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Development of an electrochemical caffeine sensor
for PAT Application in the Food and Beverage
Industry

Shauna Scanlon, Walter Messina, Eric Moore

Tyndall National Institute
& School of Chemistry, UCC
Cork, Ireland
shauna.scanlon@tyndall.ie

This work reports on the development of an electrochemical
sensor for on-line caffeine detection using screen printed graphite
electrodes. The effects of solution pH and pre-treatment
procedures on electrode performance have been discussed, as
well as the modification of the electrode surface for increased
electrode sensitivity. Successful caffeine determination in soft
drink samples is described. The results indicate the potential of
electrochemical sensors to compare and compete with the current
off-line methods of caffeine analysis, such as HPLC, allowing for
both a reduction in time and cost of product quality analysis. The
successful performance of the screen printed electrode, as well as
its low cost and small dimensions, will allow for efficient
integration into a multi-parameter device for on-line quality
control analysis.

Keywords—caffeine;  electrochemical detection;  process
analytical technology; screen printed electrodes; food and beverage

l. INTRODUCTION

In September 2004, the United States Food and Drug
Administration (FDA) introduced a Process Analytical
Technology (PAT) initiative for industries, which aimed at
supporting the voluntary growth and implementation of
innovative industrial development, manufacturing, and quality
assurance [1]. The PAT approach involves multivariate data
collection through the application of a variety of analytical
methodologies in- line, on- line or at- line allowing for timely
measurements of the product attributes throughout the
manufacturing process. This allows manufacturers to use the
data obtained to increase the level of process understanding and
control. By using a Quality by Design (QbD) approach to
manufacturing, the quality of the products is incorporated by
process design and not by post-production quality testing.

Food and beverage quality and safety have become of
significant importance over the past decade and assuring the
highest standards of process control is a key priority [2-5]. As
with the pharmaceutical industry, the food industry faces high
regulatory standards regarding the quality control, safety and
traceability of their production processes. All of these factors
have emphasised the need for reliable techniques to evaluate
the food quality in a rapid, cost effective and reproducible way.
Through the introduction of PAT to manufacturing processes,
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the food and beverage industry is gradually moving from
inferential monitoring and control toward continuous
measurement of core quality parameters. As a method of
reducing the cost and time of quality control analysis, increased
interest has been given to the implementation of integrated
devices. These systems consist of the integration of several
analytical techniques into a single, easy to use device which
can be used to determine many quality control parameters
simultaneously [6-9]. In recent years, microelectrodes
fabricated using screen printing or thick film techniques have
seen an increased use in these systems, as they can be produced
in large quantities at very low costs per unit, maintaining high
levels of reproducibility. Carbon-based materials are
commonly used in electrochemical analysis due to their long-
term chemical stability, fast electron mobility, good electrical
conductivity, rich surface chemistry, as well as their usefulness
over the wide potential range of the anodic and cathodic areas
of the instrumentation [10]. Screen printed carbon-based
electrodes have been used in this project to determine the
caffeine levels of soft drink beverage solutions, using
electrochemical analysis.

Caffeine (1, 3, 7 trimethylxanthine) is an active alkaloid,
naturally produced by plants and a constituent in beverages
such as tea, coffee and soft drinks. The quantification of
caffeine in both beverage and pharmaceutical products is
mainly of pharmaceutical and alimentary interest and requires
the development of rapid, reliable and accurate analytical
methods, suitable for detecting caffeine in a specific matrix
under the influence of interfering agents. Thus, the
development of dependable analytical techniques for the
determination and evaluation of caffeine is an active field of
research. Electrochemical methods offer many practical
advantages over separation techniques for the detection of
caffeine including suitability for real time analysis, low cost
instrumentation, possibility of miniaturisation, simplicity in
operation and reduced sensitivity to matrix effects and external
influences [11-13]. Electrochemical methods for the detection
of caffeine on different electrode materials have been
extensively reviewed and discussed [14-17]. These inlcude
potentiometric, voltammetric and amperometric sensors and
techniques.



Il. EXPERIMENTAL

A. Materials

All chemicals were of analytical grade and were used as
received from Sigma Aldrich, Ireland. The soft drink
concentrate solution was received from a food and beverage
company.

B. Instrumentation and Electrodes

Electrochemical measurements were carried out using a
PalmSens handheld potentiostat/galvanostat (Netherlands) and
a CH Instrument. The commercial Screen Printed Carbon
Electrode used was purchased from Kanichi Research Ltd
(Manchester, UK). It consisted of a graphite working electrode
(3mm @) and an on-chip graphite counter electrode and
silver/silver chloride pseudo reference electrode.

C. Electrode Modification

Prior to modification, an electrochemically active and
hydrophilic working electrode surface was produced by
sweeping the electrode from -0.5 V to +1.5 V in 0.1M
Phosphoric Acid for 10 scans. Nafion (a perfluorosulfonated
derivative of Teflon) is a cation-exchange polymer with
properties of excellent antifouling capacity, chemical inertness
and high permeability to cations [13]. It was used in this
research as an electrode modifying material [18-21], to increase
the sensor selectivity through the electrostatic repulsion of
unwanted species, especially anions as well as reducing
chemical adsorption of other components in the matrix,
particularly commercial samples.

5 % Nafion solution (Sigma Aldrich) was diluted to 0.25%
as per [19, 20].

D. Method of Electrochemical Characterisation

Characterisation of the electrodes was carried out by Cyclic
Voltammetry (CV) and Square Wave Voltammetry (SWV). All
electrochemical measurements were carried out with a
PalmSens potentiostat. The electrode was inserted into a
connector (DropSens) and connected in a three electrode
system.

E. Electrode Pre-Treatment

Pre-treatment procedures were carried out using Cyclic
Voltammetry and Pre-Anodisation. The procedures carried out
were as follows:

e The electrode was placed into a solution of 0.2 M
Sulphuric acid and CV scans were carried out between
-1.2 and +1.5 V [22]. This was done both as a single
scan and 5 scans for comparison.

e The electrode was placed in a solution of 0.1M Sodium
Hydroxide and CV scans were carried out between -1
and +1 V for ten minutes [23].

e  The electrode was placed in a 0.05 M Phosphate Buffer
solution and CV scans were carried out between -1 and
+1 V for 25 scans.

e The electrode was pre-anodised in 0.05 M Phosphate
buffer at +1.5 V for two minutes [24]

e The electrode was pre-anodised in saturated Sodium
Carbonate at +1.2 V for five minutes.

After the electrodes were pre-treated they were then
analysed in a 1 mM Ferri/Ferrocyanide in 1 M KCI solution.

I1l. RESULTS AND DISCUSSION

A. Scanning Electron Microscopy

The Screen Printed Carbon (SPC) electrode surface was
analysed using Scanning Electron Microscopy (SEM). The
surface morphology can be seen in Fig. 1. The images show a
rough, unhomogenous blanket-like layer of graphite, as is
expected from the untreated electrode surface.

B. Effect of Surface Pre-treatment on Electrode Performance

Pre-treatment procedures are commonly carried out on
electrodes to increase their sensitivity. In the case of carbon
electrodes, pre-treatment can expose the graphite edge-plane
sites in the material, leading to higher sensitivity. The pre-
treatment procedures were carried out, as described in the
Experimental section. After pre-treatment, the electrodes were
analysed in a 1 mM Ferri/Ferrocyanide in 1 M KCI solution.
The resulting graphs were analysed based on the potential
differences between the anodic and cathodic peaks and the
anodic and cathodic peak ratios. The anodic and cathodic
potential difference is an indication of how electrochemically
clean an electrode surface is. The smaller the difference, the
cleaner the surface and the better the electron transfer. Table 1
shows the results of the pre-treatment procedures. In all cases,
pre-treating the electrodes gave an improved performance over
the untreated electrodes. From the table, it can be seen that the
pre-anodisation techniques gave the lowest peak potential
difference. The pre-treatment using sodium carbonate,
however, showed a higher deviation between electrodes. The
technique with the highest reproducibility between electrodes
was the 5 CV scans in Sulphuric Acid, which also showed a
high anodic current. Taking into consideration these factors,
along with the simple and fast method of treating the
electrodes, it was decided to use 5 scans in Sulphuric Acid as
the method for further electrode pre-treatment.

Fig. 1. Scanning Electron Micrscopy images of Bare Screen Printed Graphite
Electrode at a magnification of 100,000 and 10,000.



TABLE I. THE EFFECT OF PRE-TREATMENT PROCEDURES ON SCREEN

PRINTED ELECTRODE PERFORMANCE

AE o Anodic Anodic
Electrode | Pre-treatment mv) 'a/ I Current Current
(LA) STDEV (%)
SPC
(n=10) Untreated 214 0.92 8.04 7.22
H SO
2 4 169 0.93 9.96 1.24
(1 scan)
H SO
2 4 178 0.95 9.75 0.41
(5 scans)
NaOH 183 0.98 10.91 0.26
PBS 184 0.91 8.60 2.78
PBS
Anodised 148 0.99 9.789 0.53
Na CO
2 3 145 0.96 10.14 1.64
Anodised

C. Electrochemical Behaviour of Caffeine at Screen Printed
Carbon Electrode

The electrochemical behavior of caffeine at the SPCE was
investigated using cyclic voltammetry. In order to analyse the
potential sensitivity-enhancing capabilities of a surface
modification, a bare SPC and a Nafion-modified SPC electrode
were compared for performance. Fig. 2 shows the cyclic
voltammogram obtained for 300uM caffeine in 0.1M
phosphoric acid with a scan rate of 0.1 V/s at both types of
SPC electrode. From Fig. 2 it can be seen that there is a clear
increase in the anodic current of caffeine oxidation for the
Nafion electrode, compared to the bare. The current is 2.13
times as high with the Nafion modification due to the repulsion
of unwanted species in the solution. Based on these results, a
Nafion-modified SPCE was used for futher analysis.

D. Effect of pH on the Detection of Caffeine

The pH value of an electrolyte solution is an important
factor that affects the redox behavior of electroactive species
[25] and, in food production, how a product tastes. The effect
of variation of pH for the oxidation of 300 pM caffeine was
studied, employing CV technique, using Britton-Robinson (pH
2-8), and adjusting the solutions to the desired pH using NaOH
(0.2 M). The resulting anodic current at each pH is seen in Fig.
3.
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Fig. 2. Comparison of electrochemical behaviour of 300uM Caffeine in
0.1M HsPO, at Bare (blue) and Nafion (red) Screen Printed Graphite
Electrodes, at a scan rate of 0.1 V/s.
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Fig. 3. Effect of pH on the oxidation of 300uM Caffeine in Britton-Robinson
Buffer (pH 2-8) at a scan rate of 0.1 V/s.

In Fig. 3, the anodic peak current of caffeine decreased
linearly as the solution pH increased. Based on the shape of the
voltammogram and high anodic current, it is clear that the
electrode performance improves in more acidic conditions,
ideal for use in acidic soft drink beverage solutions.

E. Real Sample Analysis

The caffeine content of an acidified beverage sample
containing caramel was analysed. This was done using the
SPC electrode, pre-treated with CV scans in H,SO, followed
by modification with Nafion. Prior to analysis, the sample was
diluted to beverage level with 0.1M Phosphoric acid in order
to bring the caffeine concentration into the linear range
readable by the sensor. For real sample analysis the
electrochemical technique used was Square Wave
Voltammetry. Over approximately 150 sensors, a recovered
caffeine range of 96-102% was obtained, with high
reproducibility between batches. The results are an indication
that the developed sensors are extremely efficient for the
detection of caffeine in soft drink concentrate solutions.
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