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A B S T R A C T   

This work presents a novel approach for detecting biogenic amine tyramine using a sensitive and disposable 
electrochemiluminescent sensor. The sensor is fabricated by modifying a screen-printed carbon electrode surface 
with two nanomaterials, α-Ge nanolayers and AuNP, which synergistically enhance the electro-
chemiluminescence response. The sensor was characterized using various techniques such as SEM-EDX, EIS, 
Raman, and AFM. The principle of the biosensor relays on the fact that tyramine molecule acts as an analyte and 
co-reactant, which interacts with the luminophore [Ru(bpy)3]2+ on the sensor surface. The proposed sensor 
shows a linear response to tyramine concentration, with a detection limit of 2.28 µM. The sensor successfully 
detected tyramine in avocado samples, demonstrating its potential for practical applications.   

1. Introduction 

Tyramine, 4-(2-aminoethyl)-phenol, is a monoamine that derives 
from the decarboxylation of the amino acid tyrosine. Tyrosine is a 
crucial component of many proteins and plays a significant role in 
several physiological processes. As a neuromodulator, tyramine can 
influence the activity of neurons in the brain while also acting as a 
precursor of the neurotransmitter octopamine. Overall, tyramine plays a 
crucial role in regulating the nervous system and has far-reaching im-
plications for various bodily functions. Tyramine is also obtained by 
converting tyrosine into epinephrine, an active hormone produced 
internally in the adrenal gland. It can have toxic effects in high con-
centrations, causing allergic reactions, hypertension, or migraines [1]. 
In addition, human beings incorporate tyramine through our diet or 
through endogenous synthesis. 

The tyramine levels found in different foods can vary depending on 
several factors, such as the availability of free tyrosine, the presence of 
microorganisms that produce tyramine, and the conditions that promote 
their growth. These conditions include factors such as salt concentra-
tion, temperature, and pH levels. As a result, foods that are high in 

tyramine, such as avocado or herring, or those that undergo fermenta-
tion during their production, contain significant amounts of this 
monoamine. It is essential to be aware of these variations in tyramine 
content, particularly for individuals who are sensitive to tyramine due to 
certain medical conditions or medication use [2]. Due to this, its sen-
sitive and selective detection in foods is of great importance for pre-
venting health risks and enhancing food safety [3]. 

Some methods developed for determining tyramine are based on 
high-performance thin-layer chromatography [4] and capillary elec-
trophoresis [5]. Although these methods have high selectivity and low 
detection limit, they are expensive and require a long time in the 
treatment of samples and data analysis. There are also other alternatives 
for the detection of tyramine, such as fluorometric [6] or electro-
chemical determination through cyclic voltammetry and differential 
pulse voltammetry [7,8]. However, none of the current methods meet 
current demands, and it is still necessary to develop a simple, fast, and 
sensitive analytical method to determine tyramine. 

Electrochemiluminescence (ECL) has advantages over other spec-
troscopic techniques besides providing accurate control of the time and 
position of the light-emitting reactions. The co-reactant based ECL needs 
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a substance that, when oxidized or reduced, will produce a reaction 
intermediate that will react with a luminophore to produce an excited 
species that can make light when they return to the ground state. A co- 
reactant must have various characteristics such as stability, solubility, 
high reaction rate, and electrochemically active. The most common co- 
reactants used with the luminophore [Ru(bpy)3]2+ complex are amines 
such as tri-n-propylamine [9] and taurine [10]. 

Tyramine belongs to the group of aromatic biogenic amines with a 
hydroxyl group and a primary amino group, so it could be a good ECL co- 
reactant, both capable of being easily oxidized and reduced. Thanks to 
this, it will react with a luminophore producing a ECL signal. Hence, it 
can be simultaneously co-reactant and analyte in a ECL based sensor. 
They have high sensitivity, low detection limit, good reproducibility and 
are fast and inexpensive, making them ideal for tyramine detection. 

Recent investigations have shown that the intensity of ECL signals 
can be enhanced using nanomaterials. Therefore, different conductive 
nanomaterials, such as carbon nanotubes [11], carbon nanodots [12, 
13], or gold nanoparticles (AuNP) [14] have been used to improve the 
ECL response. Recently, new nanomaterials such as nanocrystal semi-
conductors including SiO2 [15], MoS2 [16], ZnO [10] or quantum dots 
[17] have also been used with excellent results since the semiconductor 
nanoparticles can be electrochemically excited to generate the reduced 
or oxidized states of the nanoparticles, which can react with some 
co-reactants to produce ECL signals. 

In this sense, alternative 2D nanomaterials, such as α-germanium 
nanolayers (α-GeNLs), which have interesting properties, exhibit band 
gaps that depend on their crystallographic directions and thickness. It 
should be noted that for the case of α-GeNLs, theoretical calculations 
point to an additional gap increase to 2.0 eV upon decreasing the 
thickness to 1 nm [18]. Therefore, the α-GeNLs could exhibit an excel-
lent catalytic effect in the ECL system. These nanolayers have yet to be 
explored in ECL and could be excellent candidates for improving ECL 
performance. Hence, searching for new nanomaterials or combining 
several with suitable ECL activities has become an urgent challenge. 

In this work, we have used α-germanium nanolayers (α-GeNLs), from 
isolated pristine nanolayers (NL), not α-Ge and nor α-Ge nanolayers, 
combined with AuNP to improve the sensitivity of a tyramine ECL- 
sensor. Pure α-germanium is exfoliated in a single step assisted by wet 
ball milling, enabling gram-scale fabrication of high-quality layers with 
large lateral dimensions and nanometer thicknesses. The result is the 
obtaining of nanometric 2D sheets. Screen-printed carbon electrodes 
have been modified with these sheets and AuNP. Combining the 
attractive functionalities of both nanomaterials, the ECL-based sensor 
platform shows enhanced synergistic properties. Tyramine acts simul-
taneously as co-reactant and analyte in the ECL system. The strategy 
developed is a new rapid method for Tyramine’s selective and sensitive 
ECL-based determination. The applicability of the device has been 
demonstrated by the determination of the tyramine content in food 
samples. 

2. Experimental 

2.1. Chemical 

Monobasic sodium phosphate (NaH2PO4), dibasic sodium phosphate 
dihydrate (Na2HPO3 2 H2O), chlorauric acid (HAuCl4 3 H2O), sodium 
citrate (Na3C6H5O7), tris(2,2′-bipyridine)ruthenium (II) dichloride 
hexahydrate ([Ru(bpy)3]Cl2 6 H2O), tyramine (C8H11NO), NaOH, HCl 
and compounds used in the preparation of the Britton-Robinson buffer 
solutions (phosphoric acid (H3PO4), acetic acid (CH3COOH) and boric 
acid (H3BO3)) were obtained from Merck (Darmstadt, Germany). 

The solutions were prepared using deionized water from a Millipore 
Milli-Q purification system. 

The avocado samples have been acquired in a food establishment. 

2.2. Instrumentation 

The ECL experiments were carried out in an ECL cell with a Si- 
photodiode integrated and a potentiostat/galvanostat (±4 V DC poten-
tial range, ±40 mA maximum measurable current) supplied by Met-
rohm DropSens. Screen-printed carbon electrodes (SPCE) from the same 
company were used insides this cell. The protocol carried out for the ECL 
measurements is based on the addition of 60.0 µL of the solution to study 
the behavior of the working electrode modified with the nanomaterials. 
It is important that the working, pseudo-reference and auxiliary elec-
trodes of the SPCE are completely covered. It should be noted that the 
solution to be studied must be free of bubbles since they can interfere 
with the measurement. Subsequently, the electrode confined in the cell 
was connected to the ECL equipment using a connector, and the mea-
surement was started, carrying out three cyclic sweeps of potential be-
tween +0.00 to +1.10 V. The signals obtained show the intensity values 
of ECL and current intensity as a function of potential. All the experi-
ments were carried out applying the conditions selected as optimal 
(2.00 mM [Ru(bpy)3]2+, the scan rate used was 30 mV/s and 0.1 M 
phosphate buffer pH 8.0). For electrochemical measurements a 
Metrohm-Autolab potentiostat PGSTAT 302 N was used. ECL responses 
have been normalized against control, that is, in the absence of analyte. 

EIS experiments were performed in 0.1 M phosphate buffer, pH 7.0 in 
presence of 0.1 M KCl containing a mixture of 1.0 mM K3Fe(CN)6/1.0 
mM K4Fe(CN)6. Impedance measurements were recorded in the range of 
frequency between 105 to 10− 2 Hz, with a sinusoidal potential modu-
lation of ±10 mV in amplitude superimposed onto the formal potential 
of the redox probe. 

UV–Vis absorption spectra were performed on the PharmaSpec UV- 
1700 spectrometer (Shimadzu). Quartz cells with 1.0 cm optical path 
were used. 

Zeta potential and DLS measurements were carried out with Zeta-
sizer Nano ZS instrument (Malvern Instrument Ltd.). 

Scanning electron microscopy (SEM) images were recorded using an 
FEI VERIOS 460 at 2.0 kV with beam deceleration. The samples were 
prepared simply by drop-casting 15 µL on Si surfaces with a layer of 250 
nm of SiO2 on the top (Si/SiO2) over carbon double/sided tape. Trans-
mission electron microscopy (TEM) images were obtained on a JEOL 
JEM 2100 FX TEM system with an accelerating voltage of 200 kV. The 
samples were prepared by drop-casting the dispersion to a honey carbon 
TEM grill (CF1.2/1.3–4 C-50). 

Atomic force microscopy (AFM) images were taken with an Agilent 
5500 microscope using a Cervantes Full mode AFM from Nanotec 
Electronica SL. WSxM software (www.wsxmsolutions.com) was 
employed both for data acquisition and image processing. AFM char-
acterization has been made at air conditions, and Olympus OMCL- 
RC800PSA cantilevers (69 kHz and 71 kHz of resonance frequency) 
operate in air tapping mode. AFM samples were prepared on high- 
ordered pyrolytic graphite (HOPG). 

Raman spectroscopy measurements were carried out using a 
confocal Raman microscope WITec alpha 300 R. 

2.3. Procedures 

2.3.1. Synthesis of α-GeNLs 
The procedure of the synthesis of α-GeNLs was previously reported 

by us [18]. Therefore, the procedure involves a pre-grinding process of 
the α-Germanium crystal (Smart Elements Co, 99.999 % purity, poly-
crystalline) with an agate mortar resulting in so-called ground α-Ge. 
Afterward, the ground α-Ge powder was wet ball-milled: a 20 mL 
ball-milling reactor was charged with 600 mg of ground α-Ge, 30 
stainless steel balls, and 2,5 mL of water/solvent mixture of 2-Propanol: 
H2O (4:1 v/v). Then, the reactor was stirred for 60 min at 3000 rpm. 
After the wet ball-milling process, the wet powder was transferred to a 
20 mL vial and dried under vacuum for 24 h at 60 ◦C. Subsequently, 10 
mg of the dry powder of ball-milled α-Ge was shear mixed in a 20 mL vial 
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with 10 mL of a 2-Propanol/H2O (4:1 v/v) mixture. The mixture was 
then dispersed with a shear-mixer device (IKA Ultra Turrax T25 digital) 
for 60 min at 25,000 rpm, using an ice bath as a chiller. Then, the 
resulting suspension of α-GeNLs was centrifuged for 3 min at 3000 rpm 
to homogenize the sample and discard unexfoliated material. 

2.3.2. Synthesis of AuNP 
The synthesis of AuNP was based on the following reduction 

reaction:  

Na3C6H5O7 + HAuCl4⋅3 H2O → AuNP                                                    

50.0 mL of 3.00 mM HAuCl4⋅3 H2O solution was prepared, and the 
pH adjusted to 7.0 with 0.1 M NaOH. Subsequently, the HAuCl4⋅3 H2O 
solution was transferred to a three-necked flask fitted with a magnet 
since the reaction was carried out under continuous stirring. Then, the 
HAuCl4⋅3 H2O solution was heated to boil, reaching a temperature of 
120 ⁰C and subsequently, 1.00 mL of Na3C6H5O was slowly added. It was 
left at reflux for 5 min, where a color change was observed in the 
mixture, turning from yellow to wine color; then, it was introduced into 
a Falcon tube and deposited in a cold-water bath to stop the reaction. It 
is worth mentioning that temperature is a fundamental factor for the 
synthesis to occur optimally and adequately, since in previous experi-
ments carried out by the research group, it was observed that when the 
necessary temperature is not reached, could be formed of bulky aggre-
gates of AuNP. Once the reaction was finished, the dialysis of the pre-
viously synthesized AuNP solution was carried out in a solution of 1200 
mL of 1.00 mM citrate. The membrane used to carry out the dialysis has 
a size of MWCO:1kD. This allowed us to separate the reagents that had 
not reacted during the synthesis of the AuNP. Finally, the AuNP were 
stored at 4 ⁰C. 

2.3.3. Modification of SPCE with α-GeNLs and AuNP 
The modification of the SPCE was carried out in two stages, first, by 

spraying the α-GeNLs in isopropanol (SPCE/α-GeNLs) and next, by direct 
deposition by drop-casting of the AuNP (SPCE/α-GeNLs/AuNP). SPCE 
modification was performed on the working electrode by spraying 
α-GeNLs for 30 s. Once the surface was dry 25.0 µL of AuNP were added 
to the SPCE by drop-casting. For this, a volume of 5.00 µL was added five 
times; after each addition, it was left to dry in an oven at 38 ºC for 15 
min. Following this procedure, a homogeneous platform was obtained 
on which the ECL measurements will subsequently be carried out. 

2.3.4. Determination of tyramine in food samples 
The applicability of the developed ECL-based sensor was demon-

strated by analyzing the tyramine content in samples obtained from 
different avocados which a food establishment provided. 3.8286 g of 
avocado were weighed and introduced into 25.0 mL of 0.1 M phosphate 
buffer pH 8.0 on a beaker. The mixture was heated under continuous 
stirring for 90 min. Finally, the sample was filtered using a pleated filter 
to remove suspended particles. The filtrate was diluted 1:500 with 0.1 M 
phosphate buffer pH 8.0 and enriched with a known concentration of 
50.0 μM tyramine to perform the determination by standard addition. 
The measurements were performed in an aqueous solution of 0.1 M 
phosphate buffer pH 8.0 containing the luminophore [Ru(bpy)3]2+

(2.00 mM). The potential was cycled between 0.00 V and + 1.10 V at 30 
mV/s, and the ECL signal obtained was recorded. 

3. Results and discussion 

3.1. Development of the sensing platform (SPCE/α-GeNLs/AuNP) 

In this work, we have developed a sensor based on ECL to determine 
tyramine (Ty). ECL reaction utilizes tyramine and [Ru(bpy)3]2+. In an 
oxidative-reduction mechanism, similar to the system of the tri-n- 
propylamine and [Ru(bpy)3]2+, the oxidation product of ty gives rise 

to an unstable highly reducing intermediate [9]. Upon electron transfer, 
the excited state of [Ru(bpy)3]2+ produces the emission observed. 

From the CV (see Fig. S1), oxidation of Ty is carried out directly at 
the electrode surface. The electrochemically oxidation of Ty is a crucial 
step in the ECL process. The oxidation of Ty gives rise to highly reductive 
intermediate. This intermediate is the source of chemical energy to 
produce by reduction an excited state of the luminophore, which gives 
the ECL emission observed according to the following mechanism:  

Ty → ⋅+Ty + e-                                                                                     

[Ru(bpy)3]3++⋅+Ty → [Ru(bpy)3]2+* + oxidized Ty product                        

To improve the performance of the sensor, two nanomaterials of 
different natures, shapes, and sizes, α-GeNLs, and AuNP have been used 
to modify the electrode surface. One would expect that the combination 
of both nanomaterials provides new synergistic properties that are 
different from those already provided by both materials when used 
individually. AuNP show excellent electronic, sensing, optical, and 
catalytic properties. 

3.1.1. Synthesis and characterization of α-GeNLs 
The synthesis of α-GeNLs was performed as is described in the 

experimental section. The characterization was done by SEM and TEM 
to determine the morphology and size of the α-GeNLs. Additionally, 
AFM was carried out to study the topology and the thickness of the 
α-GeNLs. Finally, Raman spectroscopy was used to confirm the struc-
tural fingerprint of the α-GeNLs. 

The SEM and TEM images (Fig. 1A and B) display the bidimensional 
features and crystallinity of the exfoliated α-GeNLs, with lateral di-
mensions between 300 and 400 nm. Moreover, AFM images (Fig. 1C) 
show the thickness of α-GeNLs ranging from 8 nm to 40 nm. Although 
the thickness has some grade of polydispersity, it confirms the bidi-
mensionality of α-GeNLs. In addition, the AFM corroborated the lateral 
dimensions observed in SEM and TEM. Furthermore, Raman spectros-
copy confirms the presence of peaks assigned to α-GeNLs (Fig. 1D and 
S9), specifically by the Raman peak at 300 cm− 1 corresponding to the E2 
vibrational mode [18]. 

3.1.2. Synthesis and characterization of AuNP 
AuNP were synthesized as described in the experimental section. It 

was characterized using different techniques such as UV-Vis absorption 
spectroscopy, DLS, and zeta potential. 

The UV-Vis absorption spectrum (Fig. S4A) shows a band at 520 nm. 
Generally, AuNP present a single absorption band between 510 and 
550 nm due to surface plasmon resonance and shows strong visible light 
absorption at 520 nm. This gives a bright red color that varies according 
to its size [19]. This result indicates the success of the synthesis of the 
AuNP. 

The data obtained from the UV-Vis spectra (Fig. S4A) are supported 
by the particle size distributions studied using the DLS technique shown 
in Fig. S4B. A 1:10 dilution of AuNP shows two absorption maxima 
corresponding to two populations with different sizes of AuNP present in 
the solution, sizes between 0.8 and 32 nm. 

Also, zeta potential measurements were made to obtain information 
on the magnitude of attraction or repulsion between the particles that 
are in suspension, depending on the charge. Regarding the Zeta poten-
tial study, the spectrum (Fig. S4C) shows two maxima, –48.0 mV and 
–36.7 mV. These values indicate that the synthesized AuNP have a 
negative surface potential, probably because the citrate present on their 
surface is used to stabilize them [20]. 

3.2. Nanostructuring of SPCE with α-GeNLs/AuNP 

The SPCE was nanostructured by adding α-GeNLs and AuNP as 
described in the experimental section. Different volumes of AuNP 
(SPCE/AuNP) were deposited directly on the electrode surface by drop- 
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casting. After modifying the electrode, to verify the presence of gold on 
the SPCE associated with AuNP, its cyclic voltamperometric response 
(Fig. S5) was recorded between + 0.00 and + 1.30 V at 100 mV/s in 
0.1 M H2SO4. Fig. S5A shows typical redox signals associated with gold. 
The intensity of the redox peaks increases as the volume of AuNP 
deposited on the electrode increases, indicating that more AuNP were 
immobilized on the SPCE surface. Likewise, the voltammogram corre-
sponding to the unmodified SPCE does not present any signal produced 
by oxidation or reduction processes since there is no presence of any 
gold oxide associated with the AuNP. 

Once it was verified that the SPCE was correctly modified with the 
AuNP, an ECL study was carried out at these electrodes in the presence 
of 2.00 mM [Ru(bpy)3]2+, which acts as a luminophore. As shown in 
Fig. S5B, as the amount of AuNP on the SPCE increases, the ECL response 
increases up to a volume of 25.0 µL. No significant differences in ECL 
signal were observed between 25.0 and 30.0 µL. The presence of AuNP 
increases the relative electrode surface area and improves the conduc-
tivity, improving the ECL signal (Fig. 2A). The excited state of the 

luminophore would excite the surface plasmon resonance of AuNP, 
which in turn induces an increase of the near electromagnetic field of 
AuNP. This increase could enhance the ECL emission [21,22]. 

It has been described, in the introduction section, that the use of 
semiconductors such as ZnO nanowires [10], or quantum dots [23], or 
MoS2 [24] has shown an improvement in the performance of the ECL 
platforms, in particular when semiconductors are combined with other 
materials or nanomaterials due to the synergistic effects. This 
improvement is probably due to recombination of excitons and the de-
fects in the nanoparticles, of the semiconductor nanomaterials. Also, 
semiconductor nanoparticles can be electrochemically excited to 
generate the reduced or oxidized states of the nanoparticles, which can 
react with the co-reactants to enhance the electrochemiluminescent 
response. Based on these previous results, after modification with AuNP, 
the SPCE electrode was modified with the α-GeNLs by spraying a 
dispersion of α-GeNLs (1.00 mg/mL) (SPCE/α-GeNLs), and the ECL 
response was recorded in 0.1 M phosphate buffer pH 8.0 solution con-
taining 2.00 mM [Ru(bpy)3]2+. As a comparison, the electrode was also 

Fig. 1. A. SEM image and B. TEM image of the exfoliated α-GeNLs. C. AFM image and profiles of the α-GeNLs. D. Raman peak at 300 cm− 1 confirms it is α-GeNLs, 
specifically 300 cm− 1, corresponding to the E2 vibrational mode. 

Fig. 2. A. ECL response at SPCE (red line), SPCE/α-GeNLs (black line), SPCEAuNP (green line), and SPCE/α-GeNLs/AuNP (blue line). B. ECL response at SPCE was 
modified with different spray times using α-GeNLs: 30 s (blue line), 1 min (purple line), 2 min (orange line). The ECL measurements were done in 0.1 M phosphate 
buffer pH 8.0 solution containing 2.00 mM [Ru(bpy)3]2+ at 30 mV/s scan rate. 
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modified only with the same α-GeNLs dispersion following the same 
procedure and the ECL response were recorded at the same conditions. 
Fig. 2A shows that the electrode modified with α-GeNLs and AuNP 
(SPCE/α-GeNLs/AuNP) shows the highest response. We can observe that 
the presence of both nanomaterials results in an increase in the ECL 
signal of up to 5 times. This behavior has also been observed with other 
nanomaterials, when a combination of them with different properties 
have been employed, as is our case. In fact, the response of ECL plat-
forms based on quantum dots is improved with the addition of metallic 
nanoparticles such as silver nanoparticles [25]. This improvement also 
occurred using other metallic nanostructures, such as gold nanocages 
[26]. These results confirm that the combination of nanomaterials shows 
excellent ECL properties due to the synergistic effects. It has been 
described that AuNP are frequently used in Surface Plasmon Resonance 
(SPR), SPR Enhanced Raman Spectroscopy due to the strong near-field 
electromagnetic increase derived from resonance. In particular, it has 
been described that SPR, SERS and SPR enhanced fluorescence by this 
effect and recently ECL [27–30]. When AuNP are combined with the 
presence of a semiconductor, a greater increase in the local electro-
magnetic field could occur, which produces an increase in the radiative 
decay rate of the Γm and F̈orster energy transfer, which could increase 
the intensity of ECL [31]. 

Following this, the coating of α-GeNLs on the SPCE/AuNP was 
optimized. For this, the spray time of the α-GeNLs dispersion was varied. 
Fig. 2B shows that as the α-GeNLs dispersion spray time increases, the 
amount of α-GeNLs on the electrode surface increases, and ECL intensity 
decreases. This could be due to light scattering occurring, reducing the 
ECL intensity. This behavior has also been observed with semi-
conductors such as ZnO [10]. Based on the best ECL values obtained, the 
selected time to spray the α-GeNLs dispersion was 30 s. This value was 
selected because it provides a higher ECL signal and, in addition, a lower 
amount of α-GeNLs is required. 

From the optimization studies, we can conclude that the electrode 
that offered a more significant ECL response was prepared using 30 s of 
α-GeNLs and 25.0 µL of AuNP. Surface modification of the SPCE was 
performed, as mentioned above in the experimental procedure, using 
spray and drop-casting techniques, respectively, to obtain a homoge-
neous surface. This modification will be used later in the preparation of 
all platforms. 

3.3. Characterization of the modified SPCE/α-GeNLs/AuNP 

To fabricate reproducible devices, we have carried out an exhaustive 
characterization of each development step by different techniques such 
as SEM-EDX, EIS, Raman, and AFM. 

EDX-analysis was used to characterize the surface and thus verify the 
correct nanostructuring of the platform. The EDX-analysis of the bare 
SPCE unmodified electrode (Fig. S6A) shows significant signs of carbon. 
The spectra corresponding to the SPCE/AuNP, SPCE/α-GeNLs, and 
SPCE/α-GeNLs/AuNP (Fig. S6B, 6C and 6D) show signals associated 
with the nanomaterials used for their modification, such as gold, 
germanium, and gold/germanium, respectively. It is worth mentioning 
that the spectrum of SPCE/AuNP presents a sodium signal from the 
AuNP synthesis process. All these results confirm the presence of gold 
and germanium atoms from the nanomaterials used in the SPCE modi-
fication and, therefore, the success of the process. 

SEM images were also obtained for bare and modified electrodes 
(Inset of Fig. S6) and the analysis of each element can be seen in more 
detail in Fig. S6. These results are corroborated by the high-resolution 
SEM images and the analysis of each element shown in a different 
color. In Fig. S2, S3, and S7 each element is shown individually. 

EIS is an important experimental electrochemical technique that 
identifies phenomena associated with kinetic and mass transport con-
straints. In the present work it was employed to study the interfacial 
properties of the developed electrode surfaces. The measurements were 
recorded in a frequency range from 105 to 10− 2 Hz, with a modulation of 

the sinusoidal potential of ± 10 mV amplitude superimposed on the 
formal potential of the redox probe used (K3Fe(CN)6/K4Fe(CN)6). Fig. S8 
shows the Nyquist plots obtained at SPCE, SPCE/AuNP, SPCE/α-GeNLs, 
and SPCE/α-GeNLs/AuNP. After the modification of the SPCE with the 
two nanomaterials used, a decrease in the diameter of the semicircle is 
observed, which is related to the resistance to charge transfer. The larger 
diameter of the semicircle, the greater the resistance to charge transfer 
and, therefore, the lower the conductivity of the electrode. The SPCE/ 
α-GeNLs/AuNP shows a lower resistance. In fact, the value of charge 
transfer resistance greatly decreased from 450 Ω measured at bare SPCE 
to 10 Ω. This result agrees well with the higher conductivity due to the 
presence of AuNP, since being a metallic nanomaterial, have conductive 
properties. A very similar charge transfer resistance value was obtained 
in the case of the electrode modified only with AuNP. It can also be seen 
how when adding α-GeNLs, the conductivity decreases compared to the 
unmodified SPCE, but increases compared to SPCE/AuNP since α-GeNLs 
is a semiconductor nanomaterial. All these results indicate an 
improvement in the conductivity of the electrode surface, in addition to 
confirm the correct modification of the SPCE with the nanomaterials. 

To further characterize the sensing ECL platform and check the 
correct nanostructuring of the SPCE/α-GeNLs, Raman spectroscopy was 
used, obtaining the corresponding spectrum (Fig. S9A). Optical micro-
scope images corresponding to the SPCE/α-Ge were also obtained 
(Fig. S9B), where a more excellent brightness produced by the presence 
of α-GeNLs is observed compared to the image obtained for a bare SPCE 
(Fig. S9C). Measurements were made using a 50 × objective, an exci-
tation wavelength laser of 532 nm, with a power of 200 mW and 20 
stacks. In the spectrum, a band centered around 300 cm− 1 correspond-
ing to the exfoliated α-GeNLs is observed, thus reaffirming the correct 
nanostructuring of the SPCE with the α-GeNLs [18]. Bibliographic data 
provide that the band observed in the Raman spectrum is related to 
α-GeNLs [32]. No significant differences were observed between 
SPCE/α-GeNLs and SPCE/α-GeNLs/AuNP (Data not shown).C. 

B. 
Additional optical microscopy and Raman spectroscopy were per-

formed to obtain a Raman map (Fig. 3). Raman spectra were recorded 
using an excitation laser of 532 nm and a grating of 600 g/mm (spectral 
center at 2040 cm− 1). The Raman map was then generated by inte-
grating the counts of the characteristic. Optical microscope images 
corresponding to the SPCE/α-GeNLs were also shown (Fig. 3), where a 
greater brightness produced by the presence of α-GeNLs is observed, 
compared to the image obtained for a bare SPCE (Fig. S9C). Measure-
ments were made using a 50x objective, an excitation wavelength laser 
of 532 nm, with a power of 200 mW and 20 stacks. In the Raman 
spectrum (Fig. 3C), a band centered around 300 cm− 1 is observed, 
corresponding to the E2 vibrational mode of the exfoliated α- Ge, thus 
reaffirming the correct nanostructuring of the SPCE with the α-GeNLs 
[18]. In addition, the Raman spectrum confirms that α-GeNLs are not 
oxidated due to there are not any peak at 440 or 700 cm− 1 associated to 
different allotropies of germanium oxides. Bibliographic data confirm 
that the band observed in the Raman spectrum is related to α-GeNLs 
[32]. No significant differences were observed between SPCE/α-GeNLs 
and SPCE/α-GeNLs/AuNP (Data not shown). 

To obtain morphological information and confirm the correct 
modification of electrodes with α-GeNLs and AuNP, they were subjected 
to AFM. Fig. S10 of information shows topographical AFM images of a 
HOPG surface modified with α-GeNLs and AuNP as described in pro-
cedures. It can be observed that the surface is partially covered with an 
α-GeNLs film, and spherical structures associated with AuNP appear on 
it. 

3.4. Optimization of experimental variables 

In order to obtain the best ECL response of the SPCE/α-GeNLs/AuNP 
platform for the determination of tyramine, the experimental variables 
such as the concentration of [Ru(bpy)3]2+, scan rate and the pH of the 
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buffer solution were optimized (Fig. S11). 
Initially, the concentration of the luminophore [Ru(bpy)3]2+ varied 

between 1.00 mM and 4.00 mM. The ECL signal increases considerably 
on increasing the concentration from 1.00 mM to 2.00 mM, then de-
creases and stabilizes until reaching a pseudo-plate (Fig. S11A). 

Also, the ECL signal obtained when the scan rate is varied, in a range 
between 10 mV/s and 40 mV/s, was studied (Fig. S11B). The ECL in-
tensity increases until a maximum of 30 mV/s, after which there is a 
sharp decrease when it goes to 40 mV/s. 

Finally, we studied the pH effect on the ECL reponse. Different 
measurements were performed at pH ranging from 6.0 to 9.0. The ECL 
signal increases as the pH of the solution becomes more alkaline, up to a 
maximum of 8.0, from which a decrease is observed (Fig. S11C). Ty is 
involved in an acid-base balance with two different ionic forms in 
aqueous solution (pKa = 9.74). The large pH influence for ECL observed 
is consistent with deprotonation of the radical cation of Ty as a critical 
step in forming the strong reducing agent. The ECL intensity decreases 
when the pH is not basic enough to deprotonate the Ty radical cation. 
Since the pH range is more acidic than the pKa of Ty, we believe the 
acidity of Ty radical cation and not the basicity of Ty plays a crucial role 
in the pH influence on ECL. This behavior has been observed in other 
molecules containing amino groups, such as taurine [10], glyphosate 
[33], and tri-n-propylamine [9]. 

After carrying out the study of the optimization of the experimental 
variables, it is concluded that the optimal conditions are a concentration 
of 2.00 mM [Ru(bpy)3]2+, a pH of 8.0, and a scan rate of 30 mV/s since 
all of them give the maximum ECL signal. 

3.5. Analytical performance of tyramine ECL-sensor 

Once all the experimental conditions were established, the response 

of the ECL-based sensor was evaluated to different concentrations of 
tyramine. Solutions containing 2.00 mM [Ru(bpy)3]2+ and increasing 
concentrations of tyramine in 0.1 M phosphate buffer at pH 8.0 were 
prepared. A cyclic potential sweep was applied from + 0.00 V to 
+ 1.10 V at 30 mV/s. 

Fig. 4A shows that the ECL-based sensor response increases as the 
tyramine concentration increases, revealing that it acts as co-reactant 
and analyte simultaneously. The calibration curve obtained demon-
strates the linear dependence (R2 = 0.997) between the ECL signal and 
the tyramine concentration for a concentration range from 10.0 µM to 
250 µM, with a sensitivity of 0.37 ± 0.01 a.u . µM− 1, calculated from the 
slope of the calibration curve. 

From these linear fits, the limits of detection (LD) and quantification 
(LQ) were calculated according to the criterion Xblank-3Sb/m and Xblank- 
10 Sb/m, respectively, where Sb is the standard deviation of the blank 
signal, and m is the slope of the calibration plot. LD and LQ of 2.28 µM 
and 7.60 µM, respectively, were obtained. The relative standard devia-
tion (RSD) obtained was 2.37 %, showing the excellent reproducibility 
of the sensor. 

The analytical parameters of the sensor developed have been 
compared with those of other methods employed to determine tyramine 
(Table 1). The LD reached with the present method is relatively low. 
Although previous work based on ECL detection technique got a lower 
LD, it requires the use of coupled capillary electrophoresis. The advan-
tage of the sensor developed in the present work is that it is most 
straightforward and affordable and allows determining tyramine 
directly in the sample. Considering all the advantages mentioned above, 
it can be concluded that the ECL-based sensor developed has shown to be 
a competitive method for determining tyramine. 

The stability and durability of the developed platform were also 
evaluated. Regarding the durability of the modified SPCE, ten 

Fig. 3. (A) Optical image of SPCE/α-GeNLs, the squared area is where the Raman mapping has been done. (B) Raman mapping of SPCE/α-GeNLs showing the E2 
vibrational mode of α-GeNLs at 300 cm− 1 and (C) Raman average spectrum of α-GeNLs at Raman mapping of SPCE/α-GeNLs. 

Fig. 4. (A) ECL sensor responses as a function 
of increasing tyramine concentration at SPCE/ 
α-GeNLs/AuNP. Each point corresponds to the 
mean of three measurements, each of them 
carried out with three different electrodes. 
Inset: Calibration curve. (B) Relative intensity 
for 50.0 µM tyramine (Ti) in the absence or 
presence of potentially interfering compounds. 
The ECL measurements were carried out in 
0.1 M phosphate buffer pH 8.0 solution con-
taining 2.00 mM [Ru(bpy)3]2+ at 30 mV/s scan 
rate.   
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consecutive measurements were made in the presence of 2.00 mM [Ru 
(bpy)3]2+ and 50.0 µM tyramine. As seen in Fig. S12A, the ECL signal 
progressively decreases until the fifth cycle and subsequently a pseu-
doplate is reached. The recorded signals of the tyramine sensor kept 
about 87 % of the initial value. 

The stability of the platform was evaluated in the presence of 
2.00 mM [Ru(bpy)3]2+ and 50.0 µM tyramine for 16 days. The results 
(Fig. S12B) confirm the sensor response is stable for at least ten days, 
then there is a decrease on the sixteenth day. 

One of the key aspects to consider sensors for any analytical appli-
cation is the effect of possible interfering compounds that may be pre-
sent in the samples. For this reason, the selectivity of the proposed 
sensor was tested against various potentially interfering compounds. 
The interferents studied were dopamine, ascorbic acid, uric acid, tyro-
sine, potassium sulfate (K2SO4), and sodium chloride (NaCl). These 
compounds were selected because they are structurally similar or coexist 
with tyramine [39]. As detailed in the introduction section, the com-
pounds that have amines or alcohols in their structure can act as 
co-reactants in ECL in the presence of [Ru(bpy)3]2+. Therefore, it may 
cause interference. The selectivity of the sensor was evaluated by 
recording its response to tyramine in the presence of the potentially 
interfering compounds, all at a concentration of 50.0 µM. 

The only substance that showed a noticeable interference effect is 
ascorbic acid. Ascorbic acid is a common interferant because it has a 
critical reducing effect. 

In contrast, the rest of the substances studied do not show significant 
changes in the ECL response. 

3.6. Determination of tyramine in food samples 

The developed ECL-based sensor was applied to direct determination 
of tyramine in an avocado. Sample pretreatment is detailed in 
procedures. 

The intensity of ECL provided by samples from three avocados spiked 
with 50.0 µM tyramine and in the presence of 2.00 mM [Ru(bpy)3]2+

was measured. From the signal ratio between the sample and the sample 
fortified with 50 µM, it has been found a tyramine concentration of 
(0.3503 ± 0.05) grams (for three determinations) in 3.8286 g of 
avocado. 

The ECL signal for the fortified sample corresponds to 51.7 μM of 
tyramine giving a recovery of (103 ± 5) % (n = 3). Therefore, it can be 
concluded that the developed ECL based sensor can be used for the 

determination of tyramine directly in food samples, without the need of 
any previous separation step. In addition, the fabrication of this sensors 
proposed can also be applied to develop other ECL based sensors for the 
detection of trace levels of different analytes of interest. 

4. Conclusions 

This study builds and evaluates a straightforward nanostructured 
electrochemical platform to create a highly selective and efficient ECL- 
based sensor for detecting tyramine. By combining two nanomaterials, 
α-GeNLs and AuNP, the sensor platform was nanostructured, resulting in 
a significant increase in the ECL signal. Tyramine acts as both an analyte 
and co-reactant in the ECL system. The resulting throwaway sensor has a 
low detection limit of 2.28 µM, high selectivity, reproducibility, and 
stability. 

Finally, the applicability of the sensor was demonstrated by using it 
to determine tyramine directly in avocado samples, indicating its po-
tential for food sample analysis. 
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