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Title: Preparation of Curcumin Mediated Copper Oxide Nanoparticles Using a Green        

Synthetic Route and its Potential Catalytic and Sensing Application  

 

 

Nanoparticles have taken a major place in nanoscience and nanotechnology fields because of 

their relevant properties including their small size and unique structure. Since copper oxide 

nanoparticles (CuO NPs) can be synthesized with low cost preparation, they have been used 

intensively in many fields such as, reduction catalysis, sensing and water treatment.  In this 

work, a simple green synthesis route is applied to produce copper oxide nanoparticles (CuO NPs) 

,40-100 nm, and copper oxide nanograins (CuO NGs) by using curcumin, a natural and non-toxic 

food spice, as conjugating and supporting agent in the presence of different stabilizing/capping 

agents. Moreover, all the prepared CuO NPs were characterized via Scanning electron 

microscopy coupled to EDX, Thermogravimetirc analysis, X-ray diffraction, UV-Visible, 

Resonance Rayleigh scattering, Dynamic light scattering and Zeta potential. Firstly, CuO NPs 

were formed using cetyltrimethylammonium bromide (CTAB) as a stabilizing agent.  Then, they 

were used as nano-catalysts for the reduction of methylene blue dye giving t1/2 equal to 5.9 

minutes. Secondly, CuO NPs were properly functionalized with the supramolecular host 

molecule, curcubit[6]uril (CB[6]), which can bind acridine orange (AO) via its carbonyl rims. 

The fluorescence intensity of acridine orange is quenched by the CuO NPs through Fluorescence 

resonance energy transfer (FRET) phenomenon. By the addition of dopamine, dopamine adsorbs 

on the surface of CuO NPs and desorbs AO, enhancing fluorescence intensity of AO by a factor 

of 3. Finally, resonance Rayleigh scattering (RRS) technique was used to detect efficiently 

different analytes including cystine amino acid using CuO NPs prepared in the presence of 

glutathione as a capping agent, mercury ions using CuO NPs prepared in the presence of 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (F108) polymer 

as a stabilizing agent, and persulfate ions using CuO NPs prepared in the presence of CTAB as 

surfactant.
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CHAPTER I 

                                  INTRODUCTION 

 

A. Copper Oxide Nanoparticles 

Nanotechnology is one of the science fields that specialize in the production and 

development of materials in the size range from 1 to 100 nanometers.  Metal oxides 

nanostructures build up on metal precursors and exhibit different and exclusive physical and 

chemical properties compared with their bulk materials. Therefore, they have been engaged in 

various technological fields. Zinc, titanium, iron, cobalt, and copper are the metals most used in 

the preparation of metal oxides nanoparticles. Recently, copper oxide nanoparticles have gained 

the interest of many researchers because they own unique properties and have wide range of 

applications. 

Copper oxide nanoparticles represent the lenient member of copper salt's family. They 

own monoclinic crystalline structure with large surface area and several important characteristics 

including high thermal conductivity, photovoltaic features, super stability and antimicrobial 

activity [1]. Thus, to know more about CuO NPs, it is important to go deeply with their 

properties, methods of synthesis and applications.   

     

1. Properties 

The synthesis assay followed to synthesize copper oxide nanoparticles influences their 

properties that are significant for their applications in different fields. The size of the 

nanoparticles could be controlled during the synthesis procedure and is considered as the most 

essential feature of the nanoparticles. Since the optical, catalytic, electrical and biological 
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properties of nanoparticles are highly influenced by their sizes [2]. Moreover, these properties 

allow CuO NPs to be useful in catalysis, industry, sensing and pharmaceutical applications. 

Thus, the direct control of nanoparticles' size and the indirect control of physical, chemical and 

biological properties of nanoparticles are related directly to the synthesis method applied and the 

optimization of the reaction parameters. Although CuO NPs have many important properties, this 

section will focus solely on their crystal structure, optical, magnetic and electrical conductivity 

ones.  

 

a. Crystal Structure  

Copper oxide (CuO) is black in color with a monoclinic crystalline structure (as shown in 

figure I.1) and belongs to C6
2h symmetry. 

 

 

Figure I. 1: Crystal structure of Copper oxide. 

 

Copper atom possesses a coordination number of 4; in other words, copper atom is coordinated 

to four neighbored oxygen atoms settled at the corner of (110) plane in a square planar   
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conformation. In crystalline structures, the divalent copper surroundings are mostly strongly 

distorted due to Jahn-Teller effect, leading to the formation of highly stable square planar groups.  

The lengths of Cu-O bond in this plane are 1.88 and 1.96 Å; these lengths are larger than those in 

the copper (I) oxide [3].  Moreover, the next two Cu-O bonds perpendicular to the plane are with 

much greater lengths; as a result, the octahedral conformation could be ignored. The oxygen 

atom is linked to four copper atoms presented at the corner of the distorted tetrahedron. Despite 

of the oxidation state of Cu in CuO is Cu2+; CuO has a mixture of ionic and covalent bonding. X-

ray diffraction is the most popular tool used to study the crystallinity and purity of the material 

and it could be used to detrmine the lattice parametrs of the product. However, the lattice 

parametrs of cupric oxide are found as follow, = 4.6837 Å, b= 3.4226 Å, c= 5.1288 Å, 𝛽 = 

99.54 Å and 𝛼 = 𝛾 = 90 ° [4].  

 

b. Optical Properties 

The optical properties of CuO nanoparticles are greatly affected by temperature, their 

size, and morphology [5]–[7]. Several techniques could be used to find out the optical properties 

of nanomaterial. UV-Vis absorption spectroscopy is a convenient and important technique as it 

gives essential data about the optical properties of the material in a quick and non-destructive 

manner. The optical band gap of material can be determined from the absorption spectra by 

following Tauc's relation: [8]  

h𝜐 = 0(h𝜐- Eg)n 
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Where  is the absorption coefficient,  h𝜐 is the energy of the incident photon, 0 is a constant, 

Eg is the band gap energy and n is the exponent factor that specify the type of electronic 

transition causing the absorption, 𝜐=1/2 if the transition is direct and 𝜐=2 if it is indirect. Band  

gap is the intercept value of the straight line with the horizontal axis. El Sayed et al. studied the 

optical properties of thin films made of carboxymethylcellulose (CMC) and polyvinyl alcohol 

(PVA) doped with CuO nanoparticles. It was found that the percentage transmittance of CMC 

increased to 87 % after adding PVA, where it decreased to 77 % after doping with CuO NPs. 

This showed that the optical transmittance depends on the composition  [9].  Rakhshani et al. 

determined the band gap of radio frequency (RF) sputtered CuO films, which revealed an 

indirect transition with 1.21 eV band gap value [10]. Pierson et al., who also used RF sputtered 

as deposition technique to prepare CuO films, reported a direct transition for 1.71 eV band gap 

value [11]. This difference in the energy band gap value is due to different models (𝜐=1/2 and 

𝜐=2) used to find the energy band gap value. El-Trass et al. have established the alcohol thermal 

method to prepare CuO NPs and used UV-Vis absorption spectroscopy to find the absorption 

band width of CuO NPs (2.36 eV), which is wider from that of the CuO bulk (1.85 eV) [12]. 

Kayani et al. also analyzed the transmission spectra of CuO NPs, where at 400 ℃ and 1000℃, 

the average size of the nanoparticles was 350 nm and 367 nm corresponding to 3.38 eV and 3.54 

eV, respectively [13]. All these studies confirm that the optical properties including band gap 

energy of copper oxide nanoparticles depend greatly on the nature of the gap, size of the 

particles, morphology and doping [6], [14]. 

  

c. Magnetic Properties 
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The magnetic properties of CuO nanoparticles strictly rely on their dimensions as well 

as their morphology [6], [15].  As stated in section a, in CuO structure, the copper atom is 

surrounded by four coplanar oxygen atoms leading to two sets of one dimensional Cu-O chains.  

 

The magnetic interaction due to super exchange along the [101‾] direction causes 

antiferromagnetic order in the Cu-O-Cu chain [16].  In literature, some studies reported that CuO 

 nanostructures with 10 nm diameter have the critical size to show ferromagnetic behavior [17]. 

Zhang et al. have obtained CuO NPs with dimensions in the range 13-33 nm; these CuO NPs 

showed a weak ferromagnetic interaction, which led to the process being slightly affected by the 

particles' size [6].  In contrast, Bisht et al. have found that the peak present in zero field cooled 

magnetization is absent when the dimensions of CuO NPs were in the range 9-16 nm. And there 

was a bifurcation between the field cooled and the zero field cooled systems, which caused 

hysteresis at room temperature [18].   

These studies showed that the particle size of CuO NPs may affect their magnetic properties. 

However, there are other factors that could influence the magnetic properties of CuO NPs 

including, the synthetic method followed, ratio of bulk material and other physical and chemical 

properties. 

 

d. Electrical Conductivity  

The electrical conductivity of CuO nanostructures is directly related to the copper 

vacancy density [19]. In the literature, it was stated that the synthesis temperature could 

influence the electrical conductivity of CuO NPs. Referring to this, Zhang et al. reported that the 

electrical conductivity of CuO NPs increases from 10-6 (cm )-1 to 10-5 (cm )-1 as the 
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temperature increased from 300°C to 700°C during the synthesis [6] . Azimi et al. have 

investigated the electrical conductivity of CuO NPs by using different concentrations of CuO 

NPs solutions (0.12 g/L, 0.14 g/L, 0.16 g/L and 0.18 g/L), different particle sizes (89 nm, 95 nm, 

100 nm and 112 nm) and different concentrations of nanofluids obtained at the following  

temperatures: 25 °C, 35 °C, 45 °C and 50 °C. The authors indicated that increasing the 

temperature and the nanoparticle concentration will directly increase the electrical conductivity 

of CuO NPs, and they demonstrated that the electrical conductivity increased until the dimension 

of CuO NPs became 95 nm in diameter [20].  Shao et al. found that thermal oxidation caused 

enhancement in the electrical properties of CuO nanowires, and the electrical measurement in 

this study showed that the conductivity of CuO nanowire is 7.8×10-4 (cm)-1 [21]. Besides 

temperature, nanoparticle dimensions and concentration, film thickness, and dopants could 

control the electric properties of CuO NPs [22]. 

After illustrating these properties of CuO NPs, it is important to talk about the different methods 

used to synthesize them.  

 

2. Synthesis Methods of CuO NPs  

The synthesis methods of CuO NPs attracted a lot of attentions recently due to their 

significant biomedical and industrial applications [23]. The high importance of synthesis 

approach comes from its ability to control the dimensions, shape, and morphology of the 

nanosystem. The synthesis methods of CuO NPs can be classified as biological, physical, and 

chemical methods. In biological methods, there is a use of nontoxic molecules like antioxidants, 

carbohydrates and proteins as stabilizing agents. Microorganisms including bacteria [24] and 
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fungi [25] help in the production of nontoxic CuO NPs. Synthesis via physical approaches have 

some advantages such as nonuse of harsh and toxic chemicals, short processing time, and narrow 

size range of the nanoparticles formed [26].  Examples of the physical methods used are cathodic 

vacuum arc method [27], laser ablation [28], and laser vaporization controlled condensation 

(LVCC) method [29].  The synthesis of CuO NPs in solution via chemical methods contains  

three major components: copper salt, alkaline hydroxide, and stabilizing agents. The most 

relevant approaches are sonochemical method, sol-gel method, electrochemical method, 

surfactant-based techniques [2], [7], [13], [30], chemical precipitation, and green synthesis 

approaches [31]–[34]. 

 

a. Electrochemical Method 

Switzer created an approach called ''Electrochemical'', a reach for manufacturing 

ceramic films. This method has become a basis to synthesize metallic oxide nanostructures like 

CuO and ZnO. Copper oxide nanocrystals were prepared for the first time by utilizing Cu as a 

sacrificial anode [35], [36]. The electrochemical principle is a setup on reactions taking place 

between the electrode and the electrolyte. In this strategy, chemical potentials are generated on 

the surface of the electrode causing electro deposition on a little portion of it.  

The electrochemical strategy belongs to the soft chemical processes that create CuO 

nanostructures [2]. The most important benefit of this technique is its capability to adjust the size 

and the morphology of CuO NPs by changing the time, voltage, current density, components or 

temperature.  Zhang et al. modified the density from 5 mA.cm-2 to 10 mA.cm-2 and then to 20 

mA.cm-2, which allowed the production of nanospindles and nanorods of copper oxide. By 

altering the electrolytic solvent, these researchers got CuO nanorods with length from 200 nm to 
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300 nm and diameters in the range of 20 nm to 50 nm [6].  Jadhav et al. also used 

electrochemical strategy for copper oxide nanoparticles' synthesis by utilizing copper sheet and 

platinum sheet as anode and cathode, respectively [37].  

Moreover, Katwal et al. manufactured CuO NPs using electrochemical method at 

various reaction parameters. This experiment was achieved as the classical ones, where the  

copper plate and the inert platinum electrodes were settled at 1 cm. Furthermore, the process 

included a supporting electrolyte that was added at room temperature to acetonitrile and mixture 

of water and methanol solution in a molar ration of 12:1.  The precipitates were in dark brown 

color and could be centrifuged, rinsed, dried and then the product was calcined and characterized 

by various techniques. Moreover, this method proved that the adjustment of reactions' 

parameters and molar ratio of the used chemicals could alter the physical and chemical features 

(including the size) of the nanoparticles [2].      

 

b. Sonochemical Method 

Sonochemical method is a soft technique that possesses three main steps: 

1. Formation 

2. Growth 

3. The implosive breakdowns of the acquired micro-cavities.  

Ultrasound is needed in this synthetic method [6], [38], [39].  

Sonochemical method has been a major interest in the findings of the following 

researchers. For instance, Suleiman et al. applied this strategy to synthesize CuO NPs with 

different morphology by using cupric acetate as copper salt precursor and poly(vinylpyrrolidone) 

(PVP) as a reducing agent [40].  On the other hand, Karunakaran et al. used sonochemical 
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method to prepare two groups of CuO NPs; one group was formed in the presence of 

cetyltrimethylammonium bromide (CTAB) and the other formed without using CTAB, followed 

with sonication and then calcination. The results revealed that the irregular shape and aggregated 

CuO NPs were favored in the absence of CTAB. The authors confirm the role of CTAB in 

forming crystalline CuO NPs [41]. Wongpisutpaisan et al. followed this synthesis approach to  

produce CuO NPs and then they calcined the product at several temperatures in the range from 

400℃ to 700°C for 2 hours. It was noticed that at 400℃ and 500°C the formation of CuO NPs 

were terminated, whereas crystalline and uniform CuO NPs were obtained at 600℃ and 700°C 

[42].  

Sonochemical strategy was employed for the production of CuO NPs used in various 

medical applications. A good example is Abramov et al. who applied this method to prepare 

CuO NPs, which were used as a coat for medical cotton wound dressings and bandages. It was 

reported that this mixture can offer a cautious area for inhibiting microbial colonization and 

killing various clinically related microorganisms like Escherichia coli, which were reported to 

seize the injuries of patients with skin lesions and need the usage of cotton plastering [43].  

 

c. Sol-Gel Method 

Sol-gel method demands the formation of a colloidal solution (sol) (from selected 

chemicals) that acts as a precursor for an integrated network (gel) of either separated particles or 

connected networks. Sol-gel approach is greatly applied in the design of nanoparticles referring 

to its simplicity and fast operation [44]. This method also maintains the delicate control of the 

nanostructures’ size and morphology. Sol-gel technique was applied for getting nanoparticles 

with a dimensional size range from 10 nm to 40 nm. Indeed, Karthik et al. used this strategy to 
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prepare CuO nanoparticles with size of 25 nm [45]. It was reported that the sol-gel route and the 

calcination time affect the physical characteristics of CuO NPs [40].  

Moreover, when dealing with sol-gel method, temperature directly influences the 

morphological parameters of the nanoparticles; physical parameters play a significant role in 

modeling functional nanoparticles through this strategy [46]. Jayaprakash et al. employed sol-gel   

approach to prepare uncapped and capped CuO NPs by using ethylenediaminetetraacetic acid 

(EDTA). EDTA as capping agent was applied to regulate the size of the nanoparticles of 

CuO.Urea and Cu(CH3COO)2.2H2O were used to prepare the uncapped CuO NPs. The findings 

show that this method permits an excellent regulation of the shape and size of the nanoparticles 

[44]. 

 

d. Surfactant Based Method  

The agglomeration of nanoparticles after the nucleation and growth process causes an 

increase in the nanoparticles’ size. This habit diminishes the quality of CuO nanoparticles in 

specific, and the nanoproducts in general; as such, it is important to prevent the particles from 

self-aggregation. When the nanoparticles are aggregated, it is difficult to separate them. Based on 

this, many researchers have depended on the use of surfactant in the preparation of CuO NPs.  

Polyethyleneglycol (PEG) is a non-ionic surfactant that is used in the preparation of 

metal oxides [7].  PEG 400 is most commonly used because of its lower toxicity [5].  For 

instance, Ranjbar-Karimi et al. utilized this surfactant to figure out its effect on the morphology 

and size of CuO NPs. CuO NPs were synthesized through the addition of sodium hydroxide 

solution at different concentrations and solutions of copper acetate in water/ethanol. This route 

allowed the formation of uniform CuO NPs with an average diameter of 70 nm [47].  In addition, 
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various studies stated that PEG has an important effect on the dimensions of CuO NPs. For 

example, Vidyasagar et al. prepared CuO NPs using copper chloride, sodium hydroxide and PEG 

400. The precipitate was rinsed with ethyl alcohol to remove the PEG and then dried. The 

resulting solid was calcined at 400°C, 600°C and 800°C. The results showed that the product 

calcined at 800°C formed uniform particles with sizes in the range of 400 nm to 454 nm,  

whereas the product calcined at 400°C produced nanoparticles with average size of 65 nm. Such 

findings demonstrate that the increase in temperature is directly proportional to the particles’ 

aggregation [5]. 

  In contrast, Suleiman et al. found that increasing the temperature causes a decrease in 

the size of nanoparticles. In their study, they used a quick precipitation method to prepare CuO 

NPs without and with tetraoctylammonium bromide (TOAB) that was used as stabilizing agent 

to control the size of nanoparticles with different temperatures: 65°C, 75°C and 85°C. At the 

same temperature, the formed CuO-TOAB stabilized nanoparticles were smaller in size than the 

non-stabilized ones [48]. Similarly, Varghese et al. synthesized CuO NPs in the absence and 

presence of cetyltrimethylammonium bromide (CTAB) by using coprecipitation method at 

ambient temperature. The XRD results confirmed the formation of monoclinic phase of CuO 

NPs. The researchers reported that the sample treated with CTAB showed lesser particles’ size 

(about (11 nm) from the non-treated sample (22 nm) [49].  Moreover, Rao et al. used sodium 

dodecyl sulfate (SDS) as an anionic surfactant to prepared copper oxide nanoparticles with 

average crystallite size in the range 15.02 nm [50].  
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e. Precipitation Method 

In general, the preparation of CuO NPs via chemical precipitation method begins with 

the preparation of a solution that holds the copper salt, sodium hydroxide and solvent, (in most 

cases deionized water). During the synthesis procedure, there is a need to apply external pressure 

like ultrasonic or high pressure to prevent the aggregation of nanoparticles of CuO.  

Precipitation route has been employed by a number of researchers to prepare CuO NPs in a 

smaller size and different morphologies. Zhu et al. synthesized highly dispersed CuO NPs in 

different morphologies like ellipsoidal, spherical and needle-shaped CuO with a size about 6 nm 

[51]. Wu et al. used organic solvents like dimethylacetamide (DMAC) to prepare different 

dimensions and morphologies of CuO NPs. They demonstrated that altering the reaction 

conditions such as, the volume ratio of water and DMAC, rising the solution's temperature and 

the molar ratio of OH- and Cu2+ can control the nucleation and growth stages of CuO NPs [52].  

Likewise, Zhang et al. produced monodispersed CuO nanospheres and they reported that the 

dimensions, crystallization and monodispersity of CuO NPs can be tuned by altering the 

solvent's concentration [53]. Aside from nanoparticles, chemical precipitation approach has 

generally been utilized to prepare various morphologies of CuO such as nanosheets [54], [55], 

nanoribbons [56], nanowires [57]–[59], flower-like [60] and hierarchical nanochains [61].  

  

f. Green Synthesis Method 

Green synthesis of nanoparticles is becoming one of the most dominant approaches in 

nanotechnology [62], [63]. Green chemistry route highlights the utilization of natural organisms 

that help reducing the use of dangerous substances and then minimizing the synthesis of toxic 

products [64], [65]. For a method to be classified as a green one, it should be evaluated 
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depending on the choice of solvent, eco-friendly reducing agent and nonhazardous 

capping/stabilizing agents. Moreover, green approach is considered as easy, fast, cost-effective 

and simple method to produce nanoparticles. From the studies that have used the green synthetic 

route to synthesize CuO NPs, we can mention the followings. Tekkae Padil et al. presented a 

detailed green chemistry method to synthesize CuO NPs using a well-characterized plant derived  

from natural product gum karaya that acts as a reducing and stabilizing agent. The abundance of 

carboxyl and hydroxyl groups enables the formation of Cu (OH)2, which hydrolyzed later on to 

CuO nanocrystals. The XRD and TEM studies indicated the formation of single-phase 

monoclinic CuO nanoparticles with average diameter from 4.8 to 7.8 nm [66]. Rehana et al. 

produced CuO NPs by using several plant extracts from the leaves of Azadirachta indica, 

Hibiscus rosa-sinensis, Murraya koenigii, Moringa oleifera and Tamarindus indica. UV-visible 

absorption spectra of all CuO NPs formed revealed an absorption peak at 220-235 nm. FT-IR 

spectra assured the presence of Cu-O bonding and the XRD patterns confirmed the monoclinic 

phase of CuO. SEM and TEM studies also confirmed the formation of spherical shape CuO NPs 

with size in the range from 9.8 nm to 10.77 nm and EDX analysis revealed the elements 

composed CuO NPs [31]. Abboud et al. reported an environmental, eco-friendly, and suitable 

route for the production of CuO NPs using brown alga (Bifurcaria bifurcata) extract without the 

need to add surfactant and/or stabilizing agents. The nanoparticles formed were characterized by 

UV-VIS, TEM, XRD and FT-IR measurements [67]. Jayalakshmi, et al. prepared CuO NPs 

using aqueous extract of Cassia alata L. flower. CuO NPs formed were highly stable over a wide 

range of temperature and pH. In addition, the XRD pattern confirmed that CuO NPs were similar 

with Joint Committee for Powder Diffraction Standard (JCPDS), and the SEM images showed 

that CuO formed were cuboid with an average size in the range from 110 to 280 nm [68]. 
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Similarly, CuO NPs were also manufactured by using plant extracts of Aloe barbadensis Miller 

[69], Azadirachta indica [70], Olea europaea leaf extract [71], Malus Domestica leaf extract 

[72], Moringa oleifera leaves Extract [73],  Abutilon indicum leaf extract [33], Eclipta prostrata 

leaves extract [74],  Euphorbia Chamaesyce leaf extract [75] , Oak fruit extract [76], Ixoro 

coccinea leaf  [77],  Syzygium alternifolium extract [78], Ferulago angulata (schlecht) boiss 

[79], Rosa canina fruit  [80], Bauhinia tomentosa leaves extract [81], etc.  

CuO NPs produced by Oak fruit extract demonstrated an average diameter of 34 nm [76], 

whereas those formed by using Ixoro coccinea leaf exhibited tendency to aggregate, resulting in 

a high average particle size about 300 nm [77]. And TEM studies carried out in depth analysis of  

  CuO NPs formed by using fruit extract of Syzygium alternifolium revealed 2 nm as average 

particle size [78].  CuO NPs manufactured by ferulago angulata (schlecht) boiss extract 

exhibited shell like sheet structure [79], while those formed by Rosa canina fruit extract were in 

spherical shape with size range from 15 to 25 nm without aggregation [80]. Moreover, TEM 

images of CuO NPs synthesized by using B. tomentosa leaf extract showed spherical 

morphology with size in the range from 22 to 40 nm [81].  

Although these green extracts proved their potential in synthesizing CuO NPs, it was 

noticed the absence of curcumin in this aspect, granting that curcumin has proved its reducing 

and conjugating features in synthesizing metallic nanoparticles including gold and silver ones.  

Curcumin(1,7-Bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione) is a yellow 

pigment originated from dietary spice turmeric Curcuma longa with molecular formula 

C21H20O6, molecular mass 368.38 g/mole and melting point near to 183°C. Curcumin is a 

polyphenolic compound that is used as food spice, coloring agent and curing agent since the 

ancient time. This refers to its anti-inflammatory, antibacterial, anticancer and antioxidant 
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properties [82]. It is composed of two aryl rings that are consisted of ortho-methoxy phenolic OH 

functional groups. The presence of intermolecular hydrogen atom transfer in curcumin's structure 

causes equilibrium between its keto and enol forms (See Figure I.2) [82].  

 

 

Figure I. 2: Keto and enol forms of curcumin. 

 

Curcumin is relatively insoluble in water due to its hydrophobic nature; however, its 

solubility is improved in basic solvents. As such, it is highly soluble in organic solvents such as, 

methanol, ethanol, acetone and dichloromethane [83]. Curcumin's stability is very essential to 

preserve its physiological characteristics. Research has shown that curcumin has light yellow 

color under acidic and neutral conditions (pH 2.5–7.0) where it becomes red under basic 

conditions (pH above 7) [84]. Moreover, the degradation of curcumin depends greatly on the pH 

conditions. It was stated that curcumin degrades faster in neutral-basic media than in acidic 

medium [85].  

Curcumin proves its potential to be used as anti-inflammatory agent [86], anti-cancer 

agent [87], and inhibitor of lipid peroxidation [88]. However, its function is not limited to that, as 
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it was also used as a reducing agent to synthesize metallic nanoparticles. In this regard, Kundu et 

al. were able to synthesize silver nanoparticles (Ag NPs) by the reduction of Ag(I) under the 

action of curcumin, which was utilized as a reducing and stabilizing agent. By altering the molar  

ratio of Ag(I) to curcumin and other reaction parameters, different shapes and sizes (small and 

large spheres, nanowires and anisotropic nanoflakes) of Ag NPs were formed [89]. Kumar et al. 

used curcumin as a reducing and functionalizing agent to manufacture gold nanoparticles [90].  

Likewise, El Kurdi et al. prepared gold nanoparticles (Au NPs) by using curcumin, which 

reduced Au(III) to Au(0). They were able to form different size of spherical Au NPs (from 30 nm 

to 140 nm) by tuning the concentration of curcumin [91].  

Furthermore, curcumin was used as a conjugating agent for synthesizing nanoparticles 

in a green route. Dey et al. directly conjugated curcumin on the surface of water soluble polymer 

stabilized gold nanoparticles through pH dependent succinate linker [92]. Cheng et al. 

demonstrated that curcumin can naturally conjugate to the magnetic nanoparticles (MNPs) made 

of super paramagnetic iron oxide (SPIO) surface. Stabilizing curcumin-conjugated MNPs with 

glycol-polylactic acid block copolymer and polyvinylpyrrolidone polymer yields biocompatible 

and stable curcumin magnetic nanoparticles with narrow size distribution (0.14) and average 

particle diameter less than 100 nm [93]. In addition, Singh et al. loaded curcumin in silica 

nanoparticles resulting complexes that were conjugated with short oligomer hyaluronic acid 

(HA4). Curcumin-silica nanoparticle formed had a zeta potential value of -26 mV and an average 

particle size of few nm [94]. Moussawi et al. prepared successfully curcumin conjugated zinc 

oxide nanostructures. The nanoparticles produced were with sub-micro grain-like structures, 

which come from the self-assemblies of single needle-shaped nanoparticles. They possessed the 
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wurtzite hexagonal crystal structure of ZnO with good crystallinity, and the particles were found 

to be with width from 10 to 20 nm and length of 200 nm  [95].  

 

As these specific properties and different synthesis methods have shown, copper oxide 

nanoparticles are highly used in different domains. Thus, it would be useful to look into different 

applications of CuO NPs.  

 

3. Applications of CuO NPs 

Copper oxide nanoparticles have several applications based on their different 

physicochemical properties, which are greatly affected by their dimensions, surface charge, 

aggregation status in liquid, magnetic and optical characteristics. These properties are influenced 

by the synthesis route, which adjusts them and enhances their applications. CuO nanostructures 

prove their potential to be utilized in different sectors including antibacterial, catalytic and 

sensing applications. 

     

a. Antibacterial Application 

The antibacterial characteristics of CuO nanostructures have attracted the interest of 

many researchers. CuO nanoparticles generally offer a high degree of physical and chemical 

stability. Most of the cellular membranes of bacterial cells own pore in the nanometer scale. 

Copper oxide with sizes less than 20 nm; have displayed antibacterial characteristics [96]. In 

addition, the antimicrobial activity of CuO has been ascribed to the generation of reactive 

oxygen species (ROS) including H2O2, · OH, ·HO2 and ·O2
- that can take place without exposure 

to any visible light due to the small band gap of CuO [97]. Zhang et al. stated that the use of 



19 
 
 

 

CuO-water suspensions improves the production of ROS within bacterial cells [6]. Free radicals 

are generated as a result of the interaction between the produced ROS and the outer cell walls. 

The radicals penetrate into the inner cell membranes causing a disturbance of the cells' contents 

[97]. The type of the cell wall configurations seems to affect the efficiency of the antimicrobial 

agent [96]. For instance, S.aureus is made of numerous layers of peptidoglycan with several 

pores that are proposed to be more disposed to intracellular transduction. In contrast, E. coli is 

composed of thin cell wall, mainly consisting of peptidoglycan and outer layers of 

phospholipids, lipoprotein and lipopolysaccharide that are less susceptible to being attacked by 

CuO nanoparticles. Thus, CuO NPs have a lower antimicrobial activity against E. coli than S. 

aureus [96], [97]. Moreover, Goyal et al. reported that the dimensions and surface characteristics 

of nanostructures related to their antimicrobial activities. It seems that particles with small 

dimensions and a large surface area have higher antibacterial activity than the particles with large 

dimensions and a small surface area. Nanostructured CuO exhibited a great antimicrobial activity 

against Bacillus subtilis [98]. El-Nahhal et al. examined the antibacterial activity of CuS NPs-

coated cotton dressings and CuO NPs-coated cotton dressings. Both were treated with S. aureus 

and E. coli for comparing the antimicrobial activity of the two coating systems in a Gram 

positive and Gram negative model, respectively. The results showed that the sample with CuS 

NPs didn’t exhibit any decrease in the viability of tested bacteria, whereas a major antibacterial 

activity found for the sample with CuO NPs [99]. Ahamed et al. determined the antimicrobial 

activity of CuO NPs against several bacterial strains (Escherichia coli, Enterococcus faecalis, 

Pseudomonas aeruginosa, Klebsiella pneumonia, Salmonella typhimurium, Shigella flexneri, 

Staphylococcus aureus and Proteus vulgaris). The results showed that the greatest antimicrobial 



20 
 
 

 

activity of CuO NPs was achieved with E. faecalis and E. coli, whereas it was at its lowest with 

K. pneumonia [100]. 

 

b. Toxicity of CuO NPs 

Nanostructured CuO exhibited various toxic activities in vivo and in vitro when 

examined on different animal models and on mammalian cells [101], [102]. In 1995, a study by 

Aruaja et al. verified that the bioavailability of copper is the major reason to study the toxicity, 

same to that of toxic heavy metals situation [103].        

Numerous properties can be changed to affect the toxicity of CuO nanoparticles: 

1. Dimensions: large nanoparticles are less toxic than the smaller ones.  

2. Surface charge: positive charge promotes the toxicity of the nanoparticles. The 

positive charge enables the interactions between nanoparticles and cells. 

3. Dissolution: pH and the temperature of the solution influence the dissolution of 

CuO NPs that affects greatly their toxicity[104].   

CuO nanostructures seem to be twenty times more toxic to the protozoan Tetrahymena 

thermophile than their bulk counterpart.  It has been determined that the exposure time 

influences the toxicity, the highest efficiency being achieved between 4 and 24 h of exposure 

[105], [106]. Several studies compared the toxicity of CuO NPs with their bulk material. For 

instance, Aruoja et al. studied the toxicity of CuO NPs on algae for the first time. They applied 

different concentrations of the test substance to the algal cultures. The results showed that CuO 

NPs were more toxic to algae than their bulk parts, and the toxic effects of CuO NPs were 

conserved for at least 72 h [103]. Saison et al. performed the toxicity of core-shell copper oxide 

nanoparticles coated with polystyrene on Chlamydomonas reinhardtii. The results showed that 
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this nanosystem was toxic for this algae and the surface characteristics of the nanoparticles were 

confirmed their role in causing the toxicity [107]. Nations et al. also studied the effects of CuO  

nanoparticles on Xenopus laevis tadpoles through metamorphosis. The tested CuO NPs were 

with size in the range from 23-37 nm and surface area of 24-40 m2.g-1. The results showed that at 

least 40 % mortality in all test categories was achieved when exposed to CuO NPs for five days 

[108]. Thit et al. targeted the role of ROS generation and revealed the steps that occur during the 

toxicity of CuO NPs. They used N-acetylcysteine to test if the DNA cytotoxicity and damage 

will diminish by increasing the cellular oxidative defense. The results exhibited that Cu2+ was 

less toxic than CuO NPs, referring to the rise in the ROS release; they also showed DNA damage 

and a drop in the reduced glutathione levels as compared to the control experiment [109]. 

Furthermore, Sun et al. utilized human cardiac microvascular endothelial cells to compare 

between the cytotoxic effects of CuO NPs, Al2O3 NPs, ZnO NPs, Fe2O3 NPs and Fe2O4 NPs on 

these cells. Cells were treated with various concentrations of nanoparticles ranging from 0.001 to 

100 g/mL for 12 to 24 h, and their proliferations were analyzed by the reduction of MTT assay. 

At all points, results revealed that CuO NPs and ZnO NPs had the major cytotoxic effect on 

endothelial cells [110]. Ahir et al. studied the cytotoxicity of CuO NPs against HEP G2 cells, and 

the results exhibited an inhibition for melanoma cells' growth. Folic acid functionalized CuO 

NPs verified their ability to be an effective therapeutic choice against cells of triple negative 

breast cancer [111]. Trojan horse was the type suggested for the mechanism of the toxicity of 

CuO NPs in the cellular membrane (See Figure I.3). In case of soluble nanoparticles, they can 

penetrate the membrane and cancel its barrier role. When nanoparticles enter the cell, they can 

dissolve at the intracellular pH, which is acidic with a value of 4.5. Thus, the metal ions cause 

pores in the membrane [112], [113].
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Figure I.3: Toxicity mechanism of CuO nanoparticles in cells. 

 

c. Catalytic Application  

CuO nanoparticles were used in catalysis field due to their small size and many active 

sites, which allowed them to have a large surface to volume ratio, unlike their bulk parts. 

 Devi et al. used Centella asiatica (L.) leaves extracts for the green synthesis of CuO 

NPs at ambient temperature. They applied CuO nanostructures as photocatalysts to reduce 

methyl orange to its leuco form without the use of any reducing agent. This method is considered 

cheaper than other methods [114]. Katwal et al. investigated electrochemical approach with 

different reaction conditions to synthesize CuO NPs. The CuO nanostructures were used as 

photocatalysts to degrade methylene blue (MB), methylene red (MR) and Congo red (CR) dyes. 

The results showed that methylene blue dye had the highest degradation (about 93%) and the rate 
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constant for MB, MR and CR was found to be 0.02059, 0.02046, and 0.01749 min_1, respectively 

[115]. Moreover, Rao et al. followed the precipitation method to prepare CuO NPs with and 

without surfactant. The authors studied the effect of using cetyltrimethylammonium bromide 

(CTAB) and sodium dodecyl sulfate (SDS), as surfactants, on the morphology of CuO 

nanostructures. Different CuO NPs prepared with and without surfactant were used as visible 

light induced photocatalysts for the degradation of methylene blue dye. The results found that the 

efficient degradation of the dye was achieved when using CuO nano-catalysts prepared in the 

presence of SDS surfactant, referring to its plate-like structure. This study confirmed the effect of 

the shape and morphology of CuO NPs on their catalytic activity [50]. Moreover, CuO 

nanostructures prepared using Oak fruit hull were successfully utilized for the catalytic 

degradation of basic violet 3 dye in aqueous medium [76]. In addition, CuO NPs, prepared using 

the extract of Rheum palmatum, proved their catalytic ability to degrade 4-nitrophenol, Congo 

red, rhodamine B and methylene blue [116].  

   

d. Sensing Application 

CuO nanostructures employed to detect several molecules including glucose, hydrogen 

cyanide and carbon monoxide. The sensing characteristics greatly depend on the chemical 

reaction that occurs at the surface of the sensor. The specific area is the principle factor to attain 

high sensitivity sensor. The sensing property of CuO NPs gets a lot of attentions, due to the fact 

that they own high surface area to volume ratio. Moreover, the shape and morphology of CuO 

NPs seemed to influence their sensing application; for instance, columnar crystals always reveal 

lower sensitivity than the spherical ones. Yang et al. reported that the specific surface area of 

CuO NPs is a key factor in detecting HCN. CuO nanomaterial used to cover the both sides of a 
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silver-coated quartz crystal microbalance (QCM) resonator. The absorbance of HCN gas on the 

sensor determined through the shift of resonant frequency. Upon decreasing the specific area of 

CuO NPs used for coating the probe from 9.3 to 1.5m2/g, the sensitivity was directly diminishing 

from 2.26 to 0.31 Hz/𝜇g [117]. Aslani et al. also determined CO gas using several CuO 

nanostructures synthesized by solvothermal method as a function of size and shape of 

nanoparticles. The results indicated that the cloud like structures of CuO with high surface area 

to volume ratio have higher sensitivity and limit of detection than other shapes [118]. Both 

studies confirm that the sensitivity of sensor depends on the shape as well as on the surface area 

of the nanostructure. Furthermore, CuO thin films verified their high sensitivity toward different 

gas species, such as C2H5OH [119], [120], NO2 [121], [122], and H2S [123], [124].   

Detecting glucose is an additional application of CuO nanostructures in sensing field. 

Most of the conventional approaches used to detect glucose depend on the use of enzyme 

glucose oxidase in the sensor. This enzyme acts as a catalyst for the oxidation of glucose in to 

glucolactone and instantaneously gives H2O2. Then, the estimation of H2O2 from electrochemical 

response is directly related to the glucose level. Though, these conventional methods suffer from 

the deficiency of enzyme stability, inconvenience cost, difficult immobilization strategies of 

enzyme, and the presence of interferences with the operating conditions. CuO nanostructures 

utilized as working electrode to design non-enzymatic glucose sensor and to solve all the 

mentioned drawbacks of the enzyme based sensors [125]–[127]. Thus, non-enzymatic sensors 

are very stable, quite selective, have quick response and a high level of repeatability [128].
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B. Aims 

Copper oxide nanoparticles attract numerous interests for its applicability in catalysis 

and sensing applications targeting specific systems. This work aims to synthesize copper oxide 

nanoparticles in a green synthetic assay using curcumin as a conjugating agent in the presence of 

a stabilizing/coating agent aiming specific application  . 

Methylene blue dye is extensively used in a large number of industries and is often 

discharged in water without any convenient action. In chapter III of this work, we primarily aim 

to investigate the influence of cetyl trimethylammonium bromide, acting as a capping agent, on 

the size and shape of curcumin conjugated CuO NPs. Secondly, we will optimize these 

nanoparticles by studying the effect of several reaction parameters starting with copper salt 

precursor, curcumin's concentration, pH and temperature. Finally, we will use different sizes and 

shapes of CuO NPs as nano-catalysts for the reduction of methylene blue. UV-Visible 

measurements will be used to monitor the reduction process. 

Dopamine is an organic neurotransmitter in nervous, hormonal and cardiovascular 

systems. It plays an essential role in happiness, pleasure, cognition, and fine motor control. Any 

defect in its level may cause dangerous diseases as well as severe psychological problems. In 

regards, the approach of chapter IV is to functionalize CuO nanoparticles with a supramolecular 

host molecule, cucurbit[6]uril, to have a host guest interaction between CuO nanoparticles and 

probe (guest) molecules, acridine orange. After that, we will study the fluorescence quenching of 

acridine orange caused by CuO NPs via FRET phenomenon. Finally, we will focus on the 

recovery of the fluorescence quenching through the detection of dopamine.
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The agency for toxic substances has classified mercury as the third toxic heavy metal 

because of its contribution to fatal health problems. Accordingly, chapter V of this work aims to 

design a sensitive strategy involving non-cross-linking of poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) (F-108) stabilized copper oxide 

nanoparticles for the detection of mercury ions. 

Cystinuria is a congenital metabolic disease caused by the formation of cystine stones in 

the renal tract. It is preferably to be diagnosed at earlier stage by measuring the concentration of 

cystine. Hence, chapter VI of this work will focus on the usage of glutathione capped copper 

oxide nanoparticles to detect cystine. 

Persulfate ions are widely used in different industrial sectors and they are known to 

cause severe diseases, like asthma and skin reactions. Thus, chapter VII will concentrate on 

detecting persulfate anions using copper oxide nanoparticles prepared in the presence of cetyl 

trimethylammonium bromide (those that are prepared in chapter III  (.  

In chapters V, VI, and VII we will monitor the measurements using resonance Rayleigh 

scattering technique. Moreover, we will study the selectivity of the proposed methods towards 

other analytes that could interfere in the measurements. Then, we will study the selectivity of our 

tested analyte to other surfactant capped CuO NPs that have the same charge as the studied ones. 

Finally, we will apply the strategy on real samples.
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CHAPTER II 

                                    MATERIALS AND METHODS 

 

A. Materials  

All the chemicals used in our research work are presented in table II.1 with their 

respective chemical formulas, chemical structures, purities and sources. 

 

Table II. 1: List of chemicals used. 

Nomenclature Chemical 

formula 

Chemical structure Purity Source 

 

Acetaminophen 

 

C8H9NO2 
 

99% Merck 

 

Acridine orange 

 

C17H19N3 

 
 

80% Acros Organics 

 
 

 

Alanine 

 

C3H7NO2 

 

 

99% Sigma Aldrich 

 

Aluminium nitrate 

 

Al(NO3)3 

 

98%  

J.T Baker 
 

 

Ascorbic acid 

 

C6H8O6 

 

99% Fluka 

 
 

https://pubchem.ncbi.nlm.nih.gov/#query=C17H19N3
https://pubchem.ncbi.nlm.nih.gov/#query=C17H19N3
https://pubchem.ncbi.nlm.nih.gov/#query=C3H7NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H8O6
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Cucurbit [6] uril hydrate 

 

 

C36H36N24O12 

 
 

98% Fluka 

 

Cupric chloride dehydrate 

 

CuCl2.2H2O 
 

99% Sigma Aldrich 

 

Cupric sulfate 

 

CuSO4 

 

99% Sigma Aldrich 

 

Curcumin 

 

C21H20O6 

 

94% Sigma Aldrich 

 
 

 

Cystine  

 

C6H12N2O4S2 

 

 

98% Merck 

 
 

 

Dopamine 

 

C8H11NO2 

 
 

98% Merck 

 

 

Ethanol 

 

CH3CH2OH 

 

 

 

99% Sigma Aldrich 

 

Glucose 

 

C6H12O6 

 

99% Sigma Aldrich 

 

 

Glutamic acid 

 

C5H9NO4 

 
 

99% Sigma Aldrich 

https://pubchem.ncbi.nlm.nih.gov/#query=C36H36N24O12
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12N2O4S2
https://pubchem.ncbi.nlm.nih.gov/#query=C8H11NO2
https://pubchem.ncbi.nlm.nih.gov/#query=C6H12O6
https://pubchem.ncbi.nlm.nih.gov/#query=C5H9NO4
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Glutathione C10H17N3O6S 

 

98% Fluka 

 

 

Histidine 

 

C6H9N3O2 

 
 

98% Sigma Aldrich 

 

Lead (II) Nitrate 

 

Pb(NO3)2 

 

99% Fisher 

 

 

Mercury (II) nitrate hexahydrate 

 

Hg(NO3)2·7H2O 

 

98% Fisher 

 

 

Methylene blue 

 

C16H18ClN3S 

 

82% Acros Organics 

 

 

Nickel (II) nitrate 

 

Ni(NO3)2 

 

98% Fisher 

Poly(ethylene glycol)-block-

poly(propylene glycol)-block-

poly(ethylene glycol) 

 

 

 

30% Sigma Aldrich 

 

Potassium carbonate 

 

K2CO3 
 

99% Sigma Aldrich 

 

Potassium nitrate 

 

KNO3 
 

99% Sigma Aldrich 

 

Potassium persulfate 

 

K2S2O8 
 

99% Sigma Aldrich 

https://pubchem.ncbi.nlm.nih.gov/#query=C10H17N3O6S
https://pubchem.ncbi.nlm.nih.gov/#query=C6H9N3O2
https://pubchem.ncbi.nlm.nih.gov/#query=K2S2O8
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Potassium phosphate 

 

K3PO4 

 

98% Sigma Aldrich 

 

Silver nitrate 

 

AgNO3 

 

 

99% Sigma Aldrich 

 

Sodium hydroxide 

 

NaOH  

99% Merck 

 

 

Sodium nitrate 

 

NaNO3 
 

99% Merck 

 

 

Trioctylphosphine 

 

C24H51P 

 
 

90% Sigma Aldrich 

 

Tryptophan 

 

C11H12N2O2 

 
 

98.5% Merck 

 

Tyrosine 

 

C9H11NO3 

 
 

99% Merck 

 

Uric acid 

 

C5H4N4O3 

 
 

99% Fluka 

 

 

Valine 

 

C5H11NO2 

 

 

99% Merck 

 

Zinc nitrate hexahydrate 

 

Zn(NO3)2.6H2O 

 

98% Acros Organics 

 

https://pubchem.ncbi.nlm.nih.gov/#query=AgNO3
https://pubchem.ncbi.nlm.nih.gov/#query=NaNO3
https://pubchem.ncbi.nlm.nih.gov/#query=C24H51P
https://pubchem.ncbi.nlm.nih.gov/#query=C11H12N2O2
https://pubchem.ncbi.nlm.nih.gov/#query=C9H11NO3
https://pubchem.ncbi.nlm.nih.gov/#query=C9H11NO3
https://pubchem.ncbi.nlm.nih.gov/#query=C5H4N4O3
https://pubchem.ncbi.nlm.nih.gov/#query=C5H11NO2
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B. Sample Preparation  

The synthesis of CuO NPs/NGs was done as described below and presented in Figure 

II.1. The preparation of CuO NPs/NGs was achieved in extreme alkaline media, using cupric 

chloride dihydrate as a salt precursor, a specific surfactant as a stabilizing agent and curcumin as 

a conjugating agent. Briefly, 1 mL of NaOH (C= 1mM) was added to 1 mM of curcumin 

(m=3.68 mg) dissolved in 10 mL of ethanol. Then, this solution was added to a specific 

concentration of the surfactant dissolved in 15 mL of double distilled water (DDW) heated at 

80℃. To this, 10 mM of CuCl2.2H2O (m=0.025g) dissolved in 15 mL DDW heated at 80 °C was 

added, and the mixture was stirred at 400 rpm for one hour under water reflux at 80 C. In order, 

to get the copper oxide NPs/NGs, the final solution was centrifuged at 37800xg for 10 minutes 

and the precipitate was dissolved in DDW for further usage.  
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Figure II.1: Schematic illustration of CuO NPs/NGs synthesis. 

C. Instrumentation  

Scanning electron microscopy (SEM) analysis was done using a Tescan, Vega 3 LMU 

with an Oxford EDX detector (Inca XmaW20). The accelerating voltage was 5 kV with a 

magnification of 500 nm. In short, few drops of copper oxide nanoparticles solution were 

deposited on an aluminum stub and coated with carbon conductive adhesive tape. Zeta potential 

and dynamic light scattering value were measured using Particulate systems, NanoPlus Zeta 

Potential/Nano Particle analyzer. The absorption spectra were recorded at room temperature  

using a JASCO V-570 UV-VIS-NIR spectrophotometer in the wavelength range of 200–800 nm 

in a 3 mL cuvette.  Fluorescence spectrum was measured using a Jobin-Yvon-Horiba Fluorolog 

III fluorometer and the FluorEssence program. The excitation source was a 100 W Xenon lamp, 

and the detector used was R-928 instrument operating at a voltage of 950 V by keeping the 

excitation and emission slits width at 5 nm. The wavelength interval was kept at 0 nm (Δ = 0 

nm) in synchronous fluorescence scan (SFS) mode to measure the resonance Rayleigh scattering 

(RRS) spectrum. For all spectroscopic measurements, the collected CuO nanoparticles were 

mixed with 10 mL of DDW and stored. From this solution 0.1 mL was transferred and diluted to 

3 mL with DDW and the measurement was carried out in a 3 mL cuvette. The X-ray diffraction 

(XRD) data were collected using a Bruker d8 discover X-ray diffractometer equipped with Cu-

Ka radiation (  = 1.5405 Å). The monochromator used was a Johansson type monochromator. 

FT-IR spectra were recorded on a FT-IR-Raman spectrometer. A Thermo Nicolet 4700 Fourier 

Transform Infrared spectrometer equipped with a Class 1 laser was used for this purpose. The 

KBr pellet technique was applied to perform the transmission experiments in the range between 

4000 and 500 cm-1. Thermo gravimetric analysis (TGA) was performed using a Netzsch TGA 
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209 in the temperature range of 30 to 1000  C with an increase of 10 C. min-1 under N2 

atmosphere.  

 

D. Optimization of the Reaction Parameters 

Different sizes and shapes of Copper oxide nanoparticles can be produced based on the 

reaction parameters. In this context, several parameters were modified during the preparation to 

test their effect on the formed NPs. They are listed below: 

• Type of salt precursor 

• Concentration of curcumin. 

• pH. 

• Reflux temperature.  

The synthesized nanoparticles were characterized using spectroscopic and microscopic 

techniques.  

 

E. Application of Copper oxide Nanoparticles 

Copper oxide nanoparticles take a great importance in different fields. Copper oxide 

nanoparticles have been used as catalyst, antioxidant, anticancer, quenching agent, and in many 

sensing applications, etc. In our research work, different applications were carried out to examine 

the efficiency and suitability of these nanoparticles. However, the focus was on the following 

applications:  

• The use of CuO nanoparticles, as nano-catalysts, for the reduction of methylene blue dye.  
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• The use of CuO nanoparticles, as nanoprobe, to detect different molecules like: 

➢ Neurotransmitter molecule as dopamine. 

➢ Heavy metal Cations as mercury ions. 

➢ Amino acids as cystine. 

➢ Anions as persulfate ions.  

It is important to mention that for each application, the sample preparation is developed 

in its specific chapter.
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CHAPTER III 

GREEN SYNTHESIS OF CURCUMIN CONJUGATED CUO 

NANOPARTICLES FOR CATALYTIC REDUCTION OF 

METHYLENE BLUE 

 

A. Introduction 

Nanomaterials take a major place in science and technology because of their relevant 

physical and chemical properties. These properties include but not restricted to electrical 

resistivity and conductivity, diffusivity, hardness and strength, chemical reactivity and biological 

actions [129], [130].  

Copper oxide nanoparticles belong to metal oxide nanoparticles family. They got a great 

attention recently because they were not used intensively in the past compared with other metal 

oxide nanoparticles, like TiO2, ZnO, WO3 and SnO2.   

CuO NPs have been applied as active catalysts for the degradation of organic molecules 

[131], as transistors for batteries, as gas sensors, as field emitters in solar cell application, as 

antioxidants agents for drug delivery and as imaging agents in biomedical applications [1]. In 

order to produce qualified nanomaterials of known and controllable shape, composition, 

dimensions, size and distribution, several methods with various physical and chemical strategies 

have been used to synthesize CuO nanoparticles. Usually, the standard direct solution method is 

considered from the easiest methods to synthesize CuO NPs. This method is considered simple 

and fast with low cost. However, it might use toxic and unfriendly reagents as sodium 

borohydride or citrate anions, etc. 



37 
 
 

 

 

Most of the NPs need stabilizing and capping agents in order to stabilize them and 

uniform their shape. In general, surfactants have hydrophilic head that adsorb on the NPs' surface 

and hydrophobic tail, which causes the steric repulsion and prevents the aggregation of NPs. 

Moreover, many studies have verified the importance of using surfactant with high ion density 

,such as polyvinylpyrolidone [132] and cetyl trimethylammonium bromide (CTAB) [133] to 

stabilize different NPs. CTAB is a cationic surfactant that is widely used to stabilize NPs. It gets 

dissolved in both polar and non-polar solvents; the polar amide group of CTAB attaches to the 

surface of NPs and prevents their aggregation by electrostatic and steric mechanisms.  

Nowadays, organic dyes are representing the major pollutants in our environment and 

this is related directly to their recalcitrance. Organic dyes are widely used in paper, textile, 

pharmaceutical and food industries [134], [135]. One of the most used organic dyes is methylene 

blue (MB), it is a cationic dye and used in the production of rubber and plastic. It can cause 

hazardous ecological problems to the environment, especially to the water if it is extruded 

without any convenient action. So, building efficient and simple method for dyes degradation is 

very important to have a harmless environment and it is the goal of many researchers. NPs prove 

their catalytic activity for organic dyes' degradation; this is due to their large surface-to-volume 

ratios [136]. Pourahmad et al. [137] illustrated the degradation of MB using silver sulfide NPs 

and Ganapuram et al. [138] reported the efficiency of gold NPs to degrade MB dye. However, 

the synthesis of copper oxide NPs is less expensive compared to gold and silver NPs, which 

make them more convenient to be used as nano-catalysts for dyes reduction [139].  

In this work, we aim to synthesize stable CuO NPs using green synthesis method and 

simple procedure, where curcumin and CTAB are applied as conjugating and capping agents of 
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the NPs to improve their stability, respectively. Several synthetic conditions are optimized to 

synthesize different shapes of CuO NPs. Since the use of CuO NPs as nano-catalyst is not widely 

reported, the efficiency of CuO NPs is tested for different shape/size in the reduction reaction of 

methylene blue. 

 

B.  Results and Discussion 

1.   Synthesis of CuO NPs 

The synthesis of CuO NPs in the experiment was carried out using CuCl2.2H2O as a salt 

precursor, curcumin as a conjugating agent and CTAB as a stabilizing agent. The reaction was 

performed at 80℃, in extreme alkaline condition (pH =13), under reflux and stirring for 1 hour. 

To verify the role of CTAB as a stabilizing agent, two experiments were done without and with 

CTAB. The difference between the two experiments was verified by SEM, zeta potential, UV-

Visible and fluorescence spectroscopic analysis.  

The main difference in the two experiments was easily verified by SEM, where grains 

and aggregated spheres were obtained with and without CTAB, respectively (See Figure 

III.1A&B). In addition, EDX analysis was done to examine the composition of the prepared NPs. 

The EDX analysis depicted in Figure III.1C and indicated the presence of Cu and O atoms, 

confirming the formation of CuO NGs.

A B 
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Figure III.1: SEM images of CuO NGs/NPs prepared (A) with CTAB, (B) without CTAB and 

(C) the relative EDX analysis of sample A. 

 

This difference indicates the role of CTAB as a stabilizing agent through the formation 

of uniform copper oxide nanograins (CuO NGs). In the absence of CTAB, curcumin is being 

conjugated with Cu2+ in all the sides and the growth of CuO NPs is occurred in all sides 

uniformly, leading to the production of spherical CuO NPs.  In contrast, uniform CuO in grains 

shape were formed in presence of CTAB. This is due to the fact that CTAB micelles at high 

temperature and extreme alkaline media transfer from vesicle to long grains like micelle and 

thereby inducing the formation of CuO NGs.

500 nm 

C 

500 nm 

A B 
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The presence of CTAB as a stabilizing agent on the surface of the CuO NGs formed 

was also confirmed by zeta potential analysis as shown in Figure III.2. The CuO NGs prepared in 

the presence of CTAB were positively charged and the CuO NPs prepared without CTAB were 

negatively charged. 

  

 

Figure III.2: Zeta potential analysis for the (A) CuO NGs prepared with CTAB and (B) CuO NPs 

prepared without CTAB. 

 

This difference in the charge is mainly due to the fact that CTAB molecules containing 

N+ head groups were adsorbed on the outer layer of the CuO NGs, inducing their stabilization 

and in consequence the formation of positively charged CuO NGs.  In contrast, the CuO NPs 
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obtained in the absence of CTAB possessed negative charge on their surface, due to the 

formation of hydroxide ions provenience from curcumin molecules in basic media.   

Moreover, the formed CuO NGs/NPs were characterized by UV-Visible absorption 

analysis (See Figure III.3A). In general, the most common peaks of CuO NGs/NPs present in the 

region from 400 to 600 nm [1], [140]. However, , no definite peaks were obtained in the 

spectrum, due to the fact that CuO NGs/NPs present in colloidal dispersion resulting from the 

excitation of Plasmon resonance that is the characteristic property of the metallic feature of the 

particles. Hence, the UV-Visible spectrum obtained demonstrates the presence of Mie scattering 

profile without the appearance of clear surface Plasmon band. 
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Figure III.3: (A) UV-Visible absorption and (B) RRS spectra of the CuO NGs/NPs prepared 

with/without CTAB. 

 

The CuO NGs/NPs were also monitored by RRS spectra as shown in Figure III.3B. 

CuO NGs/NPs gave two major peaks around 380 nm and 435 nm and one minor peak at 535 nm 

in the RRS spectra, where the highest RRS intensity was found for CuO NGs prepared in the 

presence of CTAB. In fact, at extreme alkaline pH CTAB micelle presents in cylindrical form, 

which induces the formation of grains shape. CTAB, acting as a stabilizing agent, inhibits the 
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decomposition of the NGs and thereby increases their stability in the solution. The presence of 

CTAB as surfactant around CuO nanoparticles increases their hydrodynamic radius of the 

nanoparticles and consequently enhances their RRS intensity. 

 

2.  Reaction Optimization 

Different shapes and sizes of copper oxide NGs/NPs could be produced according to the 

materials and conditions used. The synthesis of copper oxide NGs/NPs was optimized by varying 

several reaction parameters, including the type of the salt precursor, the concentration of 

mediator curcumin, the pH of the media and the temperature of the reaction. 

 

• Effect of Salt Precursor 

Initially, three different copper salt precursors were tested namely CuCl2.2H2O, CuCl 

and CuSO4, using curcumin as a conjugating agent, CTAB as a stabilizing agent in alkaline 

media (pH =13) at 80℃.  Initially, the SEM images verified the formation of different shapes of 

CuO NPs by using different precursors. The use of CuCl2.2H2O and CuCl as salt precursors 

allowed the formation of grains shape CuO (See Figure III.4A&B), whereas CuCl2.2H2O 

produced thinner grains than CuCl. In contrast, spherical CuO NPs were produced, while using 

CuSO4 as a salt precursor as shown in Figure III.4C. This also suggests that CuO NPs can be 

prepared in the presence of curcumin using any of these salt precursors in the presence of CTAB. 
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Figure III. 4: SEM images of the CuO NGs/NPs prepared using (A) CuCl2.2H2O; (B) CuCl and 

(C) CuSO4. 

 

In addition, the difference between the prepared CuO NGs or NPs resulting from the 

three different copper salt precursors is clear in the UV-visible absorption and RRS spectra (See 

Figure III.5A&B). CuO NGs obtained when using CuCl2.2H2O have the maximum absorbance 

500 nm 500 nm 

C 

500 nm 

A B 
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with a blue shift (Figure III.5A) and the highest RRS intensity for the three peaks at 380 nm, 435 

nm and 535 nm (Figure III.5B), demonstrating the different shape and the thinner rods formed 

there.  
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Figure III.5: (A) UV-Visible absorption and (B) RRS spectra of the CuO NGs/NPs prepared 

using CuCl2.2H2O, CuCl, and CuSO4.
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• Effect of Curcumin's Concentration 

The concentration of curcumin affects the nucleation rate of nanoparticles. The number 

of NPs is increased by increasing the concentration of curcumin, whereas the monodispersity is 

decreased according to Soomro et al.[141]. To understand the effect of conjugating agent’s 

concentration, three experiments were done to prepare CuO NGs/NPs at different concentration 

of curcumin; less or equal or higher than CuCl2.2H2O concentration, which are 1 mM, 10 mM 

and 20 mM, respectively. CuCl2.2H2O was used as a salt precursor, CTAB as a stabilizing agent 

at pH = 13 and under 80℃. The fluorescence emission spectra were measured at  ex = 425 nm 

and  ex = 500 nm in an emission wavelength range between 440-700 nm and 510-700 nm, 

respectively (See Figure III6A&B). 

It is obvious that the highest concentration of curcumin showed the highest intensity in 

the emission spectra excited at both wavelengths 425 and 500 nm. However, the shape of the 

peak when curcumin is used at high concentration is similar to the peak of pure curcumin. This 

reflects the fact that curcumin is being not reacted when using it at very high concentration. 
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Figure III.6: Fluorescence emission spectra of CuO NGs/NPs excited at (A) λex=425 nm and (B) 

λex=500 nm of CuO NGs/NPs at different concentration of curcumin. 

 

The results obtained when measuring the emission intensity were verified based on the 

solution color (See Figure III.7). It is remarkable that when using 20 mM of curcumin, the 

solution remains orange (initial curcumin's color). This is due to the precipitation of unreacted 

curcumin and thereby getting the highest emission intensity.  

 

 

Figure III.7: Color change of CuO NGs/NPs at different concentration of curcumin.

Increasing curcumin 

concentration 
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Therefore, equal and less concentrations of curcumin to copper salt precursor concentration were 

compared by SEM, UV-visible absorption and Resonance Rayleigh Scattering spectra. 

SEM images are shown in Figure III.8A&B and demonstrate the different shapes of 

CuO NGs/NPs obtained from the two conditions. CuO in grain shape were obtained when 

concentration of curcumin is less than that of copper salt precursor, whereas when the curcumin's 

concentration is equal to CuCl2.2H2O small spheres were obtained. 

 

 

Figure III.8: SEM images of the CuO NGs/NPs prepared using (A) [curcumin] < [Cu] and (B) 

[curcumin] = [Cu]. 

 

In addition, UV-Visible absorption spectra depicted in Figure III.9A, showed a clear 

peak at 425 nm when the concentration of copper precursor and curcumin were equal, this peak 

was absent in the other case. However, this peak is due to the absorption peak of free curcumin. 

The RRS intensity is much higher (10 fold) when the concentration of curcumin is less than 
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copper precursor (See Figure III.9B), which means that when curcumin's concentration is less 

than that of copper, all the quantity of curcumin is being reacted and conjugated to the CuO NGs.       
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Figure III.9: (A) UV-Visible absorption spectra and (B) RRS spectra of the CuO NGs/NPs 

prepared with different curcumin's concentration. 

 

• Effect of the pH 

Curcumin’s tautomeric form changes with the pH conditions. In fact, the keto form is 

predominant in acid and neutral media (3 < pH < 7) and acts as H-atom donor. However, in basic 

media pH > 8, the enol form is predominant and acts as an electron donor [142]. The pH is one of 
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the important factors that affect the size/composition of NPs. The size of NPs is increased by 

increasing the pH of the reaction. Moreover, copper NPs are produced at lower pH in opposite 

with copper oxide, which are produced at higher pH due to the presence of much hydroxides 

[143]. To investigate the effect of pH on the CuO NGs produced, five experiments were done at 

different pH environments (for pH = 4, 7, 9, 11 and 13).  

The difference was very remarkable from the color change of the solutions before and 

after centrifuging as depicted in Figure III.10. It is clear that after 1 hour reflux the change in 

color from yellow to dark brown was observed for pH = 13, confirming the formation of CuO 

NGs at this pH. Moreover, after centrifuging at 37800xg for 10 minutes, a black precipitate was 

formed only for pH = 13, whereas no precipitate was settled down at pH < 13. 

 

 

Figure III.10: Color change of the solution (A) before centrifuging and (B) after centrifuging for 

the CuO NGs/NPs prepared at different pH. 

 

According to the UV-Visible absorption spectra (see Figure III.11A), the highest 

absorption peak was found for pH = 13 with a red shift of the wavelength from 400 nm to 460 

nm when increasing the pH. However, for pH = 4, 7, 9 and 11, the curcumin's peak remained 

A B 

pH increases pH increases 
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constant, which assumes that no reaction has took place compared to pH = 13. The peak shift 

assured the production of CuO NGs and verified the precipitation at pH 13 in Figure III.10B. In
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addition, a remarkable RRS intensity was obtained for CuO NGs formed at pH = 13 (see Figure 

III.11B), meaning that curcumin in alkaline media enhances the formation of CuO, where it acts 

as a strong electron donor (as cur3-) and gives complete conjugation reaction.  
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Figure III.11: (A) UV-Visible absorption spectra and (B) RRS spectra of the CuO NGs/NPs 

prepared at different pH. 

 

• Effect of Temperature 

To investigate the most convenient temperature to produce CuO NGs, four experiments 

were carried out at 30, 60, 80 and 90 ℃. It was clear from Figure III.12 that the color of the 
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solution changed from yellow to dark brown at T = 80 ℃ and 90 ℃, whereas it remained yellow 

at 30 ℃ and 60℃. 

 

 

Figure III.12: Color change of the solution at 30, 60, 80 & 90℃. 

 

Thus, CuO NGs formed at T = 80 ℃ and 90℃ were characterized using SEM, UV-

Visible and RRS spectra. 

SEM images presented in Figure III.13A&B showed the formation of CuO NGs in 

different diameter, where the CuO NGs formed at T = 80℃ were thinner in diameter (d = 10 - 30 

nm) compared to the ones formed at T = 90℃ (d = 40 – 50 nm). 

A B 

Temperature Increases 
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 Figure III.13: SEM image of CuO NGs prepared at (A) 80℃ and (B) at 90℃. 

 

CuO NGs that synthesized at T= 80 and 90℃ were analyzed through UV-Visible 

absorption and RRS spectra as depicted in Figure III.14A&B, respectively. In fact, CuO NGs 

prepared at 80 and 90℃ showed the highest absorbance intensity at 460 nm, which confirmed the 

formation of CuO NGs and this coincide with the color of the solutions presented in Figure 

III.12. In contrast, RRS showed the highest intensity for samples at T = 30 and 60℃. However, 

this is due to the precipitation of the copper precursor in green color after refluxing the reaction 

mixture for one hour and centrifuging at 37800xg (See Figure III.14C).  

 

 

 

500 nm 500 nm 
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Figure III.14: (A) UV-Visible absorption spectra and (B) RRS spectra of the CuO NGs prepared 

at different temperatures and (C) precipitation of CuCl2.2H2O after centrifuging at 30 and 60℃. 
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3.   Characterizations of CuO NPs 

CuO NGs/NPs prepared with/without CTAB in presence of curcumin were 

characterized using XRD technique (See Figure III.15). CuO NGs showed more diffraction 

peaks and this is due to its grain shape, which is different from the other (spherical). The 

characteristic peaks at 35.58˚, 38.68˚, 49.12˚, 61.52˚, 66.59˚ are assigned to the (111) (002), 

(202), (202), (113) and (113), which represent the reflection lines of monoclinic CuO NPs. 

These experimental results were closed with diffraction patterns of CuO NPs reported [144]. 

However, curcumin showed its characteristic peaks at 2 = 12.45˚, 14.77˚, 17.64˚, 18.35˚,  

21.40˚, 24.98˚, 25.87˚ and 27.43˚. As it is noticed the peaks of curcumin are absent in the 

diffractograms of CuO NGs, which means that all curcumin quantity had been reacted in order to 

form CuO NGs. The difference in the peak intensities for both CuO NGs/NPs prepared illustrates 

the high crystalline nature of CuO NGs formed in presence of CTAB. 
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Figure III.15: XRD diffraction pattern of curcumin, CTAB, CuO NPs/NGs with CTAB & 

curcumin, CuO NPs without CTAB/with curcumin and CuO powder. 

 

The FT-IR spectra of prepared CuO NGs/NPs, curcumin, CTAB and CuCl2.2H2O are 

depicted in Figure III.16. The FT-IR spectrum of curcumin showed a strong peak at 1635 cm-1, 

which has a predominantly mixed  (C–C) and (C=O) character. Another strong band at 1516 

cm-1 is assigned to (C=O). The 1278 and 1022 cm-1 peaks are attributed to C–O enol and C–O–

C, respectively. The benzoate trans-CH vibration peak was obtained at 967 cm-1. The band at 
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1407 cm-1 represents the in-plane bending of the hydroxyl groups of the phenolic group. 

Moreover, the FT-IR spectrum of CTAB showed two absorption bands at 2920 cm-1 and 2837 

cm-1, which are resulted from the C−H stretching vibration of methyl and methylene groups. The 

band at 1480 cm-1 comes from the C−H bending vibration. The bands between 1000 and 700 cm-

1 in the fingerprint region are attributed to C−O stretching and in-plane C−H bending vibration. 

The FT-IR spectrum of CuCl2.2H2O showed a peak at 3400 cm-1, which attributed to OH 

stretching group. In addition, two absorption peaks at 1617 cm-1 and between 1175 and 1000 cm-

1 appeared. The peak at 1617 cm-1 is due to bending vibration of OH group. However, the FT-IR 

spectra of different CuO NPs showed a broad absorption bands between 3000 and 4000 cm-1 

mainly ascribed to OH– and C−O groups on the surface of the CuO crystals nanostructure [144]. 

The peak in the range 500 – 700 cm-1 should be a stretching of Cu-O, this matches to the B2u 

mode [45]. In addition, the peak between 2920 and 2837 cm-1 was present in the FT-IR spectra 

for CuO NPs prepared with CTAB but at lower intensity, which means that CTAB are present on 

the surface of CuO NPs. The peak at 1617 cm-1 in the spectrum of CuCl2.2H2O was shifted to 

1637 cm-1 in the CuO NPs, which confirm the conversion of Cu2+ into CuO. Finally, the peaks in 

the region 1630-500 cm-1 in curcumin’s spectrum totally disappeared in CuO NGs, which 

confirm the total reaction of curcumin with CuCl2.2H2O to produce CuO NGs/NPs.



60 
 
 

 

 

3500 3000 2500 2000 1500 1000 500

CuO NGs with CTAB

CuO NPs without CTAB

Curcumin

CuCl2.2H
2
O

Wavenumber (cm-1)

CTAB

T
ra

n
sm

it
ta

n
ce

 (
a
.u

)

 

Figure III.16: FT-IR spectra of CuCl2.2H2O, CTAB, curcumin, CuO NPs without CTAB and 

CuO NGs with CTAB. 

 

Thermogravimetric degradation was also investigated for CTAB, CuCl2.2H2O, 

curcumin and CuO NGs/NPs and the results are depicted in Figure III.17. CTAB loses its whole 

mass between 200 and 280 °C, CuCl2.2H2O loses 19 % of its mass in temperature range 30-120 

°C, and this loss in mass is due to the fact that the CuCl2 used in our experiment is dihydrated. 

Then it loses 68 % in the range 400-660 °C. Curcumin loses 65 % between 200 and 560 °C. 

However, the CuO NPs prepared without CTAB showed a very small mass loss (4.5 %) in the 

range 30-140 °C, which means that the sample contains a little amount of water, and then it 

showed 13.2 % mass loss between 140 and 300 °C corresponding to the degradation of 

curcumin. Moreover, CuO NPs prepared in the presence of CTAB showed 31.5 % mass loss in 
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the temperature range 170-300 °C attributing to CTAB and 8.1% in mass loss in the range 

between 300-400 °C attributing to the curcumin. The CuO NGs/NPs that have been prepared 

showed a high stability in the range 520-1000 °C.  
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Figure III.17: TGA curves of CuCl2.2H2O, CTAB, curcumin, CuO NGs with CTAB and CuO 

NPs without CTAB. 

 

4.     Methylene Blue Reduction 

A powerful application of CuO NGs/NPs is its catalytic activity during the reduction of 

dyes. To manifest the catalytic activity of the synthesized CuO NGs/NPs, they were used as 

nano-catalysts in the reduction of MB by NaBH4. For this purpose, 150 µL of 1 mg/mL CuO 

NPs solution was added to 1.875 mL of 10 µg/mL of MB. To this solution, 200 µL of 0.5 mg/mL 
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of NaBH4 freshly prepared was added and then 775 µL of DDW was added to make the total 

volume equal to 3 mL. The final solution was kept under vigorous stirring at 800 rpm and the 
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UV-visible spectrum was recorded using 3 mL cuvette at regular interval of time every three 

minutes. 

Reduction of aqueous methylene blue to Leuco methylene blue in presence of NaBH4 

can be carried out using CuO NGs/NPs as nano-catalyst (See Figure III.18). 

 

 

Figure III.18:  Schematic illustration of methylene blue reduction. 

 

 UV-visible spectrophotometry is used to monitor the progress of the reduction reaction 

in the wavelength range 500-800 nm at room temperature, since MB shows two absorption peaks 

at 664 and 614 nm in aqueous medium [145]. Figure III.19 demonstrates the reduction of MB 

using NaBH4 without the use of copper oxide nano-catalysts for a period of 27 minute. The 

decreasing in the maximum absorption manifests the reduction of MB. However, it was observed 

a slight decrease by 1.4-fold in the maximum absorption during the 27 minutes.
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Figure III.19: Change in the absorbance of methylene blue in the absence of CuO nano-catalysts. 

 

The UV-Visible spectra of the reduction of MB using NaBH4 in the presence of CuO 

NPs prepared with/without CTAB are depicted in Figure III.20A&B, respectively. The progress 

of the reduction of MB in the presence of catalytically active CuO NGs was found to be more 

accelerated comparing with the reduction in the absence of CuO NGs/NPs. CuO NPs catalyzes 

the reduction of MB by decreasing its maximum absorption by 4.75 fold within 27 minute. 

However, CuO NGs that were prepared in presence of CTAB showed the most convenient 

catalytic action for the reduction of MB, where it illustrated the decrease in MB’s absorption 

12.6-fold after 18 minutes. These results are in accordance with the fact that small NGs have 

more catalytic activity from the aggregated spheres ones [143].
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Figure III.20:  Change in the absorbance of methylene blue (A) in the presence of CuO NPs 

prepared without CTAB, (B) in the presence of CuO NGs prepared with CTAB. 

 

The difference in the reduction activity was very clear when plotting the maximum 

absorbance at 660 nm versus time (in minutes), See Figure III.21. The enhancement of the 

reduction of MB in the presence of CuO NGs/NPs is due to the increase in the electrons that are 
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accepted by MB, since the nano-catalysts tend to accept electrons from BH4
- and transfer them to 

the dye.  

 

0 3 6 9 12 15 18 21 24 27 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 Blank control

 CuO NPs

 CuO NGs

Time (minutes)

A
b

so
rb

a
n

ce
 (

a
.u

)

 

Figure III. 21: Absorbance versus time for different CuO nano-catalysts. 

 

Figure III.22 depicts the linear fit between ln (A0/A) as function of time. The graphs 

showed that the reduction of MB undergoes a pseudo-first-order reaction kinetics. The rate 

constant (k) was calculated from the slope obtained. Half-life (t1/2) was estimated as (ln2)/ k. The 

values of t1/2 illustrated the highest catalytic activity of CuO NGs prepared in the presence of 

CTAB, since it has the lowest value equal to 5.9 minutes.
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Figure III.22: ln (A0/A) versus time for the different reduction activity in the absence of CuO 

nano-catalysts, in the presence of CuO NPs prepared without CTAB and in the presence of CuO 

NGs prepared with CTAB. 

 

C.  Conclusion 

Applying simple, easy, and cheap green synthesis method, curcumin conjugated copper 

oxide nanoparticles were successfully prepared in different shapes and sizes. When CTAB was 

used as capping and stabilizing agent, uniform grains shaped nanoparticles were obtained. By 

altering the experimental parameters, such as, salt precursor, curcumin's concentration, pH and 

temperature, different shapes of CuO nanoparticles were achieved. Curcumin conjugated CuO 

NGs were found to have a high crystallinity and thermal stability. These CuO NGs exhibited a 

greater catalytic activity at very low concentration 50 g/mL for the reduction of methylene blue 

dye in a short period of time.
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CHAPTER IV 

PREPARATION OF Cucurbit[6]URIL FUNCTIONLIZED CUO 

NANOPARTICLES: A NEW NANOSENSING SCHEME 

BASED ON FLUORESCENCE RECOVERY AFTER FRET FOR 

THE LABEL FREE DETERMINATION OF DOPAMINE 

 

A.  Introduction 

Copper oxide nanoparticles are from the most useful metallic nanoparticles referring to 

their eco-environmental, non-bacterial and effortless preparation properties [146]. Specifically, 

the antimicrobial and anti-cancer activities of copper oxide nanoparticles enhance their use in 

different biomedical fields, like wound healing ointments, dental work, food packaging, and 

coating on clinical equipment etc. [147], [148]. However, the biomedical application of CuO 

NPs demands functionalization with one or more biomolecules, like DNA, oligonucleotides, 

peptides and antibodies. In addition, fluorophores, polymers, surfactants, host molecules and 

others can also be conjugated depending on the application.  Such modifications of the surface of 

CuO NPs can facilitate the target application, increase the stability and reduce the cytotoxicity of 

the nanoparticles. 

Fluorescent biosensors are attracting many researchers because of their benefits ,such as 

operation convenience, rapid hybridization kinetics, and ease of automation [149]. The special 

optical and electronic characteristics of nanomaterials allow them to be the base of most 

fluorescent biosensors. Graphene oxides (GO) are from the most available nanomaterials that 

were used as a fluorescent quencher. Zheng et al. prepared GO hydrogel-based fluorescent 

method for oxytetracycline detection [150].
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 Copper oxide nanoparticles are expected to be fluorescent quencher similar to other 

metallic nanoparticles, like Au NPs. They are also expected to explore fluorescence resonance 

energy transfer (FRET) or surface energy transfer (SET) [151], [152]. In SET spectroscopic 

phenomenon, energy transfers from donor species, which are in most cases fluorophores into the 

surface of nanomaterial following 1/r4 donor-acceptor distance. The decay rate of SET is much 

slower than that of  Forster based fluorescence resonance energy transfer (FRET), since its 

energy transfer follows 1/r6 donor-acceptor distance [153]. In FRET, induced dipole mechanism 

occurs allowing the transfer of excited energy into the acceptor dipole, whereas in SET, metal 

nanoparticles supply dipole vectors on their surface because they own free conduction band 

electrons making them acceptor for energy from donor molecules [153]–[156]. The change in 

size and shape of CuO NPs allows the overlapping between absorption band of CuO NPs and the 

fluorescence band of the suggested fluorophore. This overlapping allows the occurrence of 

FRET and consequently a reduction in the fluorescence intensity of the fluorophore [157]. 

Acridine orange is a cationic dye that is used as a fluorescent probe for various applications 

[154]. For example Liu et al. used AO to functionalize magnetic nanoparticles to label nucleus 

and separate DNA [158]. 

Cucurbit[n]urils are considered important members of macrocycles family. 

Cucurbit[6]uril  (CB[6]) is the popular derivative, which consists of six units of glycoluril 

enlaced by methylene groups [159], [160]. In its function as a molecular container, CB[6] offers 

a 5.5 Å wide and 6.0 Å high cavities, which are accessible by two “portals”, composed of a rim 

of uredo carbonyl groups [161]. These tight portals (ca. 4.0 Å diameter) can lead to a constrictive 

binding [162]. Regarding the applications, CB[6] has been used in catalytic studies, in the 
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construction of fluorescent materials, and in the removal of colorants from water [163]–[165]. It 

has been manifested that fluorescence properties and photochemical stability of a fluorescent 

probe can be developed by encapsulating it with a host molecule as cucurbit[n]uril due to altered 

microenvironment [166]. CB[6] promotes the fluorescence intensity of fluorescent dyes by 

preventing their dimer aggregation and fitting the dyes in to the cavity of the host through 

carbonyl-lined portals [167]. 

Dopamine (Dop), an organic neurotransmitter in nervous, hormonal and cardiovascular 

systems, plays an essential role in happiness, pleasure, cognition, and fine motor control [168], 

[169]. Dopamine level disorder may cause severe neurological diseases, such as sleeping and 

eating disorders, depression, schizophrenia, Parkinson’s and Huntington’s diseases [170]–[172]. 

Hence, the detection of dopamine is very important for earlier diagnosis and preventing those 

disorders and diseases. Several methods have been applied for monitoring dopamine level 

including High Performance Liquid Chromatography (HPLC), electrochemical techniques, 

colorimetric method [173]–[175], and fluorescence assay [176]–[181]. However, HPLC method 

requires relatively high cost equipment and the colorimetric one suffers from its low sensitivity 

[182]. And the drawback of electrochemical approach is its low selectivity toward other 

molecules (ascorbic acid and uric acid) that coexist with dopamine in living system and are 

easily oxidized [183], [184]. Zhang et al. used gold nanoparticle-based dual-mode for dopamine 

sensing in human plasma [185]. In addition, Rithesh Raj et al. used green synthesized silver 

nanoparticles to design Surface Plasmon resonance based fiber optic dopamine sensor [186]. Liu 

et al. also designed nickel and copper oxides-decorated graphene composite for electrochemical 

determination of dopamine [187]. The fluorescence assay for dopamine detection majorly 

depends on fluorescence enhancement and fluorescence quenching. Zhang et al. utilized 
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fluorescence method for dopamine detection using in situ reaction [188]. Recently, SET 

phenomenon has been used for sensing application. Based on this, El Kurdi et al. used the SET 

phenomenon that occurred between rhodamine B dye and gold nanoparticles for ATP sensing 

[151]. Kasera et al. reported inclusion complex of perylene diimide with cucurbit[8]uril and then 

used it for the determination of dopamine [189].   

To the best of our knowledge, there is no method based on acridine orange and CuO 

system. Copper oxide nanoparticles capped with host molecule like CB[6] and complexes to 

acridine orange dye to have FRET phenomenon and for dopamine detection have been not 

reported yet. For this purpose, CuO NPs-AO complex has been prepared and used to design a 

new sensing system for dopamine estimation. 

 

B. Results and Discussion 

1. Synthesis and Characterization of Cucurbit[6]uril Conjugated CuO NGs/NPs 

The formation of CuO NGs/NPs was confirmed by measuring the UV-Visible 

absorption spectra. As shown in Figure IV.1A, CuO NGs/NPs gave a strong fundamental 

absorption peak at 278 nm, which is related to the absorption wavelength of CuO nanoparticles 

[190]. Moreover, CuO NGs/NPs were analyzed by Resonance Rayleigh Scattering (RRS) 

measured with  = 0 nm in synchronous fluorescence mode. CuO NGs/NPs gave two major 

peaks at ~382 nm and at ~428 nm and a minor peak at ~535 nm, as shown in Figure IV.1B. 

These peaks signify Rayleigh scattering of CuO in the resonance absorption wavelength region.
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Figure IV.1: (A) UV-Visible spectra and (B) Resonance Rayleigh scattering spectra at Δλ= 0 nm 

of cucurbit[6]uril and curcumin functionalized CuO NGs/NPs. 

 

Scanning electron microscopy was used to speculate the shape, size and morphology of 

CuO nanoparticles. The CuO nanoparticles were formed in two different shapes, they show a 

spherical shape with diameter (90-95 nm) and grains shape, as obtained in Figure IV.2A&B.
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Figure IV.2: SEM images of copper oxide in (A) spheres and (B) grains shape. 

 

In addition, zeta potential analysis was used to determine the charge of the particles 

formed, which gave a negative surface charge equal to -23.63 mV (See Figure IV.3). However, 

the charge of the CuO NGs/NPs depends strongly on the reaction medium. Hence, the 

preparation was made in extreme alkaline condition in the presence of curcumin, which will lead 

to the liberation of OH- ions. According to the SEM analysis, the CuO NPs were small in 

diameter. However, particle size distribution was carried out using DLS and the result is shown 

in Figure 3B. The hydrodynamic diameter obtained was around 200 nm with polydispersity 

index equal to 0.23. This value is higher than the value obtained with SEM, which suggests 

aggregated particles in solution.

500 nm 500 nm 

A B 
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Figure IV.3: (A) Corresponding zeta potential value of CuO NGs/NPs and (B) Particle size 

distribution of CuO NGs/NPs. 

 

Moreover, the phase composition and structures of CuO NGs/NPs were studied by 

XRD, as Figure IV.4 shows. The corresponding diffraction peaks were observed at 2 values of 

32.48, 35.57, 38.67, 48.68, 53.59, 57.78, 61.60, 65.97 and 67.79 corresponding to the 

(110), (111), (200), (112), (202), (020), (021), (113), (311) and (220) planes, respectively. The 

obtained pattern is close to that of monoclinic phase of CuO reported by Kumar et al.[146]. As it 

is noticed the peaks of curcumin, CB[6] and CuCl2.2H2O are totally absent in the diffractogram 

A 

B 
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of CuO NGs/NPs, which means that all curcumin had been stabilized CuCl2.2H2O and capped in 

the host of CB[6] to form CuO NGs/NPs. 
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Figure IV.4: X-ray diffraction pattern of curcumin alone, CuCl2.2H2O, CB[6] and curcumin 

conjugated CuO NGs/NPs. 

 

Thermogravimetric analysis was done to establish the stability of the prepared 

NPs/NGs. As shown in Figure IV.5, CuCl2.2H2O and CB[6] lose 19 % and 10 %, respectively of 

their masses in the temperature range (30-120) °C, due to the hydration presents in their 

composition. In addition, CuCl2.2H2O loses 68 % in the range (400-660) °C and CB[6] shows a 

continuous decomposition with almost 100% mass loss around 600 °C. Moreover, Curcumin 

loses 65 % between 200 and 560 °C. However, the CuO NGs/NPs lose around 10% of its mass 

between 30-200 °C. This loss is attributed to the loss of CB[6]. Hence, no loss of curcumin was 
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observed verifying that no unbounded curcumin is present in the sample. Finally, the 

nanoparticles showed a high thermal stability since no loss of mass was occurred above 200°C.
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Figure IV.5: TGA of curcumin alone, CuCl2.2H2O, CB[6] and CuO NGs/NPs. 

 

2. Quenching of Acridine Orange by CuO NGs/NPs 

Copper oxide nanoparticles in different shapes and sizes have been used to design 

chemical and biological sensors; this refers to their special physical and chemical characteristics. 

In this study, acridine orange was utilized as a cationic fluorescent dye regarding to its photo-

physical and spectroscopic properties. Figure IV.6 shows the UV-Vis absorption spectrum of 

acridine orange in water. Acridine orange showed a strong absorption band at 490 nm and 

another band at 467 nm, which are referred to monomer (AOH (+)) and dimer ((AOH)2(2+)) 

species, respectively.
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Figure IV.6: UV-Visible spectra for acridine orange in water. 

 

Usually, the photo-physical and spectroscopic characteristics of dyes in aqueous 

solutions depend on the molecular aggregation, dimer compared to monomer, where dimers’ 

molar fraction depends directly to the acridine orange concentration [191]. 

 

a. Sample Preparation of Acridine Orange Quenching 

Different volumes of CuO NGs/NPs were used to study the fluorescence of acridine 

orange dye. CuO NGs/NPs were dissolved in 14 mL double distilled water. Separately, 300 µM 

of AO stock solution was prepared in DDW. Then 20 µL of AO (Concentration = 2 µM) was 

added to different concentrations of CuO NGs/NPs in the range of 0 to 80 mg/L in a total volume 

of 3 mL (See Figure IV.7).
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Figure IV.7: Schematic illustration of sample preparation for acridine orange fluorescence study. 

 

b. Quenching Mechanism  

Actually, acridine orange molecules are positively charge in aqueous solution, which 

permits to bind with cucurbit[6]uril that is conjugated with CuO NGs/NPs. Binding of acridine 

orange with cucurbit uril is well established. Binding of acridine orange with cucurbit uril 

enhances the fluorescence intensity of acridine orange [190]. Once acridine orange is bound to 

CB[6], it is expected to bring CuO NGs/NPs and acridine orange together. Consequently, CuO 

NGs/NPs allow effective fluorescence quenching of acridine orange, this refers to fluorescence 

resonance energy transfer process from the donor acridine orange to the acceptor CuO NGs/NPs. 

Figure IV.8 shows the overlapping between the region of the emission spectrum of 

acridine orange and the region of the absorption spectrum of CuO NGs/NPs, suggesting possible 

fluorescence resonance energy transfer from acridine orange to CuO NGs/NPs.
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Figure IV.8: Overlapping in the regions of the emission spectrum of acridine orange and the 

absorption spectrum of CuO NPs/NGs. 

 

As expected, the presences of CuO NGs/NPs in the same mixture with acridine orange 

molecules cause a decrease in the fluorescence intensity of AO dye. The previous assumption 

was verified, since the fluorescence intensity of AO particularly diminished by the addition of 

CuO NGs/NPs, as shown in Figure IV.9A. During fluorescence intensity reduction, the 

quenching efficiency can be represented as (I0-I)/I0, where I0 and I represent the fluorescence 

intensity of acridine orange in the absence and presence of CuO NGs/NPs, respectively. 

The quenching constant (Ksv) can be obtained using Stern-Volmer equation: 

I0/I= Ksv x CCuO +1. 

In this case, the plot between I0/I and [CuO] showed a good linear relationship (with 

R2=0.9997) in a wide concentration range from 0 to 80 mg/L (See Figure IV.9B).  
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Figure IV. 9: (A) Emission spectrum excited at λ=480 nm of Acridine orange with different 

concentration of CuO NGs/NPs and (B) Linear correlation of I0/I emission intensity of Acridine 

orange vs. concentration of CuO NGs/NPs. For all the measurements n= 3. 
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Moreover, the Stern -Volmer equation can be fitted as: I0/I= 0.03547 x CCuO +1, while 

Ksv was found to be 35.47 mL/mg, equal to the slope value of the linear fit. Consequently, the 

Ksv value is deemed large, which confirms that CuO NPs/NGs capped with CB[6] are excellent 

acceptor for the donor acridine orange.  The excited state life time (0) of acridine orange in 

water was found to be 2 ns. Thus, the biomolecular quenching rate constant (kd) was calculated 

to be 17.735 x 109 mL.mg-1. s−1, according to the following equation: 

Ksv = kd x 0. 

 

3. Recovery of Fluorescence Quenching by Dopamine Detection  

a. Sample Preparation 

Detection of dopamine based on CuO NGs/NPs -AO complex as nanoprobe was 

achieved by measuring the fluorescence emission intensity at exc=480 nm, where the 

concentration of dopamine was increased in the range of 0 to 40 µM (See Figure IV.10). It is 

important to notify that when the concentration of dopamine is greater than or equal to 45 µM, 

no further increase in the fluorescence emission intensity was observed. So, linearity was tested 

in the concentration range of dopamine from 0- 40 µM.  

 

 

Figure IV.10: Schematic illustration of sample preparation for dopamine determination. 
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For this purpose, 500 µM of dopamine stock solution was prepared in DDW. Then, 

different volumes of dopamine solution were added to 400 µL of CuO NGs/NPs solution and 20  

µL of AO solution to prepare separately different concentrations of dopamine in the range of 0 to 

40 µM in a total volume of 3 mL.  

 

b. Effect of Dopamine on CuO-AO Complex 

 After adding dopamine to the mixture of CuO NPs and Acridine orange, the emission 

spectrum was recorded, and the results are shown in Figure IV.11.   
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Figure IV.11: Emission spectrum excited at λ= 480 nm of CuO NGs/NPs with different 

concentrations of dopamine. 

 

Dopamine molecule has more binding sites compared to AO. It contains aromatic ring, 

two hydroxyl groups and an amino group. These functional groups enhance the strength of Dop 

to be adsorbed on the surface of CuO NGs/NPs through host-guest complex with CB[6]. In 
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consequence, the interaction between dopamine and CB[6] conjugated CuO NPs/NGs kicks out 

AO from CB[6] and thereby increases the distance between AO and CuO NPs/NGs. This results 

in the reduction of FRET efficiency and allows the recovery of the lost fluorescence. In this  

study, reinforcement the fluorescence intensity by about 3 fold was proved through the recovery 

of fluorescence after FRET. Acridine orange as a fluorescence probe along with cucurbit[6]uril 

as a host molecule reinforces the interaction of CuO NPs/NGs with AO in order to detect 

dopamine. As the concentration of dopamine increases, desorption of AO molecules increases, 

which leads to a continuous recovery of fluorescence emission intensity. For a range of 

dopamine concentration from 0 to 5 µM and 5 to 40 µM, the linear regression equations were y = 

1.59852E6x + 9.80068x106 with R2 = 0.98414 and y = 203771.58898x + 1.70011x107 with R2 = 

0.9923, respectively (See Figure IV.12A&B). This proves that the increase in the fluorescence 

emission intensity responds linearly with the concentration of dopamine. 
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Figure IV.12: (A) Linear correlation of the emission intensity of CuO NGs/NPs-Acridine orange 

system vs. concentration of dopamine from 0-5 M and (B) Linear correlation of the emission 

intensity of CuO NGs/NPs-Acridine orange system vs. concentration dopamine from 5-40 M. 

For all the measurements n= 3. 

 

c. Limit of Detection and of Quantification for Dopamine Detection 

The limit of detection and quantification were calculated based on the K x 
𝜎

𝑠
 criterion 

(where σ is the standard deviation of the blank, m is the slope of the calibration plot and K is 

equal to 3 and 10 for LOD and LOQ, respectively). The limit of detection for dopamine 
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determination was 40 nM and the LOQ was estimated to be 130 nM.  The concentration range 

and detection limit are similar to that presented in the literature for detecting dopamine using 

nanomaterial as summarized in Table IV. The proposed method has LOD lower than other 

fluorescence method reported [192]. Though, there are two other methods based on 

electrochemical [193] and calorimetric [194] measurements having lower LOD compared to the 

proposed method, but both  methods cannot be applied for concentration higher than 20 µM, in 

case of electrochemical method it works till 7.5 µM, whereas the present method can be applied 

till 40 µM of dopamine. 

 

Table IV.1: Different reported methods based on nanomaterial for dopamine determination. 

Methods Concentration 

range 

Selectivity towards analogues LOD Reference 

Calorimetric detection 

using gold nanoparticles 

0.5-10 µM Amino acids, glucose, 

ascorbic acid, uric acid 

0.2 µM [174] 

Calorimetric detection 

using microfluidic paper 

0.5-4.75 µM Ascorbic acid, uric acid 0.37 µM [173] 

Calorimetric detection 

using silver nanoparticles 

0.1-7.5 µM Ascorbic acid, amino acids, 

metal ions 

31 nM [175] 

Electrochemical method 

polyaniline/NiO, ZnO, and 

Fe3O4 nanocomposites on 

glassy carbon electrode 

2.4-20 µM Ascorbic acid, serotonin 17 nM [193] 

Liquid chromatography 

with fluorimetric detection 

0.12-16 µM N.D 66 nM [177] 

A simple and convenient 

fluorescent strategy based 

on graphene quantum dots 

0.5-120  µM NaCl, KCl, CaCl2, glucose, 

cysteine, ascorbic acid, 

epinephrine. 

 

0.16 µM [192] 
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FRET between acridine 

orange and CuO NGs/NPs 

0-5 µM, 7-40 µM Ascorbic acid, uric acid, 

glucose, tryptophan. 

40 nM Present 

method 
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d. Selectivity of Dopamine towards CuO-AO Complex 

In order to verify the absence of specific interaction between AO and dopamine, 

fluorescence measurements for different concentrations of dopamine using CuO NGs/NPs alone 

and acridine orange alone were done. Figure IV.13 shows that no change in the fluorescence 

intensity was occurred for acridine orange in the absence of CuO NGs/NPs. Similarly, no relative 

change in the emission of CuO NGs/NPs in the absence of acridine orange at different 

concentration of dopamine was obtained. This confirms the necessity for the presence of both 

CuO NGs/NPs and acridine orange species, to form CuO NGs/NPs-AO complex for dopamine 

detection. 
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Figure IV.13: Plot of I/I0 for dopamine detection with CuO NGs/NPs-Acridine orange system, 

acridine orange alone and CuO NGs/NPs alone. For all the measurements n= 3. 
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e. Practical Application  

To test the applicability, the present method was used to estimate the analytical recovery 

of three unknown samples by using the obtained fitted calibration curves.  Table IV.2  

summarized the obtained results, where the percent of recovery of dopamine was estimated to be 

between 97 and 102% (n=3). 

 

Table IV.2: Recovery results of the proposed method. 

 Theoretical Concentration 

(µM) 

Experimental 

concentration (µM) 

Recovery (%) 

Unknown 1 3 2.905 98 

Unknown 2 12 11.7 102 

Unknown 3 33 33.5 97 

 

f. Selectivity of CuO-AO Complex towards Different Analytes 

Moreover, the evaluation of the selectivity and the specificity of the CuO NGs/NPs-AO 

system toward dopamine was achieved by measuring the fluorescence emission of CuO 

NGs/NPs in the presence of other interference molecules such as ascorbic acid, uric acid, 

glucose, tryptophan and acetaminophen. These molecules were chosen because they own similar 

structures to that of dopamine, so they normally interfere in dopamine detection. It is obvious 

that increasing the concentration of the above five molecules had no significant change in the 

fluorescence signal of CuO NGs/NPs-AO system confirming the stronger interaction between 

CuO NGs/NPs and dopamine molecules (See Figure IV.14).
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Figure IV.14: Ratio of emission intensity (I/I0) of CuO NGs/NPs-Acridine orange in the presence 

of (Dop) dopamine, (AA) ascorbic acid, (UA) uric acid, (Glu) glucose, (Try) tryptophan and 

(AC) acetaminophen. For all the measurements, n= 3. 

 

g. Stability of CuO-AO Complex with/without Dopamine 

Finally, the stability of the proposed complex was done by measuring the fluorescence 

emission intensity within 1 hour. As shown in Figure IV.15, it was found that the proposed 

nanoprobe was stable in the absence and presence of dopamine. 
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Figure IV.15: Plot of I/I0 of CuO NGs/NPs-AO complex with time in the absence and presence 

of dopamine. 

 

C. Conclusion 

Capping CuO NGs/NPs with a macrocyclic molecule, CB[6], was successfully done and 

could be attributed for designing analytical methods for biomedical application. It was found that 

CB[6] facilitates AO to come close to CuO NGs/NPs for effectively resulting FRET between 

donor AO and acceptor CuO NGs/NPs. The biomolecular quenching rate constant of the 

fluorescence reduction rate was 17.735 x 109 mL.mg-1. s−1. In the presence of dopamine, AO was 

pushed out the host, CB[6] pocket, by increasing the distance between CuO NGs/NPs and AO 

and by recovering the fluorescence intensity to ~3 fold. After FRET, fluorescence recovery of 

AO was used to develop a new nanosensing scheme for the determination of dopamine in the 

concentration range found in literature. In this method, no interference from other similar 

biological and chemical biomolecules, such as ascorbic acid, uric acid, glucose, tryptophan and 
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acetaminophen, was observed during the estimation of dopamine. The method gave a detection 

limit of 40 nM and worked well in the concentration range up to 40 μM.
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CHAPTER V 

F108 STABILIZED CUO NANOPARTICLES FOR HIGHLY 

SELECTIVE AND SENSITIVE DETERMINATION OF 

MERCURY USING RESONANCE RAYLEIGH SCATTERING 

SPECTROSCOPY 

  

A. Introduction 

In general, heavy metal ions are toxic to living organisms when they exceed specific 

limit [195]. The Agency for Toxic Substances and Disease Registry Priority List of Hazardous 

Substances has classified heavy metal ions from the top 10 toxic substances, depending on their 

toxicity level in air, soil and water [196]. However, the same agency categorizes mercury 

molecule as the third toxic heavy metal [197]. Mercury can exist in three forms; ionic (Hg2+), 

elemental (Hg0) and methyl mercury (CH3Hg+); that accumulates in ground water, soil and plant 

[198], [199]. However, when food is contaminated by mercury, it causes fatal health problems, 

like the damage of DNA, kidney, skeletal, lung and the damage of the sensory parts of the 

nervous system [200], [201]. In addition, mercury leads to severe neurological and psychological 

problems like tremor, restlessness, anxiety, memory deterioration, etc. [202], [203].  

Heavy metal ions detection has been developed through important research efforts 

[204]. Most of the industrial approaches rely on high cost and complicated instruments, 

specialized trainee, and sophisticated procedure. However, these methods present low sensitivity 

and selectivity. Basically, the methods used for Hg2+ detection are chip-based scanometric sensor 

[205], electrochemiluminescence [206], surface plasmon resonance [207], resonance scattering 

spectral assay [208], atomic absorption spectroscopy [209], inductively coupled plasma mass 
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spectrometry [210], electrochemistry [211] and fluorescent sensor using small organic molecules 

[212]. Though, the limit of detection in most reported methods is above 10 nM. This could be a 

problem for specific applications, since the maximum allowed concentration of mercury ions in 

drinking water is 10 nM by referring to the U.S. Environmental Protection Agency (EPA) [213].  

Resonance Rayleigh scattering (RRS) is one of the simplest, fast and sensitive analytical 

techniques [214], [215]. RRS is a unique elastic scattering, affords beneficial information 

regarding molecular structure, size, form, state of combination, charge distribution, etc. 

[215].When the wavelength of Rayleigh scattering is placed at or very close to the molecular 

absorption band, Resonance Rayleigh scattering phenomenon occurs [216]. In case of the 

wavelength of the incident beam is close to the absorption band of the aggregated nanoparticles, 

the RRS intensity will increase directly [217]. 

Recently, RRS method has been extensively used to detect metal ions [217]–[220] and 

biomolecules [221], [222]. Ouyang et al. developed Resonance Rayleigh Scattering and surface-

enhanced Raman scattering spectral detection of trace Hg (II) based on the gold nanocatalysis 

[218]. Shi et al. constructed a new and highly sensitive RRS method to discriminate a parallel-

stranded G-quadruplex from DNA with other topologies and structure [222]. 

In this work, we report a highly sensitive and selective RRS sensing method to detect 

Hg2+ based on the non-cross linking aggregation of CuO NPs stabilized by poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) (F-108) polymer. Non-cross linking 

aggregation of CuO NPs occurs only in the presence of mercury ions appeared in the 

enhancement of RRS signals. Best to our knowledge, we report for the first time a sensitive and 

selective RRS sensing technique for Hg2+ detection based on the non-cross linking aggregation 

of CuO NPs.
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B. Results and Discussion 

1. Preparation and Scanning Electron Microscopy of CuO NPs 

During the preparation of metal oxide nanoparticles, it is recommended to take into 

consideration the need of using capping agent and surfactant, in order to prepare pure and well 

stabilized nanoparticles. In fact, polymers have an essential role in stabilizing nanoparticles and 

thereby inhibit their flocculation [223]. The preparation of CuO NPs was carried out in double 

distilled water under reflux at 80°C. The formed CuO NPs were protected by polymeric micelle 

formed from F-108 (See Figure V.1). 

 

 

Figure V.1: Simple illustration of CuO NPs preparation. 

 

The morphology of the prepared CuO NPs was analyzed using scanning electron 

microscopy. The formed CuO NPs were present in two different shapes; spherical and grains. 
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However, both shapes were present individually (See Figure V.2A&B) or mixed (See Figure 

V.2C). 

 

    

 

Figure V.2: SEM images of copper oxide in (A) individual spheres, (B) individual grains shape 

and (C) mixture of spheres and grains. 

 

 

 

A B 

C 

500 nm 500 nm 

500 nm 



99 
 
 

 

 

2. Sensing Mechanism  

In this assay, the modification of CuO NGs/NPs is monitored through RRS 

measurements. For this purpose, a stock solution of 500 µM of mercury was prepared to arrange 

several solutions of known concentration in the range from 0 to 100 µM. Different concentrations of  

mercury ions were added to a fix volume of CuO NPs followed by the addition of a complementary 

volume of DDW to make it equal to 3 mL in all samples (See Figure V.3).  

  

 

Figure V.3: Schematic illustration of sample preparation for mercury ions determination. 

 

It is known that RRS method is characterized by its sensitivity toward the molecular 

structure, form, size, state of combination, charge distribution, etc.[202]. The RRS intensity is 

influenced by the diameter of the particle, the concentration of the aggregate and the Hg2+ 

concentration.   

Figure V.4A shows that in the absence of Hg2+ ions, CuO NGs/NPs are stable and 

dispersed, leading to a low RRS signal. Upon the addition of Hg2+ ions, CuO-Hg2+-CuO 

structures are formed by electrostatic interaction causing the aggregation of CuO NGs/NPs and 
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consequently RRS intensity has been increased (See Figure V.4B). Therefore, RRS method 

could be applicable for Hg2+ ions through monitoring the signal changes. 

 

 

Figure V.4: Sensing mechanism of mercury ions. 

 

3. Particle Size Distribution and Zeta Potential Value of CuO NPs in Presence and 

Absence of Hg2+  

To confirm the mode of action between Hg2+ ions and CuO nanoparticles, dynamic light 

scattering (DLS) response were first applied to determine the size distribution profile of CuO 

NGs/NPs with and without mercury ions. In the absence of Hg2+ ions, the cumulate diameter of 

CuO NGs/NPs was 323 nm and the polydispersity index was 0.132 (See Figure V.5A). Whereas, 

in the presence of Hg2+ ions the diameter of CuO NGs/NPs increased to 343.1 nm and the 

polydispersity decreased to 0.061 (See Figure V.5). The increase in the diameter of CuO 
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NGs/NPs and the decrease of the polydipersity in the presence of Hg2+, confirm the aggregation 

of CuO NGs/NPs into bigger particles because of the non-cross linkage forms.  

 

     

Figure V.5: Particle size distribution and polydispersity index of (A) CuO NGs/NPs without 

mercury ions and (B) CuO NGs/NPs with mercury ions. 

 

Furthermore, zeta potential measurements were established to determine the surface 

charge of nanoparticles in solution with and without Hg2+ (See Figure V.6A&B). In the absence 

of Hg2+ ions, the zeta potential analysis gave a value of -28.95 mV. However, this value changed 

to +8.96 mV after adding mercury ions to CuO NGs/NPs. This change could confirm the 

adsorption of Hg2+ ions to the negatively charged CuO NGs/NPs, resulting a positive charge 

surface of CuO NGs/NPs. 

  

         A 
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Figure V.6: Zeta potential value of (A) CuO NGs/NPs without mercury ions and (B) CuO 

NGs/NPs with mercury ions. 

 

These results show that mercury ions can electrostatically adsorbed to CuO NGs/NPs 

surface, leading to non-cross linking aggregation of CuO NGs/NPs and this method can be 

applicable for mercury ions detection. 

   

4. Sensitivity of Hg2+ Detection 

RRS spectra of CuO NGs/NPs solutions in the presence of mercury ions in the 

concentration range from 0-100 μM were recorded. Figure V.7 shows that increasing the 

concentration of Hg2+ ions enhances the RRS intensity of CuO NGs/NPs. The increase in the 

RRS signal could be justified by the non-cross linkage between Hg2+ and CuO NGs/NPs, causing 

the aggregation and formation of bigger size CuO NGs/NPs and this coincides with the results of 

DLS and zeta potential measurements.  

 

        B 

  

        A 
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Figure V.7: RRS spectrum of CuO NGs/NPs with different concentration of mercury ions. For 

all the measurements n= 3. 

 

The RRS intensity at the maximum wavelength was plotted versus the concentration of 

Hg2+ as shown in Figure V.8A&B. The enhancement of RRS signal is linear to 

Hg2+concentration in the ranges 0-20 and 30-100 μM. The linear equations for the two 

concentration ranges are IRRS= 622633.37364[Hg2+] + 1.02753E8 with a correlation coefficient 

of 0.98956 and IRRS= 3.88536E6 [Hg2+] + 3.96499E7 with a correlation coefficient of 0.99925. 

The limits of detection and quantification were found to be 7.5 nM and 25 nM, respectively; 

referring to K x 
𝜎

𝑠
 criteria, where σ is the standard deviation of the measurements and s is the 

slope of the calibration curve. 
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Figure V.8: (A) RRS intensity of CuO NGs/NPs vs. concentration of mercury ions from 0-20 M 

and (B) RRS intensity of CuO NGs/NPs vs. concentration of mercury ions from 30-100 M. For 

all the measurements n= 3. 

 

The results are as good as or even superior other reported values in the literature as 

Table V.1 shows. The LOD is even lower than the maximum allowed concentration of mercury 
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ions in drinking water (2 ppb) by EPA, thus, the method could be recommended to estimate 

mercury ions concentration in drinking water. Moreover, the proposed method has less steps and
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 much shorter assay time compared to many other techniques. In addition, this method doesn’t 

require the usage of harsh chemicals or solvents and expensive or sophisticated analytical 

instruments.  

       

Table V.1: Different reported methods for mercury ions determination. 

Methods Concentration range Selectivity towards 

analogues 

LOD Reference 

Reduced grapheme oxide/DNA 1 nM- 1 µM Sodium, Iron III, 

Calcium, Lead, 

Cadmium. 

1 nM [224] 

Colorimetric chemosensor based on 

benzothiazole  

0.25-7.9 µM Cupper II, Cobalt, 

Chromium, Iron II, 

Zinc, Nickel, Lead. 

0.15 µM [195] 

Label-free fluorescence based on the regulation 

of the Ag autocatalytic reaction 

10 nM-2.5µM Cadmium, Copper II, 

Cobalt, Iron II, Zinc, 

Nickel. 

8.2 nM [200] 

Colorimetric Detection using Capped Silver 

Nanoprisms 

 

 

 

0.5-100µM Cadmium, Lead, 

Magnesium, Zinc, 

Manganese, Barium, 

Cobalt, Iron II, Copper 

II, Potassium, Sodium. 

1.5 µM [225] 

Label-free colorimetric detection via Hg2+ 

ions-accelerated structural transformation of 

nanoscale metal-oxo clusters 

0-10 µM Aluminum, Silver, 

Nickel, Chromium, 

Lead, Cadmium, Zinc, 

Manganese, Cobalt, 

Iron II, Iron III, 

Copper II.  

0.7 µM [226] 

Infrared Fluorescent Protein and Its Hydrogel-

Based Paper Assay 

0-4 µM N.D 50 nM [227] 
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RRS technique using CuO NGs/NPs. 0-20 µM 

30-100 µM  

Nickel, Sodium, Zinc, 

Silver,Lead,Aluminum   

7.5 nM 

(1.5 ppb) 

Our work 
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5. Selectivity of Hg2+ Detection towards Metal Ions  

Other metal ions, like Ni2+, Na+, Zn2+, Ag+, Pb2+ and Al3+were used to evaluate the 

selectivity of the proposed sensing method through monitoring the RRS signal. The I/I0 results 

are depicted in Figure V.9. It is obvious that Hg2+ ions cause the highest increase in the RRS 

signal from other metal ions at 100 μM. This noticed change in the RRS intensity with Hg2+ ions 

confirms that only Hg2+ could cause the non-cross linking aggregation of CuO NGs/NPs. 

Similarly, the histogram reveals that other metal ions show no or slight interference for Hg2+ 

determination.   
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Figure V.9: Ratio of RRS intensity (I/I0) of CuO NGs/NPs in the presence of different metal ions 

at C=100 M. For all the measurements n= 3. 

 

6. Selectivity of F-108 for the Detection of Hg2+ 
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Furthermore, to understand the role of F-108 in detecting Hg2+ ions, CuO NGs/NPs 

were prepared using glutathione as surfactant and stabilizing agent. Zeta potential gave a 
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negative surface for the CuO NGs/NPs formed, which means that Hg2+ can interact with the 

nanoparticles and as consequence the ability to be detected. Interestingly, as it is shown in Figure 

V.10 the RRS intensity was not altered by the addition of Hg2+ and did not show any significant 

enhancement when using glutathione compared to ~ 4.5 fold enhancements when using F-108.  
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Figure V.10: RRS intensity of CuO NGs/NPs prepared using F-108 or glutathione with and 

without mercury ions. 

 

The zeta potential value of CuO NGs/NPs stabilized by glutathione and F-108 were 

equal to -17 mv and -28 mV, respectively. However, CuO NGs/NPs prepared when using F-108 

as a surfactant and stabilizing agent are more negative, facilitating in this way the attraction of 

more Hg2+ ions. In fact, when zeta potential value is greater than −25 mV, inter-particle 

interactions will be present including van der Waals, hydrophobic interactions, and hydrogen 

bonding [228]. This verifies the inhibition of the detection of mercury ions when using 

glutathione as surfactant. Therefore, the direct interaction between CuO NGs/NPs (stabilized 

with F-108) and Hg2+ ions is verified and has a significant role in detecting mercury ions.
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7. Practical Application  

Recovery examination achieves for drinking water samples with different 

concentrations of mercury ions, in order to validate the consistency and applicability of the 

proposed sensing strategy. Table V.2 summarizes the experimental results, where it shows that 

95-100.4% Hg2+ concentration recoveries were obtained.  

 

Table V.2: Recovery results of the proposed method. 

 Theoretical 

Concentration (µM) 

Experimental 

concentration (µM) 

Recovery (%) 

Unknown 1 0.04 0.038 95 

Unknown 2 5 4.952 99.04 

Unknown 3 15 15.024 100.16 

Unknown 4 30 29.221 94.40 

Unknown 5 45 45.192 100.4 

Unknown 6 95 94.904 99.9 

 

The obtained results confirm the reliability of our suggested method for Hg2+ detection in 

practical testers.   

 

C. Conclusion 

As a summary, we have successfully established a simple sensing method for the 

determination of mercury ions using resonance Rayleigh scattering technique. This method 

showed high sensitivity and selectivity toward mercury ions. Hg2+ ions cause the non-cross-
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linking aggregation of CuO NGs/NPs through electrostatic interaction occuring between Hg2+ 

ions and negatively charged surface of CuO NGs/NPs. This aggregation of CuO NGs/NPs causes 

an increase in the size of the nanoparticles and then enhances the RRS intensity. This increase in  

the RRS intensity used to determine the concentration of Hg2+. The detection limit is found 7.5 

nM, which is lower than the maximum value allowed by the U.S. EPA in drinking water. 

Additionally, this strategy was applied to drinking water, confirming its potential to be used for 

real samples.
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CHAPTER VI 

GLUTATHIONE CAPPED CUO NANOPARTICLES FOR THE 

DETERMINATION OF CYSTINE USING RESONANCE 

RAYLEIGH SCATTERING SPECTROSCOPY 

 

A.   Introduction 

The oxidation of cysteine produces its dimeric form "cystine". Cystine is found in many 

biological parts, like skeleton, skin, connective tissues, digestive enzymes, immune system, and 

hair.  Cystine plays an antioxidant role toward DNA and tissues by protecting them from free 

radical/reactive oxygen species attack. In addition, it can be used to control cancer and similar 

autoimmune diseases. However, a high concentration of cystine, typically > 400 mg/L, in human 

urine causes cystinuria [229].  

Cystinuria is a congenital metabolic disease caused by the formation of cystine stones in 

the renal tract that come from the defective transport of cystine and dibasic amino acids through 

the epithelial cells of the renal tubule and intestinal tract [230], [231]. It is diagnosed by 

measuring the concentration of cystine in urine.  

However, the detection of cystine is usually performed using several methods including 

chromatography [232], iodometry [233], electrochemistry [234], spectrophotometry [235], 

colorimetry [231], [236], [237] and  spectrofluorometry [238]. For instance, Lu et al. studied the 

detection of cystine, by ascorbic acid that reduces cystine to cysteine allowing the aggregation of 

gold nanoparticles followed by a change in the color [231]. Wang et al. used high-performance 

liquid chromatography (HPLC) in the presence of dansyl chloride derivatives in reversed phase 

column and depending isocratic elution for cystine detection [232]. Though, these methods have 

https://int.search.myway.com/search/GGmain.jhtml?p2=%5ECNL%5Exdm122%5ES32195%5Elb&ptb=DA16869A-7358-499C-918A-BA842E2B27DD&n=78581c96&cn=LB&ln=en&si=&trs=wtt&brwsid=f989c5ef-34b3-4d6f-b406-e23b837c7f47&st=tab&tpr=sc&searchfor=spectrofluorometry
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some drawbacks, like low sensitivity and precision, high cost equipment and precursors as 

gold/silver nanoparticles, toxic reagents usage (sodium borohydride, sodium citrate) and time 

consumption. Consequently, there is a need for selective and sensitive detection of cystine for 

quick screening and early diagnosis of the mentioned diseases with minimal usage of harmful 

reagents and expensive probes and instruments.   

To best of our knowledge, no method for cystine detection based on RRS spectroscopy 

and depending on copper oxide nanoparticles stabilized with glutathione has been established. In 

this work, copper oxide nanoparticles have been successfully prepared using glutathione as a 

surfactant and curcumin as a supporting agent. Later on, CuO NPs were depended as sensing 

probe for cystine determination using resonance Rayleigh scattering technique. 

 

B. Results and Discussion 

1. Synthesis of Copper Oxide Nanoparticles 

Reduced glutathione was used either as a surface ligand for metal nanoparticles in order 

to enhance their physiological stability [239] or as a luminescent coat to increase the resistance 

of metal nanoparticles towards serum proteins [240]. In this work, Glutathione has been used for 

the first time as a stabilizing agent for CuO NPs. The formed CuO NPs were uniform in shape 

and stable in solution. Scanning electron microscopy was done and the results were showed in 

Figure VI.1A. It is obvious that the synthesized CuO NPs were very well dispersed with uniform 

shape. SEM image was done one week later to verify the stability of the CuO NPs (See Figure 

VI.1B). However, same shape and distribution was obtained verifying the role of glutathione as a 

stabilizing agent.
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Figure VI.1: SEM images of copper oxide nanoparticles (A) freshly prepared and (B) after one 

week. 

 

2. Sensing Mechanism of Cystine 

In general, the coordination between copper oxide nanoparticles and glutathione is 

based on the carboxylate group. According to Fitts et al. the carboxylate group is involved in the 

interaction between glutathione and copper along with -COO- and -NH2 groups [241]. These 

nanoparticles were used to design a sensing method for cystine detection based on resonance 

Rayleigh scattering measurements. When 20 M of cystine was added to the copper oxide 

nanoparticles solution, no remarkable change was occurred (See Figure VI.2 A). Hence, a very 

slight increase in the CuO NPs RRS signal was observed, verifying the non-formation of CuO 

aggregates (See Figure VI.2 B).

         A 

  

         B 

  

500 nm 500 nm 
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Figure VI.2: (A) RRS spectrum of CuO NPs without and with cystine and (B) schematic 

illustration of the mixture. 

 

This situation was also confirmed with DLS measurements. As shown in Figure VI.3 

A&B, the particle size of the CuO NPs had varied several nanometers, from 180 nm to 200 nm, 

when adding cystine.
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Figure VI.3: (A) DLS measurement for CuO NPs without cystine and (B) DLS measurement for 

CuO NPs with cystine (Ccystine=20M). 

 

However, it was reported that cysteine could cause the aggregation of nanoparticles due 

to the thiol group presents in its structure, which can bind to NPs surface, oppositely to cystine 

where S-S bond inhibits the aggregation of CuO NPs, since no interaction site with the NPs 

surface can occurred [242], [243]. Lux et al. developed a treatment for cystinuria using ascorbic 

acid that acts as a reductant to reduce cystine to cysteine form [244]. Based on this, we have 

established a new method based on CuO NPs using RRS method to detect cystine indirectly 

through the reduction of cystine to cysteine under the action of ascorbic acid.  

For the cystine determination, 20 M of cystine was treated with ascorbic acid and CuO 

NPs, followed by resonance Rayleigh scattering measurements. The obtained results were 

depicted in Figure VI.4A. It was noticed that the RRS intensity of CuO NPs increases when 

adding cystine in the presence of ascorbic acid. This increase in the RRS signal is due to the fact 

that, ascorbic acid is reducing cystine to cysteine and thereby, cysteine can easily bonded to the 

surface of CuO NPs through its mercapto group (See Scheme VI.4B).
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A D= 200 nm 
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Figure VI.4: (A) RRS spectrum of CuO NPs without and with cystine in the presence of AA and 

(B) schematic illustration of the mixture. 

 

In addition, electrostatic interaction will occur between the cysteine zwitterions on the 

surface of CuO NPs. This interaction between cysteine and CuO NPs leads to the aggregation of 

CuO NPs, which was confirmed through DLS measurements, as Figure VI.5A&B has shown. 

The diameter of the CuO NPs increased from 180 nm to 435 nm.
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Figure VI.5: (A) DLS measurement for CuO NPs without cystine and (B) DLS measurement for 

CuO NPs with cystine in the presence of AA (Ccystine=20M). 

 

3. Sensitivity of the Method for the Detection of Cystine 

Glutathione stabilized copper oxide nanoparticles solutions were treated with various 

concentrations of cystine in the range (0-20 μM), by recording their resonance Rayleigh 

scattering intensity. For this purpose, a stock solution of 100 M of cystine was prepared in order to 

arrange several solutions of known concentration in the range from 0 to 20 µM. Then, different 

volumes of cystine were added to 1.5 mL of 2 mM ascorbic acid and kept undisturbed for 15 minutes. 

Later on, 0.1 mL of CuO NPs solution was added to the mixture and the volume was kept constant 

with DDW till 3 mL (See Figure VI.6).

D= 180 nm 
PI= 0.215 

D= 435 nm 
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B A 
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Figure VI.6: Schematic illustration of sample preparation for cystine determination. 

 

As Figure VI.7A showed the increase in the concentration of cystine leads to a direct 

increase in the RRS intensity. Hence, the enhancement of the RRS intensity is proportional to the 

increase in cystine’s concentration. As depicted in Figure VI.7B, the results show a good linear 

relationship over the whole concentration range. The linear regression equation was IRRS= 

1.23453E6 [cys] + 4.66375E6 with a regression coefficient of 0.9911. 
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Figure VI.7: (A) RRS spectrum of CuO NPs in the presence of AA and cystine; (B) RRS 

intensity versus concentration of cytine in the range of 0-20 M. 

 

The limit of detection (LOD) and of quantification (LOQ) were calculated depending on 

the compendia methods through k (σ)/m, knowing that k = 3 for LOD and k= 10 for LOQ, σ is 

the standard deviation from 3 replicate blank measurements and m is the slope of the calibration 

curve. The LOD and LOQ were estimated to be 4.55 nM and 15.17 nM, respectively, which are 

lower than the values obtained in the literature using sophisticated methods (See Table VI.1). 
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Table VI. 1: Different reported methods for cystine determination 

 

4. Selectivity of Cystine Detection towards Analytes 

Resonance Rayleigh scattering spectra were recorded for several amino acids, including 

tryptophan, tyrosine, valine, histidine, glutamic acid and alanine to evaluate the selectivity of the 

proposed sensing method. It was clear that the higher enhancement in the RRS intensity of CuO 

NPs was noticed with cystine only, where other amino acids showed no significant effect on the 

RRS intensity at 20 μM (See Figure VI.8).

Methods Concentration range Selectivity towards 

analogues 

LOD Reference 

Colorimetric detection gold nanoparticles 1-10 µM Glutathione, Alanine, 

Tyrosine, Proline, 

Arginine, lysine. 

1 µM [231] 

Flow injection spectrofluorimetric 

determination 

0.1-5.5  µM Glycine, Alanine, L- 

Lysine, L-Leucine, L-

Proline, L-Threonine, 

L-Valine, Glucose, 

Urea. 

0.1  µM [238] 

RP-HPLC method 7- 20  µM Not determined 1.2  µM [232] 

RRS technique using CuO NPs 0-20 µM Tryptophan, Tyrosine, 

Valine, Histidine, 

Glutamic Acid, 

Alanine. 

4.55 nM Our Work 
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Figure VI.8:  I/I0 of CuO NPs alone and of CuO NPs with different amino acid at C= 20 M. 

 

These results indicate that only cystine could boost the size of CuO NPs through their 

aggregation and other amino acids show negligible interference for cystine detection using this 

method.  

 

5. Selectivity of Cystine Detection towards Surfactant 

To test the selectivity of glutathione capped CuO NPs in detecting cystine molecule, 

CuO NPs were prepared using the same procedure but different surfactant as F-108 polymer. 

Hence, the RRS intensity was measured when adding cystine with ascorbic acid to CuO NPs 

solution at high concentration. As shown in Figure VI.9, the RRS intensity was not altered when 

adding cystine and ascorbic acid. Meaning that, the detection of cystine could only be achieved 

when preparing CuO NPs with glutathione.
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Figure VI.9: RRS intensity of CuO NPs prepared with glutathione or F-108 alone and with AA 

and cystine at Ccystine = 20 M. 

 

However, this is due to the fact that F-108 polymer aqueous media result in the 

formation of micelles, where the CuO NPs are incorporated. Besides the high molecular weight 

of F-108 compared to glutathione one could cause a steric hindrance environment around CuO 

NPs, inhibiting the penetration of cysteine molecule to bind at the CuO NPs surface. 

Consequently, no response for cystine detection was observed with CuO NPs prepared with F-

108 polymer even though after reducing cystine to cysteine. In addition, the common binding 

sites between cysteine and glutathione chemical structures facilitate the detection process and 

make it possible.
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6. Practical Application 

To test the consistency and the applicability of the proposed sensing method, different 

concentrations of cystine were used in the same manner as mentioned above to accomplish their 

recovery testing. The experimental results show that 99.42-100.5% recoveries from the 

concentration of cystine were obtained as Table VI.2 shows. The obtained results approve the 

consistency of our suggested method for cystine determination. However, the presence of other 

nanoparticles or substances that have strong absorption and fluorescence in the resonance 

Rayleigh scatting in the region of CuO NPs may interfere in the estimation. Substance that may 

interact with CuO NPs through electrostatic interaction, hydrogen bonding etc. may affect the 

estimation of cystine.  

   

Table VI.2: Recovery results of the proposed method. 

 Theoretical 

Concentration (µM) 

Experimental 

concentration (µM) 

Recovery (%) 

Unknown 1 3 3.016 100.5 

Unknown 2 10 9.942 99.42 

Unknown 3 16 16.014 100.08 

 

C. Conclusion 

An innovative RRS method based on glutathione capped copper oxide nanoparticles for 

cystine determination was designed. In this method, ascorbic acid was used as a reductant to 

reduce cystine to cysteine that causes the aggregation of CuO NPs via electrostatic interaction 

occuring between cysteine zwitterions bonded to CuO NPs. In comparison with other sensing 
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techniques that were used for cystine determination, this method proved its simplicity, time 

saving and nontoxicity to diagnose cystinuria. However, this method may suffer in the presence 

of other NPs or species, which strongly absorb and emit in the resonance Rayleigh scatting 

region of CuO NPs. Substances that may also interact with CuO NPs through electrostatic 

interaction, hydrogen bonding etc. can affect the estimation of cystine. Nevertheless, this study 

potentially may trigger research work to apply RRS technique along with HPLC to improve 

analytical sensitivity and linear dynamic ranges.  
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CHAPTER VII 

SELECTIVE RESONANCE RAYLEIGH SCATTERING 

SPECTROSCOPIC DETERMINATION OF PERSULFATE 

USING CETYL TRIMETHYLAMMONIUM BROMIDE 

CAPPED CUO NANOGRAINS 

 

A.   Introduction 

Many of anions are abundant in nature and play an essential role in several chemical 

and biological phenomena, environment, health, as constituents in fertilizers and food industries 

[245], [246]. So on, there is a need to establish a selective and sensitive method for anions 

determination. Persulfate anion (S2O8
2-) is a two electron oxidizing agent and has 2.01 v redox 

potential [247].  It is relatively highly stable compared with other oxidizing agents, like hydrogen 

peroxide (H2O2).  Persulfate is extensively used as a chemical oxidant for organic pollutants in 

contaminated soil, ground water and waste water [248]–[257]. Moreover, it has been used in 

several applications such as circuit board fabrication [258], cosmetics [259], polymerization [16], 

bleaching for textiles and natural fibers [261],  decolorizing agent in azo dyes [249], in the 

degradation of ethanol [262] and oximes [263]. It has been stated that persulfate anions may 

cause diseases, like asthma [264] and skin diseases or reactions [265]. 

Referring to the properties and extensive use of persulfate in different sectors, there is a 

demand for finding a simple method to detect and quantify persulfate anions. Thus, several 

analytical methods have been applied to detect persulfate including polarographic [266], 

spectrophotometric [249], [267]–[269], electrochemistry [261], [270], [271] iodometry [272], 

[273] and chemiluminescence method [274]. Wahba et al. reported iodometric method for
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persulfate detection, which was based on the redox reaction of persulfate with KI [272]. 

Iodometric method is characterized by its sensitivity and accuracy, but at the same time it suffers 

from boring and time consumption; since it requires back titration steps after the redox reaction 

with persulfate. In addition, Yamashita et al. designed a chemiluminescent reaction between 

luminol and persulfate in alkaline medium for sensitive detection of persulfate [274]. In opposite, 

resonance Rayleigh scattering (RRS) technique is considered as one of the most sensitive, 

selective, simple, fast and inexpensive assay to detect specific analytes using single probe [214], 

[215].  

In the present work, cetyl trimethylammonium bromide (CTAB) was used as surfactant 

for the synthesis of CTAB capped copper oxide nanograins (CuO NGs). Later on, these 

nanograins were investigated as sensing probe for persulfate anions detection using resonance 

Rayleigh scattering technique. The detection process performed through the aggregation of CuO 

NGs resulting from the electrostatic interaction between S2O8
2- and positively charge CuO NGs 

surface. To the best of our knowledge, there is no study on the application of CTAB capped 

copper oxide nanograins for the sensing of persulfate anion using RRS assay. 

 

B.   Results and Discussion 

1.   Synthesis of CTAB Capped CuO NGs  

The synthesis of copper oxide nanograins was carried out in basic media, at 80 ℃ and in 

the presence of curcumin and CTAB as conjugated and stabilizing agents, respectively. In 

general, at pH 13 and at high temperature, CTAB micelles are formed in long grains like micelle, 

inducing the formation of nanoparticles in grain shape. Scanning electron microscopy was
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established to verify the shape of the formed CuO NGs. As shown in Figure VII.1A, uniform and 

well dispersed CuO NGs were obtained. The formation of CuO NGs was confirmed through 

EDX analysis (See Figure VII.1B). The result indicates the presence of copper and oxygen 

atoms, verifying the existence of CuO NGs. 

 

 

Figure VII.1:  SEM image of CuO NGs (A) and (B) the relative EDX analysis. 

 

2.   The Mechanism of the Proposed RRS Sensing Probe 

To design the persulfate RRS nanosensor, we have chosen a simple and fast procedure 

based on copper oxide nanograins. For this purpose, positively charged copper oxide nanograins 

have been produced, using CTAB as surfactant, and used as nanoprobe. The sensing mechanism 

is based on the adsorption of persulfate anions at the surface of CuO NGs as a result of 

electrostatic interaction that occurs between opposite charge species. In this case, non-cross 

linking aggregation of CuO NGs is produced, inducing an increase in the nanograins size. 

Accordingly, this will lead to a graduate increase in the RRS signal of CuO NGs after adding 

persulfate anions. It was reported that RRS efficiency of nanograins colloid known to increase 

with their size [275]. A schematic representation of persulfate sensing method is shown in Figure 

A B 

500 nm 
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VII.2. The RRS sensing scheme can be monitored through simple, fast and low cost 

instrumentation as described here. 

 

 

Figure VII.2:  Illustration on the interaction between CuO NGs and persulfate anions. 

 

3. Sensing Ability 

The resonance Rayleigh scattering signal was applied to examine the sensitivity of our 

CuO NGs sensing probe. The determination of aqueous persulfate ions was performed using CuO 

NGs solution at room temperature. In summary, 500 μM stock solution of persulfate ion was 

prepared. To arrange several known concentrations in the range of 0 to 100 μM, a known volume 

of stock solution of persulfate ion was pipetted, and a constant volume of CuO NGs was added to 

the pesulfate solution at different concentration. To adjust the concentration, a complementary 

volume of double distilled water was added to make a total volume of 3 mL (See Figure VII.3).

 :  Electrostatic Interaction  

 : CTAB 
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Figure VII. 3: Schematic illustration of sample preparation for persulfate anions determination. 
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Figure VII.4: RRS spectrum of CuO NGs in the presence of persulfate anions in the range of 1-

100 M. 

 

The RRS peaks of CuO NGs presented at = 376, 430, and 535 nm have been directly 

enhanced with the increase in persulfate ions concentrations. This is accompanied with an 
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increase in the particle size of CuO NGs from 430 to 535 nm, as the DLS measurement gave 

(See Figure VII.5 A&B).  

 

 

Figure VII.5: DLS measurement for CuO NGs (A) without persulfate anions and (B) with 

persulfate anions (Cpersulfate-=100M). 

 

The aggregation of CuO NGs was also verified by Zeta potential analyses. Hence, a 

change in zeta potential value of CuO NGs from 21.63 to 8.96 after adding persulfate ions was 

obtained as shown in Figure VII.6 A&B, respectively.   
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Figure VII.6: Zeta potential value of CuO NGs (A) without persulfate anions and (B) with 

persulfate anions (Cpersulfate=100M). 

 

All these results confirm our hypothesis, which relies on the electrostatic interactions 

that occur between positively charged CuO NGs and S2O8
2- anions causing the aggregation of 

CuO NGs, leading to the increase in the size of the nanograins and decrease in the positively 

charge value of the CuO NGs surface.  

The RRS intensities at = 376 nm have been plotted versus the concentration of 

persulfate ions in the range (0-100 μM) as shown in Figure VII.7. It is obvious that a linear 

increase in the RRS was obtained, related to a linear relationship with equation  

y= 178001.9622x + 2.71506E7 and regression coefficient equal to 0.98906. The limit of 

detection was found to be 1.03 µM and the LOQ was equal to 3 µM. 

   

A B 
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Figure VII.7:  RRS intensity versus concentration of persulfate anions in the range of 1-100 M. 

 

Our RRS method resulted in a comparable linear range and limit of detection to those of 

previously reported. Several linear ranges and detection limits of different techniques used by 

other workers for the persulfate determination were summarized in Table VII.1.  

 

Table VII.1: Different reported methods for persulfate determination. 

Methods Concentration range  Selectivity towards 

analogues  

LOD Reference 

Spectrophotometric determination via oxidative 

depolarization of methyl orange induced by 

ferrous ions 

0.5-100 µM N.D 0.17 µM [276] 

Spectrophotometric determination by oxidative 

decolorization of azo dyes for wastewater 

treatment 

2-150 µM N.D 0.62 µM [249] 

RRS techniquie using CuO NPs 1-100 µM Sulfate, phosphate, 

nitrate and carbonate 

anions  

1.03 µM Our work 
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4. Interferences in Persulfate Detection 

It is very important to examine the selectivity of a diagnostic experiment especially in 

real sample applications. Accordingly, several control experiments were done using SO4
2- , PO4

3-

, NO3
- and CO3

2- to test the selectivity of our sensing strategy for S2O8
2- detection. For this 

purpose, 100 μM of each anion was used to perform the selectivity experiments. Figure VII.8 

shows the ratio of the RRS intensity in the presence of analytes to the RRS intensity in the 

absence of analytes (I/I0). I/I0 ratio remained close to 1 and constant in the presence of other 

anions under investigation except for S2O8
2−, which was ~2.5. Thus, it is clear that the 

synthesized copper oxide nanograins were highly selective toward S2O8
2- ions appearing in the 

highest I/I0 signal for CuO NGs. This giving a positive indicator for our sensing probe to be used 

for more quantitative application. 
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Figure VII.8: I/I0 of CuO NGs alone and of CuO NGs with different anions at C= 100 M. 
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5. Selectivity of Persulfate Detection towards Surfactant 

The selectivity of CTAB capped CuO NGs was investigated by replacing CTAB with 

trioctylphosphine as surfactant. The synthesis was done as described above using TOP to 

produce CuO NGs. As shown in Figure VII.9, the RRS intensity did not change when adding 

persulfate anions to the TOP capped CuO NGs. Hence,  2.5 fold increasing in the RRS intensity 

was obtained when adding persulfate anions to CTAB capped CuO NGs. This difference is 

mainly due to the hydrophobicity of TOP. 
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Figure VII.9: RRS intensity of CuO NGs prepared with CTAB or PDAA alone and with 

persulfate at [S2O8
2-] =100 M. 
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In fact, CTAB micelles increase the hydrophilic environment of the CuO NGs in water. 

Hence, the interaction between CuO NGs and persulfate anions will be easily done. 

Contradictory, the presence of TOP induces the formation of viscous CuO NGs, blocking 

thereby the interaction between CuO NGs and persulfate anions.  

 

6. Determination of Persulfate Ions in Real Sample 

The synthesized copper oxide nanograins sensing probe was used to determine 

persulfate ions in water samples. The water samples were obtained from two different drinking 

water suppliers. Each sample was measured three times. The original drinking water samples 

show no detectable persulfate ions. Then each sample had spiked with a known concentration of 

persulfate ions to find the recovery of this strategy. The recovery percentages of the spiked 

samples were in the range between 98.4-100.3%. (See Table VII.2). 

 

Table VII.2: Recovery results of the proposed method. 

 Theoretical 

Concentration (µM) 

Experimental 

concentration (µM) 

Recovery (%) 

Sample 1 5 4.93 98.6 

Sample 2 50 50.15 100.3 

Sample 3 95 93.5 98.4 

 

C. Conclusion 

In summary, the detection of persulfate anions using CuO NGs was established using a 

simple, fast with low cost technique based on RRS technique. The detection of persulfate anions 

was established using CTAB capped copper oxide nanograins. CuO NGs were used as 
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nanoprobe to determine persulfate anions in water sample. It was found that upon the addition of 

S2O8
2- ions the RRS intensity of CuO NGs increases proportionally. This is due to the 

aggregation of CuO NGs resulted from the electrostatic interaction that occurs between opposite 

charge species. The detection limit of the above method was equal to 1.03 M, lower than other 

reported values. Our CuO NGs were selective and sensitive towards S2O8
2- ions, where no 

interferences were obtained when replacing S2O8
2- ions with different anions as SO4

2- , PO4
3-, 

NO3
- and CO3

2-. In addition the selectivity towards the surfactant and its reaction with S2O8
2- ions 

was established by replacing CTAB with TOP. It was found that CTAB capped CuO NGs were 

able to detect S2O8
2- compared to TOP capped CuO NGs. Finally, real sample water was 

analyzed and the recovery of the experiment was from 98.4-100 %.
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CHAPTER VIII 

                                     CONCLUISON 

 

In the present work, curcumin mediated copper oxide nanoparticles were prepared in a 

green synthesis route. Different stabilizing/capping agents were used in the preparation targeting 

specific application. Firstly, cetyl trimethylammonium bromide acting as a stabilizing agent 

proves its potential in producing well dispersed copper oxide nanograins. Then, different reaction 

parameters were optimized and the  results showed that mono-dispersed CuO NPs produced 

when using cupric chloride dihydrate as copper salt precursor, concentration of cupric chloride 

dihydrate is 10 times the concentration of curcumin, at pH= 13 and reflux temperature= 80 °C. 

Curcumin conjugated CuO NGs showed their high crystallinity and thermal stability. These CuO 

NGs exhibited a greater catalytic activity at very low concentration 50 g/mL for the reduction 

of methylene blue dye in a short period of time. 

Cucurbit [6] uril as a macrocyclic molecule was applied to cap CuO NGs/NPs. FRET 

phenomenon occurred between the donor acridine orange and the accepter CuO NGs/NPs, which 

causes quenching in the fluorescence intensity of AO. Upon adding dopamine molecules, they 

bind to CuO NGs/NPs and pushed out AO from CB[6] pocket inducing an increase in the 

distance between AO and CuO NGs/NPs and recovering the fluorescence intensity to ~3 fold. 

Thus, a new dopamine detection method was drawn based on the fluorescence recovery of AO 

after FRET without the interference of other biomolecules with a detection limit of 40 nM.   

Negatively charged CuO NPs were produced using poly (ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) (F108) polymer. In the presence of mercury
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 ions, they attracted to CuO NPs through electrostatic interaction causing a non-cross linking 

aggregation of CuO NPs. This aggregation of CuO NPs causes increase in the size of the 

nanoparticles and enhancement in the RRS intensity. This increase in the RRS intensity was used 

to determine the concentration of Hg2+.  This proposed strategy is free from any interfering ions 

with a detection limit of 7.5 nM lower than the maximum value allowed by the U.S. EPA in 

drinking water. F108, as a stabilizing agent for CuO NPs, confirmed its selectivity toward Hg2+, 

and this method applied to drinking water sample confirming its potential to be used for real 

samples.  

Glutathione capped CuO NPs were prepared and targeted cystine determination via 

RRS technique. RRS signal of CuO NPs didn’t show any change in the presence of cystine. In 

this regard, ascorbic acid was used as a reductant to reduce cystine to cysteine that causes the 

aggregation of CuO NPs via electrostatic interaction occurs between cysteine zwitterions bonded 

to CuO NPs. This interaction was observed through enhancing the RRS signal of the solution by 

~11 fold. This method didn’t show any response with amino acids other than cysteine, and 

glutathione, as a capping agent to CuO NPs, proved its selectivity toward cystine. So this method 

allowed the detection of cystine indirectly with a limit of detection about 4.55 nM and could be 

recommended in a purpose of diagnosing cystinuria.  

Positively charged CTAB stabilized copper oxide nanograins were successfully 

prepared and used to design a new sensing method for persulfate anions determination via RRS 

technique. Opposite charge species (CuO NGs and S2O8
2-) were electrostatically attracted and 

caused aggregation of nanograins that appeared as an increase in the RRS signal. CTAB as a 

stabilizing agent confirmed its selectivity to S2O8
2- . Moreover, this method gave a low detection 
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limit about 1.03 M, proved its selectivity and sensitivity toward persulfate anions and gave 

good results when applied to real water sample.  

As for the future perceptions, this research could be an essential foundation to go deeper 

within green synthesized copper oxide nanoparticles. It could be more valuable for future 

researchers to examine the antioxidant as well as the anticancer activity of copper oxide 

nanoparticles synthesized using curcumin as a mediator. It would be also interesting to 

synthesize bimetallic nanoparticles (copper oxide/gold and copper oxide/silver nanoparticles), to 

use them in all the applications achieved with copper oxide nanoparticles, and to check their 

efficiency.  
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