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Abstract
Gold nanoparticles (AuNPs) produced via pulsed laser ablation in liquids (PLAL) offer significant advantages due to 
their high purity and absence of ligands. However, their long-term stability is often compromised by aggregation and col-
loidal destabilization, which are not yet fully understood. This study investigates the influence of different saline agents 
(NaCl, NaNO3, Na2SO3) and storage conditions on the stabilization of PLAL-produced AuNPs over three months. The 
nanoparticles were characterized using UV-Vis spectroscopy, XRD, ZP, DLS, XPS, and HRTEM, while computational 
studies based on density functional theory (DFT) explored the adsorption mechanisms of counterions on the AuNP sur-
face. The results demonstrated that stabilization is strongly influenced by the type of salt and storage conditions, with 
NaNO3 increasing oxidation and NaCl and Na2SO3 improving size distribution and reducing aggregation. Light exposure 
negatively affected stability, whereas dark conditions promoted long-term suspension stability. Experimental findings were 
supported by DFT simulations, revealing strong counterion adsorption on the nanoparticle surface. These findings provide 
a critical understanding of the interactions governing nanoparticle stability, also offer practical solutions for extending the 
shelf life of AuNPs. This work paves the way for the development of more robust, contamination-free gold nanoparticles, 
promising significant advancements in biomedical, electronic, and catalytic applications.
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1  Introduction

Gold nanoparticles (AuNPs) are among the most versatile 
and extensively studied nanomaterials due to their remark-
able optical and electronic properties, enabling applica-
tions across catalysis [1], energy conversion [2], targeted 
drug and gene delivery [3, 4], sensing [5–7], and bioimag-
ing [8]. Their appeal stems from their unique optical and 
electronic properties, particularly localized surface plasmon 
resonance (LSPR) [9], as well as their biocompatibility, tun-
able surface chemistry, and ease of functionalization [10]. 
Traditionally, AuNPs are synthesized by reducing gold tet-
rachloride (HAuCl4) with chemical agents such as sodium 
citrate [11] or sodium borohydride [12, 13]. However, these 
conventional chemical methods often introduce residual 
contaminants, compromising nanoparticle purity, biocom-
patibility, and functionality.

Pulsed Laser Ablation in Liquid (PLAL) is a clean, 
reagent-free method for producing high-purity nanopar-
ticles directly from bulk material, eliminating the need for 
ionic precursors and separation steps [14–16]. It allows con-
trol over morphology [17–19], well-defined sizes [7, 20], 
and high purity [21], though productivity and long-term sta-
bility remain challenges. Recent advances, including high-
power, high-repetition-rate lasers, have boosted production 
to up to 4 g h− 1 for metals such as gold, platinum, and silver 
[22, 23]. Techniques like multi-beam systems, high-speed 
scanners [24], and innovations such as wire targets or thin 
liquid layers have further improved efficiency, achieving up 
to fivefold increases without compromising nanoparticle 
quality [25].

Maintaining AuNPs colloidal stability is crucial for 
preserving their functionality, efficacy, and safety in bio-
technological applications [26]. Aggregation can degrade 
nanoparticle performance and trigger adverse biological 
effects [27]. Stability and shelf life can be improved through 
appropriate stabilizers and optimized storage. Encapsulation 
with surfactants like CTAB [28], proteins like keratin and 
albumin [27], organic agents such as ω-sulfonylated alkyl-
sulfanylaniline [29], or saline solutions containing sodium 
chloride [30] has proven effective. Additionally, proper 
purification and storage under controlled conditions are cru-
cial for preserving the integrity of these nanoparticles [31].

The classical Derjaguin–Landau–Verwey–Overbeek 
(DLVO) theory explains colloidal stability through the bal-
ance between van der Waals attractions and electrostatic 
repulsions in ionic media [32, 33]. However, ligand-free 
AuNPs often exhibit behaviors beyond DLVO predic-
tions, driven by ion-specific interactions in which particular 
anions and cations modulate surface charge and stability 
through selective adsorption and hydration effects [34–38]. 
For instance, ions such as Br⁻ and I⁻ enhance stabilization 

through adsorption-driven mechanisms [32, 34]. In saline 
media, nanoparticle stability arises from a complex inter-
play between ionic strength, ion valence, and hydration. 
Weakly hydrated anions promote stability, whereas strongly 
hydrated ones encourage aggregation, underscoring the 
role of ion hydration in colloidal behavior [34, 39–43]. 
Density functional theory (DFT) studies, though limited, 
support these findings by clarifying the energetics of ion 
adsorption on metallic surfaces [34, 44]. Nevertheless, the 
molecular-level mechanisms underlying colloidal stabiliza-
tion of ligand-free AuNPs remain insufficiently understood. 
Classical models such as DLVO and Hofmeister series cap-
ture general trends but fail to explain the specific adsorption 
and hydration-driven effects that determine stability in the 
absence of organic ligands. This knowledge gap limits the 
rational design of stable, high-purity AuNPs for biological 
and catalytic applications.

To the best of our knowledge, a comprehensive under-
standing of AuNP stabilization in saline media, particularly 
regarding ion adsorption mechanisms and their correlation 
with colloidal behavior, remains incomplete. To address this, 
the present study investigates the stabilization of ligand-free 
AuNPs in saline environments by focusing on electrostatic 
and ion-specific adsorption mechanisms involving three 
representative salts: sodium chloride (NaCl), sodium nitrate 
(NaNO3), and sodium sulfite (Na2SO3). These salts were 
deliberately chosen to encompass a spectrum of anionic 
properties and practical relevance. NaCl is a biologically 
compatible electrolyte widely present in physiological and 
industrial systems, serving as a reference for chloride’s 
stabilizing behavior. NaNO3, characterized by moderate 
hydration and weak adsorption, represents intermediate sta-
bilization conditions, while Na2SO3, containing a divalent, 
strongly hydrated anion, is associated with destabilization 
phenomena. Collectively, these salts provide an effective 
framework for analyzing how ionic strength, valence, and 
hydration govern nanoparticle stability. Using a mixture 
design of experiments (DOE), the individual and combined 
effects of these salts on colloidal behavior were statistically 
assessed. Complementary DFT calculations elucidated the 
atomic-scale energetics of ion adsorption on gold surfaces. 
This integrated experimental–theoretical approach advances 
the understanding of stabilization dynamics in ligand-free 
AuNPs and supports the development of high-purity, con-
tamination-resistant nanomaterials for biomedical and tech-
nological applications.
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2  Materials And Methods

2.1  Materials

Sodium chloride (NaCl), sodium nitrate (NaNO3), and 
sodium sulfite (Na2SO3) were purchased from Sigma-
Aldrich and used without further purification. All salts 
were dissolved in freshly prepared ultrapure Milli-Q water 
(Millipore, ≤ 18.2 MΩ·cm) to obtain the respective saline 
solutions. The unbuffered solutions showed near-neutral pH 
values (6–8) depending on salt composition. No pH adjust-
ment or degassing was performed, as all solutions were 
prepared and used under ambient laboratory conditions 
(22 ± 1 °C).

2.2  Preparation of Gold Suspension

Gold suspensions were synthesized by PLAL using a pol-
ished gold target (99.99% purity) with dimensions of 
10 mm × 10 mm, immersed in 10 mL of a dilute electrolytic 
solution. A Nd: YAG laser (OEM Plus, Italy) operating at 
a wavelength of 1064 nm was used for ablation. The laser 
delivered an average output power of 6 W, a pulse width 
of 35 ns, and a repetition rate of 20  kHz. The beam was 
focused on the target surface using a fused-quartz lens with 
a 160 mm focal length, resulting in a 3 μm spot diameter. 
Under these conditions, the pulse energy was 0.3 mJ, and the 
corresponding laser fluence was calculated as 4.24 kJ·cm− 2 
per pulse [45].

The target was placed at the bottom of a borosilicate 
glass vessel, with the liquid level maintained 7 mm above 
its surface. Continuous magnetic stirring was applied dur-
ing ablation to ensure homogeneous dispersion of the col-
loid and to prevent particle-induced shielding of the laser 
beam. The laser beam was scanned in a filled-rectangle 
pattern (4.5 mm × 2 mm) with a line spacing of 0.001 cm 
and a scan speed of 5 mm·s− 1, providing uniform irradia-
tion and approximately twelve overlapping pulses per spot 
[14]. The ablation time was fixed at 11 min for all samples. 
This configuration ensured stable fluence, precise beam–tar-
get al.ignment, and reproducible synthesis conditions for all 
experiments.

Systems were produced under the following conditions: 
W (ultrapure water), Cl (100 µmol L− 1 NaCl), N (100 µmol 
L− 1 NaNO3), S (100 µmol L− 1 Na2SO3), ClN (50:50 µmol 
L− 1 NaCl and NaNO3), ClS (50:50 µmol L− 1 NaCl and 
Na2SO3), NS (50:50 µmol L− 1 NaNO3 and Na2SO3), and 
ClNS (33:33:33 µmol L− 1 NaCl, NaNO3, and Na2SO3).

2.3  Characterization

2.3.1  UV − Vis Spectroscopy and Primary Particle Index 
(PPI)

UV–Vis spectra were collected in a Shimadzu UV − 1800 
spectrophotometer (Shimadzu, Kyoto, Japan). The mea-
surements were conducted in a 10 mm wide quartz cell with 
a sample volume of 2.0 mL, covering a spectral range from 
300 to 800 nm.

The colloidal stability of the synthesized AuNPs was 
evaluated by calculating the PPI, defined as the ratio 
between the absorbance at 380 nm (interband transition of 
gold) and the scattering intensity at 800 nm [34], according 
to Eq. (1):

PPI=
A380

A800
� (1)

where A380 and A800 represent the absorbance values at 
380 nm and 800 nm, respectively. Higher PPI values indi-
cate enhanced colloidal stability and lower aggregation lev-
els [46].

2.3.2  Flame Atomic Absorption Spectroscopy (FAAS)

To quantify the gold concentration in the samples, the 
dispersions were first diluted with deionized water and 
subsequently mixed with 2 mL of aqua regia in a 10 mL 
volumetric flask. The gold content was then analyzed using 
a novAA 350 Flame Atomic Absorption Spectrometer (Ana-
lytik Jena, Germany). Measurements were performed in 
triplicate to ensure accuracy. The following conditions were 
employed: acetylene and argon as gases, a wavelength of 
242.8 nm, slit width of 0.5 nm, lamp current of 4.0 mA, and 
an integration time of 3 s.

2.3.3  X-Ray Diffraction (XRD) Measurements

The Rigaku MiniFlex600 diffractometer 40 kV and 30 nA 
was used to conduct the X-ray diffraction (XRD) analyses 
to characterize the AuNPs crystallinity structure. The estab-
lished parameters were a step of 0.05° and a scan speed 
of 10° min − 1 in a sweep 2θ range of 10–80 degrees. The 
samples were prepared by centrifuging aliquots of 100 µL 
each under a 6000-rpm machine for 20 min. Afterwards, 60 
µL of the supernatant was removed and the concentrated 
AuNPs was dropped on a glass plate. The sample was taken 
to an oven under 30 °C until completely dry. This procedure 
was done 10 times to concentrate the samples for further 
analysis.
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accuracy in describing analyte-substrate interactions, espe-
cially where attractive non-local long-range van der Waals 
(vdW) interactions are significant, the semi-empirical vdW 
D3 correction [50, 51] was applied to all calculations. This 
correction adds additional dispersion energy contribution to 
the total DFT-PBE energy.

The Kohn-Sham equations were solved using the all-
electron projected augmented wave (PAW) method [52, 53], 
as implemented in the Vienna Ab-initio Simulation Pack-
age (VASP) [54, 55]. Core electrons were described using 
fully relativistic calculations, while valence electrons were 
treated with a scalar-relativistic approximation [56, 57].

We utilized a plane-wave cutoff energy of 450 eV, which 
exceeds the largest recommended cutoff energy (ENMAX) 
among the selected PAW files by 12.5%. For model (i), a 
3 × 3 × 1 k-mesh was employed for Brillouin zone integra-
tion, generated using the Monkhorst-Pack scheme. In con-
trast, for models (ii) and (iii), a single k-point (Γ-point) was 
sufficient for all calculations, as there is no dispersion of 
electronic states along any direction within the Brillouin 
zone in these cases. Additionally, a small Gaussian smear-
ing parameter of 1 meV was applied to prevent fractional 
occupation of electronic states.

Equilibrium geometries were considered achieved when 
the atomic forces on each atom were less than 0.015 eV/Å, 
with a total energy convergence criterion of 10− 6 eV for 
electron density self-consistency. For ab initio molecular 
dynamics simulations, the Nosé algorithm was employed 
to control the temperature, with thermalization and simu-
lated annealing processes running for approximately 20 and 
40 picoseconds, respectively. A time step of 1 femtosecond 
was used to generate different adsorbed configuration snap-
shots, allowing for the exploration of various interaction 
configurations.

2.5  Design of Experiments and Statistical Analysis

The use of a simplex-centroid mixture design of experi-
ments can offer several advantages in evaluating the colloi-
dal stability of nanoparticles, including the identification of 
synergistic effects, optimization of compositions, quantita-
tive assessment of interactions, predictive modelling, and 
versatility across different systems [58]. These advantages 
make this approach a valuable tool in the development and 
optimization of nanoparticle formulations.

Therefore, salt combinations were prepared according 
to the simplex-centroid mixture design with 2q − 1 combina-
tions, where q is the number of tested components (salts), 
with a sum equal to 1. Two repetitions of the central point 
(7  C) were included to allow for error calculation. The 
experimental domain consisted of components X1 (NaCl), 
X2 (NaNO3), and X3 (Na2SO3), with each component 

2.3.4  Zeta-Potential (ζ-potential) and Dynamic Light 
Scattering (DLS) Measurements

The zeta potential (ζ-potential) and dynamic light scattering 
(DLS) of the samples were measured using a Zetasizer Nano 
ZS equipped with a 4 mW He/Ne laser at 638 nm (Malvern, 
United Kingdom). A volume of 750 µL of each sample was 
placed in a disposable folded capillary cell for analysis. 
Zeta potential measurements were performed in triplicate 
(n = 3), with 12 consecutive runs per replicate, to ensure 
reproducibility. Standard deviations derived from the trip-
licate datasets were calculated and employed as statistical 
error indicators. The DLS measurements were performed in 
triplicate (n = 3) and taken at a fixed scattering angle of 173° 
and maintained at 25 °C, with water as the solvent.

2.3.5  High-Resolution Transmission Electron Microscopy 
(HRTEM)

HRTEM analyses were conducted using a Hitachi HD-2700 
aberration-corrected STEM operated at 200  kV. Sample 
preparation involved placing 10 µL of the colloidal solutions 
onto carbon-coated copper grids, followed by air drying.

2.3.6  X-Ray Photoelectron Spectroscopy (XPS)

The chemical oxidation states of the gold nanoparticles 
were analyzed in detail using X-ray Photoelectron Spectros-
copy (XPS). The samples were prepared by dropping 500 
µL of the solution containing the Au NP onto a 5 × 5 mm 
Si substrate and placing the obtained samples into a forced 
convection oven slightly heated at 37  °C for a period of 
24 h, to allow the evaporation of the liquid. The measure-
ments were carried out with a K-Alpha Thermo Scientific 
(ESCALAB™ XI+, East Grinstead, UK) spectrometer, 
equipped with a 180° double-focusing hemispherical ana-
lyzer. Calibration was performed using the adventitious C1s 
peak at 284.8  eV for accurate charge referencing. Survey 
spectra were recorded at a pass energy of 50 eV to assess the 
surface elemental composition. High-resolution spectra for 
C1s, O1s, N1s, Na1s, Cl2p, S2p, and Au4f were recorded at 
a pass energy of 20 eV to provide a detailed analysis of the 
chemical oxidation states. The spectra acquisition and data 
processing were carried out using the Avantage software 
(Thermo Avantage v5 9921).

2.4  Molecular Dynamic Simulations

All calculations were conducted using the spin-polarized 
DFT [47, 48] within the generalized gradient approxima-
tion as proposed by Perdew-Burke-Ernzerhof (PBE) for 
the exchange-correlation functional [49]. To improve the 
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and surface plots were generated to visually illustrate the 
response to the three components specified in the model. 
Two new ternary mixtures were formulated to create distinct 
suspensions (n = 2). The model was then validated by com-
paring the mean responses of these suspensions with the 
values predicted by the model equations. The experimental 
design, data analysis, and generation of contour and surface 
plots were carried out in Statistica (TIBCO Software Inc., 
version 13.5.0.17, 2018), using a significance level of α = 
0.05.

3  Results and Discussion

This study investigates the effects of different salts (NaCl, 
NaNO3, and Na2SO3) on the stabilization of gold nanopar-
ticles produced by PLAL. We evaluate the decantation and 
aggregation processes over time under various storage con-
ditions and analyse the molecular dynamics involved in 
physical adsorption processes. The systems were synthe-
sized using a simplex-centroid mixture design of experi-
ments, both with and without salts, and their combinations 
in ultrapure water.

UV-Vis spectroscopy was employed to assess the intrin-
sic optical properties of the synthesized AuNPs, FAAS 
quantified the productivity of the PLAL processes, while 
XRD analysis was performed to determine the crystalline 
structure of the AuNPs. To evaluate colloidal stability, we 
compared the ratio of gold interband absorbance at 380 nm 
to the scattering signal from aggregates and larger particles 
at 800 nm [34]. PPI serves as a critical metric for assess-
ing the relative abundance of primary nanoparticles versus 
aggregates in a colloidal system [59]. Higher PPI values 
indicate improved colloidal stability, reduced aggregation, 
and enhanced nanoparticle dispersity, key factors for the 
performance of AuNPs in applications such as catalysis, 
sensing, and biomedical imaging [60].

Figure 1a illustrates that all systems exhibit a single 
absorbance peak corresponding to the LSPR phenomenon, 
with maxima ranging from 519 to 524 nm. Significant dif-
ferences in absorbance are observed when comparing saline 
systems with the with ultrapure water (denoted as W) sys-
tem. Notably, Na2SO3 (denoted as S) shows the highest 
absorbance, while the combination of NaCl and Na2SO3 
(denoted as ClS) presents the lowest. As the LSPR phenom-
enon can offer an indication of the concentration of gold 
nanoparticle formation [61], these variations suggest com-
plexities in productivity and nanoparticle formation, which 
may be influenced by the direct effect of ion type on the 
electrostatic interaction between the forming nanoparticles 
and water [40, 62].

ranging between zero and one (0 ≤ Xi ≤ 1; ∑Xi = 1). The salt 
concentrations were randomly produced, where a value of 
1.0 corresponds to 100 µM, 0.5 to 50 µM, and 0.3 to 33,33 
µM, as detailed in Table  1. The resulting ionic strength 
of the systems is presented in Table S1 in the supporting 
information.

Mixture regression analysis was conducted to estimate the 
coefficients and assess the significance of the model terms 
using the F-test and the coefficient of determination (R2). 
The analysis involved fitting the initial results to various 
mixture regression models, ranging from linear to special 
cubic, to determine the most appropriate model complex-
ity. The significance of the model was evaluated based on 
several criteria: model significance, lack-of-fit significance, 
and adjusted R2. The adjusted R2 reflects the proportion of 
the variation in the responses explained by the model. The 
adjusted R2 accounts for the number of terms in the model, 
providing a more accurate measure of fit by penalizing for 
excessive complexity.

Subsequently, the models were simplified by retaining 
only the significant terms, where applicable. The analysis 
determined that the most appropriate models were either 
linear, quadratic, or special cubic, depending on the specific 
context, based on criteria such as non-significant lack-of-fit 
and higher adjusted R2 values. The models were defined as 
follows: Eq.  (2) for the linear model, Eq.  (3) for the qua-
dratic model, and Eq. (4) for the special cubic model.

In this context, Y represents the predicted response from 
the analysis, while β1, β2, and β3 denote the estimated coef-
ficients for each linear effect term. Additionally, β12, β13, 
and β23 represent the coefficients for binary interaction 
effects, and β123 corresponds to the ternary interaction effect 
term. After deriving the estimated model equations, contour 

Table 1  A simplex-centroid design with ratios of NaCl (X1), NaNO3 
(X2), and Na2SO3 (X3). The first three systems were labelled using 
the counterion corresponding to the salt content, i.e., NaCl = Cl, 
NaNO3 = N, and Na2SO3 = S. In the other systems, the counterion of 
the corresponding salts was used to label the systems: ClN = mixture 
of NaCl and NaNO3, ClS = mixture of NaCl and Na2SO3, NS = mix-
ture of NaNO3 and Na2SO3, and ClNS = mixture of NaCl, NaNO3 and 
Na2SO3. W corresponds to the suspension produced only in ultrapure 
water
System Salt Ratio (*10− 4 mol L− 1) Execution Order

X1 X2 X3
Cl 1.000 0.000 0.000 7 (C)
N 0.000 1.000 0.000 3
S 0.000 0.000 1.000 5
ClN 0.500 0.500 0.000 7 (C)
ClS 0.500 0.000 0.500 1
NS 0.000 0.500 0.500 4
ClNS (1) 0.333 0.333 0.333 2
ClNS (2) 0.333 0.333 0.333 7 (C)
ClNS (3) 0.333 0.333 0.333 6
W 0.000 0.000 0.000 0
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contrast, N salts seem to have a neutral impact on AuNPs 
generation when compared to system W. It shows that while 
individual salts and the triple salt mixture (CINS) positively 
affect productivity, combinations of two salts tend to reduce 
the efficiency of the PLAL technique. The addition of salts 
to the aqueous medium during laser ablation likely increases 
the material removal rate. This enhancement could be linked 
to the increased energy density of the laser-induced plasma. 
Fully dissociated ions in the solution may reduce the effec-
tive ionization energy, lowering the intensity threshold for 
plasma generation and increasing the charge density within 
the breakdown region [64]. These effects collectively con-
tribute to the observed improvements in productivity.

Figure 1presents the diffractograms obtained through 
XRD analysis of dried samples, where characteristic peaks 
of gold are observed at 38.2°, 44.4°, 64.6°, and 77.7°. These 
peaks can be indexed to the (111), (200), (220), and (311) 
diffraction planes of the face-centered cubic (FCC) struc-
ture of metallic gold, respectively, indicating that the syn-
thesized gold nanoparticles consist of pure crystalline gold. 

Figure 1b presents the PPI values of different systems, 
showing higher stability in the system with NaCl (denoted 
as Cl) and its mixtures with NaNO3 and Na2SO3 (denoted as 
ClNS). In contrast, systems with ultrapure water (denoted 
as W) and NaNO3 (denoted as N) exhibited the lowest PPI 
values, indicating poorer colloidal stability and a higher ten-
dency for aggregation. The enhanced PPI values in NaCl-
containing systems can be attributed to adsorption processes 
and electrostatic interactions on the nanomaterial surface, 
which suppress aggregation and improve colloidal stabil-
ity [46]. Similarly, systems containing Na2SO3 showed an 
increase in PPI, likely due to complex sulfur adsorption and 
interaction processes on the surface of the AuNPs [63].

The outcomes suggest that the type of salt used signifi-
cantly influences the productivity (mg h− 1) of the synthe-
sized nanomaterial. As shown in Fig.  1c,the productivity 
values, determined by FAAS, vary depending on the salt 
present during the PLAL process. The presence of Cl and 
S salts during the synthesis appears to enhance the abla-
tion process, leading to higher productivity of AuNPs. In 

Fig. 1  Optical and productivity analysis of gold nanoparticles synthe-
sized under various conditions. (a) UV-Vis absorbance spectra show-
ing LSPR for each system after PLAL production. (b) PPI, calculated 
as the ratio of absorbance at 380 nm to the scattering signal at 800 
nm (A380/A800), indicating colloidal stability and (c) Productivity of 

AuNPs as determined by FAAS. (d) XRD diffractograms illustrating 
the diffraction peaks of AuNPs and the associated salts, with detailed 
indexing of the corresponding Miller indices (hkl). Data represent the 
mean of three independent experiments (n = 3). Error bars indicate the 
standard deviation (SD)
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demonstrated the most significant stabilization, with the best 
ζ-potential value recorded at − 51.23 mV. This enhanced 
stability can be attributed to the presence of SO3

2- on the 
surface of the AuNPs, with the sulfite’s total charge (−2) 
responsible for the higher surface charge density around the 
nanoparticles [71]. Thus, this situation leads to a more nega-
tive ζ-potential, providing a robust electrostatic stabilization 
and leading the AuNPs synthesized with Na2SO3 a particu-
larly effective stabilizing agent in this context.

After 90 days, the AuNP synthesized in the presence of 
salts exhibited a decrease in ζ-potential values, indicating 
a loss of stability. Among these, the samples containing 
SO3

2- showed a relatively smaller decrease in ζ-potential, 
which can be attributed to the strong Au-S interaction as 
previously mentioned. Generally, laser-ablated AuNPs in 
halide water media change particle chemical composition 
and gold surface oxidation due to ionic contributions [40]. 
Similarly, it can be inferred that the differences between the 
anions in the various salts result in strong or weak interac-
tions, accounting for the observed reduction in ζ-potential 
over time. This will be further explored in the subsequent 
computational simulations. The application of statistical 
mixture models for UV-Vis, PPI and Zeta Potential analyses 
are presented in the Supporting Information.

HRTEM was used to examine the morphology and size 
distribution of AuNPs synthesized in different saline envi-
ronments (Fig. 3a–h). Across all systems, particles exhib-
ited predominantly spherical shapes with log-normal size 
distributions, as indicated by right-skewed histograms, sug-
gesting secondary growth or partial aggregation during syn-
thesis. Nanoparticles produced in pure water (W) and nitrate 
medium (N) displayed the largest mean diameters (DMean 
= 14.6 nm and 24.8 nm, respectively) and visible cluster-
ing. These observations align with the lower plasmon peak 
intensities (PPI) in UV–Vis spectra, confirming weaker 
colloidal stabilization and enhanced aggregation [34, 46]. 
The larger sizes in these systems likely result from slower 
nucleation and increased coalescence during laser ablation, 
yielding broader size distributions.

In contrast, mixed-salt environments (Fig. 3b–h) yielded 
smaller mean diameters and reduced aggregation, indicat-
ing improved growth control. Among single-salt systems, 
the sulfite sample (S) formed nanoparticles averaging 
9.3 nm, while in ClS, NS, and ClNS systems, mean diam-
eters decreased further to 6.8, 6.1, and 8.4 nm, respectively. 
These results emphasize the strong stabilizing role of SO₃²⁻ 
anions, which act as Lewis bases forming π back-bonding 
and electrostatic interactions with gold surfaces [72]. Such 
interactions promote compact, well-stabilized nanoparticles 
and inhibit uncontrolled aggregation.

The combination of sulfite with other anions (e.g., Cl− or 
NO3

−) produced smaller, more uniform particles, suggesting 

The peak corresponding to the (111) plane is notably more 
intense than those of the other planes, suggesting a predomi-
nant (111) orientation and confirming the crystalline nature 
of the gold nanoparticles [46].

In systems containing salts, the corresponding character-
istic peaks are observed in the diffractograms, as expected. 
These peaks are attributed to the crystalline forms of NaCl, 
NaNO3, and Na2SO4, present in the dried samples of salt sus-
pensions. In the chloride-containing system, a distinct peak 
is observed at 31.7°, corresponding to the (200) diffraction 
planes of the face-centered cubic structure of crystallized 
NaCl [65]. In the nitrate-containing system, a slightly more 
intense peak at 29.3° corresponds to the (104) diffraction 
planes of the rhombohedral structure of NaNO3 [66]. For 
the sulfite system, two distinct peaks are observed at 31.8° 
and 33.9°, corresponding to Na2SO4 rather than Na2SO3 as 
initially anticipated. Literature suggests that Na2SO3 may 
easily oxidize to Na2SO4 [67]. Furthermore, the presence of 
gold nanoparticles, which act as catalytic agents, enhances 
the conditions for oxidation [68].

In the mixed systems, the characteristic nitrate peak is 
observed in both the ClN and ClNS systems, as anticipated. 
However, in systems containing sulfate, only a single peak 
at 31.8° is present, as observed in both the NS and ClNS 
systems, with the second peak at 33.9° notably absent. In 
the ClS system, the peaks for chloride and sulfate are nearly 
indistinguishable due to their discrete characteristics. Nota-
bly, in all gold nanoparticle-containing systems, while salt 
peaks are observed, no new crystalline angles for the gold 
nanoparticles are detected. Therefore, the nanoparticles 
consistently exhibit the face-centered cubic structure, even 
when subjected to synthesis under saline conditions. This 
indicates that no lattice distortion or structural modification 
of the gold nanoparticles occurred as a result of oxidation 
processes, confirming that the gold remained in its metallic 
FCC form under all tested conditions.

Zeta (ζ)-potential analysis is a commonly used technique 
for characterizing nanoparticles, as it provides crucial infor-
mation about the electrostatic potential at the slipping plane 
of a particle concerning the electric double layer (EDL) 
surrounding it and its dispersant [69]. Typically, ζ-potential 
values between ± 30 and ± 40 mV indicate moderate elec-
trostatic stability, while values exceeding ± 40 mV suggest 
strong electrostatic stability [70].

In the present work, ζ-potential values were measured 
both immediately after synthesis and 90 days later for 
samples stored in a refrigerated (4–8 °C) environment and 
sonicated before analysis. As shown in Fig.  2, all AuNPs 
stabilized with salts exhibited at least moderate electrostatic 
stability. In contrast, the AuNPs synthesized in ultrapure 
water showed colloidal instability, with a ζ-potential of 
− 25.77 mV. Notably, the samples containing sodium sulfite 
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aggregation. The N system contained populations at 11.7 nm 
(1.97%), 78.8 nm (12.7%), and 5560 nm (1.1%), reflecting 
both nanoscale species and secondary aggregates. Similarly, 
the W control showed a dominant peak at 78.8 nm (10.33%) 
and a large secondary peak at 5550 nm (1.1%), confirming 
extensive aggregation without ionic stabilization [75].

Mixed-ion systems displayed more complex distribu-
tions. The ClN system exhibited peaks at 50.7 nm (6.72%) 
and 255 nm (7.92%), indicating moderately stabilized yet 
partially aggregated nanoparticles. The ClS system pre-
sented three peaks, 43.8  nm (6.71%), 220  nm (5.46%), 
and 5560 nm (1.35%), suggesting partial aggregation due 
to competitive adsorption between Cl⁻ and sulfur species. 
Similarly, NS showed peaks at 43.8 nm (5.98%), 164 nm 
(5.09%), and 5560 nm (2.3%), reflecting bimodal stabiliza-
tion with some aggregation. The ClNS system exhibited a 
broad, polydisperse profile with peaks at 1.29 nm (0.49%), 
5.61 nm (0.56%), 68.1 nm (5.69%), and 4800 nm (0.34%), 
suggesting coexistence of small stabilized clusters and 

a synergistic stabilization effect. This synergy likely stems 
from differential adsorption affinities: SO3

2− provides 
charge stabilization through strong surface binding, whereas 
Cl− and NO3

− modulate surface potential and ionic strength. 
These findings are consistent with previous reports showing 
that NO3

− and Cl− afford intermediate stabilization, while 
SO₃²⁻ confers stronger coordination, leading to monodis-
perse colloids [34].

DLS further elucidated colloidal behavior across systems 
(Fig. 4a–h). Each exhibited multiple scattering populations, 
indicating variable degrees of aggregation and stabilization 
in solution [62]. The Cl and S systems showed the smallest 
hydrodynamic diameters, with dominant peaks at 32.7 nm 
(4.95%) and 28.2 nm (4.3%), respectively. Their low hydro-
dynamic sizes and moderate intensities indicate efficient 
stabilization and minimal aggregation [73, 74]. Minor pop-
ulations at 2.33  nm and 5.61  nm in Cl likely correspond 
to primary clusters or ionic species. Conversely, N and W 
systems exhibited broader distributions and pronounced 

Fig. 2  ζ-potential values for different AuNP systems, measured on the day after synthesis and after 90 days. Data represent the mean of three inde-
pendent experiments (n = 3). Error bars indicate the standard deviation (SD)
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After 90 days, DLS analysis revealed clear shifts in 
hydrodynamic size distributions across all systems, high-
lighting the progressive evolution of colloidal stability. 
The W control maintained its triphasic distribution, with 
peaks at 8.72 nm (1.76%), 78.8 nm (9.01%), and 5560 nm 

large aggregates [76]. The presence of sub-10 nm species 
may correspond to ligand-stabilized nuclei coexisting with 
larger colloids [73, 76]. Overall, the dominant particle size 
increased in the order: Cl ≈ S < NS < ClN ≈ ClS < ClNS < N < 
W.

Fig. 3  Size distribution histograms 
of HRTEM micrographs of AuNPs 
(inset) synthesized in (a) W, (b) Cl, 
(c) N, (d) S, (e) ClN, (f) ClS, (g) 
NS and (h) ClNS
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of secondary aggregates, consistent with insufficient elec-
trostatic stabilization in nitrogen-only media [75].

The S system evolved toward larger hydrodynamic 
sizes, with peaks at 50.7 nm (5.89%), 295 nm (6.73%), and 
5560 nm (1.37%), suggesting progressive particle growth. 
This behavior likely reflects slow oxidation or reorganiza-
tion of sulfur species at the surface, leading to partial loss of 
stabilization [77]. Among the mixed-ion systems, the ClN 
sample showed peaks at 68.1 nm (5.96%), 190 nm (5.35%), 
and 5560 nm (1.34%), indicating moderate aggregation and 
narrowing of the initial bimodal distribution. The ClS sys-
tem displayed a single dominant peak at 142 nm (7.44%), 
implying that smaller particles had coalesced into larger, 
yet stable secondary aggregates. Similarly, the NS system 
presented two main populations at 37.88 nm (6.23%) and 
142 nm (7.48%), suggesting that a fraction of small colloids 
remained stable while larger assemblies grew over time. 
The ClNS system, initially highly polydisperse, evolved 
into a single dominant peak at 106  nm (7.1%), indicat-
ing aggregation-driven coarsening but stabilization of the 
resulting larger colloids. The disappearance of sub-10 nm 
species suggests a transition from ligand-stabilized clusters 
to thermodynamically stable aggregates governed by multi-
ion surface coordination.

The evaluation of the DLS data before and after aging 
revealed that the hierarchy of dominant particle sizes after 
90 days followed the order Cl ≈ S < ClN < NS < ClS < ClNS 
< N < W. The chloride- and sulfur-based systems exhibited 
the smallest particle sizes and least aggregation, confirming 
their superior stabilizing capacity, likely due to persistent 
electrostatic and specific adsorption effects [74]. In contrast, 
nitrogen-only and control systems experienced significant 
aggregation, consistent with weaker surface interactions 
and insufficient ionic shielding [75]. Mixed-ion systems 
achieved intermediate stability, with the ClNS system dem-
onstrating a transition toward kinetically and thermodynam-
ically stable aggregates [76].

Comparison of DLS and HRTEM results reveals system-
atic size discrepancies, reflecting the distinct measurement 
principles of each technique. DLS determines the hydro-
dynamic diameter, which includes the gold core, solvation 
shell, and adsorbed ions or ligands, whereas HRTEM mea-
sures the dry-state core, excluding hydration and loosely 
bound species [78]. For example, DLS identified dominant 
peaks near 28–33 nm for Cl and S systems, while HRTEM 
(Fig.  3a–h) showed smaller cores of 5–20  nm, consistent 
with PLAL-synthesized AuNPs. The larger DLS values 
arise from hydrated coronas influenced by ionic strength, 
surface charge, and adsorbed salts [69]. Beyond these 
general electrostatic factors, ion-specific interactions also 
contribute to modulating the hydration shell, with kosmo-
tropic anions (e.g., sulfite or sulfate in S) enhancing water 

(0.76%), indicating persistent aggregation and limited 
stability over time [75]. The Cl system remained com-
paratively stable, with peaks shifting to 43.8 nm (5.62%), 
220 nm (6.22%), and 5560 nm (1.45%), suggesting modest 
growth and slight aggregation likely driven by gradual sur-
face ion rearrangement [74]. The N system, however, exhib-
ited enhanced aggregation, now characterized by peaks at 
43.8 nm (2.91%), 164 nm (11.6%), and 5560 nm (0.95%). 
The pronounced intensity at 164 nm indicates the formation 

Fig. 4  Size distribution histograms of DLS measurements of AuNPs, 
measured on the day after synthesis (black line) and after 90 days (red 
line), (inset) synthesized in (a) W, (b) Cl, (c) N, (d) S, (e) ClN, (f) ClS, 
(g) NS and (h) ClNS. Data represent the mean of three independent 
experiments (n = 3)
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Given that electrostatic stabilization is intimately linked 
to surface chemistry, a deeper understanding of the oxida-
tion state and surface electronic structure of the AuNPs is 
essential [82]. To elucidate how different ionic environ-
ments influence surface composition and stabilization 
mechanisms, XPS was used to analyze the oxidation states 
of nanoparticles synthesized in both ultrapure water and a 
saline system [83]. The resulting spectra, shown in Fig. 5a-
d, confirm the presence of two stable oxidation states, Au1+ 
and Au3+. These states are observed both in the absence 
of salts, as in the W system (Fig. 5a), and in saline media, 
such as the N system, which displays a prominent band at 
84.57 eV corresponding to Au1+ (Fig. 5c). Similar spectra 
for other samples are provided in the Supplementary Infor-
mation (Figure S1a-d).

The Au 4f peak predominantly appears around 85  eV. 
In our systems, the dominant features corresponding to 
the 4f7/2 (around 83 eV) and 4f5/2 (around 87 eV) peaks of 
elemental gold were observed separated by the Au 4f spin-
orbit-splitting of ~ 3.67 eV. In Fig. 5a, system W exhibits 
approximately 6.4% of its surface atoms in an oxidized 
state. Figure 5b presents the Cl system, where 6.8% of the 

structuring and increasing hydrodynamic radii, whereas 
chaotropic ions (e.g., chloride in Cl) weaken hydration lay-
ers, slightly reducing apparent size [79]. The W control’s 
DLS peak at 5.6  μm indicates macroscopic aggregation, 
while broad distributions in mixed-ion systems (e.g., ClNS) 
reflect heterogeneous ion adsorption that perturbs surface 
charge and colloidal stability.

The collective interpretation of ζ-potential, HRTEM, and 
DLS analyses establishes a clear relationship between sur-
face charge, nanoparticle morphology, and colloidal behav-
ior. Systems exhibiting higher absolute ζ-potential values, 
particularly those containing sulfite, produced smaller and 
more uniform gold cores, coupled with reduced hydro-
dynamic diameters and minimal aggregation [80]. These 
observations confirm that strong electrostatic repulsion and 
specific Au–S interactions govern both the initial nucleation 
process and the long-term stability of the colloids [81]. 
Mixed-ion systems displayed intermediate stability, reflect-
ing the balance between competitive anion adsorption and 
partial charge neutralization, whereas nitrate and pure-water 
systems remained prone to aggregation due to insufficient 
electrostatic and chemical stabilization [39, 75].

Fig. 5  XPS spectra of AuNPs generated under (a) salt-free conditions (W), (b) saline conditions with 100 µmol L− 1 NaCl, (c) 100 µmol L− 1 
NaNO3, and (d) 100 µmol L− 1 Na2SO3
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complementing the passivating effect of sulfite. These inter-
actions together may create a stabilized surface environ-
ment that minimizes oxidation.

A comparison between AuNPs synthesized via chemi-
cal reduction with citrate and those obtained through PLAL 
reveals significant advantages for the latter in terms of 
purity, colloidal stability, size distribution, and zeta poten-
tial. Citrate-capped AuNPs exhibit moderate stability, typi-
cally characterized by zeta potential values around − 37 mV 
and hydrodynamic diameters near 21.6 nm. Although they 
can remain dispersed under mild conditions (e.g., tempera-
tures up to 70 °C and ionic strengths up to 100 mM NaCl), 
their stabilization relies on weak electrostatic adsorption 
of citrate anions to the nanoparticle surface [85]. This 
non-covalent interaction is sensitive to ionic competition 
and electric double-layer compression, often resulting in 
aggregation over time. In contrast, PLAL-produced AuNPs 
synthesized in saline media such as NaCl and Na2SO3 not 
only exhibit smaller sizes and narrower distributions (aver-
age diameters ranging from 6.1 to 9.3 nm), but also show 
more negative zeta potentials (up to − 51.23 mV), indicat-
ing stronger electrostatic repulsion and significantly higher 
colloidal stability, maintained even after 90 days of storage. 
Importantly, these nanoparticles are synthesized without 
any ligands or surfactants, which eliminates the risk of con-
tamination, preserves colloidal purity, and facilitates direct 
transfer to biological media such as RPMI, FBS, and TRIS 
buffer [26]. This ligand-free system, stabilized solely by 
ion adsorption and electrostatic interactions, represents a 
promising platform for biomedical, catalytic, and sensing 
applications where long-term stability and material purity 
are essential.

In summary, this study underscores the critical influence 
of saline media on the surface oxidation states and stabi-
lization dynamics of AuNPs synthesized via PLAL. XPS 
analyses revealed that different counter-ions significantly 
affect the oxidation and stabilization of AuNPs. While 
nitrate (NO3

−) ions promoted higher oxidation states, sulfite 
(SO3

2-) ions demonstrated a pronounced ability to reduce 
oxidation, likely through the formation of stable, passivat-
ing surface layers. In mixed systems, such as chloride-sul-
fite (ClS), synergistic effects led to complete suppression 
of oxidation, emphasizing the role of ionic interactions in 
shaping nanoparticle surface properties. These findings not 
only provide valuable insights into the role of ion-specific 
interactions in modulating the surface chemistry of AuNPs 
but also highlight the necessity for advanced analytical 
methods, such as Core-Level Bayesian Fitting, to enhance 
the accuracy of oxidation state measurements.

surface atoms are oxidized. Figure 5c shows the N system 
with 17.9% of its surface atoms in an oxidized state, while 
Fig. 5d illustrates system S, which has approximately 12.3% 
of its surface atoms in an oxidized state.

For the AuNPs synthesized in NaNO3, the oxidized Au1+ 
species account for 16.50% of the signal, while 1.39% arises 
from Au3+ findings. This suggests that the NO3

− counter-
ion can promote a higher oxidation state on the surface of 
AuNPs, especially during the PLAL process. As observed 
by Letzel et al., (2017) [84], salts act in the vapour phase 
of the cavitation bubble and interact electrostatically with 
the nanoparticle surface, which may explain the increase 
in oxidized species caused by the NO3

− counter-ion. For 
AuNPs synthesized in Na2SO3 (Fig. 5d), surface oxidation 
is notably lower in comparison to system N, with Au1+ at 
12.3%. showing only one state of oxidation. This observa-
tion is consistent across mixed systems ClN, ClS, NS, and 
ClNS, as shown in Figure S1a-d.

Quantitatively, the XPS results reveal that AuNPs syn-
thesized in NaNO₃ exhibit 17.9% of oxidized surface atoms, 
comprising 16.5% Au⁺ and 1.4% Au³⁺ species. This oxida-
tion level is nearly three times higher than that observed 
in NaCl (6.8%) and ultrapure water (6.4%), confirming the 
oxidative influence of nitrate ions during laser ablation. 
Conversely, Na₂SO₃ reduced the oxidation extent to 12.3%, 
while mixed chloride–sulfite systems (ClS) showed no 
detectable oxidized species, evidencing a synergistic pas-
sivation effect. These quantitative trends align with mor-
phological analyses, in which NaCl- and Na₂SO₃-containing 
systems produced smaller and more uniform nanopar-
ticles (6.8–9.3  nm) than NaNO₃ or water-based samples 
(14.6–24.8  nm). Together, these findings substantiate that 
nitrate enhances surface oxidation, whereas chloride and 
sulfite improve nanoparticle size distribution and stabiliza-
tion through distinct electrostatic and coordination-driven 
mechanisms.

This finding is supported by theoretical analyses pre-
sented in the next section, which suggest that the SO3

2− 
counter-ion exerts a stronger influence compared to chlorine 
and nitrogen counter-ions. The sulfur atom complex more 
effectively to the gold surface, leading to a reduction in the 
oxidation state of the nanoparticles.

Figure S1b presents an intriguing result from the XPS 
spectra of AuNPs synthesized in the chloride-sulfite (ClS) 
mixed system, revealing the absence of oxidation. This 
phenomenon may arise from the combined interactions of 
chloride (Cl⁻) and sulfite (SO3

2-) ions with the AuNP sur-
face. Sulfite ions likely contribute to surface passivation 
through coordinate bonding with gold, potentially forming 
a barrier that reduces the availability of active sites and lim-
its access to oxidative species. Chloride ions may provide 
additional stabilization through electrostatic interactions, 
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of first neighbours. The last two models, involving nanoclu-
sters and subnanoclusters, exhibit a diverse array of adsorp-
tion sites, including 1-, 2-, and 3- or 4-fold coordination 
sites. Therefore, the models (i) to (iii) collectively encom-
pass a wide range of potential chemical interaction environ-
ments within AuNPs at an atomistic level.

Utilizing the hard sphere model, the constituent subsys-
tems of the adopted models feature atoms exposed to the 
vacuum (or any external chemical environment), termed 
surface atoms, while atoms not directly exposed to the vac-
uum region are referred to as core atoms. All three models 
exhibit compact structures with high coordination, a funda-
mental trait of metallic systems. Except for case (i), which 
comprises an Au slab model, the 13 and 55 atom models are 
based on the compact geometry that most closely resembles 
a spherical particle at these scales, specifically, the icosahe-
dron (ICO) structure, corresponding to the Ih space group 
[88]. The ICO structure features fivefold rotational symme-
try axes, and its surfaces are exclusively composed of (111)-
like close-packed facets.

The specific numbers of atoms selected for the subnano-
cluster and nanocluster models, namely 13 and 55 atoms, 
respectively, correspond to the initial two numbers in the 
sequence of atomic layer closure models. These numbers 
represent compact structures comprising complete atomic 
layers, where 13 = 1 + 12 and 55 = 1 + 12 + 42, respectively 
[89]. In the Au13 model, there are two non-equivalent atoms: 
the central (internal) atom, which has a coordination num-
ber of 12.0, and the 12 peripheral atoms, each with a coordi-
nation number of 6.0. These external atoms are equidistant 
from the central atom, forming a highly symmetric structure.

In the Au55 model, five nonequivalent atoms are distrib-
uted across three atomic layers. The core region consists of 
13 atoms, including two nonequivalent atoms, both with a 
coordination number of 12.0. This core forms the first two 
layers, with a central atom surrounded by 12 equivalent and 
equidistant atoms, constituting the Au13 substructure. The 
remaining 42 atoms are located in the third shell, which 
is composed of interconnected (111) surface planes, each 
formed by six atoms. This outermost layer consists of sur-
face atoms that are directly exposed to the vacuum. Within 
this layer, 12 atoms are positioned at the corners (vertex) 
with a coordination number of ~ 6.0, while the remaining 30 
atoms are located along the edges and at the centers of the 
faces, each with a coordination number of ~ 8.0.

Figure S2a illustrates the models representing differ-
ent chemical coordination environments, encompassing 
both finite and extended characteristics. For system (i), a 
close-packed Au (111) slab model was constructed using 
optimized bulk lattice constants. This model features a 3 × 3 
surface unit cell in the periodic directions defined by the xy-
plane and includes 4 layers stacked in the z-direction, with 

4  Computational Modelling

Computational simulations were used to investigate the 
contributions of electrostatic interactions and potential salt 
adsorption on the surface of AuNPs. High-level quantum-
mechanical calculations based on density functional theory 
(DFT) were employed to elucidate the stabilization mecha-
nisms during the synthesis of AuNPs using various salts: 
NaCl, NaNO3, and Na2SO3. In line with the experimen-
tal synthesis process, which facilitates the interaction of 
salt molecules with the surface of AuNPs, our modelling 
approach focused on three distinct chemical environments 
frequently encountered during molecular adsorption pro-
cesses on AuNPs surfaces, which were optimized through 
in-depth analyses.

To achieve this goal, the analysis of chemical environ-
ments considered different interaction scenarios involving 
molecules and distinct coordination and reactivity environ-
ments in AuNPs. Specifically, we explored situations such 
as (i) interaction with a highly coordinated pristine Au sur-
face (effective coordination number, ECN = 9), namely Au 
(111) surface, which was modelled using a close-packed Au 
slab. This surface is derived from the face-centered cubic 
(fcc) crystal lattice, produced by cleaving the Au bulk fcc 
(ECN = 12) along the [111] direction. Notably, the Au (111) 
surface is recognized as one of the most stable configura-
tions of Au [86]. Consequently, it plays a critical role as a 
coating form for AuNPs, offering various adsorption pos-
sibilities through top (one-fold), bridge (two-fold), and hol-
low (three-fold) sites.

Furthermore, we considered chemical interaction envi-
ronments where molecules encounter regions of low coor-
dination on the surface of AuNPs. These low-coordination 
regions can arise during synthesis due to structural flaws, 
the defect’s presence, or the aggregation of Au atoms into 
atomic clusters. To effectively model these scenarios, we 
employed subnanometer and nanometer-sized clusters. In 
addition to the highly coordinated pristine Au surface (i), we 
introduced two additional models to represent environments 
with lower coordination and higher reactivity. (ii) The first 
of these models involved atomic systems ranging from 1 to 
2 nm, specifically Au nanoclusters consisting of 55 atoms 
(Au55, ~ 1.4 nm) [87, 88]. This model enabled us to expose 
molecules to regions such as edges (ECN = 8.0) and corners 
(ECN = 6.0).

In the most reduced and minute case (iii), we considered 
atomic systems with a size of < 1 nm, utilizing the model of 
Au subnanoclusters consisting of 13 atoms, (Au13, ~ 0.8 nm) 
[87]. This model allowed for the exposure of molecules to 
sites with even lower coordination, such as ECN = 6.0, pro-
viding access to more reactive regions due to the cluster’s 
finite atomic structure, characterized by a minimal number 
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energetic stability of the molecule or substrate formation. 
Additionally, the table includes structural properties such 
as equilibrium bond distances ( d0) for molecules and aver-
age bond lengths ( dav) along with the effective coordina-
tion number ( ECN ) for substrates. Vibrational frequencies 
( v) are provided for the molecules, while the total magnetic 
moment ( mT ) is reported for the substrates.

We observed that, in addition to their inherent stability, 
the magnitudes of Ef  for the substrate models increase 
proportionally with the coordination of the systems, follow-
ing the order: Au(111) > Au55 > Au13, as anticipated. Conse-
quently, there is a statistically higher likelihood of forming 
Au(111)-type chemical environments, followed by Au55 
and, lastly, Au13, in experimentally synthesized AuNPs. 
Furthermore, lower coordination is reflected in more reac-
tive environments, as evidenced by the higher mT  values. 
The substrate properties are consistent with those reported 
in the literature [90–95]. For the molecular systems, we 
observed excellent agreement with previously published 
data [96], with the largest discrepancies for Ef , d0, and v 
being less than 3.7%, 1.2%, and 1.6%, respectively.

The investigation of the molecular adsorption process 
enables an understanding of the key aspects associated with 
the interaction in mol/subsystems, i.e., between salt mole-
cules and Au-based substrates, for the lowest energy config-
urations (Figure S2c). Among the main properties analysed, 
our focus is on the adsorption energy ( Ead), which quan-
tifies the binding energy of the combined system relative 
to the energies of the individual, separate systems. Alterna-
tively, this energy can be decomposed into the interaction 
energy ( Eint) between the molecules and substrates, which 
serves as an additive term, and the distortion energies of the 
molecules ( Emol

dist) and substrates ( Esub
dist), which act as non-

additive terms. The adsorption energy is defined as:

Ead = E
mol/sub
tot − Emol relaxed

tot

−Esub relaxed
tot = Eint + EBAI

dist + Esub
dist

� (4)

where E
mol/sub
tot , Emol relaxed

tot , and Esub relaxed
tot  repre-

sent the total energies of the mol/sub system, the gas-phase 
relaxed molecule, and the relaxed substrate, respectively. 
The remaining terms are defined as follows:

Eint = E
mol/sub
tot − Emol frozen

tot − Esub frozen
tot � (5)

which corresponds to the mol/sub binding energy without 
accounting for structural distortions upon adsorption/inter-
action process;

Emol
dist = Emol frozen

tot − Emol relaxed
tot � (6)

sufficient separation between periodic images, ranging from 
approximately 17 to 20 Å of vacuum. For systems (ii) and 
(iii), a supercell approach was adopted, utilizing cubic boxes 
with dimensions of 25 Å and 20 Å, respectively. This con-
figuration ensures a minimum distance of 15 Å between the 
systems and their periodic images. By incorporating both 
periodic and non-periodic system models, this approach 
provides a comprehensive representation of the chemical 
environments typically encountered by salt molecules on 
AuNPs.

For the atomic configurations involved in the molecu-
lar adsorption study, each supercell contained one saline 
molecule (mol = NaCl, NaNO3, or Na2SO3) adsorbed onto 
substrate models (sub = Au (111), Au55, or Au13), forming 
the mol/subsystems. To explore the potential energy surface 
(PES) of the analyte-substrate interaction, the configura-
tional space of molecular adsorption was examined to iden-
tify the most stable configurations and optimal orientational 
conformations. This was achieved through a strategy based 
on Ab-Initio Molecular Dynamics (AIMD) simulations.

The AIMD simulations commenced with atomic con-
figurations where the molecules were arbitrarily oriented 
relative to the substrate. A thermalization process was then 
conducted at 300 K, followed by a simulated annealing pro-
cess (ranging from 300 to 0 K). This annealing process pro-
vided sufficient thermal energy for the molecules to explore 
potential adsorption sites and subsequently freeze in the 
most stable configurations. In addition to the final AIMD 
configuration, snapshots were collected during the thermal-
ization and simulated annealing phases, which were then 
structurally optimized using high-level quantum-mechani-
cal calculations. Finally, the configurations resulting from 
the most stable adsorption were subjected to a stability 
check by achieving thermal equilibrium through additional 
AIMD simulations (as illustrated in Figure S2b).

Table S2 presents key results for individual and isolated 
systems, with the energy stability assessed using the forma-
tion energy concept:

Emol
f =

(Emol
tot − mEfree−atoms

tot )
m

� (2)

and

Esub
f =

(Esub
tot − nEfree−atoms

tot )
n

� (3)

where Emol
tot , Esub

tot , and Efree−atoms
tot  represent the total 

energies per atom for the molecules, substrates, and con-
stituent free atoms, respectively. Here, m and n denote the 
number of atoms in the molecules and substrates, respec-
tively. Negative values of formation energy indicate the 
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∆ dav = (dav,ads − dav) .100
dav

� (9)

where dav,ads represents the average bond length after 
adsorption, and dav is the average bond length before 
adsorption.

We also performed Bader’s effective charge analysis 
to quantify the charge redistribution occurring during the 
interaction between the molecules ( qmol) and the substrate 
( qsub). The results of this analysis are depicted in Fig. 6, 
with the corresponding numerical values provided in Table 
S2.

We observed from Fig. 6 (and Table S2) that the stabi-
lization pattern of the mol/sub compound systems mirrors 
the trend observed for the individual substrates as indicated 
by Ef . Specifically, the stabilization of the combined sys-
tems increases with higher coordination of the substrates. 
This is evidenced by the stability trend: mol/Au (111) > mol/
Au55 > mol/Au13. This trend aligns with the stability of the 
individual substrates reported in Table 2.

In terms of molecular species, the stabilization pattern 
observed for the mol-sub combinations follows the trend: 

And

Esub
dist = Esub frozen

tot − Esub relaxed
tot � (7)

which represent the distortion energies calculated as the 
difference between frozen and relaxed structures. Here, the 
terms Emol frozen

tot  and Esub frozen
tot  are the total energies 

obtained from the frozen structures of the mol/sub systems 
in equilibrium. Finally, the formation energy of the adsorbed 
systems can be estimated as follows:

Ef =
(mE

mol
f + nEsub

f + Ead)
(m + n)

� (8)

In addition to assessing the distortion energies, resulting 
from the mol-sub interaction, we also quantified the struc-
tural changes induced by this interaction by measuring the 
variations in average bond lengths of the molecules and sub-
strates after adsorption/interaction (ads) compared to their 
respective values before adsorption. The percentage change 
in average bond length ( ∆ dav) is calculated as:

Fig. 6  Key mol/sub properties: formation energy ( Ef ), adsorption 
energy ( Ead), interaction energy ( Eint), mol and sub distortion ener-
gies ( Emol

dist  and Esub
dist), mol and sub relative deviations in average 

bond lengths ( ∆ dmol
av  and ∆ dsub

av ), mol and sub effective Bader 
charge ( qmol and qsub), and total magnetic moment (mT)
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In the context of AuNPs and the adsorption of different 
salts (NaCl, NaNO3, Na2SO3), both the maximum absor-
bance and stability can be influenced by the nature of the 
adsorbed species and their interaction with the NPs. In con-
trast to Ef , the Ead reveals an inverse trend for the three 
salt molecules with respect to the substrates. Specifically, 
the Ead magnitude is more pronounced on less coordinated 
substrates, reflecting the increased reactivity of low coordi-
nation sites. Thus, we have a Ead magnitude that follows: 
mol/Au13 > mol/Au55 > mol/Au (111). Consequently, regions 
of AuNPs with corner (vertex) topologies exhibit more 
intense interactions, followed by regions of edges, with the 
least interaction occurring on planar (face) regions.

The stability of adsorbed molecules on gold nanopar-
ticles is influenced by the strength and nature of their 
interactions with the NPs surface. Among the salts stud-
ied, Na2SO3 demonstrates a more favourable interaction 
with AuNPs compared to NaCl or NaNO3, leading to more 
stable adsorption. This observation is reflected in the Ead, 
where the modulus follows the trend: Na2SO3/sub > NaCl/
sub > NaNO3/sub. This trend is consistent with experimen-
tal results for maximum absorbance, confirming that sulfur-
based mol/subsystems exhibit superior stabilization due to 
more intense molecular adsorption.

Consequently, our findings support that the interaction 
between AuNPs and Na2SO3 involves the formation of 
coordinate bonds between Au and the SO3

2-. This interaction 
significantly alters the NPs surface and charge distribution, 
leading to enhanced stability. The more negative zeta poten-
tial observed with Na2SO3 suggests improved electrostatic 
repulsion, which helps prevent aggregation and contributes 
to the overall stability of AuNPs in the colloidal system.

The nitrogen-based mol/subsystems, which 1rank sec-
ond in stability, might intuitively be expected to exhibit a 
corresponding magnitude of adsorption. Contrary to this 
expectation, the chlorine-based molecular systems occupy 
this position. This discrepancy arises because systems with 
nitrogen demonstrate a more neutral interaction compared 
to the three salt molecules studied. This observation is 
attributed to the higher formation energy of nitrogen-based 
molecules (as shown in Table 2), which contributes to the 
overall formation energy of the adsorbed system, combined 
with lower charge exchange. This interplay will be further 
analysed in subsequent discussions.

To further explore the stabilization dynamics during 
molecular adsorption, we conducted an energetic decompo-
sition analysis. This analysis revealed that a higher magni-
tude of Ead is directly associated with a greater magnitude 
of Eint. This relationship, coupled with the energetic penal-
ties and stabilizations due to molecular interaction and esti-
mated distortion energies, elucidates the adsorption energy 

Na2SO3/sub > NaNO3/sub > NaCl/sub. This indicates that 
the Na2SO3-sub interaction results in the highest stability, 
surpassing the interactions with NaNO3 (which is the most 
stable molecule in the gas phase, as shown in Table 2).

The increased stability of AuNPs, when stabilized with 
Na2SO3, is primarily due to the formation of coordinate 
bonds between gold and sulfur atoms, which enhances elec-
trostatic stability. This results in a stronger and more stable 
interaction compared to those with NaNO3 or NaCl. The 
Au-S coordinate bonding contributes significantly to the 
stabilization of the NPs through electrostatic interactions. 
The presence of sulfur atoms introduces a favourable charge 
distribution that interacts effectively with the gold surface, 
thereby enhancing the overall stability of the AuNPs.

In colloidal systems, the zeta potential is often used as 
an indicator of NPs stability. A more negative zeta potential 
typically signifies better stability, as it reflects stronger elec-
trostatic repulsion between particles, which helps prevent 
aggregation. Among the AuNPs stabilized with saline mol-
ecules, all systems exhibited at least moderate stability in 
terms of zeta potential. However, the most favourable result 
was obtained with Na2SO3, which had a zeta potential of 
−51.23 mV, while the minimum values were observed for 
NaNO3.

This enhanced stability with Na2SO3 can be attributed 
to the strong coordinate bonding between gold and sulfite 
anions due to its higher surface charge density, which con-
tributes to the system’s overall electrostatic stability. The 
strong Au-S interactions and the resulting charge distribu-
tion provide a more stable colloidal system compared to 
those stabilized with NaNO3.

Table 2  Individual system properties: formation energy ( Ef ), equi-
librium bond distances ( d0), and vibrational frequencies ( v) for 
mol = NaCl, NaNO3, and Na2SO3; and Ef , average bond lengths 
( dav), effective coordination number ( ECN ), and total magnetic 
moment ( mT ) for sub = Au(111), Au55, or Au13
mol Ef  (eV/atom) d0 (Å) v (cm− 1)

NaCl −2.100 2.387 (Na-Cl) 355.2
NaNO3 −3.718 2.224 (2xNa-O), 3.832 

(Na-O), 2.605 (Na-N), 
1.272 (3xN-O)

1499.2, 
1220.0, 991.1, 
800.9, 727.0, 
687.3, 317.8, 
260.8, 118.1

Na2SO3 −3.555 2.213 (2xNa-O), 2.170 
(2xNa-O), 2.777 (Na-
S), 1.567 (3xS-O)

973.3, 912.1, 
715.8, 561.4, 
547.3, 477.9, 
340.5, 310.8, 
293.4, 236.1, 
95.8, 77.2

sub Ef  (eV/atom) dav  (Å)
ECN

mT (µB)

Au 
(111)

−3.379 2.910 10.485 1.0

Au55 −3.179 2.875 8.402 3.0
Au13 −2.412 2.876 6.396 5.0
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molecule to the substrate. Bader analysis confirms this, indi-
cating the presence of cationic molecules and anionic sub-
strates, as expected. Notably, sulfur-based systems exhibit 
the most significant charge exchanges, whereas nitrogen-
based systems show comparatively smaller exchanges. 
Figure 7 illustrates this through isosurfaces of charge dif-
ferences, highlighting regions of charge concentration and 
depletion.

Our theoretical findings further underscore the significant 
influence of sodium counter-ions in the formation and sta-
bilization of AuNPs. The SO3

2- and Cl− ions exhibit strong 
electrostatic interactions, playing a crucial role during both 
the vapor phase and NPs formation. In contrast, NO3

− ions 
appear to exert a neutral or even slightly negative impact on 
the process.

The dominant stabilizing interaction observed is the for-
mation of Au-S bonds, which is critical in establishing the 
electrostatic configuration of the molecule on the NPs sur-
face. This configuration is particularly effective in prevent-
ing aggregation, as it generates repulsive forces between 
neighbouring, similarly protected NPs. On the other hand, 
systems involving nitrogen-based molecules display a 
more neutral interaction, characterized by minimal charge 
exchange between the molecule and substrate, highlighting 
their less significant role in nanoparticle stabilization.

The magnetic moment values of the AuNPs undergo 
notable changes as a result of molecular adsorption. For 
low-coordination systems such as Au13 and Au55, which 
initially exhibit high total magnetic moments (5.0 µB and 
3.0 µB, respectively), the adsorption of molecules leads to 

results for systems representing various chemical environ-
ments of AuNPs.

Our findings indicate that molecular interaction with the 
substrates consistently incurs penalties due to structural dis-
tortions in the molecules, with sulfur-based systems show-
ing the most pronounced effects. For the high-coordination 
substrate, Au(111), the distortion in the substrates appears 
to be non-additive. In contrast, for the low-coordination 
substrates (Au55 and Au13), structural distortions in the sub-
strates result in energetic gain, which intensify as the sub-
strate coordination decreases. This suggests that a structural 
reconstruction of the Au atomic cluster occurs, optimizing it 
to enhance molecular interactions.

The local impact of structural distortions in both mol-
ecules and substrates, as revealed by the corresponding 
distortion energies, is further evidenced by the relative devi-
ations in the average bond lengths ( ∆ dmol

av  and ∆ dsub
av ). 

We observed an expansion of the equilibrium bond lengths 
for all molecules following adsorption, with the NaCl mol-
ecule exhibiting a particularly pronounced expansion. For 
the substrates, the Au(111) surface shows an almost negli-
gible expansion after adsorption. In contrast, the substrates 
characterized by Au55 and Au13 undergo distortions that lead 
to a contraction in the average bond lengths compared to 
those in isolated nanoclusters. This observation confirms 
that, unlike the planar regions (Au(111)), there is a surface 
reconstruction in the low-coordination regions of AuNPs 
(Au13 and Au55).

In all the analysed systems, charge transfer during the 
molecular adsorption process consistently occurs from the 

Fig. 7  Charge density difference plots for the lowest energy conforma-
tions: NaCl/Au(111), NaNO3/Au(111), Na2SO3/Au(111), NaCl/Au55, 
NaNO3/Au55, Na2SO3/Au55, NaCl/Au13, NaNO3/Au13, and Na2SO3/
Au13. The isosurface value is set to 0.003 for all cases. The Na, Cl, 

N, S, O, and Au atoms are represented by dark pink, green, grey, blue, 
red, and light-washed orange colours, respectively. Cyan and yel-
low isosurfaces denote charge depletion and accumulation regions, 
respectively
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stored in a refrigerator. The UV-Vis spectra corresponding 
to these analyses are provided in the supplementary infor-
mation (Figure S3, S4, and S5).

The tendency of aggregation, as measured by PPI, and 
the variation in the LSPR peak over time are illustrated in 
Fig.  8. The combination of salts significantly influences 
the aggregation behaviour, with systems containing Cl 
and S exhibiting greater instability compared to those with 
a combination of these with N. In this context, N system 
shows a neutral behaviour, similar to the system in ultra-
pure water (W), as depicted in Fig. 8a and d. Conversely, 
the presence of salts like ClN and ClNS appears to counter-
balance charges, resulting in more stable systems compared 
to those with only Cl or S. Although certain systems dis-
play relatively high standard deviation values, a discernible 
trend in the variation of absorbance in the LSPR can still be 
observed. This parameter is especially valuable for evalu-
ating colloidal stability, as it offers a direct, sensitive, and 
non-invasive method for detecting changes in interparticle 
distance, surface charge, and environmental conditions. 
Consequently, given the observed loss of stability after 60 
days, the variation in LSPR serves as a reliable indicator of 
aggregation. The resulting stability trend is as follows: ClN
S = ClN > W = N = NS > S > ClS > Cl.

Merk et al. [34] identified thiocyanate (SCN⁻) as a 
strongly chaotropic anion, exhibiting exceptional stabi-
lization of ligand-free AuNPs at ultralow ionic strengths 
(< 20 µM), with a steep rise in the PPI attributed to its high 
polarizability and weak hydration. Their work highlighted 

a significant reduction in these values, dropping to approxi-
mately 1.0 µB. This considerable decrease is attributed to 
the formation of molecular bonds and the extensive geomet-
ric restructuring of the nanoclusters induced by the adsorp-
tion process.

In contrast, pristine Au surfaces, which initially possess a 
low total magnetic moment (1.0 µB), experience an increase 
in magnetic moment values upon molecular adsorption, 
rising to about 3.0 µB. This increase underscores the cru-
cial role that the adsorbed molecules play in activating the 
adsorption sites, thereby enhancing the reactivity of the 
gold surface. The interplay between molecular adsorption 
and magnetic moment alterations highlights the dynamic 
nature of these systems, where molecular interactions can 
either quench or enhance the magnetic properties depending 
on the coordination and structural configuration of the gold 
substrates.

4.1  Colloidal Stability

Thus, to understand and compare the long-term behaviour of 
the systems, UV-Vis spectroscopy analyses were conducted, 
along with PPI calculations, following the method outlined 
by Merk et al. (2014) [34]. The systems were evaluated over 
three months, with analyses performed every 15 days with-
out sonication, under three different storage conditions: in 
a translucent vial exposed to ambient light (10 W, 6,500 K, 
daylight spectrum with minimal UV emission), in an amber 
vial also exposed to ambient light, and in a translucent vial 

Fig. 8  Study of colloidal stability through LSPR monitoring and PPI 
calculation: (a) LSPR variation in a translucent vial exposed to ambi-
ent light, (b) LSPR variation in an amber vial exposed to ambient light, 
(c) LSPR variation in a translucent vial stored in a refrigerator, (d) PPI 
variation in a translucent vial exposed to ambient light, (e) PPI varia-

tion in an amber vial exposed to ambient light, and (f) PPI variation in 
a translucent vial stored in a refrigerator. Data represent the mean of 
three independent experiments (n = 3). Error bars indicate the standard 
deviation (SD)
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The interplay of different salts significantly influences 
the aggregation behaviour of the system, either promoting 
or reducing it. Systems containing N generally exhibit lower 
stability, with isolated N showing neutral behaviour simi-
lar to the system without salts (W). This observation aligns 
well with computational simulations. However, when N is 
combined with other salts, it acts as a charge counterbal-
ance, enhancing stability. This effect is particularly evident 
in systems such as ClS and NS, as well as in the presence 
of all salts combined (ClNS). Despite these observations, 
most systems demonstrate relatively high standard devia-
tion values, complicating the identification of clear trends 
in the variation of absorbance associated with localized sur-
face plasmon resonance (LSPR). Nonetheless, within the 
context of these deviations, a subtle distinction between the 
two groups can be discerned. When evaluating long-term 
stability over 60 days using LSPR for the amber vial condi-
tion, the stability trend is as follows: S = ClNS = Cl = ClS > 
NS = ClN = W = N.

Notably, the behaviour of systems stored in amber vials, 
which reduce light exposure, reveals a slower decrease in 
stability over time compared to those in translucent envi-
ronments. The ClN system, despite being more sensitive to 
light exposure, became less stable than the ClS system after 
60 days in darkness, suggesting that light is a contributing 
but non-dominant factor in the aggregation process. This 
further implies that other mechanisms, such as electrostatic 
and hydration forces, play significant roles in governing col-
loidal stability. The destabilization trends, confirm that the 
combination of salts directly influences long-term colloidal 
behaviour, particularly for systems such as ClNS, which 
maintain higher stability.

The observed loss of stability under illumination arises 
primarily from exposure to ambient fluorescent light. The 
evolution of PPI values over 60 days indicates a mean 
degradation rate of approximately 0.8 PPI units month− 1 
(≈ 45% total reduction), confirming that visible light accel-
erates aggregation compared with amber (~ 20%) or refrig-
erated (~ 10%) conditions. Since PPI quantitatively reflects 
the ratio of dispersed to aggregated nanoparticles, this 
decline accurately represents the light-induced destabiliza-
tion of the colloid. The degradation rate was derived from 
the slope of the PPI–time curves in Fig. 8d–f, which depict 
the variation in absorbance ratio (A380/A800) as a function of 
storage time. Under light exposure, PPI decreased from ini-
tial values around 4.2 ± 0.3 to 2.3 ± 0.4 after 60 days, while 
amber and refrigerated conditions retained higher PPI val-
ues of ≈ 3.4 ± 0.2 and 3.8 ± 0.1, respectively. These quanti-
tative changes correspond to relative degradation rates of 
roughly 0.032, 0.013, and 0.006 PPI day− 1 for the three 
conditions, establishing a clear hierarchy of stability loss 
(Light > Amber > Refrigerated).

SCN⁻’s adsorption-driven stabilization, surpassing chlo-
ride and nitrate, and linked this to its unique ion-specific 
behavior. In contrast, our study investigates sulfite (SO3

2⁻), 
a sulfur-containing anion with distinct chemical behavior. 
While SCN⁻ relies on its chaotropic nature and polarizabil-
ity to enhance electrostatic repulsion, sulfite demonstrates a 
dual stabilization mechanism: (1) strong Au-S coordination 
via π-back bonding, as supported by DFT simulations, and 
(2) suppression of surface oxidation (evidenced by XPS), 
which reduces aggregation-prone oxidized Au species. 
Unlike SCN⁻, which destabilizes at higher ionic strengths 
due to charge screening, sulfite maintains colloidal stabil-
ity even in mixed-salt systems (e.g., ClS, ClNS), suggesting 
synergistic interactions. Both anions underscore the critical 
role of sulfur in ligand-free stabilization, yet sulfite’s ability 
to chemically passivate the AuNP surface offers a unique 
advantage for applications requiring long-term oxidative 
resistance. This expands Merk’s framework by illustrating 
how anion-specific chemical interactions, beyond polariz-
ability and hydration, govern colloidal stability in sulfur-
rich systems.

AuNPs synthesized in ultrapure water often exhibit 
reduced colloidal stability due to the absence of stabilizing 
ionic interactions. In such environments, stabilization relies 
solely on the surface charge of the nanoparticles, resulting 
in weak electrostatic repulsion that is insufficient to coun-
teract intermolecular attractive forces. The introduction of 
salts enhances colloidal stability by introducing ionic spe-
cies that interact with the nanoparticle surfaces, modifying 
the electric double layer and introducing hydration forces 
[32]. For example, kosmotropic ions (e.g., S²⁻) are known to 
strengthen hydration shells and promote stability, whereas 
chaotropic ions (e.g., Cl⁻) can disrupt water structuring 
and induce aggregation. Mixed-salt systems, such as those 
incorporating Cl⁻ and S²⁻ ions, leverage the balance between 
these opposing effects to optimize stabilization. Addition-
ally, specific ion adsorption mechanisms, which depend 
on ion size, charge, and hydration properties, significantly 
influence nanoparticle stability at low salinities [34].

Figure 8b and e show the behaviour of the systems stored 
in an amber vial, which reduces light interaction while main-
taining the same temperature as the translucent environ-
ment. A trend of decreasing stability over time is observed, 
although it is less pronounced compared to the system in the 
translucent vial. Notably, significant destabilization occurs 
after 60 days, with the ClN system becoming more unstable 
than the ClS system, reversing the behaviour seen under 
light exposure. This suggests that the LSPR phenomenon 
alone cannot fully account for the observed agglomeration. 
However, the effects of LSPR on the ClN and ClS systems 
remain relevant, as the ClN system appears more sensitive 
to light compared to the ClS system, and vice versa.
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models presented in Table 3, where the PPI data under light 
required a quadratic fit (p = 0.0625), indicating non-linear 
degradation behavior typical of aggregation-dominated 
kinetics. In contrast, the amber and refrigerated conditions 
followed statistically significant models (p = 0.0040 and 
p = 0.0023, respectively), showing slower, near-linear deg-
radation rates consistent with diffusion-controlled particle 
coalescence rather than photochemically driven destabiliza-
tion. Together, the experimental data and statistical analy-
sis demonstrate that light exposure accelerates aggregation 
primarily through visible-light-induced surface charge rear-
rangement, while lower temperature and reduced illumina-
tion slow the kinetic pathway of nanoparticle growth and 
sedimentation.

Figure 8c illustrates a clear stability trend over time, with 
the colloidal systems remaining stable and only exhibiting 
destabilization after approximately two months. This indi-
cates that even when stored under controlled conditions, 
such as being shielded from light and maintained at low 
temperatures, PPI values can fluctuate, with 60 days repre-
senting the limit of colloidal stability. Beyond this period, 
AuNPs tend to aggregate, likely due to particle aggrega-
tion or disruptions in electrostatic equilibrium. Notably, 
as shown in Fig. 8f, both LSPR and PPI values increased 
shortly after synthesis. This increase is attributed to ripen-
ing effects, where non-plasmonic nanoclusters smaller than 
2 nm, formed during ablation, undergo growth into larger This trend aligns with the statistical mixture-design 

Table 3  Analysis of variance for the applied models describing long-
term stability
Source Degree of 

Freedom
Adjusted 
Sum of 
Square

Adjusted 
Mean 
Square

F Value p-Value

Fitted with 
quadratic 
model
PPI Under 
Light
Model 5 8.8827 1.1103 7.6331 0.0625
Lack-of-fit 1 0.0242 0.0242
Pure Error 2 0.6232 0.3116
Fitted with 
quadratic 
model
PPI Amber 
flask
Model 5 4.6400 0.5800 52.5191 0.0040
Lack-of-fit 1 0.0125 0.0125
Pure Error 2 0.0400 0.0200
Fitted with a 
linear model
PPI 
Refrigerator
Model 2 13.1380 1.6422 19.7682 0.0023
Lack-of-fit 4 1.6087 0.4022
Pure Error 2 0.1224 0.0612
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while Cl− or NO3
− systems modulate the local electrostatic 

potential and occupy neighboring weakly bound regions, 
producing a more homogeneous, negatively charged interfa-
cial layer. This cooperative arrangement enhances the elec-
trostatic repulsion between nanoparticles and suppresses 
aggregation, resulting in smaller particle sizes. Thus, the 
experimental trend reflects a genuine synergistic stabiliza-
tion mechanism, combining strong chemisorption (SO₃²⁻) 
with diffuse electrostatic screening by monovalent anions.

5  Statistical Analyses

5.1  Long-Term Stability

Statistical tools are particularly valuable for analysing the 
effects of mixtures on colloidal stability. The PPI is a critical 
parameter for assessing the stability of colloidal systems, 
as it provides quantitative insight into particle aggregation 
and dispersion behaviour. Table S3 summarizes the PPI 
responses recorded after 60 days, categorized by the type of 
system produced and the storage environment. The systems 
were further monitored over 90 days under three distinct 
storage conditions. It is important to note that the samples 
were not shaken or sonicated before UV-Vis analysis, simu-
lating the effects of shelf storage. The potential effects of 
redispersion using ultrasonic baths or similar methods were 
not evaluated. The analysis of variance for significant sys-
tems (p < 0.05) is provided in Table  3, along with linear 
regression coefficients and correlation coefficients detailed 
in Table S4.

Correlation models for stability were evaluated using the 
PPI at the 60-day threshold of colloidal stability, revealing 
distinct statistical trends influenced by storage conditions. 
For samples exposed to artificial light, no statistically sig-
nificant correlation (p < 0.05) was observed, necessitating 
the application of a quadratic model for the optimal rep-
resentation of data. Conversely, samples stored in amber 
vials exhibited a statistically significant quadratic trend, 
while those maintained under refrigerated conditions dem-
onstrated a statistically significant linear pattern. These 
observations underscore the complex interplay between 
environmental factors and the stability of colloidal systems.

Figure S7a illustrates the stability outcomes for AuNP 
systems exposed to artificial light. In this scenario, mix-
tures containing NaCl and NaNO3 maintained PPI values 
above 4, indicative of enhanced stability. In contrast, sys-
tems enriched with Na2SO3 exhibited increased sensitivity 
to light, suggesting a heightened susceptibility to destabiliz-
ing influences. Although the model for this condition did not 
achieve statistical significance, the observed trend indicat-
ing that mixtures of NaCl and NaNO3 positively influence 

plasmonic nanoparticles via coalescence and Ostwald 
ripening. This process enhances the colloid’s plasmonic 
properties, consistent with previously observed growth 
mechanisms in analogous systems [97].

Previous studies [30, 34, 84] have reported the colloi-
dal stabilization of AuNPs solutions using NaCl and other 
salts. In this study, we present long-term results over three 
months. We observed that the AuNPs begin to settle after 
two months, even when PPI values are high, indicating 
that PPI does not significantly influence aggregation trends 
after 60 days. Thus, based on the LSPR evaluation after two 
months, the stability order is as follows: S > ClNS = Cl = ClS 
= ClN > W = N = NS, aligning well with computational mod-
elling results.

Our analyses simulate shelf storage trends under different 
conditions, revealing that while light does influence the PPI 
values of the systems, it is not the sole factor to consider 
when assessing long-term colloidal stability. The combina-
tion of darkness and low temperatures, as under refrigera-
tion condition, appears to have a more significant impact 
on reducing aggregation. Furthermore, as indicated by 
computational simulations, optimal results were achieved 
in systems stored without light exposure. This underscores 
that adsorption and electrostatic interactions are the primary 
mechanisms governing the colloidal stability of NPs.

While the PPI parameter provided a robust and quantita-
tive means to monitor aggregation and relative dispersion 
over time, its reliability as a single proxy for colloidal sta-
bility becomes limited beyond approximately 60 days. This 
limitation stems from the fact that PPI is derived exclu-
sively from optical absorption ratios and therefore does not 
account for phenomena such as sedimentation or the forma-
tion of non-plasmonic aggregates that fall outside the opti-
cal detection path. Consequently, systems may still exhibit 
high PPI values even as visible settling and partial agglom-
eration occur, as noted in Fig.  8d–f. To complement this 
observation, a new figure has been added to the Support-
ing Information (Figure S6), presenting photographs of the 
eight colloidal systems taken 15 days after synthesis. These 
images reveal early aggregation and partial agglomeration, 
reinforcing that PPI should be interpreted alongside visual 
or turbidity-based indicators to more comprehensively 
assess long-term colloidal stability.

The apparently stronger stabilization observed for AuNPs 
synthesized in mixed-anion media (SO3

2− + Cl− or SO3
2− 

+ NO3
−) arises from a synergistic interfacial effect rather 

than from additive stabilization. Although DFT calculations 
show that SO3

2− binds more strongly to Au surfaces than 
either Cl− or NO3

− individually, the coexistence of these 
anions induces charge redistribution and electrostatic cou-
pling at the Au/solution interface. Specifically, SO3

2− sys-
tem donates electron density to under-coordinated Au sites, 
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enhanced stability for certain salt combinations, such as 
Na2SO3-based systems. However, the contrasting behav-
iours of NaCl and NaNO3 mixtures under translucent and 
amber conditions highlight the complex, salt-specific effects 
of light on stabilization mechanisms.

Refrigeration proved to be the most effective storage 
condition for maintaining colloidal stability, as evidenced 
by linear PPI trends and sustained stability over 60 days. 
Lower temperatures reduce the kinetic energy of nanopar-
ticles, thereby minimizing collision frequency and aggrega-
tion risk. The consistent PPI values observed in refrigerated 
systems, regardless of the salt composition, suggest that 
refrigeration mitigates destabilizing factors such as light 
exposure and electrostatic imbalances. These findings 
highlight the importance of optimizing storage conditions 
through a combination of refrigeration and light shielding, 
as well as the careful selection of stabilizing salts, to achieve 
long-term colloidal stability of AuNP systems.

6  Conclusions

In this study, we employed PLAL to directly produce ligand-
free, contamination-free AuNPs in simple saline media, 
embodying a truly green-chemistry approach. By avoiding 
chemical reductants and post-synthesis purification, PLAL 
generates ultrapure colloids whose physicochemical proper-
ties can be tuned simply by the choice of counter-ion.

The computational simulation analyses further revealed 
that the SO3

2− counter-ion exerts a more substantial influ-
ence on the Au NPs compared to Cl− and NO3

− ions, due to 
sulfur complexation affinity to gold atoms, which helps to 
minimize oxidation of the Au NPs. In addition, XPS analy-
sis demonstrated that Au NPs in system N exhibited a 60% 
increase in oxidized sites compared to those in system W. 
Conversely, AuNPs produced in sulfur-containing saline 
mixtures showed an increase in the Au reduction state by 
up to 6.9%.

To translate these insights into practical guidelines, we 
carried out a rigorous three‑month shelf‑life study, monitor-
ing PPI every 15 days under (i) ambient light, (ii) reduced 
light in amber vials, and (iii) refrigeration. Statistical mix-
ture-design models showed no significant trend under ambi-
ent light, a quadratic dependence on salt composition in 
amber vials, and a clear linear decline under refrigeration, 
establishing a ∼60‑day stability threshold for optimal stor-
age. Together, this integrated experimental–computational 
framework deepens our understanding of ion‑mediated 
nanoparticle stabilization and furnishes quantitative storage 
protocols. These findings pave the way for scalable produc-
tion and reliable distribution of high‑quality AuNP colloids 
for biotechnological, electronic, and catalytic applications.

PPI values provides valuable insights into the stabilizing 
effects of these salts under illuminated conditions.

Figure S7b displays the stability results for systems 
stored in amber vials under artificial light. Under these 
conditions, the behaviour of NaCl and NaNO3 mixtures 
diverges from that observed in translucent vials, with a neg-
ative impact on PPI values compared to mixtures contain-
ing Na2SO3. This observation highlights the importance of 
container opacity and its role in modulating the interaction 
between light and the colloidal system.

Figure S7c presents the stability outcomes for samples 
stored under refrigerated conditions. Notably, the behaviour 
of these systems mirrors that observed on the synthesis day, 
with refrigerated storage effectively preserving the initial 
colloidal stability. This suggests that refrigeration, particu-
larly when samples are shielded from light, may represent 
the optimal condition for maintaining the long-term stability 
of AuNP systems.

The synthesis of the salt-free system based on ultrapure 
water (W) demonstrated moderate stability across all evalu-
ated storage conditions but did not exceed the performance 
of other systems, as observed in Table S3. Under light expo-
sure, W exhibited greater stability compared to systems con-
taining sulfur (S) or nitrogen (N) individually, although it 
was less stable than systems incorporating chlorine (Cl), 
chlorine-nitrogen (ClN), or certain multicomponent formu-
lations. When stored in amber flasks, W displayed reduced 
stability relative to most other systems, including those con-
taining Cl, S, or multicomponent combinations, indicating 
diminished effectiveness in environments with limited light 
exposure. Under refrigeration, W maintained consistent sta-
bility; however, it was outperformed by all other systems, 
particularly those containing Cl, ClN, or advanced multi-
component formulations, which demonstrated superior sta-
bility under these conditions.

The observed variations in the PPI of AuNPs under dif-
ferent storage conditions can be attributed to the combined 
influence of environmental factors, including light expo-
sure, temperature, and the nature of the stabilizing salts. The 
PPI serves as an indicator of colloidal system stability, with 
higher values signifying enhanced stabilization. The results 
indicate that salts such as NaCl and NaNO3 demonstrate 
stabilizing effects under light exposure, likely due to their 
ability to strengthen the electrostatic double-layer repulsion 
around the nanoparticles. In contrast, systems containing 
Na2SO3 exhibited increased sensitivity to light, potentially 
owing to the weaker stability of the electrostatic layers 
formed by sulfite ions in illuminated environments.

The pronounced differences in PPI trends between sam-
ples stored in translucent and amber vials underscore the 
critical influence of light on the destabilization of colloidal 
systems. Amber vials, which limit light exposure, provided 
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