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The determination of neuroactive molecules is an important task in the monitoring of patient health. In this
work, a one-step, green preparation protocol has been newly developed to synthesize highly reddish-orange-
emitting gold-silver bimetallic nanoclusters reduced and stabilized by transferrin protein (Tf-AuAg NCs). The
fabrication route of these bimetallic NCs was optimized first based on different parameters (gold:silver ratio,
transferrin and metal concentrations, temperature and synthesis time). The properties of the nanoclusters (NCs)
having a controlled gold/silver ratio were thoroughly analyzed using multiple methods, focusing on their optical
characteristics. The source and various characteristics (excitation, emission maximum, lifetime) of the emitting
species were also determined. Additional quenching studies were performed using iodide, a well-known
quencher of tryptophan, to check the effect on different emission peaks. This newly fabricated NCs can play
an important role as a sensing agent. Thus, sensing measurements were conducted on tryptophan metabolites
(kynurenine and serotonin pathway, a total of 15 molecules) in three different media (phosphate buffered saline
(PBS), artificial cerebrospinal fluid (aCSF) and diluted human serum), determining the limit of detection for 3-
hydroxyanthranilic acid at 0.55 and 0.32 pM in PBS and aCSF. This molecule is a fluorophore itself whose
detection is problematic due to many interfering substances (for example anthranilic acid), while its selective
enhancement distinct from other kynurenine pathway molecules can be used for determination at the NCs
emission wavelength centered around 610 nm. Additional calorimetric studies were also performed to identify
the interaction between the sensed molecule and the Tf-AuAg NCs.

1. Introduction [2-5]. Furthermore, the incorporation of a second metal into the NCs

can enhance and tune their properties which can be used to broaden

Nanoclusters (NCs) are very small particles, usually built of several
or few hundred atoms. These formulations possess unique characteris-
tics different from the atoms or conventional nanoparticles [1]. In the
case of noble metal NCs, they lack the well-known plasmonic property
(collective oscillation of electrons at certain energy levels) of the
nanoparticles (NPs) due to their minuscule size, as well as the distinctive
color connected to the plasmon frequency of the NPs. This
sub-nanometer size also causes the electron levels to be separated
compared to the NPs or the metallic bulk phase, which means that no
valence or conducting band is present in the NCs. Instead, molecule-like
properties arise in these particles, such as fluorescence, magnetic
properties or chirality. These new characteristics can be efficiently uti-
lized in many fields, e.g. labeling, bioimaging, sensing and catalysis

their field of application [6].

The preparation of NCs is heavily concentrated on the formation and
stabilization of very small-sized particles, so the inhibition of particle
growth is very important [7]. This is achieved by using reducing agents
which create many particle cores and stabilizing agents which effec-
tively limit particle growth and aggregation, resulting in the formation
of few nm sized NCs instead of the 10—100 nm NPs. When proteins are
used as stabilizing agents, multiple advantages can be exploited. First,
they can be applied as reducing agents because their tyrosine (Tyr)
building blocks can reduce the metal ions at very high pH [8,9]. Second,
their inherent specific drug-binding properties make them ideal ligands
for subsequent applications such as sensing, targeted delivery and
fluorescent labeling [10-12]. In addition, their intrinsic functions may
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be retained even after NC synthesis creating multifunctional materials
[13]. Furthermore, the protein makes the formulations biocompatible
and biodegradable, which is a must for in vivo usage in medical and
pharmaceutical applications.

Fluorescent NCs can be efficiently utilized in sensing applications, as
their stabilizing ligands make it possible to bind specific molecules,
affecting their optical properties. Most publications describe sensing
based on quenching of the fluorescence, where the binding molecule
usually opens a pathway for non-radiative decay, thereby reducing the
chance of the emission of a fluorescent photon [14-16]. In other cases,
the binding of the sensed molecule causes a rise in fluorescence through
a controlled aggregation, which makes the ligands more rigid, reducing
the chance of non-radiative energy transfer, thus increasing the fluo-
rescence. This phenomenon is usually cited as aggregation induced
emission enhancement (AIE for short), which happens for fluorescent
dyes and NCs as well [17,18].

Kynurenine pathway molecules all have distinct effects on the
human body. These molecules are all metabolites of tryptophan, and
they can modify neurotransmission and immune response. Anthranilic
acid (AA) is associated with the suppression of the expression or acti-
vation of the transforming growth factor p [19]. Kynurenic acid (Kyna)
promotes the kynurenase A reaction (turning r-kynurenine (Kyn) into
AA), thus decreasing the 3-hydroxyanthranilic acid (3-HAA)/anthranilic
acid ratio. This molecule can also take part in anti-inflammatory pro-
cesses, and the regulation of its concentration in tissues can be an
effective tool in many treatments. 2-picolinic acid (PA) has anti-
proliferative and neuroprotective properties, similarly to Kyna [20].
Other intermediates of the pathway are, however, neurotoxic
(3-hydroxy-pr-kynurenine (HKyn) and quinolinic acid (QA) with its
excitotoxic property). The changes in their concentration can be an in-
dicator of several neurological diseases (schizophrenia, Alzheimer’s,
Parkinson’s and Huntington’s disease); therefore the effective moni-
toring of their apparent concentration is a very important, albeit a
challenging task [21-23]. While tryptophan is majorly metabolized
through the kynurenine pathway (~85 %), around 1 % is converted into
serotonin (5-hydroxytriptamine, HTA) and its related compounds. Se-
rotonin also takes part in important biological processes as a neuro-
transmitter and the changes in its level in the body can cause multiple
disorders [17].

The aim of this work was to prepare novel transferrin-stabilized
bimetallic gold-silver nanoclusters (Tf-AuAg NCs) and optimize their
optical and colloidal parameters through varying their synthesis con-
ditions. In the literature, there are some publications on monometallic
systems (Tf-Au NCs) [17,24], but no data on bimetallic derivatives. The
optical properties are strongly modified by the incorporation of a new
metal; thus, there is a continuous demand for the development of new
bimetallic NCs. Successful preparation of Tf-AuAg NCs was followed by
thorough characterization focusing mainly on their photoluminescence.
Developing new NCs for the detection of tryptophan metabolites (for
example r-kynurenine [25] and kynurenic acid [26]) is a major goal of
our research group. Continuing this work, the NCs were employed in the
fluorescent sensing of neuroactive molecules from the kynurenine and
serotonin pathways in three different matrices, namely phosphate
buffered saline (PBS), artificial cerebrospinal fluid (aCSF) and in human
serum. In the case of 3-hydroxyanthranilic acid, a more thorough
investigation was executed to determine the limit of detection and to
explore the reaction through calorimetric studies.

2. Materials and methods
2.1. Materials

For the synthesis of NCs, human apo-transferrin (M; = 79570 Da,
BioReagent, 98 %, agarose gel electrophoresis, suitable for cell culture)

was supported by Sigma Aldrich, hydrogen tetrachloroaurate (HAuCly
x 3H20, 99.9 %, Au content 49 %) was from Alfa Aesar, silver nitrate
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(AgNOs, a.r. grade, 99.9 %) and sodium hydroxide (NaOH, 98 %) were
from Molar Chemicals. For ionic strength and pH-dependence studies,
sodium chloride (NaCl, 99 %) was also from Molar Chemicals and hy-
drochloric acid (37 % solution) was obtained from VWR. For the prep-
aration of PBS (pH = 7.4, 0.9 w% NaCl content), sodium dihydrogen
monophosphate (NaHyPO4 x 2H50, 99 %), disodium hydrogen mono-
phosphate (NapHPO4 x 12H50, 99 %) were from Molar Chemicals. For
quenching studies, potassium iodide (KI, puriss) was used from Molar
Chemicals. The aCSF medium was prepared using potassium dihydrogen
monophosphate (KHPOy4, a.r.) from Reanal, sodium bicarbonate
(NaHCO3, 99.5 %) from Sigma Aldrich, potassium chloride (KCl, 99 %)
from VWR and calcium chloride (CaCl, x 2H,0, a.r.), magnesium
chloride (MgCly x 6H20, 99 %), p-glucose (CgH1206 x H20, 99 %) from
Molar Chemicals. The composition of aCSF can be found in another article
[25]. Human serum (from human male AB plasma, USA origin,
sterile-filtered) as a matrix material was from Sigma Aldrich. For the
sensing measurements, kynurenine pathway molecules r-tryptophan
(Trp, 1, 98 %) and nicotinamide adenine dinucleotide (NAD, 10, for
biochemistry, 97 %) were provided by Merck GmbH, while kynurenic
acid (Kyna, 2, 98 %), xanthurenic acid (XA, 3, 96 %), pr-kynurenine
(Kyn, 4, 95 %), 3-hydroxy-pr-kynurenine (HKyn, 5, 98 %), 3-hydroxyan-
thranilic acid (3-HAA, 6, 97 %), anthranilic acid (AA, 7, 98 %), picolinic
acid (PA, 8, 99 %) and quinolinic acid (QA, 9, 99 %) were from Sigma
Aldrich. Serotonin pathway molecules 5-hydroxy-i-tryptophan (HTrp,
11), serotonin (HTA, 12, 98 %), N-acetyl-serotonin (ASer, 13, 99 %),
melatonin (Mel, 14, 98 %) and i-tryptamine (TA, 15, 97 %) were sup-
ported by Sigma-Aldrich. (Numbers after the names of the molecules
correspond to the notations used in sensing studies, see Chapter 2.9.). All
solutions were prepared using Milli-Q ultrapure water (18.2 MQ cm at
25 °C), and the reagents were used without further purification.

2.2. Preparation of transferrin-stabilized noble metal nanoclusters

2.2.1. Tf-AuAg NCs

The synthesis of the Tf-AuAg NCs was performed based on the
method for Tf-Au NCs with some modifications [17]. In the finalized
process, 5.4 mg Tf was dissolved in 960 pL water for 15 min, then 35.8
pL HAuCly (10.0 mM) and 4.2 pL. AgNOs3 (10.0 mM) stock solutions were
added as metal precursors, obtaining a gold-to-silver ratio of 8.5:1. After
5 min of gentle stirring, the sample pH was raised over 12 by adding 100
pL of 1 M NaOH solution to initiate the reduction of metal ions by
promoting the reducing effect of the Tf. The sample was left in the dark
at room temperature for 24 h without stirring, finally obtaining the
orange-red-emitting NCs. For larger volumes, the quantities were simply
multiplied.

2.2.2. Tf-Au NCs

To compare the optical properties, the protein structural changes and
the results of the sensor studies of the newly synthesized Tf-AuAg NCs,
Tf-Au NCs were also fabricated by our protocol. The preparation was
started by dissolving 1.5 mg of Tf in 920 pL of water for 15 min, then 80
pL of 10.0 mM HAuCly solution was added and left stirring for 5 min.
Subsequently, the sample pH was increased by the addition of 100 pL of
1 M NaOH solution over 12. The final nominal concentrations were Tf at
1.36 mg/mL and Au at 0.73 mM. After 5 min of mixing, the sample was
put on a hot plate providing 40 °C during the subsequent 24 h. The
sample was left still during this step and was protected from ambient
light. The resulting Au NCs showed intense red emission at 628 nm and
were used in the abovementioned experiments.

2.2.3. Purification of the cluster’s dispersion

The subsequent cleaning of the NCs was performed using dialysis.
One sample was first diluted with water to 4.6 mL, then inserted into a
14 kDa molecular weight cut-off cellulose membrane and dialyzed
against 1 L Milli-Q water for 1.5 h, which proved sufficient for the
elimination of contaminants and residual salts. The complete
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purification was achieved by a second dialysis step, changing the spent
matrix for a fresh batch of water and continuing the process for another
hour. The purified samples were then stored in the fridge, protected
from light, until further use.

2.2.4. Preparation of solid samples from dispersions

For characterization, solid samples were prepared by freeze-drying
the purified aqueous dispersions of bimetallic NCs. First, the nano-
cluster dispersions were frozen using liquid nitrogen, and then they were
transferred to a Flexi-Dry™ (FTS Systems®, Inc.) lyophilization instru-
ment for 24 h to evaporate all the solvent.

2.3. Fluorescence measurements

Fluorescence of the samples was investigated using a Jasco FP-8500
fluorimeter. The samples were transferred into a 10 mm quartz cuvette
and were measured applying 2.5 nm slit values for both excitation and
emission monochromators with a 200 nm/min scan speed. 3D spectra of
optimized Tf-AuAg NCs were recorded ranging A.x = 200—500 nm and
Aem = 210—800 nm using the same device applying a 500 nm/min scan
speed. Quenching studies and fluorescence sensing measurements were
performed on a Horiba Jobin Yvon FluoroMax-4 spectrofluorometer. On
this device the applied slit values were 3 nm for nanocluster samples and
2 nm for pure protein. Fluorescence quantum yield measurements were
performed using an integrating sphere (Jasco ILF-835 with 100 mm
diameter). Quantum yield calculation was performed using the built-in
software of the Jasco FP-8500 spectrofluorometer based on three
recorded spectra: direct excitation, where the exciting beam hits the
sample directly; indirect excitation, where the beam hits the wall of the
integrating sphere and only diffused light excites the sample; and a
spectrum recorded without a sample for the measurement of scattered
light. The measured spectra were corrected using a Jasco Calibrated
Light Source-WI (ESC-842) without using other references. Calculations
were made by the ABL&E JASCO SpectraManager 2.0 software provided
with the fluorimeter. Fluorescence lifetime measurements were
executed using a Horiba DeltaFlex time-correlated single photon
counting (TCSPC) device. Multiple samples were analyzed in a 10 mm
quartz cuvette using a DeltaDiode pulsed laser as a light source (. = 371
nm), and a 400 nm longpass filter was employed. All measurement data
were registered using a 50 kHz repetition rate in the range of 0-13 ps,
with a wide slit value of 12 nm due to the long lifetime components and
relatively low quantum yields. The instrument response function (IRF)
was measured with multiple settings for the correction of very short
lifetimes using a standard silica dispersion provided by Horiba. The
decay curves were evaluated using the EZTime program included with
the device. The measurement data were fitted using exponential func-
tions and the lifetime components were determined, while the fitting
was characterized by the obtained y? values.

2.4. Ionic strength and pH dependence studies

The optical and colloidal stability of NCs were tested against
different NaCl concentrations and in the range of pH = 1—13. To obtain
a sample, 1.8 mL of sodium chloride solutions with different concen-
trations were prepared from a stock solution (1 M) and 200 pL of NCs
were added while stirring, reaching ionic strengths ranging 0—0.5 M.
For pH experiments, the solution pH was adjusted using hydrochloric
acid and sodium hydroxide solutions, applying 0.1 M NacCl for constant
ionic strength during the measurements. The hydrodynamic diameter of
the protein-stabilized NCs was measured using a Malvern ZetaSizer
NanoZS ZEN 4003 instrument equipped with a 633 nm He-Ne laser,
applying a 173° scattering angle for detection. Five parallel measure-
ments were made using 2-min temperature regulation at 25 °C.
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2.5. Fourier-transformed infrared spectroscopy (FT-IR)

FT-IR spectra of Tf and Tf-AuAg NCs were registered using a Jasco
FT/IR-4700 device with an ATR PRO ONE Single-reflection accessory.
IR data were measured in the range of 500-4000 cm™! with 1 cm™!
resolution, and 16 interferograms were cumulated for one spectrum.
Measurements were made on the powder obtained from the successive
dialysis and lyophilization of pristine Tf and Tf-AuAg NCs samples.

2.6. Circular dichroism (CD)

Circular dichroism spectra of Tf, Tf-Au NCs and Tf-AuAg NCs were
measured using a JASCO J-1100 spectrometer. Individual samples were
diluted to 6.5 x 1072 mg/mL (Tf1 and Tf-Au NCs) and 5.9 x 10~2 mg/
mL (Tf2 and Tf-AuAg NCs). The AAbs of the samples were registered in
the 200—300 nm range using 1 cm optical length at ambient tempera-
ture. The sample compartment was constantly purged with Ny applying
3 L/min speed. The ratio of secondary structure elements was calculated
by fitting the measured data (in molar ellipticity units) using the Reed
model in the Jasco SpectraManager 2.0 Secondary Structure Estimation
software.

2.7. Transmission electron microscopy (TEM)

TEM images were recorded using a FEI-Tecnai G2 20 X-Twin High-
Resolution Transmission Electron Microscope applying 220 kV
voltage. The electron source of the device was a heated W filament. The
samples were diluted and dropped on a carbon mesh grid, followed by a
gentle drying using an infrared lamp. Bright-field images were recorded
at 255 kX magnification and size distribution was calculated with
ImageJ software.

2.8. Quenching studies

The fluorescence quenching on Tf and Tf-AuAg NCs was tested using
iodide ions, which are known to efficiently quench the emission of Trp.
In a series of experiments, 0.1 M KI solution was added in different
volumes (0—125 pL) to a mixture of PBS and protein or Tf-AuAg NCs
dispersion (250 pL) reaching a total volume of 2.5 mL. The quenching
effect was simply evaluated based on the excitation and emission spectra
of the samples.

2.9. Sensing of tryptophan metabolites

The effect of the kynurenine and serotonin pathway molecules on Tf-
AuAg NCs’ fluorescence was checked in three different media. In a
typical measurement, 250 pL of NCs’ dispersion was diluted with the
medium (PBS, aCSF or diluted human serum, where the stock was
diluted five times with PBS), then 86 pL of neuroactive molecule solu-
tion was added to reach 34.4 M concentration in a total volume of 2.5
mL per sample (the molar ratio of metal content to neuroactive molecule
was 1:3.96, for protein it was 1:23.3). The stock solutions of the tryp-
tophan metabolites (molecules 1—-15) were freshly made by dissolving
the dry powder in the appropriate medium (PBS for the human serum
samples) to reach 1 mM final concentration. In the case of 3-hydroxyan-
thranilic acid (3-HAA, molecule 6) further samples were prepared by
varying the added volume (10—200 pL) and the concentration of the
stock solution (0.1 or 0.01 mM), in the range of 0-34.4 uM in PBS and
aCSF only.

2.10. Isothermal Titration Calorimetry (ITC) studies

The interaction between 3-HAA and Tf was checked with Isothermal
Titration Calorimetry (ITC) measurements using a VP-ITC microcalo-
rimeter from MicroCal Inc. (Northampton, MA, USA). During the calo-
rimetric experiments, 10 pL of the 3-HAA solution was injected in 25
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increments into 1.4 mL of the Tf solution with constant stirring. Each
injection of the 3-HAA solution was administered for over 20 s, followed
by a 200-s interval before the next injection. To account for the dilution
effect in the recorded enthalpograms, corresponding reference blank
trials were performed under identical conditions. Specifically, the
titration of the 3-HAA solution in PBS was carried out with 10 pL of the
ligand solution in 25 steps into 1.4 mL PBS. To prevent bubble forma-
tion, all samples were degassed for 10 min shortly before the measure-
ments began. The sample cell was continuously stirred at a rate of 240
rpm, and the experiments were conducted at 25 °C. The thermal infor-
mation (dQ/dt) collected during the calorimetry was displayed on dif-
ferential calorimetric curves registered as a function of time. The
acquired enthalpograms showed enthalpy change values related to the
amount of 3-HAA added to Tf as a function of the molar ratio (ligand/
protein) attributable to each dosing step. The heat effect resulting from
the dilution of the ligand was corrected with the results of reference
blank tests. In similar tests, Tf-AuAg NCs with identical protein con-
centrations were also used to check the effect of nanocluster formation
on the binding interaction.

3. Results and discussion
3.1. Optimization of the synthesis protocol of the bimetallic nanoclusters

The Tf-AuAg NCs possessing the highest fluorescence were chosen
based on a protocol similar to our previous works [25,26]. In short,
parameters such as the gold-to-silver ratio, Tf and metal concentration,
temperature as well as synthesis time were varied to reach optimal
fluorescence. The results of optimization are summarized in Fig. 1. In the
first step, some of the gold solution was changed to 10.0 mM AgNOs
ranging from 4:1 to 15:1 gold-to-silver molar ratio. The NCs prepared
this way showed lower fluorescence compared to Au NCs, about halving
the intensity (from 4000 to ~2200), but a clear maximum could be
detected in this region at 8.5:1 ratio (Fig. 1 A). The next step was
changing the Tf quantity (thus concentration) of the samples in the
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range of 1.2-6.6 mg per sample (1.09—6.00 mg/mL, see Fig. 1 B). The
addition of extra protein as reducing agent doubled the fluorescence of
the NCs when the Tf content was at 5.4 mg (4.91 mg/mL). Further in-
crease did not cause any significant improvement. The effect of tem-
perature was checked at multiple points in the range of 10-60 °C. Based
on the results, the ambient temperature was ideal for synthesis
providing a remarkable increase in fluorescence and a blue shift in
emission (Fig. 1C). Near room temperature syntheses (17-32 °C) pro-
vided similar intensities with low variation in emission maxima (+1-2
nm), thus any heating or cooling results in similar or lower emission,
therefore should be avoided. Higher temperature induces slight dena-
turation of the protein, which results in lower reducing capacity and an
emission profile closer to the original Au NCs. The metal concentration
was altered from 0.22 to 2.22 mM. Comparing sample emission in-
tensities (not shown) there is no improvement for any sample, only the
sample with 1.09 mM metal concentration (1.5 times) shows a similar
(slightly lower) value. However, checking the normalized emission
(intensity per mM of metal) showed a significant escalation peaking at
0.36 mM with a ~60 % rise accompanied by a red shift from 599 to 606
nm (Fig. 1 D). Synthesis time had a large effect on sample fluorescence,
as shown in Fig. S1. After increasing the pH to 12, the NC formation
slowly started with a maximum at 580 nm in the first 60 min, then the
fluorescence rapidly escalated followed by a red shift to 613 nm after
2—2.5h. The peak assigned to protein emission rapidly decreased during
the first hour, supposedly due to the disappearance of a blue-emitting
intermediate or the effect of quenching caused by the presence of the
forming NCs. The peak position of the NCs remained almost intact with
the passing time, while emission amplification lessened after 4 h, and
after 12 h reached a steady value. The highest fluorescence was obtained
at 18 h, but for subsequent work 24 h was considered optimal as it
provided adequate emission and flexibility with performing the syn-
thesis. The final bimetallic NCs were compared to the original mono-
metallic NCs plus another sample prepared using the optimized
conditions (with 40 pL of HAuCly stock solution instead of a mixture
with AgNOs). As displayed in Fig. S2, optimization shifted the emission
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Fig. 1. Optimization of the experimental parameters for the preparation of bimetallic NCs: The effect of gold:silver molar ratio at 0.73 mM metal concentration (A)
(cre = 1.36 mg/mL, T = 40 °C), the Tf concentration (B) (Cmetal ion = 0.73 mM, cay = 0.65 mM, cpg = 7.7 X 102 mM, T = 40 °C), the synthesis temperature (C) (crf =
4.90 mg/mL, cpy = 0.128 mg/mL, cpg = 8.3 x 1078 mg/mL) and the total metal concentration (D) (¢t = 4.90 mg/mL, T = 25 °C) on the fluorescent emission

intensity. Aex = 275 nm.
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from 626 nm to 595 nm and amplified the intrinsic emission by more
than 4-fold. Monometallic NCs prepared with the optimized parameters
showed worse emission values compared to both the original NCs and
the optimized ones (58 % emission compared to original Au NCs at 652
nm), clearly showing the importance of the introduced silver atoms on
fluorescence.

3.2. Characterization of NCs
3.2.1. Optical properties

3.2.1.1. Evaluation of 3D spectra. Characterization of the bimetallic NCs
was performed after purification according to the protocol presented in
Chapter 2.2. The registration of a 3D spectrum could help in the iden-
tification of fluorescent processes composing the final emission spectra
obtained at different excitation wavelengths. Based on the excitation
and emission values presented in Figure S3 A, we could separate indi-
vidual peaks that are present in the spectra. First, peaks related to the Tf
and the NCs are obviously separated in the emission spectra with
different excitation values assigned to each peak. Emission peaks of Tf
appear below 500 nm and mainly come from Trp present in the protein.
The peaks are at higher values compared to the pure Tf emissions (see
Figure S3 B). This is apparently the result of the cluster formation which
makes the protein emission peaks much weaker (34 % loss) with a sig-
nificant red shift from 330 to 350 nm. For the NCs this means that the
presence of the metal atoms or a change in secondary protein structure
alters the emission of Trp residues, which become more susceptible for
quenching caused by solvent molecules, causing the abovementioned
red shift [27]. This region consists of at least two different peaks
centered around Aepy, = 360 nm (Aex = 280 nm) and Ay, = 405 nm (Aex =
325 nm). The second peak is much weaker compared to the first one and
is only present as a weak shoulder on the excitation spectra, but it is
much more accentuated on emission spectra (hidden by the NC peaks in
Figure S3 A). If we compare the spectra of Tf and NCs focusing on the
protein-related or the NC peak (as presented in Fig. S4) we can see that
the shape and positions of excitation change. The peak of NCs does not
change its shape significantly, but the peak maximum shifts from 600 to
590 nm with higher excitation wavelengths. Combined with the time
dependence studies (Fig. S1) we can surmise that the NC emission is the
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sum of multiple smaller peaks with different emission maxima.

3.2.1.2. Quantum Yyield measurements. Measurements performed on
gold and bimetallic NCs revealed acceptable quantum yield values of
4.21 (£0.15) % for gold and 3.46 (+0.30) % for bimetallic NCs,
respectively. X. L. Guével et al. also reached 4.3 % for Tf-Au NCs, but
during synthesis ascorbic acid was also applied to help reduction [24].
Compared to other protein-stabilized NCs in the literature [25,28] the
resulting material performs relatively well (2.31 % for y-globulin-, 2.5 %
for bovine serum albumin- and 4.8 % for lysozyme-stabilized AuAg
NCs), yet they have much lower quantum yield when compared to NCs
made with the microwave method or by using an additional reducing
agent (10.44 % and 9.16 %, respectively [17,18]). Nevertheless, this
value was sufficient to perform all the experiments of this work, even
after tenfold dilution.

3.2.1.3. Fluorescence lifetime. Measuring the lifetime of the fluores-
cence processes is a good method to find out the source of the individual
emission peaks. We successfully recorded the emission decays of gold
and bimetallic AuAg NCs and fitted the data assuming 3 lifetime com-
ponents (t1—73, see Fig. 2). Most of the emission (~75—80 %) comes
from the largest component, which is 2.20 ps for gold and 1.56 ps for
AuAg NCs at their apparent emission maxima (640 and 580 nm,
respectively; the wavelengths are different from the earlier presented
values due to the change of the measurement device). Based on the value
itself, this process should be phosphorescence rather than fluorescence
as indicated in many publications [29,30]. Other components have less
contribution, which is 17-20 % for 75 (410 and 250 ns) and a very small
value for 73 (11.8 and 8.2 ns with contributions of 2.4 and 4.9 %). If we
check the lifetime values and contributions at different wavelengths
(610, 660 and 710 nm), we can see that they change in accordance with
the emission wavelength. Lifetimes become longer at higher wave-
lengths, which is expected due to the longer time needed for these
processes to conclude. The contributions are connected to the individual
processes, which possess their own emission maxima as discussed pre-
viously. The first component has a much higher contribution
(82.6—95.3 %), while the others decrease (t2: 11.1 %—4.1 %; t3: 6.3 %—
0.6 %). Due to the shortage of data, we can only know that the first two
components are assigned to the cluster emission peak while the third one
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Fig. 2. Fluorescence lifetime decay and fitted curve of Tf-AuAg NCs (A) The contribution of the lifetime components in gold and bimetallic NCs (B). Residual of the
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belongs to ligand-related processes. Furthermore, we can assume that 75
and 73 have their emission maxima below 660 nm based on the changing
contribution values. If we deconvolute the emission spectrum recorded
with this measurement, we can divide it into 3 peaks. The first one is
only the high wavelength end of the protein peak with a maximum of
~444 nm (the fitting of this peak is largely based on extrapolation so the
value can be very different). This peak can be coupled with the fluo-
rescence of Trp, with the ns lifetime of T3 which causes much of the Tf
emission [27]. The next peak is centered at 583 nm with a decline in the
measured region (610—710 nm), which means that this is paired with 5.
Based on the value itself, this can be the metal-to-metal charge transfer
happening in the NC cores [26,31]. The last peak with a maximum of
669 nm is assigned to T3, which is the ligand-to-metal or
ligand-to-metal-metal type charge transfer characteristic of
protein-stabilized metal NCs [32,33]. The highest occupied molecular
orbital (HOMO) should consist of the p orbitals of the ligands (e.g.
through the Au-S bond). The lowest unoccupied molecular orbital
(LUMO) should be from the d orbitals of the core metals (Au and Ag).
The change of the NC cores can influence the charge transition, as there
is less sd hybridization in Ag (5s) compared to Au (6s) due to relativistic
effects, which means higher energy levels for the LUMO, therefore the
energy gap widens, resulting in the blue shift of the Aep,. As a matter of
fact, these are only the minimally separated emissions; multiple core
structures can be imagined based on different Au:Ag atomic ratios which
must have different emission peaks and lifetimes, however due to the
insufficient resolution of the technique and the lack of measurement
data, no more information could be extracted. If we consider the process
of the suspected phosphorescence, higher quantum yield can be
explained by a faster transition between the singlet (S;) and triplet (T,
usually T; or T») states [34]. If we assume that the incorporation of Ag
lowers the energy gap (AE of the S;—T, process) between the appro-
priate states, the efficiency of phosphorescence becomes higher
compared to internal conversion channels, thus the measurable QY%
increased.

3.2.2. ICP-MS

The applied purification process following the synthesis can change
the actual metal content of the NCs. In most publications, no data can be
found for the exact metal concentration of the prepared nanostructured
materials. To determine the metal content, ICP-MS measurements were
performed on gold and bimetallic NCs. The results are summarized in
Table 1. Comparing the nominal (total) and measured (actual) data for
both Au and Ag, we can see that gold content decreased by 25.2 % for
monometallic NCs and by 22.1 % for bimetallic NCs. Presumably, not all
the gold ions were reduced, and during the purification process, the
excess ions were removed by dialysis. Silver content showed an
increased value, most probably the volume of the sample decreased
during the synthesis (24 h) due to the slight evaporation of the solvent or
the nominal content was more. We can suppose that the silver content
does not change significantly, which would be in accordance with our
previous work [26]. The actual gold-to-silver molar ratio therefore
changed from the original 8.51:1 to 5.65:1. This corresponds to Augs o, —
Ag1s o, percentage element ratio.

3.2.3. TEM studies
While X-ray photoelectron spectroscopy investigations were not
carried out to confirm the zero-oxidation state of the elements in the

Table 1
Calculated and measured concentration of metals in pure gold and bimetallic
NCs.

Nominal concentration (ug/mL) Measured concentration (pg/mL)

NCs type Au Ag Au Ag
Au 68.50 - 51.20 -
AuAg 15.30 0.985 11.92 1.156
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final products, the registered transmission electron microscopy images
strongly support the formation of NCs. The captured images (Fig. 3)
revealed that the diameter of NCs is around 2.0 (+0.3) nm with a very
narrow distribution, as the majority (~75 %) is in the range of
1.67-2.33 nm. The NCs usually take a spherical shape and are quick to
melt due to the energy of the applied electron beam; therefore, the
actual size can be somewhat underestimated. Compared with the results
from dynamic light scattering (dg = 7.2 + 0.6 nm), we clearly observed
a smaller average size, as DLS is sensitive to the hydrodynamic diameter
of the particles while TEM measures the NC cores in their dry state, as
published previously for other metallic NCs [24,26].

3.2.4. FT-IR

Fourier-transformed infrared spectra of Tf and Tf-AuAg NCs were
registered to check the effect of NC formation on the protein structure.
The FT-IR spectrum for Tf-Au NCs is already available in the literature
[24]. Based on our results (Fig. 4 and Table 2), the NCs show similar
peaks as the initial protein, with very few changes in peak positions and
area ratios. The most noticeable change is the rise of the amide I peak at
~1640 cm™! compared to the amide II peak at 1570 cm™!. Some peaks
at lower wavenumbers also show higher absorbance (e.g. 1395, 835
cm 1) but these could not be assigned to exact bonds as they appear in
the fingerprint region of the spectra. Checking the amide I peak, we can
resolve the peaks based on previous publications [26,35], where the
different secondary structure elements present in Tf belong to different
energy (wavenumber) absorptions. Comparing the peak areas belonging
to each structural element, we can see that the formation of NCs mainly
reduces the ratios of a-helices and f-sheets while the p-coils and random
structures are enhanced, as shown in Table 2. This change is explained
by the structure deformation caused by the interaction between the
metal atoms and Tf, which is further complicated by the reduction and
self-assembly of Au and Ag atoms and the formed NCs taking up larger
space in the Tf structure. Additionally, the stabilizing Au-S bonds and
the oxidized Tyr ligands also distort the structure. A similar conclusion
was obtained in the case of Tf-Au NCs [24], so varying the composition
of the metallic core does not significantly change the cluster formation
mechanism and thus the protein matrix structure.

3.2.5. CD

Circular dichroism measurements of the free protein and mono- and
bimetallic NCs reveal the disrupting effect of nanocluster formation on
protein secondary structure, as shown in Fig. 5 and Table 2 for the Reed
model. CD data for the formation of Tf-Au NCs was not available in the
literature; thus, all derivatives were analyzed and compared at similar
concentrations (0.059 and 0.065 mg/mL). Raw data was evaluated using
both the Yang and Reed models, where the former showed better fitting
for the Tf, but completely failed in determining the structure for NCs, so
the Reed model was used for this article. Transferrin has a sizable
amount of ordered structural elements, such as a-helices and B-sheets
(~12 and 45 %) which show smaller contributions in the NCs (~0 % of
a-helices and 38—41 % of p-sheets for both NCs). The calculations
showed similar trends as FT-IR measurements, except f-coils and
random structure ratios were mixed, which is due to the differences in
these methods and the evaluation of the data.

3.2.6. Stability studies

The optical and colloidal stability of the NCs were checked in
different ionic strength and pH conditions. As displayed in Fig. 6, sam-
ples reacted with a slight increase in fluorescence when the ionic
strength was raised from 0 to 0.05 M, then showed a slow decline on-
wards to 0.5 M. This effect was possibly related to minor aggregation
between the NCs, but DLS measurements did not reveal significant size
change due to ionic strength (7.9 4+ 0.4 nm measured in PBS compared
to the original 7.2 + 0.6 nm in water). In the case of pH, sample fluo-
rescence remained relatively stable in a broad range, the only exceptions
being pH = 1-2 and around the protein isoelectric point (IEP). Very
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Table 2
Evaluation of Tf secondary structure based on FT-IR (top) and CD data (bottom,
calculated using the Reed model).

FT-IR a-helix p-sheet Coils Random

Tf 7.4 34.4 22.2 35.9

Tf-AuAg NCs 2.7 27.5 32.8 37.0

CD a-helix p-sheet Coils Random RMS
Tf 12.3 44.8 6.7 36.2 10.063
Tf-AuAg NCs 0.4 41.3 5.1 53.2 5.385

acidic conditions disrupt the protein secondary structure as well as
provide the chance for silver atoms to be dissolved, therefore decreasing
the emission and shifting it towards the red region. In contrast, the NCs
aggregate near the IEP of Tf due to their low stability in these conditions;

thus, their fluorescence is amplified due to the aggregation-induced
enhancement phenomenon (AIE) [29,30]. While it is evident from the
image of the samples that there is a significant aggregation at pH = 4 and
5, subsequent light scattering measurements performed on a new set of
samples could not reveal any relevant changes in size, which means that
noticeable aggregation is restricted to a small pH range. To summarize,
pH over 6 should be appropriate for working with NCs even at relatively
higher ionic strengths (0.1 M), which is also in accordance with the
literature [24], where neutral and basic conditions are suggested.

3.2.7. Quenching studies

The quenching of the fluorescence of NCs usually involves electron
transfer, formation of a complex between the NC and the quencher or
simply oxidation of the metals [26,36]. The fluorescence quenching of
pure Tf and Tf-stabilized bimetallic NCs was performed using potassium
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iodide (KI) solutions. I" is a well-known quencher of Trp which provides
the majority of Tf emission around 330 nm [27]. Different concentra-
tions of KI ranging 1—5 mM were added to Tf and Tf-AuAg NC samples in
PBS buffer. Based on the measurements displayed in Fig. S5, the pres-
ence of I” slightly decreased the overall Tf emission. Comparing the
excitation spectra reveals minor changes mainly in the region of
240-260 nm. In the case of bimetallic NCs, the presence of I decreases
the emission in the blue region and there is a significant blue shift taking
place here. The fluorescence of NCs in the red region is somewhat
enhanced, with a larger effect on the peak around 670 nm. Examining
the corresponding excitation curves we can observe that the I ions

decrease excitation at lower wavelengths (similar for Tf, between 240
and 260 nm). In turn, excitations over 300 nm (belonging to NCs
emission) are stronger. Based on these results, we can assign
excitation-fluorescence peaks independently from 3D fluorescence
measurements. The fact that quenching was induced by I” means that
the fluorophores responsible for the emission at 450 nm are accessible
for these ions, therefore they are closer to the surface of the NCs. These
species encounter the solvent molecules, which reduce their emission
compared to species embedded in the protein and cause a red shift due to
the energy loss coming from fluorophore-solvent interactions. Addi-
tionally, selective enhancement at the NC peak means that the
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ligand-related peak around 670 nm (with t; lifetime) is more sensitive to
the presence of I, which is not surprising, considering that the metal
cores are embedded deeper in the protein structure.

3.3. Sensing of kynurenine pathway molecules

In the sensing measurements, 10 different molecules from the
kynurenine pathway were tested first (Fig. S6 and S7). Based on the
results presented in Fig. 7A, we found that only 3-hydroxyanthranilic
acid (3-HAA, marked as 6) caused a significant change in fluorescence
compared to the pure Tf-AuAg NCs (marked as 0) in PBS medium (I/Iy ~
1.6-1.7). Other molecules only had a minuscule effect, usually shifting
the maximum of fluorescence due to their own blue emission. The only
exception was 3-hydroxy-pr-kynurenine, where the shape of the emis-
sion curve changed, mainly because of an increase for the lower energy
part of the NC emission (belonging to the t; lifetime emission at ~670
nm). In the case of 3-HAA, the signal was checked in the range of 0-34.4
pM and we could determine its limit of detection (LOD) value at 0.55 pM
(Fig. 8A and Fig. S8A). At higher concentrations the self-fluorescence of
3-HAA can overlap with the emission of the NCs, but this effect is
negligible in the region of detection. The growth of emission can be
generally explained by aggregation-induced enhancement (AIE). In op-
position to the sensing mechanism presented for serotonin in the liter-
ature [17], only a minor aggregation might occur between the NCs in
our case, as we could observe neither large-scale aggregation nor the
formation of stable light-scattering particles due to the presence of
3-HAA with DLS (size with 34.4 pM of 3-HAA was 7.0 £ 0.7 nm
compared to the original diameter of 7.2 + 0.6 nm). The presence of
3-HAA can make the protein structure more rigid, resulting in the partial
inhibition of non-radiative decay processes, therefore amplifying the
emission of fluorescent photons. The effect of 3-HAA was also checked
for fluorescence lifetime-related changes. Due to the overlapping of
fluorescence signals, T3 became the mixture of the protein and 3-HAA
fluorescence, and the larger contribution based on concentration was
also evident. The NC-related lifetimes showed a declining contribution,
and their values were also smaller. This could be a result of different
measurement parameters, which affected the larger lifetime components
more, or it could be due to the presence of the 3-HAA.

Similar experiments were also conducted in an aCSF medium with
different results. The medium itself had an enhancement effect on the
fluorescence of NCs (around 10—15 % increase compared to water),
which did not disturb the sensing reaction. This change might be caused
by the Ca®" and Mg?" ions present, which might bind to the stabilizing
protein of the NCs, thereby restricting non-radiative decay [37]. The
investigated kynurenine pathway molecules further raised the emission
regardless of their structure, and selective enhancement appeared only
for some molecules, namely xanthurenic acid (XA), pr-kynurenine (Kyn),
HKyn, and 3-HAA. Kyn does not show much any effect in PBS, it only has
an emission peak overlapped with the Tf emission (around 470 nm), but
in aCSF greater enhancement can be detected, especially at lower
wavelength NC-emissions (Aeyy = 525-625 nm, see Fig. S7). This part of
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the peak might increase due to some kind of complex formation with one
of the constituents of aCSF, and overlaps much more with the NC peak,
shifting and increasing the fluorescence below 630 nm. The spectrum
over this wavelength is the same as for molecules with no effect on
emission, thus selective emission strengthening can be excluded. For
3-HAA, the sensing reactions showed a similar curve as in PBS, but the
calculated LOD value was even lower (0.32 pM, see Fig. 8B and
Fig. S8B). The linear region is very short, followed by a saturation-like
curve showing maximization of fluorescence below 5 pM. As 3-HAA
has its own fluorescence based around 420—430 nm, its concentration
could be determined without the application of NCs. However, there are
many interfering agents showing fluorescence in the blue region dis-
rupting the determination of 3-HAA (such as AA), but in the emission
region of the NCs (~610 nm) there are very few substances emitting, so
this is ideal for experiments. The sensing studies were carried out with
the pure Tf-Au NCs as well, and only slight enhancement (I/Ip ~ 1.1-1.2)
could be observed, which means that our developed bimetallic NCs show
higher sensitivity only for 3-HAA as a result of possibly better
interaction.

In the final series of experiments, response of the NCs was also tested
in diluted human serum (see Fig. 7A and S7). Our results showed that the
biological matrix had negative effects on sensing, as the large protein
content, scattering particles and aggregates hindered precise fluores-
cence measurements. Using a blank matrix without NCs as background,
we could visualize the effects of the tested molecules on the NCs, which
is shown in Fig. S7. In the presence of the serum, the NCs’ emission
profile changed drastically, with a large red shift (AL = +38 nm) and
increase in fluorescence (~21 %). However, when we added the tested
molecules to the sample, the fluorescence shifted back near the NC-
emission in water (AL = — 30—35 nm), and the emission intensity was
also lowered (—12—16 % compared to the signal in serum) regardless of
the molecule. The results were similar to the data in aCSF, as remarkable
difference was only detected in the case of XA and 3-HAA, where the
intensity was higher compared to the other molecules; in the case of 3-
HAA, the signal was also as large as the intensity measured for the NCs.
Surprisingly, we detected the decrease of the emission in the case of Kyn,
which did not happen in the other media. On another note, XA and HKyn
decreased the emission of the proteins present in the samples (Tf and
serum constituents), therefore the corrected spectra show negative
values in the Aep, = 380—500 or 380—555 nm regions). As the presence
of the serum greatly increased the detected intensity, the noise was also
greatly enhanced (around 3-5 x in individual samples compared to the
NCs in water), therefore the LOD value in serum ought to be much
higher compared to the ones determined in PBS and aCSF.

The bimetallic NCs were also employed in sensing reactions with
dopamine pathway molecules (5 molecules and Trp from the kynurenine
pathway, Fig. S6 and S7). In this case some of the molecules (marked
11-13) showed different amounts of emission amplification every me-
dium, thereby making their selective sensing impossible. All the mole-
cules showing any selective emission enhancement contain a phenolic
OH group, which can be essential in processes that manipulate the
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Fig. 7. Emission enhancement (I/Ip) of kynurenine (A) and serotonin (B) pathway molecules with identical concentrations (34.4 uM) in PBS, aCSF and diluted

human serum (Cyeta = 7.78 pM).
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fluorescence of the NCs. Although Kyna also possesses an OH group
connected to an aromatic ring (4-hydroxyquinoline), it does not show
any effect, meaning that this ligand cannot change the fluorescence. This
might be because of the nitrogen atom present in the ring, which sup-
ports keto-enol tautomerism in the molecule, with the equilibrium
largely shifted to the ketone form.

3.4. Evaluation of potential interaction between Tf and 3-HAA with ITC

To investigate the interaction of Tf-AuAg NCs and 3-HAA ligand,
calorimetric measurements have been performed. This investigation was
also extended to pure Tf protein in order to prove the role of the NCs as
potential materials for sensing applications. The results are shown in
Fig. 9. The ITC studies were performed according to the concentration
conditions set during the fluorescence spectroscopy tests, focusing on
the smaller molar ratio region. Based on the findings of the ITC tests,
there is no detectable binding interaction between the 3-HAA and the
pure Tf. The measurements were repeated with the bimetallic NCs sta-
bilized by Tf, using the same protein concentration as in the first test. In
this case we found that there is a selective binding between the re-
actants. Fitting the registered data with the one binding site model gives
the thermodynamic parameters of the reaction. The molar free enthalpy
is around —36 kJ mol ! meaning the reaction is favored; molar enthalpy

20

— p—
[—} [9]]
N N

AH / kJ mol!

[2]]
1

0.8 1.1
n(HAA) / n(Tf)

Fig. 9. Isotherm titration calorimetry of 3-HAA with Tf and Tf-AuAg NCs. Full
symbols: enthalpograms of the interaction between the clusters and 3-HAA;
empty symbols: enthalpograms from the protein and ligand interaction; solid
green line: the fitted curve of the one-binding site model.
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gives 13.1 kJ mol~! for Tf-AuAg NCs, while molar entropy is 165 J
mol ! K™L. Considering the relationship between AH and TAS, we can
see that the binding process is endothermic and entropy-driven. The n
parameter representing the estimated number of binding sites (N) was
1.03 + 0.01, while the binding constant (K,) was 2.17 £+ 0.33 x 10°
M~L. Taking these results into consideration, the change in the fluo-
rescence property can be attributed to the structural modification
resulting from the direct binding of the ligand to the protein. The FT-IR
and CD studies presented above proved the structure-changing effect of
NC formation, which suggests that new amino acids could appear on the
surface of the NCs, forming possible binding regions for 3-HAA in Tf.

4. Conclusion

Summarizing our results, we successfully synthesized novel Tf-
stabilized bimetallic AuAg NCs. The development of our preparation
protocol has led to a four times better fluorescence intensity compared
to single-metal systems, without the use of other reductants. We fol-
lowed an optimization process based on five different synthesis pa-
rameters (metal ratio, Tf concentration, temperature, metal
concentration, and synthesis time) to maximize inherent fluorescence.
The resulting material underwent a cleaning process based on dialysis,
and the sample was characterized and compared to free Tf and mono-
metallic gold NCs. The properties of NCs were assessed, focusing on the
Tf and the metal core, with greater interest in optical properties.
Quantum yield measurements showed that the NCs perform as well as
other protein-stabilized NCs, albeit they have lower values compared to
some Tf-Au NCs presented in the literature. It must be mentioned that
the values cannot be compared directly, because the determination
methods for quantum yield were different (using rhodamine B versus a
calibrated light source as reference). Fluorescence excitation and emis-
sion were thoroughly analyzed, separating individual peaks coming
from metal- and ligand-based emissions. With the help of 3D fluores-
cence spectra, quenching studies using iodide ions and fluorescence
lifetime measurements, we could divide the excitation and emission
spectra into different peaks, assigning protein- and nanocluster-related
fluorescence processes to exact emission maxima and lifetimes.
Finally, the NCs were employed in the sensing of tryptophan metabo-
lites, namely from the kynurenine and serotonin pathways. Further ex-
periments were conducted on 3-hydroxyanthranilic acid, where the LOD
value was determined both in PBS (0.55 pM) and aCSF medium (0.32
pM). Unlike usual sensing studies, 3-HAA amplified the fluorescence of
the bimetallic NCs, which is in accordance with the behavior of Tf-Au
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NCs [17]. Temperature-dependent measurements were not performed,
as these only provide valuable data in the case of sensing through
fluorescence quenching. Some of the serotonin metabolites also
increased fluorescence, but their separate determination could be
compromised due to their interference. Structural similarities between
the molecules that showed any enhancement in fluorescence intensity
imply that the presence of phenolic OH is essential, but its role is still
under investigation. While it is true that the intrinsic fluorescence of
3-HAA could be used for simple determination, the separation from
other fluorophores would be very difficult. The application of Tf-AuAg
NCs as a sensing material is supported by their fluorescence in the red
region, where very few interfering molecules emit, enabling measure-
ments to be performed without much disruption. Finally, ITC studies
revealed a binding reaction between 3-HAA and Tf-AuAg NCs, sug-
gesting the formation of one binding site for the molecule, which is not
present in pure Tf protein.
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