mg/mL, giving the best 

response, standing out for an optimum active surface for the detection of atropine. 

Electrostatic calculations show that at pH 11 the surfaces become negatively charged, 

having better affinity with protonated atropine, compared the deprotonated state. This pH 

is beyond atropine pKa, hence, the peak in current at pH 11.5 indicates that the surface 

induces a shift in pKa, allowing the prevalence of protonated atropine at this high pH. The 

limit of detection and quantification (LD and LQ) recorded using the CP/Fe2O3 electrode 

were 0.075 and 0.250 mM, respectively. In the case of real samples, using the standard 

addition method, the presence of interferents did not significantly affect the detection of 

atropine, obtaining satisfactory recovery percentages. 
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1. Introduction 

Submission chemistry is a form of violence associated with criminal practices, especially 

sexual assault, robbery and fraud, which is generating more and more media coverage due to 

its social and health impact. In recent years, this phenomenon has become more relevant 

worldwide due to the increasing number of cases where psychoactive substances are used in 

drinks, particularly within the gastronomic sector (restaurants or bars) being able to introduce 

a deep depression of the level of consciousness, and therefore a submission with disinhibition 

and anterograde amnesia, leading a victim to perform acts against his or her will [1]. In many 

places, chemical submission has become a public health problem, affecting various sectors 

of the population [2]. In this context, there are different substances used for this type of crime 

and many of them are legal, but restricted in use, such as drugs with action on the central 

nervous system, such as benzodiazepines [3], and Z-drugs [4], however, there are also other 

illicit drugs that have a sedative effect and some hallucinogens, including cannabis, gamma 

hydroxybutyrate (GHB), lysergic acid (LSD), phencyclidine, among others [5]. Among the 

most common drugs used in chemical submission are tropane alkaloids, such as atropine, 

which are present in plants such as Belladonna and those derived from the Solanaceae family 

[6]. These substances are used in drugs, as they can act as stimulants or anticholinergics [7].  

Atropine has a half-life of 4 hours [8], and therefore, when the victims make the report and 

go to a health center, they no longer find the presence of this alkaloid in their organism. 

Because of this, it is of major importance to have simple and rapid methods to detect the 

presence of this alkaloid in beverages, prior to consumption by the victim. 

Atropine is a competitive antagonist of the muscarinic acetylcholine receptor and its chemical 

structure includes an ester group (tropic acid), an amino group and an aromatic group, unlike 

acetylcholine, which possesses an acetyl group and an ammonium group [6]. The mechanism 

of action of atropine and other related compounds is to compete with acetylcholine, which 

causes the binding of this neurotransmitter not to occur, thus attenuating physiological 

responses to parasympathetic nerve impulses [9]. Regarding its metabolic pathway, atropine 

is metabolized in the liver through hydrolysis and conjugation processes and excreted mainly 

in the urine [10] [11]. 
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The most common methods used for atropine detection are chromatographic techniques, such 

as gas chromatography (GC) in combination with a mass spectrometer (MS) and is mainly 

used for the analysis of plant extracts and toxicological analysis [12], high performance liquid 

chromatography (HPLC) [13] and capillary electrophoresis (CE) [14], which are coupled 

with different detectors [15]. Although these techniques are effective, reliable, highly 

sensitive and selective, they are methods that require expensive equipment and reagents, 

highly trained personnel and need a relatively large physical space where they can be 

installed, not allowing on-site analysis. As an alternative to these techniques, 

electroanalytical techniques appear, which allow highly sensitive analyses with low detection 

limits, at a lower cost and without requiring sophisticated equipment, and with a much 

simpler operation.  In this context, square wave voltammetry (SWV) is largely governed by 

the nature of the working electrode. The most common are mercury, gold, platinum and 

nowadays also carbon electrodes. The latter are relatively low cost and versatile, being able 

to interact with a wide range of measurable analytes. In general, these electrodes have 

significant limitations due to their slow surface kinetics, which considerably affects the 

sensitivity of the procedures [16]. 

There are several types of carbon working electrodes, among the most common are glassy 

carbon electrodes [17], carbon paste [18], among others. In the search for new carbon 

electrode surfaces, carbon paper (CP) stands out. Carbon paper electrodes are carbon fiber 

electrodes that are generally synthesized from a polymeric precursor corresponding to 

polyacrylonitrile (PAN) [19].	Carbon paper has large surface area, high surface-to-volume 

ratio, and porosity, which facilitate the diffusion of reactants [20]. Additionally, its relative 

high conductivity and low cost compared to conventional materials make it advantageous. 

Furthermore, its flexibility allows for adaptation to various sizes[19]. Carbon paper is widely 

used as electrodes in batteries [21] and fuel cells [22] and has been rarely explored in 

applications associated with electroanalytic [23]. To improve the electrochemical properties 

of electrodes it is necessary to modify the electrode surface. Surface modifications play a 

role as a catalyst and/or to increase the electroactive area, improving the sensitivity in 

electroanalytical applications [24]. There is a wide variety of nanomaterials used in the 

modification of electrode surfaces, as transition metal oxides, such as NiO [25], Co3O4 [26], 

CuO [27], Fe2O3 [28] among others. These oxides can be synthesized by various techniques 
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where it is possible to adjust the morphology and obtain a nanoscale size [29]. Hematite (α-

Fe2O3) is a stable and cost-effective iron oxide with semiconductor properties, making it one 

of the most promising materials [30]. It is widely used in catalysis, electrochemical and gas 

sensors, photocatalysis, and electrocatalysis [31-33]. Iron oxide materials at the nanometer 

scale are particularly valuable for electrochemical sensors, offering excellent stability and 

durability for detecting pharmaceutical substances and identifying toxic health hazards in 

various media [34]. 

On the other hand, computer simulations are a valuable tool to study the interaction between 

molecules and surfaces, to aid in the design of electrochemical sensors. Models range from 

detailed and time-consuming molecular dynamics simulations [35], to approximate and faster 

implicit solvent approaches [36], [37] that use continuum dielectric theory. One popular 

implicit model is the Poisson-Boltzmann equation, which is used in the present study.  

In this work the surface modification of a carbon paper electrode with α-Fe2O3 (hematite) 

nanoparticles for the voltammetric determination of atropine in beverages was performed. 

This study is the first to explore the electrochemical behavior of carbon paper with hematite 

for atropine detection. Based on the results obtained in this study, it is highlighted that from 

the properties of both materials, hematite and CP, enable the development of a simple, 

economical electrode with high potential for portable, miniaturizable, and disposable 

electroanalysis applications, specifically for in-situ detection of chemical submission drugs. 

2. Methodology 

 Reagents and Materials 

All reagents used were of analytical grade. These included orthophosphoric acid (H3PO4, 

85%), boric acid (H3PO4), glacial acetic acid (CH3COOH), sodium hydroxide (NaOH), 

ferrous nitrate nonahydrate (Fe(NO3)3×3H2O), potassium ferrocyanide trihydrate (K4 

[Fe(CN)6]3H2O), potassium ferricyanide trihydrate (K3[Fe(CN)6]3H2O), Nafion® 5% and 

isopropanol (2-propanol) and atropine standard, which were obtained from Merck 

(Darmstadt, Germany). A high-pressure hydrothermal reactor was used for the synthesis of 

nanoparticles. A 3-electrode cell was used where the working electrode used was a carbon 

paper (sigracet 28 BC from FullCell Store) which consists of a macroporous layer of carbon 

fibers and a microporous layer of carbon black on top of it. The dimensions of the paper were 
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1.5 cm long and 0.5 cm wide. An Ag/AgCl (KCl sat.) electrode and a Pt wire counter 

electrode were used as reference electrode. Cyclic voltammetry (CV) and square wave 

voltammetry (SWV) experiments were performed with a MultiEmStat4 HR PalmSens 

potentiostat. Microscopic analyses were performed through transmission electron 

microscope (TEM) used at 120 Kv (high resolution TEM Hitachi HT7700, chiyoda, Tokyo, 

Japan), field emission scanning electron microscope (FESEM) Zeiss SUPRA TM 40 with 

Gemini column and Schottky field emission tip (tungsten at 1800 K). Chemical composition 

analysis was performed using a Shimadzu 6000 X-ray diffractometer (XRD) Shimadzu 6000 

X-ray diffractometer (Nakagyo, Kyoto, Japan) (Cu-Ka radiation, 40 kV and 30 mA). The 

scanning was performed at room temperature using 2q ranging from 20° to 70°. 

Synthesis of Fe2O3 nanoparticles 

Fe2O3 nanoparticles were synthesized following the methodology proposed by Liu J et al 

[38]. For this purpose 3.8779 g of Fe(NO3)3×3H2O was added in a beaker and dissolved in 

16 mL of ultrapure water and stirred until the salt was completely dissolved. In another beaker 

0.1920 g NaOH was added and dissolved in 16 mL ultrapure water. The NaOH solution was 

added dropwise over the Fe(NO3)3×3H2O solution while maintaining constant stirring. Once 

all the NaOH was added, the solution was stirred for 15 min and then taken to a hydrothermal 

reactor, which was placed in an oven at 200°C for 5 h. After this time, the product was 

allowed to cool to room temperature and then washed with ultrapure water and centrifuged 

for 10 min. This was repeated 6 times, where the last wash was performed with ethanol. 

Finally, a red precipitate was obtained, which was dried in an oven at 60°C for 3 h, then 

crushed in a mortar and stored in a desiccator. 
 

Modification and optimization of the working electrode 

 Preparation of the Fe2O3 ink  

This procedure consisted of the preparation of different Fe2O3 suspensions with different 

amounts of the oxide. Eight suspensions were prepared, each containing 0.50 mg, 0.75 mg, 

1.00 mg, 1.25 mg, 1.50 mg, 2.50 mg, 3.00 mg and 5.00 mg, respectively, and 833 µL of 

ultrapure deionized water, 167 µL of isopropanol and 20 µL of Nafion. Finally, the ink was 
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placed in an ultrasonic bath for 30 min. Each time the electrode surface modification was 

performed, the sonication step was repeated to ensure that the suspension was homogeneous. 

 Electrode Optimization and Modification 

The sigracet 28 BC paper was sized in 1.5 cm long by 0.5 cm wide portions (original 

dimensions were 10×10 cm). Then, the drop-casting methodology was followed, depositing 

a small amount of nanoparticles on a solid surface. When the solvent evaporates, the material 

is distributed uniformly forming a thin film. This technique has been used by several authors 

for the modification of electrodes [30-32]. A 25 µL aliquot of the prepared ink was added to 

each piece of paper and then placed in an oven at 80°C for 15 min  

Computational simulations 

The electrostatic component of the interaction free energy (DGint) between a carbon black 

(the conductive part of the CP) or Fe2O3 surface and atropine at different orientations was 

computed with the Poisson-Boltzmann solver PyGBe [42], [43], for different values of pH. 

Following a computational protocol used in previous work [44], the interaction free energy 

was assessed for all possible orientations of atropine with respect to the surface, where the 

orientation was characterized by the tilt angle (atilt, from 0º to 180º) between atropine dipole 

moment and the surface’s normal, and the rotation angle (arot, from 0º to 360º), about the 

dipole moment vector. Also, using the interaction free energy, the probability of each 

orientation was calculated. 

The molecular structure of atropine was extracted from the protein data bank (PDB) starting 

from the structure of phospholipase (PDB code 3OSH) [45], and parameterized (charge and 

radius) using Amber [46], [47] and Antechamber, with the semi-empirical model AM1-BCC 

[48]. Atropine can be found in protonated (𝑞!"#=+1e) and deprotonated (neutral) states, 

which were obtained with Avogadro [49]. The permittivity of atropine was set to 𝜖$#% = 4, 

whereas the solvent (water) had  𝜖&'() = 80 and with an inverse of the Debye length of 𝜅	= 

0.113 Å−1, equivalent to solution with 0.12 M of NaCl. 

The surface was modeled with a constant charge density. Starting from the zeta potential of 

carbon black and Fe2O3 at different [50], [51] , and assuming it is found one Debye length 

away from the surface [52] (although this is an open question [53]), the Debye-Huckel theory 
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was used to back-calculate an effective surface charge. The Fe2O3 nanoparticles were close 

to 50nm in diameter, which placed adsorbed atropine far from carbon black in the CB/ Fe2O3 

surface. Hence, the CB/ Fe2O3 surface was characterized with the zeta potential of Fe2O3 

only. 

Further details of the numerical model and parameters can be found in section 2 in 

supplementary information.  

 

3. Results and discussion 

Structural and morphological characterization of a-Fe2O3 

The nanoparticles obtained from the hydrothermal synthesis were characterized by X-ray 

diffraction (XRD), Transmission Electron Microscopy (TEM) and Field Emission Scanning 

Electron Microscopy (FESEM). Figure 1 shows the diffractogram of the synthesized Fe2O3 

nanoparticles, where the characteristic peaks correspond to the pure rhombohedral a-Fe2O3 

phase (JCPDS No. 33-0664) [54], [55]. No impurity peaks are detected in the x-ray 

diffraction pattern, confirming that the synthesized products correspond to a-Fe2O3 free of 

impurities. 

 
Figure 1. XRD pattern of a-Fe2O3 synthesized hydrothermally. 
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To analyze the morphology of the synthesized oxide a-Fe2O3, characterizations were 

performed by FESEM (see Fig.2 (a-b) and TEM (see Fig. 2c). The images obtained by 

FESEM reveal that the material presents a spherical and, in general, homogeneous 

morphology. On the other hand, the images obtained by TEM (Fig. 2c) corroborate the 

morphology observed by FESEM and, in addition, allow identifying that some of the 

nanoparticles of a-Fe2O3 present a more cubic morphology, although these occur less 

frequently compared to the spherical particles. Figure 2d shows the histogram of the size 

distribution obtained from the statistical analysis of 83 particles. The size distribution was 

well-fitted to a Gaussian curve, with an average length of 55.8 nm and a standard deviation 

of 14.2 nm. The observed morphologies are typical for Fe2O3 synthesized using the 

methodology described in this work [33-35]. The size of the synthesized Fe2O3 nanostructure 

offers significant advantages as an electrode material, primarily due to its large surface area. 

 
 

Figure 2. FESEM images of a- Fe2O3 synthesized at different magnifications; 25kX (a) and 

100kX (b). TEM images 50kX (c) and histogram (d). 
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After characterizing and confirming that the nanoparticles obtained from the hydrothermal 

synthesis corresponded to Fe2O3, they were used to modify the surface of the CP electrode. 
 

Morphological characterization of the electrode surface 

To analyze the surface of the carbon paper (CP) before and after being modified with Fe2O3 

nanoparticles, morphological characterizations were performed by FESEM, obtaining the 

images shown in Figures 3 (a-d). 

 

The images obtained by FESEM at different magnifications for the CP can be seen in Figure 

3 (a-b) and reveal a dense and homogeneous surface composed of uniformly distributed 

carbon black particles. These particles present a spherical morphology, forming small 

agglomerates, which is characteristic of this nanomaterial [57].  

Figure 3 (c-d) shows the images obtained for CP modified with Fe2O3 at different 

magnifications. These images corroborate the modification of the electrode surface since the 

same morphology of the nanoparticles presented in Figure 2b is observed. The nanoparticles 

are uniformly distributed on the paper surface, forming agglomerations in certain sectors. 

This uniform distribution indicates a good dispersion of the iron oxide nanoparticles on the 

CP surface. From FESEM images obtained for the characterization of the CP and CP/Fe2O3 

electrode, the difference in the surface morphology between the electrode before and after 

the addition of the iron oxide nanoparticles is observed, highlighting the presence of particles 

and structures that indicate the modification on the electrode surface. 
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Figure 3. FESEM images of the surface of the unmodified (a-b) and Fe2O3-modified (c-d) 

paper electrode at different magnifications; 50kX(a-c) and 150kX(b-d). 

 

Electrochemical Characterization of Electrodes 

To assess the electrochemical characteristics of the unmodified and modified electrodes, they 

were characterized using cyclic voltammetry in an aqueous solution of 0.01 M 

ferri/ferrocyanide [Fe(CN)6]3-/[Fe(CN)6]4- containing 0.1 M KCl. Figure 4 depicts a 

comparison between voltammograms obtained using CP and CP/Fe₂O₃ electrode. The image 

shows that in the case of the CP electrode, the peaks are very wide and unresolved. However, 

modifying the CP electrode with Fe₂O₃ significantly improves its electrochemical activity, 

displaying high current peaks more reversible compared to the CP electrode. This 

combination increased the electroactive surface area and improving overall performance [57-

59]. The oxidation and reduction peak potentials obtained with the CP/Fe₂O₃ electrode are 

0.347 V and 0.101 V, respectively [61]. The oxidation and reduction peak currents for the 

modified electrode are 0.942 and -0.948 µA respectively, being significantly higher compared 

to the unmodified electrode, which can be observed in Figure 4. This increase in peak currents 

indicates a higher density of active sites available for electrochemical reaction on the 

CP/Fe₂O₃. The presence of Fe₂O₃ nanoparticles increases the conductivity of the material, 

providing a larger effective surface area of the electrode [62]. 
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Figure 4. Cyclic voltammogram of 0.01 mol L-1 [Fe(CN)6]3-/ [Fe(CN)6]4- using CP 

(gray line) and CP/Fe2O3 (black line) in 0.1 mol L-1 KCl (Blank). Scan rate: 0.10 V 

s-1.  

 

Electrochemical behavior of Atropine 

To know the electrochemical response of atropine, a study was carried out using a highly 

sensitive electrochemical technique such as SWV. 

Figure 5 shows the square wave voltammogram (SWV) obtained for the response of 1.10 

mM Atropine using CP (gray line) and CP/Fe2O3 (black line). The current recorded using 

the CP electrode was 81 µA, while for the CP/Fe2O3 electrode it was 101 µA. This 

difference in current indicates a better sensitivity of the modified electrode [57], [63]. 

The improved electrochemical response of the modified electrode can be explained by 

several reasons. First, the presence of Fe2O3 can facilitate the electron transfer between 

atropine and the electrode, leading to a higher measured current [64], due to the conductive 

properties of iron oxide, which can act as a redox mediator, facilitating the electron transfer 

between atropine and the electrode. This occurs because Fe₂O₃ has a crystalline structure that 

allows good enough electrical conductivity and a high density of surface-active sites, which 

can adsorb atropine molecules more efficiently [65]. The CP/Fe2O3 electrode demonstrates 
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an improvement in current response compared to the unmodified electrode when detecting 

the same concentration of atropine. 

 

Figure 5. Voltammetric response for 1.10 mM atropine using CP (gray line) and 

CP/Fe2O3 (black line) using 0.10 M Britton-Robinson buffer pH 11.5.  

 Optimization of chemical and electrochemical variables for the determination of 

Atropine 

To carry out the analytical methodology, the effect of chemical and electrochemical variables 

(effect of pH and amount of modifying agent) on the voltammetric response of a known 

concentration of Atropine was evaluated. 

Optimization of pH 

The effect of pH on the voltammetric response of atropine was evaluated over a pH range of 

2.0 - 12.0 using Britton-Robinson (BR) buffer using CP and CP/ Fe2O3 electrode (Figure 6) 

(the relationship between potential and pH is presented in Figure S1). Data obtained using 

both electrodes indicate an absence of signal between pH 2.0 - 6.0, while increasing currents 

are recorded in the pH range 8.0 - 12.0. Both electrodes exhibited a similar behavior in 

general terms with respect to the effect of pH, registering a maximum current at pH 11.5, so 

this pH was chosen to perform the subsequent analyses using both electrodes. This 
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observation is further supported by Poisson-Boltzmann calculations detailed next, 

highlighting the role of electrostatics in the pH shift. 

 
Figure 6. Study of the pH effect of the 1.10 mM atropine response using CP and CP/Fe2O3 

in 0.1 M Britton-Robinson buffer by square wave voltammetry (SWV). (a-b) Current versus 

pH dependence. 

 

Simulations of Atropine adsorbing on CB and CB/Fe2O3 surface. 

For the realization of these calculations, it was used as a carbon paper model (CP), only 

carbon black (CB), which completely covers it and is the surface that is in contact with 

atropine. In the case of the electrode modified with hematite (CP/Fe2O3), the surface that was 

considered for this simulation was only hematite, since it is the surface that detects atropine, 

and it is labelled as CB/Fe2O3. The Poisson-Boltzmann calculations of the interaction of 

atropine with CB and CB/Fe2O3 surfaces are summarized by Figure 7. This image shows a 

repulsive interaction (positive DGint) for low pH, which becomes attractive as pH increases.  

This effect is more pronounced for CB surface, which starts being electrostatically favorable 

at pH 6, whereas with CB/Fe2O3 this happens at around pH 10, both in with atropine in 

protonated state. The reason why the interaction is inverted is evident from the dotted lines 

in Figure 7, which represent the imposed surface charge on the CB and CB/Fe2O3 surfaces, 

computed from the zeta potentials. For low pH, the surface charge is positive, repelling the 

positively charged protonated atropine, however, the opposite occurs for high pH, where 

surface charge becomes negative. The cross-over pH where the surface charge inverts was 

https://doi.org/10.26434/chemrxiv-2024-8kv5g ORCID: https://orcid.org/0000-0003-0282-8998 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-8kv5g
https://orcid.org/0000-0003-0282-8998
https://creativecommons.org/licenses/by-nc-nd/4.0/


around 6 for CB surface and 9 for the CB/Fe2O3 surface. On the other hand, for atropine in 

deprotonated state the electrostatic interaction is low. The peak in pH 11 in Figure 6, 

indicating a higher presence of adsorbed atropine, is somewhat surprising considering 

atropine pKa is 9.43, and the less attractive deprotonated state should be more likely. For this 

to make sense, the atropine-surface interaction needs to be increasingly favorable beyond the 

nominal pKa, such that the protonated atropine prevails. This demonstrates that the surface 

is imposing a shift in pKa, giving a higher probability to find atropine in a protonated state 

at pH higher than 9.43. Beyond pH 11, most atropines are deprotonated, explaining the 

current decrease for pH 12 in Figure 6. This pKa shift is usually known as charge regulation 

[66]. 

The higher currents throughout pH reported in Figure 6 for the Fe2O3-modified surface 

cannot be explained by electrostatics and is probably a result of non-polar interactions. For 

pH higher than 8 and lower than 11, the zeta potential of Fe2O3 is closer to zero than carbon 

black [67], [68] , and hence, is less charged (as depicted by Figure 7) and more hydrophobic. 

Molecule-surface hydrophobic interactions in water are favorable [69], explaining the 

enhanced signal in Figure 6b compared to Figure 6a in that pH range.  According to these 

results, which indicate on the one hand a prevalence of atropine protonated at pH 11.5 due to 

the effect of the surface and a negative surface that generates strong electrostatic interactions, 

the best sensitivity of the method to pH 11.5 described in Fig. 6 is explained. 

Figure 7. Electrostatic component of the interaction free energy (DGint) of atropine with a 

CB (left) and CB/Fe2O3 (right) surface, which becomes increasingly attractive (negative) 

with pH. The dotted lines correspond to the surface charge in each case computed from the 

zeta potential, also becoming negative with increasing pH.  
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Optimization of the modifying agent  

 

The effect of the amount of Fe2O3 on the electrochemical response of 1.29 mM atropine was 

studied by preparing 8 suspensions with different amounts of the nanoparticles between 0.50 

and 5.00 mg dissolved on 833 µL of ultrapure deionized water, 167 µL of isopropanol and 

20 µL of Nafion. 25 µL of these suspensions were then deposited on the CP surface. Figure 

4S shows that the amount of Fe2O3 has a significant effect on the current response obtained 

for 1.29 mM atropine. It is observed that the electrode modified with the suspension 

containing 1 mg/mL of Fe2O3 provided the best electrochemical response, where the 

maximum current peak is observed. This behavior suggests that at this amount of modifying 

agent an optimal interaction between the modified electrode and atropine is achieved, which 

is possibly due to an improvement in the available active surface and a facilitation of the 

redox process. However, by increasing the amount of Fe2O3 in the suspension above 1.00 

mg, a decrease in current was observed, which could be attributed to an excess of Fe2O3 on 

the electrode surface, reducing the area available for the electrochemical reaction of atropine. 

In addition, at high amounts, Fe2O3 particles can form agglomerations, decreasing the 

effectiveness of the interaction between the electrode surface and atropine. 

 

Based on these results it was determined that the appropriate amount of Fe2O3 to use to 

modify the electrodes for atropine detection was 1.0 mg of Fe2O3 in the suspension, therefore, 

that was the amount of modifying agent used to perform the subsequent studies. 

Calibration curve 

For comparison, calibration curves were performed for atropine determination using the CP 

and CP/Fe2O3 electrode. Figure 8 shows (a) voltammograms and (b) calibration curve using 

CP. A linearity range of 0.38 to 2.35 mM was obtained, with an equation y = 116.29x - 37.33 

and a correlation coefficient of 0.998. The limit of detection (LD) was calculated as LD = 

3Sa/b [70], where Sa is the standard deviation of the intercept and b the slope of the calibration 

curve, obtaining a value of 0.090 mM; and the limit of quantification was calculated as LQ 

= 10Sa/b, corresponding to 0.301 mM, while (c) shows the square wave voltammograms and 
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(d) the calibration curve for atropine obtained with the CP/Fe2O3 electrode, obtaining a linear 

range from 0.26 to 2.64 mM with an equation y = 116.37x - 11.24 and a correlation coefficient 

of 0.999. The LD obtained was 0.075 mM and the LQ was 0.250 mM. 

 

Figure 8. (a-b) SWV voltammograms and (c-d) calibration curve for atropine using CP and 

CP/ Fe2O3 in 0.10 M Britton-Robinson Buffer pH 11.5.  

 

Comparison of the responses of both systems showed that the CP/Fe2O3 electrode yielded 

lower LD and LQ. In addition, both electrodes show high correlation coefficients, 0.998 for 

CP and 0.999 for CP/Fe2O3, indicating a good relationship between atropine concentration 

and measured response.  
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Repeatability study 

 

To evaluate the repeatability of the modified and unmodified electrode, a study was 

performed by making eight individual current measurements using a single electrode. The 

results obtained with a CP and CP/Fe2O3 are shown in Figure 5S, where no significant 

statistical difference between the recorded currents is observed which indicates excellent 

repeatability in the current measurements. 
 

 

Study in real samples 

 

It has been reported in the literature that the average lethal dose of atropine for an adult 

person is 100 mg [70], [71]. Considering that a person consumes approximately 250 mL of 

beverage per glass, the lethal concentration of atropine in such a glass would be around ̴1.38 

mM. Therefore, the dose used to dope a person is lower than that value, making accurate 

detection of atropine at lower concentrations crucial. To minimize the influence of possible 

interferents on the measurement such as ethanol, the standard addition method was 

employed. Measurements were carried out on Gin samples spiked with a known 

concentration of 0.21 mM of atropine at a ratio of 1:100 in BR buffer pH 11.5. Each analysis 

was measured in triplicate (n =3).   

 

Figure 6S (a-b) shows the voltammetric responses obtained with the CP electrode for 

different atropine concentrations, where a proportional increase of the peak current with 

increasing concentration is observed, which can be confirmed with the linear regression 

equation constructed, y = 171.76x + 22.39; R2 = 0.993. Extrapolating that equation, it was 

obtained that the concentration of atropine present in the sample was 0.13 ± 1.9% mM. 

However, the sample had been previously fortified with 0.21 mM atropine, obtaining a 

recovery percentage of 62%, which indicates that the CP electrode, despite presenting good 

linearity, is affected by possible interferents present in the sample, such as alcohol, phenolic 

compounds, among others. 
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The responses obtained with the modified electrode are shown in Figure 6S (c-d), where 

the peak currents recorded are higher compared to those obtained with the unmodified 

electrode. From the graph Current v.s Concentration the following equation was obtained: 

y = 259.92 + 51.71; R2 = 0.989, from which it was possible to determine the concentration 

of atropine present in the sample, 0.20 ± 0.9% mM. A recovery percentage of 95% was 

obtained, indicating that the presence of interferents does not affect the detection of atropine 

by the CP/Fe2O3 electrode. This recovery percentage coincides with that reported in the 

literature, where different authors obtained recovery percentages between 100 and 120 % 

[72], [73]. 
 

Comparing the results obtained with both electrodes, it can be seen that the CP/Fe2O3 

electrode presents a superior performance in the detection of atropine in gin, with a recovery 

percentage of 95% compared to the 62% obtained with the CP electrode. This indicates that, 

although both electrodes are capable of detecting atropine in a complex sample such as gin, 

the CP/Fe2O3 electrode allows more precise quantification of the concentration of this 

alkaloid in the beverage, which may be related to its selectivity to the analyte under study, 

which minimizes the effect on the current response of the components of gin. 
 

4. Conclusions 

 

Based on the results obtained in this study for the detection of atropine, the incorporation 

of  a-Fe2O3 on a carbon paper electrode led to an improvement in the electrochemical 

activity of the electrode, which is reflected in the increase in the current measured when 

detecting atropine compared to the unmodified electrode. Morphological characterization 

by FESEM showed a uniform distribution of Fe2O3 nanoparticles on the CP surface, 

indicating that the drop-casting process achieved a homogeneous dispersion and adequate 

adhesion of the modifying agent, which is crucial to facilitate a larger active surface area 

for the atropine oxidation reaction on the electrode. Thus, the improvement in the 

electrochemical activity of the CP/Fe2O3 electrode can be attributed to this uniform 

distribution of the nanoparticles, which optimizes the electrochemical interaction between 

the analyte and the electrode. This result is consistent with the strong effect of the amount 

of modifying agent required for proper atropine detection. Also, the optimization of pH was 
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relevant to maximize the efficiency of the modified electrode. The evaluation of the pH 

effect showed that pH has a large effect on the current response for atropine. At low pH no 

significant response was obtained, however, the response increased with pH, peaking at pH 

11.5. The pH dependent behavior can be explained with electrostatic simulations that imply 

that, at high pH, protonated atropine had a more attractive interaction with the surfaces, 

compared with its deprotonated counterpart, as the effective surface charge was negative. 

Considering that the pKa of atropine is 9.4, the peak in pH 11.5 indicates that the surface 

induces a shift in pKa, making the protonated state prevalent at a pH higher than the regular 

pKa.  The optimization of the modifying agent determined that the optimal amount of Fe2O3 

was 1 mg/mL.  Higher amounts of Fe2O3 generate a decrease in the electrochemical 

efficiency, possibly due to the formation of agglomerates of the nanomaterial, which limits 

the accessibility of the electroactive species.  From the calibration curves constructed it 

could be determined that the LOD and LQ recorded using the CP/Fe2O3 electrode were 

lower compared to the unmodified electrode (LOD = 0.075 mM and LQ = 0.250 mM for 

CP/Fe2O3 and for CP, LOD = 0.096 mM and LQ = 0.320 mM), which evidences a better 

ability to detect lower concentrations of atropine with high precision and linearity by 

CP/Fe2O3. Regarding the repeatability of the electrodes, the results obtained with the CP 

electrode showed a mean current of 82.9 µA and a relative standard deviation (RSD) of 

1.37%, indicating excellent repeatability in the current measurements. Similarly, the 

CP/Fe2O3 electrode presented a mean current of 100.9 µA and RSD of 1.08%, also 

corroborating a high repeatability in the measurements. Both electrodes showed high 

accuracy and reliability in the detection of atropine. 

Finally, in the case of real samples, the effect of interferents makes quantification difficult 

using CP, but not detection, achieving reproducible results and within the limits in which 

atropine can cause chemical submission effects in a person. On the other hand, the CP/Fe2O3 

electrode not only showed a higher peak current and good linearity (R2 = 0.989), but also a 

better recovery, which was 95%, indicating that the presence of interferents did not 

significantly affect the detection of atropine. 
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