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Red cabbage extract was used as reducing agent and capping agent for the synthesis of gold NPs. The method developed is environmentally friendly and allows the control of NPs shape and size by changing the pH value and the concentration of aqueous red cabbage extract solution.

Gold NPs posses a strong well defined surface plasmon resonance (SPR) which gives them a number of unique properties. They have been widely used for many applications such as catalysis, 1,2 medicine, 3,4,5 electronics 6,7 and optics. 8,9, 10 The optical properties of gold nanoparticles (NPs) are tunable throughout the visible and near infrared region of the light as function of the NPs size, shape, aggregation state and local environment. Various reducing and protecting agents are used for the synthesis of gold NPs with different sizes and shapes. There can be different chemical products in one or two liquid phases, 11 or the same one can serve as both a reducing and protecting agent. 12 However, trace amounts of organic solvent or harsh molecules around Au NPs limits their biocompatible and biomedical applications. There is a growing need to develop environmentally friendly processes for the synthesis of NPs without using a toxic chemistry. 13 Therefore, biological methods for NP synthesis using micro-organisms, enzymes and plants extracts have been suggested as possible ecofriendly alternatives to chemical and physical methods. 14,15,16,17,18 Sastry et al. was the first to work on the synthesis of NPs using plant extracts. They reported that NPs can be synthesized using plants extracts at rates comparable to those of chemical methods. 19 Red cabbage dye is a natural pigment mainly used as food colouring. Their colour is attributed to a class of compound called anthocyanins, and these are the main polyphenol components in extracts of red cabbage. Anthocyanins are secondary metabolites responsible for many of the colours found in leaves, fruits, vegetables and flowers. Red cabbage is a rich source of both acylated and nonacylated anthocyanins 20 which are used to protect organisms exposed to heavy metals 21, 22 and also play preventive and therapeutic roles in cancer. 23,24 The major anthocyanins of red cabbage are based on a core of cyanidin3-O-diglucoside-5-O-glucoside (Fig. 1) which can be non-acetylated, mono-acetylated or di-acetylated with pcoumaric, caffeic, ferulic and sinapic acid. 25 One of the main characteristics of anthocyanins is their ability to form metalanthocyanin complexes. 26, 27 The high number of hydroxyl groups present in anthocyanins makes the complexation of gold ions to the molecular matrix easier. 28 In this paper, we report the synthesis of gold NPs using hot water red cabbage extracts as a simple low cost, reproducible and environmentally friendly method. In this room temperature process, anthocyanin molecules present in red cabbage extracts serve as reducing agents as well as stabilizing agents. We have synthesized gold NPs by a simple mixture of gold salt solution and red cabbage extracts. We have also investigated the effects of the reaction conditions, such as extract concentration and pH variation of the reaction medium, on resulting gold NPs.

Experimental procedure

Gold(III) chloride trihydrate (HAuCl 4 •3H 2 O ≥ 99.9% metal trace basis) was purchased from Sigma-Aldrich. Fresh red cabbage was purchased in a food-market. 5g of fresh red cabbage was chopped into small pieces and boiled in 95 mL of sterile double distilled water. After 5 min, the mixture was cooled, followed by filtration. The pH value of the filtrate was about 7-8. The extract was filtered and stored at 4 • Cf o r further experiments. The filtrate was used as a reducing agent and stabilizer.

The extract was then added to 5 mL of HAuCl 4 •3H 2 O1 m M aqueous solution. The mixture was hand-shaken for 1 min and kept at room temperature for 12 h. 17 The concentration of the red cabbage extract was optimized by varying its volume against the fixed 1 mM concentration of the HAuCl 4 •3H 2 O aqueous solution. To obtain different gold NPs, various extracts quantities were used, from 0.25 to 5 mL.

After the synthesis, the NPs were characterized by transmission electron microscopy (TEM) and UV-Visible spectroscopy. The TEM images were carried out with a TOPCON EM002B operating at 200 KV. Samples for TEM characterization were prepared by placing a droplet of gold NP solution onto a carbon coated grid and drying at room temperature. A SAFAS scan UV-Vis spectrophotometer was also used for extinction spectra measurements.

Gold NPs of small size (a few nanometres) are known to exhibit a ruby-red colour in aqueous solution due to localized plasmon resonances. Reduction of gold ions to gold NPs could be observed by changes in the colour of the solution and by UV-Vis spectroscopy. The bioreduction of Au 3+ ions in solution was monitored by measuring the UV-VIS spectra during the synthesis in order to follow the NPs growth. The formation of gold NPs using red cabbage extracts is found to be successful, as suggested by initial changes in colour of the gold salt aqueous solution from pale yellow to purple or red upon addition of the extract.

The different solution colours obtained with various extract concentrations (Fig. 2) show that the NP's shape and size produced using this technique could be modified and tuned. The increase in the volume of red cabbage extract induces a narrower bandwidth of the surface plasmon resonance centred at 530 nm with a shift towards lower wavelength (Fig. 3). A broadening of this band occurs for lower quantities of red cabbage extract and is due to the formation of large anisotropic particles with a large size distribution. In this case, the absorption spectra exhibit plasmon resonance bands mainly in the IR domain that are not observable but predicted by the rising curve of those spectra in the near infrared domain. Actually, the NPs growth is mainly controlled by the biomolecules which are responsible for capping and efficient stabilization. When an excess of extract was used to reduce the aqueous gold salt, the biomolecules acted as a capping agent, giving uniformly spherical shaped NPs.

Fig. 4 shows transmission electron microscopy (TEM) images of NPs obtained using different volumes of red cabbage extract. For lower red cabbage extract concentration, the images reveal the Increasing further the amount of red cabbage extract leads to an important increase in the amount of spherical particles. In this case, no triangular or hexagonal planar gold NPs were observed. This is clearly shown in the UV-Vis absorbance spectra by a significant increase in the intensity and a decrease of the full width at half maximum of the resonance band centred around 530 nm (Fig. 3).

In Fig. 5, a magnification of Fig. 4c, allows us to observe the surface state of the gold NPs. We see clearly the red cabbage anthocyanin coating the gold NPs, which proves the efficient role that the anthocyanin molecules play both as a reducing and protecting agent. During the synthesis of the Au NPs with 5 mL of 5% red cabbage extract, the reaction mixture which remained undisturbed at room temperature turned ruby-red after around 40 min. UV-Vis spectra obtained during the synthesis confirmed the synthesis of pure spherical Au NPs with a sharp peak at 532 nm due to the surface plasmon resonance (Fig. 6). In contrast to other flavonoids, the anthocyanins carry a positive charge in acidic solution. They are water soluble and depend on pH and on the presence of chelated metal ions. 29 The effect of the pH of the red cabbage extract on the synthesis of Au NPs is investigated in Fig. 7 and8.

The pH of the solution plays an important role in determining the surface charge-density of the NPs. When the reduction is carried out at lower pH, the gold NPs no longer stay dispersed after the reaction is complete. The resulting solution contains dispersions of gold NPs that are aggregated. As a consequence, the dispersed particles settle very quickly. Extinction spectra of gold NPs solution obtained at a pH range of 2-3 are shown in Fig. 7. The characteristic plasmon absorption is very broad resulting from the optical contribution of aggregates of different sizes. On the contrary, at higher pH, the NPs are well dispersed and seem suitable for direct applications.

Conclusions

The preparation of gold NPs using red cabbage extract provides a simple and efficient route for the synthesis of nanomaterials with tunable optical properties. It was found that red cabbage extract is effective in reducing Au 3+ to form Au NPs at room temperature without any additional reagent or treatment. The shape and size of obtained Au NPs can be easily controlled by varying the concentration of red cabbage extract.
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 1 Fig. 1 Structure of red cabbage anthocyanin.

Fig. 2

 2 Fig. 2 Gold NP solutions obtained 12 h after adding a) 0.25 mL, b) 0.5 mL, c) 1 mL, d) 2.5 mL and e) 5 mL of red cabbage extract 5% into 5mLofHA uCL 4 solution.
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 3 Fig. 3 UV-Vis spectra of gold NPs synthesized by reducing 1 mM HAuCl 4 aqueous solution with different volumes of 5% red cabbage extract (RCE).
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 4 Fig. 4 TEM images of gold NPs formed by the reaction of 1 mM HAuCl 4 and a) 1 mL, b) 2.5 mL and c) 5 mL of 5% red cabbage extract.
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 5 Fig. 5 TEM image of gold NPs formed by the reaction of 1 mM HAuCl 4 and 5 mL of 5% red cabbage extract. The red cabbage coating around the gold nanoparticles can be observed.
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 6 Fig. 6 UV-Vis spectra show the progressive time course evolution of gold NPs.
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 78 Fig. 7 UV-Vis spectra of gold NPs synthesized by reducing 1 mM HAuCl 4 aqueous solution with 5 mL of 5% red cabbage extract at different pH values. The corresponding UV-Vis spectra of pure red cabbage extract are given in the supporting information. †