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Lysine-capped gold nanoclusters doped with silver (LYS@Ag/Au NCs) have been developed for the sensitive

and selective “turn-off” fluorescence detection of histamine. This fluorescent probe demonstrates excellent
stability and a high quantum yield of 9.45%. Upon addition of histamine, a positively charged biogenic
amine, to the LYS@Ag/Au NCs fluorescent probe, its fluorescence emission is quenched due to

electrostatic interaction, aggregation, and hydrogen bond formation. The probe exhibits good sensitivity
for the determination of histamine within the range of 0.003-350 uM, with a detection limit of 0.001 uM
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1. Introduction

The safety and quality of food have become increasingly
prominent concerns worldwide. Improper storage practices can
lead to the formation of various harmful compounds, among
which histamine stands out.' Histamine is recognized as
a significant biomarker for food spoilage. Ingesting certain
concentrations of histamine can result in adverse effects,
including diarrhea, urticaria, headache, and abdominal pain.?
Regulatory bodies have established maximum limits for hista-
mine levels in fish, set at 0.2 g kg™ for fresh fish and 0.4 g kg ™"
for cured fish products.® It is worth noting that histamine is not
confined to fish; other food items such as cheese, meat, and
fermented beverages can also contain histamine.* The Food and
Drug Administration (FDA) and the European Union (EU)
enforce more stringent regulations, with limits set at 50 mg
kg™ '* and 100 mg kg ',° respectively. The lack of a chromo-
phore moiety in histamine poses a challenge for its measure-
ment, whether through UV/vis spectroscopy or direct
fluorometric technique.” Optically measuring histamine
requires derivatization with orthophthaldhyde, which intro-
duces non-selectivity due to its reaction with other amino
acids.® Consequently, this derivatization method may not
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in complicated matrices,

based on a signal-to-noise ratio of 3. Furthermore, the probe has been applied to detect biogenic

highlighting its potential for practical applications. However,

interference from the analogue histidine was observed during analysis, which can be mitigated by using
a Supelclean™ LC-SAX solid-phase extraction column for removal.

accurately quantify histamine levels, as it can lead to interfer-
ence from other compounds containing amino groups. Addi-
tional analytical methods used for the determination of
histamine include GC/MS,” TLC, HPLC," and ELISA.*
However, these methods often come with drawbacks. They are
expensive due to the equipment and reagents required, involve
extensive pretreatment steps, demand skilled personnel for
operation, and are time-consuming.**"** These factors may limit
their practicality and accessibility, especially in settings where
resources are limited or rapid analysis is essential. Fluorescence
detection methods have garnered significant attention due to
their simplicity, rapidity, satisfactory selectivity, cost-
effectiveness, and high sensitivity.'®"” These methods offer
several advantages over other analytical techniques, making
them increasingly popular for a wide range of applications.
Numerous studies have explored the fluorometric detection of
histamine using various advanced materials such as carbon
nitride,” quantum dots,” metal-organic frameworks,* and
upconversion nanoparticles.”* Indeed, metal nanoclusters have
garnered significant interest.>® Their diminutive scale and
distinctive characteristics render them particularly intriguing
for a multitude of applications.*® These nanoclusters demon-
strate intriguing chemical, physical, and optical properties,
stemming from quantum confinement effects and surface
properties.”® Consequently, they find applications across
diverse fields including catalysis, electronics, sensing, and
biomedicine. Their unique attributes make them promising
candidates for enhancing the sensitivity and selectivity of
analytical techniques, such as in the fluorometric detection of
histamine. Indeed, bimetallic nanoclusters have been found to
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exhibit greater stability and higher photoluminescence
quantum yields compared to their monometallic counter-
parts.”® This enhancement in properties arises from synergistic
interactions between the two different metals, leading to
improved electronic structure and optical properties. For
example, in the case of gold (Au) nanoclusters, the incorpora-
tion of silver (Ag) atoms has been shown to enhance the pho-
toluminescence quantum yield.*® The introduction of Ag atoms
can modify the electronic structure and surface properties of
the Au nanoclusters, leading to improved emission efficiency.
This synergistic effect between Au and Ag atoms demonstrates
the potential of bimetallic nanoclusters for optimizing the
performance of various applications, including sensing and
fluorescence-based detection methods like those used for
histamine detection. Lysine (LYS) is an essential amino acid
characterized by its basic nature, featuring two amino groups
and one carboxylic acid moiety. When incorporated into
nanoparticle formulations, LYS plays a crucial role in stabilizing
the particles within a solution through electrostatic interac-
tions, enhancing their dispersibility in water.”” Furthermore, its
versatile chemical structure enables LYS to engage with various
analytes through a range of interaction forces, including elec-
trostatic interaction and non-covalent hydrogen bonding.

In this study, bimetallic nanoclusters (Ag/Au NCs) were
stabilized using lysine amino acid (LYS@Ag/Au NCs) for the
purpose of sensitively and selectively detecting histamine in
human serum samples. The reaction of histamine and LYS@Ag/
Au NCs resulted in the quenching of red emission at 640 nm,
with quenching intensity increasing proportionally with the
concentration of histamine. This interaction is attributed to
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various bonding mechanisms, including hydrogen bonding and
hydrophobic interactions, underscoring the complexity of the
histamine-NCs interaction and the potential for precise detec-
tion methods.

2. Experimental

2.1. Materials and reagents

Histamine (97.2%), lysine (98.4%), serotonin (97.7%), spermine
(97.8%), epinephrine (97.4%), spermidine (98.4%), tryptamine
(96.7%), tyramine (97.7%), histidine (97.3%), ascorbic acid
(96.3%), dopamine (96.8%), cadaverine (97.7%), phenylalanine
(98.3%), glutathione (98.3%), silver nitrate (AgNO3), and tetra-
chloroauric acid trihydrate (HAuCl,-3H,0) were procured from
Sigma Aldrich. NaOH, HCI, sodium citrate, and HNO; were
obtained from Merck.

2.2. Instrumentation, quantum yield LYS@Ag/Au NCs, and
samples preparation

ESIT contains more details regarding instruments, quantum
yield, and samples preparation.

2.3. Preparation of LYS@Ag/Au NCs

The glassware preparation involved soaking in HNO3/HCI in
a ratio of 1:3, v/v for approximately 30 minutes, followed by
thorough washing with ultrapure water, repeating the process
four times. To initiate the synthesis, 2.5 mL of a 0.015 M lysine
solution was combined with 2.0 mL of HAuCl,-3H,0 (2.0 mL,
24 mM) and AgNO; (2.0 mL, 6 mM) under stirring. After that
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Scheme 1 Steps for preparation of LYS@Ag/Au NCs and fluorometric determination of histamine.
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0.5 mL of 400 mM sodium citrate was added under stirring. The
reaction was completed at room temperature (RT) for 10 hours.
Subsequently, the volume was adjusted to 8.0 mL using ultra-
pure water. To achieve a pH of 10, NaOH solution (0.5 M) was
added portionwise. The reaction was then carried out at 37 °C
for an additional 10 hours at 1000 rpm. Finally, the resulting
product was isolated through centrifugation at 3500 rpm for 25
minutes. The produced NCs were re-dispersed in 10 mL ultra-
pure water, followed by storage at 4 °C until further use. As
controls, LYS@Ag NCs and LYS@Au NCs were prepared under
the same conditions without addition of HAuCl,-3H,O and
AgNO;, respectively (Scheme 1).

2.4. Detection procedures

To perform the analysis, 300 uL of LYS@Ag/Au NCs was
combined with varying quantities of histamine (450 pL) and
incubated at RT for 3 minutes. Subsequently, the volume was
adjusted to 1.0 mL using ultrapure water. Finally, the fluores-
cence responses were measured at 640 nm after excitation at
360 nm (Scheme 1).

3. Results and discussion

3.1. Characterization

The morphological characterization of the as-synthesized
LYS@Au NCs and LYS@Ag/Au NCs was confirmed through
TEM analysis. Fig. 1A and B display TEM images of LYS@Au
NCs and LYS@Ag/Au NCs, respectively, revealing a well-
dispersed and spherical pattern. The size distribution of parti-
cles in LYS@Au NCs and LYS@Ag/Au NCs is illustrated in
Fig. 1C and D, respectively. It was observed that the average
diameters of LYS@Au NCs and LYS@Ag/Au NCs are 2.7 nm =+
0.16 nm and 3.6 nm £ 0.21 nm, respectively. These results
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confirmed that the doping of silver (Ag) slightly increased the
average diameter. High-resolution TEM (HRTEM) images
(insets) further confirm the morphological details, showing
lattice spacing value of 0.22 nm for LYS@Au NCs, which is
corresponding to the d-spacing of the crystal plane of face
centered cubic Au (111).*® In addition, the lattice spacing for
LYS@Ag/Au NCs was found to be 0.202 nm, which is corre-
sponding to the d-spacing of the crystal plane of face centered
cubic Au (111) and Ag (200).> Fig. 1E and F present the DLS
patterns of LYS@Au NCs and LYS@Ag/Au NCs, respectively. The
average diameters recorded are 13.79 + 0.46 nm and 86.5 +
4.34 nm, respectively. These measurements closely align with
TEM analysis, providing further validation of the nanoparticle
sizes. It is important to note that the particle sizes determined
by DLS tend to be larger than those estimated by TEM. This
difference could be attributed to the level of hydration and
swelling experienced by these nanoparticles in water.****

Fig. S1At explores the functionalization of Ag/Au NCs with
lysine amino acid (LYS). In Fig. S1A(a),T the FTIR spectrum of
LYS exhibits main absorption bands at 3358 cm ™', 3305 cm ™',
2808-2980 cm™ !, 1725 cm™ ', 1688 cm ', 1265 cm ', and
742 cm ™!, corresponding to » (NH), v (CH,), » (C=0), 6 (OH,
NH), 6 (COO™), and ¢ (NH) vibrations, respectively.**** Interac-
tion of LYS amino acid with Ag/Au NCs led to a shifting of the
wavenumbers to lower values, indicating chemical interaction
between them. The lack of the absorption band at 742 cm ™" in
Fig. S1A(b)t confirms the chemical reaction between bimetallic
nanoclusters and the amino acid, suggesting the modification
of Ag/Au NCs with the amino acid.** Fig. S1B presents the XRD
pattern of LYS@ Ag/Au NCs with diffraction peaks at 31.8° and
46.3°, corresponding to face centered cubic Au (111) and Ag
(200), respectively. Fig. S1Ct illustrates the EDX pattern of the
as-prepared LYS@Ag/Au NCs, revealing sharp peaks corre-
sponding to C, O, N, Ag, and Au. These peaks indicate the
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Fig.1 TEMimages of LYS@Au NCs (A) and LYS@Ag/Au NCs (B); size distribution of LYS@Au NCs (C) and LYS@Ag/Au NCs (D); DLS of LYS@Au NCs

(E) and LYS@Ag/Au NCs (F).
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Fig.2 (A) UV/visible spectra of LYS, LYS@Ag/Au NCs, LYS@Au NCs, and LYS@Ag NCs; (B) excitation and emission spectra of LYS@Ag/Au NCs; (C)

emission behavior of LYS@Ag/Au NCs at various excitation wavelengths

successful formation of LYS@Ag/Au NCs. The percentages of Ag
and Au obtained by EDX are 1.66% and 6.64%, respectively,
suggesting the molar ratio of Ag and Au is 1:4. Fig. S2Af
presents the XPS pattern of the as-fabricated LYS@Ag/Au NCs,
revealing distinctive peaks corresponding to C 1s, O 1s, N 1s, Ag
3d, and Au 4f. In Fig. S2B,7 the high-resolution spectrum of Au
4f displays sharp peaks at 83.4 eV and 86.8 eV, corresponding to
Au 4f;), and Au 4f5),, respectively.®® Fig. S2CT depicts the high-
resolution spectrum of Ag 3d, exhibiting distinct peaks at
368.6 eV and 370.8 eV, assigned to Ag 3ds, and Ag 3d.,
respectively.®® The UV/visible spectrum of the as-prepared
LYS@Ag/Au NCs was analyzed in Fig. 2A, revealing the lack of
surface plasmon resonance observed for Ag and Au nano-
particles in this region indicating that the LYS@Ag/Au NCs were
synthesized without presence of larger particles.*® Moreover, the
UV/visible spectra of LYS, LYS@Ag/Au NCs, LYS@Au NCs, and
LYS@Ag NCs were recorded. It was found that they have nearly
the same absorbance values, suggesting the presence of the
same concentration of LYS on the surface of the NCs. Addi-
tionally; the fluorescence excitation spectra of LYS@Ag/Au NCs
are located at 640 nm and 360 nm, respectively, as illustrated in
Fig. 2B. Furthermore, it was concluded that the emission
wavelengths remain consistent regardless of the excitation
wavelengths, as shown in Fig. 2C. The stability of the LYS@Ag/

© 2024 The Author(s). Published by the Royal Society of Chemistry

Au NCs was further assessed under various conditions,
including variations in ionic strength, pH, temperature, and
irradiation time, as depicted in Fig. S3.1 The findings concluded
that the fluorescent probe demonstrates a high degree of
stability across these different conditions. The quantum yields
of LYS@Au NCs and LYS@Ag/Au NCs were determined to be
3.96% and 9.45%, respectively. Table 1 presents a comparison
of quantum yield values between Ag/Au NCs and others docu-
mented in literature. The as-prepared fluorescent probe
demonstrates a favorable quantum yield as compared to the
previously reported probes.

Tablel Comparison between quantum yields of the as-fabricated Ag/
Au NCs and other reported Ag/Au NCs

Fluorescent probe Quantum yield (%) Reference
Ag/Au NCs 3.00 37

6.45 38

7.30 39

5.40 40

9.0 41

3.4 42

6.4 43

9.45 This work
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Fig.3 The fluorescence responses of different probes in the presence
and absence of histamine (350 uM).

3.2. Fluorescence responses of various probes

Fig. 3 illustrates the fluorescence responses of various probes in
presence and absence of histamine. These probes comprised
LYS@Ag NCs, LYS@Au NCs, and LYS@Ag/Au NCs. The addition
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of histamine (350 puM) to LYS@Ag NCs, LYS@Au NCs, and
LYS@Ag/Au NCs resulted in relative fluorescence intensity
changes of 21.0%, 15.4%, and 57.0%, respectively. This indi-
cates that LYS@Ag/Au NCs exhibited significantly the higher
fluorescence intensity change and a more pronounced reduc-
tion upon histamine addition compared to the other probes.

3.3. Reaction variables optimization

Fig. S47 illustrates the optimal conditions for the interaction
between the fluorescent probe and histamine, including the
incubation time and the diluting solvents. As depicted in
Fig. S4A,t the optimum incubation time between the fluores-
cent probe and histamine is determined to be 3 minutes.
Furthermore, the impact of various diluting solvents on the
fluorescence response was investigated, as shown in Fig. S4B.7
It was observed that water, with a pH of 7.0, yielded an identical
response to buffer solutions. Hence, water was identified as the
suitable medium for the interaction between histamine and
LYS@Ag/Au NCs.

3.4. Detection of histamine using LYS@Ag/Au NCs

The fluorescent probe, once fabricated, was employed for the
determination of histamine under optimal conditions. The
results indicated that the fluorescence responses exhibited
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Fig. 4
calibration plot.

(A) The influence of histamine addition (0.003-350 pM) on the fluorescence emission of the fluorescent probe. (B) Corresponding

Table 2 Comparison between analytical parameters of LYS@Ag/Au NCs and other fluorometric probes®

Probe Linear range (1M) LOD (uM) Incubation time (min) Reference
MOF-on-MOF 0.02-3.6 0.013 20 44
EDA-MQDs 1-60 0.046 10 45
DPA-CuNPs 0.05-5 0.003 10 46
Carbon nitride 5-800 2.34 15 47
BSA@AZAUNCs 0.01-80 0.003 3 48
o-Phthaldialdehyde/MIP 1.80-44.98 1.80 240 49
LYS@Ag/Au NCs 0.003-350 0.001 3 This work

% MOF: metal organic framework; EDA-MQDs: ethylene diamine-modified MXene quantum dots; DPA: p-penicillamine; CuNPs: copper
nanoparticles; BSA: bovine serum albumin; MIP: molecularly-imprinted polymer.
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Fig. 5 The anti-interference capability of LYS@Ag/Au NCs towards histamine (60 pM) estimation in the presence of (A) 650 uM ions, (B) 350 pM

biomolecules, and (C) 240 uM biogenic amines.

a direct relationship with the concentration of histamine within
the range of 0.003 to 350 pM, as illustrated in Fig. 4A. The
calibration plot, correlating the fluorescence ratio (F/F°, where F
and F° denote emission readings after and before histamine
addition, respectively) to the histamine concentration, can be
expressed by the equation: F/F° = 1.09 + 0.003 log[histamine] (R>
= 0.9987) (Fig. 4B). The detection limit, determined based on
a signal-to-noise ratio of 3:1, was found to be 0.001 pM.
Furthermore, the analytical parameters of the developed sensor
were compared with those of other reported sensors designed
for histamine detection (Table 2). It was observed that the
proposed probe offered several advantages, including a wide
linear range and a low limit of detection (LOD) value.

3.5. Selectivity

The anti-interference ability of the as-prepared probe was
assessed in the presence of 650 uM ions, 350 tM biomolecules,
and 240 pM biogenic amines (Fig. 5). Only histamine can
quench the fluorescence of LYS@Ag/Au NCs. However, due to
the structural similarity between histamine and histidine, the
fluorescent probe exhibited poor selectivity towards histamine
in the presence of histidine. To mitigate this interference,
histidine can be extracted using a Supelclean™ LC-SAX solid-
phase extraction column. In this column, histidine can be

© 2024 The Author(s). Published by the Royal Society of Chemistry

removed by eluting with NH,OH/CH;COONH, (pH 10.0), while
the neutral histamine (at this pH) strongly interacts with (-NH,"
in the column) and can be eluted using an acidic mobile phase.

3.6. Applications

The fluorescent probe was used to detect histamine in real
samples. Fig. 6 displays the fluorescence spectra of LYS@Ag/Au
NCs in human serum and canned tuna fish samples. The results
obtained from the analysis of serum and tuna samples are
summarized in Tables S1 and S2,T respectively. These findings
substantiate the reliability of the proposed sensor for the
accurate determination of histamine in complex matrices.

3.7. Detection mechanism

Investigating the sensing mechanism behind the quenching of
LYS@Ag/Au NCs by histamine involved employing a range of
techniques; including TEM, spectroscopy, DLS, fluorescence
lifetimes, and zeta potentials (Fig. S51). TEM scanning provided
visualization of the average particle size of LYS@Ag/Au NCs
both before and after histamine addition (Fig. S5At). It was
observed that the particle size increased significantly from
3.6 nm + 0.21 nm to 120.46 nm + 6.34 nm post histamine
addition, indicating agglomeration. The quenching of LYS@Ag/
Au NCs' fluorescence emission was attributed to an aggregation-

RSC Adv, 2024, 14, 18970-18977 | 18975
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Fig. 6 Application of LYS@Ag/Au NCs fluorescent probe for detection of histamine in (A) human serum sample ((a) in water; (b) human serum;

(c) 0.5 uM; (d) 3.0 uM; (e) 5.0 uM) and (B) canned tuna fish sample ((a)
(e) 5.0 mg kg™}).

enhanced quenching process.*® Fig. S5Bf demonstrated no
overlap between the absorption spectrum of histamine and the
fluorescence spectrum of LYS@Ag/Au NCs, ruling out a fluo-
rescence resonance energy transfer (FRET) and inner filter effect
(IFE). DLS analysis (Fig. S5C and D) revealed hydrodynamic
diameter shifts, indicating agglomeration post-histamine
addition. The hydrodynamic diameters of LYS@Ag/Au NCs
and LYS@Ag/Au NCs/histamine were determined as 86.5 nm =+
4.34 nm and 218.9 nm =+ 8.28 nm, respectively. Fluorescence
lifetimes measurement (Fig. SSET) showed slight changes, with
lifetimes of 4.56 ns for LYS@Ag/Au NCs and 4.59 ns for
LYS@Ag/Au NCs/histamine, suggesting static quenching.’* Zeta
potential analysis (Fig. S5Ff) depicted a decrease in charge,
from —32.87 mV for LYS@Ag/Au NCs to —16.89 mV for LYS@Ag/
Au NCs/histamine. This decrease indicated that positively
charged histamine neutralized some of the negative charge on
LYS@Ag/Au NCs, contributing to their destabilization and
subsequent agglomeration.*® In summary, the addition of
histamine facilitated the aggregation of LYS@Ag/Au NCs
through electrostatic interaction and hydrogen bond formation.
This aggregation disrupted the fluorescence emission of
LYS@Ag/Au NCs, resulting in fluorescence changes for the
fluorescent probe.

4. Conclusion(s)

A novel “turn-off” fluorescent probe has been developed for the
fluorescence sensing of histamine, employing gold nano-
clusters doped with silver and stabilized by lysine amino acid
(LYS@AgZ/Au NCs). In the presence of histamine, the fluores-
cence emission of LYS@Ag/Au NCs decreased due to electro-
static interaction and hydrogen bond formation. The response
ratio exhibits a direct linear relationship with the histamine
concentration within the range of 0.003-350 uM. The limit of
detection (LOD) is determined to be 0.001 uM based on a signal-
to-noise ratio of 3:1. The fluorescent probe demonstrates
a wide linear range, low detection limit, and good selectivity.
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in water; (b) canned tuna fish extract; (c) 0.5 mg kg™%; (d) 3.0 mg kg™%;

Furthermore, the LYS@Ag/Au NCs probe has been successfully
applied to detect histamine in various complicated samples,
yielding acceptable results. This highlights the potential prac-
tical applicability of the probe in real-world scenarios.
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