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1. Introduction, background, objectives 

Understanding and describing changes related to small sizes has become crucial in 

scientific research, with key elements being nanoclusters (NCs, sub-nanometer particles), 

nanoparticles (NPs), and other nanostructured systems. Among metallic nanostructured 

materials, noble metals (especially gold (Au)) are extremely preferred due to their unique 

electrical, magnetic, and optical properties, and based on these features there are widely applied 

in medicine, healthcare, physics, electronics, catalysis, etc. By reducing the size of Au NPs, 

continuous conduction bands split into discrete energy levels, allowing for the emergence of a 

new optical property, fluorescence, instead of localized surface plasmon resonance (LSPR) 

bands, through the formation of these sub-nanometer-sized NCs. One of the main factors that 

determine the photoluminescence properties of noble metal NCs is the number of atoms that 

build up the cluster. The quality of the (bio)molecules bound on the surface of the metal clusters, 

the ligand-metal and the ligand-metal-metal charge transfer also play a crucial role in the tuning 

of the fluorescence. In addition, the oxidation state of the metal, as well as pH or temperature, 

also affect the appearance and characteristics of the optical property that can be detected. In 

case of nanomedicine, there is an increasing demand for the development of novel noble metal 

NCs with controllable size, composition, and function synthesized via "green chemistry" 

fabrication protocols. This was the main motivation of my research work. 

For almost 10 years, our research group has been working on the fabrication and 

structural investigation of size-controlled mono- and bimetallic gold nanostructures, using the 

"template" method, in which macromolecules play the role of the "template" for the reduction 

of metal ions in aqueous medium. I started my PhD studies in autumn 2020, where I worked on 

the development of mainly one-step "green chemistry" synthesis processes, where the reduction 

of precursor tetrachloroaurate ions and the stabilization of the resulting nano-objects is mainly 

achieved by using small molecules. The research includes the study of key experimental 

conditions (metal ion/ligand molar ratio, pH, temperature, reaction time) and the comprehensive 

structural and optical characterization of nanodispersions. 

The aim of my PhD thesis is to investigate the effect of systematic variation of the 

above-mentioned experimental parameters on the production process and reproducibility of 

Au NCs. In order to achieve the reduction of metal ions, we utilized newly studied Vitamin B 

and the hydroxamic acid derivatives of amino acids having aromatic side chain. In addition to 

the development of syntheses and purification protocols, the potential usefulness of the products 

obtained was also a priority. On the one hand, the use of the synthesized and characterized blue-

emitting Au NCs stabilized with the hydroxamic acid derivatives of the amino acids in sensing 
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areas was proposed. There is a considerable literature on the detection of metal ions with Au 

NCs, but few publications provide a more detailed understanding of the mechanisms. For the 

most promising metal ions, where possible, my task was to determine the minimum detectable 

limit and to interpret the fluorescence (PL) quenching and enhancement processes and to 

explore their mechanisms. In addition to the development of optical sensors, the preparation of 

Au NCs with antioxidant property, stabilized with vitamin B derivatives and their structural 

analysis was also part of my research. In addition, an attempt was made to study the interaction 

of these latter mentioned Au NCs with human serum albumin using specific measurement 

techniques (surface plasmon resonance (SPR) spectroscopy, isothermal titration calorimetry 

(ITC)), for which data are missing in the literature.  

The main motivation for the PhD thesis was that the study of fluorescent noble metal 

NCs is a unique research area in Hungary, so we would like to contribute to the expansion of 

the field with new scientific results. In addition, the importance of sub-nanometer sized 

structures with tunable fluorescence properties was highlighted by the Nobel Prize in Chemistry 

2023. 

2. Syntheses and experimental methods 

The chemicals used for synthesis and analysis were of analytical grade, so no further 

purification was carried out before their application. For the preparation of stock solutions and 

buffers, high purity Milli-Q water (Millipore, Milli-Q Integral3, Direct-Q3 UV, specific 

resistance 18.2 MΩ·cm, 25 °C) was always used. The structural formulas of the protonated 

forms of the small molecules used for the synthesis of NCs are summarized in Figure 1. 

 

Figure 1.: Structural formulas of the protonated form of the small molecules used in the 

syntheses. 
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The following measurement techniques were used for the preparation and purification 

of fluorescent NCs and for the determination of their main optical and structural properties: 

⎯ Spectrofluorometry (ABL&E-JASCO, FP-8500) 

⎯ Absolute internal quantum yield (ABL&E-JASCO, FP-8500, which was equipped with 

the ABL&E JASCO ILF-835 integrating, for the calibration, WI light source ABL&E 

JASCO ESC-842 was applied) 

⎯ Fluorescence lifetime (Horiba DeltaFlex, a DeltaDiode pulsed laser served as an 

excitation light source) 

⎯ ORAC assay (Oxygen radical antioxidant capacity; to determine the antioxidant activity 

of NCs (TE = Trolox equivalent value) 

⎯ ABTS assay (to determine the antioxidant activity of NCs) 

⎯ UV-Vis spectrophotometry (JASCO V-770, two-ray) 

⎯ Dynamic light scattering and ζ-potential measurement (Malvern Zetasizer NanoZS) 

⎯ Fourier-transformed infrared spectroscopy (FT-IR, ABL&E-JASCO, FT/IR-4700) 

⎯ High-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2 20x-Twin) 

⎯ X-ray photoelectron spectroscopy (XPS, measurements were done by a SPECS 

instrument equipped with a PHOIBOS 150MCD9 hemispherical analyzer) 

⎯ Surface Plasmon Resonance Spectroscopy (SPR, Reichert2SPR two-channel, angle 

modulated) 

⎯ Isothermal Titration Calorimetry (ITC, MicroCal VP-ITC) 

⎯ Conductometry (Radelkis OK-114) 

⎯ Freeze drying (Christ Alpha 1-2 LD) 

3. New scientific results  

(T1.) Few atomic gold nanoclusters with both fluorescent (blue emission) and antioxidant 

properties can be produced by the reaction of [AuCl4]–-ions with nicotinamide [1].  

T1.1. Simple and reproducible synthesis protocol has been developed in alkaline medium 

(pH = 8.0) for the preparation of nicotinamide (NAM)-stabilized gold nanoclusters  

(NAM-Au NCs) using NAM:[AuCl4]
–/10:1 molar ratio. We confirmed that these blue-emitting 

NCs (λex = 335 nm, λem = 380 nm) possess average fluorescent lifetime in the nanosecond range 

(τ1 = 4.3 ns (32%), τ2 = 6.7 ns (68%) and QY(%) = 1.9 ± 0.3% internal quantum yield. It was 

also highlighted for production of NCs containing a few atoms (ca. 3–4) that the reduction of 
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[AuCl4]
–-ions is further promoted using Na-citrate alongside the nicotinamide. The presence of 

Au0 atoms in the cluster core was identified by XPS studies.  

T1.2. Based on ORAC measurements it was confirmed that the synthesized and purified 

NAM-Au NCs show nearly the same (TE = 0.48 ± 0.03 µM) antioxidant properties than the 

pure nicotinamide (TE = 0.568 ± 0.02 µM), but in contrast to the NAM ligand the NCs possess 

more dominant fluorescent feature as well, so based on this double function they are promising 

agents in biocatalytic reactions.  

T1.3. Based on the results of surface plasmon resonance studies, it was confirmed that 

these NAM-Au NCs form a substantially weaker interactions with bovine serum albumin 

compared to other blue-emitting Au NCs that are also stabilized with small molecules (e.g. 

thiamine, adenin monophosphate). This is established by the binding constant (KA = 143 ± 30 

M−1) calculated as a percentage of the rate constants (ka, kd) (Figure 2.) 

(T2.) Vitamin B1 (thiamine) is suitable to reduce the [AuCl4]–-ions in aqueous medium. 

Using this green synthesis protocol, sub-nanometer sized, fluorescent Au NCs can be 

prepared in room temperature. The antioxidant feature of the Vitamin B1 can be increased 

by a factor of almost one and a half by the formation of Vitamin B1-stabilized NCs  

(B1-Au NCs) [2].  

T2.1. We first demonstrated that Au NCs can be produced in aqueous medium at 25 °C 

using Vitamin B1 as a reducing and stabilizing agent. It was confirmed that these blue-emitting 

NCs (λex = 395 nm, λem = 450 nm) probably contain ca. 5–6 gold atoms in the metallic core and 

possess average lifetime in the nanosecond range (τ1 = 1.26 ± 0.38 ns (31%),  

τ2 = 2.46 ± 0.13 ns (49%), τ3 = 0.24 ± 0.01 ns (20%), while the internal quantum yield is nearly 

3.0%. Based on the experimental results of XPS and FT-IR measurements, it was identified that 

the gold atoms in the formed clusters are in a zero oxidation state, and the Vitamin B1 stabilizes 

the metal core through pyrimidine-N and the oxidized thiochrome form of the ligand is also 

involved in the cluster core stabilization.  

T2.2. Based on ORAC measurements performed to confirm the potential antioxidant 

activity of B1-Au NCs, we have demonstrated that the presence of metallic core containing a 

few gold atoms – due to the electron-rich surface – increases the antioxidant capacity by a factor 

of almost one and a half (TE = 0.53 ± 0.01 µM) compared to pure Vitamin B1  

(TE = 0.36 ± 0.02 µM). The IC50 values determined for ABTS test show a similar trend as the 

results of the ORAC assays; the increased antioxidant effect is also likely due to the presence 
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of oxidized thiochrome on the cluster surface (vitamin B1: IC50 = 76.4 ± 3.7 µM, B1-Au NCs: 

IC50 = 36.9 ± 2.1 µM). 

T2.3. Based on the results of surface plasmon resonance studies, it was confirmed that 

these B1-Au NCs form a substantially stronger interactions with bovine serum albumin 

compared to NAM-Au NCs This is established by the binding constant (KA = 5468 ± 73 M−1) 

calculated as a percentage of the rate constants (ka, kd) (Figure 2.) 

 

Figure 2.: Main optical and antioxidant features of NAM- and Vitamin B1-stabilized Au NCs 

and the presentation of their interaction with serum albumins. 

(T3.) We have demonstrated for the first time that the synthesis of blue-emitting Au NCs 

in aqueous media is feasible through the interaction of hydroxamic acid derivative of 

histidine amino acid with [AuCl4]–-ions. We have pointed out that these blue-emitting NCs 

may have a promising function for the design of turn-off (Cu2+) and turn-on (Zn2+) metal 

ion sensors [3]. 

 T3.1. A new preparation protocol has been developed for the fabrication of histidine 

hydroxamic acid (HisHA)-reduced and -stabilized few-atomic Au NCs with QY% ~ 4% internal 

quantum yield and τ = 4.2 ns average fluorescence lifetime. It was verified that the formation 

of blue-emitting NCs (λex = 365 nm, λem = 440 nm) is preferred at pH = 7.0 using  

HisHA:[AuCl4]
–/5:1 ratio. We confirmed that the by useing HisHA:Na-citrate:[AuCl4]

–/5:10:1 

molar ratio the yield of the fluorescent product can be doubled. Structural studies have 

demonstrated that the imidazole-N and amino-N donor atoms of HisHA can stabilize the formed 

metallic core and NCs do not show aggregation at relatively high inert salt concentrations 

 (cNaCl > 1 M). 
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T3.2. In case of study of the interaction of HisHA-Au NCs with paramagnetic metal ions, 

we have shown that although several metal ions cause PL quenching (Cu2+, Fe3+, Co2+, Ni2+), 

the highest PL quenching detectable for Cu2+-ions (I0/I ~ 24) can be increased almost twofold 

(I0/I ~ 44) by controlling (removing) the amount of Na-citrate in the system (Figure 3.). This is 

not possible for the other three metal ions. In addition to the determination of the limit of 

detection (LOD = 2.49 µM), the identification of the quenching mechanism showed that after 

addition of Cu2+-ions to the NCs dispersion, they form complexes with a predominant amount 

of "soft" HisHA molecules from the cluster surface, whose presence in the aqueous dispersion 

can be spectrally identified. At the same time, the stabilization of the metallic core is ensured 

by the Na-citrate molecules present in the dispersion, which is confirmed by the lifetime 

measurements. In the absence of Na-citrate, the stabilization of the cluster core is not occurred, 

resulting in nearly absolute quenching (Figure 3.).     

T3.3. In case of study of the interaction of HisHA-Au NCs with diamagnetic metal ions 

(e.g. Zn2+, Ca2+, Mg2+, Al3+), we have shown that only the Zn2+-ions cause dominant PL 

enhancement (LOD = 7.5 µM). By contributing to the development of fluorescent labelling 

agents, we have demonstrated as a promising result, that the internal quantum yield is greatly 

controlled (increase from ~ 4% to ~ 12%) via the binding of Zn2+-ions to the hydroxamate-

[O,O] donors on the cluster surface. For other metal ions this coordination is not preferred under 

the applied experimental condition.   

(T4.) Tryptophanhydroxamic acid (TrpHA) can be used for the synthesis of blue-emitting 

Au NCs in aqueous medium through their interaction with [AuCl4]–-ions without the 

addition of other reducing and stabilizing agents. For sensor applications, it has been 

demonstrated that by replacing the tryptophan carboxyl group with a hydroxamic group, 

detection of Cu2+-ions can be achieved even in the presence of Fe3+-ions (cFe(III) < 10 µM) 

with a LOD = 3.16 µM detection limit [4]. 

T4.1. Tryptophanhydroxamic acid (TrpHA) can be used to synthesize blue-emitting Au NCs 

as a result of its interaction with [AuCl4]
–-ions in aqueous media without the addition of other 

reducing and stabilizing agents. For use in the sensing field, it has been demonstrated that by 

replacing the carboxyl group of tryptophan with a hydroxamate group, the detection of Cu2+-

ions in the presence of Fe3+-ions (cFe(III) < 10 µM) can be achieved with a LOD = 3.16 µM 

detection limit. 

T4.2. We have shown that the presence of a hydroxamate group, which does not undergo 

structural changes during the clustering process, results in tunable selectivity and sensitivity of 
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TrpHA-Au NCs and even allows simultaneous identification of metal ions. Based on 

temperature-dependent fluorescence quenching and quantitative calorimetric studies, it is 

confirmed that the metal ions can interact with clusters in different ways. On the one hand, we 

have demonstrated that for Cu2+-ions, the stabilizer TrpHA ligands of the cluster surface are 

probably able to coordinate Cu2+-ions, which in acidic media strongly generates the coupling 

(aggregation) of NCs resulting in combined PL quenching. It was also pointed out that for Fe3+-

ions, the extent of PL quenching is strongly dependent on the concentration of the metal ion 

and only occurs through aggregation of NCs when NCs cannot bind more Fe3+-ions on the 

surface (cFe(III) < 10 µM). As a result, the identification of Cu2+-ions in aqueous media is feasible 

in the presence of Fe3+-ions at concentrations of 10 µM (Figure 3). 

 

Figure 3.: Production process and the results of sensor studies of HisHA-Au NCs and TrpHA-

Au NCs based on PL quenching. 
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4. Expected use of the results 

With the emergence of nanobiotechnology, the development of nanostructures with 

diverse functionalities is becoming increasingly important. The noble metal nanoclusters with 

fluorescent properties produced by "green chemistry" have good biocompatibility, low 

cytotoxicity, high photostability and can be easily functionalized with different biomolecules. 

By exploiting these properties, NCs can be efficiently applied in many fields, including 

biomedical applications for selective and sensitive detection of various analytes, fluorescent 

labelling, (bio)imaging, drug delivery, and play an important role in diagnostics and 

therapeutics. 

In this work, we have reported for the first time the potential of Au NCs (NAM-Au NCs, 

B1-Au NCs) stabilized with vitamin B derivatives and having antioxidant property and 

proposed the application of newly synthesized and characterized intense blue emission NCs 

(HisHA-Au NCs, TrpHA-Au NCs) in the sensing field. In addition to this, it is worth 

mentioning that this field is developing not only in biomedical aspects besides materials 

science, but also in life sciences and plant biology, where nanoclusters can be produced in a 

reproducible, cost-effective and environmentally friendly way.  
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