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ABSTRACT 

 

Mesostructured silicas were synthesized and chemically functionalized with a 2-

mercaptopyrimidine (MPY)-derivative. Bare and functionalized silicas (MSU-2, HMS, 

SBA-15, MSU-2-MPY, HMS-MPY and SBA-15-MPY) were characterized by powder 

X-ray diffraction, nitrogen adsorption-desorption isotherms, transmission electron and 

scanning electron microscopy, 29Si and 13C cross-polarization magic-angle spinning 

NMR spectroscopy and elemental analysis, and used to prepare modified carbon paste 

electrodes (CPEs). The electrodes properties were studied using potassium ferrocyanide 

and scopolamine as probes employing cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV). Results proved that MPY groups on the silica surface were 

necessary to improve the sensitivity in the voltammetric determination of scopolamine. 

CPE modified with HMS-MPY exhibited higher peak current toward the oxidation of 

scopolamine, with a well-defined oxidation peak at + 1.1 V (vs. Ag/AgCl) in DPV. This 

fact can be attributed to the high electroactive area of this material, with 3 D wormhole-

like channel structure that favored the scopolamine diffusion. Under optimum conditions, 

HMS-MPY-CPE exhibited a wider linearity range, from 0.9 to 200 μM, with a detection 

limit of 0.3 μM and good reproducibility by DPV. The developed sensor was successfully 

applied for a rapid determination of scopolamine in spiked tea and herbal tea infusion 

samples with good recoveries (between 83 ± 5 and 101 ± 1%).  
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1. Introduction 

 

Scopolamine (hyoscine) is one of the most abundant tropane alkaloids (TAs) 

produced as secondary metabolite by plants of several families, being the most common 

sources Atropa belladonna and Datura stramonium [1]. In recent years, there has been a 

growing interest in these natural toxins due to their presence as contaminants in food and 

feed, as they are a potential hazard for human and animal health [2]. The toxicological 

effects of TAs include delirium, agitation and convulsions, tachycardia, nausea and 

vomiting, swallowing and speaking difficulty, hypertension, loss of consciousness and 

may even produce coma [3]. For these reasons, in 2015 the European Commission issued 

a recommendation for the Member States to perform monitoring for the presence of TAs 

in food and feed, particularly in cereals and derivate products, oilseeds, legumes, foods 

supplements, gluten free products, teas and herbal infusions [4]. In the last three years, 

the Rapid Alert System for Food and Feed (RASFF) created by the European Commission 

has reported five important alerts related with the presence of high levels of TAs in herbal 

infusions. 

Various methods have been developed for the determination of scopolamine in 

foods, including capillary electrophoresis [5], gas chromatography mass spectrometry [6] 

and liquid chromatography mass spectrometry [7-9]. These instrumental techniques can 

achieve high sensitivity, selectivity and good precision, but they are expensive and 

demands laborious and time-consuming procedures, which makes them unattractive when 

fast control methods are required. In this sense, electrochemical techniques can be an 

excellent alternative since they can achieve cost-effective and rapid analysis, with good 

sensitivity and selectivity, high reproducibility and accuracy, and simplified 

miniaturization suitable for in-situ measurements [10]. Regarding to published 



electrochemical methods for scopolamine determination, in general, only pharmaceutical 

preparations and biological fluids have been analysed [11, 12]. Recently, because of the 

illicit use of this compound (also known as burundanga) with recreational and predatory 

purposes, an electrochemical method for on-site screening of scopolamine in beverages 

has been successfully applied using a boron-doped diamond as the working electrode 

[13].  

During the last decade, considerable interest has focused on mesostructured silica-

based sensors, which demonstrated a great potential in the electrochemical determination 

of trace contaminants [14]. Mesostructured silicas (MS) have excellent properties such as 

high thermal and mechanical stability, high surface area and large pore volume. These 

materials have attracted considerable interest of scientists since their discovery in 

electrochemical applications, due to their highly porous and regularly ordered structure, 

which provides good accessibility and fast mass transport to the active centers [15]. 

Moreover, the surface properties of these types of materials can be easily modified, and 

a wide variety of organic groups (e.g. amino, mercapto, sulfonic or thiol) have been 

immobilized on the surface of MS in a controllable manner. These immobilized groups 

could significantly improve the adsorption on MS due to the selective-bonding between 

the functional groups and the analytes. Over the last decade, these materials (unmodified 

as well as functionalized) have been successfully applied as carbon paste electrode (CPE) 

modifiers. For example, Morante-Zarcero et al. used a CPE modified with non-

functionalized MS to determinate bisphenol A in water samples [16]. Different MSs 

(HMS and MCM-41) functionalized with amine groups were successfully used for 

determination of β-blockers in drinking waters [17] and Cu (II) in tea samples [18]. In 

other work of our research group, four different types of MSs functionalized with a 5-

mercapto-1-methyltetrazole-derivative were evaluated as CPE modifiers for 



voltammetric analysis of Pb (II). Results demonstrated that the analytical performance of 

the MS-modified CPEs (MS-CPEs) was greatly influenced by textural characteristics of 

the silicas, as well as that the thiol groups anchored to the MS surface improve 

electrochemical signal [19]. Several works have been demonstrated the interesting 

potential of these type of ligand with heteroatoms groups as CPE modifiers, since it 

entraps target analytes over its surface through hydrogen bonding or other electrostatic 

interactions and enhancement the electrochemical signal [20-22]. To the best of our 

knowledge, the electrochemical sensing of scopolamine as food contaminant with MS-

CPEs has not been reported.  

In the current work, firstly three MSs (MSU-2, HMS and SBA-15) were 

synthesized and functionalized with a 2-mercaptopyrimidine (MPY)-derivative and 

evaluated to develop MS-CPEs. The influence of the silica type on the electrochemical 

behavior of the MS-CPEs was studied by cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV), using potassium ferrocyanide and scopolamine as probes. In a next 

step, parameters controlling the performance of the CPE modified with the functionalized 

MS (electrolyte support, pH, accumulation time) were optimized for scopolamine 

determination by DPV. Finally, using electrochemical sensor developed with HMS-MPY 

as the best, characteristics such as reproducibility, stability, selectivity and sensibility 

were evaluated. The capability of the HMS-MPY-CPE was investigated for a rapid 

determination of scopolamine in tea and herbal tea infusions. 

 

 

 

 

 



2. Experimental 

 

2.1. Reagents and materials 

 

For MSs preparation, tetraethylorthosilicate (TEOS, 98 %), Tergitol® NP-9, 

poly(ethylene glycol)-block-poly(propylene glycol)-blockpolyethylene glycol (Pluronic 

123), N,N-dimethyldodecylamine (DDA, 98 %), 2-mercaptopyrimidine (MPY, 98%), 3-

chloropropyl triethoxysilane (CPTS, 95 %), sodium fluoride (95 %) and 

dimethylformamide (DMF, 99 %) were purchased from Sigma–Aldrich (St. Louis, MO, 

USA). Trimethylamine (TEA, 99 %) was obtained from Acros Organics (Geel, Belgium). 

Chlorhydric acid (37 %), toluene, diethyl ether and ethanol absolute were purchased from 

Scharlab (Barcelona, Spain).  

For MS-CPEs preparation and electrochemical studies, scopolamine 

hydrobromide (98 %), atropine sulfate (99 %), quercetin (95 %), gallic acid (97.5-102.5 

%), sodium tetraborate and mineral oil were obtained from Sigma-Aldrich. Sodium 

phosphate (99-102 %), sodium sulfate (99 %), calcium nitrate (99-103 %), potassium 

chloride (99.5 %) and magnesium sulfate (98 %), all of them of analytical grade, were 

obtained from Panreac (Castellar del Valles, Spain). Potassium ferrocyanide trihydrate 

(99 %) was purchased from Across Organics. Graphite powder was obtained from 

Sugelabor (Madrid, Spain). Ultrapure water (resistivity 18.2 MΩ cm) used in the 

preparation of solutions was obtained from a Millipore Milli-Q-System (Waters, USA).  

Scopolamine was dissolved in Milli-Q water to prepare a 0.005 M standard 

solution and stored at 4 ºC. For electrochemical studies, a working solution of 

scopolamine (5 μM) was prepared daily by diluting the standard solutions with the 

corresponding electrolyte. For linearity determination, working solutions of scopolamine 



from 0.5 to 200 μM were prepared directly in the electrochemical cell by adding 

successive aliquots of scopolamine 0.005 M. 

 

2.2. Synthesis of MSs 

 

MSU-2 was prepared according to Pérez-Quintanilla et al. [23]. Concisely, TEOS 

was added to a stirred 0.08 M solution of Tergitol® NP-9 in Milli-Q water to obtain a 

milky suspension, which was later aged without agitation for 20 h. In the second step, a 

0.24 M sodium fluoride solution was added drop wise with stirring to obtain NaF/TEOS 

molar ratio 0.025:1. The solution was placed in a bath with agitation at 55 ºC for 48 h. 

The obtained product was filtered off, washed with Milli-Q water, dried and calcined in 

air at 600 ºC for 12 h. 

HMS was synthesized following the method described by Pérez-Quintanilla et al. 

[24]. Briefly, 3 g of DDA were dissolved in 13 mL of Milli-Q water and 7.6 mL of 

ethanol. The solution was stirred until its homogenization, and subsequently 4.2 g of 

TEOS were added drop by drop. The solution was stirred for 18 h, yielding a thick white 

suspension that was filtered and dried at 80 ºC for 1 h. The amine was removed by heating 

the solid at reflux in ethanol with a Soxhlet for 8 h. Finally, the rests of surfactant were 

removed by calcination at 550 ºC for 18 h.  

SBA-15 was prepared according to the method of Zhao et al. [25] as follows: 2.42 

g of Pluronic 123 were dissolved in 72 g of 2 M HCl solution and 18 mL of Milli-Q water 

with stirring at 35 ºC. Then, 5.1 g of TEOS were slowly added, and the resulting mixture 

was stirred at the same temperature for 20 h. After this reaction time, the stirring was 

stopped and the temperature was increased to 80 ºC and maintained for 24 h. The solid 



product was recovered by filtration and washed with water. Then, it was calcined at 500 

ºC for 18 h.  

 

2.3. Synthesis of 2-mercapropyrimidine derivative and functionalization of MSs 

 

MPY-derivative was prepared according to the method of Pérez-Quintanilla et al. 

[26]. Briefly, 5.00 g of MPY (44 mmol) was immersed in 50 mL of DMF. CPTS and TEA 

were then added in a 1:2:1 stoichiometry (MPY:CPTS:TEA). The mixture was heated for 

48 h at 115 ºC with magnetic stirring under a nitrogen atmosphere using standard Schlenk-

tube techniques. The mixture was allowed to cool, the solvent was evaporated and the 

resulting product was extracted with hexane (2 × 30 mL). The hexane was evaporated and 

the excess CPTS was distilled under vacuum (150 ºC and 0.75 mm Hg). The resulting 

viscous oil (dark-orange colour, yield 96 %) was characterized by 1H NMR spectroscopy 

(Fig. SM1, supplementary information). 

1.5 g of activated MS (12 h at 150 ºC under high vacuum) was reacted with 1.5 

mL MPY-derivative in dry toluene for 24 h at 80 ºC under N2 atmosphere. The resulting 

mesostructured silicas (MSU-2-MPY, HMS-MPY and SBA-15-MPY) were filtered off 

and washed with toluene, ethanol and diethyl ether.  

 

2.4. Characterization of bare and functionalized MSs  

 

For MS characterization, N2 gas adsorption-desorption isotherms were recorded 

using a Micrometrics ASAP 2020 analyzer. The surface specific area was calculated by 

Brunauer-Emmett-Teller (BET) method and the pore size distribution was obtained using 

Baret-Joyner-Halenda (BJH) model on the desorption branch. X-ray diffraction (XRD) 



patterns of the silicas were obtained on a Philips diffractometer model PW3040/00 X’Pert 

MPD/MRD at 45 KV and 40 mA, using Cu-Kα radiation (λ= 1.5418 Å). Scanning 

electron micrographs (SEM) were obtained on a XL30 ESEM Philips microscope with 

an energy dispersive spectrometry system. The samples were treated with a sputtering 

method with the following parameters: sputter time 100 s, sputter current 30 mA, and film 

thickness 20 nm using sputter coater BAL-TEC SCD 005. Conventional transmission 

electron microscopy (TEM) was carried out with a TECNAI 20 Philips electros 

microscope operating at 200 kV, with a resolution of 0.27 nm and ± 70 º of sample 

inclination, using a BeO sample holder. 29Si cross-polarisation magic angle spinning 

nuclear magnetic resonance (CP MAS-NMR) spectra were recorded on a Varian-Infinity 

Plus 400 MHz Spectrometer operating at 79.44 MHz proton frequency. 13C CP MAS-

NMR spectra were recorded on a Bruker Avance III/HD 9.4 Teslas Spectrometer 

operating at 400 MHz proton frequency. Elemental analysis (% C, N and S) was 

performed with a Flash 2000 Thermo Fisher Scientific Inc. analyzer. 

 

2.5. Preparation of MS-CPEs  

 

The modified CPEs were prepared by mixing 0.100 g (20 % w/w) of bare or 

functionalized MSs with 0.300 g (60 % w/w) of carbon paste and 0.100 g (20 % w/w) of 

mineral oil, until obtaining a homogeneous carbon paste, according to a previous work 

[21]. Then, a portion of the paste was packed firmly into the end of a 5.0 cm long 

polyethylene tube (3 mm i.d. having 3 mm depth), with a metallic wire as inner electrical 

contact. Smoothing of the electrode surface was made by hand-polishing on a filter paper. 

When necessary, a new electrode surface was achieved by a simple polishing. By 

replacing the wetted paste by freshly prepared uniform paste (and polishing them again 



on a filter paper) a new working electrode was obtained. For comparative analysis 

unmodified CPE was prepared and applied in the same way. All freshly-made electrodes 

were activated by performing 10 cycles of CV in 0.1 M phosphate buffer (pH 8) until the 

background was stable. This activation process was carried out each day prior to use the 

electrodes.  

 

2.6. Voltammetric measurements 

 

For electrochemical studies with MS-CPEs, CV and DPV measurements were 

performed on a hand-held, battery-powered bipotentiostat (μSTAT200, Dropsens) using 

a conventional voltammetry cell (volume of the cell 25 mL) equipped with three 

electrodes: a MS-CPE as working electrode, a saturated Ag/AgCl as reference electrode 

and a platinum wire as auxiliary electrode. A PC with DropView software for Windows 

was used to control the instrument, plot the measurements and perform the analysis of 

results.  

To study the behaviour of electrochemical reaction at the electrode surface with 

potassium ferrocyanide as redox probe (1 mM), 0.1 M phosphate buffer (pH 8.0) was used 

as supporting electrolyte and cyclic voltammograms were recorded by applying a 

potential range from -1.0 to +1.5 V at different scan rate. 

For scopolamine measurements, unless otherwise stated, a 0.1 M phosphate buffer 

(pH 8.0) was used as electrolyte support. Cyclic voltammograms were recorded from 0.0 

to +1.5 V at different scan rate. Under optimized conditions, differential pulse 

voltammograms were recorded from 0.0 to +1.4 V, after open-circuit accumulation of 

scopolamine for 1 min, with stirring at 200 rpm. The pulse amplitude was 10 mV with a 

potential step height of 5 mV, the pulse width was 40 ms and the scan rate was 100 mV·s-



1. After each measurement, to ensure that scopolamine was not present on the electrode 

surface, regeneration of the electrode surface was performed by 2–3 DPV measurements 

in 0.1 M phosphate buffer (pH 8). Each measurement was performed in triplicate and the 

average value was reported. All measurements were carried out at room temperature. 

 

2.7. Sample analysis  

 

Five samples of teas and herbal teas (green tea, red tea, rooibos tea, chamomile 

tea and fennel tea) commercialized in local supermarkets of Madrid (Spain) were 

analyzed. Tea and herbal tea samples were stored unopened in a dry and dark 

compartment at room temperature until analysis. Infusions were prepared according 

manufacturer recommendation as follows: one bag (1.5 g) of each sample was placed in 

a porcelain cup and 200 mL of boiling Milli-Q water was poured on it, the cap was 

covered allowing brewing for 3 min and then the bag was removed from the infusion. For 

teas and herbal tea infusions analysis, not sample pretreatment was need. Typically, 23 

mL phosphate buffer 0.1 M (pH 8) was transferred to the electrolytic cell and 2 mL of the 

infusion (at room temperature) were added. Then, differential pulse voltammograms were 

recorded under the optimal experimental conditions and the results were obtained. 

 

3. Results and discussion 

 

3.1. Characterization of MSs 

 

The N2 adsorption-desorption isotherms and pore size distribution for MSs are 

shown in Fig. 1A. For these materials, the isotherms are type IV according to the 



I.U.P.A.C. classification and have a hysteresis loop that is representative of framework-

confined mesoporosity. In SBA-15, HMS and MSU-2, the volume of nitrogen adsorbed 

increased at a relative pressure (P/P0) of approximately 0.14, 0.15 and 0.30, respectively, 

what represents capillary condensation of nitrogen within the mesopore structure. The 

inflection position shifted slightly toward lower relative pressures (0.14, 0.13 and 0.14), 

the volume of N2 adsorbed decreased and the hysteresis loop decreased with 

functionalization.The physicochemical properties of the MSs such as the Brunauer-

Emmett-Teller surface area (SBET), the total pore volume, and the Barrett, Joyner and 

Halenda (BJH) average pore diameter are shown in Table 1. SBA-15, HMS and MSU-2 

possessed very high SBET, with typical pore volume and average BJH pore diameter 

values for surfactant-assembled mesostructures [25]. HMS was the material with the 

highest SBET, but with a small pore diameter (1078 m2·g-1 and 25 Å, respectively), while 

SBA-15 was the material with the lowest SBET and the highest pore diameter (780 m2·g-1 

and 64 Å, respectively). As it can be seen in Table 1, after functionalization, a decrease 

in the SBET, pore volume and average BJH pore diameter was observed in all cases that 

can be interpreted because MPY groups are present on the silica surface. 

Fig. 1C shows XRD patterns of bare and functionalized MSs. These materials 

exhibit a well-resolved XRD pattern at low 2θ values with a narrow (100) diffraction 

peak, below 5 º, indicating a mesoscopic order system in the silicas. HMS and MSU-2 

exhibit a single (100) diffraction peak at 2.42 º and 1.92 º, respectively. These XRD 

patterns are typical of materials with uniform pores in the mesoporous range and non-

symmetrical 3D wormhole-like structure of the porous framework. On the other hand, 

SBA-15 shows a very sharp (100) diffraction peak around 1.03 º and two additional weak 

high order peaks (110 and 200) around 1.94 º and 2.66 º, respectively. XRD pattern of 

SBA-15 suggest a significant degree of long range ordering of the structure and well-



formed hexagonal pore arrays. The decrease in the (100) XRD diffraction peak for SBA-

15-MPY, HMS-MPY and MSU-2-MPY provides further evidence of grafting occurring 

inside the mesopore channels, since the attachment of organic functional groups in the 

mesopore channels tends to reduce the scattering power of the mesoporous silicate wall. 

The XRD pattern of the functionalized silicas also suggest that the structural order of the 

synthesized materials is maintained after functionalization. 

The wall thickness can been estimated considering the (100) interplanar distance 

and the pore diameter, by using Equation (1) for SBA-15 and Equation (2) for HMS and 

MSU-2. Table 1 shows the values of wall thickness obtained for each silica. SBA-15 have 

the higher wall thickness value (31.5 Å), more than twice the value obtained for the 3D 

wormhole materials (HMS and MSU-2). In functionalized MS, an increase in the wall 

thickness was observed, that can be attributed to the presence of MPY groups inside the 

mesopores.  
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Evidence for disordered structure of HMS and MSU-2 was confirmed by TEM. 

These micrographs (Fig. 2) showed irregularly aligned mesopores throughout the 

materials with relatively uniform pore sizes (wormhole-like pore arrangement). On the 

other hand, TEM images of SBA-15 (Fig. 2) demonstrated a clear arrangement of ordered 

hexagonal pores with uniform size throughout the structure. SEM pictures demonstrated 

the spherical or pseudo-spherical morphology of HMS and MSU-2 particles, while for 

SBA-15 the particle morphology was rod-like. 

(1) 

(2) 



The amount of attached molecules onto the MS surface was calculated from the 

percentage of sulphur in the functionalized silicas, estimated by elemental analysis (Table 

1). The functionalization degree (L0) obtained in MSU-2-MPY was the highest (0.94 

mmol·g-1), whereas for SBA-15-MPY the lowest L0 value was observed (0.70 mmol·g-1).  

The successful incorporation of MPY ligand in functionalized HMS was 

additionally confirmed by 29Si CP MAS-NMR and 13C CP MAS-NMR spectroscopy. The 

29Si CP MAS-NMR spectrum in the solid state for HMS-MPY confirmed the covalent 

bond formed between the MPY groups and the silanol groups dispersed on the HMS 

surface (Fig SM2a, supplementary information). HMS-MPY showed three main peaks at 

-112, -105 and -95(sh) ppm which were assigned to Q4 framework silica sites ((SiO)4Si), 

Q3 (SiO)3SiOH) and Q2(SiO)2Si(OH)2) silanol sites, respectively. In addition, this 

spectrum showed two other peaks at -63 and -53 ppm, which are assigned to T2 

((SiO)2SiOH-R) and T3 ((SiO)3Si-R) sites, respectively. 13C CP MAS-NMR spectra (Fig 

SM2b) provide important features related to the immobilization of functional groups on 

the inorganic structure of the material prepared. The carbon atoms corresponded to the 

ligand ring, designated as (3), (4) and (5), gave signals at 8.99, 21.36 and 31.62 ppm, 

respectively. The signal due to methylene (2) of the ethoxy group appears at 56.92 ppm 

and the signal of the methyl group (1) at 15.14 ppm. The aromatic carbons numerated (6), 

(7), (8) and (9) were assigned to signals at 171.52, 155.90, 115.05 and 155.90 ppm, 

respectively.  

 

3.2. Electrochemical studies of [Fe(CN)6]3-/4- 
on MS-CPEs 

 

In the initial studies, the electrochemical behavior of [Fe(CN)6]3-/4- redox ions 

using the MS-CPEs was investigated by CV. Fig. 3 displays the CV profiles (scan rate 



100 mV·s-1) of unmodified (graphite) and modified (with bare or functionalized MSs) 

CPEs obtained with 1 mM K4[Fe(CN)6] solution in 0.1 M phosphate buffer (pH 8). As 

can be seen, for graphite and bare silica-modified CPE the voltammograms showed a pair 

of low-intensity redox peaks with very large difference (ΔEp) between cathodic (Epc) and 

anodic (Epa) peak potentials (ΔEp = 1.16 V for graphite and ΔEp between 0.83-0.87 V for 

bare silica modified-CPEs). On the other hand, all the CPEs modified with the 

functionalized materials showed better electrochemical response, and these 

voltammograms showed a pair of well-defined and more prominent quasi-reversible 

redox peaks (ΔEp = 0.59, 0.57 and 0.40 V for SBA-15-MPY, HMS-MPY and MSU-2-

MPY, respectively) indicating faster electron transfer kinetics at the electrode interface. 

In addition, the anodic peak current/cathodic peak current ratio (Ipa/Ipc) was very close to 

1 (0.90 for SBA-15-MPY and 0.93 for HMS-MPY and MSU-2-MPY), confirming the 

quasi-reversibility of the system. The SBA-15-MPY material showed the lower 

reversibility, because it presented the Ipa/Ipc less closed to 1 and the higher ΔEp value. This 

fact can be attributed to the large pore wall thickness of SBA-15-MPY in relation to the 

other materials (Table 1), which could increase the resistance for electron transfer [27]. 

In order to evaluate the electrochemical process in the interface electrode solution, 

the effect of scan rate was studied (from 10 to 200 mV·s-1). Fig. 4 shows the cyclic 

voltammograms obtained for CPEs modified with the functionalized silicas, with 1 mM 

K4[Fe(CN)6] solution in 0.1 M phosphate buffer. The inset figures show that there is a 

linear relationship between the current peak intensity and the squared root of the scan 

rate, making evident that the redox reaction at the electrode surface was controlled by 

diffusion. Therefore, by applying Randles-Sevcik equation (3), the electroactive area of 

the working electrodes can be calculated as follows [28]:  

 



Ipa= (2.69 x 105) n3/2 
A D1/2 C ν1/2 

where Ipa is the anodic peak current (A), n is the number of electrons transferred in the 

redox reaction (n = 1), A is the electroactive area (cm2), D (cm2·s-1) is the diffusion 

coefficient (6 x 10-6 for [Fe(CN)6]3-/4- in aqueous medium [29]), C (mol·cm-3) is the 

concentration and ν (V·s-1) is the scan rate. Compared with the geometric surface area of 

the working electrode (0.07 cm2), the values of A calculated for the CPEs modified with 

the functionalized silicas were significantly higher (0.22, 0.27 and 0.26 cm2 for SBA-15-

MPY, HMS-MPY and MSU-2-MPY, respectively). These results agree with previous 

studies, which indicated that A of MS-CPEs can be 3 or 4 times higher than the geometric 

surface areas [30]. In addition, these values evidenced that materials with the higher 

surface areas (HMS-MPY and MSU-2-MPY) showed also the higher A that indicates a 

better performance of these modified electrodes. 

 

3.3. Electrochemical behavior of scopolamine on MS-CPEs 

 

Preliminary electrochemical measurements by CV were carried out in order to 

study the general behavior of scopolamine at MS-CPEs. Fig. 5 illustrates cyclic 

voltammograms (100 mV·s-1) of MS-CPEs in 50 µM of scopolamine and phosphate 

buffer (0.1 M, pH 8) as supporting electrolyte. As can be seen, with bare silica-modified 

CPEs it was not possible to observe any defined peak for scopolamine, in the assayed 

experimental conditions. However, in CPE modified with functionalized silicas (HMS-

MPY, MSU-2-MPY and SBA-15-MPY) an oxidation peak was observed, indicating that 

functionalization of MSs played an important role, which made it easier for the transfer 

of electrons to be taking place, so MPY groups were necessary to improve the sensitivity 

in the voltammetric determination of this compound. SBA-15-MPY-CPE, which 

(3) 



presented the lowest A, showed a poorly defined oxidation peak around + 1.1 V. On the 

other hand, MSU-2-MPY-CPE and HMS-MPY-CPE exhibited a better-defined oxidation 

peak at 1.08 and 1.13 V, respectively. On the reverse scan, no reduction peak was 

observed revealing that the electrode process of scopolamine is an irreversible charge-

transfer process. 

Fig. 6 shows cyclic voltammograms obtained in functionalized-silica CPEs 

electrodes varying the scan rate from 10 to 100 mV·s-1, using 50 µM of scopolamine in 

0.1 M of phosphate buffer (pH 8). As can be seen, increasing the scan rate the oxidation 

peak current increased and the peak potential shifted to higher potential values. A linear 

relationship between the peak current and the square root of the scan rate was obtained in 

HMS-MPY-CPE and MSU-2-MPY-CPE, which indicates a diffusion-controlled redox 

process for scopolamine oxidation [31]. A linear correlation between Log Ipa (µA) and 

Log v (mV·s-1) was also observed for both CPEs (Log Ipa = 0.567 Log v – 0.545, R2= 

0.999, and Log Ipa = 0.7456 Log v – 0.7599, R2= 0.959, for HMS-MPY-CPE and MSU-

2-MPY-CPE, respectively), indicating that the peak current is controlled by both charge 

transfer and mass transport. Taking into account that the theoretical value expected for an 

ideal reaction of organic molecules in solution (purely diffusion-controlled process) is 

close to 0.5, whereas for adsorption-controlled process is close to 1.0 [32], it can be noted 

that the slopes obtained with these CPEs (between 0.5 and 1.0) suggest diffusion and 

adsorption joint control. On the other hand, non-linear correlation was observed in SBA-

15-MPY-CPE, over the whole range of the scan rate studied.  

In addition, for HMS-MPY-CPE, a linear relationship between Epa (V) and Log v 

(mV·s-1) was observed with the following equation: Epa = 0.0316 Log v + 1.0563 (R2= 

0.991) and this behavior was consistent with the nature of the reaction in which the 

electrode reaction is coupled with and irreversible follow-up chemical step. The number 



of electrons involved in the oxidation could be estimated from the slope of Epa vs. Log v 

(Epa/Log v) using the following equation [31]: Epa/Log v = 30 mV/ nα, where n is the 

number of electrons transferred and α is assumed to be 0.5 for organic molecules with 

irreversible electrode processes. The n value estimated was 1.898, indicating that two 

electron per molecule are involved in the oxidation of scopolamine. Hence, based on these 

results and according to others works for similar compounds [33-35] the proposed 

oxidation mechanism of scopolamine is shown in Scheme SM1. 

 

3.4. Electrochemical detection of scopolamine on MS-CPEs by DPV 

 

DPV was evaluated for electrochemical detection of scopolamine on the MS-

CPEs and experimental conditions (electrolyte support, pH and accumulation time) were 

optimized. Firstly, two supporting electrolytes were investigated: 0.1M phosphate buffer 

and 0.1 M borate buffer (pH in the range from 6.5 to 10.5). Results showed that the 

oxidation peak current was higher employing phosphate buffer and, as it can be seen in 

Fig. 7a, the maximum current response was obtained at pH 8, showing in these conditions 

a low background current and a well-defined oxidation peak. The pKa of scopolamine is 

reported to be 7.75 within literature [36], which is similar to the pH value for the best 

response that is in accordance with the mechanism of scopolamine electrochemical 

reaction proposed in Scheme SM1. Therefore, this electrolyte and pH value was chosen 

for subsequent analytical experiments, for considering the sensitive determination of 

scopolamine. 

Accumulation is generally an effective way to enhance the sensitivity on the 

voltammetry analysis, so experiments were carried out in order to evaluate if immersion 

of the working electrode in a scopolamine solution could improve the adsorption process 



on the MS-CPEs surface. The influence of the accumulation time (in open circuit 

conditions) on the peak current was evaluated from 0 to 5 min (scan rate 100 mV·s-1) and 

the corresponding current was measured using 5 μM scopolamine in a 0.1 mM phosphate 

buffer (pH 8). The effect of accumulation time on the peak current of scopolamine is 

shown in Fig. 7b. In HMS-MPY-CPE and SBA-15-MPY-CPE, the oxidation peak current 

increased linearly with increasing the accumulation time from 0 to 1 min and from 0 to 2 

min, respectively, but with further increasing accumulation time the current response do 

not increase. This fact presumable indicates that the limiting value of the amount of 

scopolamine at these electrodes was achieved. On the other hand, in MSU-MPY-CPE not 

significant peak current increase was observed (between 0 and 1-2 min) and worse 

reproducibility, with a higher background current, was observed for repeated 

measurements. It must be noted (Fig. 7b) that under optimized conditions, the maximum 

peak current value was obtained for HMS-MPY-CPE suggesting that the adsorption 

process of scopolamine on this electrode was more effective. 

In order to develop a voltammetric method for determination of scopolamine, 

more sensitive DPV mode was selected as the detection method, since the anodic peak 

obtained was better-defined and higher than those obtained by CV mode. Thus, after 

optimization of experimental conditions, the relationship between the oxidation peak 

current and the scopolamine concentration (C) was examined (Table SM1). It was found 

that the Ipa was proportional to C, over the range 0.9 to 200 µM on the HMS-MPY-CPE, 

according to the following equation: Ipa (µA) = 0.00219 C (µM) + 0.0194 (R2= 0.9998) 

as shown Fig. 8. The limit of detection (LOD) and limit of quantification (LOQ), 

calculated as 3 or 10 times the standard deviation (SD) of five measurements of the peak 

current of the smallest concentration of the calibration plots divided by the slope of the 

calibration plots [32], were found to be 0.3 µM and 0.9 µM, respectively. On the MSU-



2-MPY-CPE and SBA-15-MPY-CPE lower linear ranges (LR) and higher LOD and LOQ 

were observed, with the following calibration plots: Ipa (µA) = 0.0014 C (µM) - 0.0033 

(R2= 0.9999) and Ipa (µA) = 0.0014 C (µM) - 0.0033 (R2= 0.9996), respectively. In view 

of these results, subsequent studies (repeatability, reproducibility, stability, interferences 

and sample application) were only carried out with the HMS-MPY-CPE.  

A comparison of LODs and LR of the HMS-MPY-CPE with other reported 

electrochemical assay of scopolamine based on conventional modified electrodes were 

summarized in Table 2. As can be seen, LOD of the reported method is low or comparable 

with those obtained by other methods. 

 

3.5. Repeatability, reproducibility and stability of HMS-MPY-CPE 

 

Repeatability, reproducibility and stability are important parameters for the 

evaluation of the performance of an electrode for its practical applications. Firstly, the 

current response on HMS-MPY-CPE after six successive measurements of 5 µM 

scopolamine by DPV (in the optimal conditions) were compared, in order to evaluate the 

repeatability of the electrode. Relative standard deviation (RSD, %) values lower than 4 

% were achieved, pointing to the excellent repeatability of HMS-MPY-CPE. In addition, 

the current response was higher than 90 % from the initial value after 70 measures carried 

out in four consecutive days. To study the reproducibility of the HMS-MPY-CPE, three 

different electrode surfaces were used in different days and differential pulse 

voltammogram responses of 5 μM scopolamine solution were recorded, with a RSD of 8 

%. The stability of the electrode was tested by storing the paste (mixture of silica/carbon 

paste/mineral oil, 20/60/20, w/w/w) at 25 ºC for 5 weeks and 95 % current responses from 

the initial values were retained. The results revealed good repeatability, reproducibility 



and long-term stability of the developed sensor, which could be attributed to the 

mesoporous framework stability of the HMS material. 

 

3.6. Interferences studies and samples analysis  

 

The selectivity of the developed sensor was evaluated in the presence of various 

common interfering compounds found in tea and herbal tea infusion samples according 

with the literature [38]. Table 3 shows the variation of peak current response of 

scopolamine (10 µM) in the presence of some phenolic compounds commonly found in 

tea samples (quercetin and gallic acid, 50 µM), alkaloids (caffeine and atropine, 250 µM) 

and inorganic ions (Na+, K+ and Mg2+, 1000 µM), all of them on excess concentration. 

As can be seen, the presence of quercetin, gallic acid, Na+ and K+ did not produced or 

produced only negligible change (below 15 %) in the peak current of scopolamine. 1000-

fold Mg2+ (concentration twice higher than usually found in teas) caused a significant 

increase in the scopolamine peak current, being able to interfere with its determination. 

However, it is worth noting that an excess of atropine, tropane alkaloid usually found 

together with scopolamine, did not interfered with its oxidation signal. Based on the 

results obtained, the sensor developed showed good enough selectivity, but for 

quantitative purposes, the standard addition method can be used in order to avoid the 

matrix effects. 

 

Finally, in order to evaluate the performance of the developed HMS-MPY-CPE 

by practical analytical applications, the determination of scopolamine was carried out in 

tea (red, green and rooibos tea) and herbal tea (chamomile and fennel tea) infusion 

samples. Two milliliters of each infusion was added into 23 mL 0.1 M phosphate buffer, 



pH 8 (12.5 times dilution) and DPV was recorded under the optimal experimental 

conditions. The scopolamine concentration was determined by the standard addition 

method to compensate the matrix effect from the infusion samples (Fig. 9). Taking into 

account that the therapeutic dose than cause physiological effects is around 180 µM [39, 

40], scopolamine was added to the samples for recovery test to achieve a final 

concentration (in the cell) of 10 µM. This demonstrate that the sample dilution in the cell 

would not impair the applicability of the developed method. As it can be seen in Table 4, 

good correlations between amount added and determined were obtained (recoveries 

between 83 ± 5 and 101 ± 1 %), indicating that the sensor can be effectively employed to 

attain acceptable results for determination of scopolamine in tea and herbal tea infusion 

samples. 

 

4. Conclusions 

 

In this work, an electrochemical method for the rapid control of scopolamine has 

been developed. Mesostructured silicas (MSU-2, HMS, SBA-15) were successfully 

synthesized, functionalized with 2-mercaptopyrimidine groups, characterized and used to 

prepare modified CPEs for the detection of scopolamine. The electrochemical response 

of scopolamine showed great difference by the presence of MPY groups on the silica 

surface. CPE modified with HMS-MPY produced a well-defined and sensitive oxidation 

peak for the analyte in DPV. This sensor displayed wide linear range, low detection limit, 

good reproducibility and long time stability. The DPV method developed with the HMS-

MPY-CPE provided reliable results using the standard addition method for determination 

of scopolamine in tea and herbal tea infusions without sample treatment. 
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Fig. 1. Characterization of bare and functionalized mesostructured silicas: (a) N2 adsorption-desorption isotherms; (b) pore size distribution; (c) XRD 
patterns. 
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Fig. 2. (a), (b), (c) TEM images of SBA-15, HMS and MSU-2; (d), (e), (f) SEM images 

of SBA-15, HMS and MSU-2. 

 

  

c) b)
) 
 

a) 
 

d) 
 

e) 
 

f) 
 



 
 

 
 

 
 
Fig. 3. Cyclic voltammograms of unmodified (graphite) and modified (with bare or 

functionalized silicas) CPEs in the potential range of – 1 to + 1.5 V obtained with 1 mM 

K4[Fe(CN)6] solution in 0.1 M phosphate buffer (pH 8). Scan rate: 100 mV·s-1. 

 

  



 

 

 
Fig. 4. Cyclic voltammograms of (a) SBA-15-MPY, (b) HMS-MPY and (c) MSU-2-

MPY CPEs at different scan rates (10 - 200 mV·s-1) performed in 1 mM K4[Fe(CN)6] and 

0.1 M phosphate buffer (pH 8) supporting electrolyte. Inset shows the linear relationship 

of the reduction and oxidation peak current (Ip) vs. squared root of scan rate (v1/2). 



 

 

 

Fig. 5. Cyclic voltammograms of modified CPEs with (a) bare silicas and (b) 

functionalized silicas in the potential range of 0 to +1.5V, in presence of scopolamine 50 

μM employing 0.1 M phosphate buffer (pH 8). Scan rate: 100 mV·s-1. 

  



 

 

 
Fig. 6. Cyclic voltammograms of (a) SBA-15-MPY, (b) HMS-MPY and (c) MSU-2-

MPY CPEs at different scan rates (from 5 to 100 mV·s-1) performed in 50 μM 

scopolamine in 0.1 M phosphate buffer (pH 8). Inset 1 shows the relation of the oxidation 

peak current (Ip) vs. square root of the scan rate (v1/2). Inset 2 shows plot of Log Ip vs. 

Log v.  



 

  
 

Fig. 7. (a) Effect of electrolyte support and pH value on the peak current of 5 μM 

scopolamine at HMS-MPY-CPE. (b) Effect of accumulation time on the peak current of 

5 μM scopolamine at modified CPEs. Scan rate 100 mV s-1. 

  



 

 

Fig. 8. (a) DPV responses of scopolamine with increasing concentrations in range 0.9 – 

200 µM and (b) calibration plot of scopolamine. Conditions: 0.1 M phosphate buffer, 1 

min accumulation time. Scan rate: 100 mV·s-1; pulse amplitude: 10 mV; potential 

increment: 5 mV; pulse width: 40 ms.  



 

 

 

Fig. 9. Differential pulse voltammograms of (a) rooibos tea infusion and (b) chamomile 

infusion samples diluted in 0.1 M phosphate buffer (pH 8), before (---) and after (coloured 

lines) addition of increasing concentrations of scopolamine. Inset in each figure show the 

respective standard addition calibration plots. Conditions: 0.1 M phosphate buffer, 1 min 

accumulation time. Scan rate: 100 mV·s-1; pulse amplitude: 10 mV; potential increment: 

5 mV; pulse width: 40 ms. 



Table 1 

Characterization data for mesostructured silicas. 

Material 2θ (100)  

(degrees) 

Wall  

thickness (Å) 

BET surface 

area (m2 g-1) 

 Pore volume 

 (cm3 g-1) 

BJH pore 

diameter 

(Å) 

L0  

(mmol g-1) 

Average 

particle size 

(µm) 

Particle morphology/ 

 Channel structure 

SBA-15 1.06 31.5 780.19 0.80 64.4 - 0.6 x 0.9 Rod-like / 1D hexagonal 

parallel channels 

SBA-15-MPY 1.03 41.9 389.86 0.46 56.8 0.70  Rod-like / 1D hexagonal 

parallel channels 

HMS 2.44 11.0 1078.65 1.02 25.2 - 1.3  Pseudo-spherical/ 

 3D wormhole like 

HMS-MPY 2.42 16.0* 898.44 0.48 ** 0.79  Pseudo-spherical/ 

 3D wormhole like 

MSU-2 2.00 13.6 888.48 0.85 33.3 - 1.2 Spherical/3D wormhole 

like 

MSU-2-MPY 1.92 21.0 748.65 0.54 24.9 0.94  Spherical/3D wormhole 

like 

 

L0: Millimoles of ligand per gram of material. * Value estimated considering a pore diameter of 20 Å. ** Not calculated  



Table 2 

Comparison of analytical figure of merits for the determination of scopolamine, in standard solutions, using voltammetric methods. 

Technique	 Working	electrode	 Linear	range	(μM)	 Limit	of	detection	

(μM)	

Reference	

	

SWV	 Boron-doped	diamond	 1-110	 0.84	 [11]	

DPV	 Pt	electrode	 10-1000	 0.20	 [12]	

BIA-SWV	 Boron-doped	diamond	 1	-20	 0.12	 [13]	

DPV	 CPE	modified	with	HMS-MPY	 1-200	 0.30	 This	work	



Table 3 

Influence of interference on the voltammetric response of scopolamine on HMS-MPY-

CPE. 

 

Interferences Concentration (μM) 
Peak current change (%) 

Scopolamine (10 μM) 

Gallic Acid 50 +14.7 

Quercetin 50 +13.6 

Caffeine 250    0 

Atropine 250    0 

Na+ 1000 +9.7 

K+ 1000 -3.2 

Mg2+ 1000 +32.3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4 Recoveries obtained for scopolamine determination on HMS-MPY-CPE in tea 

and herbal tea infusions (n = 3)  

 

Sample  Added (µM) Total found (µM) Recovery ± SD (%) 

Rooibos tea 0 0 - 

 10 9.6 96 ± 3 

Green tea 0 0 - 

 10 9.2 92 ± 1 

Red tea 0 0 - 

 10 9.5 95 ± 5 

Chamomile 0 0 - 

 10 8.5 101 ± 1 

Fennel 0 0 - 

 10 8.3 83 ± 5 


