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Abstract

:

The use of biomaterials in the synthesis of nanoparticles is one of the most up-to-date focuses in modern nanotechnologies and nanosciences. More and more research on green methods of producing metal oxide nanoparticles (NP) is taking place, with the goal to overcome the possible dangers of toxic chemicals for a safe and innocuous environment. In this study, we synthesized copper nanoparticles (CuNPs) using Fortunella margarita leaves’ extract, which reflects its novelty in the field of nanosciences. The visual observation of a color change from dark green to bluish green clearly shows the instant and spontaneous formation of CuNPs when the phytochemicals of F. margarita come in contact with Cu+2 ions. The synthesis of CuNPs was carried out at different conditions, including pH, temperature, concentration ratio and time, and were characterized with UV-Vis absorption spectra, scanning electron microscope (SEM) and X-ray diffraction (XRD). The UV-Vis analysis reveals the surface plasmon resonance property (SPR) of CuNPs, showing a characteristic absorption peak at 679 nm, while SEM reveals the spherical but agglomerated shape of CuNPs of the size within the range of 51.26–56.66 nm.
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1. Introduction


Plants are well-known for their high dietary sources of flavonoids for humans, coronary heart disease prevention, having high free radical scavenging capacity and anticancer activity, and also exhibit anti-HIV functions, chemotaxonomic markers and antimicrobial agents [1,2,3]. They also play a key role in the maintenance of the water cycle, balancing the ecosystem, provide oxygen for maintenance of the environment, produce chemicals for drug discovery and provide wood and timber for household and furniture [4]. Nowadays, plants gain attention towards the utilization of phytochemicals in nanotechnology. Nanotechnology is an advanced discipline in which particles are studied in the range of 10−7 to 10−9 m [5]. Nanotechnology has a vast applicability in areas such as environmental sciences, bio-nanotechnology, applied microbiology, medicine and drug–gene delivery systems, quantum dots, surface-enhanced Raman scattering (SERS), chemistry, space and chemical industry, energy science, mechanics, electronics, optics and optoelectronic devices [6,7,8,9,10,11,12,13,14,15].



Among them, bio-nanotechnology (green synthesis) is an eco-friendly and cost-effective method for the formation of nanoparticles by using simple prokaryotic bacterial cells for complex eukaryotic plants, because they do not contain any usage or production of toxic chemicals and can easily cope with higher production because they do not require energy, temperature and pressure. Whereas chemical and physical methods of nanoparticle synthesis may adsorb toxic chemicals on the surface that may lead to highly adverse reactions in the medical field [15,16,17,18,19,20]. Green synthesis also acquires some important aspects for producing stable and well-characterized nanoparticles, such as selection of best organism, optimal conditions for reaction and characterization tools (Figure 1). To select the best plant for green synthesis, one should know about its detoxification and potential in heavy metal accumulation, while reaction conditions should also be known, such as pH, temperature, etc. [10].



Various plants have been utilized for the production of nanoparticles due to their medicinal values and properties. Aleo vera, Asparagus adscendens, Allium sativum, Dodonaea viscosa, Citrus medica, Punica granatum, Eclipta prostrata, Dioscorea bulbifera, Iris pseudacorus, Calotropis procera, Citrus limon, Leucas chinensis, Euphorbia esula, Punica gratum, Ocimum sanctum, Lawsonia inermis, Magnolia kobus, Citrus limon, Aelge marmelos, Syzygium aromaticum, Alchornea laxiflora, Camellia sinensis, Zingiber officinale and Allium sativum, Phyllanthus embilica, Eucalyptus and Artabotrys odoratissimus have been previously used for the synthesis of copper nanoparticles (CuNPs) [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Fortunella margarita, a close relative of Citrus, is a fruitful, small, bushy perennial tree belonging to the Rutaceae family [47]. For the present study, Fortunella margarita is used in the production of copper nanoparticles. Nowadays, CuNPs are taking the place of gold and silver nanoparticles because they are a promising contender for the future, but CuNPs are highly oxidant, have a high melting point and electrical conductivity, low electrochemical migration behavior, small size, shape and oxidation resistance, high surface/volume ratio and low cost [48,49,50,51,52,53].



The mechanism of in vitro nanoparticle synthesis from plant extracts (Figure 2) involves three main phases: (1) nucleation: which is the activation phase of protons of various functional groups to reduce metallic ions, i.e., cations are super-saturated to form hydroxyl complexes for the formation of reactive oxygen species (ROS), (2) Ostwald ripening or aggregation or coarsening: the growth phase in which nanoparticles aggregate into larger particles (i.e., aggregation of nanoparticles (NPs) by conversion of high-energy state to low-energy conformations) by forming different irregular shapes, such as nanoprisms, nanotubes, nanohexahedrons, nanorods, etc., and (3) bio-reduction: the termination phase, which determines the final shape of nanoparticles, and acquires the favorable energetic conformation to stabilize metallic nanoparticles. The higher the amount of reducing agents, the higher the production of small-sized nanoparticles should be promoted [54,55,56]. Plant biomolecules such as flavonols, acids, enzymes, polysaccharides, etc., are complex compounds, yet environmentally benign after bio-reduction of metal nanoparticles, i.e., secondary metabolites (phenolic compounds) have the ability to bind or conjugate with metal ions to purify compounds and are used in drug discovery [10,57].



The morphology and size of nanoparticles depend on various physical measurements, such as light, temperature, pH, substrate–metal concentration, nutrients and enzymes [16,17,18,19,20]. Optimization of light and temperature directly affect the size, morphology and the rate of the reaction. These factors may facilitate the researchers to overcome the limitations of the synthesis of nanoparticles. The morphological diversity of nanostructures depends on the concentration, composition and contribution of the metallic ions to produce different shapes, such as triangles, spheres, cubes, pentagons, hexagons, ellipsoids, nanorods, nanowires, nanoprisms, nanotubes, nanohexahedrons, nanoflowers and nanobuds. Nanoparticles reveal new and improved properties depending upon their surface area, morphology, size and distribution of the particles [6,7,8,9,10,11,12,13,14,15]. Green nanoparticles (GNPs) can be characterized by various techniques, such as X-ray diffraction (XRD), Fourier transform infrared spectrum analysis (FT-IR), UV-visible absorption spectrum, scanning electron microscope (SEM), transmission electron microscope (TEM) and atomic force microscopy (AFM).



The present study is based on bio-nanotechnology, with the emphasis on green synthesis and characterization of copper nanoparticles by using Fortunella margarita leaves.




2. Materials and Methods


All chemicals used were of analytical grade, such as copper sulphate, ethanol, etc. The work area and apparatuses used were sterile, such as the falcon tubes, beakers, graduated measuring cylinder, funnel, Eppendorf tubes, pH meter, lyophilizer (VaCO2 lyophilizer, Zhejiang Guanfeng Food Machinery Co., Ltd., Shaoxing, China), centrifuge (HITACHI 1 High-Speed Refrigerated Centrifuge CR22N, Tokyo, Japan), UV-spectrophotometer and many others.



2.1. Synthesis of Copper Nanoparticles


Five grams of leaves of Fortunella margarita (kumquat) were washed and crushed finely into a thin paste by using pestle mortar. The paste was diluted with distilled water up to 100 mL and was kept at room temperature. After 1 h, the mixture was filtered to obtain the phytochemicals (reducing agents) for the reaction. The filtrate was then mixed with 1 mM of copper sulphate (CuSO4·5H2O) (Riedel-de-Haen Ag Seelze HavvoneeTM, Seelze, Germany) solution and was kept in a water bath at 70 °C for 30 min. Synthesized CuNPs were then collected and washed thrice by using a centrifuge (HITACHI 1 High-Speed Refrigerated Centrifuge CR22N) at 12,000 rpm for 1 h at 30 °C. After washing, copper nanoparticles were lyophilized/dried (VaCO2 lyophilizer) to obtain the powdered copper nanoparticles.




2.2. Effect of Different Parameters on the Production of Copper Nanoparticles


Leaf extract of Fortunella margarita (Kumquat) and copper sulphate solution was mixed in the ratios of 1:2; 1:3 and 1:4 to find the best yielding points with concentration ratio, pH and temperature for the better production of copper nanoparticles (Table 1 Table 2 and Table 3).




2.3. Characterization of CuNPs


For UV-Vis, aliquots of CuNPs were prepared by dissolving 5 mg of CuNPs in 5 mL of sterile distilled water. They were then vortexed and sonicated alternately for better segregation of each nanoparticle. Afterwards, 2 mL of CuNPs was loaded in a Quartz Cuvette and absorbance was measured through the UV-Vis spectrophotometer (CECIL-7400S, Cecil Instruments Services Ltd., London, UK) in the range of 400–800 nm. The SEM analysis of dried powder of CuNPs was used for the detection of size and shape of the nanoparticles. The analysis was performed with a FEI Nova Nano SEM 450 and the photomicrographs were taken with specific magnifying lenses. The XRD pattern can be analyzed by spreading a thin layer of well-grinded dried CuNPs all along the glass slide, which was inserted into the XRD chamber. The pattern of X-ray diffraction (XRD) of synthesized CuNPs was recorded on an X-ray diffraction meter (Philips PANalytical X′pert Powder, Malvern Panalytical Ltd., Malvern, UK), with a scan range of 0–110, step size of 0.02 and time per step of 20–30 s.





3. Results


3.1. Synthesis of CuNPs


When extract of Fortunella margarita (kumquat) was mixed with 1 mM of CuSO4 solution, CuNPs formed instantly and can be visibly seen with the naked eye, observing the opacity and color change. The color of the extract was changed from dark green to bluish green and the cloudy appearance of the mixture turned into a clear yellow green solution with settled nanoparticles. The synthesized nanoparticles were then centrifuged thrice for their collection, purification and were lyophilized to obtain powdered CuNPs. This visual observation of color change explains the formation of small-sized nanoparticles (Figure 3).




3.2. Effect of Different Parameters on the Production of CuNPs


The concentration ratio of F. margarita leaves’ extract to CuSO4 solution, time period, pH of CuSO4 solution and temperature of the reaction were optimized for excess and surplus production of nanoparticles. All of these variables varied differently, which resulted in different amounts of synthesized CuNPs. The color change was visually observed. High productivity of CuNPs, i.e., 5 mL, was visibly observed, with a bluish green color at a concentration ratio of 1:2, pH 5.5 and temperature 70 °C in 30 min. By increasing the concentration of the CuSO4 solution, the production of CuNPs decrease because less bioactive compounds (phytochemicals) are present, which react with Cu+2 ions, while doubling the amount of CuSO4 immediately reacts with Cu+2 ions and forms small-sized nanoparticles which can be visually seen by their settlement (Table 1).



The effect of pH plays an important role in the production of nanoparticles. The acidic medium (pH 5.5) maximizes the CuNPs production at a faster rate than in basic medium (pH 7.5). This effect of pH on CuNPs production is well-explained by temperature (70 °C), which lessens the events of nucleation at pH 7.5, which causes a reduction in availability of Cu+2 ions to phytochemicals, resulting in the agglomeration of CuNPs (Table 2).



Variable temperature is another important optimization tool in the production of NPs with different morphological states and sizes. As the temperature rises, more nucleation events take place, which helps in the formation of instant and small-sized CuNPs, which was visually observed (Table 3).




3.3. UV-Vis Spectrophotometry


The surface plasmon resonance property (SPR) of CuNPs was monitored by a UV-visible spectrophotometer (DataStream-CE7000 Series Spectrophotometer) within the range of 400–800 nm. UV-Vis spectral analysis of CuNPs shows a characteristic absorption peak at 679 nm, which exhibits a SPR property within 9 min. The red-colored bands indicate the presence of metallic copper, hence providing evidence for the formation of CuNPs (Figure 4).




3.4. SEM Analysis


The morphology of the synthesized CuNPs was studied under the FEI Nova Nano SEM 450 in the size range of 500 nm. Nanoclusters show the agglomeration of CuNPs, but the high magnification power (100,000×) exhibits an average diameter of about 51.26 to 56.66 nm, and CuNPs are spherical in shape. (Figure 5).




3.5. XRD


The X-ray diffraction analysis shows the crystalline structure of copper nanoparticles with prominent peaks. Bragg’s reflection of copper nanoparticles shows diffraction peaks around 2θ = 43.4°, 50.3° and 74.39°, representing [111], [200] and [220] crystallographic planes of face-centered cubic (fcc). (Figure 6).





4. Discussion


Nanotechnology, a vast arena, is gaining much attention, and especially bio-nanotechnology (micro-organisms to higher plants) is emphasized globally nowadays as chemical synthesis affords low production of nanoparticles and is toxic and non-eco-friendly. The present study deals with the formation, optimization and characterization of the synthesized CuNPs produced from Fortunella margarita (kumquat) leaves’ extract. The study was performed under a controlled environment and supervision. The visual observation in the formation of CuNPs was the color change, i.e., from green to bluish green, and the settlement of copper nanoparticles with yellow green supernatant confirms the full bio-reduction of phytochemicals present in the Fortunella margarita leaves (Figure 3). The main advantage of using the green route for the production of CuNPs is stabilization [58]. Capping agents present in phytochemicals help CuNPs to stabilize for more than 30 days, while chemical production of CuNPs makes them oxidize and settle down after 24 h, along with large-size CuNPs production [38].



The synthesis of copper nanoparticles is a difficult task for a researcher to find the best valuable points, such as pH, temperature, concentration ratio and time. Time plays an important role in the synthesis of nanoparticles. In some cases, a color change occurs within 30 min, while sometimes it takes up to 48 h. This color change gives the visual observation of the production of CuNPs, which was confirmed with UV-Vis studies. The CuNPs obtained from Aloe vera flower extract changed color from light green to dark green in 30 min, and the formation of nanoparticles was confirmed with UV-Vis studies with the SPR at 578 nm [22]. CuNPs synthesized from Asparagus adscendens leaves’ extract showed a color change from brown to sea green in 1 h, which was monitored via UV-Vis spectroscopy with an absorption peak within the range of 500–700 nm [23]. Allium sativum synthesized CuNPs showed a gradual change in color from straw yellow to light green when both solutions were mixed together, and finally to a bright light-green solution after 48 h of reaction at room temperature, while the CuNPs were monitored for their presence at 580 nm via the UV-Vis spectrophotometer [24]. The concentration of phytochemicals present in the plant extract plays key role in the formation and stabilization of CuNPs. By increasing the plant extract concentration, the reduction of Cu+2 ions will be faster, resulting in the decreased size of CuNPs [25]. In addition to phytochemical concentration, the type of copper salt and its concentration also affects the morphology, size and productivity of CuNPs. Copper chloride forms triangular or tetrahedron nanoparticles, copper acetate produces rod-shaped nanoparticles and copper sulphate helps in the formation of spherical nanoparticles, while the increased copper salt concentration causes an increase in the size of CuNPs [59]. The second important parameter for the production and size estimation of CuNPs is pH. Higher pH produces small-sized nanoparticles as compared to lower pH values. The difference is due to the reduction rate of Cu+2 ions with the phytochemicals. By adding copper chloride (CuCl2) solution in Dodonaea viscosa extract, no CuNPs were formed. Instead, the pH of the reaction mixture was changed to basic medium for the formation of CuNPs [25]. This relation between pH and copper salt was also reported, where lower pH forms large-size nanoparticles (rod-shaped or triangular) while higher pH produces small-sized nanoparticles (spheres) [60]. At pH 10, CuCl2 forms pure CuNPs with hydrazine in aqueous cetyltrimethyl ammonium bromide (CTAB) solution, while at pH 8, impurities such as copper oxide nanoparticles (CuO-NPs) were formed [61]. In addition, the chemical reduction method for the synthesis of CuNPs also proves the same phenomenon; as the pH increases (6 to10), particle size decreases from 18 to 9 nm. However, when the pH exceeds 11, the particle size increases [62].



The third parameter to raise the synthesis rate of CuNPs is temperature. By increasing the temperature, the availability of copper ions to the phytochemicals also increases and reduces the risks of secondary processes. The same trend was observed with silver and gold nanoparticles synthesized via different plant extracts [38]. The synthesized CuNPs via the green route showed the effect of temperature on production, whereby low temperature will cease production to half, while higher temperatures enable the Cu+2 ions to reduce much faster to form small nanoparticles, but aggregates were also formed. Secondary metabolites are the main reason for the reduction of metal salt (copper, silver, etc.) into nanoparticles, and they provide prevention against aggregation of NPs [34]. Aggregation of nanoparticles can be caused by low pH (acidic medium), i.e., pH 2, which causes a reduction in nucleation events which ultimately leads to agglomeration [63]. Along with pH, particle size also plays an important role in agglomeration. Agglomeration is a phenomenon in which nanoparticles lower the surface energy, resulting in a decrease in surface area by increasing the particle size in a liquid phase. Therefore, agglomeration of NPs increases due to a decrease in the particle size. Cerium oxide nanoparticles (CeO2-NPs) cause agglomeration by minimizing the interface energy [64].



For characterization of CuNPs, many techniques were used. Less separated CuNPs can be visualized at shorter wavelengths with broadened peaks of SPR [45]. The present study depicted the formation of CuNPs with an absorption peak of 679 nm, which shows well-stabilized particles with the diameter of about 51–56 nm (Figure 4). Well-dispersed and stable CuNPs were characterized at 659 nm by the UV-Vis spectrum, and the formation was supported by SEM images with the diameter of 67–99 nm [43]. The average-sized CuNPs of 20 nm had an absorption peak of 631 nm when synthesized by Citron juice (Citrus medica Linn) extract [26]. The biogenic synthesis of CuNPs with Asparagus adscendens showed that SPR ranged between 500 and 700 nm, with an average size of 40–100 nm CuNPs [34]. A small aliquot of CuNPs was used for the detection of SPR (Surface Plasmon Resonance Property). CuNPs can also form nanoclusters ranging from 150 to 200 nm, but high magnification of SEM revealed that the spherical CuNPs ranged from 40 to 45 nm [41]. CuNPs formed from the Punica granatum seeds extract were found to be in the size range of 40–80 nm, which proves that CuNPs have different size ranges according to different contributing factors [27]. Besides, biological synthesis of CuNPs from Pseudomonas stutzeri indicated the average size of CuNPs to be in the range of 50–150 nm [65]. The study proposed the diameter of CuNPs to be in the range of 51.26–56.66 nm. The size was confirmed in the magnification range of 500 nm (Figure 5). XRD was used to evaluate the peak intensity, position and width of the nanoparticles, which confirms the purity and formation of nanoparticles [66]. The peaks in Figure 6 confirmed the formation of CuNPs and showed them to be pure from impurities, and this can be proven by matching the information provided by the Joint Committee of Powder Diffraction Standards (JCPDS) (File No. 089-2838).




5. Conclusions


Extracellular biogenic synthesis of CuNPs from Fortunella margarita leaves’ extract is the novelty of this study, as this plant has not been used before for the synthesis of CuNPs. The approach used for the synthesis was eco-friendly, non-toxic, rapid and cheap. The characterization tools explain the stability of CuNPs for future use. This study provided an opportunity to synthesize CuNPs via natural products, which could be beneficial to apply in various techniques, such as drug formulation, drug-delivery systems, biomedical applications, etc., in the future.
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Figure 1. Important aspects for the production of green nanoparticles. 
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Figure 2. A diagrammatic sketch representing the mechanism and utilization of synthesized nanoparticles using plant extracts. 
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Figure 3. A schematic representation of formation, settlement and collection of CuNPs obtained from Fortunella margarita leaves’ extract. 
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Figure 4. UV-Vis spectrum shows absorption peak of synthesized CuNPs. 
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Figure 5. Photomicrograph of SEM analysis of synthesized CuNPs at 100,00x magnification scale in the size range of 500 nm. 
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Figure 6. XRD pattern of synthesized Copper nanoparticles using Fortunella margarita leaves’ extract. 
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Table 1. Production of CuNPs at constant pH and temperature with variable concentration ratios.
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	Concentration Ratio
	pH

(Cu)
	Temperature

T(°C)
	Time Period
	Production of NPs

(mL)





	1:4
	5.5
	30
	2 days
	0.4



	1:3
	5.5
	30
	3 h
	1



	1:2
	5.5
	30
	2 h
	2
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Table 2. Production of CuNPs at constant concentration ratio and temperature with variable pH.
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	Concentration Ratio
	pH

(Cu)
	Temperature

(°C)
	Time Period
	Production of NPs

(mL)





	1:2
	5
	70
	1 day
	1.5



	1:2
	5.5
	70
	30 min
	5



	1:2
	6
	70
	2 h
	1



	1:2
	7
	70
	2 h
	1



	1:2
	7.5
	70
	3 h
	0.75
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Table 3. Production of CuNPs at constant pH and concentration ratio with variable temperature.
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	Concentration Ratio
	pH

(Cu)
	Temperature

(°C)
	Time Period
	Production of NPs

(mL)





	1:2
	5.5
	30
	2 h
	2



	1:2
	5.5
	50
	1 h
	2.5



	1:2
	5.5
	70
	30 min
	5



	1:2
	5.5
	90
	2 days
	3
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