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A B S T R A C T   

The availability of more efficient analytical methods that answer the world’s demands is a challenge and their 
development continues to be a difficult task. In this work the construction of an electrochemical cell, based on 
low-cost and accessible materials, that can be easily constructed and used for electroanalytical purposes, is 
described. Pencil leads were used as electrodes and a transparency sheet as the base. This cell was used as 
transducer for developing an amperometric biosensor for the quantification of histamine, which is the only 
biogenic amine regulated by law. The analysis was based on the use of diamine oxidase as biorecognition 
element, hexacyanoferrate(III) as electron-transfer mediator, and chronoamperometry, at +0.5 V during 100 s, to 
record the analytical signal. A linear relationship between histamine concentration and the analytical signal was 
established between 5.0 and 35 mg L− 1 and a low limit of detection (1.0 mg L− 1) was achieved. The analysis of 
different fish species (sardine and tuna) was performed, obtaining recovery values between 102% and 110%. The 
stability of the sensor is noteworthy: it maintained 95% of the initial analytical signal after 15 days.   
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1. Introduction 

Food safety and quality are growing concerns because of the rise of 
the world’s population and globalization, increasing the amount of 
necessary foodstuffs and their transport around the globe. More than 
200 diseases are caused by the intake of food contaminated with mi-
croorganisms and (bio)chemical toxins; every year almost 1 in 10 people 
in the world fall ill because of the consumption of contaminated food, 
and 420,000 of them die as a result of this intake [1]. One of the sources 
of foodborne illnesses are biogenic amines (BAs). These amines are 
produced through the microbial decarboxylation of amino acids. His-
tamine, produced through the decarboxylation of histidine, is 

considered the most harmful BA to human health, causing an illness 
known as histamine fish poisoning (or scombroid poisoning) when it is 
ingested in high amounts [2–4]. The main symptoms associated with 
this poisoning are headache, urticarial, abdominal pain, diarrhea, and 
nausea, the severity of which depends on the amount of ingested his-
tamine and the affected individual’s susceptibility. Nevertheless, hista-
mine ingestion does not involve a health risk when its concentration is 
restrained, but, if fish is stored during long times and/or at temperatures 
above 4 ◦C, the histamine concentration rapidly increases, especially in 
histidine-rich species such as sardine and tuna. To increase consumer 
protection, the EU established maximum limits for histamine concen-
tration in fish: 400 mg kg− 1 for cured fish products and 200 mg kg− 1 for 
fresh fish [5]. Histamine can also be present in many other foods (e.g., 
meat, cheese, and fermented beverages such as wine and beer); indeed, 
outbreaks of histamine poisoning related to cheese have also been re-
ported. However, there is no legislation regarding histamine contents in 
cheeses or other dairy products [4]. 

Due to legal and consumer demands, there is an increasing interest in 
the development of efficient analytical systems that can guarantee food 
safety along the entire production chain. Apart from having suitable 
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analytical features, these systems should, ideally, be easy to construct 
and operate, cheap, portable, and have a short response, in order to be 
easily accessible even in remote places and low-income countries [6]. 
Nowadays, there is an enormous variety of analytical methods for food 
control. Most of these methods have great analytical characteristics, but 
can only be used in centralized laboratories, i.e., samples need to be 
transported to these laboratories that are equipped with complex and 
expensive instrumentation which must be operated by specialized op-
erators. Examples are chromatographic methods that can determinate 
several analytes at the same time but require complex instrumentation 
and long analysis times. Therefore, the development of simple, 
small-sized, and low-cost analytical devices that allow fast analysis to 
guarantee food safety is a field of increasing interest. In this sense, 

electrochemical biosensors are an interesting alternative to conven-
tional methods and commercial kits because of their good analytical 
features, low-cost, ability to be miniaturized, and the possibility of in-situ 
analysis. The exploration of new (bio)materials and sensing technologies 
plays a huge part in the implementation of cheap, accessible, and inte-
grated sensors [7,8]. In the case of electrochemical transducers, the most 
frequently used electrode materials are based on carbon (e.g., glassy 
carbon, graphite, carbon black, and carbon fibers or carbon-based 
nanomaterials), metals (e.g., gold, platinum, silver), metal oxides (e. 
g., indium tin oxide –ITO-) and metal (nano)composites (e.g., based on 
Au, Ag or Pt nanoparticles and Cu, Zn or Ni nanostructures). For mini-
aturized electrochemical cells, the most common design consists of the 
printing or deposition of conductive inks (also based on carbon or 

Fig. 1. Schematic representation of the (A) construction of the proposed biosensor, (B) mechanism of the enzymatic and electrochemical reactions that occur on the 
biosensor for histamine analysis and (C) photographs of the electrochemical cell (left) and the biosensor with histamine and mediator solutions (right). 
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metallic materials) on rigid plane substrates such as ceramic or poly-
mers. However, the great boom of the last decade in the use of common 
mass-produced materials for the construction of electroanalytical de-
vices has led to the development of electrochemical cells based on the 
deposition or printing of conductive inks on flexible substrates such as 
paper and transparency sheets [9,10]. Moreover, common daily-used 
materials such as pins [11–13] and staples [14,15], and pencil leads 
have been used as electrodes [16–19] to achieve innovative and cheap 
electroanalytical platforms. Regarding the pencil leads, in most of the 
cases, only one pencil lead, acting as working electrode, is used in the 
electrochemical cell and it is combined with reference and counter 
electrodes based on conventional materials (e.g., Ag/AgCl and Pt, 
respectively). To the best of our knowledge, only one electrochemical 
cell using three pencil leads as working, reference and counter elec-
trodes has been already reported [20]. In this work, the fungicide ben-
zovindiflupyr was quantify, taking advantage of its electroactivity, using 
a 10-mL electrochemical cell. 

Regarding histamine determination, several robust and sensitive 
methods are already available, but simple and portable devices that 
allow rapid histamine screening at any point of the fish production chain 
are still scarce. In the last years, different electrochemical devices have 
been developed for histamine analysis. Many of them were based on 
traditional electrochemical cells that need large volumes (milliliters) for 
analysis and use carbon electrodes modified with several (nano)com-
posites [21–24]. Screen-printed electrodes (mainly carbon, but often 
modified with different (nano)materials [8,25–28]) on a rigid substrate 
were also used since they are robust and miniaturized, requiring low 
(microliter) sample volumes. There are also examples of electrochemical 
histamine sensors using flexible transducers fabricated by 
screen-printing [29] or photolithography [30] on polymeric substrates. 

In this work we present the design and development of a miniatur-
ized (≈40 μL) electrochemical cell combining unmodified graphite 
pencil leads as working, reference and counter electrodes, and a trans-
parency sheet as substrate. This cell was used to construct an enzymatic 
sensor for the analysis of histamine. The use of pencil leads for histamine 
sensors was already reported, but, as mentioned before, in these works 
only one pencil lead was used (as working electrode, modified with 
Cu@Pd core-shell nanostructures) while the reference and counter 
electrodes were an Ag/AgCl electrode and a Pt wire, respectively [31, 
32]. Pencil leads, and transparency sheet were chosen because they are 
easily accessible materials. Since the pencil leads are made of graphite, 
they can be used as electrodes without any pretreatment. It has been 
demonstrated that transparency sheets are suitable substrates because of 
their flexibility, chemical compatibility, and disposability [11,33]. 
Therefore, the combination of these materials results in a device that is 
highly attractive in terms of cost, using materials that almost everybody 
has at home, without the need for additional (nano)materials and 
printing, sputtering or deposition techniques. For the construction of the 
biosensor, diamine oxidase was used as biological recognition element 
and hexacyanoferrate(III) as redox mediator. 

2. Experimental section 

2.1. Reagents, materials, and equipment 

Diamine oxidase (DAO, 0.11 U mg− 1), potassium hexacyanoferrate 
(II), potassium hexacyanoferrate(III), and the biogenic amines (hista-
mine, putrescine, spermine, spermidine, phenylethylamine, and cadav-
erine) were supplied by Sigma-Aldrich. All the working solutions of 
DAO, potassium hexacyanoferrate, and the biogenic amines were pre-
pared in 0.1 M phosphate buffer (PB, pH 7.2) since this is the optimum 
pH to dissolve the enzyme and the ideal pH when histamine is used as 
substrate [34]. Ultrapure water from a Millipore (Simplicity 185) water 
purification system was used throughout the work. All the chemicals 
were analytical reagent grade and were used without further treatment 
or purification. The fresh tuna and frozen sardine were purchased in a 

local market. 
Pencil leads (type HB) from Staples (d = 0.5 mm, l = 6 cm) and clear 

nail polish were purchased in a local shop. Transparency sheets (Office 
tree – Overhead Folien) and the 3-pin Dupont cable, used as edge 
connector for the pencil leads, were purchased from Amazon. A 
Metrohm-Autolab potentiostat/galvanostat (PGSTAT 101) controlled by 
NOVA software (v.1.10) was used for the electrochemical 
measurements. 

2.2. Fabrication of the electrochemical cell 

For the construction of the electrochemical cell, transparency sheets 
were cut in rectangles (2.5 cm × 1.5 cm). The working area (a circle with 
a 0.5-cm diameter, i.e., 0.196 cm2) was delimited by applying clear nail 
polish to create an area where the measurement solution is contained, 
which was left to dry for 15 min at room temperature (Fig. S1). Pencil 
leads for serving as working (WE), reference (RE) and counter (CE) 
electrodes were cut to a final length of 3 cm and immersed into PB pH 
7.2 solution overnight before use. The 3-pin female cable allows the 
alignment of the pencil leads at the same distance and provides an easy, 
quick, and reproducible connection of the electrodes to the potentiostat 
(Fig. S1). The final design of the constructed electrochemical cell is 
shown in Fig. 1. 

2.3. Enzyme immobilization 

A very simple procedure was followed for the immobilization of DAO 
on the working area of the electrochemical cell. The procedure consisted 
of depositing 2 μL of a 0.50-mg μL− 1 DAO solution [34] on the working 
area of the transparency sheet (creating an enzyme layer with a thick-
ness of about 0.1 mm). After drying for 15 min at room temperature the 
biosensor was ready to use. 

2.4. Electrochemical measurements 

To study the electrochemical responses of the constructed electro-
chemical cell, cyclic voltammograms of a 5.0-mM hexacyanoferrate(II) 
solution were recorded between − 0.6 and + 0.8 V at 50 mV s− 1. A 40-μL 
aliquot of the solution was placed on the working area of the cell, 
covering the three pencil leads. 

For histamine analysis using the enzymatic sensor, 20 μL of a hista-
mine solution (standard or sample) and 20 μL of a hexacyanoferrate(III) 
solution (5.0 mM in the optimized procedure) were deposited on the 
working area, again covering the three electrodes. The mixture was left 
to react for 10 min before recording the chronoamperograms at +0.5 V 
(optimized potential) for 100 s, assuring that the current plateau was 
reached. The averages of the currents of the last 5 s were used as the 
analytical signals for quantification purposes. 

2.5. Sample analysis 

The biosensor was applied to the analysis of fish (frozen sardine and 
fresh tuna). Histamine was extracted from the sardine and the tuna by a 
simple procedure based on the one provided with the commercial R- 
Biopharm enzymatic kit for histamine determination [35]. The pro-
cedure consisted of: (i) mixing 20 mL of deionized water with 5.0 g of 
fish sample using a vortex mixer, (ii) placing the mixture in a boiling 
water bath for 20 min and, after cooling to room temperature, (iii) 
centrifuging for 2 min at 10,000 g. Finally, (iv) the supernatant was 
collected and stored at − 80 ◦C. 

3. Results and discussion 

Carbon-based electrodes are the most common electrodes used in 
electroanalytical platforms because of their excellent properties such as 
chemical inertness, low background current, and wide potential window 
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[8]. Considering this, and with the aim of developing a cheap and simple 
device, pencil leads were chosen as electrodes for the construction of an 
electrochemical cell because of their wide availability and low cost. The 
pencil leads were combined with other cheap and mass-produced ma-
terials: a transparency sheet as substrate, nail polish to delimit the 
working area, and a 3-pin Dupont cable to interface the electrodes and 
the potentiostat. Although the potentiostat used in this work was a 
bench instrument, small-sized commercial potentiostats are widely 
available. The developed electrochemical cell can be connected to them 
to achieve a completely portable device. Moreover, low-cost potentio-
stats that are easy to fabricate have also been reported [36–38]. By 
combining our biosensor with these instruments, a complete 
do-it-yourself device can be achieved. 

3.1. Evaluation of the pencil lead-based electrodes 

First, the reproducibility when using the pencil leads as electrodes 

was studied by recording several cyclic voltammograms (CVs) of a 5.0- 
mM [Fe(CN)6]4- solution with the same electrode set (i.e., the same WE, 
RE and CE). Between the measurements, the transparency sheet was 
changed, and the electrodes were washed with PB. As can be seen in 
Fig. 2A, the typical electrochemical behavior of [Fe(CN)6]4- was 
observed: an anodic peak, at 0.300 ± 0.003 V, with a current intensity of 
34.0 ± 0.5 μA (Relative Standard Deviation (RSD) = 1.5%), and a 
cathodic peak, at 0.110 ± 0.009 V, with a current intensity of − 25.0 ±
0.3 μA (RSD = 1.2%). These results demonstrated the high precision of 
the results and that hexacyanoferrate, which will be used as the medi-
ator in the histamine sensor (sections 3.2 to 3.5), was not adsorbed on 
the electrodes. Then, several electrochemical cells were constructed 
using different electrode sets (i.e., different WE, RE and CE) and trans-
parency sheets, and CVs of a 5.0-mM [Fe(CN)6]4- solution were recorded 
(Fig. 2B). In this case an anodic peak at 0.29 ± 0.02 V, with a current 
intensity of 34 ± 3 μA (RSD = 7.1%), and a cathodic peak at 0.13 ± 0.02 
V, with a current intensity of − 23 ± 2 μA (RSD = 5.7%) were obtained. 

Fig. 2. (A, B) CVs of 5.0-mM [Fe(CN)6]4- solutions using (A) the same electrode set and different transparency sheets, and (B) three different electrode sets (i.e., 
different WE, RE and CE) and transparency sheets; scan rate: 50 mV s− 1. (C) CV of a 5.0-mM [Fe(CN)6]4- solution using the enzymatic sensor; scan rate: 50 mV s− 1 

(the potential range chosen for the optimization study is indicated in green); experimental conditions: DAO 0.50 mg μL− 1. (D, E) Optimization studies: (D) Effect of 
the measuring potential and (E) effect of [Fe(CN)6]3- concentration on the analytical signal for different histamine concentrations (0, 10, and 20 mg L− 1). Error bars 
represent ±SD of three different measurements. Experimental conditions: D: DAO - 0.50 mg μL− 1/[Fe(CN)6]3- - 5.0 mM; E: [DAO] = 0.50 mg μL− 1. 
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These data show that the precision of the results is better when the same 
electrodes are used. However, considering the manual fabrication pro-
cess (in which the pencils leads were cut by hand, a crucial process that 
determines the area of the electrodes), the precision can be considered 
highly satisfactory. 

3.2. Optimization of the enzymatic histamine sensor 

The biorecognition and electrochemical determination of histamine 
was based on our previous work [34]: the oxidation of histamine to the 
corresponding aldehyde (imidazole acetaldehyde), NH3 and H2O2 is 
catalyzed by DAO, and [Fe(CN)6]3-, used as redox mediator, is reduced 
through the oxidation of the aldehyde (Fig. 1). Therefore, the reduced 
mediator generated from the enzymatic reaction can be simply 
measured through chronoamperometry at a suitable oxidation potential. 
Physical adsorption was used to immobilize the enzyme on the working 
area of the electrochemical cell because of its simplicity and quickness. 
Although this method is characterized by weak immobilization, 
involving van der Waals forces, hydrogen bonds, and ionic interactions 
between the enzyme and the material onto which it is immobilized, it is 
an interesting approach for the construction of single-use devices since it 
has demonstrated to provide a suitable performance of the sensor, 
maintaining the activity of the enzyme, and good storage stability [11, 
12]. 

To determine the most suitable measuring potential, first a CV of a 
5.0-mM [Fe(CN)6]4- (the reduced form of the mediator) solution was 
recorded using a cell onto which DAO was previously immobilized. As 
can be seen in Fig. 2C, an anodic peak at 0.39 V and a cathodic peak at 
0.04 V were obtained. Based on this voltammogram, to guarantee the 
oxidation of the mediator potentials equal or higher than +0.4 V (+0.40, 
+0.50 and + 0.60 V) were chosen to optimize the measuring potential 
(Fig. 2D). As expected, the currents for the blank (PB, without hista-
mine) solutions were lowest at +0.40 V since these currents are pro-
portional to the amount of electrochemically oxidized mediator and this 
amount increases when the applied potential is higher. However, for 
+0.50 and + 0.60 V, the current intensities for the blank were almost the 
same, indicating that +0.50 V is high enough to oxidize the mediator. 

Regarding the signals for histamine solutions (10 and 20 mg L− 1), the 
highest ones were obtained at +0.50 V, so this was the chosen measuring 
potential. 

The most adequate mediator concentration was also evaluated 
(Fig. 2E). The highest signal for the used histamine concentrations (10 
and 20 mg L− 1) was obtained when a 5.0-mM [Fe(CN)6]3- solution was 
used, whereas the blank signal were almost the same. Therefore, this 
concentration was chosen for the subsequent studies. 

3.3. Analytical characteristics of the histamine biosensor 

Once the mediator concentration and the measuring potential were 
optimized, the analytical features of the developed biosensor were 
studied by recording chronoamperograms of different histamine solu-
tions (0–35 mg L− 1) (Fig. 3A). The sensor showed a linear response 
between the current and histamine concentration between 5.0 and 35 
mg L− 1 (i (nA) = 14.3 [histamine] (mg L− 1) + 277, R = 0.998). The 
sensor exhibits a sensitivity of 178 nA L mg− 1 cm− 2 and limits of 
detection (LOD) and quantification (LOQ) of 1.0 mg L− 1 (9.0 μM) and 
3.4 mg L− 1 (31 μM), respectively (calculated as 3Sb/m and 10Sb/m, 
respectively, where Sb is the standard deviation of the blank and m is the 
slope of the calibration straight). Moreover, the sensor showed high 
precision (Vx0 = 3.4%). In Table S1 these and other figures of merit of 
the sensor are indicated. 

The reproducibility was evaluated using three different sensors, 
obtaining RSDs of 4.3% and 4.8% for 10 and 20 mg L− 1 histamine so-
lutions, respectively. The same electrode set and transparency sheet 
with immobilized DAO was used for 30 subsequent measurements of a 
15-mg⋅L− 1 histamine solution and no signal loss was observed (Fig. 3B). 
This was performed with 3 different electrode sets and transparency 
sheets. The RSD (4.2%) of the 90 measurements demonstrates the high 
precision of the results provided by the device. This indicates the 
adequate precision of the results and, although the developed biosensor 
was conceived as a single-use device, it can be used for several 
measurements. 

Although the developed sensor shows a short linear range and an 
LOD that is not very low when compared with previously reported 

Fig. 3. (A) Chronoamperograms recorded at +0.5 V for 100 s for different histamine concentrations (0, 5.0, 10, 15, 20, 25, 30, and 35 mg L− 1) using the developed 
biosensor. Inset: the obtained calibration straight. (B) Currents obtained in repeated measurements (30) using the same device (transparent sheet and electrode set) of 
a 15-mg L− 1 histamine solution. (C) Current intensities obtained for blank (absence of biogenic amines) and 25-mg L− 1 solutions of histamine (HIST) putrescine 
(PUT), cadaverine (CAD), phenethylamine (PHE), spermine (SPE), spermidine (SPED), and for a mixture containing 25 mg L− 1 of each of these biogenic amines. Error 
bars represent ±SD values of three different measurements. 
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electrochemical (bio)sensors for histamine analysis [39], it provides a 
comparable LOD and a better precision than sensors based on com-
mercial and well-stablished transducers (Table S2). This is valuable 
considering the low-cost and easy fabrication of the transducer and the 
simplicity of the preparation of the sensing phase by drop casting. 
However, it is important to note that the focus of the developed sensor is 
the determination of histamine in fish, in which low levels do not cause 
harmful effects on human health; therefore, the European legislation [5] 
established a limit of 200 mg kg− 1. Considering that the proposed device 
is able to quantify histamine between 5 and 35 mg L− 1, i.e., between 20 
and 140 mg kg− 1, the biosensor could be a suitable tool for determining 
the freshness and quality of fishery products. 

The evaluation of the storage stability of the platform was assessed 
by preparing different transparency sheets with DAO and storing them 
protected from light at 4 ◦C until their use. At different times, a set of 
electrodes was placed on these transparency sheets and a chro-
noamperogram of a 15-mg mL− 1 histamine solution was recorded 
(Fig. S2). After 15 and 60 days, 95.3% and 88.4% of the initial signal was 
obtained, respectively. 

3.4. Selectivity and interference studies 

The selectivity of the sensor was tested by analyzing other biogenic 
amines that can be present in fish samples: putrescine, cadaverine, 
phenethylamine, spermine, and spermidine. Individual solutions (25 
mg L− 1) and a mixture of all the biogenic amines (25 mg L− 1 of each one) 
were analyzed. As shown in Fig. 3C the signals obtained for the non- 
target biogenic amines were very close to the blank signal (PB, pH 
7.2). This indicates that the sensor is selective towards histamine. 
Moreover, the signal obtained for the solution containing all the 
biogenic amines (including histamine) is very similar to the one ob-
tained for a histamine solution (557 nA vs. 548 nA, respectively). This 
shows that the non-target biogenic amines do not interfere in the anal-
ysis of histamine. 

3.5. Sample analysis 

To evaluate the feasibility of the developed biosensor for the analysis 
of histamine in fish samples, recovery tests using spiked tuna and 
sardine extracts were performed. Extracts from both fish species were 
prepared as indicated in Section 2.5 and those extracts were analyzed 
before and after spiking with 5.0 and 15.0 mg L− 1 of histamine (Table 1). 
Recoveries values between 102% and 110% were obtained, demon-
strating the ability of this biosensor to determine histamine in fish 
samples and the accuracy of the results. It is worth mentioning that in 
our previous work [34] the developed histamine sensor was based on the 
same enzymatic sensing strategy but using commercial screen-printed 
carbon electrodes and showed similar recovery values, which indicates 
the suitable performance of the hand-made electrochemical cell pro-
posed in the present work. 

4. Conclusions 

A very simple to construct enzymatic biosensor for histamine 
determination was developed using pencil leads as electrodes, a trans-
parency sheet as substrate, diamine oxidase (immobilized by adsorp-
tion) as biological recognition element, and hexacyanoferrate(iii) as 

redox mediator. The construction of this biosensor only takes approxi-
mately 30 min and, despite that it is hand-made, good precision and 
short response times were achieved. After construction, the device can 
be used for at least 15 days since it maintains 95.3% of the initial signal. 
Therefore, the proposed sensor, besides satisfactory analytical features, 
is easy and simple to construct, without the need to employ nano-
materials and expensive substrates to achieve a suitable analytical per-
formance. Moreover, its low cost and small size allow its combination 
with portable readers to obtain integrated and ready-to-use devices for 
on-site histamine determination along the whole fish production chain. 
Furthermore, the developed electrochemical cell for the construction of 
the biosensor using common use mass-produced materials shows a good 
electrochemical behavior and reproducibility, so it could easily be 
applied for the development of other (bio)sensors. On the other hand, 
and not less important, the proposed sensor also follows many of the 
current requirements of sustainability and green analytical chemistry 
since it needs low reagent and sample volumes, produces low amounts of 
waste, does not need toxic reagents, and is able to perform in-field 
measurements. 
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