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Abstract

In situ enzymatic generation of bimetallic nanoparticles, mainly Au/Pt, overcomes the drawbacks (continuous absorbance
drift, modest LOQ, and long-time reaction) observed when AuNP alone are produced. In this study, Au/Pt nanoparticles
have been characterized by EDS, XPS, and HRTEM images using the enzymatic determination of tyramine with tyramine
oxidase (TAO) as a model. Under experimental conditions, the Au/Pt NPs show an absorption maximum at 580 nm which
can be related to the concentration of tyramine in the range 1.0 X 10°°M to 2.5 x 10*M with a RSD of 3.4% (n = 5, using
5% 10°M tyramine). The Au/Pt system enables low LOQ (1.0 x 10~ M), high reduction of the absorbance drift, and a sig-
nificant shortening of the reaction time (i.e., from 30 to 2 min for a [tyramine] = 1 x 107*M); additionally, a better selectivity
is also obtained. The method has been applied to tyramine determination in cured cheese and no significant differences were
obtained compared to a reference method (HRP:TMB). The effect of Pt(Il) seems to involve the previous reduction of Au(III)
to Au(I) and NP generation from this oxidation state. Finally, a three-step (nucleation-growth-aggregation) kinetic model for
the generation of NPs is proposed; this has enabled us to obtain a mathematical equation which explains the experimentally
observed variation of the absorbance with time.

Keywords In situ generation - Enzymatic method - Bimetallic Au/Pt nanoparticles - Bimetallic Au/Pd nanoparticles -
Tyramine - Tyramine oxidase - Photometric detection

Introduction

Spectrophotometric enzymatic methods of analysis consti-
tute one of the most useful and widespread alternatives for
the determination of many different families of analytes.
Many of these methods are based on an oxidase-type cata-
lyzed reaction (main reaction) where O, is oxidized to H,O,.
Such methods require coupling an indicating reaction involv-
ing horseradish peroxidase (HRP) and a chromogen (R) such
as ABTS or TMB [1] which are oxidized by H,O,.

HRP
H,0,+nR,; — H,0+nR (D
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Although they give good results, they also have several
drawbacks [2, 3]. For example, (i) R, can react with the
amino acids of the main reaction and HRP; (ii) R4 can react
with the product of the main reaction or other chemicals pre-
sent in the sample; (iii) R, is unstable (it suffers dispropor-
tionation). Also, HRP presents additional lateral reactions
with the analyte or the product of the oxidase reaction [4].

Nanomaterials offer new possibilities for the indicat-
ing reaction (1), acting in two ways: as HRP mimics and
as a chromophore/chromogen. Regarding HRP mimics,
many nanomaterials (iron-based or carbon-based) [5] have
been described which present sufficient catalytic activity to
replace HRP in the reaction (1).

As a chromophore or chromogen, some nanomaterials
allow alternative indicating mechanisms different from
(1), the most important being [6, 7] (i) nanomaterial mod-
ification. The spectroscopic properties of nanomaterials
(surface plasmon resonance band (SPR)) change (absorb-
ance or wavelength) as a consequence of the enzymatic
reaction, (ii) nanomaterial generation. In this case, nano-
materials are generated from the corresponding ions as a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-023-05698-y&domain=pdf
http://orcid.org/0000-0002-8973-5104

114 Page2of9

Microchim Acta (2023) 190:114

consequence of the enzymatic reaction. Papers by Pavlov
[6] describe quantum dots (QD) generation where dur-
ing the enzymatic reaction the analyte is hydrolyzed to
sulfide which reacts with Cd(II), previously added to the
medium, to form QD.

In a previous paper [8], we presented an alternative indi-
cating method based on the formation of AuNP from Au(III)
during tyramine (Tyr) enzymatic oxidation to the aldehyde
form (Tyr,,) catalyzed by tyramine oxidase (TAO).

TAO
Tyr +0, — Tyr,, +H,0, (2)

The analytical signal was the appearance of the SPR band
which was measured. The mechanism was not fully clarified
but we concluded that it is a combination of two processes:

1) Au(III) reduction by the product of the enzymatic reaction:

Au(Il) + Ty, 2 Au® + Tyr,q 3)

2) Au(IIl) acting as O, regenerating the active center of the
enzyme

Au(Ill) + TAO, 4 2 TAO,, + Au’ “)

This methodology allowed us to determine tyramine.
Despite the advantages of the method, some aspects
remained unresolved: (i) low sensitivity, as the method
allows the analyte determination with a quantification limit
of 2.5 107M which is much higher than the classical
colorimetric; (ii) interference from other biogenic amines
present in the samples; (iii) the method rate which requires
working at a high temperature; and (iv) the fact that after
the reaction a long continuous signal drift is observed
which affects the method reproducibility and complicates
the appropriate choice of measurement time. In this paper,
we have tried to overcome some of these problems replac-
ing Au(IIl) by another metal ion able to produce nanopar-
ticles (or mixtures of Au(IIl) with other metal ions). When
nanoparticles are formed from Au(III) plus Pt(IT) (or Pd(IT)),
some of the above-mentioned drawbacks disappear, espe-
cially the lower sensitivity, the necessity of working at high
temperatures, and the long absorbance drift, improving the
analytical possibilities of this methodology.

Experimental section
Reagents and solutions

Tyramine oxidase (TAO) (EC 1.4.3.6) with an activity of
4.6 Uxmg~! was obtained from Sekisui Diagnostics (T-25).
Na,HPO, (59763) and Na,PO, (S9638) for the buffer solutions,
gold chloride hydrate solid (254169), and potassium tetrachlo-
roplatinate (206075) (which were dissolved in MiliQ water
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to obtain a 50-mM solution), all biogenic amines (tyramine
(T2879), putrescine (P7505), cadaverine (C8561), and hista-
mine(53300)), other enzymes and proteins (catalase (C40), lac-
case (40452), glucose oxidase (GOx) (9001-37-0), and bovine
serum albumin (BSA)(A7906)) and the hydrogen peroxide
(7722-84-1) solution were obtained from Sigma Aldrich.

The product of the reaction (Tyr,,=p-hydroxybenzal-
dehyde) was synthesized using the enzymatic reaction (2)
and a constant supply of oxygen; catalase was also added to
eliminate the H,O, (7722-84-1) generated during the reac-
tion. Finally, the solution was ultra-centrifuged in order to
eliminate the TAO and catalase employed.

Apparatus

A Tecnai F30H-7650 microscope (scanning and transmis-
sion mode, STEM) (FEI, The Netherlands, https:// www.
fei.com) and an XPS Spectrometer Kratos AXIS Supra
equipped with an Al Ka (120W) X-ray source were used
for morphology and composition characterization of the
nanoparticles. Purification and isolation of different sam-
ples were carried out using a Koch centrifuge from Bunsen
and Amicon-Ultra 10kDa centrifugal filters from Milipore.
UV-vis molecular absorption measurements were performed
on a Specord 210 Plus spectrophotometer (from Jena) and an
Agilent 8453 diode array spectrophotometer. One-centimeter
cuvettes were used in all cases. The Millipore MiliQ H,O
system was used for water purification.

Sample treatment

About 10 g of cured cheese were weighed (with +0.01 pre-
cision), 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 super-
natant solution was neutralized with NaOH (2M). 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 phos-
phate buffer.

Measurement procedure

One thousand nine hundred forty pL of TAO (0.5U/mL) dis-
solved in the phosphate buffer solution (0.1 M) and 20 pL of
the corresponding standard solution or sample were added to
the cuvette under stirring. After waiting 5 min, 40 pL of 50
mM HAuCl, and 80 pL of 50 mM K,PtCl, were added to the
cuvette. The formation of the nanoparticles was followed by
measuring the variation of absorbance at 580 nm.
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Results and discussion

lon metals used for nanoparticles generation:
bimetallic Aupy nanoparticles

To solve the problems associated with AuNP genera-
tion as the indicating reaction, NP generation was firstly
assayed using other metals able to give absorption bands
in the UV-vis region due to either plasmon resonance or
inter-band transitions [9]. The following ions were tested:
Ag(1), Cu(Il), Ir(IIT), Rh(IV), Pt(II), and Pd(II), and the
same enzymatic reaction was used for a better evaluation
of the analytical improvements. Some of them (such as
Pt(II) or Pd(II)) were partially reduced to metal but, except
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Fig.1 a) Absorption spectra and b) absorbance versus time representa-
tions (4,,,,), obtained during the enzymatic reaction of tyramine (107*M)
in phosphate buffer pH=7: green line indicates the following: AuNP
([Au(IID]=1 mM, [TAO]=0.5 U/mL, 40 °C, 0.IM buffer). Blue line

with Cu(Il), no NP formation was observed during the
enzymatic reaction. However, using solutions containing
mixtures of either Au(IIII)/Pd(IT) or Au(IIT)/Pt(II), posi-
tive results were observed. These new NP (Aupy and Aup,,
respectively) showed slight changes in the wavelength of
the absorption spectra (Fig. 1a) but, more significantly,
in the sensitivity and the kinetic of the reaction (Fig. 1b)
compared to the use of Au(III) alone.

The Aup, system was first studied using the so-called Direct
method (see below in Fig. 2). The best experimental conditions
for the Au(IIl) (Fig. S1), Pd(Il) (Fig. S2), TAO (Fig. S3), pH,
and buffer concentration (Fig. S4) were chosen using as the
optimization criteria the absorbance at the maximum measure-
ment time (usually 60 min, Absg), the minimum reaction time,
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indicates the following: AupyNP ([Au(Il)]=0.5 mM, [Pd(D)]=1.5 mM,
[TAO]=0.25 U/mL, 40 °C, 0.3M buffer). Red line indicates the follow-
ing: Aup NP ([Au(ID]=0.5 mM, [PtdD)]=1.0 mM, [TAO]=0.125 U/
mL, 25°C, 0.1M buffer)

Fig.2 Schematic representa- . 25
tion of the a) direct and b) a) Direct Pt (||) |
inverse method, and the final method Tylf‘ Au (III)
molecular absorption spec- A — R
tra obtained in each case. 5, |
Experimental conditions for TAO
the direct method as indi- PBS (0_1 M) 1
cated in Fig. 1; for the inverse pH7 =1
method ([Au(IIl)] =0.5 mM, ‘ ‘
[Pt(I)]=0.5mM, [TAO]=0.50 b) 400 700 1000
U/mL, 40 °C, 0.1M phosphate ) A (nm)
buffer pH=7) Inverse
Pt (||)”1 Au (Il ’1
method Ty ’
TAO 2
PBS (0.1 M)
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the minimum drift of the absorbance versus time (Abs = f(t))
representations, and the minimum widening of the spectra. In
the best conditions found, bimetallic NP of different shapes
were formed (as was demonstrated by the XPS and HRTEM
studies (Fig S5)), and the absorbance at 550 nm was measured
after 20 min of reaction. The analytical figures of merit slightly
improved those obtained using Au(IIl): lower absorbance drift
and reaction time, higher molar absorptivity of the NP formed
but similar linear response range for tyramine (from 5x 10~
Mto 2.5% 107> M) (Fig. S6) and precision (2.3% RSD, n =5,
0.25mM Tyramine); moreover, the interference of histamine
was directly proportional to its concentration (Fig. S7). These
results allowed some of the objectives to be achieved (decreas-
ing the signal drift and a better handling of the interference of
histamine), but better results were obtained using Aup,.

Bimetallic Aup, nanoparticles: Direct and Inverse
methods

Au(IIT) and Pt(IT) present a very rich and complex reactivity
with each other. They are initially prepared as chloro-com-
plexes (AuCl,~ and PtCl,>~ respectively); in this chemical
form, Pt(Il) is able to reduce Au(IIl) [10, 11] according to:

Au(IIl) + Pt(IT) 2 Au(l) + Pt(IV) (5)

However, depending on the chloride concentration,
Au(IIT) and Pt(IT) can form different aquo-chloro-complexes
(Au(H,0),Cl  and Pt(H,0),Cl, ) which affect their redox
capability in such a way that reaction (5) could not occur, or
Au(III) could even be reduced to Au’. Moreover, both Au(III)
and Pt(II) can form complexes with biogenic amines [12] and
with anions present in buffer solutions, especially phosphate
which is necessary to stabilize AuNP [13], but the rates at
which these complexes are formed (i.e., the corresponding
kinetic constants) have not been clearly established. Then, the
predominant chemical species of gold, platinum and analyte,
at the beginning of the reaction, will depend on the order of
addition of the different reagents and the time elapsed between
these additions; consequently, the final result obtained will
also be different. Taking this into account, two working meth-
ods were finally tested: the Direct and the Inverse (Fig. 2).

In the Direct method, the enzymatic reaction between
tyramine and TAO in the appropriate buffer is first carried out
(during a certain time, #,) in the spectrophotometer cuvette.
After that, Au(IIT) and Pt(I) are simultaneously added, which
means that reactions (2) and (5) are produced simultane-
ously. This method is similar to that previously used [10], but
without the simultaneous addition of Pt(II). In the Inverse
method, first Pt(Il), then Au(IIl) (after a time, ¢,), and finally
tyramine (after a time f,) are added to the spectrophotometer
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cell containing TAO in buffered media, indicating that (5) can
be carried out previously to the enzymatic reaction.

Taking this into account, it is expected that the char-
acteristics of the NP formed would be different in both
cases. Figure S8 shows the TEM, EDX, and XPS analy-
sis corresponding to those formed by the Direct method.
According to the XPS, they are mainly composed of Au®
and a small amount of Pt’. The TEM shows strong aggre-
gation which prevents the accurate determination of their
size and shape but confirms the NP formation and explains
the increase of the baseline. Figure S9 shows the results
corresponding to the Inverse method. Besides Au’, the XPS
shows two shoulders close to the maximum Aud4f (i.e., the
doublet 4f,,, 4f,,,) which are associated with gold oxides;
moreover, the signals observed for Pt are mainly associated
with an oxidized platinum species. The morphology shows
smaller aggregation and that nanoparticles are associated
in trios. Finally, Fig. 2 shows the characteristic molecular
absorption spectra of both types of nanoparticles. Those
corresponding to the Direct method show a maximum at
550 nm while those of the inverse method show maxima at
550 nm and 800 nm; the latter spectra are consistent with
those previously reported by Zohar et al. [14], being due to
the trios of nanoparticles. In order to detect the presence of
absorption bands in the NIR, the spectra were extended up
to 1500 nm but no new peaks were detected.

Choosing the appropriate method

The Direct and Inverse methods were experimentally studied
in parallel. With the Inverse method, several optimization
studies were carried out:

A) Order of addition of metal ions

When Au(III) was added first, the kinetic of the reaction
was slower and the signal showed a severe drift (similar to
that observed when Pt(IT) was not added) (Figure S10), but
when Pt(II) was added first, the drift nearly disappeared and
good results were obtained. It is important to realize that
when Au(IIl) is added first, Au(Ill)/phosphate is already
formed when Pt(II) is added, so Pt(II) does not seem able
to reduce Au(IIl) when it has been previously complexed
by phosphate.

B) Reaction times (¢, and ¢,) optimization

Figure S11 shows that the kinetic of the reaction was
almost independent of ¢, and t,. The final absorbance
slightly increased with these times and the shape of the
spectra was not affected by #, but changed with ¢, (the lower
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the 7, the higher the absorbance at 540 nm and the lower
the absorbance at 830 nm).

III) Ion metal concentrations and ratio

Different ion metal concentrations and proportions were
studied. It was found that a high concentration causes the
system to precipitate and an increase in the gold concen-
tration causes a high drift of the signal without achieving
stabilization (Figure S12). This seems to indicate that free
Au(Ill) is responsible for the signal drift and that this does
not occur when Au(l) is used.

IV) Tyramine concentration

The most relevant results were obtained during the cali-
bration study. Figure 3 corresponds to Abs =f{(t) representa-
tions obtained at 540 nm (similar results were obtained at
830 nm; see Figure S13) and clearly shows that the kinetic
of the NP formation is in inverse proportion to the tyramine
concentration; this behavior is just the opposite to that
observed in the Direct method (see below).

Two explanations have been considered:

1) According to (4), ionic gold (Au(l) in this case) can
regenerate the active center of the enzyme in competi-
tion with O,. Although O, is preferred, when the con-
centration of tyramine is high, the remaining O, con-
centration will be very low, so the regeneration by Au(I)
will be favored and Au® will be formed around the active
center of the enzyme. This distorts the geometry of the
active center, making the reaction kinetic slower. There-
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Fig. 3 Inverse method: variation of the absorbance at A=540 nm with
the reaction time for different concentrations of tyramine. [Au (IIT)]
= 0.5 mM; [Pt )] = 0.5 mM; [TAO] = 0.5 U/mL; phosphate buffer
0.1 M pH 7; 40 °C

fore, the higher the tyramine concentration, the higher
the amount of Au’ formed and the lower the kinetic of
the reaction.

2) It has been reported in the literature that AuNP can
catalyze the disproportionation of H,0O, similarly to
catalase, partially regenerating the O, consumed,
but this catalytic effect decreases as the AuNP con-
centration increases [15], namely as the tyramine
concentration increases. To test this hypothesis,
several assays have been performed using catalase
which suppresses the H,O, formed No changes were
observed in any case (Figure S14), so this mechanism
can be discarded.

From these results, it can be concluded that Au(I) pre-
sumably acts as an enzyme cofactor in the Inverse method.

E) Analytical figures of merit

Different parameters can be used to determine tyramine by
this method. The area of the Abs ={{(t) representation (during
an interval of time) gives a short linear range. Finally, the
absorbance at 540 nm and 830 nm (at 120 min) was finally
proposed. Figure S15 shows that the Abss,,-Absgs, nm fol-
lows a second order polynomial equation:

Abssyy — Absgs, = —22 |Tyramine *+-838 Tyramine| + 0.057
(6)

120 min

for a tyramine concentration range between 0.01 mM
(LoQ) up to 0.2 mM, with a 5% RSD (1.0x 107*M, n = 5).

Direct method
A) Optimization of analytical conditions

The effect of the Pt(II) and Au(IIl) concentrations were
first considered. The enzymatic reaction was tested using 4x4
matrix Pt(I)x Au(III) concentrations. The results obtained are
detailed in Figure S16. For any Pt(Il) concentration (Figure
S16A), the higher the Au(Ill) concentration, the faster the
reaction and the higher the final absorbance, but the flatter the
plasmon band. For any Au(IIl) concentration (Figure S16B),
the higher the Pt(IT) concentration, the higher the signal, but
no appreciable changes were observed in the kinetic of the
reaction. Finally, 0.5 mM Au(III) and 2 mM Pt(II) were cho-
sen as optimum considering the kinetic of the reaction and the
shape of the plasmon band (Figure S16C).

As previously reported, a phosphate buffer is the most
suitable for nanoparticle formation using this enzymatic
reaction. Since the enzymatic reaction only occurs in the
middle zone, the effect of the pH was studied in the 6-8
range. As shown in Figure S17, even in this narrow range,
the pH greatly affects the shape of the spectra and the
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kinetic of the reaction. A pH of 7 was considered as a good
compromise solution.

The effect of the enzyme concentration (TAO) is shown
in S18, and the results indicate that an optimum concen-
tration (0.125 U/mL) is obtained from which the kinetic
of the reaction becomes slower and the absorbance at 60
min (maximum measurement time, Absc,) decreases. We
have previously observed this behavior in determinations
based on the enzymatic generation of nanomaterials [8,
16], and it is accounted for considering that the enzyme
concentration favors the nucleation step (Au® seeds), but it
goes against the growth step (Au” aggregation to give NP).

The temperature was studied, and it was observed that
an increase in temperature favors the nanoparticle forma-
tion. However, this also produces an increase in the blank
signal (Figure S19).

B) Initial considerations of the mechanism

Prior to the elucidation of the kinetic model, it was first
necessary to consider the possible mechanisms of nanopar-
ticle formation. For this reason, the reducing capabilities of
tyramine, the enzyme, the product of the reaction, and the
peroxide were considered. It is important to highlight that
unlike in previous studies where the product of the reaction
was not able to fully explain the formation of the nanopar-
ticles, it seems that in this new approach the product plays
a much more important role, being responsible for the NPs
formation. It is important also to highlight the stabilizing
role of the enzyme (TAO), since no similar results were
obtained with other enzymes and proteins (Fig S20). More-
over, the role of H,O, was studied given that some earlier
studies have indicated that it is able to grow previously
formed NP, and other studies highlight its etching role. In
this approach, if the experiment is carried out in the pres-
ence of catalase, which allows removing the H,0O, formed
during the enzymatic reaction, the kinetic is affected, mak-
ing the reaction slower. Otherwise, the more peroxide, the
faster the nanoparticle formation. Nevertheless, peroxide
is not able to generate NPs by itself (Fig S21). With all this
information a kinetic model can be proposed.

II) Kinetic model of the NPs formation (tyramine con-
centration effect)

Previously [10], we derived a kinetic model (based on
that of Watzky and Finke [17]) to explain the gold nano-
particles (AuNP) formation during the enzymatic reac-
tion. This model involved a classical two-step mechanism
(nucleation and growth) [18, 19]. A mathematical equation
was also derived which described the S-shape behavior of
the first-half of the Abs=f(t) (Fig. 1b, <30 min):
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Au (@)CAU (9)
Npy
Eaunp | KiAu
K, =
A < My )(kﬂ) (10)
Npy

In these equations &4,,yp is the molar absorptivity of the
AuNP formed, n,, the number of atoms in each AuNP,
Cauw and Cry, are the total Au(IlI) and tyramine concen-
trations, and k; », and k, », the kinetic constants of the
nucleation and growth steps. However, the A,, values
derived from the experimental data were not able to fully
explain the model because they randomly changed with
the tyramine concentration.

In this paper, we have improved and extended the
kinetic model to include the whole Abs =f{(t) representa-
tion. To do so, in addition to the nucleation and growth
steps given by:

k
Nucleation : Au(l) + Tyr — Au’ (11)
k
Growth : Au(l) + Tyr + Au’ — AuNP (12)

(bear in mind that the NP formation is preceded by reaction
(5)), the TEM image given in Fig. S8 was also considered. This
figure shows that NPs tend to form aggregates which do not
actually produce larger NP but merely a contact between their
outer spheres; this process will distort the initial S-shape of the
Abs={(t) representation (due to a change in the molar absorptiv-
ity). Since the formation of aggregates does not require a chemi-
cal reaction, it should follow the Avrami equation for change of
phase [20], which can be expressed as

Abs = Abs,, (1 —e™") (13)

Abs . being the absorbance obtained at the end of the
process, and k; and “n” being the Avrami constant and
exponent, respectively. Figure S22 shows how the second
half of the Abs =f(t) obtained during the tyramine calibra-
tion study (Fig. 4) fit with (13) (n = 1, in all cases). Taking
this into account, the full Abs =1(t) is given by the product
of equations (7) and (13):
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Fig.4 Direct method: Abs=f(t) representations at 1=580 nm for
different concentrations of tyramine (M). [TAO]=0.125 U/mL;
[Au (III)] = 0.5 mM; [Pt (ID] = 1 mM; phosphate buffer 0.1 M pH
7; 25 °C. a blank; b 2.5x107M; ¢ 5.0x107M; d 7.5x 107M;
e 1.0x107°M; f 1.5x107°M; g 2.5x10™°M; h 5.0x107°M; i
1.0X107M; j 2.5x 10™*M

1 — e Aaumt
AR (14)

Abs = KAUPt (1 - e_k3t) <e—AA rt + B
ur AuPt

A, pand B, p, being described by similar equations as (8)
and (9) respectively. However, k; and k, are different from &y 4,
and k; 5., and K p, groups the corresponding factors and the
molar absorptivity.

Figure S23 shows that the Abs=1(t) representations
obtained for different tyramine concentrations (used during
the calibration study) fit very well with equation (14). Figure
524 shows how the A, p, linearly changes with the tyramine
concentration, as expected according to (8), which allows the
model to be validated; the same is valid for k; (Figure S25),
as expected from the Avrami model.

In summary, the Abs={{t) is a combination of a classic nucle-
ation/growth process with an aggregation of the formed NP.

IV) Analytical figures of merit

The results obtained during a calibration study under the
optimum conditions are shown in Fig. 4 and S26. As can be
seen, the blank signal is very low and the drift is partially
avoided. The dynamic range depends on the analytical param-
eter chosen. A linear relationship is obtained using the area
corresponding to the first 20 min (Figure S27), according to
the following equation:

Areay) , = 0.4607 [Tyramine| +0.026 R* = 0.996 (15)

The linear relationship goes up to 250 pM, the quantifi-
cation limit (LoQ) is 1 pM, the detection limit (LoD) is 0.3
pM, and the precision is 3.4% (n = 5, using 5 pM Tyramine).
LoD was calculated using 36/m (where o is the standard
deviation of the blank and m is the slope of the calibration
plot). However, if the absorbance at the end of the Abs =1{(t)
is used (60 min in Fig. 4), a second-order polynomial equa-
tion is obeyed from 0.5 pM up to 25 pM, so the LoQ is
reduced. Moreover, if the absorbance at longer reaction
times is used, higher sensitivity can be obtained, but also
a higher blank signal. Since, these last parameters require
longer measurement time, the Area, ;, is proposed.

These results show that the use of Aup, allows an improve-
ment of the LoQ of at least 25 times compared with the use
of Au(Ill) alone; this LoQ is in the order of that obtained
using the classical TMB/HRP/H,0, indicating-system and
allows us to consider nanoparticle generation as a real ana-
lytical alternative.

E) Interference studies and application

The combination of the metals Au(IIl) and Pt(II) allows
new achievements in interference control. Putrescine (Put),
cadaverine (Cad), and histamine (His), the most common
biogenic amines along with tyramine in food samples, were
studied. Put and Cad alone give no signal, and a 2:1 Put(Cad)
to tyramine ratio does not modify the tyramine signal (Fig
S28A-B). Regarding His, the most important interference
for tyramine determination, the results obtained indicate that
histamine reduced the analytical signal due to tyramine, but
to a lower extent (Fig S28C). So, while using Au(III) alone,
the maximum His to tyramine ratio allowed (signal reduc-
tion about 15%) is 1:10; when Pt(I) is present, this ratio
increases up to 2:1. This is probably due to the strength of
the complexes that Pt(IT) forms with histamine [21].

A real sample of cured cheese was studied where pre-
viously the tyramine concentration had been determined
through the HRP:TMB method, finding a tyramine con-
centration of 2.7+0.2x 10™* M (n = 3) (Fig.S29A). Due
to the interferences previously mentioned, the sample was
analyzed by the standard addition obtaining a similar con-
centration, 2.6 +0.3x 10™*M (n = 3) (Fig. S29B).

F) Final considerations

This methodology presents several advantages compared
to our previous studies where only Au(IIl) is employed, such
as a lower LoD, a wider linear range, and less signal drift
in the measurements. Nevertheless, low concentrations of
tyramine require longer measurement times to obtain the
appropriate signal. For this reason, as has been shown
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mathematically, the rate of formation of NPs is proportional
to the concentration of tyramine. Another drawback is the
sigmoidal response (discussed in previous studies [16])
which requires the use of second-degree equations, lineari-
zations, or alternative parameters such as areas. Regarding
the interferences of the method, although improvements are
also obtained, it is still necessary to use the standard addi-
tion to avoid them.

Comparing this methodology with the classic colori-
metric ones (such as HRP/TMB/H,0,), the advantages it
offers in terms of avoiding lateral reactions have been pre-
viously commented. Nonetheless, it has also been verified
that although longer measurement times are necessary, the
LoQ reached is in the same order as with the classic meth-
odologies. Finally, compared to those previously reported
based on nanomaterials, it is important to highlight the low
LOD and the simplicity of this method, since the use of
pre-synthesized nanomaterials is not necessary. Table S1
summarizes the analytical figures of merit of the latest pub-
lished methods for the determination of biogenic amines.

Conclusions

The addition of Pt(I) allows both the generation of NP from
Au(l) and the formation of bimetallic AupNP. Considering
the results given throughout this study, some conclusions
can be obtained about the mechanisms of the NP formation:

1) From the Inverse method the most important conclu-
sion is that Au(I) (and probably Pt(II)) seems to be able to
replace O, as a cofactor in the enzymatic reaction. Neverthe-
less, its analytical application is very limited.

2) In the Direct method, the product of the reaction
(Tyr p1dneyae) 18 able to reduce metals. However, the enzyme
of the reaction (TAO) (no other proteins) is necessary for the
formation and stabilization of the NP.

This paper demonstrates that the use of bimetallic
Au(III)/Pt(IT) mixtures allows us to solve the most impor-
tant problems found when only Au(IIl) is used in the forma-
tion of NPs during the enzymatic reaction, resulting in an
improvement of the LOQ, the elimination of the signal drift
and the smoothing of the His interference effect. It would
be of interest to continue studying the use of other types
of nanomaterials as colorimetric indicators for this type of
methodology.

Moreover, the results suggest that it is worth studying
other types of nanomaterials for later improvements in the
analytical capabilities of this methodology competing with
those based on the use of fluorophores or dyes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-05698-y.
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