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Fabrication protocol of bovine serum albumin-(BSA) and lysozyme-(LYZ) stabilized gold/silver bimetallic
nanoclusters (Au/Ag NCs) have been reported via optimization of the protein/metal ion ratios, metal con-
centration, pH and incubation time. No other reducing and stabilizing compounds were used to produce
these nanoclusters at room temperature. Incorporation of small quantities of silver (�3–10 w%) into the
gold core substantially changed the optical features such as the enhancing of the quantum yield and blue
shifting of the emission wavelength compared to their purely gold-based derivatives. Applicability of the
BSA- and LYZ-directed Au/Ag NCs having intense fluorescence at above � 600 nm as potential fluorescent
reporters (FRs) has been studied by examining their interactions with chitosan/hyaluronic acid (Chit/
HyA)-based colloidal drug delivery particles. It was found that, in contrast to the monometallic deriva-
tives, our bimetallic NCs, prepared at room temperature and stabilized with larger amounts of proteins,
exhibit a much higher degree of stability during interaction with biocolloids. The results are confirmed by
fluorescence measurements in addition to light scattering studies, since the aggregation-induced emis-
sion is not observed dominantly, as clearly confirmed for Au-based NCs. Utilizing the alloying process
and the milder preparation conditions can be a promising route to the synthesis of noble metal NCs-
based FRs in biomedical field.

� 2022 The Author(s). Published by Elsevier B.V.
1. Introduction

The design of novel colloidal drug carrier particles has received
increasing research support over the past decade [1]. Their use
allows faster and more targeted delivery of the drug to the right
site in the human body and a more controlled drug release can also
be achieved [2]. Studying a new composite system makes testing
and evaluation much easier if the route of the active substance,
and therefore the composite can be traced in the body, mainly by
labeling individual particles or complexes. Labeling of different tis-
sues and cells is a well-known technique in medical science [3].
This method utilizes different markers for visualization of living/
dead or cancer cells, and specific tissues. Among these methods,
fluorescent labeling is promising, as it is easily visualized, and nei-
ther requires nor emits harmful radiation. However, fluorescent
labeling is rarely used for drug carrier labeling, even though the
path of carriers through the body could be traced, and targeted
release could be visualized. Radioactive isotopes [4] are often used
as a marking method, but fluorescent dyes like fluorescein, trypan
blue, Hoechst stains, 40,6-Diamidine-20-phenylindole dihydrochlo-
ride (DAPI), propidium iodide [5], quantum dots [6] or gold nanor-
ods [7] are also preferred for mainly cell imaging. As an alternative,
noble metal nanoclusters (MeNCs) can be applied [8] because they
possess adequate fluorescence intensity, which can be enhanced
and optimized for desired applications. Different fluorescence
emissions can be obtained by varying the size of the clusters, and
hence the number of atoms that build up the clusters or the type
of the stabilizing ligands [9]. MeNCs introduce no hazardous heavy
metals like cadmium (Cd) for quantum dots [10] and by smart
design (using biomolecules as stabilizers), they can be made bio-
compatible. The bimetallic nanoparticles (NPs) having
sizes>2 nm, often show better optical and catalytic properties than
their monometallic counterparts [11], so the fabrication of sub-
nanometer sized bimetallic NCs having the structure- and
composition-dependent tunable photoluminescence (PL) is the
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extreme focus of interest. In the last ca. six years several new NCs
have been synthesized by our group using template-assisted syn-
thesis, where proteins, peptides, amino acids, or nucleotides have
been applied as reducing and stabilizing agents [12–15], etc. Here,
we mainly focus on the protein-stabilized NCs using exclusively
BSA and LYZ. For BSA-stabilized NCs, several compositions have
been fabricated since 2010, such as Zn/Cu [16], Au/Cd [17], Au/Pt
[18], Au/Cu or Au/Ag [19–26]. For the latter case, in almost all pub-
lications either an extra reducing agent (NaBH4 or ultrasonic treat-
ment) is used or the synthesis is carried out at higher (37 �C
or � 80 �C) temperatures. For LYZ, only two articles were published
for synthesis of Au/Ag [27] and Au/Mo [28] NCs, thus the design of
new synthetic routes is highly justified.

Based on these findings, our aim was the optimization of new
preparation protocols for Au/Ag NCs reduced and stabilized only
with BSA and LYZ at room temperature, and without the applica-
tion of extra reducing agents. Exploiting their advantegous optical
properties and excellent stability thanks to the alloying process, we
studied their potential application as fluorescent labelling agents
for drug delivery monitoring, because in the literature these NCs
are dominantly used for cell and tissues imaging. Interactions of
these alloy NCs with drug carrier biocolloids have been studied
focusing on the colloidal and optical properties of such systems,
because the knowledge of these parameters is essential and pri-
mary information to design suitable systems.
2. Materials and methods

2.1. Materials

Bovine serum albumin (BSA, � 98 %, heat shock fraction, pro-
tease, fatty acid and essentially globulin free, Sigma, USA), lyso-
zyme (LYZ, � 90 %, from chicken egg white, Sigma, Canada),
hydrogen tetrachloroaurate (HAuCl4�3H2O, 99.9 % (metal basis),
Alfa Aesar, Germany), silver nitrate (AgNO3, > 99.9 %, Molar Chem-
icals, Hungary), Sodium hydroxide (NaOH, > 99.0 % Molar Chemi-
cals, Hungary). Hydrochloric acid (HCl, 33 w% solution, Molar
Chemicals, Hungary), sodium chloride (NaCl, Molar Chemicals,
Hungary), chitosan (high molecular weight, 310 – 375 kDa,
> 75 % deacetylated, Sigma, Iceland), hyaluronic acid sodium salt
(from Streptococcus equi, 1.5–1.8 � 106 Da, � 1% protein, Sigma,
Czech Republic), pentasodium triphosphate (tripolyphosphate,
TPP, for BOD determination, Merck GmbH, Germany), acetic acid
(>95 vol%, Erd}okémia, Hungary). Highly purified Milli-Q water
was obtained by deionization and filtration with a Millipore purifi-
cation apparatus (18.2 MX�cm at 25 �C). All chemicals were used
without further purification.
2.2. Preparation of protein-stabilized bimetallic gold-silver
nanoclusters

2.2.1. BSA-stabilized Au/Ag NCs
45 mg of BSA was dissolved in 5.0 mL MilliQ water, then stirred

for 15 min for complete dissolution. The metal salts were then
added to the protein solution in the following order: first, 230 lL
of 10 mM HAuCl4 (0.453 mg total gold content per sample) and
25 lL of 10 mM AgNO3 solution (0.027 mg total silver content)
were added and left for stirring for five minutes. The solution color
changed from yellow (initial aurate) to orange, then faded to a pale
yellow color. After ensuring sufficient time for the formation of
complexes, the pH was adjusted to pH � 12 by using a 1.0 M NaOH
solution. The color of the sample turned to stronger yellow, which
remained during the whole process. The reduction period was car-
ried out without stirring, protected from sunlight at room temper-
ature (�20–25 �C) for 16 h. In the final product (before
2

purification) BSA:Au:Ag 100:1.0:0.06 wt ratio (Au: 95 w%, Ag: 5
w%) was obtained.

2.2.2. LYZ-stabilized Au/Ag NCs
Two dispersions (LYZI-Au/Ag and LYZII-Au/Ag NCs) were syn-

thesized having orange-red and yellow emissions, respectively.
Namely, 45 mg (LYZI-Au/Ag) or 60 mg (LYZII-Au/Ag) LYZ was dis-
solved in MilliQ water and the solution was stirred for 15 mins.
As a second step, appropriate amounts of metal precursors were
also added as 217.5 lL or 180 lL 10 mM HAuCl4 (0.428 mg or
0.355 mg total gold content), and 37.5 lL or 11.3 lL 10 mM AgNO3

solution (0.040 mg or 0.012 mg total silver content), respectively.
After adding the metal salts, the sample color quickly changes from
yellow to orange, then into a pale-yellow color. After 5 min stirring,
the pH was adjusted to pH � 12 by using a 1.0 M NaOH solution.
The samples were left for NC formation without stirring and pro-
tected from light at room temperature for 24 h. In the final product
(before purification) LYZI:Au:Ag 100:1.0:0.09 (Au: 92 w%, Ag: 8 w
%) and LYZII:Au:Ag 125:1.0:0.03 (Au: 97 w%, Ag: 3 w%) weight
ratios were obtained.

The prepared samples were purified by dialysis using a 14 kDa
molecular weight cut-off cellulose membrane in all cases. After
purification, the distribution of the metals was slightly changed,
as shown in Table S1. To compare the structural and optical prop-
erties of these NCs the BSA-Au NCs and LYZ-Au NCs were also pre-
pared by using our preparation protocols described in our previous
papers [29–31].

2.3. Preparation of polysaccharide-based biocolloids

The qualification of the bimetallic NCs for fluorescent labeling
was investigated with previously prepared and well-
characterized polysaccharide-based colloidal particles [32]. The
description of the biocolloids is summarized in Supplementary
(Scheme S1).

2.4. Design of carrier particles labeled with fluorescent NCs

The labeling experiments - using the cleaned bimetallic NCs
synthesized at the optimized experimental conditions - were per-
formed based on our previously described method [33].

2.5. Characterization methods

2.5.1. Dynamic light scattering and zeta potential
The aggregation tendency (change of the size) of the alloy NCs

and the Zeta potential values of the NCs-labelled biocolloids were
investigated in the range of pH = 1–12 (I = 0.10 M (NaCl)) by using
Horiba SZ-100 NanoPartica nanoparticle analyzer equipment. The
device was equipped with a diode-pumped Nd:YAG laser possess-
ing a 532 nm emission wavelength.

2.5.2. ICP-MS and XPS
To perform inductively coupled plasma mass spectrometry

(ICP-MS) studies the dispersions were dissolved in hot aqua regia
using 1 h contact time and the solutions were diluted by ultrapure
water. Multipoint, matrix-matched calibration was applied by IV-
ICPMS-71C certified calibration standard (Inorganic Ventures),
while the plasma and interface parameters were optimized by
standard tuning solutions (G1820-60410, Agilent). The data pro-
cessing was accomplished within the Agilent Mass Hunter soft-
ware. The X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a SPECS instrument equipped with a PHOIBOS
150MCD9 hemispherical analyzer. For the analyzer transmission
mode, 40 eV pass energy was selected, while the high-resolution
scan was carried out with 20 eV pass energy. The sample was
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deposited by multistep cyclic freeze drying on a titanium foil hav-
ing 0.5 mm thickness (Sigma). The Al Ka X-ray source was used at
200W power. The 4f peak of the platinum substrate (71.00 eV) was
used for charge referencing and the registered spectra were evalu-
ated by CasaXPS software.

2.5.3. CD and FT-IR
The circular dichroism (CD) spectra were recorded on a JASCO J-

1100 spectrometer between 190 and 300 nm with 1 cm optical
length at room temperature. The percentage of the secondary
structure elements was calculated by the Reed model [34] with
the JASCO SpectraManager 2.0 Secondary Structure Estimation
program. The Fourier-transformed Infrared spectroscopy (FT-IR)
spectra were recorded on a JASCO FT/IR-4700, which was equipped
with an ATR PRO ONE Single-reflection accessory. The IR spectra
were registered in the range of 500 to 4000 cm�1 with 1 cm�1 res-
olution and 128 interferograms. The measurements were con-
ducted on the lyophilized protein-NCs and the lyophilized
protein powders after the dissolution of the BSA and LYZ at the
same concentrations and similar pH to the cluster dispersions.

2.5.4. Spectrofluorimetry
The fluorescence spectra were recorded on the JASCO FP-8500

fluorimeter with a Xe lamp light source. The measurements were
done using kex = 365 (BSA) and 370 nm (LYZ) excitation wave-
lengths with 2.5–2.5 nm slit values, 1 nm resolution, and
200 nm/min scan speed in a 1 cm quartz cuvette. The absolute
internal quantum yield (QY) was calculated by the incident light,
and direct and indirect excitation spectra of the samples, which
were registered on the same instrument with the JASCO ILF-835
integrating sphere (d = 100 mm). For the calibration of the instru-
ment, the JASCO ESC-842 calibrated WI lamp was applied, while
further references for the calculations were not necessary. The flu-
orescence lifetime (s) of the samples was measured by time-
correlated single photon counting technique (TCSPC) on a Horiba
DeltaFlex fluorometer equipped with a DeltaDiode pulsed laser
light source (klaser = 371 nm). The emitted light was detected at
kem = 630 nm, 610 nm and 580 nm in the case of BSA-Au/Ag, LYZI-,
and LYZII-Au/Ag, respectively. During the measurements, a 6 nm
slit was selected and the number of counts on the peak channel
was 2500 due to the long lifetime components. To determine the
instrument response function (IRF), the SiO2 colloid dispersion
was applied and manufactured by Horiba. The main lifetime com-
ponents were calculated by the exponential fitting of decay curves
and the goodness of fitting was characterized by v2 values.

2.5.5. Fluorescence microscopy
For microscopic studies, the applicability of the BSA-Au/Ag NCs

and the LYZI-Au/Ag NCs as labeling agents were studied. The effec-
tiveness of the labeling procedure was investigated using a Leica
confocal fluorescence microscope. The labeled drug carriers were
dried on a glass slide using a similar process as described previ-
ously [33]. The dried samples were analyzed under visible light,
and also with UV-light irradiation using a red filter.
3. Results and discussion

3.1. Optimization of the production of protein-stabilized bimetallic NCs

3.1.1. BSA-stabilized Au/Ag NCs
To optimize the preparation process of the BSA-Au/Ag NCs, for

the first experiment, the interaction of BSA with metal ions
([AuCl4]-/Ag+) have been studied at 40 �C at pH � 12. The ratio of
the metal ions was changed in a way that a certain amount of
[AuCl4]- was exchanged for an equal amount of Ag+ and thus
3

[AuCl4]-/Ag+ molar ratios were tuned. The ratio of the protein to
metal ions (15 mg protein/1.0 mmol metal ions) was constant.
After 24 h, the characteristic PL emission maximum is detected
at kBSA-Au NCs = 660 nm [30,31] and it was found that the increase
in the Ag weight content from � 5 w% to ca. 15 w% results in the
shift of the emission maxima to � 630–640 nm which is confirmed
by the change of the colors of the samples under UV lamp. With
further increase in the Ag content, the emission maximum is
observed at � 730 nm with low intensity and the presence of Ag
NPs is also confirmed which is supported by the brownish yellow
color of the dispersion. Based on these findings the sample with
the highest fluorescence intensity (Au95w%/Ag5w%, k = 640 nm)
was chosen for further experiments.

In the next step, the effect of protein concentration was examined
by changing the value from 1 mg to 150 mg (BSA:Au:Ag 1.0:1.0:0.
06–270:1.0:0.06 wt ratio) in each sample, while the 95:5 Au/Ag w%
was kept constant. For low BSA content, the colors were different
shades of purple, indicating the formation of plasmonic Au or Au/
Ag alloy NPs. When BSA excess reached the BSA:Au:Ag
18:1.0:0.06 the color changed to yellow, which refers to the pres-
ence of smaller Au/Ag nanoobjects with characteristic PL. As
Fig. 1A shows the PL intensity continuously increases to BSA:Au:
Ag 100:1.0:0.06 wt ratio but at higher ratio, the intensity starts
to decrease. For this reason, this weight ratio having maximum
PL intensity was chosen for further studies.

It is well-known that temperature also influences the formation
of nano-objects [1,17], thus the effect of temperature was also stud-
ied. As Fig. 1B represents, temperatures higher than 40 �C are not
favorable to cluster formation, presumably due to protein denatu-
ration. At 80 �C, no red-emitting species could be observed. In con-
trast, when the synthesis is carried out at room temperature
(25 �C), ca. 50 % more intensity can be detected than at 40 �C,
but at 10 �C similar results were obtained. Based on these findings
the room temperature was chosen as optimal value. By tuning the
temperature, the PL emission maximum further shifted to k =
612 nm.

After temperature optimization, the effect of metal concentration
was investigated ranging from 0.30 to 5.63 times the amount of the
original sample (coriginal = 1.0 mM). The sample color changed
based on metal content: higher values resulted in more intensive,
while lower values gave a lighter yellow color. The registered PL
spectra indicated that the highest emission was detected at
cmetal = 0.50 mM. Most probably the higher metal concentration
is favourable to form plasmonic particles instead of clusters.

The effect of reaction time on the fluorescence was also investi-
gated by continuously measuring the fluorescence spectra in given
time intervals. In the first few hours, the spectra were recorded
every 15 min, then 30 min, and hourly until 12 h. New samples
were prepared to check the fluorescence after 16 h, which were
aligned with the initial 24 h measurement. It was obtained that
after 16 h the PL intensity started to decrease therefore the reac-
tion time of 16 h was chosen instead of 24 h.

3.1.2. LYZI - and LYZII-Au/Ag NCs
In the case of LYZ-stabilized NCs same optimization pattern was

followed as for BSA. In this case, only the initial protein content
was changed to 20 mg as starting concentration. In the case of
gold:silver mass ratio, the addition of a small amount of silver
tremendously changed the fluorescence of the clusters from
660 nm to 580–620 nm depending on Ag content (1.5 – 10 w%)
as Fig. 2A shows. In the investigated region two compositions were
selected for detailed studies which showed higher intensity values
compared to all samples. These two samples also possessed differ-
ent emission maxima: for LYZII-Au/Ag NCs, the kem,max appeared at
598 nm (ca. 3 w% Ag) and for LYZI-Au/Ag it was at kmax = 629 nm
(ca. 8 w% Ag). While both clusters had very promising characteris-



Fig. 1. PL emission spectra of BSA-stabilized Au/Ag NCs at different BSA:Au weight ratios at 40 �C (A) and PL spectra of the BSA-Au/Ag NCs using BSA:Au 100:1 wt ratio at
various temperature values (B). kex = 365 nm, cmetal = 1.0 mM, Au:Ag 95:5 w%.

Fig. 2. Normalized PL emission spectra of LYZ-stabilized Au/Ag NCs at different Ag w% with the photos of some samples under UV lamp (kex = 370 nm) (A) PL intensities of
LYZII-Au/Ag NCs as a function of metal concentration (B) and time (C) (kem = 598 nm).
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tics, the further optimization steps were performed in both cases. It
was also found that below 1 w% Ag content two characteristic
emission bands were detected at 660 nm and 570–575 nm refer-
ring to the presence of LYZ-stabilized pure Au NCs and Au/Ag alloy
NCs as well. When the Ag content exceeds the ca. 1 w% the PL emis-
sion maximum of pure Au NCs disappears and emission bands
related to bimetallic NCs start to increase. The optimization for
protein content showed similar results to the BSA experiments.
For low LYZ content, the formation of plasmonic NPs with purple
color was favorable. When LYZ excess reached the ca. 9-fold
4

amount of Au, the presence of an emission band is observed. It
was found that the PL intensity for LYZI-Au/Ag and LYZII-Au/Ag
continuously increased to LYZI-Au/Ag 100:1.0:0.09 and LYZII-Au/
Ag 126:1.0:0.03 wt ratios but at a higher ratio, the intensity started
to decrease.

For temperature similar effect was obtained; the optimal value
is 25 �C. By tuning the temperature from 40 �C to 25 �C, the PL
emission maxima shifted to kLYZI-Au/Ag = 597 nm (from 629 nm)
and kLYZII-Au/Ag 567 nm (from 598 nm), respectively.



Á. Turcsányi, D. Ungor, M. Wojnicki et al. Journal of Molecular Liquids 370 (2023) 121002
The effect of initial total metal content was investigated in the
range of 0.3 to 3.0 mM concentration (Fig. 2B). It was found that
in both cases the lower metal contents provided better results:
the application of 0.375 and 0.50 mMmetal concentration resulted
in the same PL intensity values so the samples with higher metal
content were chosen for further studies.

As Fig. 2C represents the PL of the sample does not change sig-
nificantly after 24 h, so this value was chosen as optimal reaction
time.

3.2. Characterization of the bimetallic nanoclusters

3.2.1. Spectrofluorometric measurements
First, the determination of the final metal concentration in the

NCs suspensions was carried out by ICP-MS. It was obtained that
after purification, the suspensions contain ca. 65 % and 80 % of
the initial Au- and Ag-content, respectively (Table S1). As it can
be seen in the previous chapter, the optimized clusters show
orange-red and yellow emissions; the exact PL emission bands
were slightly shifted due to the purification process. Namely, the
BSA-Au/Ag NCs show an intensive emission band at 620 nm
(kex = 365 nm, Fig. S1A). Using 370 nm as excitation wavelength,
characteristic fluorescence can be identified at 600 and 570 nm
in the case of LYZI- and LYZII-Au/Ag NCs, respectively (Fig. S2B
and S2C). The absolute internal quantum yield (QY) values of the
NCs were also calculated. As Table 1 summarizes, the presence of
a small silver amount in the cluster cores can cause a dominant
increase in the QY. Namely, ca. QY = 1.5 % internal quantum effi-
ciency is measured for the monometallic NCs, while the bimetallic
NCs show ca. 2.5, 7.5, and 4.8 % utilization of the excitation light in
the case of BSA-Au/Ag, LYZI- and LYZII-Au/Ag NCs, respectively. It
was clearly confirmed that a small amount of Ag can cause even
a 7.5-fold enhancement of the QY depending on the type of stabi-
lizing protein.

Moreover, the typical decay profiles were also registered
(Fig. 3A and S2). In the case of every sample, three dominant com-
ponents (Fig. 3B) were calculated. Their values and ratios clearly
show the exact origin of the fluorescence [35].

As Table 2 shows, the most dominant components are the long-
est s2, which contributes>80–90 % to the total fluorescence signal.
Besides, all NCs have an ultra-short component (s3) at ca. 1.5 ns,
which belongs to the metal-centered emission. The similitude of
the values clearly proves the almost same chemical structure of
the metal cores. In contrast, the most dominant longer s1 of BSA-
or LYZI-Au/Ag NCs, as well as the s2 of LYZII NCs, can be identified
as ligand-centered emission. The ultra-long microsecond-ranged
components of the orange-emitting NCs refer to the strong
n ? p* interactions between the adjacent C@O groups in the
ligand. The s1 component of the LYZII-Au/Ag NCs reveals the pres-
ence of the ligand-to-metal–metal charge transfer over a fluores-
cence period.

3.2.2. XPS, CD, and FT-IR studies
To prove the reduction of the metal ions as well as the forma-

tion of sub-nanometer sized NCs the binding energies of the metal
Table 1
The w% of the metals in the final product, the excitation (kex) and emission (kem) waveleng
defined by XPS in cluster cores of the protein-Au/Ag NCs.

Type of NCs w% of the metals kex (nm) kem (n

BSA-Au Au100% 350 660
LYZ-Au Au100% 350 645
BSA-Au/Ag Au93Ag7 365 620
LYZI-Au/Ag Au90Ag10 370 600
LYZII-Au/Ag Au96Ag4 370 570

5

atoms in NCs were analyzed by XPS. Since the silver content in the
lyophilized samples did not reach the detection limit of the tech-
nique, data for only gold is presented. Binding energies summa-
rized in Table 1 decisively confirm the metallic property of the
gold [36–38], because the Au 4f7/2 energies are varied between
83.7 and 84.5 eV, while the Au 4f5/2 energies appear in the range
of 87.4–88.2 eV.

The results of CD studies are summarized in Fig. 4. It is generally
concluded that the formation of the ultra-small metal cores facili-
tates the stretching of the protein chains, which is supported by
the ratios of secondary structure elements before and after the
synthesis.

For BSA-containing systems, it is clearly observable that the a-
helix content drastically decreases from 51.7 % to 12.9 %, while the
ratio of the random coil sequences significantly increases from
15 % to 45 % (data in Table S2). In contrast, the formation of metal
cores could slightly rearrange the conformation of the protein
chains in the case of LYZ-stabilized systems. Although, the amount
of the a-helix sequences also decreased, the b-elements (such as
sheets and turns) became more dominant. The results of the FT-
IR show nearly the same tendency as CD supported. The detailed
data are presented on Figure S3.
3.3. Interaction of bimetallic NCs with Chit/HyA biocolloids

3.3.1. DLS studies
*Fig. 5. represents the change of the size (Z-average) of the

labeled core–shell type carrier particles as a function of mNC:
mcarrier.

The samples showed very high stability in solution with both
types of Au/Ag NCs, as a relatively high amount of NC could not
aggregate the biocolloids (Fig. 5 B,D). This is a major difference
compared to BSA- and LYZ-Au NCs, where the systems easily
aggregated at relatively low mNC:mcarrier ratios (<0.2) (Fig. 5A,C).
At high ratios, where the amount of NCs is higher than the
nanocarriers, the systems remain stable, but sedimented particles
could be detected in the bottom of the samples. For Type III with
40:1 Chit:HyA mass ratio (Fig. 5A,B), the particle size slowly
increases to ca. 700–750 nm for BSA-stabilized Au/Ag NCs above
mNC:mcarrier > 2.0 (Fig. 5B), while for LYZI-Au/Ag NCs the particle
size is less than � 400 nm. Only minimal sedimentation could be
detected. In the case of Type III with 10:1 ratio (Fig. 5C, D), the for-
mation of aggregated particles occurs from mNC:mcarrier > 1.5, and
compared to Type III with 40:1 ratio larger aggregates were formed
(d > 1000 nm) (Fig. 5D). Particle stability was checked by zeta
potential measurements as well. In almost all cases, the values
showed high stability (� +20 mV in buffer and � +60 mV in water),
and this value only decreased when the aggregates were present in
the samples. For Type II particles the DLS studies showed similar
trends as it was observed for Type III 40:1 samples (Fig. 5A,B).
Namely, the average particle diameter is highly increased above
0.07 and 0.15 mNC:mcarrier for BSA-Au NCs and LYZ-AuNCs, respec-
tively. For alloy NCs, � 250 nm average diameter was measured to
mNC:mcarrier � 3.0 (for BSA-based Au/Ag NCs) and � 2.0 (for LYZ-
based Au/Ag NCs). The measured zeta potentials showed similar
ths, the internal quantum yields (QY), and the binding energies of the Au 4f electrons

m) QY (%) Au 4f7/2 (eV) Au 4f5/2 (eV)

1.47 ± 0.41 88.2 84.5
1.54 ± 0.43 87.4 83.7
2.47 ± 0.61 87.8 84.1
7.44 ± 0.59 87.8 84.1
4.78 ± 0.34 87.9 84.2



Fig. 3. The typical fluorescence decay profiles with the fitting of (A) BSA-Au/Ag NCs and (B) the ratios of the determined three dominant lifetime components in the case of
BSA-, LYZI-, and LYZII-Au/Ag NCs.

Table 2
The determined lifetime values (s) with the v2, which refers to the goodness of the fittings.

Type of NCs s1 (ns) s2 (ls) s3 (ns) v2

BSA-Au/Ag 63.8 ± 21.7 1.53 ± 0.09 1.6 ± 0.3 1.039
LYZI-Au/Ag 178.5 ± 70.7 5.83 ± 1.24 1.5 ± 0.2 1.081
LYZII-Au/Ag 6.8 ± 0.6 0.58 ± 0.03 1.3 ± 0.2 1.156

Fig. 4. The registered CD spectra of the pure proteins and (A) BSA-, (B) LYZI-, and (C) LYZII-Au/Ag NCs. (cproteins = 26.9 lg/mL for BSA, LYZI and 25.6 lg/mL for LYZII).
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Fig. 5. Average particle size of type III (40:1 (A, B) and 10:1 (C, D) Chit:HyA ratio) colloidal NPs labeled with BSA- (j) and LYZ-(▲) pure Au (filled symbol) and BSA- (h) and
LYZ-(D) Au/Ag (unfilled symbol) NCs as a function of mNC:mcarrier.
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values and change in trend as it was obtained for Type III particles.
It can be concluded that the interaction of the protein-directed
alloy NCs with classic alloy and core–shell type colloidal carrier
particles built up from HyA and Chit polysaccharides resulted in
‘‘complex particles” having higher colloidal stability compared to
the case of pure gold-based derivatives stabilized with the same
proteins. When comparing the proteins, it can be stated that higher
colloidal stability is observed for those containing lysozyme
regardless of the quality of the noble metals.

3.3.2. Fluorimetric and fluorescent microscopy studies
Although the bimetallic NCs-biocolloid complex systems

showed higher colloid stability (no aggregation) and the alloy
NCs have significantly higher QY, the detected fluorescence of the
Fig. 6. The relative fluorescence intensities (F/F0) in the case of (A) BSA-Au/Ag NCs + T
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labelled carrier particles-containing dispersion (Fig. 6.) is not out-
standing contrary to the pure gold-containing labeled drug
carriers.

While the monometallic Au NCs formed larger aggregates with
the carrier particles even in small concentrations, which causes
enhanced photoluminescent behavior due to the aggregation-
induced emission (AIE) process, this effect is not observed for alloy
derivatives. The fluorescence measurements (Fig. 6) are in good
agreement with the DLS data (Fig. 5) confirming the avoidance of
the aggregation and thus the lack of the AIE in the case of the stud-
ied bimetallic NCs. As Fig. 6 represents, the change of the fluores-
cent signal follows the shape of the diameter change curve. Any
dominant and significant variations cannot be observed, the weak
AIE enhancement is experienced only at the higher concentration
ype II carrier composite and (B) LYZI-Au/Ag NCs + Type III 40:1 complex particles.
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ratios (mNC:mcarrier > 0.5) dominantly for BSA-Au/Ag NCs + Type II
(Fig. 6A). The interaction of both Type II and Type III particles with
BSA-stabilized mono- or bimetallic NCs results in the presence of
aggregates at relatively lower mNC:mcarrier, which is confirmed by
the DLS studies as well. The bimetallic NCs-biocolloid complex sys-
tems were analyzed by fluorescent microscopy as well. 2 mL of
sonicated sample was moved into centrifuge tubes, and then cen-
trifugated at 12000 rpm for 10 min. The supernatant was removed
and exchanged for ultrapure water, and then redispersed by shak-
ing and sonication. The dried samples can be visualized by micro-
scopy, as Fig.S4. presents. However, quantitative analysis cannot
be purely deduced from microscopic images, but the effectiveness
of fluorescent labelling can be established. The pure carrier parti-
cles do not PL properties as it was previously presented in our arti-
cle [33], but even a small amount of bimetallic NCs show
appropriate fluorescence using a red filter, and no further sample
preparation was needed, as in the case of labeling with Au NCs.
Based on microscopic images no further conclusions can be made.

4. Conclusion

Template-assisted one-step preparation protocols of BSA- and
LYZ-stabilized fluorescent Au/Ag alloy NCs were demonstrated at
room temperature for the first time. The alloying process resulted
in enhanced QY and blue-shifted emission for the alloy NCs com-
pared to the purely gold-based derivatives. The nanostructures as
well as the characteristic optical features were determined in
detail by several physico-chemical techniques. The optical proper-
ties (emission wavelength, quantum yield) of the nanoclusters pro-
duced by the alloying process meet the requirements of the
‘‘biological window” (kem > 600 nm) and its presumably biocom-
patible character may make it an optimal FRs. It was found that,
in contrast to the monometallic derivatives, our bimetallic NCs,
prepared at mild conditions show high stability after interaction
with biocompatible, hyaluronic acid-covered drug carrier particles.
However, even though our alloy NCs possess enhanced QY and
higher colloidal stability than the monometallic gold NCs stabilized
by same proteins, but dominant PL enhancing can not be detected
on the labelled carrier particles. We have demonstrated that alloy-
ing process and the milder preparation conditions of noble metal
NCs can be a promising route to the fabrication of novel nanostruc-
tures as fluorescent reporters.
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