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ABSTRACT 

In this paper, it has been demonstrated that Au(III) is able to act instead of O2 in the oxidase 

enzymatic reaction, so that it becomes reduced to purple gold nanoparticles (AuNPs). The 

plasmon band (at 540 nm) can be used as the analytical signal. Tyramine has been determined 

using its enzymatic reaction with tyramine oxidase (TAO). The kinetic of the AuNP formation 

has been studied in the light of both the Avrami equation for crystallization and the Finke-

Watsy mechanism for AuNP nucleation and growth. The effects of the Au(III), TAO and 

tyramine concentrations on the corresponding kinetic constants have been obtained. Working at 

room temperature, in the optimal conditions (phosphate buffer pH 7.0, TAO 0.5 U.mL-1 Au(III) 

1 mM), the linear response ranges from 2.5x10-5 M to 3.3x10-4 M Tyramine (5.6% RSD) and 

the LOD is 2.9x10-6 M. In these conditions, the signal is measured after 30 minutes reaction (to 

obtain the highest sensitivity), but this time can be significantly reduced by increasing the 

temperature (the reaction is finished after 4 min working at 50 ºC). The method has been 

applied to tyramine determination in a cheese sample with good results. The new scheme 

proposed in this paper can be extended, in principle, to other enzymatic methods based on 

oxidase enzymes. 

 

KEYWORDS: Tyramine; Tyramine Oxidase; HRP; ABTS; TMB; Foodstuff; Cheese 
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1. INTRODUCTION 

Tyramine is a biogenic amine produced by the decarboxylation of the aminoacid 

tyrosine due to biological activity (microorganisms). It is usually present in foodstuffs 

in moderate concentrations. High concentrations in foodstuffs of this compound, which 

can appear due to inadequate manipulation or decomposition, are not suitable for human 

consumption (its toxic effects include nausea, vomiting, migraines or respiratory 

disorders) [1]. The tyramine contents in foods is not specifically regulated by law 

although it is strongly suspected that it helps the histamine concentrations in the human 

body to increase (the concentration limits of histamine in some foods have been 

established by the European Union). Moreover, tyramine is the majority biogenic amine 

in some types of foods and its maximum content in some products is regulated in the 

corresponding Codex Alimentarius of some countries [2]. 

The determination of tyramine in foods presents similar difficulties to the analysis of 

other biological substances: the complexity of the sample matrix and its low 

concentration. This is why it is almost unavoidable to perform a previous extraction to 

eliminate the interferences, to concentrate the samples and to apply an instrumental 

separation technique such as layer chromatography, gas chromatography, capillary 

electrophoresis or high-resolution liquid chromatography. These methodologies have 

been described in previous papers [3,4]. All these methods work very well, but they 

need long analysis time and qualified personnel, so they are normally used when several 

biogenic amines need to be determined. Rapid response methods are necessary for the 

rapid detection of high levels of tyramine in foods in order to adequately protect 

consumers, workers and producers. Enzymatic methods of analysis are suitable 

alternatives in these cases. 
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Very few enzymatic reactions work analytically well for tyramine, in particular, those 

based on Polyamine Oxidase (PAO) and especially Tyramine Oxidase (TAO) [5]. TAO 

is an oxidase enzyme which catalyzes the oxidation/decarboxylation of tyramine 

according to the reaction given in Scheme 1. TAO has been used for the development of 

electrochemical sensors [6,7], but as far as we know, no optical colorimetric or 

fluorometric methods or sensors have been developed for the determination of this 

compound. 

 

 

    (Scheme 1) 

 

 

The current strategies used for colorimetric determinations based on oxidase reactions, 

such as that shown in scheme 1, consists of coupling an indicating reaction based on 

horseradish peroxidase (HRP) and a chromogen (TMB, ABTS, or some others) which is 

oxidized to a colored form (the reduced form is colorless).These reactions generally 

work well but present some problems [8,9]: a) most dyes are not very stable and can be 

partially oxidized by the O2 present in the air; b) the colored species formed can react 

with the product of the analyte; c) several reducer species present in the sample can 

interfere in the dye product formation. News strategies are acquired to avoid these 

problems are required. 

The use of AuNPs as a basis for the development of colorimetric methods has been 

growing exponentially. Most of these methods are based on using the AuNPs as a 

substitute for the chromogenic reagent and exploit three fundamental ideas [10,11]: 1) 

The addition of the analyte causes the aggregation of these nanoparticles so that they 

change their spectroscopic properties in a way related to the analyte concentration in the 
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sample, 2) as a consequence of the enzymatic reaction the AuNPs size increases due to 

the H2O2 presence [12]; and 3) The product of the enzymatic is able to form AuNPs 

[13].  

In this paper we propose a different approach which complements these AuNPs 

methods and solves some of the previously indicated problems caused by chromogens. 

It consists of synthesizing AuNPs from Au(III) as a consequence of the enzymatic 

reaction and measuring the absorbance of the appearing plasmon band (540 nm). Our 

hypothesis is that Au(III) can replace O2 in the reaction of Scheme 1, so it is reduced 

and AuNPs appear during the enzymatic reaction. Taking advantage of the good 

selectivity of TAO to tyramine, interference problems are minimized. This has allowed 

this method to be applied for tyramine determination in a cheese sample. Experimental 

conditions have been obtained in which the formation of nanoparticles occurs in a few 

minutes. This method complements one of the three ways in Analytical Nanoscience 

proposed by Valcarcel [14]. 

 

2. EXPERIMENTAL SECTION 

2.1 Reagents and solutions 

Tyramine oxidase (TAO) (EC 1.4.3.6) was obtained from Sekisui Diagnosis 

(https://www.sekisuichemical.com) (4.6 U.mg-1) and dissolved in phosphate buffer pH 

7.0, 0.1 M. The biogenic amines tyramine, cadaverine, putrescine and histamine were 

obtained from Sigma (https://www.sigmaaldrich.com/spain.html); these amines were 

weighed and dissolved in the corresponding buffer. Phosphate buffer (0.1 M) was 

prepared from Na2HPO4 and NaH2PO4 solids (Sigma S9763, S9638). Gold(III) chloride 

hydrate solid (Sigma 254169) was dissolved in miliQ water to obtain a 50 mM solution. 

 

https://www.sekisuichemical.com/
https://www.sigmaaldrich.com/spain.html
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2.2 Apparatus 

A Foxy-RTM fluorescence O2 sensor from Ocean Optics (EW Duive, The Netherlands, 

https://oceanoptics.com/) consisting of a QE65000 CCD-array spectrometer coupled to 

an oxygen FOXY-R (by A QBIF600-UV/Vis optical fiber), and a LS-450 pulsed blue 

LED light as radiation source, was used to measure dissolved oxygen. A Tecnai F30H–

7650 microscope (scanning and transmission mode, STEM) (FEI, The Netherlands, 

https:// www.fei.com) was used for characterization of the gold nanoparticles. UV-vis 

molecular absorption measurements were performed on a Specord 210 Plus 

spectrophotometer and an Agilent 8453 diode array spectrophotometer (One cm 

cuvettes were used in all cases). A Thermo Scientific Multifuge X1R centrifuge was 

used for separation by centrifugation. The Millipore MiliQ H2O system was used for 

water purification. 

2.3 Sample treatment 

Ten grams of Emmental cheese were weighed and mechanically ground with 20 mL of 

trichloroacetic acid (TCA) 5% (w/V). The mixture was stirred for 30 min and 

subsequently centrifuged for 20 min at 5000 rpm at 4 °C. The supernatant was collected 

and 2 mL of 2 M NaOH was added and centrifuged again for 20 min at 5000 rpm at 4 

°C. The supernatant was collected and the pH was adjusted to pH 7.0 with HCl 1 M. 

The extract was filtered with a 0.45 m nylon filter and the solution was made up to 25 

mL with miliQ H2O. This sample solution was used for the determination of tyramine in 

cheese. 

2.4 Measurement procedure 

1940 µL of the corresponding standard solution (in phosphate buffer pH=7.0 0.1M) and 

20 µL TAO 0.5 U.mL-1 were added in a cuvette. After waiting 5 minutes, 40 L of 50 

mM HAuCl4 were added to the cuvette. The formation of AuNPs was followed by 
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measuring the variation of Abs (540 nm) with time at room temperature and at 40 ºC. 

To perform the kinetic study, spectra were collected every 5 seconds after adding the 

HAuCl4 solution. 

For the determination of tyramine in Emmental cheese, 250 µL of the sample solution, 

1690 µL phosphate buffer pH= 7.0 0.1 M and 20 µL TAO 0.5 U.mL-1 were added in a 

cuvette. After waiting 5 minutes, 40 L of 50 mM HAuCl4 were added to the cuvette 

and the formation of AuNPs was followed. 

 

3. RESULTS AND DISCUSSION 

3.1 Mechanism of the enzymatic reaction in the presence of Au(III). 

The molecular absorption spectra of a solution containing tyramine, TAO and Au(III) 

changes during the enzymatic reaction, as shown in Figure 1A. As can be seen, after an 

activation time, a band due to the plasmon resonance appears and increases until a 

plateau is obtained (Figure 1B). Depending on the experimental conditions used, a later 

slower increase is observed. Figure S1 (Supporting Information) shows TEM images 

indicating that the spectra are due to the AuNP formation. 

Several hypotheses were considered in order to explain the AuNP formation, before 

establishing the final mechanism:   

i) Intrinsic reducing capabilities of proteins. Some proteins are able to generate Au 

nanostructures due to the reducing capability of some aminoacids [15]; however, in this 

case, no AuNP formation was observed by direct reaction between Au(III) and TAO 

(Figure S2A). 

ii) Intrinsic reducing capabilities of tyramine. Previous papers have shown that AuNP 

can be formed by direct reaction between nitrogenated compounds and Au(III) [16]. 

The direct reaction between tyramine and Au(III) was thoroughly studied but no AuNP 
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formation was observed. It is only when using a large amount of tyramine that a black 

Au0 precipitate appears after several hours of reaction, giving a small signal (Figure 

S2B). This study was also carried out in the presence of albumin but no changes were 

observed (Figure S2C). 

iii) AuNP growth induced by H2O2. Several authors have indicated that H2O2 is able to 

increase the growth of previously formed AuNP [12,17]. Thus, the Au0 nucleus can be 

formed by direct reduction of Au(III) with tyramine, where H2O2 assists the AuNP 

growth. To test this, the enzymatic reaction was carried out in the presence of catalase 

(Figure S3) to remove the H2O2 formed during the enzymatic reaction. The catalase 

produced rather the opposite effect, increasing the kinetic of AuNP formation and 

reducing the width of the spectra. Moreover, catalase increases the rate of the AuNP 

formation, which indicates that H2O2 actually hinders the process. 

iv) Au(III) versus O2. Finally, as shown below, the kinetic of the AuNP formation 

increases when the tyramine concentration is higher than that of the O2 (i.e. the whole 

O2 of the solution is consumed), indicating that the Au(III) participates in the enzymatic 

reaction. The possibility that metallic ions can act as substrates of enzymes has recently 

been reported [18]. 

All these studies reinforce the idea that the active center of the enzyme is responsible 

for the AuNP. According to this, Au(III) is reduced to gold nanoparticles and the 

catalytic center of the enzyme is oxidized to its initial state. TAO is an enzyme 

belonging to the copper-containing amine oxidases group. The kinetic mechanism of 

this type of enzyme has been studied [19] (not specifically with TAO) and is 

summarized in figure S4. As can be seen, during the reaction Cu(II) can be reduced to 

Cu(I) and it is reoxidized back by O2. Since Cu(I) is also able to reduce Au(III) to Au0, 

this can demonstrate the proposed mechanism. 
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3.2 Kinetics of the AuNP formation: Theoretical background 

In this paper we are interested in providing theoretical support and understanding of the 

experimental results obtained. Most of the classical mechanisms [20, 21] consider that 

the formation of nanoparticles is based on the Johnson, Mehl, Avrami and Kolmogorov 

(JMAK) crystallization model which is given by the general equation: 

Abst

Abs∞
=  1 −  e−(kt)n

==> Ln (Ln (
Abs∞

Abs∞−Abst
)) = nLn(KAv) + nLn(t)          (Eq 1)  

Abst and Abs being the absorbance of the plasmon band at any moment and at the end 

of the reaction respectively, KAv being the overall kinetic constant (Avrami constant) of 

the AuNP formation reaction and n being a parameter related to the dimensionality and 

shape of the AuNPs. During the optimization study, the Abst=f(t) representations were 

fitted to this equation and the corresponding K values were obtained. 

Starting with these principles, Finke-Watzy proposed a kinetic mechanism consisting of 

two simultaneous steps [22], the first being a slow continuous pseudo-first order 

reaction describing the formation of nuclei involving the precursor (Au(III) in this case) 

(Eq 2), and a second fast step (Eq 3) comprising an autocatalytic growth of the nuclei 

with the precursor, 

A 
𝑘1
⇒ B   (Eq 2) 

B + A
𝑘2
⇒ 2B  (Eq 3) 

They derived an equation relating the [A]t concentration with k1, k2 and CA,0 (initial A 

concentration):   

   [𝐴]𝑡 =  
𝑘1+ 𝑘2𝐶𝐴,0 

𝑘2𝐶𝐴,0 +𝑘1𝑒(𝑘1+ 𝑘2𝐶𝐴,0 )𝑡 
 (Eq 4) 

From this equation, both [B]t and [AuNP]t can be derived. Although other models have 

been subsequently proposed, the Finke-Watsy mechanism has been extensively used for 

modeling gold or other nanoparticle formation (and other types of structures, such as 
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protein agglomeration) [23]. In most cases, the reducer concentration (necessary for Au0 

formation) is in excess of A, so k1 and k2 are pseudo-first and second order constants, 

respectively. In our case the reducer is not always in excess relative to Au(III), but in 

most cases it is in defect so we have derived two equations to describe the absorbance 

variation due to AuNP during the reaction (Abst), both when the concentration of 

Au(III) is higher (Eq 5), or lower (Eq 6) than the tyramine concentration (see 

supplementary material Appendix S1). 

𝐴𝑏𝑠𝑡 = 𝜀𝐴𝑢𝑁𝑃[𝐴𝑢𝑁𝑃]𝑡 =  𝜀𝐴𝑢𝑁𝑃,𝑛  
𝑘1

𝑘2,𝑛
(

1−𝑒
−𝐶𝐴𝑢,0 (𝑘1+

2
3

𝑘2,𝑛𝐶𝑡𝑦𝑟𝑎𝑚𝑖𝑛𝑒,0 )𝑡

𝑒
−𝐶𝐴𝑢,0 (𝑘1+

2
3

𝑘2,𝑛𝐶𝑡𝑦𝑟𝑎𝑚𝑖𝑛𝑒,0 )𝑡
+ 

3𝑘1
2𝑘2,𝑛𝐶𝑇𝑦𝑟,0 

)  (Eq 5)  

𝐴𝑏𝑠𝑡 = 𝜀𝐴𝑢𝑁𝑃[𝐴𝑢𝑁𝑃]𝑡

=  𝜀𝐴𝑢𝑁𝑃,𝑛  
𝑘1

𝑘2,𝑛
(

1 − 𝑒−𝐶𝑡𝑦𝑟𝑎𝑚𝑖𝑛𝑒,0 (𝑘1+𝑘2,𝑛𝐶𝐴𝑢,0 )𝑡

𝑒−𝐶𝑡𝑦𝑟𝑎𝑚𝑖𝑛𝑒,0 (𝑘1+𝑘2,𝑛𝐶𝐴𝑢,0 )𝑡 +  
𝑘1

𝑘2,𝑛𝐶𝐴𝑢,0 

)  (Eq 6) 

where 

𝑘2,𝑛 =
𝑘2

𝑛
    (𝐸𝑞 7)                        𝜀𝐴𝑢𝑁𝑃,𝑛 =  

𝜀𝐴𝑢𝑁𝑃

𝑛
    (Eq 8) 

 

In these equations, CAu,0 and CTyr,0 are the total Au(III) and tyramine concentrations 

used, n the number of Au atoms per AuNP and AuNP the molar absorptivity of the 

AuNPs. Moreover, the stoichiometry of the overall reaction has also been taken into 

account. 

2 Au(III) + 3 Tyramine  2 Au0 + 3 Tyramineox         (Eq 9) 

During the optimization study, the Abs=f(t) recorders obtained were fitted to the 

corresponding equation (Eq 6 or Eq 7) using Solver® and the k2,n, k1 y AuNP,n were 

obtained. 
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As has been indicated above (Figure 1B), a later increase in the absorbance at the end of 

the process was observed, especially when the Au(III) concentration was in excess. This 

is usually explained by a further evolution of the formed nanoparticles, which is 

normally due to one of the following processes [24, 25]: a) Ostwald ripening, according 

to which smaller nanoparticles formed at the end of the process become dissolved to 

increase the size of the larger nanoparticles; or b) Oriented attachment, referring to the 

coalescence of smaller nanoparticles to give larger ones. While we have no direct 

experimental evidences of either of these processes, it seems clear that a further 

reorganization of the AuNP is also produced during the enzymatic reaction. We have 

applied both models but neither of them properly fitted our results, so no further 

discussion on this part of the curve is given in this paper (see Figure S5). 

3.3 Optimization of the analytical method 

Although Au(III) is able to replace O2 in the reaction, the enzyme is more prone to react 

with O2 than with Au(III). This is observed when Au(III) is added at different times 

(incubation time) from the beginning of the reaction (see Figure 2). As can be seen, the 

longer the delayed time (up to 5 min), the faster the reaction, which indicates that, when 

Au(III) is added, the lower the O2 concentration in the solution, the faster the reaction. 

However, for 8 min incubation time the reaction becomes slower, which can be 

explained considering that the O2 has diffused back from the environment surrounding 

the cuvette. The calculated kinetic constants k1 and k2,n (table S1) show that the O2 

mainly affect the AuNP growth. Five minutes was chosen as the optimum incubation 

time. 

Since this type of method has not been previously reported, it was considered necessary 

to study the effect of experimental variables on the AuNP formation. In the framework 

of the AuNP formation during the reaction, the following results were considered of 



 12 

interest: A) maximum wavelength (max) and bandwidth (, taken as the width at half 

of the maximum) of the plasmon band, as a measurement of the AuNP size [26,27] ; B) 

maximum absorbance (Absmax) (also the εAuNP,n at max ) before ripening, as a 

measurement of the analytical method sensitivity; and C) kinetic of the reaction 

(represented by the KAv, k1 and k2,n values). 

The most critical parameter affecting the AuNP formation during the enzymatic reaction 

are the Au(III), TAO and tyramine (the analyte) concentrations. Tables S2-S4 compile 

the Absmax, max, , k1, k2,n , AuNP,n and KAv values obtained during the optimization 

studies of these parameters. The following conclusions can be derived from these 

studies:  

1) By increasing the concentration of TAO (Figure 3), the polydispersity of the AuNPs 

increase and as a consequence, the .  

max depends on the TAO (Figure 3) and tyramine concentrations, but in opposite 

senses. Although new assays are necessary to properly explain these results, a first 

hypothesis can be made. It is accepted that the longer the wavelength the higher the 

AuNP diameter [28,29]. However, the TEM images (Figure S1) indicated that the 

AuNP diameter does not appreciably change with the enzyme concentration. Thus, the 

max displacement can be attributed to the interaction between the AuNP and the 

protein, which according to the bibliography produces a red shift of the plasmon band 

[30]. Regarding the tyramine effect, probably the tyramine product of the reaction can 

take part of the outer sphere of the AuNP, so the spectra wavelength will be affected. 

3) The overall kinetic of the reaction (see KAv value) is favored, as expected, by 

medium-high TAO and tyramine concentrations, but the effect of both parameters on k1 

and k2,n is different. While TAO stimulates the growth step, tyramine increases the 

nucleation step. The effect of the Au(III) is of interest: KAv is nearly constant up to an 
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Au(III) concentration close to the O2 saturation concentration (O2,sat) in water, but 

higher Au(III) values produce a decrease in the overall kinetic reaction. Similarly, k1 

gives a maximum at O2,sat then decreases, but k2,n decreases monotonically with the 

Au(III) concentration. These results seems to indicate that Au(III) is of course necessary 

for AuNP formation, but it can act as an inhibitor of the enzymatic reaction. 

4) The effect of Au(III) and TAO on the Absmax is also indicated in Tables S2 and S3, 

and can be explained considering the variations observed in the corresponding AuNP,n. 

The Mie theory predicts a relationship between this parameter and the cubed AuNP 

diameter raised to the cube (d3) [31]. This relationship has been experimentally observed 

[31,32]; an average relation is given by (see Appendix S2): 

 𝜀𝐴𝑢𝑁𝑃 = 9.2(±4.1)x104 𝑑3      (𝑑, 𝑖𝑛 𝑛𝑚)   (Eq 10) 

If it is considered that AuNPs are spherical in shape, it is possible to relate d with the 

number of Au atoms present in each AuNP according to the following equation [33]: 

 𝑛 = 30.9 𝑑3  (𝑑, 𝑖𝑛 𝑛𝑚)       (Eq 11) 

By combining equations (10) and (11) the expected AuNP,n value can be obtained: 

𝜀𝐴𝑢𝑁𝑃,𝑛 =
𝜀𝐴𝑢𝑁𝑃

𝑛
= 3.0(±1.3)x103  ( Eq 12)      

The values given in tables S2-S4 qualitatively (i.e., order of magnitude) agree with (Eq 

12) , which validates the model given by equations (5) and (6); the differences observed 

between the theoretical value given in Eq12 and those obtained experimentally can be 

explained considering that the AuNP are not fully spherical (Fig S1). Moreover, 

equation (10) states that changes in the observed  𝜀𝐴𝑢𝑁𝑃,𝑛 may be due to small variations 

in the d of the formed AuNP. 

In order to obtain a suitable balance between kinetics, sensitivity and linear range, the 

Au(III) and TAO concentrations chosen were 10-3M and 0.5 U.mL-1 respectively. 
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The pH effect on the TAO enzymatic reaction was studied (figure S6A) and the results 

were compared with those obtained by measurement of the O2 consumption in the 

absence of Au(III) (figure S6B). As can be seen, the enzymatic reaction can be carried 

out quantitatively in a pH range from 6 to 10 in the absence of Au(III), with optimum 

reaction rates at pH 7.0 and 8.0. When Au(III) is used, the effect of the pH is more 

critical. First, the AuNP formation is observed in a narrower pH range, from 7.0-9.0; 

second, the Absmax and the kinetic constants of the reaction depend on the pH, with an 

optimum at pH 7.0; third, the max and  show same dependence on the pH, but 7.0 

and 8.0 give similar results. 

The AuNP formation is slower than the classical indicating colorimetric reactions based 

on HRP and a dye. To improve the kinetic of the reaction, the effect of temperature was 

also studied (Figure 4). As expected, the time necessary to reach the plateau is reduced 

by increasing the temperature.  At a temperature of 60 ºC, after the fast increase in the 

absorbance a later decrease is observed due to the enzyme denaturation which 

destabilizes the AuNP formed. The three kinetic constants (k1, k2,n and KAv) increase 

with the temperature following the Arrhenius equation (Table S5), but its effect on the 

Absmax, max and is negligible. 

Finally, to try to improve the synthesis process of the nanoparticles during the 

enzymatic reaction, SiO2 nanoparticles were added. This was intended to generate 

nuclei from which the gold nanoparticles grow. However, no modifications of the 

kinetic were observed (Figure S7). 

3.4 Analytical figures of merit 

The optimum experimental conditions for tyramine determination derived from the 

studies described above are compiled in Table 1. The experimental linear response 

range (Figure S8), the detection (LOD) and quantification limit (LOQ) and the RSD 
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obtained are also compiled, working at room temperature (rt) and at 40 ºC degrees. It is 

important to indicate that the detection limit of this method is consistent with that 

obtained using the classical HRP/colorant reaction. 

3.5 Interferences 

Other amines have been studied as possible interferences in the method. To this end, 

putrescine, cadaverine and histamine, the main biogenic amines appearing with 

tyramine in real samples, were studied. Our experimental studies have shown that these 

three biogenic amines were not able to generate AuNP during the enzymatic reaction (at 

least up to 10-4M). However, they affect the AuNP formation during the tyramine /TAO 

reaction. 

First, figure S9A show the Abs540nm= f(t) representations obtained for tyramine in the 

presence of putrescine and cadaverine. As can be seen, both amines decrease the rate of 

the AuNP formation during the reaction but the final absorbance is not affected. Figure 

S9B shows that the kinetic of the O2 consumption by the tyramine /TAO reaction is not 

affected by any of the amines, so the most plausible interference mechanism comes 

from the ability of Au(III) to form coordination complexes with diamines, (Au(Put)2
3+ 

and Au(Cad)2
3+ being the expected stoichiometries [34]). These complexes decrease the 

kinetic of the Au(III) reduction. In order to correct this problem, several alternatives 

were examined. The easiest to use was increasing the kinetic of the reaction by heating 

at temperature of about 40 0C (figure S9C). 

A more important problem was caused by the histamine:tyramine ratio. If this ratio is 

1:1, the formation of nanoparticles is not observed. The general hypothesis is that 

histamine forms a complex, stronger than those of the putrescine or cadaverine with 

Au(III) that does not allow it to react following the mechanism described above [35]. 

This interference was not avoided by heating the solution or by adding a metallic 
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species (Cu(II) or Zn(II)) able to react with histamine. To evaluate the magnitude of this 

interference, tests were performed with a constant concentration of tyramine and 

varying the amounts of histamine present in the reaction. Figure S10A shows the 

absorption spectra obtained. It can be observed that the decrease in the signal is 

proportional to the histamine presents in the sample (Figure S10B). This type of 

interference can be estimated by performing a doping of the sample with a known 

concentration of tyramine and observing how the signal decreases depending on the 

amount of histamine present. 

3.6 Real sample 

Many types of samples contain tyramine as the majority biogenic amine. An example is 

Emmental cheese, so we applied this method to tyramine determination in a sample of 

this cheese.  

Using the optimized experimental conditions (and working at 40 ºC), we applied the 

method explained in the experimental section and the standard addition method to avoid 

interferences of the matrix. In Figure S11 it can be seen that the slope of the line does 

not differ significantly from the slope of the line for which no sample is added, so no 

proportional interferences were observed. The concentration of tyramine in the sample 

obtained was 9314 mg Kg-1(n=5). The sample was also analyzed by the Public Health 

Laboratory of Aragón using their HPLC validated method (8613 mg Kg-1, n=3) and a 

colorimeter method based on TAO but using HRP/TMB as the indicating reaction (see 

Appendix S3). No significant differences were observed between the methods. 

4. CONCLUSIONS 

This paper has demonstrated the possibility of generating AuNP during an enzymatic 

reaction and using the corresponding plasmon resonance band as the analytical signal, 

thus avoiding, in this way, the chromogen/HRP indicating reaction. Although several 
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theoretical aspects need more in-depth studies, the results suggest that this is a general 

mechanism which can work with many other enzymatic reactions. Moreover, other 

types of analytical signals deserve to be studied, such as: the fluorescence of gold 

nanoclusters, which is expected to appear during the nucleation process, and/or the 

surface-enhanced Raman signal of the enzyme or the reaction product, as a consequence 

of the AuNP formation. Finally, this method may also be carried out using other types 

of metallic species able to generate nanoparticles (especially, Ag(I)). 
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Table 1. Analytical figures of merit obtained working at room temperature (20 ºC) and 40 ºC.  

$The RSD obtained for all points of the calibration line linearly decrease from 11.3% (rt) or 

11.8% (40 ºC) obtained for 25 M to 3.2% (rt) or 4.0% (40 ºC) obtained using 330 M 

 

 20 ºC (rt) 40 ºC 

Linear range, M 25 – 330 25 - 330 

LOQ, M 9.5 11.5 

LOD, M 2.9 3.4 

RSD, % (250 M)$ 5.6 (n=5) 6.0 (n=5) 
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FIGURE CAPTIONS 

 

Scheme 1. Enzymatic oxidation of tyramine catalyzed by Tyramine Oxidase (subscript “ox” and 

“red” refer to oxidized and reduced forms of TAO, respectively). 

Figure 1. Molecular abosortion spectra of gold nanoparticles (AuNP) formation during the 

enzymatic reaction. Experimental conditions: [TAO]=0.5 U.mL-1, [Au(III)]=1 mM, 

[tyramine]=2.6x10-4 M, incubation time 5 min and pH 7.0 phosphate buffer 0.1M, at room 

temperature (Figure 1B shows the absorbance at the maximum wavelength). 

Figure 2. Effect of the incubation time on the kinetic of the AuNP formation a) 0 min; b) 1 min; c) 3 

min; d) 5 min; e) 8 min. Experimental conditions: [TAO]=0.5 U.mL-1, [Au(III)]=1 mM, 

[tyramine]=2.6x10-4 M and pH 7.0 phosphate buffer 0.1M, at room temperature. 

Figure 3. Effect of the TAO concentration on the absorption spectra of the formed AuNP a) 0.2 

U.mL-1; b) 0.5 U.mL-1c) 1.0 U.mL-1; d) 2 U.mL-1; e) 4 U.mL-1. Experimental conditions: [Au(III)]=1 

mM, [tyramine]=2.6x10-4 M, incubation time 5 min and pH 7.0 phosphate buffer 0.1M, at room 

temperature. 

Figure 4. Effect of the temperature on the kinetic of the reaction a) 20 ºC; b) 30 ºC; c) 40 ºC; d) 50 

ºC; e) 60 ºC. Experimental conditions: [TAO]=0.5 U.mL-1, [Au(III)]=1 mM, [tyramine]=7.9x10-4 M, 

incubation time 5 min 3and pH 7.0 phosphate buffer 0.1M. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

 



Graphical Abstract: Tyramine is determined by measuring the plasmon band of the gold 

nanoparticles formed during its enzymatic reaction with Tyramine oxidase. Moreover, a 

mathematical model has been developed to explain the formation of the gold nanoparticles 

during the reaction.  

 

 

 

 

 

 

Tyramine

O2

Au(III)

H2O2

4-hydroxiphenylacetaldehide

Tyramine oxidase

AuNP

Graphical Abstract




