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In this paper, we firstly demonstrate a simple and reproducible synthesis protocol to produce
nicotinamide-stabilized gold nanoclusters (NAM-Au NCs) under mild conditions. The dominant role of
the pH and the ligand to metal ion molar ratio on the formation of these few atomic fluorescent NCs were
proven. The prepared NCs show intensive blue-emission at 380 nm with two main lifetime components
(4.7 and 6.7 ns), which refers to an ultra-small Au NCs structure and nearly uniform composition. The
metallic oxidation state of the metal content was identified by X-ray photoelectron spectroscopy, while
infrared studies strongly confirm the binding of aromatic-N and the amide-N to the metal core. The oxy-
gen radical capacity (ORAC) tests were carried out in the case of the stabilizing nicotinamide and the pre-
pared NAM-Au NCs using Trolox molecule as reference between 1 and 100 lM concentration range.
Based on the fluorometric measurements, we demonstrated that our blue-emitting Au NCs also possess
antioxidant activity with 0.48 ± 0.03 Trolox equivalent value. We clearly proved that our sub-nanometer-
sized NAM-Au NCs show novel molecular-like optical features against the pure nicotinamide, but the
antioxidant effect was also preserved. These coupled properties make our NCs as potential agents for bio-
catalytic reactions.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Nowadays, the discovery of new hybrid materials for different
biomedical applications is one of the most interesting research per-
spectives. Prevention of the oxidative degradation of several
organic compounds (e.g. lipids, proteins, small drug molecules) is
a great challenge in the field of bio-catalysis because atmospheric
oxygen can initiate this process by the formation of reactive oxy-
gen species (ROS) [1–3]. Many ways can be utilized, as can be also
seen in biological organisms, to inhibit the formation of ROS. How-
ever, in this present manuscript, only the ‘‘chain break” mechanism
is tangentially highlighted due to the examined compounds. Dur-
ing this process, the antioxidant materials can delay or terminate
the autooxidation by a formal hydrogen transfer with peroxyl rad-
ical in a stoichiometric reaction. The criteria for these ‘‘radical-
trappers” are (I) the selective and high reactivity against the per-
oxyl radicals; (II) do not show any spontaneous oxidation process
(autoxidation) under air [4]. For this purpose, two types of materi-
als can be used effectively: the inherently, electron-donor antioxi-
dant molecules (e.g. phenols [5], ascorbates [6]), or the
functionalized nanostructures [7] (e.g. CeO2 [8], Mn3O4 nanoparti-
cles (NPs) [9]), which have also electron-rich surfaces. The noble
metal-containing NPs or nanoclusters (NCs) are promising struc-
tures for this purpose because they have well-defined size- and
composition-dependent electric, magnetic, and optical characteris-
tics [10–12]. Moreover, their biological behavior can be easily
tuned by the surface ligand and the metal-content [13,14]. It is
well-known that the classical noble metal NPs (d > 2 nm), such
as gold (Au), silver (Ag), or copper (Cu), show plasmonic properties
[15], which can be identified as a characteristic plasmon band on
the UV–visible spectra. In contrast, the ultra-small NCs of these
elements have molecular-like optical characteristics (photolumi-
nescence (PL)) due to their few-atomic composition [16,17]. In
most cases, to ensure desirable PL property, ligand protection of
the metal core is necessary [18–21]. The surface-exposed mole-
cules should contain several electron-rich heteroatoms (ANH2,
ACOOH, etc.) to enhance the ligand-to-metal charge transfer
(LMCT) processes between the metal core and stabilizing ligand
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[22]. Besides, if the heteroatom is sulfur on the metal surface (e.g.
thiolate ligands), the ligand-to-metal–metal charge transfer
(LMMCT) can also realize due to the partially oxidized state of
some surface metal atoms [23]. To take these advantages of the
applied molecule, besides the optical property, the antioxidant
effect of the prepared nano-object can also increase. Based on this
fact, there is a growing demand for design of new nanostructures
with tunable and unique optical properties, but also with antioxi-
dant features as well. Several colorimetric or fluorometric tech-
niques can be utilized to determine the potential antioxidant
effect of the newly synthesized nano-emitters depending on their
fluorescent property and the colloid stability [4,24].

The aim of this work is the investigation of the vitamin B3

derivative named niacinamide or nicotinamide (NAM) as a poten-
tial reducing and capping agent for the development of new fluo-
rescent antioxidant Au NCs. This molecule is a well-known
nitrogen-containing molecule, which is a bioavailable water-
soluble form of vitamin B3 with antioxidant and anti-
inflammatory effects [25]. Firstly, the direct redox reaction
between NAM and the tetrachloroaurate ([AuCl4]�) ions has been
investigated in detail to prepare NAM-stabilized Au NCs. The opti-
mization of a reproducible synthetic route is particularly important
including but not limited to the study of several important param-
eters such as the pH-dependent deprotonation of the NAM mole-
cule, the possibility of using an assistant reducing molecule or
the synthesis time and temperature etc. Besides, the exact struc-
tural and optical characterizations of the final product have been
carried out by several large-scale techniques. The antioxidant
effect of the synthesized nanohybrid structure and the applied sur-
face ligand NAM was also confirmed by the oxygen radical absor-
bance capacity (ORAC [26,27]) test to get information about the
potential multifunction of the synthesized NCs.
2. Experimental

2.1. Materials

Nicotinamide (NAM; C6H6N2O; �99.5% (HPLC)), hydrogen tetra-
chloroaurate(III) hydrate (HAuCl4�H2O; 99.9% (metal basis)), 2,20-
azobis (2-methylpropionamidine) dihydrochloride (AAPH; [@NC
(CH3)2C(@NH) NH2]2 � 2HCl; 97%), 6-hydroxy-2,5,7,8-tetramethyl
chroman-2-carboxylic acid (Trolox; 97%), trisodium-citrate dihy-
drate (C6H5Na3O7�2H2O, 99%) were obtained from Sigma-Aldrich.
Fluorescein sodium salt (FL; C20H10Na2O5) was provided from
VWR. Sodium hydroxide (NaOH; 99%), hydrochloric acid (HCl;
37%), methanol (CH3OH; 99.85%), ethanol (C2H5OH; 97.0%), sodium
chloride (NaCl; 99.98%), sodium-dihydrogen-phosphate 2-hydrate
(NaH2PO4�2H2O; �99.9%), disodium hydrogen phosphate dodec-
ahydrate (Na2HPO4�12H2O; 99.99%) were delivered from Molar
Chemicals. All chemical reagents were analytical grade and were
used without further purification. The fresh stock solutions were
prepared by using Milli-Q ultrapure water (MQ, 18.2 MX�cm at
25 �C) in every case.
2.2. Synthesis of NAM-Au NCs

For the synthesis of nicotinamide-stabilized Au NCs (NAM-Au
NCs), NAM:AuCl4�/10:1 M ratio was used, where the final concen-
tration of the Au was 5 mM. As a first step in the synthesis,
278 lL of 0.3 M NAM aqueous solution was added to 1.27 mL of
MQ water. After stirring for 2 min, the pH of the reaction mixture
was adjusted to pH = 8.0 with 0.1 M NaOH solution, and then 83 lL
sodium citrate (cfinal = 10 mM) and 34 lL of 250 mM HAuCl4 solu-
tion were added. After mixing the components, the sample was
thermostated at 80 �C ± 1 �C for 24 h. After the synthesis, aggre-
2

gates were removed by centrifugation at 13000 rpm for 30 min.
The final product was purified by dialysis for 180 min using a cel-
lulose tube with 1 kDa cut-off and ultrapure MQ water as dialysis
medium at room temperature. The purity of the synthesized NAM-
Au NCs was inspected by the measure of metal content, fluores-
cence signal, and the conductivity of the dialysis medium and clus-
ter suspension.

2.3. Instruments for characterization

During the synthesis, the fluorescence spectra of the NCs were
recorded on Horiba Jobin Yvon Fluoromax-4 spectrofluorometer
in a 1 cm quartz cuvette using excitation wavelength at 335 nm
with a 3 nm slit. The fluorescence lifetime was measured using a
Fluoromax spectrofluorometer equipped with a DeltaHub time-
correlated single-photon counting (TCSPC) controller using a
NanoLED light source N-295 (Horiba Jobin Yvon). The emitted light
was detected at kem = 380 nm with a 3.8 nm slit width and the
number of counts on the peak channel was 10,000. The number
of channels per curve used for the analysis was ca. 1500 with a
time calibration of 0.02532 ns/channel. Ludox� (from Sigma-
Aldrich) was used as a scatter solution to obtain the instrument
response function. Background correction was not needed. The
program DAS6 (version 6.6.; Horiba Jobin Yvon) was used for the
analysis of the experimental fluorescence decays. The main life-
time components were calculated by the exponentials fitting of
decay profile with v2 value ca. 1. Based on the measured data bi-
exponentials fitting was applied with v2 = 1.01. The ORAC tests
were carried out by using a 1 cm quartz cuvette in a JASCO FP-
8500 spectrofluorometer equipped with a JASCO ETC-815 water-
cooled Peltier setup. The UV–Vis spectra of the samples were
recorded on a JASCO V-770 spectrophotometer with a 1 cm optical
length. Infrared spectra of the NCs were measured at room temper-
ature by Jasco FT/IR-4700 in the attenuated total reflectance (ATR)
mode between 3500 and 700 cm�1. The resolution was 2 cm�1

with 256 scans for all samples. The hydrodynamic diameters and
the f-potentials were measured with a Zetasizer Nano ZS ZEN
4003 apparatus (Malvern Inst., UK) equipped with a He-Ne laser
(k = 633 nm) at 25 ± 0.1 �C. During the measurements, the hydro-
dynamic diameters were calculated by ten runs with 2 min/run
velocity five times for each sample, and the electrokinetic potential
was calculated by the Smoluchowski’s formula. The constant ionic
strength was I = 0.1 M and regulated by NaCl as inert salt. The X-
ray photoelectron spectroscopy (XPS) measurements were done
by a SPECS instrument equipped with a PHOIBOS 150MCD9 hemi-
spherical analyzer, under a main-chamber pressure in the 10�9–
10�10 mbar range. The analyzer was in fixed analyzer transmission
mode with 40 eV pass energy for the survey scans and 20 eV pass
energy for the high-resolution scans. The sample was deposited on
a Pt foil using multistep cyclic lyophilization and loaded into the
chamber. The Al Ka X-ray source was used at 200 W power. Charge
referencing was done to the 4f peak of the platinum substrate
(71.00 eV) on the surface of the sample. For spectrum evaluation,
CasaXPS commercial software package was used.

2.4. Measurements of antioxidant effects by ORAC method

During the ORAC method, the PL spectra were registered
between 500 and 650 nm each 10 min until the complete disap-
pearance of emission. For analyzes, 485 nm and 515 nm were
applied as excitation and emission wavelengths, respectively. The
antioxidant capacity (Trolox equivalent) of the synthesized NAM-
Au NCs was determined by the following recipe: the adequate vol-
ume of antioxidant material suspension/solution and the fluores-
cein (78 lL of 1 lM) were mixed in phosphate-buffered saline
(PBS, cNaCl = 0.15 M, pH = 7.4). The reaction mixture was incubated
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in dark for 15 min at 37 �C. The applied concentration range of the
examined materials was 1–100 lM (for amide content in the case
of NAM-Au NCs). After the resting period, 100 lL of 200 mM AAPH
was added to the reaction mixture. Before the measurement, the
total volume of the samples was completed with a 2 mL buffer
solution for suitable optical signal detection. The Trolox equivalent
was calculated by the calibration curves of Trolox, the pure amide,
and NAM-Au NCs in the concentration range of 1–100 lM after
20 min reaction time.

3. Results and discussion

3.1. Optimization of one-pot technique for the synthesis of NAM-Au
nanohybrid system

As it was mentioned in the Introduction, several important
parameters are required to be specified for the development of a
reproducible synthesis method of a new fluorescent nanomaterial.
For this purpose, the effect of the molar ratio between the precur-
sor metal salt and vitamin B3 derivative was studied firstly on the
optical feature of the synthesized product. After mixing the compo-
nents, where the final concentration of themetal was cmetal = 1mM,
the samples were thermostated for 24 h at 25 �C and the fluores-
cence intensity was checked under UV-lamp (klamp = 365 nm). It
was observed that the samples have a weak blue fluorescence
using the excitation wavelength of the applied lamp. The PL prop-
erty was characterized by spectrofluorometer as well using
kex = 335 nm, by which the samples show stronger PL. A typical
spectrum series can be seen on Fig. 1A. The experiments have been
carried out by using wide molar ratio range (0.1:1–120:1/NAM:
AuCl4� molar ratio), and it was found that the highest emission
maximum is detected at 10:1/ligand:metal ratio (Fig. 1B).

The formation of well-known plasmonic Au NPs with red color
was not observed [28]. Thus, for further optimization of the syn-
thesis protocol, this molar ratio was chosen. Beyond the selection
of the optimal metal ion to reducing agent ratio, the second impor-
tant parameter is the initial pH of the ligand solution. It is well-
known that the pH has a great influence on the protonation state
of the NAM molecule [29,30], and the redox potential also strongly
depends on pH. Consequently, the interaction of the ligand mole-
cules with AuCl4� ions has been investigated in the initial pH range
of 1–12 as Fig. 2A shows. On one hand, the first local maximum of
the measured emission is detected at pH 4.0, which is in good
agreement with the dominant presence of the deprotonated ligand
being charge neutral (dotted line, species B on Fig. 2B) [31]. Based
Fig. 1. A representative spectrum series of the final fluorescent product after 24 h usin
average emission intensity at kem = 380 nm depending on the NAM concentration (cAu =
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on this, it can be assumed that the deprotonation of the pyridinium
ring of the ligand has a great role in the preliminary coordination of
the AuCl4� ions and the formation of a fluorescent product. On the
other hand, it was also observed that the detectable PL shows a
1.6-fold increase at pH = 8.0 than pH = 4.0. To identify this phe-
nomenon the hydrolytic process of the aurate(III) ions should be
considered. On Fig. 2B, the distribution of the most dominant com-
plexes (chlorido- and hydroxido-) are also presented (black contin-
uous lines) as a function of pH, which has different redox potential
values as well. The three middle fractions having 60–70 M fraction
(%) present the different mixed complexes of aurate(III) ([Au(Cl)3-
OH]�, [Au(Cl)2(OH)2]�, [AuCl(OH)3]�, respectively).

Based on literature data, in acidic media, the [AuCl4]� form is
the dominant species and the redox potential is Eh([AuCl4]�/
Au0) = 1.00 V. In contrast, the [Au(OH)4]� complex becomes the
main form at pH 8.0 with Eh([Au(OH)4]�/Au0) = 0.60 V. Thus, in
the alkaline pH range, not only the increased reducing capacity
and coordination tendency of the pyridine containing molecule
[32–34] promotes the cluster formation, but the total reduction
of gold from ionic to metallic form becomes also preferable due
to the lower redox potential of the dominant gold complex. For this
ligand, the value of the redox potential at pH = 4.0 and pH = 8.0 is
nearly the same, because no structural change occurred with the
molecule above pH = 4.0. If the pH reaches the pH = 9.0 a slight
decrease in the PL intensity is observed; most probably the stabil-
ity of the fluorescent product is decreased. To promote the total
reduction of the precursor metal ions and to increase of yield of
the fluorescent gold products, the absence, and presence of sodium
citrate as an assistant mild reducing agent were also examined. As
it can be seen on Fig. 3A the limited use of citrate further aids the
reaction because the PL intensity was increased. Although, the
Turkevich-method [28] is well-known to produce colloidal Au par-
ticles using only sodium citrate as a reducing agent at boiling tem-
perature (ca. 100 �C). In contrast, the plasmonic NPs formation is
avoided due to the presence of NAM in the presented synthesis.
To investigate the effect of the citrate concentration, it was deter-
mined that the ideal amount is 10 mM (AuCl4�:citrate/ 1:2 M ratio),
which can suitably support the formation of the blue-emitting
NAM-Au nanohybrid product to a greater extent. If we further
increase the amount of citrate the PL intensity values show
decreasing tendency, and in case of extreme citrate excess
(c > 100 mM), PL intensity starts to increase again. Most probably
the formation of few-atomic metallic clusters seeds is unfavorable
if the Au/citrate ratio exceeds the 1:5 ratio in presence of nicoti-
namide perhaps due to the excessive separation of the reduced
g different molar ratios of NAM and AuCl4� ions (A). The maxima of the measured
1 mM, kex = 335 nm) (B).



Fig. 2. The measured emission intensity of the product (kem = 380 nm) as a function of the initial pH of the reaction mixture (A). Concentration distribution curves of the NAM
molecule (dotted lines) and the dominant chlorido and hydroxido complexes of the aurate(III) ions (solid lines) depending on the pH (B). (cAu = 1 mM, cNAM = 10 mM,
kex = 335 nm).

Fig. 3. The measured PL spectra of the final products using different citrate concentrations (cAu = 1 mM, cNAM = 10 mM, kex = 335 nm, initial pH = 8.0, T = 80 �C) (A). The
measured PL intensity values of the products as a function of the time using the optimized parameters (cAu = 5 mM, cNAM = 50 mM, kex = 335 nm, kem = 380 nm, initial pH = 8.0,
T = 80 �C) (B).
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metal atoms, which inhibits the cluster formation. For random
change of the PL intensity using extreme citrate excess
(c > 100 mM) we do not yet have an answer that can be supported
by experimental results, perhaps complex formation or other inter-
action between the ligands can be occurred.

Finally, three more parameters were also optimized, while the
previously defined parameters were kept constant: the metal con-
centration (Fig. S1A), the temperature (Fig. S1B), and the synthesis
time (Fig. 3B). These key conditions also have a great influence on
the amount, chemical structure, and optical properties of the
formed nanohybrid systems. Based on the experiments, the ideal
metal concentration is 5.0 mM to produce NAM-Au fluorescence
products having great PL. The use of smaller metal content causes
lower PL, but in contrast, if the precursor metal salt concentration
reaches � 5.0 mM, large aggregates are formed and the rapid asso-
ciation of the luminescent adducts is observed. For temperature, it
was found that the continuous increase in temperature from 25 �C
to 80 �C is increasingly favorable for the formation of clusters, but
negligible PL is detectable at lower temperatures (e.g. 4 �C). The
most amount of the luminescent nano-object can be formed using
80 �C. Finally, the exact synthesis time was determined based on
the measurement of time-dependent fluorescence evolution,
which is 24 h under the use of the optimized parameters. The final
4

product was purified in a two-step process as described in the
Experimental (chapter 2.2) section.

3.2. Structural characterization of the fluorescent NAM-Au NCs

For the characterization of the synthesized blue-emitting
objects with optimized parameters, the optical properties were
determined first. As it can be seen on Fig. 4A, the prepared NAM-
Au NCs show intensive blue emission. Based on the detected
well-defined excitation and emission spectra with relatively small
Stokes shift (ca. 45 nm), maxima can be identified at 335 and
380 nm, respectively.

Based on the literature data, the blue-emitting gold-based
objects can show diverse chemical structures [16]. These materials
can be supramolecular complexes [35–38], where the central
metallic component shows an ionic form with a + 1 oxidation state
in most cases, and the ligand contains ‘P’ or ‘S’ donor atoms. Using
small biomolecule having nitrogen-rich functional group(s) as a
direct reducing agent, polynuclear complexes with ionic metal cen-
ters or few-atomic Au NCs having metallic cores can also be formed
depending on the reduction capacity of the ligand [18]. Naturally,
the presence of other assistant reducing agents, such as sodium
borohydride, citrate, hydrazine, or the change of the initial pH



Fig. 4. The excitation and emission spectra of the NAM-Au system with the photo of the sample under UV-lamp (cAu = 5 mM, klamp = 365 nm) (A). Measured (gray dots) and
fitted (black line) fluorescence decay curves of the blue-emitting nano-object (kex = 295 nm, kem = 380 nm) (B). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Gyöngyi Gombár, D. Ungor, G.F. Samu et al. Journal of Molecular Liquids 359 (2022) 119372
can enhance the formation of ultra-small metallic NCs [39–41].
Besides, the steady-state measurements, the time-correlated
single-photon counting (TCSPC) technique is a reliable method to
estimate the structure, as well as the oxidation state of the pro-
duced Au-containing quantum dots [16]. After the evaluation of
the decay curve (Fig. 4B), two fluorescent lifetime (s) components
were identified: s1 = 4.3 ns (amplitude: a1 = 32%) and s2 = 6.7 ns
(a2 = 68%). It is generally accepted that the emission and the s val-
ues of the ultra-small Au NCs are dependent dominantly on the
atom number in the cluster core and the chemical structure of
the stabilizing ligand [42]. The determined fluorescence parame-
ters of the synthesized NAM-Au system are in good agreement
with the work of M. Dickson and co-workers [41]. Their work
focuses on the tunable preparation of poly(amidoamine) (PAMAM)
dendrimer-stabilized Au NCs having size-dependent fluorescence.
Besides, it was found that the synthesized NCs exhibited
nanosecond-scale luminescence lifetimes during, the short Stokes
shift. A good correlation was also identified between the value of
the atoms in the cluster core and emission energies in the case of
Au5–Au31 ultra-small Au NCs. In their paper, they concluded that
the luminescence dominantly originates from the metal core of
Au NCs instead of the ligand to metal charge transfer (LMCT). Thus,
the excitation and emission energies are well described by the free
electron Jellium model. Based on our measured data, it can be
assumed that the prepared NAM-Au NCs have almost analogous
cluster structure to the PAMAM-Au NCs synthesized by M Dickson
Group due to the similar donor groups of both stabilizing ligands.
Based on these conclusions, the fluorescence of the prepared
NAM-Au NCs origins presumably from the protoplasmonic sp-sp
intraband electron transition [43] of the metallic cluster cores.
Besides, the difference between the measured s components is a
rather small value, which also refers the nearly uniform size
composition.

To verify the metallic nature of the atoms in the NCs, the XPS
measurement was carried out (Fig. 5A). In the bulk phase, the 4f
electrons of the Au have Au 4f7/2–84.0 eV binding energy (BE)
[44]. It is well-known that this BE is extremely sensitive to both
the oxidation state of the Au, the size of the metal (particle), as well
as the strength of the interaction with the surface ligand [45].
Fig. 5A shows that the measured BEs are 87.5 and 83.8 eV in the
5

case of 4f5/2 and 4f7/2, respectively. These values refer to the ‘zero’
oxidation state of the Au in the cluster cores, which confirms the
metallic behavior of these fluorescent nano-objects. The negative
shift compared to the bulk energies also refers to the ultra-small
core size. Moreover, the strong interaction between vitamin B3

derivative and Au NCs is also supported.
In general, the amide and pyridine nitrogen energies are located

at 399.7 and 399.5 eV, respectively [46]. Based on the XPS spectra
of the ‘N’ atoms (Fig. S2) in the NAM-Au NCs, it can be concluded
that the N 1s region can be fitted with one component. In this sam-
ple, the 1s BE is located at 400.1 eV, which refers to a strong bond
between the ligand and metal cores. Furthermore, even both types
of nitrogen can take part in the stabilization of the metal core.

The FT-IR studies are one of the best techniques to analyze the
conformation or structural changes of the applied ligand before
and after the metal particle synthesis. Based on the registered
spectra, the moieties, which take part in the stabilization of the
formed ‘‘colloidal” system, and the free groups can be also identi-
fied. As it can be read in chapter 3.1, it was concluded that the pre-
liminary coordination of the precursor metal ion possibly occurs
through the pyridine-nitrogen based on the pH-dependent synthe-
sis. Besides, on the IR spectra (Fig. 5B), it also can be concluded that
the amide group of the ligand has a great role in the stabilization
process of the few-atomic Au NCs presumably due to metal ion-
induced amide deprotonation. Namely, the symmetric (ms) and
asymmetric (mas) stretching of the (NH2) group is changed from
3365 and 3156 cm�1 to 3358 and 3149 cm�1 for NAM and NAM-
Au NCs, respectively [47]. Besides, the stretching vibration (m) of
the pyridine ring also changes drastically from 1569 cm�1 to
1574 cm�1. The other moieties and atomic groups of the ligand
are invariable after the metal coordination.

Last, the aggregation tendency was investigated in various
media using three different parameters. For this purpose, the opti-
cal property (Fig. 6A), the change of the hydrodynamic diameter
(dH), as well as the f-potential (Fig. 6B) were measured depending
on the pH at 25 �C. The constant ionic strength was regulated by
the presence of sodium chloride as inert salt. Fig. 6A clearly shows
that the fluorescence of the synthesized NCs is detectable in the
whole studied pH region (pH = 1.0–12.0) but between pH = 1.0–
3.0 and above pH = 10.0 a slight decrease can be observed. Under



Fig. 5. XPS spectrum of the gold in the NAM-Au NCs (A). The FT-IR spectra of the pure ligand (upper) and the NAM-Au NCs (lower) (B).

Fig. 6. Emission intensities (kem = 380 nm, kex = 335 nm) of NAM-Au NCs depending
on the pH (A). The measured hydrodynamic diameters (d) and f-potential values
(j) as a function of pH (T = 25 �C, I = 0.1 M) (B).

Gyöngyi Gombár, D. Ungor, G.F. Samu et al. Journal of Molecular Liquids 359 (2022) 119372
strong acidic conditions (1.0 < pH < 3.0), large aggregates are
formed (dH > 800 nm), and the f-potential values refer to the meta-
stable state of the NAM-Au NCs [48]. In contrast, if the clusters are
under mild conditions (pH = 5.0–8.0) dominant changes in the flu-
orescence cannot be observed.

Although the measured hydrodynamic diameters (dH � 1 nm)
are close to the detection limit of the instrument, the ultra-small
Au NCs cannot show any aggregation process. The magnitude of
the f-potential values also confirms the more stable region of this
system between pH = 4.0–8.0 [48]. Considering the more alkali
conditions, if the pH is higher than pH = 9.0, the clusters lose their
6

stability again thanks to the high electrostatic shielding. The fluo-
rescence decreases moderately, moreover, the size also increased
to ca. 10–15 nm.
3.3. Determining the oxygen radical absorbance capacity (ORAC)

As it was mentioned in the Introduction, the chosen stabilizing
molecule (vitamin B3 derivative NAM) has a great antioxidant
and anti-inflammatory effect [25]. For the correct determination
of the antioxidant effect, it should be considered both the optical
property and colloid stability of the prepared NAM-Au NCs. Based
on the results of the characterization, the chosen method is the
ORAC test [4], which has several advantages such as the biological
relevant free radical and standardized methodology. During this
reaction, the decay curve of the fluorescein dye is measured in
the presence and absence of antioxidant molecules after the reac-
tion of the ROS. The reactive peroxyl radical is represented by ther-
molytic decomposition of a hydrophilic azo-containing molecule
(AAPH), which can destroy the dye molecule resulting the decrease
of fluorescence signal [49]. The measurements are usually carried
out in two independent ways: (I) measure the time-dependent sig-
nal loss of fluorescence with constant antioxidant concentration;
(II) measure the fluorescence intensities at the same reaction time
using different concentration of antioxidant. To standardize the
measured values, the hydrophilic vitamin E analog molecule (Tro-
lox) is generally accepted.

To utilize the antioxidant advantage, the inhibition capacity of
the synthesized NAM-Au NCs on the fluorescein degradation was
measured by the above-detailed spectrofluorimetric ORAC method
[26,27]. Besides, the antioxidant effect of the pure NAM was also
measured, and the result was compared with the poor literature
data.

The registered PL signals can be seen on Fig. 7. As it can be seen
on Fig. S3A, the characteristics of the Trolox curves are similar to
the literature data. It can be concluded that the larger concentra-
tion of vitamin E derivate can successfully inhibit the dye degrada-
tion. Based on Fig. S3B, it can be also established that the NAM
content is less able to prevent the ROS formation as expected.
However, it can be concluded based on the measurement data that
the Au content with a smaller NAM concentration can slightly pre-
vent the dye from degradation (Fig. 7B), which is proven by the
prolonged duration of the registered signal. It should be also men-
tioned that if the vitamin concentration reaches 100 lM, the pure
NAM has the more dominant antioxidant effect. Besides the analy-
sis of the fluorescence signal characteristic, the Trolox equivalent



Fig. 7. Representative signal curves of the fluorescein dye at kem = 515 nm for different NAM-Au NCs (in terms of the amount of NAM) concentration as a function of time
(T = 37 �C) (A). Comparison of the PL signals of pure NAM and Au NCs (cNAM = 50 lM) (B). The ORAC calibration curve of the NAM-Au NCs between 1 and 100 lM (C).

Table 1
The TE antioxidant capacity of different compounds by the ORAC method.

Material Concentration
(lM)

TE Ref.

Nicotinamide 50 0.56 ± 0.02 Presented
Nicotinamide-Au NCs 50* 0.48 ± 0.03 Presented

�3
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(TE) or ORAC value of the examined materials to 1 lM Trolox was
also calculated. For this purpose, the net area under curve (NetAUC)
values (Fig. 7C) needed to be determined by integration of the
time-dependent curves (Fig. 7A and Fig. S3) using blank samples
without antioxidant compounds [50].

Based on calculated data the ORAC value [51]:

Tannic acid 8.8 � 10 0.23 ± 0.02 [50]
Uric acid 0–4 1.08 [51]
Ascorbic acid 0–2 1.9 [51]
Vitamin B3 in synthetic B vitamin 44.7 0.28 [52]
ORACvalue ¼ cTrolox � NetAUCofsample � k
NetAUCofTrolox

ð1Þ

Mixture

* In terms of the amount of NAM.
where the cTrolox is the standardized concentration of Trolox
(50 lM), the NetAUC of the sample at 50 lM NAM concentration,
and NetAUC of Trolox is the net area under decay curves in the case
of the NAM and NAM-Au NCs samples and Trolox, respectively. The
k is the dilution factor of the sample. In the applied method, the
dilution factor was 4.3.

The measured samples show weaker antioxidant activity than
the standard Trolox molecule, as Table 1 shows. However, the
NAM-Au NCs have a smaller TE value perhaps due to metal-
attached active moieties. Nonetheless, their antioxidant property
shows a delaying effect on the dye degradation and takes better
activity against the synthetic vitamin mixture and tannic acid.
Considering the chemical structure of the NAM molecule, as it
was mentioned in the Introduction the hypothesized ‘‘chain-
break” mechanism is confirmed by the ORAC test.
7

4. Conclusion

In this paper, a simple one-pot synthesis was presented to pro-
duce blue-emitting NAM-Au NCs. For stabilization, the non-studied
amide derivate of vitamin B3 molecule (NAM) was chosen, which
coordinates the metal cores via the pyridine and amide functions.
The optical features show intensive light emission at 380 nm and
the determined lifetime values refer to the nearly uniform size of
few-atomic Au NCs. The oxidation state of the metal content was
analyzed by XPS, and the zero valency binding energies were iden-
tified at 4f5/2 = 87.5 eV and 4f7/2 = 83.8 eV. The antioxidant effect of
the NAM, as well as the NAM-Au NCs, was measured by the ORAC
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method and the Trolox equivalent value was calculated to analyze
their inhibition capacity against ROS generation. The initial antiox-
idant effect was kept after the metal coordination but slightly
decreased due to the metal-coordinated active functional groups.
The pure vitamin derivative has 0.56 ± 0.02, while the NAM-Au
NCs show 0.48 ± 0.03 TE related to 1 lM Trolox concentration.
They have a moderate prolonged effect on dye degradation at the
same concentration. We clearly demonstrated that our sub-
nanometer-sized NAM-Au NCs show new molecular-like blue fluo-
rescence in contrast to the pure molecule, but the antioxidant
capacity remains similar. These coupled properties make our NCs
as potential agents for biocatalytic reactions.
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