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Introduction

Silver nanoparticles (AgNPs) are widely used in consumer products for their biocidal activity. AgNP-containing medical devices is also a growing market with applications in dentistry, prosthesis, catheters or wound dressings. Their action is due to Ag(I) release that is highly toxic for microorganisms inducing alterations of lipid bilayers, proteins and nucleic acids. This wide spectrum of effects makes them a good choice to avoid specific mutations in bacterial strains that could confer resistance. However, resistant strains have been observed 1 thanks to acquisition of the ability to chelate and excrete or to trap Ag species. 2- 4 The reactivity of Ag in general and AgNPs in particular is very complex and depends on the surrounding media 5 including living species such as Bacillus subtilis that secretes molecules to hinder their activity. 6 Ag(I) release from AgNPs is based on an oxidative dissolution mechanism and thus requires oxygen. 7 In aerobiosis, the metallic Ag(0) core of AgNPs is covered by surface Ag(I) species, and the dissolution of the NP into ions is favored by pH decrease 8 and/or by some thiol molecules. 9,10 The behavior of AgNPs in presence of thiol molecules is highly versatile either inducing time-dependent dissolution into ions 9,10 or forming a coating that protects the NP. 8,11 These phenomena depend on the architecture of the molecules and the number of thiols 8,9,11 but remains unpredictable to date. In order to solve concerns about NP use, next generation nanomaterials are being developed following a safer-by-design approach. 12 In the case of AgNPs, it is crucial to limit Ag(I) release to the strictly required amount for the biocidal activity. Besides, it would also be interesting to avoid AgNP release from the product in the environment or in the human body for medical devices. This approach would therefore limit bacterial resistance against silver and toxicity for mammals and other living species. In order to reach these objectives, we developed an innovative strategy that consists in bridging AgNPs together using a trithiol molecule, which favors the formation of larger and stable species that we decided to name AgNP assemblies. In these assemblies, AgNPs keep their high specific surface area without being released from the final product. The growth of the AgNP assemblies is mediated by thiol functions and can be controlled using a thiol-reactive molecule to stop the process and thereby to obtain a stable nanomaterial of defined size. Hence, AgNPs are entrapped into a tightly bound organic coating, which enables the long-lasting, slow dissolution into Ag(I). Therefore, the release from AgNP assemblies is reduced to an amount necessary to keep the biocidal activity, unlike isolated AgNPs, which undergo uncontrolled ion release. Altogether, using a smart and innovative process we reached the objectives needed for the future production of safer biocides to be grafted on nano-enabled biocidal products.

Results and discussion

NTA(CysOEt)3, abbreviated L 3S in the following, is a tri-thiol molecule with C3 symmetry inspired from a single metallothionein Cu(I) binding site (Fig. 1a). 13 This is a high affinity ligand for Cu(I) and Ag(I) that forms AgS3 complexes. 14 In the presence of 20 nm diameter citrate-coated AgNPs in equimolar concentration of Ag and S, L 3S induced a change of the solution color over time (Fig. 1b), due to a modification of the surface plasmon resonance (SPR) properties (Fig. 1c). Indeed, a decrease of the specific AgNP SPR signal around 400 nm was observed, along with the appearance of a broad peak centered at higher wavelengths that increased with time. This phenomenon is explained by the formation of non-symmetric dipole and is due to nanoparticles in contact without interpenetration between them. 15 These results suggested that L 3S induced an AgNP agglomeration-like mechanism, which is confirmed by the time-dependent increase of the hydrodynamic diameter of the species in solution, reaching about 250 nm with an homogenous distribution after 1h of reaction and more than 1 µm in an heterogeneous distribution after 75 min (Fig. 1d). However, several experimental evidences allow us to rule out the occurrence of simple agglomeration, meant as the formation of clusters of NPs held together by weak physical interactions in an unpredictable way, and resulting in a bulk material with no nano-properties.

Thiol molecules were previously demonstrated to favor AgNP dissolution into Ag(I) soluble species with a kinetic increasing with the number of thiol per molecule. 9 Indeed, phytochelatin-3, a tri-thiol molecule, induced an almost four times faster dissolution than glutathione, our standard one thiol molecule. Surprisingly, similar experiments performed with the tri-thiol molecule L 3S showed a slightly slower AgNP dissolution compared to the reaction with glutathione leading to lower amount of Ag(I) released after 24h incubation (Fig. 1e). In order to have a complete view of the different species produced over time, asymmetrical flow-field flow-fractionation (AF4) experiments were performed with online detection of Ag by inductively coupled plasma -mass spectrometry (ICP-MS) (Fig. 1f). Pristine AgNPs alone are eluted at 15 min retention time and remained stable in solution over 24h. The incubation with L 3S led to i) the decrease of AgNP peak (15 min) over time, ii) the appearance of a peak at lower retention time around 11 min that corresponds to Ag(I) soluble species and iii) the appearance of a broad peak corresponding to assemblies at a higher retention time, the latter increasing with the incubation duration. These results highlight the time-dependent formation of large assemblies of AgNPs triggered by L 3S . Moreover, the kinetics of the process can gradually be slowed down by decreasing the S to Ag molar ratio to 0.25 and 0.05, as shown by SPR spectra and dynamic light scattering (DLS) distributions (Fig. S1, ESI †). To control the assembly process, further experiments were performed with an S to Ag molar ratio of 0.25 and using iodoacetamide, a thiol-reactive molecule that alkylates and blocks free thiol functions. When added after 1h incubation between AgNPs and L 3S , the evolution of both SPR spectra and DLS distributions were stopped and the assemblies were stable for at least 120h at 25°C (Fig. 2a-b vs Fig. 1c-d). This proves that the AgNP assembly is thiol-driven and is not an agglomeration mechanism, which would be insensitive to iodoacetamide but sensitive to dilution, as observed with oxidized glutathione (Fig.

S2, ESI †).

In order to prepare assemblies of different sizes, L 3S and AgNPs were incubated during 1 hour before addition of iodoacetamide. Thiol-blocked AgNP assemblies were then fractionated over discontinuous sucrose gradient centrifugation into assemblies of different average hydrodynamic diameters (Fig. 2c). We obtained populations of assemblies of 40, 60 and 200 nm based on DLS measurement with different SPR spectra and colors (Fig. S3, ESI †) and zeta potentials of -28.3, -21.0 and -24.8 mV for the assemblies of 40, 60 and 200 nm, respectively. The DLS diameter distributions showed a clear shift towards larger diameter for the main peak but a second low intensity peak was observed at smaller values for both 60 and 200 nm assemblies (Fig. 2c). Therefore, the diameters determined by DLS are not accurate and the values 40, 60 and 200 nm are used as labels of the different population of assemblies in the following. The morphology of the assemblies and the number of particles per assembly were analyzed by electron microscopy: scanning transmission electron microscopy (STEM) and cryo-transmission electron microscopy (cryo-TEM) (Fig. 2d andS4, ESI †). Despite the different preparation protocols, both techniques clearly showed clusters of AgNPs comprising a number of NPs that increased with the expected size of the assemblies. Statistical analysis (Fig. S4b) showed that 40 nm assemblies are mainly formed by 1 to 4 NPs, 60 nm assemblies contained between 5 and 40 NPs with most assemblies containing 15 NPs and 200 nm assemblies are made of 16 to 60 NPs with most assemblies containing 40. Indeed, the larger is the hydrodynamic diameter of an assembly the more diverse are the possibilities to make it. Cryo-TEM also showed very short distances between AgNPs within an assembly, which is consistent with the small size of L3S with maximum distances between two sulfur atoms in the nanometer range (Fig. 2d andS4c).

Thiols are at the core of the assembly mechanism; therefore, we probed sulfur bonds with synchrotron radiation -induced X-ray photoelectron spectroscopy (SR-XPS) on assemblies of small (40 nm diameter) and medium (80 nm diameter) sizes (Fig. 3). Between 56 and 64% of the sulfur atoms were found to be bound to Ag atoms at the NP surface, with two distinct geometries in similar proportions. S 2p3/2 components at binding energies (BE) about 161 eV and 162 eV are attributed to sulfur atoms covalently bonded to metals in a monolayer or sub-monolayer regime, with the S atom in two different hybridizations, sp (161.3 eV) and sp3 (162.1 eV),16,17 coherently with what was already observed for organic thiols chemisorbed onto gold surfaces. 18 The low BE signal is reported as occurring characteristically in self-assembling monolayers of low degree of coverage. 19 Indeed, hybridization change is likely to cause a peak shift,20 with a BE of 162.1 eV for a sp3 S atom, a BE of about 161.3 eV (nearly 1 eV lower) would be expected for an sp-hybridized S atom.20 This proves the direct binding of the thiolate functions of L3S to the AgNP with two different geometries, linear and angular, corresponding to sp and sp3 hydridization, respectively (Scheme S1, ESI †).20,21

Due to iodoacetamide reaction, 25 to 29% of the sulfur atoms were involved in bonds with carbon (thioethers), while the remaining 10 to 15% formed disulfide bridges. This minor fraction of S species might belong to L3S molecules grafted to the NP surface with two thiolate groups, whereas the third thiolate forms an S-S bond with another partially grafted L3S molecule. Besides, the absence of a signal component below 161 eV suggests that the assemblies do not contain silver sulfide.22,23 XPS Ag 3d spectra showed that the fraction of Ag(I) remained constant around 6.6-6.8% of total Ag in the assemblies (Fig. S5, ESI †), which is close to the expected proportion of surface Ag for a 20 nm diameter NP (5.8%) confirming the limited dissolution of AgNPs. Therefore, AgNP assemblies are thiol-mediated and their structure is stabilized by Ag-S bonds involving L3S that has the capability to bridge AgNPs thanks to its three thiol functions in a tripodal architecture. Besides, ToF-SIMS positive mode analysis enabled the detection of significant amounts of Ag atoms (both isotopes 107 and 109, Fig. S6,ESI †) for citrate-coated AgNPs but not for AgNP assemblies of 40 or 200 nm. Since ToF-SIMS information depth is limited to the first monolayers at the surface of the sample, these results showed that L3S forms a layer that completely covers AgNPs in the assemblies.

The biological activity of assemblies of different diameters was then compared with citrated-coated AgNPs in order to gain insights into their potential as biocide and their toxicity for Human. All assemblies possess antibacterial activity against Escherichia coli (Gram-negative), with minimal inhibitory concentration (MIC) of 5.2, 5.9 and 12.7 µM Ag for 40, 60 and 200 nm assemblies, respectively. These values are higher than those measured for citrate-coated 20 to 60 nm AgNPs (MIC between 0.7 and 2.9 µM) (Fig. 4a), but still much lower than the values reported in literature for GSH-capped AgNPs (139 µM). 24 The biocidal activity was also tested against a Gram-positive bacteria, Bacillus subtilis, known to be difficult to be killed by AgNPs notably because of its ability to modify AgNP surface.6,25 As expected, the Ag concentration required to observe a growth delay was much higher than for E. coli: 113, 138 and 33 µM for assemblies of 40, 60 and 200 nm, respectively. Very interestingly, these concentrations are lower than the values determined for citrate-coated AgNPs (260 µM) (Fig. 4a). Therefore, the thick and tight coating afforded by the tri-thiol molecule L3S may protect assemblies against AgNP surface modifications that could prevent biocidal activity, rendering our assemblies more robust. Besides, toxicity was assessed in the human hepatocarcinoma cell line HepG2 since AgNPs accumulate in liver. 26 We were not able to reach a significantly toxic concentration (200 µM Ag higher concentration tested) for any of the assemblies, while the lethal dose for 50% of the cells is about 75 µM for citrate-coated AgNPs (Fig. 4b andS7, ESI †). Therefore, AgNP assemblies possess a biocidal activity against diverse strains but their cytotoxicity for eukaryote cells is drastically decreased.

Conclusions

In conclusion, we described an assembly mechanism of AgNPs bridged together by a bio-inspired tri-thiol molecule. This process, driven by thiol binding to surface Ag(I), results in the formation of a scaffold that protects the NPs from massive transformations induced by various environmental conditions normally responsible for their fast dissolution, sulfidation or agglomeration (see review 5). Moreover, these architectures do not prevent Ag(I) release and only slow it down (Fig. 4c), providing a nanomaterial that can be regarded as a novel promising safer-by-design biocide. Its tunable and controlled ion release and low sensitivity to the surrounding medium make it a longlasting biocide with drastically reduced hazard for Human and the environment with respect to currently employed technologies. The controlled Ag(I) release cannot only be explained by surface coverage since PVP-coated AgNPs are more toxic for prokaryotes and eukaryotes than assemblies.27 Therefore, the mixed sp3-sp hydridization of L3S thiols bound to surface Ag is likely to be responsible for the particular behavior of AgNPs involved in assemblies. The two hybridizations could mirror ligand binding on two different chemisorption sites, as hollow and on-top sites that favor stabilization of the assembly and dissolution into ions, respectively.16,28

The current work therefore describes the proof of concept for the development of novel biocidal AgNP assemblies. An original nanomaterial with promising properties has been developed thanks to a tripodal tri-thiol molecule, whose thiolate functions interact with surface Ag(I) ions, thereby bridging the NPs. Finally, further development of the organic molecule will enable the covalent grafting of the assemblies into objects that require efficient and long-lasting biocide such as medical devices.

Experimental section

Experimental details are available in the ESI †.
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Each population of assemblies were then rinsed three times in HEPES-Citrate buffer by centrifugation.

Scanning transmission electron microscopy. Sample (5 µL) was deposited on a glow-discharged nickel grid coated with a carbon film (Mesh 300, Agar Scientific / S160N3) to avoid particle agglomeration and enable even dispersion of objects on the grid. The drop was then dried under air. STEM micrographs were taken on a Zeiss MERLIN microscope operated at 30 kV, using the solid-state bright-field detector.

Micrographs were analyzed in the Fiji software. 4 For each sample, the number of NPs per assemblies was determined with a total counting of at least 600 individual NPs.

Cryo-transmission electron microscopy.

A small volume (2-4 µL) of the sample was deposited on a glowdischarged holey carbon grid and vitrified using an FEI Vitrobot. Frozen grids were observed on an FEI F20 Tecnai microscope at 200 kV and images were recorded on an FEI Ceta detector.

Synchrotron radiation X-ray photoelectron spectroscopy. Synchrotron radiation X-ray Photoelectron

Spectroscopy (SR-XPS) experiments were carried out at the BACH (Beamline for Advanced DiCHroism) beamline at the ELETTRA synchrotron facility (Basovizza, IT). XPS data were collected in fixed analyzer transmission mode (pass energy = 30 eV). A photon energy (PE) of 596 eV was used to acquire C 1s, S 2p, Ag 3d, O 1s and N 1s core-levels. The achieved resolving power was of 0.22 eV. Calibration of the energy scale was made by referencing to the gold Fermi-edge, and the metallic Ag 3d5/2 signal was always found at 368.20 eV, as expected. 5 XPS data analysis of S 2p and Ag 3d experimental spectra was performed via curve-fitting, by using a combination of Gaussian peaks, after subtraction of a Shirley background. The S 2p3/2 -S 2p1/2 and Ag 3d5/2 -Ag 3d3/2 doublets were fitted by using the same FWHM (full width half maximum) for the two spin-orbit components of the same signal, a spin-orbit splitting of 1.2 eV for S 2p and 6.0 eV for Ag 3d, and branching ratios S 2p3/2 / S 2p1/2 = 2, Ag 3d5/2 / Ag 3d3/2 = 3/2, respectively. In case of identifying presence of many chemically different species of the same element, the same FWHM value was used for all individual photoemission bands in order to reduce the number of refinement parameters then improving the reliability of the results.

Time-of-Flight Secondary Ion Mass Spectroscopy. ToF-SIMS analysis was carried out at Université

Claude Bernard-Lyon 1 (Villeurbanne, France) using a Physical Electronics TRIFT III ToF-SIMS instrument operated with a pulsed 22 keV Au + ion gun (ion current of 2 nA) rastered over a 300 µm x 300 µm area. Ion dose was kept below the static conditions limit. Data were analysed using the WinCadence TM software. Mass calibration was performed using hydrocarbon secondary ions.

Zêta potential. Zêta potential measurements were performed in a ZetaSizer (Malvern) at a 0.1 g.L -1 silver concentration in DTS1060 cuvettes (Malvern) and at 25 °C. The final value is based on 200 acquisitions using the Smoluchowski model. 6 Biocide assays. The E. coli strain K12 1655 was grown overnight in MD minimal medium (3.07 mM K2HPO4, 1.57 mM KH2PO4, 7.57 mM NH4(SO4)2, 1.94 mM sodium citrate, 0.1 g.L -1 glucose, 0.1 g.L -1 magnesium sulfate, pH 7.4). For MIC determination, E. coli cells were then inoculated at 0.01 OD in 96well plates in which assemblies or AgNPs were added in conditions allowing to screen for a wide range of Ag concentration. The plates were incubated at 37 °C with 900 rpm shaking in a Tecan reader plate and bacterial growth was continuously followed by measuring absorbance at 600 nm every 15 min. For B. subtilis (strain 3610), the set up was similar except that bacterial cells were grown in LB media. Besides, growth delays were determined instead of MIC that require too high Ag concentration.

Hepatocyte culture and cytotoxicity. HepG2 cells were grown in MEM media supplemented with fetal calf serum, glutamine and antibiotics (penicillin/streptomycin) and exposed to citrate-coated AgNPs or assemblies at the indicated concentrations of total Ag and for 24h. After exposure, HepG2 cells were harvested, suspended in PBS and mixed in one volume of Trypan Blue. Total and viable cells were counted in a TC20 Automated Cell Counter (Bio-Rad). Spectral assignments are based on Ag 3d5/2 component BE values. The main signal (Ag 3d5/2 = 368.2 eV, red curves) is attributed to metallic silver atoms at the NP core, while the signal at higher BE values (Ag 3d5/2 = 369.0 eV, blue curves) is due to partially positively charged silver atoms at the NP surface, Ag(δ + ), chemically interacting with thiol end-groups of the ligand L 3S . 5,7 (b) semiquantitative analysis and spectral assignment. * the statistic error in semiquantitative XPS analysis is of about 5% of the estimated value. 8 Scheme S1. Schematic representation of sulfur atoms (yellow circles) interacting with the Ag atoms on the nanoparticle surface in sp and sp 3 hybridizations. AgNP sp (linear) sp 3 (angular) 
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 1 Fig. 1 L 3S -induced AgNP assemblies. (a) chemical structure of the tripodal molecule L 3S . (b) time-dependent evolution of the color of AgNP-L 3S mixture between 0 and 24 hours. (c) time-dependent analysis of AgNP SPR spectra in the presence of L 3S between 0 and 75 min of incubation in 1:1, S:Ag molar ratio. (d) timedependent evolution of the hydrodynamic diameter distribution of the species in a solution containing AgNP and L 3S at a 1:1, S:Ag molar ratio and between 0 and 75 min of incubation. The average diameter is written on top of each peak. (e) AgNP dissolution into Ag(I) species in the presence of GSH (noted "S-GSH") or L 3S (noted "S-L 3S "). Time-dependent measurement of the amount of Ag into the soluble fraction determined by ICP-AES. This amount corresponds to the fraction of the sample recovered in the supernatant of the sucrose cushion centrifugation (see experimental section in ESI †). (f) AF4 analysis of AgNPs in the presence of L 3S . Fractograms of species from AgNPs incubated alone for 0 or 24 hours and with L 3S for 1, 2 or 4 hours. The detection is based on 107 Ag by ICP-MS. In all experiments, t=0 corresponds to the AgNP alone in solution.

Fig. 4

 4 Fig. 4 Biological activity of AgNPs versus assemblies. (a) table presenting the MIC for AgNPs and the different assemblies determined based on overnight growth in liquid minimal media for E. coli and the concentration inducing growth delay in LB medium for B. subtilis. (b) HepG2 cell viability. Hepatocytes were exposed to 20 nm citrate-coated AgNPs or assemblies of 40, 60 or 200 nm for 24h before being harvested. Total and viable cells were counted in a TC20 Automated Cell Counter (Bio-Rad) using Trypan Blue. (c) amount of Ag(I) released from AgNPs or assemblies in 10 days. Each sample diluted in HEPES-citrate buffer at 370 µM in Ag was incubated for 10 days at 25 °C with constant steering at 400 rpm. The mixtures were separated on sucrose cushion centrifugation. Ag soluble species were in the supernatant and were quantified by ICP-AES. All the experiments were carried out at least three times independently.
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 S5 Fig. S5. Ag 3d XPS analysis. (a) SR-XPS Ag 3d core level spectra of 40 nm assemblies, 80 nm assemblies,
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Experimental Section

Chemicals. GSH was purchased from Sigma. Synthesis and characterization of the molecule L 3S was previously described. 1 L 3S was dissolved in HEPES buffer (10 mM, pH 7.5) / acetonitrile, 6/4, v/v. AgNP synthesis. 20 nm diameter AgNPs coated with citrate were synthesized based on 2 . Briefly, AgNPs were produced by reduction of AgNO3 by tannic acid in presence of citrate. An aqueous solution (100 mL) containing 2 mM sodium citrate and 50 nM tannic acid were heated at 90 °C under 800 rpm stirring. When this temperature was reached five sequential additions of AgNO3 (200 µL) at 25 mM were done every 5 min. Upon AgNP synthesis the solution becomes yellow. AgNPs are finally recovered by 1 hour centrifugation at 9000 g. The pellet containing AgNPs was washed twice with an aqueous solution of 2 mM sodium citrate.

AgNP assembly process.

AgNPs at a final concentration of 370 µM in Ag were mixed in HEPES-Citrate buffer (10 mM HEPES, 2 mM sodium citrate pH 7) with L 3S at various concentrations in order to reach S:Ag molar ratio of 1:1, 0.25:1 or 0.05:1. The solutions were then incubated at 22 °C, under 400 rpm stirring for the desired incubation time before Ag quantification, AgNP SPR signal or DLS measurements. The process was also followed by AF4-ICP-MS. All these analyses were performed as described in 3 . The experiments performed with GSH and GSSG were done using the same protocol according to S:Ag ratio mentioned in the different figure legends.

AgNP assembly production.

For large scale assembly production, a S:Ag molar ratio of 0.25:1 was chosen.

After 90 min reaction at 22 °C, the reaction was stopped by addition of 100 µM iodoacetamide. The mixture was further incubated in the same conditions for 2 hours. Assembly populations of different average diameters were fractionated over discontinuous gradient centrifugation made of 50 µL of buffer containing showed the appearance of higher wavelengths peaks in presence of GSSG that are partially lost upon 6-fold dilution. Hydrodynamic diameter distribution of the species in solution (c, d) showed the formation of large size species in presence of GSSG that are lost upon 6-fold dilution. GSSG induces the agglomeration of AgNPs. The optical properties of agglomerates are similar to those of assemblies but agglomerates are unstable upon dilution contrary to assemblies. The reaction have been performed at a 0.25:1, S:Ag molar ratio. Besides, the reactions were performed in presence of iodoacetamide to prove that this agglomeration is independent of reduced thiolate. "dilution 2" and "dilution 6" stands for 2-fold and 6-fold dilution of the sample, respectively.