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Abstract Gold nanoparticles (AuNPs), synthesized 
by ns-pulsed laser ablation in liquid (ns-PLAL) in the 
absence of any capping agents, are potential model 
systems to study the interactions with biological 
structures unencumbered by interference from the 
presence of stabilizers and capping agents. However, 
several aspects of the physics behind these AuNPs 
solutions deserve a detailed investigation. The 
structure in solution of ns-PLAL-synthesized AuNPs 
was investigated in solution by means of small angle 
X-ray scattering (SAXS) and dynamic light 
scattering (DLS). Furthermore, the (dried) NPs have 
been examined using TEM. The analysis of the 
SAXS curve shows the presence of a large number 
of small aggregates with a fractal structure stabilized 

by strong long-range repulsive interactions. Fitting 
of the SAXS curve to a suitable “fractal model” 
allows the estimation of the features of the fractal 
including the fractal dimension d=1.9. The latter 
allows to estimate the fraction of light scattered by 
fractals of different size and thus permits a fair 
comparison between the DLS and TEM data. Here a 
stable abundant population of fractal clusters is 
reported reflecting a mechanism where primary 
AuNPs (size 7.6 nm) are forced to aggregate forming 
clusters during the collapse of the cavitation bubble. 
When these clusters are released in the aqueous 
phase their large negative charge builds up repulsive 
interactions that prevent cluster-cluster aggregation 
imparting colloidal stability. 
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Introduction  

Nanoparticles (NPs) made of noble metals are well-known key materials in many basic and applied research 

fields, spanning from catalysis, optics, fuel cell and medicine, just to cite a few (Speder et al. 2013, 2014; Silva 

et al. 2014; Ramalingam et al. 2014; Gellé and Moores 2019; Ferreira and Loh 2019; Ou et al. 2019) .  

Classical strategies to obtain metallic nanoparticles are based on the chemical reduction of corresponding 

oxidized cations by means of suitable reactants fulfilling the twofold roles of reductant and stabilizers. The 

presence of a stabilizing layer on the new-born particle is fundamental to prevent its endless growth (in such a 

case the reactant acts as a capping agent) but also to avoid the coagulation of several NPs and the subsequent 

precipitation (Hamad-Schifferly 2014). However, the presence of stabilizing molecules on the surface of the 

particles is, unavoidably, a source of ambiguity in the mechanistic interpretation of the processes involving 

interactions between the NP and other molecules or surfaces. Very often, the reactivity of a given type of metallic 

NP depends strongly on the nature of the ligand used as a stabilizer. An interesting example is the interactions 

between gold nanoparticles (AuNPs) and phospholipid vesicles, mimetic of biological membranes. The interest 

in the study of such interactions is obviously related to their potential application in clinical translation of 

nanomedicine or at least in diagnostics (Maiolo et al. 2015; Paolini et al. 2016; Mallardi et al. 2018). It is known 

that the adsorption of AuNP to the vesicle surface and the subsequent effects that such a binding induces on the 

bilayer depend on the AuNP capping agents (Van Lehn et al. 2013; Wang and Liu 2015; Sugikawa et al. 2016; 

Montis et al. 2018; Liu et al. 2018; Kanwa et al. 2019; Pfeiffer et al. 2019). Browsing this literature, it becomes 

difficult to disentangle the contribution of the interactions between the membrane and the metallic core of NP 

from the aspects involving the capping agents.  

In this respect, studies involving ligand-free nanoparticles without stabilizing capping molecules could be very 

useful.   

This kind of NPs can be synthesized, without chemical reductants and/or capping agents, by means of the 

techniques based on laser ablation. As an example Pulsed Laser Deposition has been employed with success to 

the production of NPs film (Dikovska et al. 2013; Smyth et al. 2013). This technique is based on the laser ablation 

of a target in vacuum condition in order to collect the NPs formed during the plasma expansion on a substrate 

suitably placed in the ablation chamber. Another attracting technique based on laser ablation is the “pulsed laser 

ablation in liquid” (PLAL) also known as “Laser Ablation Synthesis in Solution” (LASiS). PLAL is based on 

the laser pulsed irradiation of a bulk metal target submerged in a liquid (Dell’Aglio et al. 2015) and it allows the 

production of the colloidal solution with satisfactory properties in terms of size distribution and stability.  

Upon interaction of the laser beam with the target surface, a laser-induced plasma is formed followed by a 

cavitation bubble formation. In a previous study, the plasma phase during ns-PLAL has been investigated by 

high temporally and spatially resolved Optical Emission Spectroscopy (Dell’Aglio et al. 2019). It has been 

observed, that as a consequence of the high density of the ablated material (1020 cm -3), in the colder zones of 

the plasma (around 4000 K) NPs can grow until the equilibrium between NPs evaporation and condensation is 

reached.   

Other particles, with variable shape and size, can be formed at the border of the plasma, during the exchange of 

energy between the plasma and the surrounding water because of the fast cooling of the plasma material. Based 

on typical values of laser induced plasma parameters during ablation in water (Temperature between 4000-8000 

K and electron number density around 1018 cm-3), electron charging of seeds and NPs occurs at picoseconds 

timescale in the plasma phase (Vogel et al. 1996).  

When the internal energy of the plasma is exchanged with the surrounding water, a thin layer of water at high 

temperature and pressure is produced, and it expands inducing the cavitation bubble (Dell’Aglio and De Giacomo 

2020). In this frame, charged NPs are delivered in the cavitation bubble with an excess of negative charge. During 

the bubble temporal evolution, if the electrostatic pressure of the cloud of NPs is higher than the pressure of the 

interface at the boundary of the cavitation bubble, NPs are released in solution, otherwise they will be trapped 

inside the cavitation. These latter NPs, during the collapse stage can experience a cavitation pressure much higher 

than the one originated by their Coulomb repulsion and so they can rearrange in different shape or can implant 

in the target (Dell’Aglio and De Giacomo 2020). At the end of the PLAL processes different typologies of NPs 

can be found in the solution:  i) individual NPs grown in the plasma phase (10 nm); ii) bigger particles (hundreds 

of nm) formed at the border of the plasma and iii) clusters of NPs due to the interaction of the first kind of NPs 

during their releasing in solution (Dell’Aglio et al. 2015) .  

PLAL performed in water is a technique that allows the synthesis of metallic NP free from any capping layer. 

The interest for PLAL as a potential high-throughput synthetic method of metal NPs generation has stimulated 

lively fundamental studies on the key ablation steps (the interactions among the laser-induced plasma, the solid 

metal and the liquid environment). At variance, several aspects of physics of the resulting NPs solution are often 

overlooked in the literature. For example, the colloidal stability of NP prepared by ns-PLAL in water is usually 
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attributed to the presence of negative charges onto the surface of “naked” particles (Barcikowski and Compagnini 

2013) (NP have a strongly negative zeta-potential) but the origin of those negative charges has only recently 

been addressed and is yet matter of debate (Jean-Philippe  Sylvestre et al. 2004; Muto et al. 2007; Merk et al. 

2014; Palazzo et al. 2017). In this contribution, we discuss the results of a small angle X-ray scattering study 

performed on AuNPs solutions synthesized by ns-PLAL and the evidences of the arrangement of NPs in form of 

fractal clusters in the pristine solution. 

This is the first time that the presence of stable clusters, of particles synthesized by ns-PLAL, is inferred on the 

basis of measurements performed in solution (SAXS and DLS). Furthermore, the presence of fractal structure is 

a feature that was not reported before for AuNP synthesized by laser ablation in water (there is only a report 

dealing with the outcome of ablation in supercritical trifluoromethane (Saitow et al. 2012)), although the 

production of aggregates has been clearly observed in several experiments (Ibrahimkutty et al. 2012; Reich et al. 

2017; Dell’Aglio et al. 2019). 

Fractal structures have been obtained on various substrates, by deposition of the target material during ablation 

in air (Celardo et al. 2017), in supercritical fluids (Saitow et al. 2012) and even in water (Musaev et al. 2009). 

However, evidences that this sort of structures exist also in the pristine ablation solution are limited to a report 

on the structure of silver nanoparticles synthesized in water by fs-PLAL but also in such a case the emphasis was 

on the structure deposited on solid surfaces (Santillán et al. 2015). 

 

Results and discussion 

The size distribution of NP prepared by PLAL it is known to depend on the ion concentration of the ablation 

solution (Merk et al. 2014). Ablation in deionized water results in broad sized distribution while for too high 

ionic strength (1 mM) the NPs coagulate immediately after their formation. Stable solutions of metal NPs are 

routinely synthesized by laser ablation in dilute aqueous solutions of salts at concentration about 0.1 mM. In 

order to have a fair comparison with our previous work we have used as ablation solution KCl 10-4 M. 

The resulting solution is characterized by the usual burgundy colour. A representative visible spectrum is shown 

in the inset of Fig. 1. Using the absorbance values at the wavelength of the surface plasmon (520 nm), at 450 nm 

and the calibration described elsewhere (Dell’Aglio et al. 2016) it is possible to estimate an average AuNP 

diameter of 17 nm and the NP concentration.  

The colloidal stability of the AuNPs is electrostatic in nature; laser Doppler electrophoresis furnishes a broad 

distribution of zeta-potential centred around -64 mV and with a width of 11 mV. 

A time-saving sizing of the NPs can be obtained by dynamic light scattering (DLS). A representative 

autocorrelation function (ACF) is shown in Fig. 1.   

The (field) ACF g1(q,) is the customary output of DLS measurements and it can be demonstrated (Berti and Palazzo 

2014) that for a particle’s system of equal diffusion coefficient (monodisperse in size) the ACF decays exponentially 

according to:  

𝑔1(𝑞, 𝜏) = 𝑒−𝑞2𝐷𝜏             (1) 

where D is the mutual (or collective) diffusion coefficient reflecting the relaxation rate of the concentration fluctuations. 

For polydisperse samples, the scattered field ACF is no longer a single exponential, but rather it is the intensity-weighted 

sum of exponential decays, each accounting for the mutual diffusion of a population of particles: 

𝑔1(𝜏) = ∫ 𝑊(𝐷)
∞

0
𝑒−𝑞2𝐷𝜏𝑑(𝑞2𝐷)                  (2) 

A robust way to account for this is according to the so-called cumulant expansion where the logarithm of the 

ACF is described by the first terms of the series:  

𝑙𝑛[𝑔1(𝜏)] =  −〈𝐷〉𝑍𝑞2𝜏 +
𝜎2

2
(𝑞2𝜏)2 + ⋯  (3) 

where 〈𝐷〉𝑍 is the average and 𝜎2 is the standard deviation of the diffusion-coefficient distribution W(D) entering 

eq. 2. It should be noted that the average underlying 〈𝐷〉𝑍 is the so-called z-average, that emphasizes the largest 

particles from which an inverse, z-average particle diameter is calculated (Johnson, Jr CS; Gabriel 1994). In the 

case as the data shown in Fig. 1 the z-average diameter is 25 nm, a value that could be consistent with the 

estimates from the absorption spectrum, taking into account the z-average is biased towards the large particles. 

The analysis of the DLS ACF in terms of truncated cumulant expansion (eq. 3) is a standard technique of general 

application but the significance of the associated z-average size depends on the details of the size distribution 

function. For mono-modal, relatively narrow, size distributions the z-average is a meaningful descriptor while 

in the case of coexistence of particles with an overall polymodal size distribution it may not be so.  
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This can be an important issue in the case of particles synthesized by PLAL because the probability of secondary 

ablation is non-negligible and this can lead to the fragmentation of primary particles in smaller ones.  

Indeed, bimodal size distributions where small nanoparticles (few nm) with narrow size distribution coexist with 

larger (more than 10 nm) ones are often reported in the case of NPs produced by PLAL (Ibrahimkutty et al. 2012) 

(this depends also on the laser power and on the ablation time (Sportelli et al. 2018)). 

To have insight on the details of the size distribution, few microliters of the solution have been dried on TEM 

grids and observed using a transmission electron microscope. 

Representative TEM micrographs are shown in Fig. 2A and 2B revealing the presence of spheroidal particles 

with diameters of the order of 10-20 nm. The histograms describing the size distribution are shown in the inset 

of Fig. 2A. 

The largest majority of the nanoparticles (80%) has a size below 17 nm. It is important to highlight that, on the 

TEM grids, several particles are present in aggregates such as the one shown in Fig. 2A. In such cases, the size 

entering the statistics is that of the individual globules that are the constituent of the aggregate.  

Since the sample preparation for conventional TEM requires the evaporation of the solvent, it is not possible to 

argue if the observed aggregates are a drying-induced artefact or they were present in the pristine dilute AuNP 

solution. Also, the evidence that in most cases the particles within an aggregate are “fused” is not significant 

since the AuNP coalescence in the solid-state is an already reported phenomenon (Ingham et al. 2011).   

 
Fig. 1. Representative (field) autocorrelation function (ACF) 

collected in a DLS experiment on AuNPs synthesized by means 

of LAL. Points represent the experimental data; blue curve 

represents the ACF corresponding to the diffusion-coefficient 

distribution W(D) of eq. 2 (W(D) was evaluated by numerical 

inversion of the Laplace transform in eq. 2 by means of an NNLS 

routine. Inset: the corresponding absorbance spectrum. 

Conditions: [AuNP] = 1.5 nM.  
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To go into the details of the AuNPs structure in solution, we have performed SAXS experiments on liquid 

samples.  

The SAXS intensity profile, I(q) vs q, is shown in a linear-log representation in Fig. 3 from which some 

preliminary information can be extracted. First, the I(q) is strongly affected by repulsive inter-particle 

interactions at low q-values (Guinier region), i.e. the structure factor, S(q) cannot be neglected. This is consistent 

with the strong negative zeta-potential (-64 mV) measured.  

Secondly, size polydispersity effects at high q-values has to be taken into account, for comparison in the inset of 

Fig. 3 is also shown the curve expected for non-interacting monodisperse spheres. 

However, when the SAXS curve is examined in more detail with the help of a log-log representation like the one 

shown in Fig. 4A, it is clear that the experimental data can be hardly described in terms of simple spherical 

particles (albeit polydisperse). Indeed, while in the region at high q-values (q> 0.1 Å-1), where the oscillations 

are present, the overall decay of the I(q) is  q-4, the I(q) at intermediate q (0.01 Å-1< q < 0.1 Å-1) still obeys a 

power law but with an exponent which is roughly halved (see the slopes of the power laws in Fig. 4A). This is 

an indication that some of the spherical particles are arranged in small aggregates with an inner fractal structure 

and a number (N) of elementary particles of radius Rp given by 

 
 
Fig.2 A and B: Representative TEM micrographs at 

different magnifications of AuNPs synthesized by PLAL. 

Panel A is a zoom in the rectangular area (in yellow) of 

panel B. Also shown in panel A are the diameter (2Rp in 

white)  and the characteristic length (ξ in yellow), obtained 

from the fitting of the SAXS data; see text for details . The 

inset of panel A represent the size distribution of AuNPs.  
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𝑁 = (
𝑅𝑔

𝑅𝑝
)

𝑑

  (4) 

where Rg is the gyration radius of the aggregate and d represents the (mass) fractal dimension and is a measure 

of how efficiently the particles are packed.  

Small-angle scattering methods are widely used to study the structure of aggregates of colloidal particles in 

solutions since they provide a direct measure of the fractal dimension because in presence of fractal structures 

the intensity of scattered radiation follows a power law behaviour over some range of magnitude of the scattering 

vector, i.e. I(q)  q-d (Reidy et al.; Bushell et al. 2002; Wu et al. 2005; Ingham et al. 2011; Gentile et al. 2018). 

The q-dependence of the intensity of the scattered radiation interference pattern can be always expressed through 

the relation: 

 

𝐼(𝑞) = 𝑁𝑝𝑉𝑝
2(𝜌𝑝 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

2
∙ 𝑆(𝑞)𝑃(𝑞)  + 𝐵                  (5) 

where B is the background, s and p are the scattering length density of the solvent and of the homogeneous 

particle, respectively. In eq. 5 the number density (Np) of individual scatters (particles of volume Vp) is Np= /Vp  

where  is the corresponding volume fraction. With respect to the following discussion about X-ray and light 

scattering from fractal clusters, it is important to emphasize that Vp represents the portion volume  of particles 

with scattering length p, excluding the portion occupied by solvent (for example in the case of a vesicle Vp is 

the volume of the shell), and it is, thus, proportional to the particle mass Vp  Mp.  

In eq. 5, P(q) is the form factor accounting for the intra-particle interference while the structure factor S(q) 

represents the interference of waves scattered by different particles and is related to the existence of short-range 

ordering between particles. In the case of fractal aggregates, S(q) can be factorised in the product of two 

contributions. The first, S’(q), is due to the customary interactions between aggregates ruled by the balance 

between repulsive and attractive interactions. The second, S’’(q), reflects the arrangement of the primary 

particles within a fractal aggregate. 

Considering only this last term, and assuming that the fractal clusters are composed by spherical “building block” particles 

with radius Rp, eq. 5 can be rewritten in terms of the “fractal model” (Mildner and Hall 1986) as follows: 

𝐼′′(𝑞) = 𝜙𝑉𝑝(𝜌𝑝 − 𝜌𝑠)
2

∙ 𝑆′′(𝑞)𝑃(𝑞)                    (6) 

Where P(q) is the form factor of a sphere with radius Rp, while the structure factor describing the ordering of particles 

within a fractal,  S’’(q), is given by the relation proposed by Teixeira (Teixeira 1988): 

𝑆′′(𝑞) = 1 +
𝑑Γ(𝑑 − 1)𝑠𝑖𝑛[(𝑑 − 1)𝑡𝑎𝑛−1(𝑞𝜉)]

(𝑞𝑅𝑝)
𝑑

(1 + 1/(𝑞𝜉)2)(𝑑−1) 2⁄
            (7) 
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Where Γ(𝑑 − 1) is the gamma function and ξ is the correlation length representing the typical size of holes in the 

aggregate. A similar approach was adopted to interpret data coming from Ag nanoparticles prepared by fs-laser ablation 

(Santillán et al. 2015). Eqs. 6 and 7 reasonably account for the experimental data (see the blue dashed line in Fig. 4) for 

q >0.01 Å-1. The agreement at high q can be further improved by adding an additional spherical form factor to represent 

the single AuNPs nanoparticles (not involved in the aggregates) observed in the TEM micrographs along with the fractal 

aggregates. Thus obtaining: 

𝐼′′(𝑞) =  𝑉𝑝(𝜌𝑝 − 𝜌𝑠)
2

∙ [𝜙𝑆′′(𝑞)𝑃(𝑞) + 𝜙𝑝𝑃(𝑞)]           (8) 

where ϕp is the volume fraction of these non-aggregates AuNPs and P(q) is the form factor of spheres of radius Rp.  

Eqs. 7 and 8 can be fitted to data collected at q> 0.005 Å-1; a Schulz distribution with a polydispersity of 0.4 has been 

also applied to the sphere form factor (see the red curve in Fig.5) to account for the spread in size. The resulting best-fit 

parameters are: ξ = 13.4 nm, d = 1.9 and Rp = 3.8 nm; the volume fraction of the NPs in the fractals was  = 6x10-6 while 

the one of the individual NPs is p = 1 x10-6. The order of magnitude of the overall volume fraction of AuNP ( + p = 

7x10-6) is in agreement with the concentration of AuNPs estimated from the plasmonic absorption of gold nanoparticles 

(volume fraction  2x10-5). The values of Rp and of a cluster correlation length ξ that corresponds to 2-4 NP are consistent 

with TEM micrographs (bars representing the correlation length ξ and the individual particle diameter 2Rp = 7.6 nm are 

shown in Fig. 2B for comparison). 

Strictly eqs. 7 and 8 refer to a system of particles where only the spherical shape of particles and their average distribution 

within the aggregates are taken into account. For this reason, we have marked by a double mark ’’ the intensity of the 

scattered radiation (I’’(q)) and the inter-particle structure factor within an aggregate (S’’(q)) to discriminate these 

quantities from the experimental quantities that take into account also the interactions among the aggregates (S’(q)). What 

is missing are the interactions between clusters and/or the single AuNP and the presence of a maximum in the 

experimental I(q) indicates that such interactions exist, are repulsive and are very strong.  

In the absence of exhaustive modelling of the interactions among aggregates and/or single nanoparticles, the 

corresponding structure factor S’(q) can be determined by dividing the experimental data by the prediction of 

eqs. 7 and 8. In Fig. 4B we show such an inter-aggregate/particle structure factor S’(q)=(I(q)-B)/I’’(q); it is 

evident that the strongly repulsive interactions generate a structure factor peak that corresponds to a correlation 

distance,  = 64 nm between aggregates and/or gold nanoparticles. 

 
Fig. 3 SAXS curve for a solution of [AuNP]= 16 nM. Inset: 

zoom of the region at q> 0.05 Å-1; for the purpose of 

comparison also the prediction for monodisperse sphere 

with radius 3.8 nm is shown as a red curve. The background 

subtraction was carefully made for the low q-region, where 

the resolution is lower. The I(q) decrease at low q is  50 

cm-1 and cannot be explained by improper subtraction of the 

background having intensity < 16 cm-1. 
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Having an estimate of the fractal dimension, we can try to compare the SAXS data with the DLS data.  

According to eq. 2, the ACF measured in a DLS experiment, g1(q), is the Laplace-transform of the W(D), the 

distribution function describing the amount of light scattered by particles with diffusion coefficient D. Such a 

W(D) is easily mapped from the domain of diffusion coefficient to the domain of sizes applying the Stokes-

Einstein equation and obtaining the so-called “intensity-weighted size distribution” W(Rh). Actually, W(Rh) can 

be retrieved by inverting the Laplace transform in eq. 2 applying a non-negative least-squares (NNLS) algorithm 

implemented in the software supplied by the manufacturer. W(Rh) represents the fraction of radiation (light) 

scattered by particles with a hydrodynamic size between Rh and Rh+dRh and depends on the number density of 

such particles and their size.  

The dependence of W(Rh) on these parameters is given by eq. 5, rewritten under the conditions that are relevant for a DLS 

experiment with visible radiation (633 nm) in which q is constant and, since qRg0, both P(0)=1 and S(0)=1 , this is:  

𝑊(𝑅ℎ) = 𝑁𝑐𝑉𝑐
2(𝜌𝑝 − 𝜌𝑠)

2
                    (9) 

In the above equation, the subscript “c” emphasize the circumstance that here we are dealing with clusters of elementary 

particles. The dependence on the cluster size Rh is included in the Vc (the volume of the gold in the aggregate) that, for 

the reasons already discussed, is proportional to the cluster mass Vc  Mc which, in turn, is proportional to the number of 

elementary particles in the cluster given by eq. 4. 

Strictly the hydrodynamic radius Rh measured by DLS is different from the Rg, entering eq. 4. However, it has been 

demonstrated that, for aggregates small enough, the dependence of scattered light intensity on aggregate size can be 

accounted for assuming Rh Rg (Pusey and Rarity 1987) and such an approach was successfully applied to the 

determination of fractal dimension (Pusey and Rarity 1987),(Palazzo et al. 2010),(Hanus et al. 2001).  

Under the approximation Rh Rg it is possible to rewrite eq. 9 as: 

𝑊(𝑅ℎ) = 𝑁𝑐 (
𝑅ℎ

𝑅𝑝

)

2𝑑

(𝜌𝑝 − 𝜌𝑠)
2

∝    𝜙(𝑅ℎ)𝑅ℎ
𝑑                    (10) 

 

Fig. 4 A) SAXS curve for a solution of [AuNP]= 16 nM in the log-log representation (same data of Fig. 3). Empty dots are 

experimental data, the pink curve is the fit assuming a polydisperse sphere model, the dashed blue curve is the fit assuming 

the “fractal model” (eqs. 6 and 7), and the continuous red curve is the fit according to eqs. 7 and 8 (i.e. fractal model + 

polydisperse sphere). The two straight lines denote the slope (in this representation) corresponding to the Porod’s law (q-4) 

and to a fractal dimension of 1.9 (q-1.9). For further details see text. B) inter-aggregate/particle structure factor S’(q)=(I(q)-

B)/I’’(q), where I’’(q) represents the fit according to eqs. 7 and 8 (i.e. fractal model + polydisperse sphere).  
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In the last right-hand term, we have exploited the relation  NcN that associates the cluster volume fraction to the 

number density and the number of elementary particles within that cluster.  

It is, therefore, possible to evaluate a volume-weighted size distribution as  

Φ(𝑅ℎ) = 𝐴
𝑊(𝑅ℎ)

𝑅ℎ
𝑑   (11) 

Where A is a normalization constant and (Rh) is correlated to the volume fractions  and p entering the eq.8 used to 

analyse the SAXS data by the following equations 

∫ Φ𝑑𝑅ℎ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠
=

𝜙

𝜙+𝜙𝑝
  𝑎𝑛𝑑 ∫ Φ𝑑𝑅ℎ𝑁𝑃𝑠

=
𝜙𝑝

𝜙+𝜙𝑝
    (12) 

The volume-weighted size distribution evaluated according to eq. 11, using a fractal dimension of d=1.9 obtained from 

the SAXS analysis, is shown in Fig. 5.  

According to the TEM sizing (Fig. 3), the vast majority of NPs has diameters ≤ 16 nm, therefore we have divided the 

histograms in Fig. 5 into two categories: those with 2Rh < 16 nm belong to single NPs (black bars) and those with 2Rh > 

16 nm belong to clusters (grey bars). It is thus possible to perform the integrations in eq. 12 with the outcome that the 

fraction of non-aggregate NPs probed by DLS is 11% of the total. This is a value very close to the result obtained through 

the analysis of SAXS curve for which p accounts for 14% of the total particles.  

Eq.4, foretells that the gold volume in an aggregate made of N elementary particles scales as Rg
d, and this allows the 

estimation of φ also on the basis of electron microscopy results. 

Accordingly, the TEM micrographs have been reanalysed but this time when an aggregate formed by several particles is 

present its overall size has been determined in terms of (maximum) Feret’s diameter (the longest distance between any 

two points in the aggregate) and, assuming the Feret’s diameter as a reasonable estimate of the aggregate gyration size, 

the volume-weighted size distribution, shown in Fig. 5 as red criss-crossed histograms, is obtained. The agreement 

between DLS and TEM is, once the fractal dimension is properly taken into account, considerable. 

It should be stressed that despite a fractal dimension of 1.9 is often reported for fractals growing through DLCA, the small 

clusters here observed are stable for weeks from the preparation. This can be hardly reconciled with the orthodox DLCA 

models that lead to an irreversible formation of infinite aggregates. 

How is it possible to resolve such an aggregation with the strong repulsive interactions testified by the peak in the inter-

particle structure factor of Fig. 4B? Or, in other words, why the attractive inter-particle forces that drive the cluster 

formation do not lead to irreversible aggregation of all the particles and clusters?  

Currently, the origin of the negative zeta-potential found in noble metal NPs, prepared by PLAL, is still matter of debate. 

Two (nonexclusive) mechanisms could be of interest here: the presence of excess electrons formed within the plasma 

phase (the large size of NPs considerably reduces the Born’s energy of the extra charges) (Palazzo et al. 2017; Mateos et 

al. 2020a) and the absorption of anions from the aqueous solution (Merk et al. 2014). 

Most likely, the initial fractal aggregates are formed during the collapse stage of the bubble. As already reported in Ref. 

(Dell’Aglio et al. 2019) the laser-induced plasma during the initial steps of the plasma evolution produces NPs that are 

strongly charged by adsorption of the free electrons abundant in the plasma atmosphere. Then, during the bubble collapse 

phase, the produced NPs experience the backpressure of the cavitation environment (Dell’Aglio et al. 2019) that 

compresses the NPs clouds and can induce the agglomeration of the NPs in clusters.  

One could speculate that, once in the aqueous solution at atmospheric pressure, the clusters formed in the ablation steps 

are stabilized against further aggregation by the repulsive interactions due to their negative charge (doesn’t matter if 

ascribed to extra electrons or to adsorbed anions) confirmed by the large negative zeta-potential experimentally observed.  

It is interesting to note that this mechanism fits the results reported in Ref. (Ibrahimkutty et al. 2012) and (Reich et al. 

2017) where, with in-situ SAXS experiment performed during the NS-PLAL processes, the creation of “primary” smaller 

NPs is subsequently followed by the formation of the aggregates after the maximum expansion of the cavitation bubble. 

 

Conclusions 

In this contribution, we have investigated the structure of AuNPs solution synthesized by laser ablation by a 

multi-techniques approach. Analysis of SAXS and DLS results self-consistently indicates that, in the AuNPs 

solution synthesized by laser ablation, the majority of the nanoparticles are present in form of small clusters 

(with a fractal dimension d= 1.9) made of few small particles (Rp= 3.2 nm) characterized by a correlation length 

 13 nm that accounts for  85% of the gold mass (of course the number of clusters is much lower). Once the 

fractal dimension is taken into account, it is possible to retrieve the volume (or weight) size distribution from 

DLS data and to compare it with the analogous distribution obtained from the analysis of TEM micrographs. The 

data coming from the two different techniques are in good agreement thus validating the overall scenario.  
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In hindsight almost all the published TEM micrographs of ablated AuNPs show visible clusters, sometimes large, 

sometimes small (2-4 particles) but this has been always interpreted as a consequence of the drying process 

(Jean-Philippe  Sylvestre et al. 2004; Muto et al. 2007; Merk et al. 2014). The results of the present study suggest 

that further aggregation due to the sample processing on the carbon coated grid is negligible.  

Even though the average size of the aggregates is small, some consideration on their fractal dimension should be 

highlighted. The fractal dimension of d= 1.9 is slightly higher respect to tabulated values for the 3D diffusion-

limited cluster aggregation (DLCA) and lower respect to the 3D reaction-limited cluster aggregation (RLCA) 

(Odriozola et al. 2001) The value 1.9 might indicate a DLCA regime where particles can rearrange in the forming 

cluster, probably in a short time. However, a real DLCA mechanism will lead to continuous aggregation of the 

clusters to form flocks and to a rapid flock sedimentation an event undetected over the timescale of months. 

The stability of clusters with a fractal dimension of 1.9 is puzzling because such a value is often reported for 

fractals growing indefinitely through DLCA (Wu et al. 2005). In the present case, instead the clusters are 

stabilized by strong repulsive electrostatic interactions. To reconcile these two conflicting evidences we 

hypothesise the clusters are formed during the ablation and precisely throughout the bubble collapse phase 

(Dell’Aglio et al. 2019). During such a step, the huge backpressure of the cavitation environment compresses 

the NPs ensemble and might induce the aggregation of the NPs in clusters. In this respect, further characterization 

of such metallic small clusters could give insight into the different stages of laser ablation in water. 

On a wider perspective, the full characterization of the structure and interactions present in solution of these 

ligand-free AuNPs by NS-PLAL is preliminary to the subsequent investigation on the interactions between 

AuNPs and biological membranes without the interference of the capping agents.  

 

Experimental 
AuNP Synthesis and preliminary characterization 

To produce AuNPs by NS-PLAL, a ns NdYAG (Quanta System PILS-GIANT) laser was focused on Au target 

located on the bottom of a cuvette filled with 3 mL of milliQ water. The laser, with a nominal pulse duration of 

8 ns, operates with a 1064 nm laser wavelength, with a fluence of 64 J/cm2 and a laser frequency of 10 Hz. The 

laser beam was focused by using 5 cm focal lens and the focal plane of the laser beam was put inside the target, 

in order to get a laser crater on the target surface with a diameter of 1 ± 0.2 mm. The gold target was purchased 

from Kurt J. Lesker Company. AuNPs colloidal solutions were produced by adding to the MilliQ water KCl 100 

µM. 

The production rate in this experiment determined by measuring the concentration of NPs in the solution with 

SPR. (Dell’Aglio and De Giacomo 2020) , is about 4x1010 NPs per laser shot. This means that this rate of 

production already takes into account of all the processes involved in the laser ablation in liquid, including 

secondary laser particle interaction such as melting and fragmentation (Lorazo et al. 2006). A further discussion 

on these processes would be out of scope in the present paper, that is focused in the characterization of the 

particle already released in water, but interested reader can refer to (Tsuji 2002).  

 
Fig. 5 volume-weighted size distribution evaluated from 

the DLS data according to eq. 11 and from TEM. Black 

histograms refer to free single nanoparticles while the grey 

bars refer to the clusters. The red criss-crossed bars are from 

the analysis of the TEM micrographs; see text for details.  
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The NP concentration increases with the ablation time until eventually reached a steady value of 16 nM because 

the increasing concentration of AuNPs within the laser radiation path, thus producing an attenuation of the 

incident beam (Yang 2012). 

The vis spectrum of AuNPs in the region between 350 and 900 nm was registered using an Agilent 8453 UV–

Visible spectrophotometer. 

AuNPs solutions were characterized by DLS and by Laser Doppler Electrophoresis (LDE) measurements using 

a Zetasizer-Nano ZS from Malvern Instruments. Instrumental conditions are as in references (Mateos et al. 

2020b) (DLS) and (Mateos et al. 2019) (LDE); the zeta-potential was subsequently evaluated from the 

electrophoretic mobility measured by LDE according to the Hückel approximation. 

The average NP size, evaluated over more than 50 synthesis, is reproducible within 20% when evaluated by DLS 

and by 10% when evaluated from the SPR. 

Electron microscopy 

Colloidal samples for TEM characterization were directly deposited onto carbon-coated Cu grids (300 mesh, 

Agar Scientific). All samples were observed at 120 kV, with an FEI Tecnai T12 TEM. 

The size distribution of the NPs was obtained by measuring the diameter of at least 400 NPs using ImageJ 

software. The pictures were processed to obtain binary images to which the threshold was adjusted to visualize 

the NPs. To differentiate the NPs from the agglomerates, the images were “watershed” segmented and the range 

of analysis particles was set up from 10 pixels per square to infinity.  

The average NP size, evaluated over 10 synthesis by TEM, is reproducible within 15%. 

 

SAXS  

SAXS measurements were performed using a SAXS Lab Ganesha 300XL instrument (SAXSLAB ApS, 

Skovlunde, Denmark), a pinhole collimated system equipped with a Genix 3D X-ray source (Xenocs SA, 

Sassenage, France). The scattering intensity I(q) was recorded with the detector placed at two sample-to-detector 

distances, yielding scattering vectors (q) of 0.004–0.6 Å–1. Samples were sealed at room temperature in a 1.5 

mm diameter quartz capillary (Hilgenberg GmbH, Malsfeld, Germany). In all cases, the temperature was 

controlled by an external recirculating water bath fixed to 25 °C, with an accuracy of approximately 0.2 °C. The 

two-dimensional (2D) scattering pattern was recorded using a 2D 300 k Pilatus detector (Dectris Ltd., Baden, 

Switzerland) and radially averaged using SAXSGui software to obtain I(q).  

For SAXS experiments the highest concentration ([AuNP]= 16 nM) was used in order improve the signal-to-

noise ratio; lowest NP concentrations return the same fractal dimensions but the curves are too noisy to have a 

reliable fit of the whole data to eq. 8.The measured scattering curves were corrected for solvent scattering. 
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