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Abstract

A handheld electrochemical sensor has been demonstrated for the quantification of the
strength of garlic. The device is based on the enhanced voltammetric response in the presence
of organosulfur compounds extracted from garlic. Convenient and disposable platinum
screen-printed electrodes are employed. All measurements and data analyses are performed
within the device. A linear response of the voltammetric peak current enhancement as a
function of garlic concentration was observed, indicating the ability of the device to be
applied to garlic samples of any strength. Importantly, this portable sensor can be used by
non-scientifically skilled personnel and does not require expensive laboratory equipment. It is

thus suitable for application in the food industry.
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1 Introduction

Garlic belongs to the genus Allium which is well-known for its antibiotic activity (1, 2),
pungency and strong odour. These properties stem from their organosulfur components such
as disulfides (R-S-S-R’) and sulfoxides (R-S(=0)-R’). (3) Upon cell damage, the sulfoxides
are biologically converted to thiosulfinates (R-S(=0)-S-R’) and it is this family of compounds
that are responsible for the pungent flavour of garlic. (4) The painful and burning sensation of
garlic is induced by thiosulfinates from the alliums activating the pain receptor and triggering

inflammation. (3)

Thanks to its unique odour and properties, garlic in both raw and processed forms is widely
used as a cooking ingredient. However, long term storage of the bulbs prior to processing is
known to alter the sulfoxide composition. (5, 6) Moreover, different cooking methods (7),
sub-species, sources and harvest time of garlic results in a variability of the flavour and
strength of garlic. (8-10)

For consistency of the quality of the final consumer products, the strength of garlic and the
amount required must be reviewed frequently on a batch-to-batch basis before they can be
used in industrial-scale food production. At present, the ‘strength’ of garlic is assessed in the
food industry via organoleptic testing. However, in the preparation of ready-made meals,
cooking sauces, garlic powder, medicinal supplements and many other garlic containing
products, large quantities of garlic have to be tested. This demands a more reliable, quicker

and accurate method than taste testing.

Scientifically, various techniques are available for the analysis of organosulfur concentration
such as mass spectrometry (11), high performance liquid chromatography (12-14), gas
chromatography (15, 16), capillary electrophoresis (17) and electrochemical methods (18,
19). To date, electrochemical bromination (19) is the most appropriate method for industrial
usage due to its relatively low cost, short experimental time and ease of use for non-
scientifically trained operators. The electrochemical method uses the bromide/bromine redox
system as the homogeneous redox mediator at a platinum macro-electrode. Organosulfur is
extracted from garlic using the less toxic solvent, ethyl acetate. The method has been proved
to be able to cover the whole range of garlic strength and the results showed an excellent

correlation with organoleptic tests. (19)



In this paper, we develop a small, portable device to carry out the electrochemical
bromination at point-of-use. The device can perform cyclic voltammetry measurements using
a custom-made potentiostat. Data analysis is done within the device hence no prior
knowledge of electrochemistry or data processing is required. Disposable screen-printed
electrodes are employed instead of conventional macro-electrodes to discard the step of
electrode preparation. The novelty of this paper lies in the design of the device, which below
we term the “‘Garlic Meter.” The investigation of the differences between screen-printed
electrodes and macro-electrodes, and the origins underlying them is also evidenced. We show
how limitations and difficulties in the use of screen-printed platinum electrodes can be
overcome and demonstrate the capability of this Garlic Meter to authentic chopped garlic

samples of different concentrations.
2 Materials and Methods

2.1 Materials

Sodium bromide (M&D Laboratory Chemicals, >99%), sodium perchlorate monohydrate
(Sigma-Aldrich, 98%) and ethyl acetate (Sigma-Aldrich, >99.7%) were used as received.
Garlic samples were provided by Beacon Foods Ltd. All solutions were prepared using
deionised water (Millipore) with a resistivity of 18.2 MQ cm at 25 °C. Measurements were
conducted using disposable screen-printed electrodes (Dropsens ref. 550, 4 mm diameter
(20)) consisting of platinum working electrode, platinum counter electrode and silver pseudo
reference electrode.

2.2 Design of the Garlic Meter

The electronic circuit of the device is outlined schematically in Figure la. The device
includes i) a three-electrode potentiostat built from three OP196 operational amplifiers to
conduct electrochemical measurement; ii) PIC microcontroller programmed in PICBASIC
PRO Compiler to operate the device; iii) 12-bit digital-to-analog converter (DAC) to supply
the voltage set by microcontroller to the amplifier; iv) 12-bit analog-to-digital converter
(ADC) to deliver the signal obtained from the amplifier to the microcontroller; v) a switch
labelled as ‘START’ to turn on the device and commence the electrochemical measurement;
vi) a switch labelled as ‘CONTINUE’ to start the second measurement (discussed further
below); vii) a voltage regulator to maintain a constant voltage level; viii) two 12V DC



relays; ix) 10k ohm resistor labelled as ‘R1’ in the diagram allows the flow of currents up to
the maximum of ca. 130 pA; x) The lower resistor R2 is put in the circuit during the
conditioning phase, this allows larger currents through the working electrode to allow enough
charge to pass for surface oxidation of the platinum. In addition, the second relay
reconfigures the inputs to allow more voltage between the counter and reference electrodes
during the oxidizing activation phase. The normal three-electrode configuration is used for
the reducing activation phase as the potentials are less. The device is powered by four 1.5V
AAA batteries. The values of voltage applied throughout the measurement are summarized in

Figure 1b as a function of time.

Figure 1: a) Schematic diagram of the electronic circuit of the Garlic Meter with the picture
of the meter showing at the top right corner; b) the voltage (Vwe) applied as a function of

time

The Garlic Meter is designed to perform three major functions: electrode activation, two

cyclic voltammetry measurements and data analysis; described next.
a) Electrode Activation

Pre-treatment of the platinum screen-printed electrodes (SPES) is required prior to performing
electrochemical measurements, as will be evidenced later. This is done by holding the

potential at 1.7V for 2s to electrochemically oxidize platinum and impurities on the
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electrode surface, followed by the application of -0.1 V for 5 s. At this potential, all platinum
oxides formed during the electrode activation at 1.7 VV would be reduced back to platinum as
reported by Vetter et al. (21) that complete reduction of platinum oxide occurs at 0.6 V vs
SHE (~0.85 V vs Ag). The system is then left at 0.0 V for 5 s prior to the cyclic voltammetric

measurement.
b) Cyclic Voltammetry

The voltage at the working electrode is varied linearly as a function of time, relative to the
reference electrode where the potential is scanned from OV to 1.2V and back to 0V at a
scan rate of 100 mV s~*. The Garlic Meter first runs a cyclic voltammogram for the control
solution (no organosulfur is present), and then the same voltammogram is repeated in the
presence of the garlic sample. Both scans are required for the quantification of garlic strength

as described in the following section.
c¢) Data Acquisition and Analysis

Due to the partial onset of the oxidation of the metal surface, it is likely that the currents at
the anodic end of the measurement may be higher than the diffusion-limited peak currents of
the redox couple under study. The Garlic Meter is therefore designed to run the scan up to
1.2 V to obtain the appropriate range for cyclic voltammogram, but only allows the detection

of the peak current up to 1.1 V; refer to Figure 2a.

At the end of the measurements, the raw data of the current as a function of time (or voltage)
can be obtained by connecting the Garlic Meter to a personal computer via USB connection.
For industrial use and hence for the use by non-scientifically skilled personnel, analysis is
performed internally by the garlic meter. Here, the screen is programmed to display the peak
currents of the first and second scans as well as the baseline currents of both scans taken at
0.7V as a first review point. The screen shows these values of peak currents for three
seconds, then advances to the next page displaying the results of baseline corrected peak
currents for both scans. The result of final data analysis which is the normalized current
enhancement (ip — ipo / ip,0) calculated by a microcontroller is shown at the bottom line of this
screen. This current enhancement quantifies the amount of organosulfur in the garlic sample.

The need for this baseline subtraction will be discussed in Section 3.2.



Figure 2: a) Diagram showing the voltage ranges of cyclic voltammetry measurement and
peak detection; b) screen displays where | is the current measured and i is baseline corrected

current. Subscripts p, b and 0 denote peak, baseline and control respectively.

2.3 Procedures

Organosulfur was extracted from a crushed garlic sample (0.2 g— 1.0 g) by adding 2 mL of
ethyl acetate to the centrifuge tube containing a known amount of garlic. The tube was
vortexed for 1 min and subsequently centrifuged at 4400 rpm for 6 min. The resulting ethyl
acetate supernatant was added to the sodium bromide aqueous solution containing an excess
amount of sodium perchlorate salts to give the final concentration of ethyl acetate, sodium
bromide and sodium perchlorate of 5% v/v, 1.0 mM and 0.1 M respectively.

For the electrochemical measurements, a 5% v/v solution of pure ethyl acetate in sodium
bromide solution (1.0 mM NaBr and 0.1 M NaClO4) was used as a control. A 50 uL aliquot
of this solution was dropped onto the platinum screen-printed electrode. This amount is
adequate to cover all three electrodes on the chip. Cyclic voltammetry was then conducted by
pressing the ‘START’ button.

Second, a 50 pL aliquot of the solution containing the garlic extract was dropped onto the
same SPE as the control after washing carefully with deionized water and subsequently dried.

The second measurement was performed by pressing ‘CONTINUE’ on the device.



3 Results and Discussion

3.1 Electrode Activation

Ethyl acetate is the solvent used for the extraction of organosulfur from garlic. It has been
reported that the oxidation of sodium bromide in the presence of 5% v/v ethyl acetate gives a
well-defined voltammogram with a relatively small peak-to-peak separation of ca. 88 mV (at

100 mV s1) on a platinum macro-electrode. (19)

First, the oxidation of bromide was studied on the screen-printed electrodes to compare the
results with those obtained from a conventional macro-electrode. Preliminary experiments on
the screen-printed electrodes were performed using pAutolab Type III potentiostat. The CVs
of the sodium bromide solution (1.0 mM NaBr, 0.1 M NaClO4, 5% ethyl acetate) at a scan
rate of 100 mV s! recorded at a non-activated Pt SPE showed much smaller peak current in
the forward scan and the backward peak was absent; refer to Figure 3. This suggests the
decrease in electrode activity of the Pt SPE as compared with the corresponding macro-
electrode. As SPEs cannot be polished, the formation of an oxide film, the adsorption of
impurities on the electrode surface and the difference in microstructures from diverse
manufacturing procedures are potential factors accounting for the observed lack of electrode

activity.

The above result demonstrates that a suitable method is required to achieve a higher surface
activity of the Pt SPEs. Electrochemical activation was chosen in this case so that both
electrode activation and the voltammetric measurement can be performed consecutively using
a single device. For optimum oxidation of the platinum surface, at least 4.5 mC of charge has
to be passed through the electrode. This value of charge was estimated from
chronoamperometry of Pt SPE in fully supported 1.0 MM NaBr (aq) at 1.7 V for 2's (not
shown). All of the platinum oxide formed must then be reduced back to platinum prior to
recording the CV. The system is next left at 0.0 V for another 5 s for the diffusion layer at the
electrode to relax back to its initial state. These optimized activating conditions are
summarized in Section 2.2a. A well-defined cyclic voltammogram similar to that obtained
from a macro-electrode was subsequently obtained when the electrode had been activated as
described, as recorded using the commercial potentiostat (Figure 3, blue line). This change in

the voltammetric response evidences that the electrochemical pre-treatment of the SPEs



successfully remove the impurities and help to increase the activity of electrode towards

electron transfer in a similar manner to polishing of macro-electrodes.

For the electrode activation using the Garlic Meter, the 10k ohm resistor (R1, Figure 1a) used
in the circuit does not allow enough charge to be transferred within the intended time interval
(2s), and so a well-defined voltammogram cannot be obtained from this conventional
potentiostat set-up (single gain). Consequently, the Garlic Meter incorporates an additional
relay within the handheld device to switch the current path to the milliamps current range
allowing at least 4.5 mC to pass through in 2 s. The time interval of electrode activation (2 s)
was chosen to be the shortest possible to minimize the operation time and optimize the
process allowed by the 6 V supplied by four AAA 1.5V batteries. Figure 3 (green line)
shows that with appropriate pre-treatment of the electrode, a well-defined cyclic

voltammogram can be obtained using the Garlic Meter.

Figure 3: Cyclic voltammograms showing current densities of fully supported 1.0 mM NaBr
(aq) utilising i) Pt macro-electrode (polished with alumina powder) / pAutolab Type III
potentiostat (black, dash); 1ii) Pt SPEs / pAutolab Type III potentiostat with (blue) and

without (red) electrode activation; iii) Pt SPEs / Garlic Meter with electrode activation

(green)



3.2  Detection of Organosulfur by Electrochemical Bromination

In the previous section, we have obtained the appropriate conditions for the oxidation of
bromide using Pt SPEs. The changes in voltammetric response and especially the peak
currents in the presence of organosulfur will be investigated next. Cyclic voltammetry of the
control sample (1.0 mM NaBr, 0.1 M NaClO4, 5% ethyl acetate) was first carried out at a
scan rate of 100 mV s*. Upon the addition of the garlic extract, bromine formed by the
electro-oxidation of bromide ion reacts with the disulfides and sulfoxides present to form
thiosulfonates and reform bromide. (22) This electrocatalytic oxidation reaction (an EC’
mechanism) (23) leads to redox cycling of the bromide and hence results in an enhanced
voltammetric peak current. According to the electrocatalytic cycle summarized in Figure 4,
the magnitude of current enhancement is proportional to the concentration of disulfides and
sulfoxides, and hence directly related to the strength of garlic. (18, 19)

Figure 4: Schematic diagram of an electrocatalytic cycle with bromide/bromine redox couple
as a heterogeneous mediator in the conversion of disulfide or sulfoxide (RSSR) to
thiosulfonates (RSOzH)

Although the use of the bromide/bromine redox mediator at a Pt macro-electrode for the
quantification of garlic strength has been shown to be successful, measurements on Pt SPEs
impose major problems which require further adjustments towards the development of the
Garlic Meter. The cyclic voltammogram of sodium bromide solution in the presence of 5%
v/v ethyl acetate supernatant containing extracted compounds from chopped garlic sample
exhibits a pre-wave at ~0.5 V. The presence of the pre-wave potentially causes error in the
quantification of organosulfur concentrations as the magnitude of the peak current (and hence
current enhancement) is altered. This is evidenced by the fact that the linear extrapolation of

the calibration plot (current enhancement vs. mass of garlic) did not pass through zero-
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intercept. In other words, extrapolation of current enhancement to zero mass (i.e. no
organosulfur present) results in non-zero value causing systematic error to the measurement

of garlic strength. An alternative approach to quantification was thus sought.

Studies at varied scan rates showed that both the currents of pre-wave and the bromide
oxidation wave increase with scan rate. The ratio of the bromide oxidative peak currents (Ip)
to the current of the pre-wave (l,) decreases with scan rate; refer to inlay in Figure 5. One
might infer that measurement at slow scan rates would minimize the systematic error caused
by this pre-wave; however, this is not the case for Pt SPEs. At slow scan rate of 25 mV s,
reproducible CVs cannot be obtained due to the interference of oxidation of other organic
molecules or impurities present. Consequently, relatively fast scan rates are required to
minimize the influence of the side reactions. CV studies at slower scan rate of 10 mV s
revealed the nature of this pre-wave. In accordance with previous report by Wopschall et al.
(24), a wave occurring at a potential less positive than the formal potential of the redox
couple of interest likely result from the strong adsorption of the reaction product at the
electrode surface. The amount of charge transfer integrated from the pre-wave is ca. 4.3 pC
which is equivalent to 1.1x10** molecules cm=2. This value is comparable in magnitude to
the value of 1.5x10'° atoms cm~2 suggested by Bard and Faulkner (25) to represent the value

of monolayer adsorption on Au (111) surface.

Figure 5: CVs of 1.0 mM NaBr, 0.1 M NaClO4, 5% v/v ethyl acetate supernatant from the
extraction of organosulfur from 0.6 g of garlic sample at the scan rates of 25 mV s (red), 50
mV s (blue), 100 mV s (pink), 200 mV s~ (green) and 400 mV st (dark blue); the inlay
shows the ratio of peak current to baseline current (measured at 0.7 V) at the different scan

rates.
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At fast scan rate of 100 mV s, the pre-wave is a plateau; in contrast to the well-defined peak
obtained at slow scan rates. It can therefore be treated in term of data analysis as a baseline.
The Garlic Meter measures the baseline current (Ip) at 0.7 V. Its value is subtracted from the
voltammetric peak current (Ip) to yield the baseline corrected peak current (ip). Series of
experiments were performed for varied masses of garlic used in the extraction step to obtain a
calibration plot. The current enhancements calculated from baseline corrected currents give a
straight line as a function of mass of garlic with R? value of 0.99 passing through zero-
intercept; shown in Figure 6. The precision of the measurements is within +5% error of the
mean values measured for each garlic strength. The errors are at least an order of magnitude
smaller than the difference in the voltammetric signal recorded between two garlic samples
differing by 0.2 g in mass. Furthermore, this error is less than 7% of the anticipated range of

the industrially used garlic samples.

The results were analysed within the Garlic Meter. The linear calibration plot thus verified
three conclusions. First, the programmed microcontroller can successfully carry out i) cyclic
voltammetry measurements; ii) baseline subtraction and iii) calculation of the current
enhancement. Second, the Garlic Meter can determine the strength of garlic for both ‘weak’
and ‘strong’ garlic as resembled by measurements at low mass (0.2 g) and high mass (1.0 g)
respectively. Third, the peak currents range from ca. -40 pA to 100 pA, suggesting that the
use of 10k ohm resistor is appropriate for this system (-130 pA to 130 pA). For uses in other
systems, this resistor R1 (refer to Figure 1a) can be easily exchanged to appropriate size. The
above results have thus demonstrated that the strength of garlic has been successfully

quantified using the Garlic Meter.

Figure 6: CVs of 1.0 mM NaBr, 0.1 M NaClO4, 5% v/v ethyl acetate supernatant from the
extraction of organosulfur from different masses of garlic samples at the scan rate of
100 mV s7%; 0 g (black), 0.2 g (red), 0.4 g (blue), 0.6 g (pink), 0.8 g (green), 1.0 g (dark blue);
the inlay shows the calibration plot of current enhancement (ip —ip0/ ipo) as a function of

mass of garlic.
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4 Conclusion

A handheld device has been developed to determine the strength of garlic sensitively and
quantitatively. It offers the advantages of using disposable screen-printed electrodes and as a
result also reduces the amount of garlic required for each measurement. This provides a good
basis for industrial batch-to-batch quality control. It requires neither expensive laboratory
equipment nor specific scientific training, and therefore is suitable for direct application in
the food industry. It has been proved that the Garlic Meter covers the whole range of garlic
strength. With this inexpensive electroanalytical tool, we can eliminate the variability of
results from organoleptic testing.
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