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Abstract

:

Sweet orange (Citrus sinensis) peel, one of the most underutilized biowaste, was in this study employed for the green synthesis of gold nanoparticles (AuNPs) as an alternative source of reductant and stabilizer. Spherical AuNPs with narrow size distribution (1.75 ± 0.86 nm) were obtained by controlling pH and adjusting sequence for the first time. ultraviolet-visible (UV-vis) spectrophotometer, transmission electron microscopy (TEM), energy-dispersive spectroscopy (EDS), dynamic light scattering (DLS) were applied to detect the characteristic surface plasmon resonance peak, morphological and aggregate characteristic, elementary composition and hydrodynamic diameter, respectively. The major functional groups in extract were tested by Fourier transform infrared(FT-IR) spectrophotometer to characterize the components which are responsible for the reduction and stabilization of AuNPs. The possible role of the components during the process of AuNPs synthesis is also discussed. The result of this study enriched the green source for ultra-small AuNPs synthesis, and will help to understand the mechanism of synthesis and stability of ultra-small AuNPs by fruit peels extract.
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1. Introduction


Nanotechnology is one of the most important technologies in all areas of science due to the significant difference in nature properties of nanoparticles [1,2,3,4], and these properties (e.g., biological, catalytic activity, mechanical properties, melting point optical absorption, thermal and electrical conductivity) are dominated by their size, shape and distribution [5,6]. Traditionally, nanoparticles could be produced and stabilized by two different ways. The physical methods are based mostly on the energy transfer that occurs in an irradiated material by ionizing or non-ionizing radiation, leading to the generation of reducing agents responsible for the nucleation of metallic particles. These methods include radiation [6] and laser ablation [7], among others. Most of the physical methods are green approaches, however, because of the radiation dose control and the lack of stabilizers, the production of stable gold nanoparticles (AuNPs, ≤2 nm) with narrow distribution by physical methods are rarely reported [6]. The chemical methods are a redox reaction between material and reducing agents such as sodium borohydride [8], hydrazine [9], and triethyl amine [10]. These are currently the most explored pathways for the synthesis of gold nanoparticles due to their ease of performance, high production yield and stability, despite that they are known to be biologically and environmentally toxic. Metallic nanoparticles of noble metals such as gold, silver, platinum, and palladium have been widely used in products ranging from cosmetic to medical and pharmaceuticals. AuNPs, noble metal nanoparticles that are characterized by stability, less toxicity, and biocompatibility, are widely used in biological systems for various novel applications [11,12]. AuNPs could be synthesized by physical and chemical approaches, however in order to produce AuNPs with size less than 5 nm, chemical reductants and protecting agents commonly are used for the particles size tuning and stabilizing, which are often toxic and hard to remove from the AuNPs suspension [13,14,15]. These AuNPs synthesized by chemical agents often lead to inconsistent toxicity risks in biological tests [16,17,18,19,20,21]. Therefore, developing an environmental friendly method that is toxic chemicals free is crucial, especially in medical and pharmaceutical areas.



In our previous research, uniform small to ultra-small AuNPs with controllable size and high stability were synthesized successfully via green synthesis (using fruit juices/extracts) [22]. However, the major functional groups that are responsible for the reduction of AuNPs, the possible role in the synthesis and stabilization of ultra-small AuNPs, are still unknown. As a foodstuff source, fruit juices/extracts are not the best choice for the green synthesis at industrial-scale production, based on economic reasons.



Since green synthesis is a method that uses natural products (such as plants, enzymes, fungi and algae) as both reductant and stabilizer, it is possible to find an alternative natural product source such as peel, stem and leaf to instead of fruits [23,24,25,26].



Citrus peels is one of the most underutilized and geographically diverse biowaste residues. At present, the worldwide industrial citrus wastes account for 50 wt% of the original whole fruit mass, and almost 1/2 of the citrus wastes is peel [27,28,29]. The management of these wastes that produce odor and soil pollution still remains a major problem in the food industry [30]. At present, there are many researches related to the green synthesis of AuNPs by orange peel were conducted, however, the particles produced by those researches are usually bigger than 5 nm [2,31,32].



Thus, in this study, extract from biowaste Citrus sinensis (C. sinensis) peels was delicately used as a reducing agent to prepare uniform-sized AuNPs by controlling pH and sodium hydroxide adding sequence. As a result, stable AuNPs with ultra-small size (<2 nm) were successfully obtained from freshly prepared C. sinensis peel extract for the first time. Based on this method, the mechanism of reduction and dispersion stability of the functional groups was explored.




2. Materials and Methods


2.1. Materials and Reagents


Hydrogen tetrachloraurate-(III) trihydrate (HAuCl4, 30 wt%) was purchased from Sigma-Aldrich (St.Louis, MO, USA). Sodium hydroxide (NaOH) was provided from Fisher Scientific (Pittsburgh, PA, USA). Fresh C. sinensis were purchased from a Wal-Mart local store Columbia, MO, in USA.




2.2. C. Sinensis Peels Extract


Fresh C. sinensis peels were washed thoroughly with running water to remove dirt, and washed again with distilled water. 200 g cleaned and dried (by filter paper) C. sinensis peels were cut into small pieces (about 9 mm3) and immersed in 400 mL deionized water at 60 °C for 30 min [1]. After being cooled down to room temperature, the peels-immersion water was filtered (by filter paper, No.5 Whatmen, Fisher Scientific), centrifuged (12000 rpm for 5 min) and collected for further testing in 24 h.




2.3. Synthesis of AuNPs Using Fresh C. sinensis Peel Extract


0.75 mL of HAuCl4 solution (2.00 mM) was mixed with 2.05 mL deionized water and preheated to 100 °C in water bath. Then, 0.20 mL of fresh C. sinensis peel extract (preheated to 100 °C) was added into the solution. After the reaction began (solution colour changed from golden to red), the mixture solution was continuously heated for 5 min in 100 °C water bath to make sure Au3+ fully consumed. Three parallel samples were made for each C. sinensis peel extract.




2.4. Effect of pH on AuNPs Size Distribution and Morphology


Different volumes of 0.2 M NaOH (0, 30, 40, 60, and 100 μL) solution were added into mixture solutions (see Section 2.3) to control the pH to 3 (control), 6, 8, 10, and 11, respectively. In order to keep the volume of solutions constant at 3.0 mL, volumes of deionized water in mixture solutions were decreased from 2.05 to 2.02, 2.01, 1.99 and 1.95 mL, correspondingly. Afterwards, the solutions were heated in a water bath (100 °C), added to 0.20 mL of the preheated (100 °C) fresh C. sinensis peel extract, then waited for 5 min after the reaction started. The AuNPs in different pH conditions were synthesized by the same process in triplicates.




2.5. Analysis and Characterization of AuNPs by UV-vis, EDS, TEM, DLS, FT-IR


UV-visible (UV-vis) absorption spectra of the AuNPs solutions were recorded in the wavelength range of 400–750 nm on a double beam Shimadzu UV-vis spectrophotometer. The elemental analysis of AuNPs was processed by a scanning electron microscope (SEM) (JEOLJSM-6360A, (Columbia, MO, USA) equipped with energy-dispersive spectrometer (EDS). JEOLJEM-1400 120 kV TEM (JEOL, Columbia, MO, USA) was used for taking TEM images of the AuNPs.



The TEM samples preparation and images acquisition principle are all followed by our previous study [22]. Briefly, 5.0 μL of the AuNPs solution droplet was deposited onto carbon-coated copper grids, and the excess solution was wiped away with a filter paper (see Section 2.2) after 30 min. Then, the copper grids were dried in air for 10 min. In order to guarantee enough images that could represent a significant statistical amount of the tested AuNPs, 10 TEM images with the same magnification were taken for each sample batch. The hydrodynamic diameters were measured by DLS, using a Zetasizer Nano (Malvern Panalytical, Malvern, UK). FT-IR measurement was carried out using Cary 660, FT-IR spectrophotometer by employing KBr pellet technique. The FT-IR spectra were collected from 32 scans at a resolution of 4 cm−1 in the transmission mode (4000–400 cm−1).




2.6. Aging and 72 h-Incubation Test


The AuNPs solution was placed in glass bottle and sealed, after four months stored at room temperature, the morphology and dispersion of the AuNPs solution were examined by TEM. At room temperature, 9 mL sodium chloride solution (1 mM) and 1 mL AuNPs solution were added to form gold nanoparticles salt solution. The AuNPs salt solution was placed in room temperature for 72 h, and the AuNPs were characterized again for their stability by TEM.




2.7. Image Processing


Based on TEM images, the average nanoparticles size and their size distribution were analyzed by ImageJ1.50i [24]. Ten TEM images, containing at least 100 particles in each of the images, were applied to calculate the sizes of AuNPs, including their statistically significant mean and standard deviation values.





3. Results and Discussion


3.1. Formation of AuNPs Using Fresh C. sinensis Peel Extract at Different pHs


In this study, we aimed to investigate the pH effect on the production of AuNPs when pHs (from 6 to 11) adjusted before the reaction started. We were particularly interested in investigating the appearance characteristics (such as shape, size, etc.) and distribution of the formed AuNPs. The AuNPs which synthesized at different pHs were analyzed using an UV-vis spectrophotometer. The absorbance curves of the AuNPs obtained are shown in Figure 1. The maximum absorption wavelength (λmax = 545 nm) in Figure 1 is found in the control group (pH = 3), and shifts from 536 nm to 529 nm (blue shift) along with the solution pH increases from 3 to 11. It means that increasing the pH of a solution decreases the AuNPs size. Additionally, inverse correlation between the absorbance intensity of AuNPs and the solution pH occurs. The absorbance intensity of all the AuNPs groups decreases, accompanied by the increase in pH (pH = 6, 8 and 11). Compared to the absorbance intensity of 1.33 at λmax = 545 nm (control), only 0.67 is observed at λmax = 536 when pH is 8.




3.2. Elements Contained Analysis of AuNPs by EDS


Energy-dispersive spectroscopy (EDS) analysis was performed to detect the elements contained in AuNPs solution when pH = 11. As shown in Figure 2, a strong signal is observed around 2.2 keV, which conforms the existence of Au in the solution where the redox reaction happened between Au3+ and the fruit peel extract. Meanwhile, C, O, and Na elements are observed on the fabricated AuNPs EDS spectra. These elements exist in the cellulose and salinity in C. sinensis peel extract. NaOH solution is the other source of Na atoms.




3.3. Morphology Analysis of AuNPs by TEM


In order to investigate the appearance characteristics of AuNPs, TEM was used to characterize the sample AuNPs colloidal solutions formed in C. sinensis peel extract at different pHs. Figure 3 presents the TEM images of AuNPs formed in C. sinensis peel extract at pH of 3, 6, 8, 10, and 11, respectively. Spherical AuNPs particles are observed in all of the prepared solutions, while the AuNPs sizes decreased with increase in pH of solution. The particles sizes in different pHs were evaluated by ImageJ software. The sizes of AuNPs obtained from C. sinensis peel extract at different experimental conditions are listed in Table 1. It was found that along with the NaOH increase in solution, the images of AuNPs (Figure 3a–e) show a considerable improvement on size distribution and shape of the AuNPs. The measured AuNPs sizes were reduced significantly, when pH increased from 3 (control) to 11. Our previous result has proved, in consistency with others, that the increase in pH has a negative effect on the particle quantity [6,22,25,33]. It means fruit peel extracts have a similar effect on synthesis of AuNPs with fruit juices/ extracts, and could be an alternative source for synthesis of ultra-small AuNPs.




3.4. Tuning AuNPs Size and Size Distribution


Similar with foodstuff sources (juice/extracts) [22], the morphology and size of the synthesized AuNPs by biowaste (C. sinensis peel extract) were influenced by NaOH in solutions. In the present study, the synthesized particles in the high pH solution showed a reduction of particle sizes. Meanwhile, these particles possessed a narrower size distribution in a spherical shape. However, limited quantity of Au nanoparticles was synthesized using high pH solution. Very few free Au3+ ions could participate in the AuNPs generation reaction, since the reaction of Au3+ and OH− (Au3++OH−=Au(OH)3) occurred first, and the reduced absorbance in UV-vis spectra was observed as a result. In order to restrict the particle size growth and increase the quantity of AuNPs, most Au3+ ions are ought to receive electrons from the functional groups of C. sinensis peel extract instead of hydroxyl ions in solution.



To avoid Au(OH)3 formation, the order of adding hydroxyl ions solution was changed according to our former result, specifically [22]. First, the C. sinensis peel extract was added into and mixed with excess Au3+ ions solution. Then, the hydroxyl ions were added into the prepared reaction mixture. Hence, Au3+ ions are possible to react with the functional groups in the C. sinensis peel extract to produce AuNPs during the early stage of reactions instead of Au(OH)3 generation. Then, pH of the solution was increased to impose restriction on the further growth of nanoparticles by starting reaction of Au3+ and OH−. When compared to the former protocol (adding hydroxyl ions before reaction), the amount of hydroxyl ions, gold ions and peels extract were constant. However, the intervention time of hydroxyl ions on the reaction was different. As shown in Figure 4, all maximum absorbance for each curves are higher than those of the method that pH was adjusted before the reaction (see Table 1), which indicates that more Au3+ ions are reduced to AuNPs instead of Au(OH)3 by reacting with hydroxyl ions. Moreover, the present of lower λmax = 522 (compare to λmax = 529 when pH = 11 adjust before reaction) demonstrates that even smaller (compare to fruit extract source) AuNPs (<2 nm) are formed during this reaction sequence.



Figure 5 illustrates the TEM images of nanoparticles synthesized using the C. sinensis peel extract at different pHs which are adjusted after the reaction. It could be observed from the images that the size distribution of particles is much narrower than those in Figure 3 which were prepared by the method of pH adjustment before reaction, and most of the particles are spherical. Furthermore, the nanoparticles sizes are decreased to smaller than 5 nm (4.91 ± 3.03 nm, Figure 5a) from 9.33 ± 2.37 (Figure 3b) with the new pH adjusting sequence. The number of large particles is limited (Figure 5c,d) compare to Figure 3d,e. For C. sinensis peel extract with the new pH adjusting method (adjust after reaction happened), all the AuNPs sizes are restricted to smaller than 2 nm (see Table 2) with good dispersity when the pH was 11 (Figure 5d). Furthermore, no aggregation of AuNPs was found at such experimental condition. The results of the study indicate that hydroxyl ions could be used to tune the sizes and size distributions of AuNPs by choosing different NaOH adding opportunity windows. Optimal dosage of hydroxyl ions can restrict further growth of small nanoparticles and optimize size distribution.




3.5. Hydrodynamic Diameter Analysis of AuNPs by DLS


The DLS measurement demonstrates (Figure 6) that the average size of the AuNPs formed from the C.sinensis peel at pH = 11 adjusted after the reaction in colloidal solution was 2.11 ± 1.01 nm (1.75 ± 0.86 by ImageJ). The reasons for the difference in size distribution between DLS and ImageJ software based on TEM are as follow: (1) DLS measures the hydrodynamic size rather than the bare particle as in TEM; (2) the plant extracts used in this study contain a large number of plant fibers, protein and other substance, which will surround or adhere to the surface of the particles during the formation of AuNPs, resulting in larger DLS size than TEM size; (3) metal crystals have completely different colors from organic matter in TEM images, the biological material on the AuNPs surface disturbs the DLS measurement which could be ignored during manual label the particles size before measurement by ImageJ software. Based on these results, the nanoparticles sizes were evaluated by ImageJ software in this study.




3.6. FT-IR Analysis of AuNPs


FTIR was carried out to determine the major functional groups that are responsible for the reduction of Au3+ in solution. Besides, the possible mechanism in the synthesis and stabilization of the ultra-small sized AuNPs that were obtained by adding OH− into peel extract in different sequences is discussed. Figure 7 illustrates the FI-TR spectra obtained from control group (curve a: Au3+ and C. sinensis peel extract mixed solution, nothing reacting with Au3+), the pH adjusted to 11 before synthesis reaction (curve b) and pH adjusted to 11 after AuNPs synthesis reaction (curve c).



The curve a shows several peaks indicating the complex nature of the biological material. The bands appearing at 3363, 2929, 1724, 1608, 1367, 1203 and 1070 cm−1 are assigned to stretching vibration of O-H of alcohol or N-H of amines, C-H of alkanes, C=O of carboxylic acid or ester, N-C=O amide I bond of proteins, CH2 of alkanes, C-O of carboxylic acid, ester, or ether, and C-N of aliphatic amines or alcohol/phenol, respectively [34]. After reaction with HAuCl4, the shift of the peaks for both two different pH adjusting sequences (curve b and c) indicates that the carboxyl, hydroxyl and amide groups in C. sinensis peel extract may participate in the nanoparticles synthesis (see Table 2). It also shows that the major stretching appearing at 3000–3500 cm−1 indicates the presence of O-H stretch due to the presence of pheols, flavonoids, benzophenones and anthocyanins [35]. A different shifting occurs here, indicating that different amount of carbonyl groups in the C. sinensis peel extract were taken part into the redox reaction (see Section 3.4). A bigger shifting could be observed on curve c (3436 cm−1) than curve b (3434 cm−1) suggesting that more AuNPs were occurred and more carbonyl groups were participated in the reaction when pH adjusted after reaction starting, than the reaction when pH adjusted before reaction starting. Thus, the results (the reaction Au3++OH−=Au(OH)3 would decrease the generation of AuNPs and stop the growth of AuNPs size) obtained in Section 3.4 was verified.



Aside the O-H stretching, the region of 2929 cm−1 presents the C-H in xanthone [36]. Bands of C-H bond from C. sinensis peels extract were split into two; 2944 cm−1 and 2969 cm−1 (curve b). No peak split is observed after the pH adjusting (curve c). These results suggest that, after the generation of AuNPs, the transmittance changed. Meanwhile, with the generation of AuNPs, the C=O stretching characteristic peak at region of 1700 cm−1 is observed, and the peak in curve b shifts to red (1737 cm−1), compared to the peaks in curve a and c (1724 cm−1), which means that the consumption of carbonyl substance might be related to pH increase. The reasons for the speculation above are as follows: (1) for solution of curve a and c, they have the same properties before the reaction happened; (2) for solution of curve b, C. sinensis peels extract were added into a high pH solution; (3) for solution of curve c, the extracts were added into the solution before pH adjusted, and part of -OH were reacted with Au3+ to product Au(OH)3 instead of effecting carbonyl substance existence in solution. The combination of this peak shift phenomenon with TEM images (Figure 3e and Figure 5d) indicates that the existence of carbonyl substances help the size of the AuNPs stabilization [37]. Besides, C-O stretch can be found in the range of 1300–1000 cm−1. The peaks in curve b at 1216 cm−1 and 1070 cm−1 different from the curve a and c suggest the transmission of C-O bond after AuNPs generation, when the pH is adjusted before reaction starting. It demonstrates that the carboxylic acid and ester in the C. sinensis peel extract are consumed in the strongly basic solution, and could protect AuNPs from aggregation before the pH is adjusted to 11.




3.7. Stability of AuNPs at Room Temperature


The dispersion stability of the particles obtained in this research was tested by four-month aging testing at room temperature and 72 h-incubation in 1 mM NaCl (Natural saline) at room temperature [38,39]. Their appearance characteristics were examined by TEM. It could be observed that all the AuNPs showed constant size from two different dispersion stability tests (1.80 ± 0.89 and 1.75 ± 0.86 nm), without any aggregation. TEM results indicate that the AuNPs synthesized in this research are highly stable at room temperature and natural saline, which means they will remain stable when used for biological and medical applications





4. Conclusions


In this study, a green synthesis method with C. sinensis peel extract was used to synthesize AuNPs by two different synthesis routes following the previous research. The results indicated that the AuNPs, with better morphological features than those produced from fruit juices/extracts, could be synthesized form fruit waste (C. sinensis peel) extract ultra-small AuNPs (1.75 ± 0.86 nm) were first synthesized by biowaste (C. sinensis peel), which is smaller than those (2.6 ± 1.1 nm) obtained from fruit extract (M. acuminate) in our previous experiment. More importantly, the major functional groups that are responsible for the production of the AuNPs, as well as the possible mechanism of the synthesis and stabilization, were investigated by FTIR spectra. Above all, carboxyl, hydroxyl and amide groups in C. sinensis peel extract may participate in the process of nanoparticle synthesis, and carbonyl groups helped to stabilize the size of AuNPs. Carboxylic acid and ester in the C. sinensis peel extract could protect AuNPs from aggregation before pH is adjusted to 11 and will be consumed in strongly basic solution.
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Figure 1. UV-vis spectra of AuNPs solutions obtained from Citrus sinensis (C. sinensis) peel at different pHs adjusted before the reaction. 
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Figure 2. Energy-dispersive spectroscopy (EDS) spectra of the fabricated AuNPs obtained from C. sinensis peel at pH = 11. 
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Figure 3. TEM images of AuNPs formed in C. sinensis peel extract at different pHs adjusted before the reaction: (a) pH = 3 (control); (b) pH = 6; (c) pH = 8; (d) pH = 10; (e) pH = 11. 
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Figure 4. UV-vis spectra of AuNPs solutions obtained from C. sinensis peel at different pHs adjusted after the reaction. 
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Figure 5. (a–d) Illustrates the transmission electron microscopy (TEM) images of nanoparticles synthesized using the C. sinensis peel extract at different pHs which are adjusted after the reaction. 
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Figure 6. Hydrodynamic diameter measurement of AuNPs formed from C. sinensis peel at pH = 11 adjusted after the reaction. 
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Figure 7. The FT-IR spectra of AuNPs solution obtained from C. sinensis peel extract at different experiment conditions: (a) control; (b) pH adjust to 11 before AuPNs synthesize reaction happen; (c) pH adjust to 11 after AuPNs synthesize reaction happen. 
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Table 1. Summary of the peak wavelength (λmax), intensity, and size of AuNPs obtained from C. sinensis peel at different experiment condition.
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Size (nm)

	
Absorbance

	
λmax (nm)

	
Size(nm)

	
Absorbance

	
λmax (nm)






	
Control

	
12.32 ± 4.56

	
1.33

	
546

	
12.32 ± 4.56

	
1.33

	
546




	

	
Adjust pH before Reaction (nm)

	
Adjust pH after Reaction (nm)




	
pH 6

	
9.33 ± 2.37

	
1.10

	
536

	
4.91 ± 3.03

	
1.24

	
531




	
pH 8

	
7.15 ± 3.38

	
0.67

	
536

	
6.33 ± 2.56

	
1.22

	
530




	
pH 10

	
3.07 ± 1.69

	
1.01

	
534

	
1.99 ± 0.84

	
1.22

	
526




	
pH 11

	
2.79 ± 1.53

	
1.24

	
529

	
1.75 ± 0.86

	
1.18

	
522
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Table 2. Summary of the peak wavelength (λmax), Intensity, size of AuNPs obtained from C. sinensis peel at different experiment conditions.
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Bond

	
Type of Vibration

	
Control Spectrum (cm−1)

	
Adjust pH before Reaction (cm−1)

	
Adjust pH after Reaction (cm−1)






	
O-H

	
Alcohol, phenols, Carboxylic acids

	
3363

	
3434

	
3436




	
N-H

	
Amines




	
C-H

	
Alkanes

	
2929

	
2969, 2944

	
2931




	
C=O

	
Carboxylic acid or Ester

	
1724

	
1737

	
1724




	
N-C=O

	
Amide I bond of proteins

	
1608

	
1635

	
1631




	
CH2

	
Alkanes

	
1367

	
1363

	
1346




	
C-O

	
Carboxylic acid, ester, or ether

	
1203

	
1216

	
1203




	
C-N

	
Aliphatic amines or alcohol/phenol

	
1058

	
1070

	
1058
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