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The development of effective drug delivery systems is one of the major challenges in the fight against cancer. Gold nanoparticles could effectively harness cancer therapies by improving their potency while reducing toxic side effects. In this work, we describe a high-yield one-step synthesis of small water-soluble gold nanoparticles (AuNPs). Efficient purification was monitored, and discrete structure was fully characterized by combining molecular analytical technics (UV-visible and NMR spectroscopies) and solid-state analyses (thermal gravimetric analysis and transmission electron microscopy). These AuNPs have good dispersibility in various biocompatible media and can be used without any additives. Preliminary study with in vitro treatment of IB115 human cancer cells showed massive cellular uptake associated to moderate intrinsic cytotoxicity. The high control of the synthesis and the small size of these AuNPs are offering fine surface properties control, crucial for challenging biological nano-dispersion issues. Thus, limitation of the agglomeration of nanoparticles and improvement of interaction with the surface of cell should open new leads for vectorization of drugs or imaging probes for diagnosis.
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INTRODUCTION
Cancer is the second leading cause of death in the United States and in Europe (Bray et al., 2018; Siegel et al., 2018). Despite considerable improvements in cancer therapies, new tools to fight this disease are still dramatically needed (Collins and Workman, 2006; Lazo, 2010; Petrocca and Lieberman, 2011). Gold nanoparticles (AuNPs) hold promise for overcoming several limitations of conventional cytotoxic drugs or new active biomolecules such as lack of solubility in water leading to the use of toxic solvents (Untch et al., 2016), non-specific biodistribution or low therapeutic index leading to damage to healthy tissues (Lazo, 2010; Petrocca and Lieberman, 2011; Untch et al., 2016), or development of drug resistance mechanisms via efflux pumps (Da Silva et al., 2017). They are offering potential new leads, especially for cancer treatments (Brown et al., 2010; Chanda et al., 2010; Wang et al., 2010; Riley et al., 2019; Yu et al., 2020). Therefore, the development of clean and efficient processes to produce these nanoparticles is a key challenge. The high specific surface offered by the nanoparticles gives them the possibility to interact with a high number of molecules and bio-surfaces. The ability to finely tune the chemical properties of the organic layer at the interface of hybrid metallic/organic AuNPs should be critical for controlling their specific interactions with organs, cells and active drugs. Development of efficient synthesis, ready for industrial scale-up, to achieve very high purity and control at the molecular scale is mandatory. A large range of methods have been developed for the preparation of aqueous gold nanoparticles (Frens, 1973; Brust et al., 1994; Brust et al., 1995; Kimling et al., 2006), among them, bottom-up chemical syntheses based on the reduction of Au (+III) salts are prone to a better control. Most convenient reducing agents are borohydride salts and citrate salts. The former is used for the generation of smaller AuNPs, the later tends to deliver larger ones with size exceeding 5 nm. Larson-Smith and co-workers used citrate to prepare 12 nm sized AuNPs, stabilized in water by using non-ionic polymers, polyethylene glycols PEG (Larson-Smith and Pozzo, 2012). A typical approach to get smaller water soluble AuNPs is to conduct biphasic syntheses, with extraction of the final compounds to the aqueous phase. Gittins and co-workers prepared tetraoctylammonium stabilized AuNPs in biphasic toluene/water solvent mixture, involving an ammoniumpyridine phase transfer agent (Park et al., 2009). The AuNPs of size 5.5 nm are dispersed in basic solution. Ju-Nam and co-workers developed thioacetylalkyltriphenylphosphonium ligands to form and extract AuNPs, from the biphasic solution, leading to more stable nanoparticles, sized from 5 to 10 nm (Ju-Nam et al., 2008). Major drawback of the biphasic synthesis is the toxicity related to residues of organic solvents and remaining excess of ammonium or phosphonium phase transfer agents or ligands, difficult to dispose of (Goia and Matijević, 1998; Li et al., 2020). Furthermore, the ionic strength of these AuNPs reinforces their colloidal behavior, highly sensitive to the operating conditions (Turkevich et al., 1951; Yonezawa et al., 1997). Monophasic synthesis has been conducted in methanol/water solvent mixture. Chen and co-workers used mercaptosuccinic acid to get small sized AuNPs of 1–3 nm, under basic conditions. Hussain and co-workers prepared AuNPs of size 3.5 nm in water, in the presence of weakly bounding hydrazine ligand and addition of polymeric starch and ethylene glycol to allow dispersion, but these AuNPs were prone to agglomerate (Tajammul Hussain et al., 2008). Recently, a more versatile way to get water dispersible AuNPs is introducing dispersive agents, mainly non-ionic PEG or zwitterionic polymers (Smith et al., 2013; Liu et al., 2014; Masse et al., 2019; Hussain et al., 2020; Wei et al., 2021), but leading to dynamic systems with a variable composition, difficult to control and stabilize.
The development and widespread of AuNPs applications have led to new strategies for the treatment and diagnosis of cancer and other diseases (Bastús et al., 2009; Fent et al., 2009; Chanda et al., 2010; Viator et al., 2010; Núñez et al., 2014) such as in vivo delivery of either therapeutic biomolecules or chemical drugs (Brown et al., 2010). Nevertheless, AuNPs represent actually a large range of chemical compounds, related to variations in physical and chemical properties, as their size, surface state, and properties of the interface layer that is usually very scarcely characterized (Shaltiel et al., 2019; Sokolowska et al., 2019; Locarno et al., 2021). This large diversity has a significant impact on the biological properties and potential applications of each type of AuNPs. Thus, we report in this paper an efficient one-step synthesis of 3.9 nm hybrid water soluble AuNPs. The small size limits the deviation of chemical composition toward a discrete molecule-like compound. That should also enhance cellular penetration in high concentration. The reported controlled purification process and specific characterizations based on molecular analytical technics (UV-visible and NMR spectroscopies) and solid-state analyses (TGA, TEM) are leading to discrete nanoparticles offering controlled properties. Cellular uptake and intrinsic cytotoxicity were preliminary assessed by direct in vitro treatment of IB115 cancer cells.
MATERIALS AND METHODS
Physical Measurements and Materials
Tetrachloroauric acid trihydrate (HAuCl4-3H2O), sodium borohydride (NaBH4), para-hydroxybenzenethiol (HO-C4H4-SH), sodium hydroxide (NaOH), hydrochloric acid (HCl), ethanol (C2H5OH), diethyl ether ((C2H5)2O), sodium chloride (NaCl), Pluronic F127 were purchased from Aldrich, deuterium oxide (D2O) was purchased from Cambridge Isotope Laboratories, and used as received. For the preparation of aqueous solutions, Nanopure water (ρ >18MΩ) was produced with a Purelab UHQ NANOpure water system. Centrifugation was run at 12,000 rpm for 15 min. Dialysis was performed with 10 ml X12 Float-A-lyzer G2-8-10 KDa membrane from Spectrum Europe BV.
Transmission electron microscopy (TEM) images were obtained on a JEOL 1400 transmission electron microscope, JEOL Ltd., Tokyo, Japan. TEM samples were prepared by placing 5 μL of gold nanoparticle solution on a 300 mesh carbon-coated copper grid and allowing the solution to stand for 5 min. Excess solution was removed carefully and the grid was allowed to dry for an additional 5 min. The average size and size distribution of the synthesized gold nanoparticles were determined by analysis of TEM images using image processing software Adobe Photoshop and ImageJ.
The pH of basic aqueous solutions is controlled using Mettler Toledo Five pH-meter, daily calibrated using buffer solutions certipur at pH = 7 and pH = 10.
The absorption measurements were carried out using Varian Cary 300 scan win UV–Vis spectrophotometer in the double beam mode with 1 ml of gold nanoparticle solutions.
Proton nuclear magnetic resonance 1H NMR spectra were recorded on a Bruker AC-400 NMR spectrometer at 14 g.L−1 concentration.
Thermal gravimetric analysis (TGA), typically based on a 8 mg sample in a platinum pot, was performed on a TG/TA Q500 analyzer (Texas Instruments, Inc.) under a Ar atmosphere (flow rate 40 ml/min) and ramp: 2°c/min from 30 to 800°C.
Quality-control materials −duplicates, spikes and instrument-calibration controls− were within appropriate ranges.
Synthesis and Purification of AuNPs
HAuCl4.3H2O (150 mg) was dissolved in 44 ml of a 5 × 10−3 M NaOH solution in a 250 ml flask under argon atmosphere. A solution of para-hydroxybenzenethiol (84 mg) in 7 ml of a 0.2 M NaOH solution was added and the mixture was stirred, coloration turned from pale to dark yellow. The reaction mixture was stirred at 0°C. After 10 min, 5 ml of a NaBH4 aqueous solution (145 mg) was slowly added. The solution turned to purple. The reaction mixture was stirred for 3 h. The aqueous phase was eliminated under reduced pressure at 40°C. The crude product was washed with diethyl ether and acetonitrile, then dried under inert atmosphere. 440 mg of a purple powder was obtained.
The solution of washed AuNPs in 10 ml nanopure H2O was purified by dialysis for 8 h. Dialysate solution was evaporated under reduced pressure. After drying under inert atmosphere, 87 mg of a purple powder was obtained (isolated yield of 90%).
Estimation of the Mean Composition of AuNPs
The mean diameter of the AuNPs (3.8 nm estimated by TEM) is alignment of 7 Au atoms (according to the size of metallic gold in close packing). That is corresponding to a close packing of 920 Au atoms.
The mass of organics is representing 22% of the total mass of AuNPs (TGA), corresponding close to 53,000 g mol−1 for this organic layer. That represents a mean packing of 360 grafted ligands of mean formula S-C6H4-ONa.
Solubility Study
The nanoparticle solutions are prepared by dilution of dried AuNPs at the specified concentration in the aqueous media (nanopure water; basic NaOH solutions controlled at pH = 7, pH = 10 or pH = 12 ± 0.1; mixtures of ethanol in nanopure water at 0.5, 1, 5, 10 and 12.5% of ethanol). After centrifugation (excepted in specified experiments), the maximal absorbance is compared to the mass or molar concentration of AuNPs.
Cell Culture
IB115 cell line was obtained from Institut Bergonié, France (Lagarde et al., 2015). 3T3 cells were cultured in DMEM (Gibco). IB115 cells were cultured in RPMI 1640 (Gibco). Both cell lines were supplemented with 10% fetal bovine serum (LifeTechnologies), 50 U/mL penicillin, 50 mg/ml streptomycin (Life Technologies) and 1 mM sodium pyruvate (LifeTechnologies). Cells were maintained at 37 °C under a 5% CO2 atmosphere.
Cytotoxicity Assay and Cellular Uptake Evaluation
The cytotoxicity and cellular uptake experiments were performed as follows: the day before treatment, 20,000 cells in 400 ml of culture media were deposited in a 24-well plate. For cytotoxicity assay, AuNPs solutions (0.1, 10 and 100 nM final concentration in the culture media) and solvents were evaluated on IB115 and 3T3 cell lines. The cells were exposed to 20 ml of the solvents (excepted for water) or nanoparticle-solutions for 24 h or 72 h before performing an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide) assay (Sigma-Aldrich) as described by the manufacturer. Three independent experiments were performed, each in triplicate. The error bars represent the standard deviation of the mean (n = 3).
The solvents are solution in nanopure water of bovine serum albumin (2.5 and 5%), mixture of ethanol in nanopure water (0.5, 1, 5, 10 and 12.5% of ethanol), solution in nanopure water of glucose (2, 2.5, 3, 4 and 5%), sodium chloride solution in nanopure water (0.9%), nanopure water at the specified volume percentage (1, 5, 10, 15 and 20% of the culture media).
The nanoparticle solutions are prepared by dilution of dried AuNPs at 0.5 g.L−1 in 0.9% NaCl solution in the presence of Pluronic F127, at the same molar concentration than AuNPs, then diluted by nanopure water for preparation of 20 ml of solution at the targeted concentration.
Cellular uptake was evaluated on IB115 cells after treatment by the nanoparticle solution at the final concentration of 100 nM AuNPs in the culture media, for 3 days. Transmission Electronic Microscopy imaging was performed to visualize late endocytosis vesicles.
TEM Cell Imaging
Cells were washed three times, fixed by 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, postfixed in osmium tetroxide 1%. Cells were then scraped and centrifuged. The pellets of cells were dehydrated in graded alcohol solutions and embedded in SPURR low-viscosity medium. Ultrathin sections (50–60 nm) were counterstained by uranyl acetate and lead citrate before observation with a JEOL JEM1400 electron microscope at 80 kV. Images were obtained with MegaView III camera (Soft Imaging System).
Quality-control materials −duplicates, spikes and instrument-calibration controls− were within appropriate ranges.
RESULTS AND DISCUSSION
Synthesis and Purification of AuNPs
The reported preparation of small water soluble AuNPs is involving the reduction of Au (+III) salt by sodium borohydride NaBH4, from protocols by Brust and co-workers, either in biphasic solution (Brust et al., 1994) or in methanolic solutions (Brust et al., 1995). The former route is less convenient to control and the phase transfer agent or hydrophilic ligand could introduce noxious side effects. The later one is convenient, but the use of toxic methanol could limit biological uses as the organic interface layer of the AuNPs is prone to high solvation effects, strongly trapping residual methanol molecules. Furthermore, a strongly basic treatment is needed in order to increase water solubility of the generated aqueous methanolic AuNPs.
We developed here a direct synthesis in water, without the use of any organic cosolvent or phase transfer additive. Reduction of the gold salt is conducted in the presence of thiols, as they are generating the strongest interactions with gold surface (Brust et al., 1995; Price and Whetten, 2005; Price and Whetten, 2006; Lopez-Acevedo et al., 2009; Thakur and Gathania, 2015), crucial to secure the stability of the generated nanoparticles. These strong interactions should also promote a better control of the organic interface layer, less prone to dynamic rearrangements and exchanges. We selected the para-hydroxybenzenethiol, providing a phenol function for improved water solubility and offering a large potential for intermolecular binding interactions. The pH of the starting material solutions is controlled, in order to prevent the formation of largest insoluble dark blue gold nanoparticles.
Excess of thiol molecules are removed after drying the crude mixture of AuNPs and washing it with diethyl ether and acetonitrile. Purification process is completed by dialysis, using a membrane of narrow porosity. After water evaporation, a stable purple powder is obtained, convenient for long-term storage.
The purification process is monitored by the following up of the successive weight losses and quantitative molecular analyses. The effective elimination of the excess of starting materials and by-products is a critical step to achieve, in order to control the actual composition of the nanoparticles and to prevent them from releasing small molecules with adverse effects.
Characterization of AuNPs
The dark coloration of the AuNPs is resulting from a strong adsorption band at 550 nm in neutral water or at 530 nm in basic water (in Supplementary Figure S1, see Supplementary Material). Attributed to the surface plasmon resonance SPR, the wavelength and intensity of this maximum absorption is in good agreement with the formation of spherical AuNPs exceeding few nm of size (Tréguer-Delapierre et al., 2008).
After repeated washing and dialysis operations, the AuNPs sample is topping a maximum specific adsorption, reaching the highest level of purification (Table 1).
TABLE 1 | Comparison of the UV-visible maximum absorption along the purification process, in pure water (ε1 weight specific absorbance; ε2 estimated molar specific absorbance).
[image: Table 1]Liquid 1H-NMR spectroscopy is an effective tool for characterization of the organic layer constitutive of the hybrid AuNPs. The free thiol is showing a characteristic thin doublet of doublets peak pattern at the expected aromatic range of chemical shifts (Figure 1).
[image: Figure 1]FIGURE 1 | Comparison of 1H-NMR spectra in the aromatic proton chemical shift range: upper (A) free para-hydroxybenzenethiol (in D2O/NaOH, pH 12); lower (B) AuNPs in D2O.
The purification steps are clearly leading to the disappearance of this aromatic thin peak pattern, exhibiting the broad pattern of aromatic peaks attributed to the thiols bound to the gold surface (Figure 2). The washing process has a moderate effect for elimination of the exceeding thiols. On the other hand, the dialysis has a dramatic effect, fully extracting the excess of free thiols. The full range 1H-NMR spectrum of dialyzed AuNPs can be found in Supplementary Figure S2A.
[image: Figure 2]FIGURE 2 | Comparison of 1H-NMR spectra in the aromatic proton chemical shift range: left (A) crude AuNPs; center (B) washed AuNPs; right (C) dialyzed AuNPs.
In comparison to the free thiol, aromatic proton peaks are considerably broader in the hybrid AuNPs (Figure 1). The binding of the thiol molecules is reducing their mobility and the isotropy of their movements, leading to a broadening of the peaks. Furthermore, a strong nuclear coupling between the protons and the gold surface should be reinforced through the aromatic electronic conjugation, enhancing scalar couplings. The presence of several shifted multiplets, generating a fine structure over the broad peaks, should be related to remotely bound thiols, on different relative locations at the surface of gold particles. The integration of the NMR peaks relative to the aromatic protons of grafted thiols shows the 1:1 ratio related to the para-substitution pattern of the thiol (Supplementary Figure S2B). This is a clear indication that their chemical integrity has been preserved.
Transmission Electronic microscopy is showing small AuNPs of 3.9 ± 0.3 nm size, with a narrow size distribution (Figures 3, 4), in the size range of biomacromolecules like small proteins. According to the mean diameter of the gold core, the estimation for the total number of gold atoms is 920, including 360 gold atoms exposed at the surface, assuming a face-centered cubic close packed system.
[image: Figure 3]FIGURE 3 | TEM image of AuNPs.
[image: Figure 4]FIGURE 4 | Size distribution histogram of AuNPs.
The thermogravimetric analysis of the AuNPs is indicating a total weight loss of 22% from 150 to 500°C, with stabilization of the weight at higher temperature (in Supplementary Figure S3). The final product is gold yellow. The weight loss develops in two steps. The first one occurred at 200–250°C, the second one between 250 and 450°C. Under the same analytical conditions, most of the free thiol sample weight is lost at much lower temperature, from 50 to 150°C. These results are showing that the thiol ligands are strongly embedded onto the gold surface. The outer layer of thiols less strongly interacting with the gold atoms, is lost at the lower temperature range, then the inner layer more strongly bounded to the surface is lost at higher temperature. That agrees with the NMR spectra exhibiting a double pattern for the aromatic protons of AuNPs, either as broad peaks for thiols strongly coupled to the surface or a fine structure of multiplets for the more remote ones. According to the mean size of the gold core and the successive weight losses of thiols, the mean composition for the AuNPs is Au920(S-C6H4-ONa)360 including a first layer of 140 thiols closely interacting with the gold core and a outer layer of 220 thiols.
Solubility of AuNPs in Aqueous Solutions
Highly divided materials as nanoparticles tend to agglomerate, being less available for interactions with biological systems. Additionally, water is significantly reactive with metallic systems, as a weak acid, a weak base, a moderate oxidant and exhibits a strong dissociative effect. This is a severe limitation for the practical use of nanoparticles; such systems tend to experience stability issues and poor bioavailability. The most sensitive method for monitoring degradation or aggregation of nanoparticles relies on assessment of the specific SPR absorbance.
The prepared AuNPs have a good solubility, exceeding 1 g L−1 in water, with no need to add any strong base. The estimation for the maximum weight specific absorbance ε1 is 2 L g−1 cm−1, with no variation after the centrifugation step (in Supplementary Table S1). The estimated maximum molar specific absorbance ε2 is 4.105 L mol−1.cm−1, in good agreement with the expected value for SPR bands (Tréguer-Delapierre et al., 2008). Their stability in water is adequate, with no sensible decrease of the absorbance after up to 8 days, at the concentration of 0.1 g/L−1. There is no evidence for any agglomeration in solution. Theses AuNPs offer a maximum nano-dispersion and a maximum bioavailability.
The increase of pH up to 12 has a significant effect on the SPR absorption with a 20 nm shift of the maximum wavelength as well as an increase of its intensity. That should be related to the full deprotonation of the hydroxybenzene groups on the thiol ligands, leading to a significant modification of the organic layer electronic density.
Solubility in biocompatible ethanol/water mixtures is in the same concentration range of 0.1 g L−1, and the maximum specific absorbance ε1 remains close to 2 L g−1 cm−1 (in Supplementary Table S2).
Addition of 0.9% NaCl salt decreases the solubility of AuNPs down to 0.05 g/L−1. Higher solubility up to 0.38 g/L−1 is obtained in the presence of the non-ionic surfactant F127 Pluronics.
Cytotoxicity Assessment and Cellular Uptake
The purpose of the highly controlled synthesis for AuNPs is to develop effective systems that could circumvent the delivery barriers faced into solid tumors, up to the cell and the nucleus. The first things to check out are therefore cytotoxicity and cellular uptake. We selected the IB115 human sarcoma cell line, responsible for accessible and aggressive solid tumors, for in vitro preliminary evaluation. Assessment of the cytotoxicity of solvent mixtures was conducted in vitro to determine the most appropriate one to be used for AuNPs delivery. Introduction in the culture medium of less than 5% of pure water, ethanol or 0.9% NaCl solution had moderate impact on cells survival. Evaluation of AuNPs cytotoxicity, based on MTT assays, was conducted at days 1 and 3. The nanoparticles were delivered at 3 different concentrations in a 0.9% NaCl solution with Pluronic F127 surfactant (Figure 5).
[image: Figure 6]FIGURE 6 | TEM image of IB115 cells 3 days after AuNPs exposure.
Pluronic F127 alone induced a moderate mortality of 24 ± 1% of the cells at day 1 and 18 ± 4% at day 3. Addition of AuNPs altered cell death at day 1–23 ± 8%, 40 ± 13% and 44 ± 12% at the doses of 0.1, 10 and 100 nM, respectively. The same dose effect was observed at day 3 but at a lower level (4 ± 1%, 16 ± 6% and 25 ± 9% % at the doses of 0.1, 10 and 100 nM, respectively). The initial mortality after day 1 could be related to the sensitivity of the cells line, as the control cytotoxicity of the aqueous media show it, in Supplementary Figure S4A.
We observed only low AuNPs toxicity in a control study on a non-tumor cell line such as 3T3 (normal mouse embryonary fibroblast), exposed in Supplementary Figure S4B. Pluronic F127 showed similar results to those obtained with the tumor cell line, with moderate cytotoxicity, but when combined with AuNPs in the nanoparticle solutions, we observed again a decreased low cyctotoxicity.
Cellular uptake of AuNPs by IB115 cells was estimated by electronic microscopy imaging. Massive cellular uptakes were observed 3 days after treatment, with evidence for numerous late endocytose vesicles, full packed with discrete non-agglomerated AuNPs (Figure 6).
[image: Figure 5]FIGURE 5 | Time and dose dependence of cytotoxicity on IB115 sarcoma cells line. D1 is after 1 day and D3 is after 3 days.
CONCLUSION
Small AuNPs of 3.9 nm of mean size were synthesized in high-yield, by reducing Au (+III) salt with borohydride in the presence of para-hydroxybenzenethiol, directly in basic aqueous solution without organic solvents or additives. Extensive purification including dialysis led to well-defined AuNPs embedded in multilayered thiol ligands, fully characterized by TEM, TGA, UV-visible and NMR spectroscopies. NMR and TGA data suggest that all thiol ligands are stabilizing the gold core, structured in a first layer of thiols closely connected to gold atoms, and a second layer, more remotely connected to the gold surface. These AuNPs are discrete hybrid compounds with the mean composition Au920(S-C6H4-ONa)360, without dynamic exchange of ligands at the NMR time scale, and so with defined surface properties. Due to the strong binding of the thiol ligands, these AuNPs are stable, with no agglomeration in aqueous media. The control of the organic to metal ratio is expected to govern the hydrophilic to lipophilic balance of the nanoparticles. It should be an important factor to control aqueous dispersion of the hybrid AuNPs in water and their interactions with cellular membranes. First in vitro experiments showed a low intrinsic toxicity and a high cellular uptake. The preliminary results suggest that these hybrid AuNPs could be relevant as delivery vectors for cancer therapy or diagnosis applications by offering a better control of their composition and the possibility to finely tune their surface properties. These smaller nanoparticles should lead to a new approach for nano-transportation by targeting the cellular penetration issues.
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