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Laguna, Spain   

A R T I C L E  I N F O   

Handling Editor: Joaquim Nobrega  

Keywords: 
Gold nanoclusters 
Fluorescence 
Tyramine 
In-situ generation 
Tuna sample 

A B S T R A C T   

In this manuscript a method for the fluorometric determination of tyramine is described. It is based on the direct 
reaction between Au(III) and tyramine in a phosphate buffer which produces fluorescent gold nanoclusters 
(AuNC) (λexc = 320 nm, λem = 410 nm) with a diameter of 1.50 ± 0.06 nm. The Au(III) and buffer solutions are 
mixed and after 140 s, tyramine solution is added; which produces a fast and stable fluorescence signal. The 
formation of AuNC is demonstrated by STEM and, more importantly, this reaction could be followed by Atomic 
Fluorescence Microscopy (AFM). The method allows the determination of tyramine in the range from 6.0x10− 7 M 
(limit of quantification) up to 1.2x10− 4 M; with a relative standard deviation (RSD) ranges from 1.8% to 4.4% 
depending on the tyramine concentration. The mechanism of AuNC formation involves the Au(III) reduction via 
the phenol group and the complexation with the amine group. Putrescine and cadaverine do not produce 
interference, meanwhile histamine causes a proportional decrease in the signal which can be overcome by the 
standard addition method. The method was applied to the determination of tyramine in a tuna and cheese 
samples and the results obtained are in statistical agreement with these obtained using a validated or standard 
method.   

1. Introduction 

The development of methodologies based on the optical properties of 
metallic nanomaterials (particularly gold) is one of the fields of 
analytical nanotechnology in which research is still ongoing. Most of the 
methodologies have been recently reviewed by different authors [1–3] 
who state that most of these developments are based on using preformed 
nanomaterials (nanoparticles) as reagents and determining the analyte 
on the basis of the changes the nanomaterials suffer, either directly or 
assisted by additional (bio)chemical reactions (e.g. using enzymes, an
tibodies, Molecularly Imprinted Polymers -MIP-, etc). The most common 
methodologies are based on seed-growth, etching, aggregation 

(coupling) and chemi/physisorption. 
A less common alternative method is the in-situ generation of 

nanomaterials by the analyte; being the starting point the metal ion 
(Mn+). During the process, the ion is reduced to the elemental state (M0) 
and, by means of a suitable medium, stabilized as a nanomaterial. These 
nanomaterials have been used mainly for the analysis of enzymes [3], 
although there are some cases in which the reductive properties of the 
analyte have been used for their determination, as is the case of poly
phenols [4] or some sugars (in a very basic medium) [5], which can 
reduce Au(III) to AuNP in the presence of a coating agent. 

Tyramine (Tym) is one of the biogenic amines (BA) most frequently 
found in foods. It is often accompanied by histamine (His), cadaverine 
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and putrescine. Despite the beneficial functions of Tym in the human 
body (it is a neurotransmitter [6] and has immunological effects [7]), 
when ingested in high quantities it can cause some adverse effects, 
ranging from intolerance to intoxication. The clinical picture produced 
is known as the “cheese reaction”. For this reason, the EFSA (European 
Food Safety Association) [8] considers Tym and His to be the most 
potentially toxic, especially in fermented products. The EFSA has called 
for additional studies to establish the NOAEL (no observed adverse effect 
level) for Tym and considers 600 mg/day as the toxicological threshold 
for this BA. For these reasons, rapid methods for the determination of 
Tym in food extracts are required. 

The determination of Tym in food, together with other BAs, is usually 
performed by HPLC, using detection by UV–visible molecular absorption 
spectrophotometry (with or without derivatization), fluorescence (with 
derivatization) [9–11] or mass spectrometry (MS) [12], resulting in a 
very good sensitivity and selectivity. However, to perform rapid de
terminations, methods based on the use of solid supports (cellulose type) 
in combination with fluorescent reagents or nanomaterials have been 
developed. These methods give good sensitivity (quantification limits 
between 0.1 and 30 mg Tym/kg sample), with response times, in most 
cases, above 20 min (up to several hours) [13–19] (see Table S1). The 
main advantage of the proposed method being the simplicity (no 
enzymatic reaction is needed), the specificity to other BAs and the fast 
response (only 140 s). 

Our group has developed colorimetric methods for the determination 
of Tym and other substrates [20] based on the generation of gold 
nanoparticles [21,22] (or other nanomaterials [23]) and the measure
ment of its optical properties, by coupling a previous enzymatic oxida
tion of tyramine with O2 catalyzed by tyramine oxidase (TAO) [24]. 
Here, an alternative methodology for the development of rapid methods 
based on the in-situ and direct generation (without coupling any other 
type of reaction) of gold nanoclusters is presented. The determination of 
Tym is used as a proof of concept as it is an analyte for which previous 
methodologies have been used, making the comparison more efficient. 

2. Experimental section 

2.1. Reagents 

All chemicals were supplied by Sigma Aldrich and used without 
further purification: Na2HPO4 (S9763) and NaH2PO4 (S9638) for the 
buffer preparation, gold chloride hydrate solid (254169) (which was 
dissolved in Mili-Q water to give a 50 mM solution), tyramine (80345), 
putrescine (51799), cadaverine (33211) and histamine (59964). Tyra
mine oxidase (TAO) (EC 1.4.3.6) was obtained from Sekisui Diagnosis 
with an activity of 4.6 U mg− 1. 

2.2. Equipment 

Fluorescence measurements were carried out mainly using a Photon 
Technology International (PTI) Time Master fluorescence spectrometer 
(TM-272003) or a Cay Eclipse fluorescence spectrophotometer (Agilent 
Technologies). One-centimeter quartz cuvettes were used in all cases. 
Instrumental conditions are indicated throughout the paper. 

A Tecnai F30 (FEI) electronic microscope capable of operating in 
both scanning and transmission modes was used for acquiring the STEM 
images and X-ray emission spectra. 

Atomic Force Microscopy (AFM) imaging was carried out using a 
Bruker ICON microscope equipped with a Nanoscope V control unit from 
Bruker using Peak-Force Tapping mode. AFM data were collected in 
liquid (10 mM or 0.25 M PBS aqueous solution) using ScanAsyst-Fluid 
(100− 200 kHz and 0.7 N/m, from Bruker) probes. Images were typi
cally recorded with scan rates of 1 Hz/line, 256 lines, and force range of 
0.2–2 nN. The time required to complete a 256 × 256-line AFM image is 
ca. 4 min. Individual spring constants were calibrated using the equi
partition theorem, thermal noise procedure [25] while the tip radii were 

determined by deconvoluting the tip shape after scanning a titanium 
roughness standard (Bruker) using the Nanoscope off-line v. 1.50 soft
ware [26]. In order to minimize tip convolution effects affecting the 
particle width, data obtained from AFM image profiling have been 
corrected according to Canet-Ferrer et al. [27]. For the statistical eval
uation of the size and height of the NPs, cross-sectional profiling and the 
Grain Analysis Tool of Gwyddion v. 2.59 package software were applied 
to isolated NPs from AFM images taken in at least two different, but 
equivalent, samples. 

Cyclic voltammetry measurements were performed with a micro- 
Autolab FRA2 Type III (Methrom®) potentiostat controlled by NOVA 
(v 2.1.4) software. A microcrystalline Pt working electrode, a Ag/AgCl/ 
NaCl 3 M reference electrode and a Pt auxiliar electrode were used at a 
20 mV/s scan rate. 

2.3. Sample treatment 

2.3.1. Tuna sample 
The sample was prepared and treated by the Laboratorio de Salud 

Pública de Aragón (LSPA). The tuna sample was subjected to acid treat
ment according to a previously validated method [28]. In short, 2.5 g of 
tuna were treated with 20 mL 5% trichloroacetic acid; the sample was 
vortexed for 30 s. The mixture was then subjected to ultracentrifugation 
for 10 min at 4000 rpm (4 ◦C). This operation was repeated twice. The 
filtrate was made up to 50 mL with 5% trichloroacetic acid. The tyra
mine content was analyzed by HPLC-MS. 

2.3.2. Cheese sample 
Ten grams of cured cheese were weighed (with ±0.01 precision) and 

leached with 30 mL 5% trichloroacetic acid for 30 min. Then, the 
mixture was centrifugated (20 min, 4 ◦C, 5000 rpm), the solid phase was 
discarded, and the supernatant solution was neutralized with NaOH (2 
M). Next, a second centrifugation was done in the same conditions, and 
the supernatant was double filtered: firstly, through a 25 mm diameter 
nylon membrane filter (ALBET-NY-045-25-BL) and secondly, through a 
10 kDa centrifugal filter. Finally, the solution was adjusted to 50 mL 
with 0.1 M pH 7 phosphate buffer. 

2.4. Procedure 

In the measuring cuvette, 960 μL of phosphate buffer (0.1 M, pH = 8) 
and 40 μL of Au(III) solution (50 mM) were mixed and immediately the 
fluorescence intensity was registered (λexc = 320 nm, λem = 410 nm). 
After 140 s, 1 mL of the tyramine or the sample solution were added and 
the fluorescence signal registered 50 s after the injection. 

3. Results and discussion 

3.1. Gold nanocluster formation and characterization 

Albumin is able to generate gold nanoclusters (AuNC) [29] through a 
mechanism involving Au(III) reduction by amino acids such as tyrosine 
and tryptophan (normal reduction potentials below 1V [30]) and the 
subsequent stabilization of the nanomaterial by the protein. This process 
requires a basic medium and long reaction times. As the reducing power 
of tyramine (Tym) is similar to that of tyrosine [31], we hypothesized 
that it could be used to accelerate the Au(III) reduction by albumin and 
this could be used to develop a method for Tym determination. Several 
previous assays were performed under different experimental condi
tions. Nevertheless, the effect of the albumin concentration was in the 
opposite direction as expected; the highest fluorescence signal was ob
tained without albumin (Fig. S1). Fig. 1 shows a 3D fluorescence spec
trum obtained during the reaction. As it can be seen, the fluorophore 
formed has an excitation maximum at 320 nm and an emission 
maximum at 420 nm. 

Therefore, several assays were carried out to confirm that AuNC were 
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indeed formed and, that the observed fluorescence was due to these 
structures. Fig. 2 shows a STEM image obtained after reacting Tym and 
Au(III) in a phosphate buffer. As can be seen, small AuNC are formed and 
located on a bigger spherical particle, attributed to the phosphate buffer 
(Fig. S2 shows the corresponding X-ray spectra). In terms to confirm the 
AuNC formation, the reaction was followed by atomic force microscopy 
(AFM). It is noteworthy that a minimum time of 4 min is required to 
register an AFM image (see 2B section). 

Fig. 3 shows AFM images registered at different times. After 4 min 
once the reaction began, that the AFM image show how AuNC are 
already formed with an average size of 1.51 ± 0.07 nm. The subsequent 
images show that the size of these AuNC do not change during the 

reaction as well as its stability. These results confirm the observations 
obtained by fluorescence and STEM. 

3.2. Optimization and analytical figures of merit 

The reaction between Au(III) and Tym requires a capping agent to 
stabilizes the AuNC. Several authors have demonstrated that different 
buffers are able to reduce Au(III) and stabilize the formed nano
structures [32]. In our case, the used buffer should not have redox ca
pacity. Several buffers were tested (Tris, carbonate and phosphate) but 
only phosphate provided good results; since its ability to stabilize 
nanomaterials [33]. 

Other aspect to be considered is when the Tym has to be added to the 
Au(III) in phosphate buffer solution. It has been observed that both the 
stability and intensity of the fluorescence signal depend on the time 
interval from Au(III) and phosphate buffer are mixed (tmix) and the Tym 
solution added. Fig. 4 shows a fluorescence versus time (F = f(t)) plot for 
different tmix. From this figure, an optimum tmix (140 s) where the 
fluorescence signal reaches an optimum and stable value is observed. 
For lower tmix, the fluorescence signal increased rapidly to a maximum 
(Fmax) and then decreased. The lower the tmix, the faster the decrease. 
For higher tmix, albeit the obtained signal is stable, lower Fmax were 
reached. Moreover, the longer the tmix, the lower the Fmax. This behavior 
was also observed for different Tym concentrations. In addition, the 
AuNC fluorescence signal was stable up to 15 days. 

These F = f(t) representations suggest that the oxidizing capacity of 
Au(III) depends on the addition time of the phosphate. No information 
was found in the literature on the complex formation between Au(III) 
and phosphate and its effect on the reduction ability of Au(III). To gain 
some information, a voltamperometric study similar to the fluorescence 
one was carried out, i.e. cyclic voltammograms were recorded at 
different tmix (Fig. S3). As can be seen, the Au(III) reduction potential 
(Fig. S3b) in the presence of a phosphate buffer changes with the tmix, 
decreasing up to a minimum and then recovering. These changes clearly 
indicate that Au(III) and phosphate form complexes with a slow kinetics 
which modify the redox capability of Au(III). Fig. 4 and Fig. S3b allow to 
elucidate the complex with the lowest redox potential gives the most 
stable fluorescence signal. 

The Au(III) concentration and pH of the buffer solution were also 
optimized (Figs. S4A and S4B). Neither the Au(III) concentration nor the 
pH affected the optimum tmix, only the intensity of the fluorescence 
signal. 

Under the optimum conditions, the analytical figures of merit were 
obtained. The linear response range goes from 6.0x10− 7 M (limit of 
quantification) up to 1.2x10− 4 M. The limit of detection (obtained from 
3sBl) was 2x10− 7 M. The relative standard deviation (RSD) was obtained 
for all the calibration points (n = 5) and the values ranged from 4.4% 
(6.0x10− 7 M) up to 1.8% (1.2x10− 7 M). Fig. 5 shows the calibration line 
(Fluorescence spectra are shown in Fig. S6), where a logarithmic rep
resentation has been used for a better visualization. 

As shown in Fig. 4, the stability of the AuNC fluorescence signal and 
the kinetics of the AuNC formation are highly dependent on the tmix. To 
try to avoid this dependence, a different measurement procedure was 
tested. In this new method, Tym and phosphate buffer solutions were 
previously mixed in the cuvette and after that, Au(III) was added. 
Fig. S5A shows that when a high buffer concentration (ca. 0.25 M) is 
used, the fluorescence signal appears rapidly and it becomes indepen
dent of the tmix. Regarding Au(III), the obtained results show (Fig. S5B) 
that the lower the Au(III) concentration, the lower but more stable the 
signal is, so it deserve to give up same sensitivity but get a more 
reproducible signal. Therefore, when low Au(III) and high buffer con
centrations are used, the tmix does not affect the fluorescence signal. 
Under these conditions, the analytical figures of merit were similar to 
those obtained previously: linear range from 7.0x10− 7 M (limit of 
quantification) up to 1.0x10− 4 M. The limit of detection (obtained from 
3sBl) was 2.5x10− 7 M. The relative standard deviation (RSD) was 

Fig. 1. AuNC 3D fluorescence spectra. Experimental conditions: [Tyramine] =
10− 5 M, [Au(III)] = 10− 3 M, pH = 8 (0.1 M, phosphate buffer). Instrumental 
conditions: 10 nm excitation and fluorescence monochromators spectral 
bandwidth; 650 V photomultiplier voltage. 

Fig. 2. AuNC STEM image. Experimental Conditions: [Tyramine] = [Au(III)] 
= 10− 3 M, pH = 8 (0.1 M, phosphate buffer). 
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measured for all the calibration points (n = 5) and the values ranged 
from 4.5% (6.0x10− 7 M) up to 2.5% (1.2x10− 7 M). However, the tmix 
methodology is more recommended, as the required concentration of 
the phosphate buffer is lower (making the method more prone to 

interferences from other metal ions) and the Au(III) is higher; which 
enlarges the linear response range. 

3.3. Mechanism of AuNC formation, interferences and application 

To have information about the reduction mechanism of Au(III) to 

Fig. 3. AFM images obtained during the Tyr/Au(III) reaction. A, B and C correspond to different times from the beginning of the reaction (4, 32 and 100 min, 
respectively). D) Treated image for AuNC height calculation. E) AuNC height distribution. Experimental conditions: [Tyramine] = 10− 3 M), [Au(III)] = 10− 3 M, pH 
= 8 (0.1 M, phosphate buffer). 

Fig. 4. tmix effect on the AuNC fluorescence signal. Experimental conditions: A) 
25 s; B) 50 s; C) 80 s; D) 100 s; E) 120 s; F) 140 s; G) 160 s; H) 180 s. 
Experimental conditions: [Tyramine] = 10− 3 M), [Au(III)] = 10− 3 M, pH = 8 
(0.1 M, phosphate buffer). Instrumental conditions: λexc = 320 nm; λem = 420 
nm; 10 nm Excitation and fluorescence monochromators spectral bandwidth. 
650 V photomultiplier voltage. 

Fig. 5. Tyramine logarithmic calibration line (Fluorescence intensity have been 
normalized with respect to monochromators spectral) Experimental conditions: 
[Au(III)] = 10− 3 M, pH = 8 (0.1 M, phosphate buffer). Instrumental conditions: 
λexc = 320 nm; λem = 420 nm. 650V photomultiplier voltage. 
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AuNcs by Tym will allow to predict what substances could interfere in its 
determination. In such mechanism, two chemical moieties of the Tym 
could be involved: the phenolic group (reducing ability) and the amine 
group (complexing ability). To elucidate this, the ability of other 
phenolic/amine aromatic compounds to generate fluorescence signals 
with or without amine groups: phenol, L-tyrosine, serotonin, dopamine 
and phenylalanine, has been studied. As showed in Table S2, only 
compounds in which the phenolic group is attached to an amino group 
(tyrosine and serotonin) show fluorescence signal albeit less intense that 
for Tym. Phenol also shows a weak signal. 

The possible interfering effect of other biogenic amines most 
frequently found in food (putrescine, cadaverine and histamine (His)) 
was also evaluated. Putrescine, cadaverine and histamine do not pro
duce fluorescence by themselves (as would be expected, since they are 
not phenolic compounds). In solutions containing mixtures of Tym with 
putrescine or cadaverine (up to 10/1 M ratios) no interference was 
observed; meanwhile His produced a decrease in the Tym signal. The 
interference level depends on the His/Tym molar ratio (Fig. S7A) and is 
probably due to the ability of His to complex Au(III), which reduces the 
amount of Au(III) available to react with Tym (Fig. S7B shows the effect 
of other His-like compounds). As it can be seen, the signal depressing 
effect is directly proportional to the histamine concentration, so its 
interference could be eliminated by the standard addition method. 
Interfere species such as ions, sugars and reducing agents have also been 
tested (Fig. S7C), no significative effect was observed in the Tyr signal 
(3x10− 5 M) in the presence of these species (in concentration 3x10− 5 M, 
except Na(I) and K(I) that were 10− 2 M). 

The method here developed, has been applied to determine the 
presence of Tym in a tuna sample extract. The sample was provided by 
the LSPA; who previously analyzed the sample using a validated method 
(see the Experimental section). Fig. S8 compares our calibration line 
with that obtained by the standard addition method. Although the slope 
of both lines seems similar they were statistically compared (test-t) and a 
significant difference was found between them at 95% confidence; this 
proportional interference is probably due to the presence of His in the 
sample. The application of the standard addition method gave a Tym 
content of 281 ± 20 mg/kg in the tuna sample, which was statistically 
similar (95% confidence level) to that reported by the validated method 
(HPLC-MS/MS) 302 ± 15 mg/kg [28]. 

In addition, a sample of cured cheese was also analyzed using the 
proposed method and the results compared to those obtained with a 
standard method for the determination of Tym. The standard method is 
based on the enzymatic reaction of Tym with Tyramine oxidase coupled 
to a second enzymatic reaction with peroxidase (HRP) and a dye TMB 
and on the measurement of the Abs650 nm of the generated TMBox. In 
both cases, the sample was analyzed by the standard addition method. 
The concentration of Tym in the cheese sample, obtained by the pro
posed method was 265 ± 44 mg/kg, which was statistically similar 
(95% confidence level) to that obtained by the standard method (240 ±
36 mg/kg). Fig. S9 shows the standard addition calibration plot obtained 
in each case. 

4. Conclusions 

The in-situ AuNC generation is a simple and reliable analytical tool 
for the determination of Tym in real samples. The analytical figures of 
merit, in terms of limit of quantification, precision, linearity and selec
tivity are comparable or even better than other previously proposed 
rapid methods (see Table S1). Additionally, this methodology can be 
also used for the determination of other compounds as this type of 
nanostructures can be also formed in other reactions. Future work is 
focused on exploring new compounds and reactions in terms to expand 
this methodology. 

Credit author statement 

Jesús Navarro: Validation; investigation, Gemma Cepriá: investiga
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