
Journal of Molecular Liquids 387 (2023) 122597

Available online 16 July 2023
0167-7322/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Histidinehydroxamic acid as new biomolecule to produce molecular-like 
fluorescent gold nanoclusters: Possible mechanisms for metal ion sensing 
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A B S T R A C T   

We firstly demonstrate a new biomolecule, Histidinehydroxamic acid (HisHA), to produce few-atomic fluores
cent gold nanoclusters (Au NCs) in aqueous medium. The preparation protocol has been optimized by studying 
the effect of metal ion/biomolecule molar ratio, metal ion concentration, pH, temperature, reaction time as well 
as the role of citrate as mild reducing agent on appearance of blue-emitting (λem = 440 nm, λex = 365 nm) 
molecular-like NCs. Structural studies confirmed that imidazole-N and amino-N of the HisHA stabilize the formed 
metallic cores. The quantum yield of ~ 4% and fluorescence lifetime of 4.2 ns were determined. Moreover, these 
NCs show suitable stability under high inert salt (cNaCl = 2.5 M) concentration as well. Verifying its ability to 
detect metal ions, dual strategies were discovered. We confirmed that the copper ions cause fluorescence 
quenching (LOD = 2.49 µM) by pushing the higher amount of soft HisHA ligand from the metallic surface and 
forming complexes with dominantly hydroxamate-[O,O] coordination mode in the aqueous medium. For Zn2+- 
ions, a “turn-on” sensing mechanism was observed; the smallest detectable amount of Zn2+ is 7.5 µM. Linear 
increase of the quantum yield (from ~ 4% to ~ 11.5%) was identified above 75 μM of Zn2+ due to the binding of 
the Zn2+-ions on the cluster surface via hydroxamate-[O,O] donors.   

1. Introduction 

Gold nanoparticles (Au NPs) and gold nanoclusters (Au NCs) are one 
of the most widely studied nanostructured materials among the metal- 
based systems in recent years, due to their outstanding optical, chemi
cal, and physical properties and therefore have an exceedingly wide 
range of potential application possibilities [1]. The Au NCs have discrete 
energy levels, which lead to their unique fluorescence, excellent pho
tophysical and chemical stability, and good biocompatibility [2]. The 
noble metal nanoclusters (NCs) consist of a few or a few tens of metal 
atoms with a diameter of < 2 nm, thus forming a bridge between metal 
atoms and NPs. These NCs are formed via a reduction of the precursor 
ions (e.g. AuCl4- ) by assembling individual atoms one by one. The size, as 
well as the composition of NCs, can be systematically adjusted by the 
synthesis conditions or by the quality and quantity of the reducing and 
stabilizing agents. By controlling the size, the composition as well as the 
type of surface functionalizing ligand(s) these NCs are potent candidates 

in various applications such as biomedical engineering, bioimaging, 
medicine, catalysis, metal ion or molecule detection [3]. For biomedical 
applications, the so-called “green” chemical synthesis methods are 
strongly preferred [4]. Among the many routes of preparation, the 
template-assisted method is one of the most commonly used, because the 
biomolecule serving as the template acts as the reducing, stabilizing and 
surface-functionalizing molecule [5]. Plant extracts such as tea leaves, 
various citrus fruits and peppermint are used for this type of synthesis 
[4]. In addition, biomolecules (amino acids [6], peptides, proteins [3], 
or nucleotides [7]) are also suitable for the direct reduction of gold ions 
and the stabilization of Au NCs. 

Amino acids are a popular class of reducing agents because they are 
almost universally present in biological system. Previously, Au NCs have 
been synthesized via the direct interaction of L-histidine (His), L-tyro
sine (Tyr), L-proline (Pro), L-tryptophan (Trp) and L-methionine (Met) 
with [AuCl4]- which possess intense blue photoluminescence (PL), 
except Met, where the NCs show yellow emission [6]. For L-cysteine the 
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formation of a well-known and widely characterized self-assembled 
coordination polymeric structure is confirmed [8]. 

Hydroxamic acids are weak acids, N-hydroxy amides, and are highly 
reactive compared to amides, which have high stability. They can be 
found in two different tautomeric forms, the keto form in acidic media 
and the iminol form in basic media [9]. The currently known medical 
applications of hydroxamic acids are based on their outstanding 
chelating properties (e.g. with Fe(III), Zn(II)), but there is no article in 
the literature on the production of Au NCs using hydroxamic acids. Au 
NCs have high photostability, which allows their use for sensing pur
poses, as in most cases the emission intensity of the Au NCs depends on 
the chemical environment, thus allowing the detection of various metal 
ions and small molecules [10]. Chelating functional groups on the sur
face of the clusters can be advantageous for the design of NCs-based 
metal ion sensors, which was the main motivation for the present 
research work. 

Based on these findings, in this work, we aim to develop a novel 
synthesis protocol for the preparation of Au NCs using a hydroxamic 
acid derivative of L-histidine (HisHA) amino acid as a template ligand. 
We studied the reduction capability of this newly applied molecule 
against AuCl4- , which has not been reported in the literature earlier. 
Moreover, the metal ion sensing properties of the HisHA-Au NCs are also 
studied and compared to the experimental results of the fluorescent 
nanosized product formed in the pure histidine- AuCl4- system (His-Au) 
[11]. The “turn-off” and “turn-on” fluorescence mechanisms have been 
identified and interpreted for Cu2+ and Zn2+, respectively. 

2. Experimental 

2.1. Materials 

Histidinehydroxamic acid (C6H10N4O2, HisHA) was synthesized in 
our laboratory according to the procedure mentioned below in 2.2. 
Chapter. Hydrogen tetrachloroaurate (III) monohydrate (HAuCl4⋅H2O, 
99.9% (metal basis)), copper(II) chloride (CuCl2, 97%), zinc(II) chloride 
(ZnCl2, ≥98%), L-Histidine (C6H9N3O2, ≥99%) were obtained from 
Sigma-Aldrich. Tri-sodium-citrate-2-hydrate (C6H5Na3O7⋅2H2O, 99%, 
Na-cit), sodium hydroxide (NaOH, 99%), hydrochloric acid (HCl, 37%), 
sodium chloride (NaCl, 99.98%) were purchased from Molar. The other 
tested mono-, di- and trivalent metal salts were in chloride form and 
their purity was more than 99.0 % and were obtained from Sigma- 
Aldrich. All the chemical reagents were analytical grade and were 
used without further purification. The fresh stock solutions were pre
pared by using Milli-Q ultrapure water (18.2 MΩ⋅cm at 25 ◦C) in each 
case. 

2.2. Synthesis of HisHA 

The precursor hydroxamic acid derivative HisHA (2) was synthe
sized based on the former literature method [12–14], starting from L- 
histidine methyl ester dihydrochloride (1) by implementing different 
optimization steps: i) for the synthesis of the hydrochloride of the 

corresponding amino acid esters (1) was applied; ii) the reactions were 
performed in water by using hydroxylamine solution (50 wt% in H2O) as 
a reagent. This latter nucleophilic agent was used in excess, first to in situ 
liberate the hydrochlorides, and secondly to keep the reaction mixture in 
alkaline medium providing by this an easy work-up procedure e.g. the 
product was crystallized directly from the reaction mixture (Scheme 1). 

Namely, 1.0 g (4.13 mmol) of L-histidine methyl ester dihydro
chloride (1) was placed in a round-bottomed flask and dissolved in 10 
mL of water. 20 mL of hydroxylamine solution (50 wt% in H2O) was 
added, and the reaction mixture was stirred at room temperature. After 
reaching maximal conversion (24 h reaction time, when the TLC (thin 
layer chromatography) showed no more starting material) the mixture 
was cooled down by using an ice bath, and the formed crystals were 
filtered and washed with cold water (2 × 7 mL). Yield: 440 mg (63 %); 
M.p.: 176–178 ◦C; 1H NMR (DMSO‑d6, Fig.S1) δ: δ:2.51–2.59 (1H, m); 
2.75–2.83 (1H, m); 3.25–3.31 (1H, m); 6.77 (1H, s); 7.50 (1H, s); MS 
(Fig.S2): [M + H+] m/z = 171.16; [M + Na]+ m/z = 193.17. 

2.3. Synthesis of HisHA-stabilized Au NCs 

Firstly, 1.497 mL of 0.0167 M HisHA aqueous solution was added to 
2.953 mL of Milli-Q water. After stirring for 2 min, 50 µL of Na3-cit 
(ccitrate = 1 M) and 500 µL of HAuCl4 solution (cAuCl4-= 10 mM) were 
also administrated into the reaction mixture. After mixing the compo
nents, sample was thermostated at 80 ◦C ± 1 ◦C for 48 h under pH = 7.0. 
According to the concentration of components, HisHA:AuCl4- / 5:1 M 
ratio was used, while the final concentration of the gold was 1.0 mM. 
The use of citrate promoted the cluster formation; in the sample HisHA/ 
citrate 1:2 M ratio was applied. Combined application of HisHA and 
citrate is necessary for cluster formation; the citrate alone does not result 
in NCs at 80 ◦C, the reaction is shifted toward plasmonic NPs formation. 
After synthesis, the small aggregates were removed by centrifugation at 
13.000 rpm for 30 min, while the final product was purified by dialysis 
for 180 min using a cellulose dialysis tube with a 1 kDa cut-off. A 
generally accepted protocol was applied for dialysis in our lab. The 
specific conductance of the dialysis medium is measured continuously, 
and the fluorescence of the sample is also registered in parallel. If the 
fluorescence intensity starts to decrease, presumably the clusters have 
diffused through the membrane, and the specific conductance of the 
medium shows an increasing trend, the dialysis is stopped. The dialysis 
time determined at the intersection of the inflection phase of the two 
curves is usually adopted as the optimum. For our system this is 180 min. 

2.4. Instruments for characterization 

The fluorescence spectra of the NCs were recorded on Jobin Yvon 
Fluoromax-4 spectrofluorometer (Horiba) using excitation wavelength 
at 365 nm with a 3 nm slit in a 1 cm quartz cuvette. The fluorescence 
lifetime was measured on a Horiba DeltaFlex device by time-correlated 
single photon counting (TCSPC) technique. A DeltaDiode pulsed laser 
(λem = 371 nm) as an excitation light source and a quartz cuvette with 1 
cm optical length was applied for the measurements. The absolute 

Scheme 1. Synthesis of HisHA (2).  
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quantum yield was determined in a 1 cm cuvette by an ABL&JASCO FP- 
8500 spectrofluorometer equipped with an ABL&JASCO ILF-835 inte
grating sphere. For the calibration of the instrument, a calibrated ABL- 
JASCO ESC-842 WI lamp was used, therefore another reference was 
not needed. The UV–Vis spectra were recorded on the ABL&E-JASCO V- 
770 Spectrophotometer in the range of 300–600 nm using a 1 cm optical 
path length. Infrared spectra of the pure molecules, as well as the NCs in 
powder form, were measured by Jasco FT/IR-4700 in the attenuated 
total reflectance (ATR) mode at room temperature from 3500 cm− 1 to 
700 cm− 1. The resolution was 2 cm− 1 with 256 scans for all the samples. 
The pH of the samples was kept constant. The ζ-potential measurements 
were performed at 25.0 ± 0.1 ◦C using a Malvern NanoZS instrument (λ 
= 633 nm He-Ne laser). 

2.5. Experimental conditions of the sensor studies 

The fluorescent histidine-stabilized gold nanohybrid systems (His- 
Au) were prepared based on a publication published previously by our 
research group [11] as a reference. For sensing, 500–500 µL of purified 
His-Au and HisHA-Au NCs were added into 1.100 mL of MQ ultrapure 
water, and an aqueous solution containing 400 µL of several mono-, di-, 
and trivalent metal ions were also added to the NCs dispersion, sepa
rately, where the concentration of the tested ions was constant (cions =

1.0 mM). The appropriate ionic strength (c = 1.0 M) was provided by 
sodium chloride. The emission spectra of the Au NCs were recorded at 
room temperature both in the absence and in the presence of the added 
ions. For Cu2+ detection, detailed fluorescence quenching studies were 
performed with a range of Cu2+ concentrations (1 nM – 100 mM). For 
Zn2+ detection, the fluorescence spectra of the NCs in the presence of 
Zn2+ ions were registered in the range of 1 nM – 100 mM of Zn2+ con
centration. Where necessary, the fluorescence spectra were corrected for 
the corresponding absorbance spectra according to Eq. (1). 

Icorr = Im × 10(AEX+AEM )/2 (1) 

where Icorr is the corrected fluorescence intensity and Im is the 
fluorescence intensity measured at 440 nm (HisHA-Au NCs) and 475 nm 
(His-Au system). Aex and Aem are the absorbances measured at the 
excitation wavelength (λex-HisHA-Au NCs = 365 nm; λex-His-Au = 378 nm) 
and the absorbance measured at the emission wavelength (λem-HisHA-Au 

NCs = 440 nm; λem-His-Au = 475 nm), respectively. For the evaluation of 
the data, Icorr values are expressed as I. 

3. Results and discussion 

3.1. Developing of the preparation protocol of HisHA-directed Au NCs 

To find the suitable synthesis conditions, thereby producing the final 
nanosized product with the most intense fluorescence, the syntheses 
have been carried out at different HisHA:[AuCl4]- molar ratios. We 
investigated the role of the molar ratio in the range of 0.1:1–10:1 HisHA: 
[AuCl4]-, where the final concentration of the metal was 1.0 mM. The 
reaction mixture was thermostated at 80 ◦C and continuously monitored 
the appearance of the intense fluorescence of the samples under UV light 
(for about 24 h). After 24 h, the fluorescence spectra (Fig. 1A) were 
registered by a spectrofluorometer at λex = 365 nm. 

As Fig. 1A shows the appearance of an emission band at λem = 440 
nm, which has increasing intensity by increasing the HisHA:[AuCl4]- 

molar ratio from 0.5:1 to 5:1. The highest fluorescence intensity is 
observed at HisHA:[AuCl4]- /5:1 ratio (Fig. 1A, inset). With a further 
increase in the HisHA excess, the PL intensity starts to decrease. To find 
other important reaction parameters this HisHA:[AuCl4]- / 5:1 molar 
ratio was kept constant. In a second step, the effect of the pH of the 
medium in the pH range 1–12 (Fig. 1B) was studied considering the 
deprotonation ability of the ligand [15] as well as the well-known pH- 
dependent hydrolysis of the AuCl4- ions in aqueous solution [16]. It was 
found that the more alkaline pH range (pH = 7–10) is more preferred for 
the formation of the nanosized fluorescent product. After 24 h synthesis 
time the pH of the reaction mixture is pH ~ 7, so this value was chosen 
for further studies. Previous investigations for His-Au also confirmed 
that the formation of NCs starts parallel with the deprotonation of the 
imidazolium moiety (pKimid ~ 6.0) and the acidic condition (pH < 6) is 
not suitable for NCs production [11]. Three additional parameters 
(metal concentration (Fig. 2A), temperature (Fig. S3A), and synthesis 
time (Fig. S3B)) were also optimized, while keeping the previously 
defined parameters constant. 

The role of the metal ion concentration was investigated in the range 
0.1–2.0 mM, and it was obtained that the optimal metal ion concen
tration is 1.0 mM, because at higher metal ion concentrations lower PL 
can already be detected and slight aggregation of the NCs is observed. 
Moreover, the increase in the metal concentration causes the formation 
of colloidal Au particles. In terms of the temperature, the syntheses were 
carried out at several temperatures between 25 and 80 ◦C but lowering 
the temperature did not have a positive effect on the appearance of 

Fig. 1. (A) Fluorescence spectra of the samples after 24 h at different HisHA:[AuCl4]- molar ratios with the maximum emission intensities at λem = 440 nm as a 
function of cHisHA (inset) (cAu = 1.0 mM, pH = 7.0, λex = 365 nm). (B) Fluorescence intensities of the emission band at λem = 440 nm as a function of the pH (cAu =

1.0 mM, HisHA:[AuCl4]- /5:1, λex = 365 nm). 
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fluorescent products, so 80 ◦C was adopted. For higher temperature 
(~100 ◦C) the PL intensity decreases drastically (Fig. S3A), because the 
formation of NPs, instead of the appearance of fluorescent clusters, will 
be preferred in the system. As a final step of the synthesis, the synthesis 
time was optimized. The emission spectra of the samples were registered 
for a few days, and we observed that the highest intensity can be reached 
after 48 h, under the constant parameters defined previously. Finally, to 
facilitate the complete reduction of precursor metal ions as well as to 
increase the yield of the fluorescent product, the presence of sodium 
citrate as an auxiliary reducing agent was also investigated. The syn
thesis was carried out at several citrate concentrations (Fig.S4), but it 
was found that the ideal amount is 10.0 mM (HisHA:Na-citrate/1:2 
molar ratio) supporting an increase in the yield of fluorescent gold 
products. If the amount of sodium citrate is further increased, the PL 
intensity values show a decreasing trend, because the large amount of 
ligand can sterically hinder the growth of the cluster cores. We also 
investigated the role of citrate because, in the pure His amino acid - 
[AuCl4]- system (at pH ~ 6), even under high ligand excess (His:[AuCl4]- 

/30:1), the blue-emitting product formed is a helically ordered poly
nuclear complex with a metal ion oxidation state of + 1 [11]. For 
comparison of the two systems, the effect of citrate was also studied for 
His-AuCl4- system as well (Fig. 2B). As Fig. 2B clearly represents 
hydroxamic acid derivatives of His, the application of citrate as a mild 
reducing agent is highly beneficial because the fluorescence intensity 
can be nearly doubled. In contrast, for His-containing samples the 
presence of citrate has a rather negative effect on the formation of the 
fluorescence product and the complete reduction of the metal ion does 
not occur. The photos of the samples under the UV-lamp also support 
this observation. In conclusion, the incorporation of the hydroxamate 
group on histidine leads to the formation of nanoclusters rather than 
complexation under the application of citrate. It is well-known that the 
citrate alone does not result in the formation of NCs; the appearance of 
plasmonic NPs occurs via the reduction of gold ions with citrate at high 
temperature (~100 ◦C) [17]. It can be concluded that the mixture of 
HisHA and citrate is more advantageous to produce NCs. 

The final product was purified in a two-step procedure since subse
quent measurements can be strongly influenced by the presence of 
unreacted precursor metal salt and electrolyte ions that may remain 
from the reduction process. In the first step, the dispersion was purified 
by centrifugation at 13000 rpm for 30 min, followed by dialysis for 180 
min at room temperature using a cellulose tube with a cut-off of 1 kDa, 

using ultrapure Milli-Q water as a dialysis medium. The purity of the 
clusters produced was checked by measuring the fluorescence signal and 
the conductivity of the dialysis medium as presented in 2.3 Chapter. 

3.2. Optical and structural characterization of the fluorescent products 

The first step was to determine the comprehensive optical features of 
the purified nanostructures, including the registration of the optical 
spectra, the determination of the absolute quantum yield (QY%) and PL 
lifetime values. The UV–Vis spectra of the newly prepared HisHA-Au 
NCs and the initial HisHA molecule, as well as the emission spectrum 
of the prepared NCs, are presented on Fig. 3A, while the typical fluo
rescence decay curve with the distribution of the three main lifetime 
components is shown on the Fig. 3B. 

As the registered spectra show, the λex = 365 nm can serve as exci
tation wavelength to reach intensive blue emission (λem = 440 nm) in 
the case of HisHA-Au quantum clusters. The utilization of exciting light 
was analyzed by quantum yield (QY%) measurements, and the fluoresce 
decay curve was registered by the TCSPC method. The calculated data 
for HisHA-Au NCs are summarized in Table 1. with the same data 
determined for the fluorescent product formed in the pure histidine – 
AuCl4- system. 

As it can be seen, the QY% is a slightly higher value in the case of 
HisHA-Au NCs, which suggests that the combined use of the hydrox
amate derivative of His with the sodium citrate is favorable for the 
synthesis of fluorescent gold nano-objects. Based on the fittings of the 
decay curves, three main lifetime components can be identified in both 
systems. In the case of the His-Au complex, the longer lifetimes clearly 
refer to the Au(I) complex structure, while the shorter T1, T2 and T3 
values decisively refer to the more metallic particularity in the case of 
the HisHA-Au system. Considering the literature data, the shorter T2 
(0.07 ± 0.01 ns) may originates from the π⋅⋅⋅π stacking of the HisHA 
[18]. The longer T1 (1.87 ± 0.09 ns) and T3 (4.19 ± 0.06 ns) values 
belong to the metal-involved emissions, which are the ligand-to-metal 
(LMCT) and ligand-to-metal–metal charge transfers (LMMCT), respec
tively [19,20]. 

For structural characterization, FT-IR studies have also been per
formed. Infrared spectroscopy is one of the most commonly used 
analytical methods to identify the structure of a compound and monitor 
its sub-processes. Fig.S5 shows the infrared spectra of hydroxamic acid- 
based NCs before and after the synthesis of metal clusters. For HisHA- 

Fig. 2. (A) Effect of metal ion concentration in the HisHA-AuCl4- sample (HisHA: AuCl4- /5:1, pH = 7.0, λex = 365 nm); (B) Fluorescence intensity values of the final 
products formed in the HisHA-AuCl4- and in the His-AuCl4- systems in the presence and in the absence of citrate (HisHA:AuCl4- /5:1, pH = 7.0, λem = 440 nm, λex = 365 
nm, His:AuCl4- /30:1, pH = 6.0, λem = 475 nm, λex = 378 nm, cAuCl4-= 1.0 mM) The SD of the PL measurements is ~ 3%. 
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based NCs, the intensity of the characteristic vibrations of the imidazole 
ring (3125 cm− 1, 3030 cm− 1) is reduced upon interaction with the 
aurate ions, suggesting that metal coordination is likely to involve these 
nitrogen atoms and the amino-NH bending vibration is also shifted from 
1575 cm− 1 to 1556 cm− 1 [15]. We cannot perform a detailed structural 
analysis based on the FT-IR spectrum, because the formation of a 

metallic surface is supported by the quality (flattening of the charac
teristic vibration bands) of the IR spectrum. The formation of HisHA-Au 
NCs is likely due to the extra citrate used in the synthesis and the ionic 
reaction by I- ions (the color change was not observed). 

3.3. Interaction with different metal ions: Sensor studies 

For sensor development in biological systems, it is important to first 
investigate the salt tolerance of fluorescent products. For this purpose, 
NaCl with increasing concentration (0.25–2.5 M) was added to the 
aqueous dispersion of the HisHA-Au NCs. There was no significant 
change (Fig.S6) in the emission intensity of the clusters, confirming 
their potential use in biological media. The fluorescence of the clusters is 
highly sensitive to the chemical environment, so the presence of certain 
metal ions may affect their fluorescence. The interaction of our HisHA- 
Au NCs with several mono-, di- and trivalent metal ions having different 
electronic structures are studied. After the addition of metal ions to the 
NCs-containing aqueous dispersion the fluorescence signal was recor
ded. For all these measurements, the same volume of cluster dispersion 

Fig. 3. (A) The UV–Vis spectra of the HisHA (grey) and HisHA-Au NCs (black) with the emission spectra of the prepared HisHA-Au NCs (blue) (cHisHA = 3.0 mM; 
cHisHA-Au NCs = 1.0 mM (calculated on Au concentration), λex = 365 nm; λem = 440 nm). (B) The typical fluorescence decay curve of HisHA-Au NCs with the 
contribution percentage of the main lifetime components (λex = 371 nm; λem = 450 nm). 

Table 1 
Main data of the optical measurements (λex: excitation wavelength, λem: emis
sion wavelength, QY%: average quantum yield % using the defined λex, T1-T2- 
T3: main lifetime components). The χ2 values represent the goodness of fitting.  

Sample λex 

(nm) 
λem 

(nm) 
QY 
% 

T1 
(ns) 

T2 
(ns) 

T3 
(ns) 

χ2 

His-Au 
CPs# 

378 475  3.6  0.74  4.03  9.13  1.14 

HisHA-Au 
NCs 

365 440  4.2  1.87  0.07  4.20  1.02  

# CPs = coordination polymeric structure containing Au(I). 

Fig. 4. (A) Corrected relative fluorescence of HisHA-Au NCs in presence of different metal ions (cAu = 0.25 mM, cmetal ions = 1.0 mM, cNaCl = 1.0 M, T = 25 ◦C, λex =

365 nm, λem = 440 nm). (B) Corrected relative fluorescence of His-Au coordination polymeric structure in the presence of different metal ions (cmetal ions = 1.0 mM, 
cNacl = 1 M, T = 25 ◦C, λex = 378 nm, λem = 475 nm). 
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was used, and, in each sample, the concentration of the metal ions was 
also the same (c = 1.0 mM). The results are presented in Fig. 4. If there is 
any interaction between the metal cluster and the metal ions, an 
enhancement, quenching, or shift in the characteristic fluorescence can 
be generally observed. As shown in Fig. 4A, the fluorescence of HisHA- 
Au NCs was dominantly quenched by four different metal ions to varying 
degrees. It was observed that Co2+, Cu2+, Fe3+ and Ni2+ metal ions cause 
approximately 10-, 24-, 6- and 13-fold decrease in fluorescence of 
HisHA-Au NCs. In addition, HisHA-Au NCs show fluorescence 
enhancement only in the presence of Zn2+-ions (I0/I < 1.0). 

As reference the above-mentioned studies were performed for the 
His-Au system (in this case not NCs present in the system, only Au(I)- 
containing coordination polymeric structure is confirmed) as well. As 
Fig. 4B shows for His-Au only the Cu2+ ions cause a 6-fold decrease in 
fluorescence which is not significant. We can conclude that the incor
poration of the hydroxamic acid group having good chelating properties 
into the His amino acid facilitates the detection of more metal ions, and 
in the case of Cu2+, we observed a fluorescence quenching almost four 
times more efficient than it was found for pure amino His amino acid- 
based nanohybrid system. Naturally, the fluorescence quenching as
says were investigated for HisHA-Au NCs in the absence of Na-citrate for 
Co2+, Ni2+, Cu2+ and Fe3+ metal ions as well. As the Fig.S7 shows, 
improved I0/I values were detected in the absence of Na-citrate. This 
positive effect mainly changes the LOD value of Cu2+ significantly. For 
Cu2+ the LOD (in the presence of citrate) = 2.49 µM, LOD (in the absence 
if citrate) = 1.35 µM. For other 3 metal ions the LOD was not detected 
again in the absence of citrate, in the presence of citrate these LOD 
values were varied in the range of ~ 5–10 µM. The increased quenching 
may be explained by the fact that in the absence of citrate large amount 
of surface stabilizing HisHA ligands form complexes with Cu2+-ions in 
the dispersion medium and for the lack of the stabilizing ligands the PL 
character of the clusters dramatically decreases because the stability of 
the clusters also decreases. In the presence of citrate, the citrate mole
cules will act as the surface stabilizing molecules, so the rate of the 
quenching is lower. 

3.4. Interpretation of the PL quenching mechanism 

Detailed fluorescence studies have been performed for Cu2 -(fluo
rescence quenching) and Zn2+-(fluorescence enhancement) containing 
aqueous dispersion to understand the mechanisms. Firstly, the limit of 
detection (LOD) was determined for both His-Au CPs and HisHA-Au NCs 
systems. For this reason, the PL quenching studies have been performed 
at several concentrations in the range of 1.0 nM – 100.0 mM. For LOD 
determination, we used the calculation procedure of H.P. Loock and P.D. 
Wentzell, which is a widely cited LOD determination method in inter
national publications [21]. The LOD for Cu2+ ions in the concentration 
range 1.0 nM – 100.0 mM was found to be 9.26 µM for His-Au CPs and 
2.49 µM for HisHA-Au NCs. By analyzing the values, we can conclude 
that the four-fold difference can be identified for LOD values as well. To 
give more information about the nature of the interactions as well as to 
answer the question, that why copper causes the most intense quench
ing, the ζ-potential values of the HisHA-Au NCs were measured in the 
absence and the presence of metal ions and parallel the absorbance 
spectra of the NCs-containing aqueous dispersion are also registered 
(Fig. 5.). 

As Fig. 5A represents the ζ-potential values of the HisHA-Au NCs1 (ζ 
= -9.20 ± 0.86 mV) are shifted toward lower values in absolute terms 
after the addition of Co2+- (ζ = -5.90 ± 1.72 mV) and Ni2+- (ζ = -6.90 ±
1.14 mV) ions, while for Fe3+-ions (ζ = +6.64 ± 0.84 mV) the surface 
charge takes on a positive value. These findings are in good agreement 

with the trend of the change of the electrokinetic potential values after 
the addition of di- and trivalent ions to a dispersed system. In these 
cases, the metal ions are bounded to the HisHA ligands located on the 
metallic surface resulting in static fluorescence quenching. In the case of 
static quenching non-fluorescent (dark) complexes are formed between 
the fluorophore (HisHA-Au NCs) on the ground state and the quencher 
(metal ions), and the number of fluorescent molecules is decreased in the 
excited state as it was confirmed previously in our work for AMP-Au NCs 
and Fe3+ [7]. In contrast for Cu2+-ions the measured ζ-potential shows a 
higher negative value (ζ = -14.48 ± 0.84 mV), which may suggest that 
other interactions may occur for the addition of Cu2+-ions. One expla
nation for the change may be that Cu2+-ions remove the large amount of 
“soft” HisHA ligand from the surface forming complex(es) in the 
dispersion medium and the negatively charged citrate molecules, which 
present as a second adsorption layer around the metallic core, get closer 
to the surface providing steric stabilization. This assumption is 
confirmed by the fact that the pH of the dispersion (pH = 6.81) decreases 
to pH = 4.05 upon the addition of Cu2+-ions. This is not observed for the 
other metal ions, only the change in pH due to dilution is measured. 
Besides, the lifetime measurement is also confirmed our hypothesis. 
After the addition of Cu2+-ions, the determined lifetime components are 
drastically changed to T1 = 2.21 ± 0.12 ns (33.9 %), T2 = 0.26 ± 0.01 
(18.7 %) and T3 = 7.14 ± 0.11 ns (47.4 %). They elongated values refers 
to the surface ligand transformation, where the citrate became more 
dominant at the metallic core surface. Thanks to this the Cu2+-HisHA 
interaction, the p band transition of the oxygen-rich surface is more 
significant [22], which causes more longer fluorescence. To further 
confirm the above-mentioned proposed mechanism for the Cu2+-con
taining system, the absorbance spectra of the dispersion were also 
recorded in the absence and the presence of Cu2+-ions. As can be seen on 
Fig. 5B the HisHA-Au NCs do not show an absorbance band in the range 
of 440–840 nm, but after the addition of Cu2+-ions, the appearance of a 
new band at λ = 720–725 nm is observed at pH = 4.05. This band 
definitely does not belong to the presence of free Cu2+-ions, because the 
latter shows a maximum at 820–850 nm. To identify the new absorption 
band detected, we also recorded the spectrum of the pure ligand in the 
presence of Cu2+ -ions (HisHA/Cu2+ = 2:1 M ratio) at the same pH =
4.05. As Fig. 5B clearly represents a broad absorption band with a 
maximum at λ = 720–725 nm can be detected in the VIS range. The 
complexation of HisHA with several metal ions is well-known in the 
literature [15], and the spectral parameters of the formed complex(es) as 
a function of pH are published [15]. According to the results, the co
ordination of HisHA with Cu2+ starts at pH ca. 3–3.5 via hydroxamate-O 
donors, but as the pH is increased, the binding via the nitrogen donors 
becomes more and more dominant. Between pH 4.5–7 the amino-N and 
the imidazole-N donors coordinate in the complexes. In the absorbance 
spectrum the increase of the pH from pH ~ 2.0 to pH ~ 4.0 the detected 
absorbance band shows a shift from λ greater than 800 nm to λ ~ 720 
nm. Normalized absorption bands of the HisHA-Cu2+ (dotted line) and 
HisHA-Au NCs-Cu2+ (continuous line) (Fig. 5C) clearly show the pres
ence of the same complex in the samples, which confirms our earlier 
assumption about the change of the HisHA-citrate on the metallic sur
face, as the schematic drawings presents in Fig. 5. It has to mention that 
the citrate (which is present in the system) can bind to Cu2+-ions at 
acidic pH forming [Cu2cit2] dimer complexes, but the characteristic 
absorbance band of this complex can be detected at 760 nm [23]. To 
exclude the formation of [Cu2cit2] complex preferred, the experiments 
were repeated in the absence of citrate as well. For absorbance spec
trum, only the band at λ = 720–725 nm can be detected, which suggest 
the fact that the metal ions prefer more the HisHA ligand instead of 
citrate. After addition of Cu2+-ions, the ζ -potential value of the HisHA- 
Au NCs (in the absence of citrate) was shifted from − 8.99 ± 5.70 mV to 
+ 9.61 ± 2.14, which further confirm the removal of the HisHA from the 
surface. 1 For sub-nanometer sized NCs the ζ-potential cannot be interpreted. Most 

probable in our case the measured ζ-potential belongs to smaller NCs aggre
gates, which have a larger surface area. 
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3.5. Interpretation of the PL enhancement mechanism 

The interaction of HisHA-Au NCs with several mono-, di- and triva
lent metal ions resulted in PL enhancement only for the addition of Zn2+- 
ions. For the detection of Zn2+-ions, the fluorescence spectra of HisHA- 

Au NCs were recorded in the Zn2+ concentration range of 1 nM − 100 
mM. During the measurements, the emission intensity of HisHA-Au NCs 
at 440 nm was determined by the addition of Zn2+ ions. 

As Fig. 6A shows that the I/I0 values follow an upward trend with a 
slight break depending on the added amount of Zn2+-ion. Due to the 

Fig. 5. (A) ζ-potential values of HisHA-Au NCs after addition of different metal ions (cmetal ions = 1.0 mM, cAu = 0.25 mM with the proposed change of the adsorption 
layer; (B) VIS spectra of the HisHA (c = 3 mM) in the absence and in the presence of Cu2+-ions (cCu2+ = 1.5 mM), HisHA-Au NCs (cAu = 0.25 mM) in the absence and 
in the presence of Cu2+-ions (cCu2+ = 1.0 mM) and the pure Cu2+-ion solution (cCu2+ = 1.0 mM). (C) Normalized absorbance spectra of HisHA-Cu2+ (dotted line) and 
HisHA-Au NCs-Cu2+ (continuous line) systems with the proposed coordination mode of the complex presents in the solution at pH = 4.05. 

Fig. 6. (A)The I/I0 values of the NCs dispersion and (B) the measured quantum yield % at different Zn2+ concentrations with the photos of the samples under UV 
lamp. (C) The measured T1, QY% and the absolute values of ζ-potential (ZP) depending on the Zn2+-ion concentration. (D)The Tauc plot representation from the 
UV–Vis spectra in the case of the pure Au NCs and with 10 mM of Zn2+ content. 
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nonlinear relationship, the smallest detectable concentration (7.5 µM) 
was calculated by the generally accepted LOD = 3sbl/m equation [24], 
where the sbl is the blank fluorescence signal without any Zn2+ ions, 
while the m is the slope of the initial range of the calibration curve. In the 
concentration range of 1.0 nM–5.0 µM the I/I0 values are the same 
(~1.0) and the first significant enhancement starts from ~ 7.5 µM, the I/ 
I0 values show detectable signal in the range of 50 µM–1.0 mM (R2 =

0.9851). Further increase in the concentration of Zn2+ ion causes an 
intense enhancement, which also causes a linear trend in the QY% be
tween 1.0 and 10.0 mM concentrations (Fig. 6B). To explore the exact 
mechanism of the enhancement, optical and ζ-potential measurements 
were carried out by using different Zn2+ concentrations. As can be seen 
on Fig. 6C, the determined lifetime components, as well as the measured 
QY%, are increased with the added concentration of the Zn2+-ions. In 
contrast, the absolute value of the ζ-potential is decreased. Based on 
literature data [25], the Zn2+ prefers the hydroxamate-[O,O] coordi
nation through freely accessible the carbonyl oxygen and the deproto
nated hydroxyl oxygen on the cluster surface. Taking into account the 
break of the relative fluorescence curve, it can be also concluded that the 
first region with slight enhancement belongs to the metal ion binding by 
the loosely bounded HisHA molecules near the compact structure of 
molecular clusters. The second region, where the larger enhancement 
can be detected, belongs to the non-accessible hydroxamates having 
freely available ‘O’ donors, which take part in the building of the su
pramolecular cluster structure. This possible Zn2+ binding causes a small 
weakening of the stability of the cluster based on the ζ-potential values. 
It is also well proven by the TCSPC data because the increase of the 
fluorescence lifetime components (Table S1), decisively the metal- 
associated components (T1 and T3), refers to the elongated fluores
cence. As it is well known that the Tauc plot is a valuable method to 
calculate the HOMO-LUMO energy gap in the case of molecular-like 
metallic complexes or clusters. For this purpose, the UV–Vis spectra 
were recorded, where the addition of 10 mM of Zn2+-ion causes large 
red-shift of the second absorption peak from 355 to 376 nm, which refers 
the change of the supramolecular structure of nanoclusters. As Fig. 6D 
presents, the initial energy gap of the Au NCs is ca. 3.1 eV, and after the 
Zn2+ ion treatment, it changed to ~ 2.9 eV, which facilitate the easier 
excitation of the electrons from the HOMO to LUMO bands due to the 
photoactive behavior of Zn2+-complexes [26]. Finally, it can be 
concluded that the binding of Zn2+-ions by the surface HisHA ligands 
causes a slight stability loss, but it induces a mildly elongated and 
significantly enhanced fluorescence. 

4. Conclusion 

In this work, a new biomolecule from the hydroxamic acid ligand 
family is presented, which shows promising results for the fabrication of 
Au nanoclusters functioning as metal ion sensors. On one hand, the 
production protocol was developed which involved the fixing of the 
metal ion/ligand molar ratio, metal ion concentration, pH, temperature, 
and reaction time. The interaction of several metal ions with the purified 
Au NCs stabilized by HisHA was investigated. The results suggested that 
Cu2+-ions cause fluorescence quenching (LOD = 2.49 µM), while the PL 
enhancement of the NCs was obtained by Zn2+ (LOD = 7.5 µM). 
Numerous articles can be found in the literature on metal ion sensing by 
Au NCs, but there are a negligible number of articles that include an 
interpretation of the mechanisms. For both metal ions, the nature of the 
interaction as well as the proposed quenching and enhancing mecha
nisms were interpreted in detailed, where it was proved that the Cu2+

can remove a decisive quantity of the soft HisHA from the surface of the 
cluster to form complexes in the aqueous dispersion. In contrast, the 
Zn2+-ions can form an [O,O] type bond with the hydroxamate moiety on 
the metallic surface, by which the QY% significantly increased (nearly 3- 
fold) due to the decreasing of the HOMO-LUMO energy gap. 
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