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A B S T R A C T

We demonstrate a simple preparation protocol for the synthesis of novel adenosine monophosphate-stabilized
copper nanoclusters (AMP-Cu NCs). Synthesis parameters are optimized to reach the best fluorometric signal.
The prepared Cu NCs show characteristic blue emission at 430 nm, which is related to the presence of Cu13 metal
cores. Three distinct lifetime components are identified and the metallic feature of the NCs is proven by X-ray
photoelectron spectroscopy. The stability and the long-term storage of the AMP-Cu NCs were investigated by pH-
and time-dependent measurements. Besides the synthesis and characterization, a possible liquid fluorescent
assay method is also developed for the detection of the biologically important Vitamin B2 in complex real
samples by with 2.01 ± 0.31 μM detection limit. For the real samples, the yeast and dietary supplements were
selected, where the detected concentration of Riboflavin was in good agreement with the expected amount in
these complex chemical systems.

1. Introduction

One of the major challenges nowadays is the development of novel
and ultrasensitive (bio)sensing platforms to detect several biologically
important or harmful molecules in real samples. These new techniques
can offer to replace expensive and specific measurement procedures, but
they must also fulfill several criteria at the same time. From the synthesis
side, the raw materials should be eco-friendly and cheap, and the
preparation protocols need to be easily implementable and cost-
effective. Fluorescent noble metal nanoclusters (NCs) became increas-
ingly relevant materials in the last ten years [1–3] because these ultra-
small particles, which are composed from only a few or a several
number of atoms, can overcome the above-mentioned challenges. They
have unique size- and composition-dependent optical features [4] and
various biomolecules [5,6] can be applied for their synthesis. Therefore,
their expected characteristics can be easily tuned towards future
applications.

In the last few years, the possible application of fluorescent noble
metals in food-related chemistry for the detection of harmful ions [7,8],
toxins [8–10], or other molecules [11–13] was explored. For example, Y.
Shi and co-workers developed a bimetallic Cu/Au NCs-based aptasensor

for the detection of harmful Hg2+ ions in seaweed samples with a 4.92
nM limit of detection (LOD) [14]. In the work of L. Chen, an ultrasen-
sitive sensing platform from nitrogen-doped carbon dots and Cu NCs was
developed, which is suitable for the identification of pesticides (thiram
and paraquat) in lotus seeds, millet, and ginseng [15]. To the best of our
knowledge, the potential sensor applications of noble metal NCs related
to the Vitamin B molecular family mostly focus on the detection of B9
(folic acid) in solutions and HeLa cells [16–18]. For the identification of
other Vitamin B derivatives, only a few examples exist in the literature
[17,19,20]. In our previous study, a possible measurement method for
the detection of folic acid in aqueous solutions by adenosine mono-
phosphate (AMP)-stabilized bimetallic Au/Ag NCs [21] was presented.
Moreover, a paper-based drop test was also developed as a step towards
future application as rapid assay in biomedical fields.

For the sensor application of the fluorescent NCs, AMP as the stabi-
lizing ligand can be an excellent candidate due to its several functional
N-containing groups for the primer coordination of noble metal ions.
One of the first works by A. Lopez and J. Liu focuses on the potential
application of the adenine derivates for the preparations of gold-based
fluorescent supramolecular complexes [22]. Their original work facili-
tated the use of smaller building block molecules as ligands in addition
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to the traditional protein or polymer template-assisted syntheses. In the
last decade, several other works [23,24] expanded the plethora of syn-
thesis methods to prepare monometallic Au or bimetallic Au/Ag com-
plexes and clusters with using AMP as a ligand. In contrast, copper,
which is a potentially cost-effective and prominent raw material, has
been neglected so far due to the well-known oxidation process in the
nanometer size range [25]. Based on the literature data, the most pop-
ular and commonly used bottom-up synthesis technique in the case of
copper-based NCs is template-assisted synthesis, which applies various
peptides, DNA, and polymers [26,27]. Although the formation of
copper-based complexes of the nitrogen and sulfur-containing small
(bio)molecules has been well-known for decades [28,29], the synthesis
of stable Cu NCs with amino acids or nucleotides is yet to be explored.

The main motivation of this work was to study the effect of metal
exchange (from the Au/Ag to pure Cu) on the structural and optical
characteristics, as well as the potential sensor application, of the AMP-
functionalized NCs. We investigated the synthesis conditions to reach
the highest yield and fluorescence magnitude. The photo- and colloid
stability of the Cu-based system was revealed at different pH and ionic
strength conditions. The long-term effect of UV-light exposure (λmax,1 =

256 nm and λmax,2 = 365 nm) on the emission features was also exam-
ined. Finally, a potential application avenue [30–32] as a rapid liquid
fluorescent assay for the Vitamin Bmolecular family member Vitamin B2
is also presented for food and pharmaceutical samples.

2. Materials and protocols

2.1. Chemicals

For the synthesis the adenosine 5′-monophosphate disodium salt
(C10H12N5Na2O7P, AMP; 99.0 %; Sigma), copper(II) chloride dihydrate
(CuCl2⋅2H2O; Sigma), citric acid monohydrate (C6H8O7⋅H2O; 99.9 %;
Molar), trisodium citrate dihydrate (C6H5Na3O7⋅2H2O; 99.9 %; Molar),
sodium hydroxide (NaOH; 99.8 %; Molar) and hydrochloric acid (HCl;
37 %; Molar) were applied. During the sensor measurement, folic acid
(C19H19N7O6; Vitamin B9; ≥97.0 %; Sigma), calcium pantothenate
(C9H16NO5 × 1/2 Ca; Vitamin B5; 98 %; Sigma), niacin (3-(COOH)-
C5H4N; Vitamin B3; 98 %, Sigma), riboflavin (C17H20N4O6; Vitamin B2,
≥ 98.0 %; Sigma) and thiamine hydrochloride (C12H17ClN4OS⋅HCl;
Vitamin B1; ≥ 99 %; Sigma), sodium chloride (NaCl; 99.9 %; Molar) and
potassium chloride (KCl; 99 %; Molar) were used. The reagents were
applied without further purification due to their analytical grade. The
stock solutions were prepared freshly with Milli-Q (Merck Millipore)
ultrapure water (conductivity: 18.2 MΩ⋅cm). For the purification, the
Pur-A-LyzerTM dialysis kit (Sigma) having a 1 kDa cut-off value was
chosen.

2.2. Synthesis of AMP-Cu NCs

During synthesis, AMP:Cu/10:1M ratio was applied by using 5.0 mM
and 0.5 mM final concentrations of AMP and Cu, respectively. Namely,
5 mL of AMP solution (cAMP=0.2 M) was diluted with 154 mL of ultra-
pure water, then 2 mL of CuCl2 solution (cCuCl2 = 0.1 M) was pipetted
into the reaction mixture. After 5 min stirring at room temperature, 40
mL of 0.5 M citric acid/citrate buffer solution (pH=6.0) was added. The
sample was thermostated at 80 ◦C for 29 days. After the synthesis, the
purification was applied for 150 min with a manufactured Pur-A-
LyzerTM dialysis kit (cut-off: 1 kDa), where ultrapure water served as the
dialysis medium. The final samples can be stored in the fridge at 4 ◦C for
more than two months without any significant quality degradation.

2.3. Sensor measurements

During the liquid sensor measurements, the clusters were applied in
ca. 0.1 mM concentration referring to the metal content. Each individual
sample contains 1 mL purified AMP-Cu NCs, 0.15 M NaCl, and an

adequate amount of riboflavin to reach of 2–1000 μM final concentra-
tion at pH=8.0. The studied concentration range was 0.1 nM–1 mM and
after the measurements, the spectra were corrected for inner filter and
self-absorption effects. The measurement of the real samples dietary
supplements and yeast were selected. For the preparation, three pack-
ages having different production times were used in the case of each
type. In every case, 5 pills were chosen from the boxes to create one
datapoint. In the case of yeast, all three sets were divided into 5 parts,
and then from these parts, the required amount were applied for the
dissolution. In summary, 15 individual samples were analyzed from
each real samples as followings in order to achieve a sampling matrix.
For the stock solutions, 0.2 g yeast was dissolved directly in 20 mL ul-
trapure water (pH=8.0). The pills were crushed in an agate mortar, then
0.26 ± 0.01 g/pill was dissolved in 20 mL alkali water, as well. For the
final measurements, the solutions of the pills were diluted 100-fold. The
individual test samples contain 2mL AMP-Cu NCs, 20 μL of 1M NaOH to
reach the aggregated form of the NCs and 200 μL of the yeast or pill
solutions.

2.4. Instruments

The UV–Vis spectra were recorded with an ABL&E JASCO V-770
Spectrophotometer in a 1 cm standard quartz cuvette. For the mea-
surements, the main settings were 200 nm/min scan speed, and 1 nm
data interval in the 200–900 nm wavelength range. The HOMO-LUMO
energy gap of the Cu NCs and Vitamin B2 were calculated by the Tauc
plot of the recorded spectra. For the studies of the fluorescence of the
prepared NCs, steady-state and time-resolved measurements were used.
The excitation and emission spectra were registered on the ABL&E
JASCO FP-8500 spectrofluorometer using a 1 cm optical length. During
the measurements, 2.5–2.5 nm bandwidth both in the excitation and
emission directions, 200 nm/min scan speed, and 1 nm resolution were
applied. The absolute internal quantum yield (QY %) was calculated
based on the incident light spectra and the indirect and direct excitation
of the samples in 2 mm optical length on the same apparatus equipped
with the ABL&E JASCO ILF-835 integrating sphere. The instrument was
calibrated by using ABL&E JASCO ESC-842 calibrated WI light source,
thus, other references were not needed. For the calculations, the Spec-
traManager 2.0 software of the instrument was used. The fluorescence
lifetime of AMP-Cu NCs was determined by time-correlated single
photon counting (TCSPC) on a Horiba DeltaFlex device equipped with a
DeltaDiode pulsed laser (λlaser = 371 nm) in a 1 cm quartz cuvette. The
emitted light was detected at 430 nm with a 4 nm slit. The number of
counts on the peak channel was 10,000 and to determine the instrument
response function (IRF), standard SiO2 colloids Horiba) was applied. The
main lifetime components were calculated in the EZTime program of
Horiba by the exponential fitting of decay curves and the goodness of
fitting was characterized by χ2 values. To verify the cluster-type metallic
structure of the prepared AMP-Cu NCs, XPS measurements were carried
out. The spectra were registered on a SPECS instrument equipped with a
PHOIBOS 150MCD9 hemispherical analyzer. For both the survey scan
and transmission mode, 40 eV pass energy was selected. The sample was
deposited by multistep cyclic freeze drying on a titanium foil having 0.5
mm thickness (Sigma). The Al Ka X-ray source was used at 200W power.
The 1 s peak of the carbon (284.80 eV) was used for charge referencing
and the recorded spectra were evaluated by CasaXPS software. For the
identification of the stabilizer moieties of AMP, Fourier-transformed
Infrared spectroscopy (FT-IR) was applied, which was implemented on
a JASCO FT/IR-4700 instrument. The device was equipped with an ATR
PRO ONE single-reflection accessory and the spectra were recorded in
the range of 500–4000 cm− 1 with 1 cm− 1 resolution based on 128 in-
terferograms. The measurements were conducted on the lyophilized
AMP-Cu NCs and the lyophilized AMP powders after the dissolution of
the ligand at the same concentrations and similar pH to the cluster
dispersions. The aggregation tendency of the fluorescent nano-objects
was studied on a Malvern Zetasizer NanoZS ZEN 4003 apparatus
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equipped with a He-Ne laser (λ = 633 nm) at 25± 0.1 ◦C and 0.1 M ionic
strength by NaCl. For this purpose, the hydrodynamic diameters (dH)
and the ζ-potentials by the Smoluchowski model were measured. All
samples were consecutively measured by five times. For cyclic voltam-
metry (CV), a Metrohm DropSense μStat 400 Bipotentiostat/Galvanostat
was used. In the electrochemical cell, the Metrohm-manufactured
screen-printed carbon electrode (SPCE) was used, where the working
and counter electrode was a carbon film, and a AgCl-covered Ag elec-
trode served as a reference electrode. The measurements were carried
out in 0.1 M KCl aqueous solution which contains the AMP-Cu NCs
suspension or the solution of Vitamin B2 with a 50 mV/s sweep rate at
25 ◦C. The potential window was between − 0.4 V and + 1.0 V.

3. Results & discussion

3.1. Synthesis of AMP-Cu NCs

First, the molar ratios of the components were varied between AMP:
Cu/0.1:1–100:1, while the initial metal concentration was fixed at 1
mM. The temperature was kept at 40 ◦C during the syntheses. In the first
few days, the optical changes were not significant. After 7 days, the
initial intensive blue color of the CuCl2 became fainter and a weak blue
fluorescence appeared in the case of molar ratio > nAMP:nCu/5:1
(Fig. S1A). The most intense fluorescence was developed at 10:1/AMP:
Cu ratio.

Previous studies pointed out that for the synthesis of noble metal-
based fluorescent supramolecular structures, the ca. pH=6.0 value is
preferable, which can be regulated by the citrate buffer solution. The
buffer has a dual role during the synthesis: (i) it causes the total
deprotonation of the appropriate coordination groups in the AMP
molecule [22,33], (ii) the presence of citrate can help the total reduction
of metal ions and the formation of the cluster structure. For this purpose,
five citrate buffer solutions with different pH values (such as 3.0; 4.0;
5.0; 6.0, and 6.2) were used to find the ideal initial condition to reach
the highest emission intensity. Based on the recorded spectra, a char-
acteristic blue emission was identified at ca. 420–430 nm using 365 nm
as the excitation wavelength. The formation of the fluorescent adduct is
a slow process in the beginning, therefore the spectra were recorded
after 7 days. Our results also confirm that the application of pH=6.0 is
the most advantageous (Fig. S1B) in terms of achieving high emission
intensity.

Next, we explored the effect of the initial metal content for the
synthesis. For this purpose, the cCu was varied between 0.1–10.0 mM in

the individual samples at the beginning of the synthesis. It was found
that after 14 days, the 0.5 mM initial copper(II) ion concentration results
in the best emission signal intensity (Fig. S2A). The use of higher con-
centrations already promoted the formation of larger aggregates and
particles, therefore resulting in a weaker fluorescence signal in the
sample. The effect of temperature was also investigated on the formed
Cu-based systems. At 25 ◦C, no fluorescence signal can be detected even
after 1 month, while at higher temperatures the formation of fluorescent
adducts can be observed in the span of weeks. For achieving the best PL
intensity, the synthesis should be carried out at 80 ◦C (Fig. S2B). At this
temperature, the total time for the controlled synthesis was 29 days
using the previously fixed ideal conditions (AMP:Cu2+/10:1, cCu2+ = 0.5
mM, pH=6.0 by citrate buffer).

To remove any nonreacted copper salt and unnecessary additional
materials, dialysis was applied for 150min. After the purification, the Cu
content of the clean sample was determined by mass spectrometry,
which proved that the final concentration of Cu is ca. 0.46 mM. There-
fore, the yield is more than 90 % related to the metal content.

3.2. Identification of the formed fluorescent nanocluster

The purified product was characterized in detail. The sample shows
blue emission under a UV-lamp as shown in Fig. 1A. The measured
excitation and emission maxima are at 370 and 425 nm, respectively,
with a small Stoke shift, which refers to the formation of a metallic
cluster-type structure. The identified wavelengths clearly belong to the
Cu-based system because the surface AMP ligand has no characteristic
optical signal in this region. The number of the atoms in the primer
cluster cores can be calculated from the energy of the emission by Eq. (1)
using the Jellium model [34] in the case of few-atomic noble metal NCs:

N =

(
EFermi

Eemission

)3

(1)

where N is the number of atoms in the individual cores, EFermi and
Eemission are the energies of the Fermi level of the bulk copper and the
detected fluorescence, respectively. Based on the literature data, the
EFermi is 7.0 eV in the case of the well-defined bulk Cu [35] therefore, the
prepared sample contains ca. 13 Cu atoms in the primer metal cores
[36], which can be stabilized by the formation of larger few-nanometer-
sized particles.

To prove the few-atomic structure, time-dependent photo-
luminescence (PL) measurements were also carried out. Based on the

Fig. 1. (A) Excitation and emission spectra of the AMP-stabilized Cu nanoclusters with the photo of the sample under UV-lamp (cCu = 0.46 mM; λlamp, max = 365 nm;
T=25 ◦C). (B) The fluorescence decay profile with the fitting and the ratios of the estimated lifetime components, where the goodness of the fit is χ2 = 1.09 (λex = 371
nm; λem = 430 nm; T=25 ◦C).
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decay curve (Fig. 1B), the average fluorescence lifetime (τ) is ca. 3.8 ns,
which consists of three distinct components: τ1 = 3.04 ± 0.16 ns (44.8
%), τ2 = 0.31 ± 0.06 ns (1.8 %) and τ3 = 8.72 ± 0.13 ns (53.4 %). The
measured fluorescence parameters are in good agreement with the
literature data [34]. The absolute internal QY % was calculated using an
integrating sphere-equipped fluorometer, therefore any other dye ref-
erences were not needed. The measured QY was 1.81± 0.27 %, which is
a typical value for small biomolecule-stabilized noble metal quantum
clusters [37].

The chemical composition of the prepared system was analyzed by
XPS studies, where the presence of carbon, nitrogen, oxygen, sodium,
and copper was identified in the survey scan (Fig. 2A) of the sample,
while the titanium signal originates from the substrate.

Generally, the metallic Cu 2p3/2 peak is located at ~ 932.60 eV [38].
In the prepared sample, this peak appears at 933.02 eV (Fig. 2B), which
shows a slightly positive shift due to the strong interaction with the
ligand shell on the surface [39]. The absence of satellite features in the
940–950 eV regime confirms the presence of metallic Cu cores instead of
Cu(I) [40]. The C 1 s core-level spectra (Fig. 2C), can be separated into
three major components, belonging to the surface AMP molecules [41].
The N 1 s core-level spectrum consists of two major components
(Fig. 2D). The peak at lower binding energy (399.3 eV) is attributed to
the imine nitrogen, and the shoulder at higher binding energy at 400.9
eV can be assigned to the amine nitrogen [42].

For further verification of the binding between AMP and Cu, FT-IR
spectra were registered. Fig. 3A proves the metallic feature of the Cu
NCs because the intensity of the vibrations changes due to the difference
in the selection rules. Among the coordination-capable moieties of the
AMP, the N atoms show generally the highest affinity toward soft metals
[43]. In the NCs, the formed metal cores are stabilized through the
nitrogen-rich adenine ring based on the dominant shift of the N-content
functional group vibrations. Namely, the stretching (ν) of the pyrimidine
ring, (C5-N7), (N1-C2), (C8-N9), and (N9-H) groups with the bending (β)
of (C8-H) moiety moves from 1351 cm− 1 to 1397 cm− 1.

The stability of the AMP-Cu NCs was studied under different condi-
tions. The hydrodynamic diameter (dH), the ζ-potential, as well as the

fluorescence intensity were measured at the same time (Fig. 3B). The
NCs form smaller aggregates under highly acidic (pH~1.0) and alkaline
(pH~12.0) conditions, which show weak luminescence due to the
charge-shielding effect in high ionic strength media. In the mildly acidic
region, individual sub-nanometer-sized cores can be identified with
0.6–0.9 nm average sizes and poor stability because the ζ-potentials are
close to zero. After pH=6.0, the average dH of the Cu NCs shows
continuous growth until pH=8.0, while the PL intensity also increases
due to the aggregation-induced emission process. Besides, the stability is
also improved by the ca. − 25 mV value of electrokinetic potential. It can
be concluded that the small aggregates contain loose clumps of the metal
cores, while the NCs fit tightly in the larger adducts between
pH=7.0–10.0, by which the flexibility is decreased and the relaxation
can be realized exclusively by the photoemission [44]. To examine the
effect of high ionic strength, sodium chloride as inert salt was added to
the cluster suspension. Based on the unchanged dH values and fluores-
cence intensities, it can be concluded that the Cu NCs are stable even at
5 M NaCl concentration

To examine the photostability of the samples, 24 h of UV-light
exposure was applied. For this purpose, two samples of 10 mL NCs
suspension in quartz cuvette were stored under 15 W 254 nm and 365
nm UV irradiation for 7 days. Based on the registered spectra, the hard
UV can degrade the AMP-Cu NCs within 3 days, but under mild UV
irradiation the emission intensity of the nanoclusters is retained during
the measurement window (Fig. S3A). Besides, the examination of the
long-term storage possibility, the freeze-drying serves a suitable option
because the re-dissolved suspension shows similar optical characteristics
like the freshly prepared NCs (Fig. S3B). The recommended interval is 4
months without significant quality deterioration.

3.3. Identification of Vitamin B2 by fluorescence quenching of blue-
emitting Cu NCs

Considering our previous results [21], the changing the metal core in
the AMP-stabilized metal NCs was investigated on the possible tuning of
the selectivity for the Vitamin B molecular family (Fig. 4A). During the

Fig. 2. (A) The survey scan and the high-resolution core level XPS spectra of the (B) Cu 2p, (C) C 1 s, and (D) N 1 s of the AMP-Cu NCs.
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measurements, individual samples were prepared using 0.15 M of NaCl
solutions at pH=8.0 to keep the ionic strength constant and promote the
dissolution of the molecules. As Fig. 4B shows, dominant fluorescence
quenching can be observed only after the addition of riboflavin (Vitamin
B2).

For better understanding the quenching process, a deeper investi-
gation of the Cu NCs/B2 complex system was needed because the
polynomial behavior of an order 2 refers to a complex quenching
mechanism. For this purpose, the τ of the Cu NCs was measured with the
absence and presence of B2. As can be seen on Fig. 5A, the average τ is
decreased by ca. 50 % after the addition of Vitamin B2, which refers to a
dominant dynamic quenching. Considering the large spectral overlap of
the absorbance of riboflavin and the excitation/emission of the Cu NCs
(Fig. 5B), it can be concluded that the quenching is realized via

resonance energy transfer (RET).
For further analysis, electrochemical measurements were carried

out. Based on the recorded voltammogram of AMP-Cu NCs (Fig. 5C), the
prepared Cu NCs have two dominant oxidation peaks at 0.450 and
0.860 V referring to a two-step oxidation process of the metallic seeds.
The HOMO energy of the AMP-Cu NCs was calculated by Eq. (2):

EHOMO = − (Eʹ
onset +4.4)eV (2)

where the E’onset was the onset potential of the first oxidation process.
The measured E’onset is 0.330 V vs Ag/AgCl pseudoreference electrode,
which is equal to 0.618 V vs normal hydrogen electrode. The measured
Eonset is in good agreement with the ECu(I)/Cu (0.52 V), which strongly
depends on the coordination sphere of the copper atoms [45]. For the
calculation 0.618 V were used, therefore, the EHOMO is − 5.02 eV in the

Fig. 3. (A) The FT-IR spectra of AMP-Cu NCs and pure AMP. (B) The measured dH (■) and ζ-potential values (○) with the maxima of emission (●) of the samples
depending on the applied pH (T=25 ◦C; I=0.1 M of NaCl). Error bars represent the standard deviation of measurements on three different individual samples.

Fig. 4. (A) The chemical structures of the studied Vitamin B molecules. (B) The relative fluorescence (I0/I) and the photos of the samples under UV-lamp (λlamp, max
= 365 nm) after the addition of 5 μM of different B Vitamins.
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case of AMP-Cu NCs.
In the absence of reduction peak(s) on the CV, the energy level of the

LUMO can be calculated by the HOMO-LUMO energy gap (Eg). For the
calculation, the Tauc plot of the registered UV–Vis spectrum (Fig. S4)
was used, which clearly show that the Eg is 3.29 eV of the prepared AMP-
Cu NCs. Using the Eg¼ ELUMO-EHOMO relation [46], the ELUMO is − 1.73
eV. Based on the literature data of the energy levels of Vitamin B2 [47], it
can be concluded that the possible photoinduced charge-transfer can be
realized between the AMP-Cu NCs and Vitamin B2 during the quenching
process (Fig. 5D), which results a reduced form (Fig. S5) [48] of
riboflavin.

For the possible sensor application, the inner filter effect was elim-
inated by Eq. (3):

Ic = Im × 10(AEX+AEM)/2 (3)

where, the Ic and Im are the corrected and the measured intensities at
425 nm, respectively. The AEX and AEM are the absorbance at the exci-
tation and emission wavelengths.

Although the emission of NCs is inhibited by the B2 in the whole
concentration range, the limit of detection (LOD) was calculated based
on the generally accepted method the LOD¼3 £ sblank/m, where the
sblank is the standard deviation of the blank signal, whilem is the slope of
the initial range of calibration curve [49]. The smallest detectable
amount of Vitamin B2 is 2.01 ± 0.31 μM.

Although, this value cannot be comparable with the limit of detec-
tion in the case of large instrument techniques (Fig S6 and Table 1), the

determined 2.01± 0.31 μM value is suitable to develop some fast optical
sensors for food samples. The fluorescence quenching was analyzed in
the large 2.0–1000 μM concentration range of B2. The usable range of

Fig. 5. (A) The fluorescence decay curves with the average lifetime values of AMP-Cu NCs before and after the addition of Vitamin B2 (λex = 371 nm; λem = 430 nm;
cCu = 0.1 mM; T=25 ◦C; pH=8.0; cNaCl = 0.15 M). (B) The normalized UV–Vis spectra (Vitamin B2) and emission/excitation spectra (AMP-Cu NCs). (C) Cyclic
voltammograms of the AMP-Cu NCs in 0.1 M KCl with Ag/AgCl reference electrode. (D) The schematic diagram of the HOMO-LUMO energy levels of AMP-Cu NCs
and Vitamin B2.

Table 1
Identification of Vitamin B2 (riboflavin) by different techniques.

Technique/Material Detection or
Measuring
limit

Sample type Ref.

Liquid chromatography 2.1–871 μg
g− 1

foods [50]

Liquid chromatography 0.3–50 μg g− 1 foods [51]
Biacore® Q biosensor 100–500 μg/

100 g
aqueous solution [52]

Adenosine-stabilized gold
nanoclusters

0.002 nM cell fluid by fluorescence
quenching

[47]

quinoline-pyridine-
combined chemosensor
modified by
tetraphenylethene and
chelating with Cd2+

70.52 nM in aqueous solution by
fluorescence
enhancement and shift
from green (550 nm) to
blue (475 nm)

[53]

Thionine Coated Cadmium
Selenide Quantum Dots
Modified Graphite
Electrode

53 × 10− 9 M in aqueous solution by
voltametric detection

[54]

amperometric detection of
riboflavin

0.85 nM amperometric detection [55]

Fe3O4/rGO hybrid
nanocomposites

no data electrochemical detection
of riboflavin

[56]
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the liquid sensor system was pointed out between 2.5–500.0 μM (Fig
S7A) by the polynomial fitting of the relative fluorescence (I0/I) as a
function of Vitamin B2 concentration (Fig. S7B). A possible application
of the prepared AMP-Cu NCs is as a fluorescent assay for the detection of
Vitamin B2 molecule. We performed the analysis of complex food and
pharmaceutical samples, where a casual nutritional yeast and two types
of dietary supplement were selected. Before the analysis, the samples
were powdered and dissolved into mildly alkaline sodium chloride so-
lutions (c = 0.15 M; pH=8.0). As can be seen in Table 2, the detected
amounts are close to the expected B2 concentrations.

The Recovery %, which refers to the accuracy of the developed
fluorometric assay, was calculated by Eq. (4):

Recovery% =
Detectedamount
Expectedamount

*100 (4)

Nevertheless, the experienced minimal differences between the
measured and expected values can be considered the characteristics of
the samples according to the opinion of the factories, Besides, it can
belong to the sampling matrix containing 15 individual samples. How-
ever, the repetition error of the fluorometric assay was below 3 % for all
measurements in the case of the same sample.

4. Conclusion

In this work, we demonstrated a novel synthesis route to produce
AMP-stabilized Cu NCs. We identified the synthesis conditions where the
best fluorescence intensity could be achieved for these systems. The
prepared Cu13 NCs having blue fluorescence was thoroughly charac-
terized. The optical measurements clearly showed that the formed par-
ticles had a cluster-type structure with ca. 1.8 % QY. The lack of
satellites on the XP spectrum of the Cu proved the presence of metallic
cores, which are stabilized by the adenine ring of AMP. The possible
sensor applications for Vitamin B molecules were identified. The change
in the chemical composition of AMP-stabilized cluster core from bime-
tallic Au/Ag to monometallic Cu caused the tuning of the selectivity
from folic acid to riboflavin. The LOD value was ca. 2 μM, while the
usability concentration range between 2.5–500 μMwas also determined.
The quenching mechanism is dominantly dynamic by the TCSPC mea-
surements, and a charge/resonance energy transfer were proven by
different techniques. Besides the possible application in the case of real
word samples, which contains yeast or pills, are also presented.

5. Future perspectives

As presented in the Introduction, the possible sensor applications of
novel fluorescent nanometals gained significant scientific interest
recently. The quick analysis of food industrial or pharmaceutical sam-
ples is especially important task to guarantee uniform quality products
(e.g. identification of fake wine). For these purposes, developing cheap,
selective, and sensitive tests, which are easily used, is in exceptionally
high demand. The possible application of AMP-Cu NCs for detecting
Vitamin B2 can be eco-friendly and cost-effective to solve these re-
quirements and challenges. Therefore, the presented work offers a
promising alternative for the analysis of complex samples such as food
industrial yeast, which is an essential basic material for bakery and beer
production. In addition, it provides even smaller companies with the
opportunity to perform/develop rapid tests for the diagnosis of vitamins
and dietary supplements without having to expensive and specialized
instruments.
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