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Abstract 

Caffeine is a central nervous system (CNS) stimulant and is the most routinely used drug in 

the world. It is present in coffee, tea, in soft drinks. It is responsible for bitterness in coffee 

and tea. A new microconductometric sensor for the detection of caffeine was designed, 

based on a PVC liquid membrane including a [o-COSAN]-/caffeine ion-pair complex 

deposited on interdigitated electrodes. This caffeine sensor presents de dynamic range 

from 10-6 M to 10-1 M and a limit of detection of 0.3 µM. The sensor presents good 

reproducibility (RSD 3%) and repeatability (RSD 8%). The shelf-life time of the sensor was 

more than three months. The sensor is selective versus interfering components present in 

the different matrices (coke, tea, and coffee) and was used successfully for the detection of 

caffeine in these matrices.  

Keywords: caffeine;  [o-COSAN]-/caffeine ion-pair complex; microconductometric sensor; 

liquid membrane; 

 

1. Introduction 

Caffeine (1,3,7-trimethylpurine-2,6-dione) (CF) is a purine alkaloid that is composed of two 

heterocyclic rings: a pyrimidinedione ring, and an imidazole ring. It is a white crystalline 

compound found in the seeds, fruits, nuts, and leaves of trees and plants native of Africa, 

East Asia, and South America. It is one of the substances responsible for the bitterness of 

tea and coffee [1]. CF is a central nervous system (CNS) stimulant, and is the most routinely 

used drug in the world, with 87% of Americans consuming caffeinated products ≥ 1 

time/week, at an average of 165 ± 1 mg/day [2,3]. Among caffeinated products, coffee is 
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the most consumed (68%), followed by sodas (42%). While low to moderate doses of 

caffeine (≤ 400mg a day for healthy adults [4,5]) can be beneficial for enhancing cognitive 

function, higher doses can lead to cardiovascular symptoms, gastrointestinal problems, 

anxiety, insomnia, musculoskeletal symptoms, pulmonary symptoms, and other side effects 

[5-8]. Some have indicated that after a dose of around 1g per day, toxic symptoms begin to 

manifest, a dose of 2g per day requires hospitalization, while higher doses (typically 5g per 

day or more) could result in death [5,7], most commonly due to tachycardia, renal failure, 

ventricular fibrillation, and arrhythmia [8,9]. Subsequently, determining the concentration 

of caffeine is necessary to ensure safe caffeine consumption through quality control. 

A variety of techniques have been used to date for CF detection, such as High-Performance 

Liquid Chromatography (HPLC), Gas Chromatography (GC), Liquid Chromatography-Mass 

Spectrometry (LC-MS), Thin Layer Chromatography (TLC), Enzyme-Linked Immunosorbent 

Assay (ELISA), Spectrophotometry, Capillary Electrophoresis (CE), and Biosensors [9-15]. 

However, there are also several problems with these techniques. Although they are 

efficient, LC-MS and GC can be expensive and require complicated equipment. Additionally, 

the portability of LC-MS and GC devices limits their usefulness in the field, particularly for 

industrial monitoring. 

Electrochemical sensors were selected due to their low cost, easy operability, portability, 

and rapid response. Voltammetric detection, based on pulsed methods, of caffeine is the 

main way of detection, around fifteen papers are published each year about this topic. The 

oxidation process of caffeine molecule involves four electrons and four protons. The use of 

bare carbon electrodes with a wide range of polarizability is necessary. On bare boron-

doped diamond (BDD) electrodes, presenting a large range of polarizability (2.8 V), the 

oxidation peak appears at 1.4 V vs Ag/AgCl [16]. Moreover, these electrodes present anti-

fouling properties which allows their excellent reusability. Several works were carried out 

on this type of bare electrode [17,18]. A comparison between the electrochemical 

detection of caffeine on BDD and on screen-printed carbon electrodes (SPCE) was carried 

out [19], the detection limit obtained on BDD (0.4 mg/L) was lower than that obtained on 

SPCE (1.7 mg/mL) in the same conditions. To decrease the detection limits, the modification 

of electrodes with different types of nanomaterials was carried out. Chalcogenides such as 

SnSe [20], MoS2 [21] were used and the obtained detection limits were respectively 6.5 nM, 

and 51 nM. Several metallic oxides were used such as 3D ZnCo2O4 [22], Gd2(MoO4)3 [23], 

ZnO [24], TiO2 [25], the obtained detection limits were respectively 11.4 nM, 4.1 nM, 150 

nM, 3.3 µM. Some other compounds were used for the sensitive detection of caffeine: 

phenantroline Cu(II) [26], Cu-MOF [27] and porphyrin [28] leading to respective detection 

limits 10.2 nM, 19 nM and 14.06 µM. A potentiometric sensors was also designed for the 
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caffeine detection. PVC membrane including tetradecylammonium bromide and 

dihydroxybenzoic acid was the recognition part of potentiometric sensor working in 

comparison with a reference solution containing tartaric acid [1]. The detection limit of 

caffeine was found to be 300 µM.  

Several potentiometric sensors based on PVC membrane were designed for sulphapyridine 

[29], amphetamine [30], aminoacids [31] including the -shaped molecule [3,3’-Co(1,2-

C2B9H11)2]- ([o-COSAN]-). This negatively charged molecule was able to form ion-pair 

complexes with positively charged molecules, such as molecules including any type of 

amine group. These complexes are highly insoluble in water and very soluble in many 

organic solvents. Detection limits were in the range of 10-6 M. Caffeine can be protonated 

on N9 in acidic media, with a pK of 0.18 [32]. It could then be a candidate for the formation 

of an ion-pair complex with [o-COSAN]- and its inclusion in a PVC membrane. This work 

presents for the first time, this synthesized [o-COSAN]-/caffeine ion-pair complex (Fig. 1). 

 

Figure 1. Molecular structure of [o-COSAN]-/caffeine ion-pair complex 

 

In contrast with voltammetric and potentiometric sensors, conductometric sensors do not 

require any reference electrode, which simplifies the fabrication process. Conductometric 

microtransducers offer several other advantages: (1) Thin-film interdigitated electrodes are 

suitable for miniaturization and large-scale production using inexpensive technology such as 

the printed circuit technology; (2) differential mode measurements allow cancellation of 

many interferences, (3) the driving voltage is sufficiently low (few mV) to have a low power 

consumption [33]. This type of transducer was used for the sensitive detection of cationic 

surfactants with a PVC membrane including sodium tetraphenylborate as a carrier [34]. 

A PVC membrane including the ion-pair complex with [o-COSAN]-/caffeine was drop-casted 

on interdigitated electrodes in to obtain for the first time a caffeine microconductometric 
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sensor. After the determination of its analytical performance, the caffeine 

microconductometric sensor was validated for the detection of caffeine in some soft drinks. 

 

2. Experimental 

2.1. Chemicals  

Caffeine, quinine, hydrochloric acid (37%), phosphate buffered saline (PBS), 

polyvinylchloride (PVC), bis(2-ethylhexyl)sebacate were provided by Merck (Saint-Quentin-

Fallavier, France). [o-COSAN]- was purchased from Katchem Spol.sro (Praha, Czech 

Republic). 

Ultra-pure water (UPW) (resistivity > 18 MOhm.com) was produced by a Millipore System. 
 
2.2. Microconductometric chip 

For reasons of manufacturing cost, we turned to printed circuit technology which would not 

provide as fine a resolution as microelectronics technology [35] but which was worth 

testing as a low-cost sensor. The electrodes were made of copper (approximately 42 µm) 

covered with a layer of Nickel (3 to 6 µm) and then with a layer of Gold (50 to 120 nm). The 

interdigitated gold electrodes, deposited on a PCB support, have widths of 100 µm and 

interelectrode distances of 100 µm (Fig. 2). The diameter of each sensor (one pair of 

interdigitated electrodes) was 6 mm. On each chip, there is a working sensor and a 

reference sensor.  

 

 

 

 

 

 

 

Figure 2. Interdigitated electrodes fabricated by the printed circuit technology: working 
sensor and reference sensor 

2.3 Synthesis of [o-COSAN]-/caffeine ion-pair complex 

Caffeine (40 mg, 0.20 mmol) was dissolved in diluted hydrochloric acid (~25 mL). After 

agitating and obtaining a clear solution, Na [3,30-Co(1,2-C2B9H11)2] (0.20 mmol) in 10 mL 
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of diluted hydrochloric acid (3 M) was added. Almost instantly an orange precipitate 

appeared. The mixture was stirred for 5 min and left to rest for an additional period of 15 

min. The orange solid was isolated through a Buchner funnel. The resulting solid was rinsed 

first with 10 mL of diluted hydrochloric acid (0.1 M) and then 2 x10 mL of deionized water 

and then carefully removed and placed in a round bottom flask with a ground glass joint for 

active 0.1–0.01 mm vacuum at room temperature. The solid was collected after a constant 

mass to remove all kinds of solvents. The solid was then ready for the membrane 

preparation. 

For the characterization of the [o-COSAN]-/caffeine ion pair complex, FTIR spectrum was 

recorded on at room temperature using a Nicolet Continuum microscope coupled with 

Nexus infrared spectroscopy in specular reflectance mode equipped with an MCT detector. 

Recordings were obtained with a resolution of 4 cm−1, a spectral width between 690 and 

4000 cm−1 and signal processing through Happgenzel apodization (256 scans). 

 

2.4 Preparation of the caffeine microconductometric sensor 

The liquid membrane was prepared as follows [30]. 43 mg of PVC were dissolved by stirring 

in 1.5 mL of tetrahydrofuran (THF) until a viscous but clear solution was obtained. Then, 10 

mg of [o-COSAN]-/caffeine ion-pair complex and 90 mg of plasticizer (bis(2-

ethylhexyl)sebacate ) were added. 2 µL of this liquid was deposited on the working sensor. 

The liquid membrane for the reference sensor was prepared by dissolving 13 mg of PVC and 

90 mg of plasticizer in 1.5 mL of tetrahydrofuran, without ion-pair complex and 2 µL were 

drop-casted on the reference sensor. The caffeine sensors were stored at room 

temperature for future use. 

 

2.5. Microconductometric measurements 

Conductometric detection was achieved by applying to each pair of interdigitated electrodes 

(working sensor and reference sensor) a small-amplitude sinusoidal voltage (10 mV peak-to-peak at 0 

V) at a 10 kHz frequency generated by "VigiZMeter" conductometer (Covarians (91190 Gif-sur-

Yvette, France)). The conductance response, in the differential mode, was recorded as a function of 

time. Caffeine was injected in a 10-3 M PBS buffer, the pH value being adjusted at 2.5 by the addition 

of drops of a diluted HCl solution. The response time (tRes) describes the time necessary to reach 

90% of the total change of conductance. 

 

3. Results and Discussion 
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3.1. FTIR characterization of the [o-COSAN]-/caffeine ion pair complex 

The FTIR spectrum is presented in Fig. 3. The FTIR spectrum of [o-COSAN]-/caffeine displays a strong 

and characteristic ν(B-H) frequency in the infrared range 2556 cm−1 in which no other frequencies of 

organic compounds appear. The FTIR spectrum displays the ν (O-H) stretching vibration at 3617 cm-1; 

ν(N-H - caffeine; O-H) at 3411-3617 cm-1; ν(C-H) at 3050 cm−1; ν(C=O amide - caffeine; C=C; C=C 

aromatic - caffeine; N-H - caffeine) at 1451-1663cm-1; ν(C-H) at 1325-1451 cm−1; ν(C-O; CC; C-N - 

caffeine) at 1019-1325 cm−1; ν(C-H; C=C) at 723-983 cm-1. 

 

 

Figure 3. FTIR spectrum of the [o-COSAN]-/caffeine ion pair complex  

3.2. Analytical performance of the caffeine sensor 

The conductance response of the caffeine sensor as a function of time, when increasing 

concentrations of caffeine are injected, is presented in Fig. 4. When the concentrations of 

caffeine in contact with the sensor increases, the conductivity of the liquid membrane 

increases. This type of response was observed only when the pH value was low enough (pH 

= 2.5). At this pH, the exchange between the protonated form of caffeine can occur with 

the [o-COSAN]-/caffeine ion pair complex in the membrane. When the pH value becomes 2 

or lower, no variation of the conductivity is observed, due to a two-high value of ionic 

strength in the solution. This increase in conductivity when the concentration of the specific 

analyte increases was also observed with microconductometric transducers modified with a 

plasticized PVC membrane including a specific complex for the detection of ionic species 

(NH4
+ [36] and K+ [37]), and of a cationic surfactant [34], due to the exchange of the charged 

specie with the complex in the membrane.  
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Figure 4. Conductance response of the caffeine microsensor as a function of time. 
Measuring conditions: differential mode, 10-3 M PBS buffer, pH 2.5 

 

The response time of the caffeine microsensor varies from 10 s to 50 s from lower 

concentrations to higher concentrations. The saturation appears at 10-1 M. 

The calibration curve of the caffeine microsensor is presented in Fig. 5. The slope of the curve DG 

versus log [caffeine] is 3280 µS/cm, in the high concentration range (10-4M – 10-1M) and 353 µS/cm 

for the lower concentration range (10-6M – 10-4M). The limit of detection calculated from the formula 

3s/S (where s is the RSD on the background and S is the sensitivity) is equal to 0.3 µM. The relative 

standard deviation for the same sensor was 3%, the measurements being repeated three times. The 

sensor retained its detection sensitivity for three months when kept dry in a fridge at 4°C between 

measurements. The inter-sensor reproducibility obtained for five sensors is 8%. When comparing the 

analytical performance of this conductometric sensor to that of the previously published sensors, the 

detection limit is lower than that of the potentiometric sensor [1] and of the voltammetric sensor on 

bare BDD [19]. Nevertheless, the voltammetric detection of caffeine in the presence of 

nanomaterials leads to a lower detection limit, in the range of nM [22-27]. 
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Figure 5. Calibration curve of the caffeine microsensor. Measuring conditions : differential 
mode, 10-3 M PBS buffer, pH 2.5 

The specificity of detection was verified versus several molecules contained in coke (caffeic 

acid, citral, limonene, vanillin), in coffee (quinine, caffeic acid, quinic acid), and in tea 

(quinine, caffeic acid, quinic acid); among them, caffeine and quinine are responsible for 

bitterness [38] (Fig. 6). The sensitivity for quinine was 11.6 times lower than that of 

caffeine. For the other molecules, their sensitivity was 3 times (caffeic acid and quinic acid) 

and 5 times lower (citral, limonene, and vanillin). 
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Figure 6. Comparison of the sensitivity of detection of caffeine and of quinine, caffeic acid, 
quinic acid, citral, limonene, vanilline. Measuring conditions : differential mode, 10-3 M PBS 
buffer, pH 2.5 

The detection of caffeine in a soft drink (Coke), in Ceylan black tea, in arabica coffee and in 

robusta coffee was carried out using this microconductometric sensor, through the 

standard addition method. The obtained results are reported in Figure 7. For Coke, the 

curve is shifted to a value of 3300 µS/cm from that obtained in the buffer, showing that the 

initial concentration of the soft drink should be 0.40±0.02 mM. The given value for the 

provider was 8 mg for 100 g corresponding to 0.41 mM. For Ceylan black tea, the curve is 

shifted by a value of 3777 µS/cm, corresponding to 1.13±0.04 mM. The given value was 220 

mg/L (2 spoons in 300 mL), corresponding to 1.1 mM.  For arabica coffee, the curve is 

shifted by a value of 4526 µS/cm, corresponding to 2.02±0.08 mM. The given value was 394 

mg/L (4 g in 150 mL), corresponding to 2.0 mM.  For robusta coffee, the curve is shifted by a 

value of 5578 µS/cm, corresponding to 3.94±0.12 mM. The given value was 766 mg/L (4 g in 

150 mL), corresponding to 3.9 mM.  

 

Figure 7. Calibration curves in 10-3 M PBS buffer, pH 2.5 (dark blue), in Coke (orange), in 
Ceylan black tea (grey), in arabica coffee (yellow), and in robusta coffee (light blue), in the 
differential measurement mode. 

 

4. Conclusion 

A new microconductometric sensor for the detection of caffeine was designed, based on a 

liquid PVC membrane, including a [o-COSAN]-/caffeine ion pair complex. The response time 

of the sensor was from 10 s to 50 s for lower (< 10-4 M) to higher concentrations (until 10-2 
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M). The obtained detection limit was 0.3 µM, which is low compared to other 

electrochemical sensors such as potentiometric or voltammetric on bare BDD electrodes. 

The sensor was shown to be selective versus other molecules present in Coke, tea, and 

coffee and was successfully used for the detection of caffeine in these drinks. A long shelf-

life time of three months was observed for this sensor. This sensor could be used for the 

routine detection of caffeine in drinks or in pharmaceutical drugs. The membrane-based [o-

COSAN]-/caffeine ion pair complex could be also adapted to another type of transducer 

such as potentiometric (ISEs or ISFETs) for the detection of caffeine or the detection of 

bitterness in electronic tongues. 
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