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Abstract 

The interaction of nanoparticles (NPs) with proteins is widely investigated since it can be a key 

issue in addressing the problem of nanotoxicity, in particular for biological and medical 

applications. Therefore, silver and gold nanoparticles (AgNPs and AuNPs) were produced in water 

by Pulsed Laser Ablation in Liquid (PLAL) and allowed to react with Ubiquitin (Ub), (a small 

human protein essential for degradative processes in cells). NPs produced by PLAL are completely 

free of undesired contaminants and do not require the use of stabilizers. We found that the NPs+Ub 

system behaves differently if the NPs are or are not treated with stabilizer before performing the 

interaction with Ub, since the presence of capped agents modify the surface reactivity of the metal-

NPs. The surface plasmon resonance (SPR) absorption spectroscopy has been employed to monitor 

the fast changes occurring in the NP colloidal solutions upon interaction with Ub. The SPR results 

were confirmed by TEM analysis. It is found that when Ub interacts with naked NPs a rapid 

aggregation occurs and, at the same time, Ub undergoes an amyloid transition. In particular the 

aggregation of AuNPs occurs at a much greater rate than that of analogous AgNPs.  
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1. Introduction 

In the last decade the synthesis of nanoparticles (NPs) by Pulsed Laser Ablation in Liquid 

(PLAL) has gained wide interest thanks to the possibility to produce NPs completely free of 

undesired contaminants, to avoid the use of harmful reactants, and to accomplish long-lasting 

stability without using any stabilizer [1,2]. The stabilizer can affect deeply the chemical reactivity 

of the NPs surface and its role has to be taken into account when planning biological and medical 

applications. The peculiarity of the NPs produced by PLAL lies in the particular environment in 

which they are produced [3,4]: the plasma induced by the laser on a target submerged in water, as 

well as the subsequent cavitation bubble formation and dynamics, play crucial roles in the NPs 

formation mechanisms and stability. 

The interaction of NPs with proteins has extensively been studied for medical and biological 

applications [5], since it is known that, once the NPs entered in the biological fluids, a rapid 

interaction of NPs with plasma proteins takes place. Adsorbed proteins form the so-called protein 

corona around the NPs  [6]. The structure and the normal protein function can be modified, thus 

leading to unexpected biological reactions [7]. The NPs surface plays a crucial role in the process of 

corona formation and, if a stabilizer is present in the solution, the surface reactivity can change 

dramatically. Usually, protein-NPs investigations are carried out with NPs coated with a stabilizer, 

so that the protein corona formation can be different from that of naked NPs. Recently, some studies 

[8, 9] have started to address this issue by investigating the interaction of different proteins with 

naked NPs. For instance, AuNPs [10] and AgNPs [11] produced by PLAL were mixed with bovine 

serum albumin (BSA) showing the classical protein corona formation. However, in a previous work 

from our laboratories [12], we demonstrated how naked AgNPs interact with Ubiquitin (Ub) 

differently from stabilized AgNPs. Thus, while colloidal solutions of citrate-stabilized AgNPs react 

with Ub forming a protein corona which is stable over time [12,13], the interaction of naked AgNPs 

with Ub leads to a protein corona followed by rapid aggregation of the NPs, simultaneously with an 

amyloid transition of the protein which appears to be responsible for NP clustering  

 Ub is a human protein with important biological functions (e.g., it flags proteins for 

degradation by the proteasome). Its relatively small size and well-characterized three-dimensional 

structure make it a good model for investigating the interaction between proteins and NPs.  

In this work, we performed similar interaction experiments with AgNPs or AuNPs produced by 

PLAL, in order to understand if naked NPs of different metals can aggregate as a consequence of 

interaction with Ub and amyloid transition of the protein. 
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Moreover, since plaques and inclusions composed of fibrillar deposits of Amyloid  (A) and 

other proteins are the hallmark of several neurodegenerative disorders, the study of amyloid-like 

aggregation has become relevant in the biological and medical field. 

AgNPs and AuNPs were produced in pure water and, after selecting the best experimental 

conditions for PLAL, the produced NPs were characterized and allowed to react with Ub while we 

monitored the intervening changes as a function of time. The interaction between NPs and Ub were 

performed in the presence or absence of stabilizer, in order to test the NPs surface reactivity. 

Finally, the system “AuNPs+Ub” was tested to demonstrate that also with naked AuNPs the Ub 

reveals an amyloid transition. So a preincubation of AuNPs solution with transthyretin (an inhibitor 

of amyloid-type aggregation) before the treatment with Ub, an incubation of AuNPs with a Ub 

mutant (E16V) and finally a thioflavin T assay (indicative of the amyloid form of protein) on  

“AuNPs+Ub” aggregate have been employed.  

 

 

2. Experimental set-up 

The experimental setup for the production of NPs in water has been extensively described in 

previous works [12,14]. It consists of nanoseconds Nd-YAG lasers (Quanta System PILS-GIANT 

and Quanta System Thunder) operating both with fundamental and second harmonic generation 

(1064 nm and 532 nm, respectively), having a laser frequency of 10 Hz and a nominal pulse 

duration of 8 ns. Depending upon the experiment, different laser wavelengths (1064 and 532 nm) 

were used and different lens were employed to focus the laser on a metal target submerged in water. 

All colloidal solutions were produced in ultrapure Milli-Q water.  

Soon after production, colloidal solutions were monitored as a function of time by surface plasmon 

resonance (SPR) absorption spectroscopy using an Ocean Optics (USB2000+XR) spectrometer 

with a light source (Mini Deuterium Halogen Light Source DT-Mini-2-GS). The transmission 

electron microscopy (TEM) analysis was performed using a Philips Morgagni 282D TEM, 

operating at 60 kV 

Fluorescence  imaging of the samples was performed by means of Laser Scanning Confocal 

Microscopy (LSCM) using the TCS SP8 SMD confocal microscope by LEICA equipped with a 

white a blue diode laser (excitation wavelength was 405 nm). Samples were observed through a 20x 

dry objective and the emission in the range 420-600 nm was collected by a hybrid detector; at the 

same time the transmitted light was independently collected by a conventional PMT detector.  



4 
 

 

3. Materials and methods 

The best experimental conditions for NP production by PLAL were chosen on the basis of 

reproducibility, size distribution, and stability in time. After the production by PLAL, the NPs were 

monitored for at least two days with SPR absorption spectroscopy, this time being sufficient for the 

NPs to reach the equilibrium. 

For the production of AgNPs in water a 532 nm NdYAG (Quanta System PILS-GIANT) 

laser was focused on a silver target immersed in a cuvette filled with 3 ml of water by using 4 cm 

focal lens, irradiance of 17 GW/cm2, and laser ablation time of 3 min. The silver target was 

purchased from Goodfellow Cambridge Limited.  

For the production of AuNPs in water a 1064 nm NdYAG (Quanta System Thunder) laser 

was focused on a gold target immersed in a vessel filled with 25 ml of water by using of a 5 cm 

focal lens, irradiance of 71 GW/cm2, and a laser-ablation time of 10 min. The gold target was 

purchased from Kurt J. Lesker Company. 

The molar concentrations (mols of NPs/liter) of the NPs solution were calculated by 

applying the Lambert-Beer law to the absorbance spectra of the colloidal solutions. The extinction 

coefficients, which depend upon the NPs size, were measured via appropriate calibration curves for 

AgNPs and AuNPs. The standard solutions used for calibration were: AgNPs of 10 nm particle size 

in 2 mM citrate purchased from Nanocomposix (10 nm Citrate NanoXactTM Silver, 0.022 gL-1); 

AuNPs of 10, 20, 40, 60, 80 and 100 nm particle size in 2 mM citrate purchased from Sigma 

Aldrich (ranging from 0.06 gL-1 to 0.04 gL-1). The concentrations of NPs solution used in this work 

were 2.2 and 2.4 nM for AgNPs and AuNPs, respectively. 

The NPs size was determined by TEM and SPR absorption spectroscopy and resulted to be 

10 ± 3 and 15 ± 4 nm for AgNPs and AuNPs, respectively. 

The incubation of NPs with wild-type Ub and the Ub mutant Glu16Val (E16V) was 

performed by dissolving the lyophilized protein in ultrapure water and adding an aliquot to the NP 

solution to obtain a final protein concentration of 25 M. Ub was always added to the NP solution 

after 2 days from PLAL preparation. Wild-type Ub and E16V used in this work has been prepared 

as described in ref [12].  
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 The sample treatment for TEM analysis (sample deposition on a grid with or without negative 

staining) as well as the sample preparation for the thioflavin T (ThT) assay have already been 

described (ref. [12]). 

The whole set of colloidal solutions incubated with wild-type Ub (or with E16V, or 

preincubated with transthyretin (TTR)) was monitored as a function of time by SPR absorption 

spectroscopy. 

 

4. Production and characterization of silver and gold nanoparticles 

 

4.1 Pulsed Laser Ablation in Liquid 

To produce NPs a laser pulse is focused on a target immersed in a liquid (pure water in our 

experiments). If the laser irradiance overcomes the breakdown threshold (so to induce a breakdown 

of the material) a plasma is generated. Once the plasma is formed it expands supersonically driving 

a shockwave and then extinguishes in several hundreds of nanosecond. Usually, the laser-induced 

plasma is characterized by high excitation temperature (≈10000-6000 K) and high electron density 

(≈1017 cm-3). The plasma energy is rapidly transferred to the surrounding liquid, thus inducing a 

vaporization at the front head of the plasma itself, which leads to the formation of a cavitation 

bubble. In these conditions the plasma is subjected to a strong confinement effect, and consequently 

a fast plasma cooling occurs with a strong increase of the rate of the recombination phenomena (the 

total amount of emitting species decreases because atoms aggregate to generate the NPs and are 

subtracted from the collisional plasma [3]). The ablated material can condense in small NPs that are 

transferred to the cavitation bubble. The subsequent cavitation bubble dynamics consists of an 

expansion and a shrinking phase with a lifetime of hundreds of microseconds (one order of 

magnitude bigger than the plasma lifetime). The extreme conditions of temperature and pressure 

[15] reached in the plasma are believed to be responsible for the formation of NPs, while the bubble 

dynamics is connected to the release of the NPs and their stabilization in solution [3]. 

The NPs produced by PLAL, have prevalently spherical shape, particularly the metallic ones (Ag, 

Au, Cu), as widely reported in the literature [2,10]. The surface of these NPs results to be negative, 

as confirmed by  potential measurements ( values comprised between -30 and -45 mV). Recent 

studies on stability of NPs produced by PLAL focalize on the comprehension of surface features of 

this type of NPs [16,17].  
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4.2 Monitoring of metal nanoparticle in solution by surface plasmon resonance 

absorption spectroscopy 

The first fast screening of the NP solution was performed via SPR absorption spectroscopy, 

which can be used to gain direct information on metal NPs in solution and also to monitor their 

interactions with proteins [11, 12]. 

The absorption spectra of colloidal solutions of metal NPs exhibit typical absorption bands 

in the UV-vis region [18] that provide information on the size, structure and aggregation properties 

[19]. In the case of spherical AgNPs and AuNPs, absorption spectra have been widely investigated 

both experimentally and theoretically [20]. It was found that the resonance wavelength of the SPR 

peak (here named SPR) is related to the size of the NPs [20], but the relation between SPR and size 

differs for NPs smaller than 25 nm for which the Mie theory is no more applicable. For instance for 

AuNPs it was found [21] that the size can be correlated to the ratio of absorbance at SPR and that at 

450 nm. The above correlation is valid as long as the NPs can be considered of spherical shape, as 

is the case of metal NPs produced by laser ablation [10], and when no clustering of NPs is present 

in solution. Moreover, the absorbance obeys the Lambert Beer law when the scattering contribution 

to the total extinction can be neglected, as in the case of NPs smaller than 30 nm [22] (such as those 

produced in these experiments). To estimate the NP concentration from SPR band, the extinction 

coefficient has to be accurately determined for each specific NP type and each NP size. The 

changes in size distribution (i.e. in the time following the production), can be qualitatively 

monitored by analysis of the absorbance bandwidth, that is related to the particle size distribution 

when the NPs are spherical [23].  

 

4.3 Silver Nanoparticles in water 

NPs suitable for studying their reactivity with Ub, were obtained by irradiation of a silver 

target directly in pure water. 

To find the best experimental parameters for the production of AgNPs, the SPR absorption spectra 

were acquired during the laser ablation with the aim of monitoring the quality of the produced 

AgNPs. The optimum laser ablation time was then chosen in order to obtain the highest possible 

concentration with the highest reproducible size of AgNPs. It is important to underline that 

increasing the laser ablation time improves the fragmentation [24] and increases the concentration. 

At the same time, if the concentration of the colloidal solution increases over a certain value, the 
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Debye length decreases [25] together with the repulsive forces between the NPs, thus increasing the 

probability that NPs enlarge their size and form clusters or aggregates. 

Therefore, the laser ablation time chosen for the experiments reported in this work was 3 min, since 

it allows to produce AgNPs stable for long time, as shown in Figure 1, where the wavelength, the 

absorbance and the width of the SPR band have been monitored as a function of time after laser 

ablation. Once the AgNPs are produced, they reach a thermodynamic equilibrium in solution in 24 

h time and then remain stable for long time, although some negligible changes can be observed over 

some weeks. In particular, the wavelength and the width of the SPR band tend to increase while the 

absorbance decreases, probably because of deposition of NPs on the vessel walls. For these reasons, 

the reaction of AgNPs with Ub was generally performed 2 days after their production. 

Figure 4 reports the absorbance spectrum of the AgNPs used in this work together with TEM 

analysis. The absorbance band indicates that the particle shape is nearly spherical (as confirmed by 

TEM images) since there are no blue or red shifted shoulders on the SPR band. The average size of 

AgNPs is 10.6 ± 2.6 nm, as measured by TEM image using ImageJ software. To calculate the 

AgNPs concentration, a calibration curve was drawn by using silver colloidal standard solutions of 

known concentration and particle size distribution. By plotting the absorbance of the SPR peak as a 

function of concentration (mol of NPs/liter) of 10 nm AgNPs standard solutions, the following 

equation was obtained:  𝐴𝑆𝑃𝑅 = 3.83𝐸18 + 0.00806 ∗ 𝐶, with R2=0.999. Therefore the calculated 

extinction coefficient for 10 nm AgNPs was: 𝜀 = 3.83𝐸8 𝑀−1𝑐𝑚−1  and the molar concentration of 

AgNPs used in this work was 2.2 nM. 

 

4.4 Gold Nanoparticles in water 

The same procedure described for AgNPs was used to find out the best experimental 

conditions for producing the AuNPs. First the wavelength and absorbance of the SPR band was 

monitored as a function of laser ablation time for 20 minutes, then the colloidal solutions produced 

at different laser ablation times were tracked for 3 weeks to test their stabilities. The laser ablation 

time chosen for the experiments was 10 min.  

Figure 3 reports the SPR spectrum of the AuNPs produced by PLAL and used in this work. As 

widely illustrated in the literature [20, 21, 22] it is possible to determine the size and the 

concentration of spherical AuNPs in acqueous solution from SPR absorption spectra. In the 

references quoted above a wide range of AuNPs (diameter from 3 to 120 nm) have been analysed 

by using theoretical and experimental approaches. In particular, different approaches are needed for 
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AuNP having diameters smaller than 25 nm for which the Mie theory is not more valid with respect 

to those used for NPs having diameter bigger than 25 nm . For instance, in ref. [21], by comparing 

the theoretical and experimental data, different SPR wavelength dependences on NPs diameters 

have been found for these two cases. For AuNPs with size smaller than 25 nm (as those produced in 

this work), there is a logarithmic dependence of the size upon the ratio between the absorbance at 

the SPR peak (ASPR) and that at 450 nm (A450), that can be used to deduce the AuNPs size. 

In the present case to determine the size of AuNPs produced by PLAL, a calibration curve has been 

performed for obtaining the empirical equations as described in [21]. After the SPR spectra 

acquisition of standard AuNPs solutions of different sizes at fixed concentration, by plotting the 

ratio ASPR /A450 as function of ln(d), (fitted by the equation: y=0.428x+0.556, with R2=0.995) the 

following equation for size determination has been determined: 

d = exp (𝟐. 𝟑𝟒
𝑨𝑺𝑷𝑹

𝑨𝟒𝟓𝟎
− 𝟏. 𝟐𝟗)      Eq. 1 

where d is the AuNPs diameter (nm). 

Once NPs size has been determined, the calculation of solution concentration can be performed by 

Lambert Beer law. The determination of the concentration from SPR spectrum requires the previous 

estimate of the extinction coefficient 𝜀, also dependent upon the NPs size. In the present case 𝜀 has 

been determined for each AuNPs size through the calibration curves of absorbance as function of 

concentration of AuNPs standard solutions and then a relation between 𝜀 and d has been found by 

plotting the logarithm of extinction coefficient as a function of logarithm of the NPs diameter, as 

reported in ref. [26]. The fitting of the experimental data led to the following equation for the 

determination of the extinction coefficient as function of NPs size:  

ln ε =3.18  ln d +11.22      Eq. 2 

where d is the AuNPs diameter (nm) and 𝜀is the extinction coefficient (M-1cm-1). The coefficients 

of eqs. 1 and 2 are in good agreements with those reported by other authors ([21] and [26]). 

The size of AuNPs and the extinction coefficient, calculated from eqs. 1 and 2, are d = 15 ± 4 nm 

and 𝜀 = 4.1𝐸8 𝑀−1𝑐𝑚−1 , respectively, and the molar concentration is 2.4 nM. 

 

5. Interaction of Silver and Gold Nanoparticles with Ubiquitin 

The AgNPs were incubated with Ub and the solutions were monitored as a function of time with 

SPR spectra 
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After protein addition, the aggregation of NPs is tracked by analysing the redshift shoulder 

appearing on the main SPR band. As shown in Figure 4a, soon after the addition of Ub, a red shift 

by about 5 nm of the SPR band indicates the formation of the protein corona, then a second SPR 

band appears whose wavelength (SPR_peak2) varies with time (Fig.4b) in accord with an increase of 

the aggregate dimensions. Finally, the wavelength of this second SPR band reaches a critical value 

corresponding to the maximum size the aggregates can attain before their precipitation occurs. In 

Figure 5 it is reported the absorbance of the two SPR bands as a function of time: the decrease in 

absorbance of the first SPR peak indicates that most of the isolated AgNPs contribute to the 

formation of aggregates, that can be appreciated by the increase in absorbance of the second SPR 

peak. The aggregation process is rather fast so that 30 min after mixing the two absorbance values 

remain rather constants, presenting only a slight variation with time. After two days the aggregates 

start to precipitate. Figure 6 shows TEM images of the aggregates in solution as well as in the 

precipitate formed after two days. The micrographs confirm the presence of large aggregates also in 

solution and show that the precipitate consists of large protein deposits surrounding the NPs. 

Inspection of the TEM images with negative staining clearly reveals that Ub surrounds completely 

each AgNP forming the aggregate, indicating that is the protein corona responsible for the NPs 

aggregation. In this context, it is important to ascertain if during the NPs aggregation Ub undergoes 

a transformation. In ref. [12] it was shown that while Ub induces the clustering of the naked AgNPs, 

it undergoes an amyloid transition. Moreover, a specific mutation (Glu16Val at one edge β-strand) 

appears to be critical. 

The interaction between AgNPs and Ub appears to be extremely dependent upon the presence in 

solution of some stabilizer. In Figure 7, a and b, are shown the absorbance spectra of AgNPs 

incubated with Ub after addition of sodium citrate or sodium phosphate to the solution. In both 

cases, there is no formation of aggregates after 24 h incubation. Only in the case of AgNPs 

stabilized with phosphate, a red shifted shoulder appears at longer incubation times indicating the 

presence of a small fraction of NP clustering, which remains unchanged even after three weeks.  

In Figure 7b, it is possible to note that the the SPR of AgNPs+phosphate is 396 nm and that of 

AgNPs+citrate is 399 nm (Fig. 7a), whereas the SPR of the native, naked AgNPs was 398 nm. It is 

known that the addition of different kinds of ions in a solution of ligand-free NPs leads to a 

different buffering effect since they transfer their charges to the NP surface altering their 

electrostatic stabilization. As already reported in the literature, while the citrate is efficiently 

absorbed on NP (as confirmed by the red shift of SPR), the main action of the phosphate is to 

change the ionic strength of the solution leading not only to a further NPs stabilization but also to a 

slight size quenching effect as confirmed by the blue shift of the SPR and as reported in ref. [27]). 
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In both cases (Fig. 7, a and b), the NP surface modification is so effective that no NP clustering and 

no Ub transformation occur, as the AgNPs are coated before their interaction with Ub. In Figure 7c 

is also shown that, if citrate is added after the interaction between naked AgNPs and Ub is started 

(in the shown experiment it was added 81 min after addition of the protein), the aggregation process 

is stopped. By comparing Figures 4a and 7c, it is also evident that without citrate, the aggregates 

grow so much that they precipitate after two days; in contrast, the addition of citrate, 81 min after 

mixing NPs and Ub, “freezes” the aggregates, that remain unchanged and do not give any visible 

precipitate even after six days. Since the aggregates are clusters of NPs surrounded by protein, the 

citrate probably surrounds the formed clusters, thus preventing their further growth.  

 When naked AuNPs were incubated with Ub, a behavior similar to that just described for 

AgNPs was observed. The interaction between AuNPs and Ub was already investigated, but only in 

the case of coated AuNPs [28, 29]. In that case, only protein corona formation was observed and 

this was investigated both from a theoretical and an experimental point of view. In the present work, 

AuNPs, previously coated with citrate as stabilizer, also lead to the formation of an Ub corona 

(monitored by the typical red shift of the SPR). In contrast, when naked AuNPs are treated with Ub, 

a very fast aggregation process takes place confirmed by a large value of SPR_peak2 reached few 

minutes after mixing (Fig. 8, a and b). By inspection of Figure 8b and 9 it is evident that the rate of 

aggregate formation is very high. By comparing Figure 8b and Figure 4b it is clearly visible that the 

SPR_peak2 of AuNPs-Ub (Figure 8b) and AgNPs-Ub system (Figure 4b) employs 2 and 28 minutes, 

respectively to reach a constant value. Moreover, in Figure 9 it is shown that within the first 4 

minutes after the mixing the absorbance of the two SPR peaks has behaviors similar to those 

observed for the AgNPs and Ubiquitin interaction (Figure 5), but the time at which absorbance of 

SPR_peak1 and the absorbance of SPR_peak2 reach constant values are different. For longer times of 

Figure 9 (after 4 minutes), both SPR peaks start to decrease indicating the beginning of the 

precipitation process. 12 h after mixing the aggregate precipitation can be considered as complete, 

on the contrary the precipitation of the aggregate formed after the AgNPs and Ub mixing was 

considered complete only after 2 days. The maximum red shift of the SPR_peak2 with respect to the 

SPR of native NPs (SPR = SPR_peak2- SPR)  for the two complex systems (AgNPs-Ub and AuNPs-

Ub), immediately before precipitation, were found to be 80 and 120 nm, respectively. Thus, the 

dimensions of the aggregates in the AuNPs-Ub system are bigger than those of the AgNPs-Ub 

system. These results can be possibly a consequence, among other factors, of the larger size (lesser 

curvature) and surface area of naked AuNPs compared to AgNPs. It is concluded that, in the 

experimental conditions used in this work, the reactivity of the gold surface towards Ub is greater 

than that of the silver surface.  
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Finally, in order to understand if the type of modification that Ub is undergoing is similar for 

naked AgNPs and AuNPs, some experiments have been performed on AuNPs, before and after the 

interaction with Ub. It was already demonstrated (ref. [12]) that naked AgNPs promote a 

remarkable amyloid transition of Ub (A-like aggregation), while the protein induces the clustering 

of AgNPs. In order to confirm that also AuNPs induce an amyloid transition of Ub, tranthyretin, a 

well known inhibitor of amyloid-type aggregation of protein, has been added to the AuNPs solution 

before the treatment with Ub (named [AuNPs+TTR]+Ub solution). By monitoring with SPR spectra 

of the solution for 24 h, it was evident that no AuNPs clustering occurs (Fig10a) and it can be 

assumed that Ub does not have any amyloid transition because TTR inhibits the amyloid-like 

aggregation. As a further test to confirm that when the Ub amyloid transition is blocked also the 

AuNPs clustering is prevented, the incubation of AuNPs with a Ub mutant has been performed and 

monitored in time (the solution was named AuNPs+E16V) with SPR spectra. The Ub mutant used 

here is E16V that lacks of a negatively charge residue (a Glu16 was replaced by a Val) because this 

specific mutation site of Ub appears to be critical [12] during the interaction with naked NPs. As in 

the case of the incubation of AgNPs with E16V, also in this case no AuNPs aggregation was 

observed at long time after the solution preparation (Fig. 10a). In this frame Glu16 of Ub plays a 

key role for promoting AuNPs aggregation since it is required for the amyloid transition. Finally, to 

confirm the presence of amyloid-like structure in the AuNPs-Ub aggregates, ThT fluorescence 

assays have been performed on Ub solution, on AuNPs solution, on [AuNPs+TTR]+Ub solution 

and on the the AuNPs-Ub aggregate after the incubation of AuNPs with Ub. When thyoflavin bind 

an amyloid structure it  acts as dye and an intense fluorescence can be detected by acquiring images 

with the confocal microscope. The Ub, AuNPs and [AuNPs+TTR]+Ub solutions treated with ThT 

did not exhibit any positive response, while AuNPs-Ub aggregate gave an intense fluorescence, as it 

can be observed in Fig10b, confirming that Ub of AuNPs-Ub aggregate undergoes to an amyloid 

transition. In conclusion, besides the naked AgNPs, also naked AuNPs promotes an amyloid-like 

transition of Ub. Therefore, even if the surface reactivity of naked AuNPs toward Ub is greater than 

that of naked AgNPs, the changes induced in the protein are substantially the same. 

 Conclusions 

In this work AgNPs and AuNPs were produced by PLAL in order to obtain naked NPs without any 

undesired contaminant or stabilizer. After the optimization of the experimental conditions for 

obtaining a good reproducibility of particle size, concentration, and stability of NPs, the interaction 

with Ubiquitin was studied. Unlike the wet-chemical method usually used for the preparation of 

metal NPs (which requires the chemical reduction of a metal salt and the use of stabilizers), in this 

study we used naked NPs produced by PLAL to test how the NPs surface reactivity can change the 
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processes undergoing to the interaction between NPs and proteins. The surface reactivity of an NP 

is strongly influenced by the presence of salts or stabilizers in solution, since they act on the 

resultant NP surface activity. 

Initially, we tested the interaction of Ub with citrate-coated AgNPs and AuNPs confirming the 

typical protein corona formation. Then the naked AgNPs and AuNPs were incubated with 

Ubiquitin: after initial formation of a protein corona, the systems evolve into clusters of NP 

followed by the precipitation of formed aggregates after a certain time. At the experimental 

conditions used in this work, the reactivity of AuNPs surface results higher than the corresponding 

one of the AgNPs. The results show that the Ubiquitin induces the clustering of the NPs in large 

aggregates and simultaneously the protein itself  undergoes to an amyloid transition. Since Ub is 

usually a stable protein of human with a compact fold, which does not have tendency to aggregate, 

the comprehension of the destabilization mechanisms of Ub when interacts with NPs can be a key 

issue in addressing the problem of nanotoxicity in different biological or medical applications. 
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Figure captions 

Fig. 1. SPR, absorbance and FWHM of the SPR band of AgNPs as a function time after laser 

ablation. 

Fig. 2. SPR spectrum of AgNPs colloidal solution. In the inset, a TEM micrograph of AgNPs is 

shown. The determined size is indicated. 

Fig. 3. SPR spectrum of AuNPs colloidal solution. The calculated size, extinction coefficient, and 

molar concentrations are indicated. 

Fig. 4. Temporal evolution of the SPR spectrum a) and SPR_peak2 (relative to the second SPR band) 

b) after incubation of naked AgNPs with Ubiquitin. 

Fig. 5.  Temporal evolution of  the absorbance of two SPR bands , SPR_peak1 and SPR_peak2,  after 

incubation of naked AgNPs with Ubiquitin. 

Fig. 6. TEM micrographs of the AgNPs-Ubiquitin system without a) and with b) negative staining, 

taken after 24 h incubation of Ubiquitin with naked AgNPs, and c) TEM micrograph with negative 

staining of the precipitate formed after 48h incubation. 

Fig. 7. SPR spectra of a) AgNPs after addition of citrate and further incubation of “AgNPs+citrate” 

with Ubiquitin; b) AgNPs after addition of phosphate and further incubation of 

“AgNPs+phosphate” with Ubiquitin. c) SPR spectra of naked AgNPs incubated with Ubiquitin, 

stopped 81 min after mixing, and then treated with citrate. All the solutions were monitored at 

different times after mixing. 

Fig. 8. Temporal evolution of the SPR spectrum a) and SPR_peak2 (relative to the second SPR band) 

b) after incubation of naked AuNPs with Ubiquitin. 

Fig. 9. Temporal evolution of the absorbance of two SPR bands , SPR_peak1 and SPR_peak2, after the 

incubation of naked AuNPs with Ubiquitin. 

Fig. 10. a) Comparison of SPR spectra of AuNPs alone, AuNPs with Ub after 85 min incubation 

(AuNPs+Ub), AuNPs preincubated with TTR (3 M) and then treated with Ub after 24 h incubation 

([AuNPs+TTR]+Ub), AuNPs with the Ub mutant E16V after 24 h incubation (AuNPs+E16V). b) 

Fluorescence microscopy image of AuNPs-Ub aggregates stained with ThT. The boxed area is 

enlarged in the inset to show the presence of fibrillar structures of Ub molecules that underwent an 

amyloid transition. 
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