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Abstract: Gold nanoclusters are peculiar objects promising in view of qualitative and quantitative
determination of various species, including heavy metal ions and biological molecules. We have
recently discovered that introducing sodium azide in the reaction mixture during gold nanocluster
synthesis in the presence of citrate and adenosine monophosphate can tune the product emission
from blue to yellow. Taking advantage of the factorial design of the experiment, we have optimized
the synthesis conditions to obtain pure blue and yellow emitters and investigate their sensitivity to
a series of inorganic salts. The experiments have revealed selective quenching of the nanocluster’s
fluorescence in the presence of mercury(Il) ions.

Keywords: gold nanoclusters; nucleotides; adenosine monophosphate; tunable emission; factorial
design of experiment

1. Introduction

Gold nanoclusters (AuNCs), peculiar objects built of up to several hundred gold
atoms, close the gap between molecular species and conventional metal nanoparticles. Due
to their small size (less than 2 nm), they can exhibit strong fluorescence in the absence
of surface plasmon resonance absorption, which is typical of larger gold nanoparticles.
Due to these optical properties, pronounced photostability, and low toxicity, AuNCs have
been used for sensing, labeling, and imaging [1], as well as therapy, theranostics, and other
biomedical applications [2]. In view of the attractive, functional properties of AuNCs, which
have been found to be dependent on their size, shape, and the capping agent, different
methods to synthesize AuNCs in the presence of various stabilizers (such as proteins, DNA,
dendrimers, and thiolate species) have been reported [3]. Typical values of quantum yield
of fluorescence of purified AuNCs are about 3-10% [1], although in certain cases, the much
higher quantum yield of 41% (dendrimer-stabilized Aug clusters, excitation wavelength
384 nm, emission wavelength 450 nm; [4]) has been reported

Analytical applications of fluorescent AuNCs have been reviewed [1,5,6]. Depending
on the structure of the clusters, the nature of the capping ligands, and conditions of the anal-
ysis, selective sensing and quantitative determination of heavy metal ions (Hg?t, Cu®*, Fe®*,
and Zn2*), anions (CN~, NO, ~, and S$%~), small molecules (glucose, dopamine, cysteine,
and hydrogen peroxide), and high-molecular species (proteins and nucleic acids) have been
reported. In the most striking examples, limits of detection as low as 1-10 nmol/L (Hg?*
and CH3;Hg* [7,8]), 75 nmol/L (CN™ [9]), and 1-5 umol/L (Fe3* [10]) have been achieved.

An interesting procedure for the synthesis of fluorescent AuNCs has been discussed [11,12]:
aqueous solutions of HAuCly and adenosine monophosphate (AMP) are mixed with a
citrate-buffered solution and incubated for several hours to several days at ambient or
elevated temperature. The presence of citrate has been found essential to obtain fluorescent
AuNCs via reduction of Au(Ill) into Au(I) and Au(0), whereas ionizable adenine derivatives
(AMP and adenosine triphosphate) act as stabilizers preventing AuNC aggregation, owing
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to electrostatic repulsion. It has been found that the process is sensitive to the mixture
stoichiometry, the order of mixing, and even UV illumination during the synthesis. Similar
fluorescent AuNCs have been obtained in the presence of other nucleotides with ascorbic
acid as a reducing agent [13]. Moreover, nucleotide-assisted synthesis can be used to better
understand the mechanism of AuNC formation in the presence of DNA molecules without
any external reducing agent, as recently reported in [14].

We have recently discovered [15] that the introduction of sodium azide (a well-known
preservative inhibiting microbial activity [16] and thus widely used to stabilize aqueous
buffered solutions during storage) in the reaction mixture during the preparation of AuNCs
under the action of citrate and AMP leads to significant change in their optical properties.
The addition of a large excess (about 100-fold with respect to HAuCly) of NaN3 has
completely suppressed the formation of the fluorescent products, whereas at intermediate
concentrations of NaNj (up to 20-fold molar excess), the blue-green fluorescence of the
produced AuNCs was changed to yellow and weakened. Likely, azide ions act as a
competing ligand, shifting the equilibrium of the complex formation between Au(III)
and AMP. Slow formation of AuNCs in the mixture of HAuCly, AMP, and NaNj (in the
absence of citrate) has suggested that azide ions can also act as weak reducing agents in the
considered system.

In this study, we aimed to optimize the conditions of the AuNC synthesis to obtain the
“blue” and “yellow” fluorescent AuNCs and to compare the sensitivity of their fluorescent
properties to the presence of a series of heavy metal ions.

2. Materials and Methods
2.1. Chemicals

The chemicals were used as received: adenosine 5'-monophosphate disodium salt
(AMP) purchased from Maclin (China); tetrachloroauric(Ill) acid trihydrate (HAuCly)
purchased from Sigma-Aldrich; sodium azide (NaN3), citric acid (CitrH), trisodium citrate
(CitrNa), acetic acid, and sodium acetate purchased from Reakhim (Russia). Deionized
water was used as a solvent. Stock solutions of inorganic salts were prepared via dissolution
of the solid salts (chemical pure grade); their concentration was determined using titration
and spectrophotometry.

2.2. General Synthesis Procedure

Calculated amounts of aqueous stock solutions of AMP (100 mmol /L), CitrH (200 mmol/L),
CitrNa (200 mmol/L), and NaNj3 (100 mmol /L) were mixed. The mixture was diluted with
water to achieve the desired final concentrations and kept for 15 min at room temperature.
Finally, the necessary amount of aqueous stock solution of HAuCly (24 mmol/L) was
added; the mixture was heated in an oven at 90 °C for 3 h and then allowed to cool down
to ambient temperature.

2.3. Order of Components Mixing

In certain experiments, the order of the component mixing described above was altered
to elaborate a procedure insensitive to the order and timing of the reagents mixing, which
would allow robust investigation of the effects of the components concentration rather than
the synthesis routine.

One approach was to mix stock solutions of AMP, CitrH, CitrNa, and NaNj in different
orders, then dilute the mixture with an appropriate volume of water, and finally add a
stock solution of HAuCly and start heating. Six samples were prepared following this
approach. Another approach was to mix stock solutions of AMP, CitrH, CitrNa, and NaNj3
in different orders, then add stock solutions of HAuCly, and finally dilute the mixture with
an appropriate volume of water and start heating. Six samples were prepared following
this approach. The last approach was to initially take HAuCly, add stock solutions of
AMP, CitrH, CitrNa, and NaNj in different orders, dilute the mixture with water, and start
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heating. In either approach, the components were added in sequence, with 15-20 min
intervals between the additions.

2.4. Factorial Design of AuNCs Synthesis

To probe the effects of the component’s concentration on the optical properties of
the produced AuNCs, we took advantage of a factorial-based design of the experiment.
Within the main series of experiments, the following parameters of the initial mixture were
varied: concentration of HAuCly (cay), molar ratio of AMP to HAuCly (ramp), molar ratio
of NaN3 to HAuCly (7,,i4e), molar ratio of total citrate to HAuCly (7¢tr), and molar fraction
of sodium citrate in its mixture with citric acid (rn,/11). Each of the five listed parameters
was varied in two levels (coded as —1 and 1); additionally, three replicates of the synthesis
at ry5qe = —1 or 0, other variables being at 0 level, were prepared to assess the process
reproducibility. A complete list of the prepared samples and an explanation of the levels
of the variables are given in Table A1l. Using the obtained data, the statistical significance
of the variables and their interactions was assessed using ANOVA, linear models of the
response variables were built, and further optimization of the synthesis conditions was
performed using response surface methodology.

Following this approach, two candidate compositions were determined to produce
AuNCs exhibiting different emission properties. An auxiliary series of samples was pre-
pared to verify the elucidated compositions with a smaller variation of the ratio of the
components relative to the suggested composition.

2.5. Sensitivity to Metal lons

To probe the sensitivity of the AuNCs fluorescence to the presence of heavy metal ions,
the as-synthesized AuNC samples were diluted with an acetate-buffered solution (pH 3.8 to
6.0) so that their fluorescence intensity was in the range of the instrument sensitivity. Then,
a portion of aqueous solution of the metal salt was added, and the sample fluorescence was
measured. For comparison, a reference measurement was performed upon the addition
of the same volume of deionized water to an identical AuNC sample. Each sample was
measured five times.

2.6. Characterization and Data Processing

The electronic absorption spectra and the emission spectra excited at 365 nm were
recorded using a modular system, including a Maya 2000 Pro detector (Ocean Optics,
Orlando, FL, USA) and a DH-2000 light source (absorption measurements) or a 365 nm
diode (fluorescence measurements). The quantum yield of the samples’ fluorescence
was determined with quinine sulfate as a reference using a conventional comparative
technique [17].

Data processing, analysis, and the results visualization were performed using R
script (base 4.2.1, tidyverse 1.3.2, and car 3.1-2 packages). The statistical significance
of the hypotheses was verified using an ANOVA F-test of the factors’ significance in a
linear model. If not stated otherwise, the effect was considered significant at p < 0.05
(corresponding to « 0.95). Other details of the applied statistical methods are given in
the appropriate sections. The processing script and the complete dataset are available on
GitHub: https:/ /github.com/eukarr/AuNC (accessed on 13 September 2023).

3. Results
3.1. Order of Mixing

Since the reaction mixtures contained several components capable of interaction with
HAuCly (namely, CitrNa, CitrH, NaN3, and AMP), the order of their mixing could affect
the reaction outcome. We probed the effect of the mixing order at the following mixture
composition: 0.1 mM. of HAuCly, 5 mM. of CitrH, 15 mM. of CitrNa, 1 mM of AMP, and
0.2 mM. of NaNj3. Six components of the mixture (including water) could be mixed in
5! = 120 different orders and it was virtually impossible to test them all. Therefore, we
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limited the experiment to certain characteristic cases (HAuCly as the first or the last reactant
added to the mixture); the samples were kept for 15-20 min at room temperature before
adding each component. The results are collected in Figure 1. Colored curves in Figure 1
correspond to different orders of adding AMP, NaNj3, and citrate to HAuCly solution. In
contrast, a series of grey and black curves correspond to different orders of mixing AMP,
NaN3, and citrate, followed by the addition of HAuCly and dilution with water or dilution
with water and the addition of HAuCly, respectively.
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Figure 1. Absorption spectra (a) and emission spectra normalized by absorbance at the excitation
wavelength (Aex 365 nm) (b) of the AuNCs obtained with different orders of the mixing. Grey spectra:
mixing of AMP, NaN3, and citrate in different orders, then adding HAuCly, finally dilution with
water; black spectra: mixing of AMP, NaN3, and citrate in different orders, then dilution with water,
finally adding HAuCly; colored spectra: order of mixing is given in the legend (“w’ stands for water,
‘citr” stands for the CitrH + CitrNa mixture, and ‘Au’ stands for HAuCly).

Based on the obtained results, the following mixing order was chosen for further
experiments: stock solutions of AMP, NaNj3, CitrH, and CitrNa were mixed and diluted
with water; then, a stock solution of HAuCly was added, and the mixture was heated to
complete the reaction. That procedure provided the strongest reproducible fluorescence
independent of the order of mixing of AMP, NaN3, and citrate.

3.2. Factorial-Based Synthesis Design

The selected variables were varied in the 2° full factorial designs (compare the Experi-
mental section and Table A1).

Depending on the ratio of the components, two emission bands appeared in the fluo-
rescence spectra of the products: those with a maximum at about 490 nm (corresponding to
blue-green fluorescence) and about 600 nm (corresponding to yellow-orange fluorescence),
see Figure 2. The short-wave band was generally stronger, and the appearance of the long-
wave one reduced the overall emission intensity. These bands hereafter will be referred to
as “blue” and “yellow”.

Two response variables were selected for optimization: overall quantum yield QY of
fluorescence and the ratio of emission intensities at 600 and 490 nm (Ig00/I190). The latter
variable reflected the contribution of the yellow band to the AuNC emission.

The ANOVA of the data on QY (Table A3) revealed two statistically significant main
effects: ,,i4e and rn, /11 Hence, starting concentrations of HAuCly, AMP, overall citrate
content, and second-order interactions of the factors did not significantly affect the QY of
the produced AuNCs, as marked by the corresponding p-values exceeding 0.1.

When the statistically insignificant factors were excluded, the ANOVA procedure
of the reduced linear model confirmed the statistical significance of the retained factors
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(razide and rna/11)- The corresponding linear relationship between QY and the synthesis
conditions was
QY (0/0) =3.23 — 1'4-57’azide + 1'65rNa/H' (1)

The obtained model was overall statistically significant (p-value: 1.1 x 10~7), but its
quality was mediocre (adjusted R?: 0.675). That issue was considered in further optimiza-
tion of the synthesis (Section 3.3).

The Ig09/Is90 values for the samples exhibiting low emission efficiency were not
reliable. Therefore, we removed the data for the samples with QY < 1% (8 out of 38 samples
in the full dataset) prior to ANOVA (Table A4). When statistically insignificant factors were
excluded, the ANOVA procedure of the reduced linear model confirmed the statistical
significance of the retained factors. The corresponding linear relationship between quantum
yield and the synthesis conditions was

I6OO /1490 =0.504 — 0.007cay — 0.0677 anmp + 0~376razide + O-Ollrcitr — O-ZBOrNa/H
— 0.0557 AMP:Tazide + 0.0177 4146 citr — O'lgorazide:rNa/H'

@

The obtained model was overall statistically significant (p-value: <10~'%), and its qual-
ity was high (adjusted R?: 0.994). Further analysis of this model is described in Section 3.4.

Normalzed intensity, a.u.

400 500 600 700 800 900
Wavelength, nm
Figure 2. Main series factorial-based syntheses: an overview of emission spectra of the products (Aex
365 nm, emission intensity normalized by absorbance at Aex). Blue curves are for azide-free samples;
red curves are for the samples prepared in the presence of sodium azide.

3.3. Optimization of the Synthesis Conditions to Maximize the Quantum Yield

The linear model (1) suggested that the QY of the produced AuNCs could be enhanced
by decreasing r,,i4e and increasing rn,/; the respective response surfaces are given in
Figure 3a. The theoretical minimum of r,,i4. (corresponding to the absence of NaN3) was
—1, whereas the theoretical maximum of rny /1 (corresponding to CitrNa as the only source
of citrate) was 1.25 (recall that Equation (1) was written in the coded scale; compare footnote
to Table Al). At those extreme values of the variables, model (1) predicted the highest
QY = 6.74%.

However, closer examination of the emission spectra for the samples prepared in the
absence of NaNj (Figure 3b) revealed a nonlinear dependence of the normalized fluores-
cence intensity on rny/p1. The effect of rapp was observed in the spectra at /1 = —1
(excess of CitrH), absent at rn, /51 = 1, which suggested that the interaction of the rn, /11
and ramp factors should be active but was not recognized using the ANOVA of the linear
model.
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Figure 3. Response surfaces illustrating changes in the QY depending on the synthesis variables,
plotted according to model (1) (a). Emission spectra of the AuNCs obtained in the absence of NaN3,
normalized by absorbance at the excitation wavelength (Aex 365 nm); the spectra are grouped in
panels according to rn,/, their color codes the level of rapp (b). The synthesis variables are in the
coded scale (Table A1).

Thus, to maximize the quantum yield of AuNCs, we prepared a series of samples
at N, /pp varied in smaller steps between 0 and 1 (in the natural scale) to cover the entire
range of the CitrNa/CitrH ratios. In addition, ramp and 7. were varied at two levels each
to reveal the effects of those factors possibly masked in model (1). The obtained data are
shown in Figure 4. The highest QY was achieved at the equimolar ratio of CitrNa and
CitrH in the reaction mixture (1N, /g = 0.5). At that rn, /11 value, no pronounced effects of
ramp and 7. were observed, although a slight increase in QY was favored by lower ., at
low 7N /1 OF lower ranvp at high 1y, /-

ramp / Tt

[ 30/150

M 30/200

M 40/150
‘ [ 407200
N9 H» b e B 9
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6-

3
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Figure 4. QY (Aex 365 nm) of an additional series of samples prepared in the absence of NaN3. The

'Na/H

synthesis variables are on a natural scale.

The QY values for the described additional samples at /iy = 0.5 were 9.1-9.3%,
higher than the prediction by the linear model (1).

3.4. Optimization of the Synthesis Conditions to Maximize the Yellow Emission

The model describing the ratio of the emission intensities Igo9/ls90 (2) was more
complex and suggested the influence of all main effects and some of their second-order in-
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teractions. The corresponding response surface (Figure 5a) demonstrated that the strongest
contribution of the yellow emission band was expected at a high concentration of NaN3
(Tazide — 1), a low fraction of sodium citrate (rn, /g — —1), and a low concentration of
AMP (ramp — —1), whereas the influence of concentration of HAuCly (ca,) and total
concentration of citrate (r) was negligible. However, those conditions simultaneously
led to the lowest QY of fluorescence (cf. Figure 3a). To address that issue, we introduced an
auxiliary target function T (3), which penalized low QY values. The response surface for
this target function is presented in Figure 5b.

®)

T oo/ 1490-QY, QY > 2%
0, QY > 2%

o,

5
5 leoo’lago :
1 1
* M (00,01 L1
M (0.1,0.2 ’
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B (1.0 11 W (16 18]
B (11,12 1.8.2.0]
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g 13,14 g
I 1415 W
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Figure 5. Response surfaces illustrate the change in the fraction of yellow emission, Iy /I490, depend-
ing on the synthesis variables, plotted according to Equation (2) (a). Response surfaces illustrate the
change in the target function (3) depending on the synthesis variables, plotted according to models
(1) and (2) (b). The synthesis variables are in the coded scale (Table A2).

Analysis of the T values showed that the following combination could maximize the
fraction of yellow emission (Igpg/la90 up to 0.74) while still keeping QY at a sufficiently high
level (up to 3.2%): cay = 0.2 mmol/L, ramp = 7.5, Tazide = 9, Tcitr = 250, and rnj, /11 = 0.8 (in
the natural scale). To validate that suggestion, we performed additional syntheses, building
a factorial design with a variation of ramp, *azide, citr, and Na /1 @about that chosen set of
conditions. A complete list of the prepared samples and an explanation of the levels of the
variables are given in Table A2.

The ANOVA results for this dataset are collected in Table A5. When the statistically
insignificant factors were excluded, the ANOVA procedure of the reduced linear model
confirmed the significance of the retained factors. The corresponding linear relationship
between the target function and the synthesis conditions was

T (O/o) =3.25 — 0.437amp — 0-207’Na/H + 0.0087jtr + 0‘11rAMP:rNa/H- (4)

The obtained model was overall statistically significant (p-value: <10~7), and its quality
was high (adjusted R?: 0.956). Response surfaces for the target function T plotted according
to model (4) are shown in Figure 6.
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'Na/H

Tamp

Figure 6. Response surfaces illustrate a change in the target function T (3) depending on the synthesis
variables, plotted according to model (4). The synthesis variables are in the coded scale (Table A2).

3.5. Blue and Yellow AuNCs Prepared under the Optimal Conditions

Based on the obtained results, the following synthesis conditions were chosen to pre-
pare the samples with the maximum QY of fluorescence (A) and the strongest contribution
of yellow emission at reasonably high QY (B) (the variables are in the natural scale):

e  Sample A—cpy 0.2 mmol/L, ramp 40, 7azide O, Teitr 200, and 7y, /11 0.5;
e Sample B—cpy 0.2 mmol/L, ramp 5, Tazide 8:5, Teitr 275, and rnja /g 0.75.

The obtained spectra revealed strong blue fluorescence (sample A) or weaker yellow
emission (sample B), as seen in Figure 7a. Due to fine optimization of the synthesis, sample
B revealed sufficiently strong fluorescence, and the yellow emission band was stronger
than the blue one.

A B |
s

AuNC rel. conc. Sample
0.13 e

Intensity, a.u.
Integral intensity, a.u.

400 600 800 400 600 800 0.00 0.25 0.50 0.75 1.00
Wavelength, nm AuNC rel. conc.

(a) (b)

Figure 7. Fluorescence spectra (A 365 nm) of samples A and B depending on the reaction mixture
dilution (a) and integral intensity of the emission as a function of concentration (b). A relative
concentration equal to 1 corresponds to a non-diluted reaction mixture.

To determine the acceptable range of the AuNC concentration for the application
in sensing, we investigated the fluorescence response of the reaction mixtures upon di-
lution with water. The results are shown in Figure 7 (relative concentration equal to 1
corresponded to the reaction mixture without dilution). The fluorescence of sample A was
stronger than that of sample B at equal dilution, and a linear increase in the intensity with
concentration of the samples was observed until about twofold dilution of the reaction
mixture. Thus, 1:1 dilution was used in further experiments.
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The emission of samples A and B in acetate buffered solution was found to be pH-
dependent; the pH increase led to noticeable fluorescence strengthening (Figure 8). The
ratio of blue and yellow emission bands of sample B was also affected by pH: the increase
in pH led to a stronger increase in the emission of the yellow band. Whereas at pH 3.8,
the band intensities were almost equal, at pH 5.4, the blue band appeared as a short-wave
shoulder at the major yellow band.

Intensity, a.u.

400 600 800 400 600 800
Wavelength, nm
Figure 8. Emission spectra (Aex 365 nm) of samples A and B at different pH levels created using

acetate-buffered solutions (0.1 mol/L).

The fluorescence of samples A and B was quenched in the presence of mercury(Il)
ions. The experiments were performed at pH 3.8 and 6.0; the results are shown in Figure 9a.
Sample A was more sensitive, and its response to the presence of mercury(Il) was more
pH-dependent. The limit of detection (estimated as the intersection of the calibration curve
with the lower limit of the confidence interval for the mercury-free samples) for sample A
was 0.2 pmol/L at pH 6.0 and 1.0 pmol/L at pH 3.8, being of 2-3 umol/L for sample B,
slightly affected by pH.

pH ~ 38 — 6.0

0.0- =
10-5 1074 0 2.5x1075 5x10-5 7.5x1075

c(Hg), mol/L ¢(Hg), mol/L

(a) (b)

Figure 9. The integral intensity of fluorescence (Aex 365 nm) of samples A and B as a function of the
concentration of mercury(Il) nitrate in the sample: the intensity relative to the mercury-free sample (a)
and the same data in the coordinates of Stern—Volmer equation (b). The lines in plots (a) are to guide
the eye; the lines in plots (b) were obtained as linear regression of the data at c¢(Hg) < 25 umol/L.
Dashed lines in plots (a) mark the lower confidence interval limit for the mercury-free samples (the
measurement at each mercury concentration was repeated five times to assess the standard deviation

of the data).
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The data in Figure 9b show that the response of sample A to the presence of mercury(II)
obeyed the Stern—Volmer equation up to 60-100 umol/L of Hg(Il), depending on pH. The
quenching constant kqtp was 1.5 X 10° L/mol at pH 6.0 and 2 x 10* L/mol at pH 3.8.
The response of sample B deviated from the Stern—Volmer equation even in the lowest
concentration range. The shape of the fluorescence spectrum of sample A was not changed
in the presence of mercury(ll), whereas in the case of sample B, the blue emission band was
quenched stronger than the yellow one (Figure 10).

A B
1.00-
0.75-
25~ c(Hg),
umol/L

: -

>
2050 i
>'; -
2
% 0.25
e
Q
£000 400
g 200
2 6 75.
g g 0
= ==
5050 I
z 2

0.25-

o.oo

800 400
Wavelength, nm

Figure 10. Emission spectra (Aex 365 nm) of samples A and B, normalized to the peak intensity, at
different concentrations of mercury(II) (color-coded).

Finally, we probed the selectivity of fluorescence intensity of samples A and B to the
presence of other salts at pH 6.0 (Figure 11). The strongest decrease in the fluorescence in-
tensity was observed in the cases of Hg(NO3), and Fey(SO4)3. A weaker but still noticeable
decrease in fluorescence intensity was observed for CuSOy4. The presence of 1 mmol/L
of other salts (NaN3, CdSO,, CoSOy, NaCl, NiCl,, and Pb(CH3COO);) did not lead to a
noticeable decrease in the fluorescence intensity.
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Figure 11. The relative intensity of emission (Aex 365 nm) of samples A and B in the presence of

1 mmol/L of different ions at pH 6.0. Red dashed lines mark the confidence limits of the emission

intensity in the absence of the ions. The Na* bar marks the sample containing a tenfold concentration
of NaCl, 10 mmol/L.
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4. Discussion

According to the data in Figure 1, spectral properties of the products prepared via
mixing the “interacting species” (AMP, citrate, and NaN3) in different orders and then
diluting with water and adding HAuCl, or adding HAuCly and diluting with water (black
and grey spectra, respectively) were only slightly dependent on the addittion order of AMP,
citrate, and NaN3. When HAuCl, was added to the diluted mixture of other species, the
normalized emission spectra were somewhat stronger, probably due to less pronounced
aggregation of the gold-containing species formed in more dilute systems.

When AMP, citrate, and NaNj3 were added in different orders to the stock solution
of HAuCly, followed by dilution (colored spectra in Figure 1), the reaction products were
strongly different:

e If HAuCly was first mixed with citrate and then AMP and NaNj3 were added, the
absorption spectra were weaker in the 300-350 nm characteristic range, showing long-
wave scattering (blue and pink curves in Figure 1a). The formation of larger gold
species via the reduction of citrate in the absence of an efficient stabilizer (AMP) could
explain that fact. Due to low absorbance at 365 nm, the normalized emission intensity
was still comparable to other spectra (Figure 1b);

e If NaN3 was added to the mixture after AMP and citrate, the long-wave yellow
emission was suppressed (blue and brown curves in Figure 1a). Hence, although the
AuNCs formation in the AMP + HAuCly + citrate system was complete only within
2-3 h at 90 °C (taking days at room temperature [11,12]), its initial stage was fast,
and the formed intermediate was not sensitive to NaN3 which did not impart yellow
emission in that case;

o  If citrate was the last component introduced prior to dilution and heating, the spectral
properties of the product were independent of the order of AMP and NaNj3 addition
(red and green curves). Hence, the competing coordination of AMP and NaNj3 with
gold(III) before the reduction was fast, and the mixture came to equilibrium within
15 min after adding the components. On the other hand, our trials showed that the
interaction of HAuCly with AMP alone was slower (yellow coloration due to the complex
formation was developed within hours). Likely, the interaction of HAuCly with AMP
was multistage: the initial coordination was relatively fast and could affect the AuNCs
synthesis, whereas complete ligand exchange leading to the coloration was slower.

The order of the components mixing “HAuCly — NaN3 — citrate - AMP — water”
gave the product emitting properties, which were identical to those of AuNCs obtained
via mixing of NaNj, citrate, and AMP, followed by the addition of HAuCl, and dilution
(i.e., kinetic control over competing reactions of gold(Ill) with other reagents). Hence, the
rate of the components’ interaction with HAuCly followed the NaNj3 > citrate > AMP order,
which coincided with our visual observations (immediate yellow coloration upon mixing
of HAuCly and NaNj3, darkening within 15-20 min upon mixing of HAuCly and citrate,
and yellow coloration within hours upon mixing of HAuCl4 and AMP).

In view of the observations on the samples prepared using different orders of the
components mixing, we selected the citrate - NaN3 = AMP — water - HAuCly order to
be used in further experiments aiming to tune the spectral properties via optimization of the
ratio of the components. The following synthetic variables were varied in the two-level full
factorial design (Table A1): concentration of HAuCly (cay), molar ratio of AMP to HAuCly
(ramp), molar ratio of NaN3 to HAuCly (r,,i4e), molar ratio of total citrate to HAuCly (7)),
and molar ratio of sodium citrate to total citrate including citric acid (N, /11)- Let us briefly
comment on the selection of the variables and their ranges.

The presence of citrate was essential to produce fluorescent AuNCs [10,14]. Its molar
excess with respect to initial gold(Ill) () was chosen high enough to accelerate the
nucleation and to prevent the formation of larger gold nanoparticles as, for example, in
the conventional Turkevich method (at 7. ~ 1-10) [18,19]. The presence of AMP and
NaN3; was necessary to stabilize the AuNCs against growth into insoluble precipitate
and to trigger the appearance of yellow emission, respectively; their excess was chosen
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in trial experiments. Since the behavior of gold(Ill), AMP, and azide in the solution was
pH-dependent, the fraction of CitrNa in the mixture with CitrH (rn, /1) was varied to
adjust the mixture acidity; furthermore, due to great excess of citrate, the reaction mixture
pH was maintained independent of the concentration of other components. Finally, the
initial content of HAuCly was varied since the increase in gold(Ill) concentration could
affect the coagulation of gold species and, thus, the optical properties of AuNCs [19,20].

Analysis of the series of the samples prepared as described in Table A1 revealed that
the mixture acidity and excess of NaN3 were the principal factors affecting the overall
QY of the AuNCs. Further experiments described in Section 3.3 demonstrated that the
dependence on the mixture acidity was not linear, the optimal pH being 4.65. At that pH,
the starting aurate complex existed in two forms, [AuCly] ™ and [AuCl3(OH)] ™ in the ratio
of 7:3 [21]. The increase or decrease in pH relative to the 4.65 value could increase the
content of either form of the aurate but decreased QY of the produced AuNCs; therefore, it
seems unlikely that the observed extremal dependence on pH was due to the effect on the
form of the chloroaurate complex. For the same reason, the protonation of citrate could not
be considered the primary reason for the observed behavior. As for AMP, its protonation
constants are pK, 1 = 6.43 and pK, > = 3.93 [22]. Since, at the optimal pH, no effect of the
AMP excess on QY of AuNCs was revealed (Figure 4), it is not likely that any of the AMP
forms was stronger bound with gold(III) and thus influenced the synthesis. However, it is
interesting to note that pH 4.65, optimal to maximize the QY, corresponded to the conditions
of coexistence of equimolar amounts of the neutral and singly deprotonated forms of AMP,
which have been found the most prone to self-stacking [23]. The AMP stacking was
probably essential for efficiently stabilizing the forming AuNCs. This suggestion needs
additional verification, which is beyond the scope of this study.

The QY values achieved in our study (up to 9.3% under the optimized conditions) were
typical of AuNCs shown in other reports [1]. The QY can likely be improved via purification
of the crude reaction mixtures considered herein since they could contain a fraction of
absorbing but not emitting species. Furthermore, the excitation wavelength (365 nm) was
chosen in view of the instrument availability and might not exactly correspond to the
optimal excitation energy.

Optimization of the synthesis conditions to achieve the purest yellow emission possible
in the scope of the considered procedure was trickier since the appearance of the yellow
band was triggered by the introduction of NaN3, which at the same time reduced the
overall QY of AuNCs. That complication was addressed in this study using the composite
target function (3) accounting for both response variables, QY and Iy /I499. Of course, the
shape of that function (threshold value of QY below which the target function was zeroed
and the strength of penalty) could be altered depending on the goal of the experiment and
the available equipment, and the optimized conditions could be somewhat different from
those derived in our study.

The dependence of the emission intensity of samples A and B on pH (Figure 8) could
be explained by the ionization of the capping agent stabilizing the AuNCs (AMP). The
increase in pH from 3.8 to 5.4 corresponded to deprotonation of the phosphate group
in AMP [22]. The exact reason for the simultaneous increase in the emission intensity
(suppression of AuNCs aggregation due to electrostatic repulsion or direct influence on
the energy of the ground/excited states of AuNCs and/or the lifetime of the excited state)
demands further investigation.

Both samples revealed stronger sensitivity to mercury(ll) at pH 6.0 than at pH 3.8,
possibly due to deprotonation of the capping agent (AMP), favoring electrostatic attraction
of oppositely charged Hg?" cations. The blue-emitting sample A was found to be more
sensitive to the presence of mercury(II).

The data in Figure 10 revealed that in the case of yellow-emitting sample B, both
emission bands were weakened in the presence of mercury(Il), but the blue band exhibited
stronger quenching. The fact that the quenching of the total emission of sample B did not
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follow the Stern—Volmer equation (Figure 9b) suggested different mechanisms of quenching
via mercury(Il) in the cases of blue and yellow emitters present in sample B.

The determined limit of detection of mercury(Il) was 1-2 orders of magnitude higher
in comparison with the best examples reported in the literature (compare Introduction
section). However, there is still space for optimization of the procedure, primarily an
increase in pH above 6.0, optimization of the AuNCs content, and purification of the
AuNCs sample.

The data on selectivity (Figure 11) suggested that AuNC have a high specificity
towards mercury(ll) and iron(Ill). Moreover, quantitatively different responses of the
blue and yellow emission bands to the presence of mercury(Il) can be exploited in the
development of ratiometric and color sensors. The observed decrease in the fluorescence
efficiency in the presence of iron(Ill) was due to the inner filter effects rather than direct
quenching [24].

It is important to notice that the introduction of up to 1 mmol/L of sodium azide to
samples A and B after the synthesis did not result in fluorescence quenching, suggesting
that NaNj affected the early stages of the nanoclusters synthesis but did not act as a
competing capping agent.

5. Conclusions

It was demonstrated that the introduction of sodium azide into the reaction mix-
ture during the preparation of blue-emitting gold nanoclusters in the presence of citrate
and adenosine monophosphate led to the appearance of a yellow emission band in the
product spectrum. Fine-tuning the components’ ratio in the reaction mixture allowed the
preparation of almost pure blue- and yellow-emitting gold nanoclusters.

The blue-emitting AuNC with the strongest emission were obtained at pH 4.5 in
the absence of sodium azide, at citrate and adenosine monophosphate molar excess with
respect to gold 200 and 40, respectively. The mixture acidity was the major factor affecting
the fluorescence efficiency.

The yellow-emitting AuNC were obtained at pH 5.6, citrate, adenosine monophos-
phate, and sodium azide molar excess 275, 5, and 8.5, respectively. Fine adjustment of the
reactant concentration was especially important in that case since the introduction of NaN3
reduced the overall emission intensity. Further experiments are in progress to clarify the
mechanism of the NaNj effect on the synthesis.

The experiments demonstrated selective quenching of the nanoclusters’ fluorescence
in the presence of mercury(Il) and iron(Ill) ions. The response of the blue and yellow AuNC
to the presence of mercury(Il) was clearly different.
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Appendix A

Table A1. Factorial design of the main series of samples. The variables are given in the coded scale *.

Sample No. CAu YAMP Tcitr Na/H Tazide
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 -1
5 0 0 0 0 -1
6 0 0 0 0 -1
7 —1 —1 —1 -1 -1
8 —1 -1 —1 -1 1
9 -1 -1 -1 1 -1
10 -1 —1 —1 1 1
11 —1 -1 1 -1 -1
12 -1 -1 1 -1 1
13 -1 —1 1 1 -1
14 —1 —1 1 1 1
15 -1 1 -1 -1 -1
16 -1 1 -1 -1 1
17 —1 1 -1 1 -1
18 -1 1 -1 1 1
19 -1 1 1 -1 -1
20 —1 1 1 -1 1
21 -1 1 1 1 -1
22 -1 1 1 1 1
23 1 -1 -1 -1 -1
24 1 —1 -1 -1 1
25 1 -1 -1 1 -1
26 1 —1 —1 1 1
27 1 —1 1 -1 -1
28 1 -1 1 -1 1
29 1 -1 1 1 -1
30 1 -1 1 1 1
31 1 1 -1 -1 -1
32 1 1 -1 -1 1
33 1 1 -1 1 -1
34 1 1 -1 1 1
35 1 1 1 -1 -1
36 1 1 1 -1 1
37 1 1 1 1 -1
38 1 1 1 1 1

1 cau = c(HAuCly): —1 for 0.15 mmol/L, 0 for 0.20 mmol/L, 1 for 0.25 mmol/L; ramp = c(AMP)/c(HAuCly):
—1 for 10, 0 for 20, 1 for 30; ry = [c(CitrH) + ¢(CitrNa)]/c(HAuCly): —1 for 150, 0 for 200, 1 for 250;
Na/u = ¢(CitrNa)/[c(CitrH) + ¢(CitrNa)]: —1 for 0.1, 0 for 0.5, 1 for 0.9; raige = c(NaN3)/c(HAuCly): —1 for
0, 0 for 5,1 for 10.

Table A2. Factorial design of additional series of samples prepared to maximize yellow emission.
The variables are given in the coded scale !.

Sample No. YAMP Ycitr Na/H Tazide
75 0 0 0 0
76 0 0 0 0
77 0 0 0 0
78 —1 -1 -1 -1
79 1 -1 -1 -1
80 -1 1 -1 -1
81 1 1 -1 -1

82 -1 -1 1 -1
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Table A2. Cont.

Sample No. YAMP Tcitr Na/H Tazide
83 1 -1 1 -1
84 -1 1 1 -1
85 1 1 1 —1
86 -1 -1 -1 1
87 1 -1 -1 1
88 —1 1 -1 1
89 1 1 -1 1
90 -1 -1 1 1
91 1 -1 1 1
92 -1 1 1 1
93 1 1 1 1

1 ¢(HAuCly) = 0.2 mmol/L throughout the series; ramp = ¢(AMP)/c(HAuCly): —1 for 5, 0 for 7.5, 1 for 10;
Teitr = [c(CitrH) + c(CitrNa)]/c(HAuCly): —1 for 225, 0 for 250, 1 for 275; rNa/u = c(CitrNa)/[c(CitrH) + c(CitrNa)]:
—1 for 0.75, 0 for 0.8, 1 for 0.85; 7,,iqe = c(NaN3)/c(HAuCly): —1 for 8.5, 0 for 9, 1 for 9.5.

Appendix B

Table A3. ANOVA results for quantum yield (%) of the product fluorescence depending on the
synthesis conditions. Main factorial-based series; the variables notation follows Table A1 1

Factor (Interaction) SS DF F P
CAu 0.352 1 0.122 0.730
YAMP 1.04 1 0.362 0.553
Tazide 73.1 1 25.5 47107
Tcitr 0.071 1 0.025 0.876
Na/H 86.9 1 30.3 1.6-10~°
CAuTAMP 0.003 1 0.001 0.974
CAuTazide 0.077 1 0.027 0.872
CAu:Tcitr 0.073 1 0.025 0.875
CAu"Na/H 0.001 1 0.0004 0.985
YAMPTazide 0.598 1 0.208 0.653
Y AMP Y citr 0.343 1 0.119 0.733
T AMP"Na/H 0.869 1 0.302 0.588
Tazide Tcitr 1.321 1 0.460 0.505
Tazide'"Na/H 0.493 1 0.172 0.683
Yeitr'"Na/H 2.525 1 0.879 0.359
Residuals 63.2 22

1 SS—sum of squares, DF—number of degrees of freedom, F—value of the Fisher statistic, P—p-value of the
significance of the F value. Overall statistics for the linear model, including all main effects and their second-order
interactions: adjusted R?: 0.5399, F-statistic: 3.894 on 15 and 22 DF, p-value: 0.002.

Table A4. ANOVA results for the ratio of emission intensities at 600 and 490 nm (Aex 365 nm) of the
product depending on the synthesis conditions. Main factorial-based series; the variables notation
follows Table A1 L.

Factor (Interaction) SS DF F P
CAu 0.001 1 5.45 0.035
T AMP 0.057 1 257 2.10710
Tazide 0.720 1 3233 <1071
Feitr 0.001 1 3.50 0.082
Na/H 0.050 1 227 5.10~10
CAWTAMP <0.001 1 0.602 0.450
CAuTazide <0.001 1 0.051 0.824
AT eitr <0.001 1 0.003 0.956
CAWTNa/H <0.001 1 1.02 0.330
T AMP T azide 0.051 1 230 410710
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Table A4. Cont.

Factor (Interaction) SS DF F P
7 AMP P citr <0.001 1 0.262 0.617
TAMP:"Na/H <0.001 1 1.10 0.312
Tazide Tcitr 0.003 1 15.5 0.001
Tazide''Na/H 0.092 1 411 9.10712
Yeitr'"Na/H <0.001 1 1.56 0.232
Residuals 0.003 14

1 8S—sum of squares, DF—number of degrees of freedom, F—value of the Fisher statistic, P—p-value of the
significance of the F value. Overall statistics for the linear model, including all main effects and their second-order
interactions: adjusted R?: 0.994, F-statistic: 296 on 14 and 15 DF, p-value: 8-10715.

Table A5. ANOVA results for the target function T (3) of the product depending on the synthesis
conditions. Additional factorial-based series; the variables notation follows Table A2 1.

Factor (Interaction) SS DF F P
FAMP 2.93 1 267 2:1077
Tazide 0.023 1 212 0.184

Feitr 0.106 1 9.66 0.014
"Na/H 0.653 1 59.6 6-107°>
¥ AMPFazide <0.001 1 0.026 0.875
¥ AMP T citr 0.004 1 0.409 0.540
" AMP"Na/H 0.181 1 16.5 0.003
¥ agide T citr 0.017 1 1.55 0.248
Tazide'"'Na/H 0.003 1 0.268 0.619
Teitr'"Na/H 0.001 1 0.081 0.784
Residuals 0.088 8

1 8S—sum of squares, DF—number of degrees of freedom, F—value of the Fisher statistic, P—p-value of the
significance of the F value. Overall statistics for the linear model, including all main effects and their second-order
interactions: adjusted R?: 0.951, F-statistic: 35.75 on 10 and 8 DF, p-value: 1.5-107.
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