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Abstract 

DESIGNING REACTIVE OXYGEN SPECIES PRODUCING MATERIALS 

FOR CANCER AND WASTEWATER TREATMENTS 

                                              

Nil Kanatha Pandey, Ph.D. 

The University of Texas at Arlington, 2021 

Supervising Professor: Dr. Wei Chen 

          This dissertation is focused on using nanotechnology to improve conventional 

photodynamic therapy (PDT) and advanced oxidation processes (AOPs) for cancer and wastewater 

treatments, respectively. Even though PDT has a great potential for cancer treatment, the 

insufficient penetration depth of the external light source and hypoxic nature of the tumor 

microenvironment severely hinder PDT’s applications in clinical settings. Fortunately, 

microwaves (MWs) offer a potential opportunity to overcome these limitations. In the first part of 

the dissertation, a facile synthesis method of copper-cysteamine (Cu-Cy) nanoparticles is 

discussed, and their reactive oxygen species (ROS) production and cancer cell killing 

performances upon MW exposure are investigated. Our results demonstrate that the new synthesis 

method not only decreased the synthesis time but also improved the efficacy of Cu-Cy 

nanoparticles for cancer treatment. 

          Another disadvantage of conventional PDT is that conventional photosensitizers usually 

suffer from aggregation-caused fluorescence quenching and a remarkable reduction in ROS 

generation in aqueous solutions. Intriguingly, aggregation-induced emission lumiogens (AIEgens) 

offer a potential opportunity to overcome this drawback. Accordingly, two AIEgens (TPEPy-I 
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and TPEPy-PF6) were designed, and their ROS production performance and cancer cell killing 

capabilities upon MW radiation were explored in a systematic way. For the first time, we found 

that these two AIEgens can generate ROS upon MW irradiation and can efficiently destroy cancer 

cells. 

          ROS also plays a vital role to degrade organic pollutants contained in wastewater. The third 

part of the dissertation investigates the oxidative degradation of various toxic and 

nonbiodegradable organic pollutants using Cu-Cy nanoparticles. We discovered that the catalytic 

effect of Cu-Cy can be enhanced upon MW exposure. Our findings showed that Cu-Cy 

nanoparticles are promising heterogeneous Fenton-like catalysts for wastewater treatment. 

Considering the facile and green synthesis method of Cu-Cy and the ability to degrade wide 

varieties of organic contaminants in a relatively short time, it is believed that this work provides a 

simple yet efficient and economical catalyst ideal for the removal of toxic organic pollutants from 

wastewater. Overall, this dissertation would be beneficial to the further development of 

fundamental research in the field of “ROS Science,” which is an emerging scientific discipline. 

Nil Kanatha Pandey, Ph.D. 

The University of Texas at Arlington, 2021 
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Chapter 1  

General Introduction 

1.1. Reactive oxygen species (ROS): A brief introduction       

          ROS are oxygen-containing reactive molecules. There are two types of ROS: (1) free 

radicals, which contain one or more unpaired electrons in their outer molecular orbitals, such as 

superoxide radical (•O2
─) and (•OH) hydroxyl radical, and (2) non-radicals, which do not have 

unpaired electrons but are chemically reactive and can be converted to radical ROS, such as singlet 

oxygen (1O2) and hydrogen peroxide (H2O2). 

          Molecular oxygen (3O2) is a paramagnetic diradical with two electrons occupying separate 

π antibonding orbitals with parallel spins (Figure 1.1). Most organic molecules are diamagnetic, 

with electron pairs of opposite spins. A spin restriction applies for 3O2 to involve in redox reactions 

with other molecules or atoms as it has to accept a pair of electrons that have the same spin so they 

can fit into the vacant spaces in the π antibonding orbitals of 3O2. Thus, 3O2 cannot efficiently 

oxidize biomolecules through 2-electron process [1, 2]. However, 3O2 can convert to more reactive 

oxygen-containing forms. Energy transfer to 3O2 results in the production of the highly reactive 

1O2, which has paired electrons with opposite spins (Figure 1.1). Accordingly, the spin restriction 

is removed, thereby increasing the oxidizing capability of 1O2 [1, 2]. 
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Figure 1.1. Schematic molecular orbital diagrams of molecular oxygen (3O2) and singlet oxygen 

(1O2).  

 

          As shown in Figure 1.2, the redox potential of 3O2 is -0.16 V, making it relatively inert to 

most biomolecules. However, one-electron reduction of 3O2 produces •O2
−, which has a higher 

reduction potential (+0.94 V). But •O2
− has limited reactivity with electron-rich molecules due to 

its anionic charge [1, 2]. Upon protonation of •O2
−, perhydroxyl radical (•HO2) is formed. 

Although •HO2 has an enhanced reduction potential (+1.06 V) and is a better oxidizing agent, the 

biological effect of the •HO2 is minor owing to its low concentration at physiological pH [2]. One-

electron reduction of •O2
− results in the generation of H2O2. Despite the positive one-electron 

reduction potential of H2O2, it is considered relatively stable under physiological pH [1, 2]. On the 

contrary, •OH, with a one-electron reduction potential of +2.33 V, is one of the most powerful 

oxidizing agents reacting at virtually diffusion-limited rates with most organic matters [1, 2]. 
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Figure 1.2. Generation of ROS via energy and electron transfer reactions. 

 

          In 1894, Fenton reported strong oxidation characteristics of hydrogen peroxide (H2O2) with 

ferrous ion (Fe2+) [3, 4], which has opened an era of ROS chemistry [4]. In 1908, Warburg reported 

increased consumption of oxygen in sea urchin eggs after fertilization [4, 5]. It is considered the 

first milestone in ROS biology [4]. Since then, several types of research have shown the 

intercorrelations among ROS, nature, materials, and biological milieu. The interdependent 

relationship among ROS chemistry, ROS biology, and ROS nanotechnology have led to propose 

the concept of “ROS science,” an emerging scientific discipline [4]. With the rapid development 

of nanotechnology, various materials that use the ROS-related mechanism for cancer and 

wastewater treatments have grown dramatically in recent years [4, 6, 7]. 

 1.2. Cancer    

          Cancer is the second leading cause of death in the United States and is a major health problem 

worldwide [8]. In 2021, the projected numbers of new cancer cases and deaths in the United States 

are 1,898,160 (the equivalent of 5200 new cases per day) and 608,570 (correspond to more than 

1600 deaths per day), respectively [8]. Even though the cancer mortality rate has declined 
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continuously due to reductions in smoking and improvements in early detection and treatment [8],  

innovative cancer detection and treatment modalities are urgently needed to further reduce the 

cancer death rate. 

          Although progress in basic research has led to the design of many novel therapeutic agents, 

many clinical trials for cancer, with some exceptions, have been able to detect only minor 

differences in therapeutic outcomes [9]. Additionally, the number of new clinically approved drugs 

is disappointingly low [9]. Such a frustrating success rate suggests that it is necessary to emphasize 

other existing but still underappreciated therapeutic modalities to improve clinical outcomes [9]. 

Although surgery, chemotherapy, and radiotherapy are major clinical treatment options, 

photodynamic therapy (PDT) can meet various currently unmet medical needs [9].  

1.2.1. Photodynamic therapy (PDT) 

          PDT is a clinically approved promising cancer treatment modality with minimal 

invasiveness, low side effects, and negligible drug resistance. A photosensitizer (PS), a light of 

suitable wavelength, and molecular oxygen (3O2) are three key components required for PDT 

(Figure 1.3). None of these is individually toxic, but together they induce a photochemical reaction 

that generates highly cytotoxic 1O2 and other types of ROS, which can cause apoptosis or necrosis 

to the treated cells. Additionally, PDT can be employed either alone or in combination with other 

therapies, such as chemotherapy, surgery, immunotherapy, or radiotherapy [9-11].  
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Figure 1.3. A schematic representation of photodynamic therapy (PDT). 

 

1.2.2. A brief history of PDT 

          Light has been utilized as a therapeutic agent for thousands of years, but it was only in the 

last century that PDT was realized [12, 13]. Ancient Egyptian, Indian, and Chinese civilizations 

employed light to cure different diseases, such as rickets, psoriasis, and skin cancer [12, 13]. The 

ancient Greeks used to expose whole-body to sunlight to cure disease, and their popular pastime 

was lying nude in the sun [13]. At the end of the 19th century, Niels Finsen further used light to 

treat diseases. He discovered that smallpox can be treated using red light. He also employed UV 

light from the sun to cure cutaneous tuberculosis. This was considered the beginning of modern 

phototherapy, and in 1903, he was awarded a Nobel Prize in medicine for his discoveries [12, 13].  

           More than 100 years ago, scientists also found that a combination of certain chemicals and 

light could cause cell death. In 1900, Oscar Raab found the combination of light and acridine could 

elicit cytotoxic effects on infusoria. In 1903, Herman Von Tappeiner and A. Jesionek used a 

combination of eosin and white light to treat skin tumors. In 1907, they defined this phenomenon 

as ‘PHOTODYNAMIC ACTION’ [12, 13]. 
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          The most widely investigated PSs so far are porphyrins, which were discovered in the middle 

of the 19th century. In 1913, the German scientist Friedrich Meyer–Betz conducted the first study 

of PDT using porphyrins in humans. He injected 200 mg of hematoporphyrin on his own skin and 

noticed prolonged pain and swelling, specifically in light-exposed areas [12, 13]. The current era 

of PDT began with studies by Richard Lipson and co-workers at the Mayo Clinic in 1960 using 

‘hematoporphyrin derivative’ (HPD) [14, 15]. One of the major milestones in  PDT happened in 

1975 when Thomas Dougherty and colleagues found eradication of tumor growth in mice [16]. In 

1978, Dougherty reported the first controlled clinical study of PDT in humans, which was 

conducted at Roswell Park Cancer Institute, demonstrating that PDT could be used in the treatment 

of various malignant tumors [17]. Because of his great efforts on PDT, he is honored as the father 

of PDT [18].   

          In 1993, PDT was first approved in Canada using Photofrin as a PS for bladder cancer 

treatment [19]. Subsequent approvals for PDT with Photofrin for different kinds of cancer were 

obtained in the Netherlands, Japan, Germany, France, and USA [12]. With the successful 

application of hematoporphyrin for PDT, extensive efforts have been devoted to designing 

different PSs and exploring their application [20]. 

1.2.3. Mechanism of PDT 

          When a PS absorbs light of a suitable wavelength, the PS is excited from the singlet ground 

state to the singlet excited state. The excited PS is very unstable and loses energy by fluorescence 

and/or internal conversion to heat. Alternatively, the excited PS may undergo an intersystem 

crossing to form a more stable triplet excited state. The PS in the triplet state can either relax to 

the ground state by emitting phosphorescence or undergo energy transfer to molecular oxygen 

(3O2), which results in the formation of 1O2, and the reaction is known as a Type II PDT. A Type 
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I process can also occur whereby the excited PS undergoes electron and/or proton transfer reaction 

with a substrate to produce radicals. The generated radicals then react with 3O2 and produce 

different types of ROS [9, 10, 21]. A schematic Jablonski diagram is illustrated in Figure 1.4. 

 

Figure 1.4. Jablonski diagram showing the principles of PDT. 

 

 

1.2.4. ROS-manipulating strategies for cancer treatment 

          ROS are chemically reactive molecules that have vital roles in living organisms. However, 

ROS may function as a double-edged sword. A certain level of ROS is needed by both normal and 

cancer cells for immunity, cell proliferation, and differentiation, but ROS levels above or below 

lead to cytotoxicity [22, 23]. Increasing evidence indicates that most cancer cells exhibit an 

increased level of ROS when compared with their normal counterparts due to various reasons such 
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as increased metabolic activities, elevated cell signaling, and dysfunction of mitochondria. Recent 

studies have suggested that this biochemical property of cancer cells can be exploited to develop 

new drugs to target cancer cells preferentially and selectively. ROS-mediated cancer therapies, 

including ROS scavenging cancer therapy and ROS enhancing cancer therapy, have been 

suggested for cancer treatment [22, 23]. Even though both strategies can be utilized to destroy 

cancer cells, this dissertation is focused on the latter concept as accumulating evidence suggests 

that increasing ROS levels effectively kill cancerous cells.  

 

Figure 1.5. ROS threshold concept to explain the different susceptibility of normal versus cancer 

cells. 

 

          As depicted in Figure 1.5, when the levels of ROS are further increased therapeutically, ROS 

in cancer cells reach the death threshold earlier, and hence cancer cells are easier to destroy [22, 

23]. Consequently, by taking the vulnerability of cancer cells from ROS attack, cancer cells can 

be selectively killed without causing remarkable cytotoxicity to the normal cells [22, 23]. ROS 

production is a common approach shared by most of the treatment modalities such as radiotherapy, 
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chemotherapy, chemodynamic therapy, sonodynamic therapy, and PDT [4, 20, 22, 23]. Among all 

therapeutic strategies, PDT-based cancer therapies have been extensively investigated [4, 20]. 

1.2.5. Effects of PDT on tumors 

          It is well accepted that there are three main inter-related pathways by which PDT mediates 

tumor destruction. Firstly, the ROS that is produced by PDT can destroy tumor cells. Secondly, 

the tumor vasculature can be shut down by PDT, leading to a tumor deprived of nutrients and 

oxygen supply. Thirdly, PDT can provoke an immune response against tumor cells. Although the 

relative contribution of each for the overall tumor destruction is not completely understood yet, 

the combination of these three mechanisms is needed for long-term tumor eradication [12]. 

1.2.6. Limitations of conventional PDT and possible solutions 

          Although the past 30 years have witnessed significant improvements in PDT and dozens of 

PSs have been approved for clinical trials, they are not considered first-line treatment options at 

the current time [24] due to some limitations of the existing PDT: 

1.2.6.1. Penetration depth 

          Despite PDT’s clinical promise, the limited penetration depth of light severely hinders PDT’s 

practicality in clinical settings. Living tissues are highly complex and dynamic turbid media. In 

addition, various cells and tissues have their own unique optical properties. As different 

wavelengths penetrate skin and tissue differently, blue light penetrates less efficiently through 

tissue when compared with red and infrared light (Figure 1.6) [9].  
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Figure 1.6. A schematic illustration of light penetration through tissues. Reproduced with 

permission [9]. 

 

          Due to the strong light absorption of proteins and nucleic acids, a short wavelength of light 

such as UV light can only be used to treat superficial tumors [25]. With the increase in wavelength 

of light, the absorption of light by proteins and nucleic acids decreases significantly, but 

hemoglobin (a major absorber of visible light) has a strong light absorption in the visible region 

(<650 nm) [25, 26]. Furthermore, the absorption coefficient of water increases rapidly in the 

infrared region (primarily beyond 900 nm) because water is a major absorber of infrared light [25, 

26]. Consequently, wavelengths in the range of 650-900 nm are called “NIR window” or “optical 

window” as hemoglobin and water molecules have their lowest absorption coefficient in this 

region (Figure 1.7) [25, 26]. However, light up to only ~800 nm can produce 1O2 as longer 

wavelengths do not have sufficient energy to generate 1O2 [9]. Although NIR light penetrates better 

than UV and visible light, NIR light cannot penetrate deeper than 1 cm in tissue while retaining 
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enough energy to generate 1O2. To address the limited penetration depth of traditional PDT, several 

strategies have been employed. Recently, some groups, including we, have proposed the concept 

of using MWs with MW-responsive materials as MWs are able to penetrate deeper into tissues 

[27-35].  

 

Figure 1.7. Absorption spectra of deoxyhemoglobin (Hb), oxyhemoglobin (HbO2), and water 

molecules in the wavelength range of 400-1000 nm. Reproduced with permission [26]. 

 

1.2.6.2. Hypoxic nature of solid tumors  

          PDT efficacy is severely reduced in the context of a hypoxic environment because of the 

oxygen-dependent nature of PDT [20, 24, 36]. In recent years, a great effort has been devoted to 

overcoming tumor hypoxia during PDT. Among several strategies, thermal ablation has been 

recognized as one of the most effective cancer treatment approaches in synergistic therapy as it 

enhances the efficacy of chemotherapy, radiotherapy, immunotherapy, or PDT [24, 37, 38]. The 

effectiveness of the treatment can be improved if the blood supply to the tumor is enhanced through 
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mild heating [24, 37, 38]. Among various thermal therapies, MW ablation has gained considerable 

attention as a promising therapy in clinics due to its faster heat generation, broader heating zone, 

deeper penetration in tissues, maneuverability, less susceptibility to local heat tissues, and perfect 

capability of killing tumor cells [33, 39-41]. Additionally, MWs are capable of penetrating through 

the charged or desiccated tissues created during the ablative process. Moreover, MWs can 

propagate through many types of tissues, even those with high impedance tissues such as bone and 

lung that have been problematic for other ablation modalities [41]. 

1.2.6.3. Aggregation-caused quenching (ACQ) and reduction in ROS production 

          When chromophores aggregate, they generally exhibit two effects on their emissive 

behavior, aggregation-caused quenching (ACQ) and aggregation-induced emission (AIE). These 

photophysical phenomena are quite different from each other. DDPD (N,N-dicyclohexyl-1,7-

dibromo-3,4,9,10-perylenetetracarboxylic diimide) is a typical example of ACQ luminophore 

(Figure 1.8a). It emits strong emission in a THF solution. However, its emission is quenched after 

adding water into THF (Figure 1.8a). When the water content is more than 60 vol%, the light 

emission from DDPD is completely quenched. Due to the hydrophobic nature of DDPD molecules, 

they aggregate in an aqueous solution. Their disk-like shapes favor the formation of excimeric 

species that usually decay via non-radiative relaxation channel (Figure 1.8b) [42, 43].  

          On the other hand, AIE luminogens (AIEgens) are a special type of molecules that are barely 

emissive in the molecularly dissolved state but emit strong emission in the aggregated state. HPS 

(hexaphenylsilole) is a typical example illustrating the AIE effect. It does not emit when its 

molecules are dissolved in a good organic solvent such as THF or a THF/water mixture with water 

content of less than 80 vol%. However, its emission is turned on when the water content is ~80 

vol% (Figure 1.8c) due to the formation of aggregation of the HPS molecules in the aqueous 
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solution. Unlike ACQ luminophore, HPS adopts a twisted propeller-shaped structure (Figure 

1.8d), which restricts the intermolecular π–π stacking interaction [42, 44]. 

          Why can aggregate formation brighten the emission of AIEgens? According to fundamental 

knowledge of physics, any molecular movement (such as vibration and rotation) consumes energy. 

In a dilute solution, the six phenyl rings in HPS can dynamically rotate with respect to the central 

silole core (Figure 1.8d). As a result, the active intramolecular rotation consumes the excited-state 

energy via a non-radiative relaxation pathway, thereby quenching the fluorescence of HPS. 

However, such an intramolecular motion is restricted in the aggregate state, thus blocking the non-

radiative relaxation pathway and opening the radiative decay pathway [42-44].  

           Conventional PSs such as methylene blue, Rose Bengal, and porphyrin derivatives 

generally aggregate in aqueous media, resulting in aggregation-caused fluorescence quenching and 

remarkable reduction in ROS generation [45-47]. Fortunately, the utilization of materials with AIE 

characteristics could provide a potential opportunity to surmount the aforementioned issue. 
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Figure 1.8. Photos of (a) DDPD with ACQ effect and (c) HPS with AIE effect in THF/water 

mixtures with various water contents. (b) The disk-shaped DDPD molecules are non-emissive in 

the aggregated state due to the strong intermolecular π-π stacking interaction. (d) The propeller-

shaped HPS molecules are strongly emissive in the aggregate state due to the restriction of 

intramolecular rotation. Reproduced with permission [42].  
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1.2.7. Microwaves and ROS production 

          MW energy is a type of non-ionizing electromagnetic radiation with frequencies in the range 

of 0.3 GHz to 300 GHz. Since World War II, there have been significant developments in the use 

of MWs for heating materials. In contrast to conventional heating, MW dielectric heating is unique 

and offers several advantages, such as rapid heating, non-contact heating, volumetric heating, ease 

of control, and material selective heating [48, 49]. All domestic MW ovens and all dedicated MW 

reactors operate at a frequency of 2450 MHz (corresponding wavelength 12.24 cm and energy 

1.02 × 10-5 eV). The energy of the MW photon is too low to break chemical bonds and is also 

lower than the energy of Brownian motion. As a result, MWs cannot cause chemical reactions 

[50]. However, MWs can enhance chemical reactions. The enhancement of chemical reactions by 

MW energy has gained considerable interest in organic chemistry in recent years. MW heating not 

only decreases reaction times but also diminishes side reactions, increases yields, and enhances 

reproducibility [50]. 

          MWs have also been used in the medical and environmental fields [33, 35, 39, 40, 51]. 

Mounting evidence shows that MWs can produce ROS when MW-responsive materials are 

irradiated by MWs. Although there are many reports on MW-induced ROS, the exact mechanism 

of ROS production upon MW irradiation is not completely understood yet. Therefore, this 

dissertation extensively investigates MW-induced ROS production and attempts to propose 

possible mechanisms. 

1.3. Wastewater treatment 

          With society’s needs for a better life, environmental pollution has become one of the serious 

issues to be solved. Organic contaminants, such as organic dyes, phenols, pesticides, fertilizers, 
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hydrocarbons, oils, greases, and plasticizers, in wastewater have become one of the major 

environmental threats today [52, 53]. Once organic contaminants are discharged into the aquatic 

system, they cause a variety of environmental problems, including clogging sewage treatment 

plants and adversely affecting the aquatic biota [53, 54]. Additionally, these organic pollutants 

cannot be completely degraded using traditional wastewater treatment plants [55]. Accordingly, 

several persistent organic pollutants (POPs) have been detected in all types of aquatic systems, 

including drinking water, all over the world [55]. Therefore, effective and economical treatment 

technologies need to be developed to degrade organic contaminants before discharging the 

wastewater into the aquatic system.  

          Different methods have been investigated to deal with contaminated water, such as 

adsorption, flocculation, precipitation, advanced oxidation processes (AOPs), and biological 

methods [52, 53, 56]. Among them, AOPs have attracted increasing interest among researchers to 

degrade organic pollutants owing to their high efficiency, simplicity, easy handling, and good 

reproducibility [53, 56]. AOPs operate at near ambient conditions and produce highly oxidizing 

radical species (primarily •OH, one of the most powerful oxidants known) for complete 

degradation of organic contaminants into non-toxic products such as H2O, CO2, and inorganic salts 

[57]. Additionally, AOPs are promising technologies for decentralized systems [58]. Furthermore, 

AOPs facilitate easy integration with existing wastewater treatment technologies, such as filtration, 

coagulation, and biological treatment [57, 59]. 

           Since the introduction of Fenton reactions by H. J. H. Fenton in 1894 [3], Fenton reagents 

(Fe2+ and H2O2; Eqs. (1.1) and (1.2)) have been extensively investigated to degrade organic 

pollutants during wastewater purification [57]. However, the practical applications have been 

hindered by a narrow pH window (~2.5-3.5) and the generation of ferric hydroxide sludge at 



17 
 

circumneutral pH [57, 60]. As both homogenous and heterogeneous iron-based catalysts suffer 

from severe practical disadvantages, continuous research efforts have concentrated on 

investigating alternative metal catalysts to replace iron [57].   

Fe2+ + H2O2 → Fe3+ + •OH + OH− (k = 63─76 M−1s−1)                                                                                    (1.1) 

Fe3+ + H2O2 → Fe2+ + •HO2 + H+ (k = 0.001─0.01 M−1s−1)                                                                            (1.2)       

          Recently, Cu-based Fenton-like catalysts have attracted great attention owing to their 

superior catalytic activity in a broader pH range when compared with Fe2+ [57, 61]. In addition, as 

can be seen in Eqs. (1.1) and (1.3), the reaction rate of Cu+ with H2O2 (104 M−1s−1) is remarkably 

higher than that of Fe2+ (63─76 M−1s−1).  

Cu+ + H2O2 → Cu2+ + •OH + OH− (k = 1.0 × 104 M−1s−1)                                                                                (1.3) 

Cu2+ + H2O2 → Cu+ + •HO2 + H+ (k = 4.6 × 102 M−1s−1)                                                                                  (1.4)        

          Consequently, if Cu-based heterogeneous catalysts are to be employed for wastewater 

treatment, we should use Cu with oxidation state +1 as the reaction rate of Cu+ is ~22 times faster 

than that of Cu2+ (Eqs. (1.3) and (1.4)) [57]. Copper-cysteamine (Cu-Cy) having oxidation state 

+1 is a novel nanoparticle that was invented by our lab in 2014 [62], which can produce ROS upon 

different excitation sources, such as UV light [63], X-rays [64-67], microwaves [29, 34], and 

ultrasound [68]. Additionally, Cu-Cy nanoparticles can destroy bacteria upon UV irradiation [69]. 

Moreover, Cu-Cy nanoparticles can be used as a heterogeneous Fenton-like catalyst for cancer 

treatment [70]. Our recent study further reveals that Cu-Cy nanoparticles can enhance the 

anticancer effect of disulfiram [71]. However, Cu-Cy nanoparticles for oxidative degradation of 

recalcitrant organic pollutants have never been investigated before.  



18 
 

          Considering that ROS plays a crucial role to degrade toxic organic contaminants contained 

in wastewater, we hypothesized that Cu-Cy nanoparticles could be used to degrade organic 

pollutants using the same ROS-mediated mechanism that we utilized to destroy cancer and bacteria 

cells. In the fourth chapter of this dissertation, oxidative degradation of two organic dyes, 

rhodamine B (RhB) and methylene blue (MB), and one nitroaromatic pollutant, 4-nitrophenol (4-

NP), by using Cu-Cy nanoparticles with the assistance of H2O2 is presented. Also, the effect of 

MW on the rate of degradation of RhB and 4-NP is also investigated. Brief introductions and 

toxicities of RhB, MB, and 4-NP are discussed in the following paragraphs. 

          RhB (C28H31N2O3Cl) is a synthetic cationic dye (Figure 1.9a) widely utilized as a colorant 

in several industries such as textile, plastic, paper, leather, cosmetics, and food. The discharge of 

RhB into the aquatic system results in wastewater with high toxicity and low transparency. It can 

irritate the eyes, skin, and respiratory system [72, 73]. Furthermore, it is not only carcinogenic but 

also toxic to the nervous and reproductive systems. As it is harmful even at very low 

concentrations, RhB has to be treated from the wastewater before releasing it to any aquatic system 

[72, 73].  

           MB (C16H18ClN3S) is a cationic dye (Figure 1.9b) extensively used in the textile, paper, 

leather, and printing industries. The main toxicity of MB includes fever, headache, vomiting, 

mental confusion, and high blood pressure [74]. It can also cause skin and severe eye irritation. 

Moreover, the mutagenic effect of MB has also been found [75]. 
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Figure 1.9. Molecular structures of (a) rhodamine B (RhB), (b) methylene blue (MB), and (c) 4-

nitrophenol (4-NP). 

         

          4-NP (C6H5NO3) is used in the manufacturing of several products such as pharmaceutical 

drugs, fungicides, insecticides, pesticides, explosives, dyes, and industrial solvents. As a result, 4-

NP and its derivatives are common recalcitrant pollutants in various aquatic systems. Due to 4-

NP’s non-degradable, carcinogenic, and intensive toxic effects, 4-NP has been identified as the 

priority pollutant by the U.S. Environmental Protection Agency [76, 77].  
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Abstract  

          Copper-cysteamine (Cu-Cy) is a novel sensitizer that can be excited by ultraviolet (UV) 

light, microwave (MW), ultrasound, and X-rays to generate highly toxic reactive oxygen species 

(ROS) for cancer cell destruction. The purpose of this study is to present a facile method of the 

synthesis of Cu-Cy nanoparticles. Interestingly, we were able to decrease both the stirring and 

heating time by about 24 and 6 times, respectively, thus making Cu-Cy nanoparticles more 

economical than what was reported before. DABCO, a well-known singlet oxygen quencher, 

showed that the majority of ROS produced by Cu-Cy nanoparticles under UV and MW exposures 

were singlet oxygen. Moreover, ROS generated by Cu-Cy nanoparticles under UV and MW 

exposures were confirmed by a known ROS tracking agent, dihydrorhodamine 123, further serving 

as an additional piece of evidence that Cu-Cy is a promising ROS generating agent to destroy 

cancer cells as well as bacteria or viruses by a radical therapeutic approach. Additionally, for the 

first time, the hydroxyl radical (•OH) produced by Cu-Cy nanoparticles under MW activation was 

proved by a photoluminescence (PL) technique using coumarin as a probe molecule. Remarkably, 

newly synthesized nanoparticles were found to be much more effective for producing ROS and 

killing cancer cells, suggesting that the new method may have increased the reactivity of the Cu-

Cy nanoparticles due to an overall size reduction. Overall, the new method not only reduced 

synthesis time but also enhanced the effectiveness of the Cu-Cy nanoparticles.  

Keywords: Copper-Cysteamine; Photodynamic Therapy; Coumarin; Dihyrorhodamine 123; 

Microwave; CytoViva; Reactive Oxygen Species; Singlet Oxygen; Hydroxyl radical; DABCO 
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2.1. Introduction 

          Transition metal complexes have been extensively studied since the last few decades and 

have received increasing interest in modern science and industry because of their diverse 

applications, such as light emitting devices, solar cells, cosmetics, biological imaging, and 

therapeutic agents [78-84]. Among these transition metal complexes, Cu(I) metal has attracted 

considerable attention among researchers due to its low cost, low toxicity, and abundance [85-87]. 

Although some copper(I) complexes using cysteamine as a ligand have been published [88-90], 

our Cu-Cy [62], Cu3Cl(SR)2 (R= CH2CH2NH2), is different from previously reported copper 

cysteamine complexes.  Specifically, these Cu-Cy particles have strong photoluminescence and 

X-ray luminescence, whereas no luminescence has been reported for previous copper cysteamine 

complexes [88-90]. 

          It has been found that the Cu-Cy nanoparticles can be activated by UV light [62, 63, 91], X-

rays [62, 65, 91, 92], MW [34], and ultrasound [68] and produce highly cytotoxic ROS for cancer 

treatment. In addition to treating superficial and deep cancers, a more recent study has 

demonstrated that Cu-Cy nanoparticles are very effective for destroying gram-positive bacteria 

[93]. Moreover, Cu-Cy has been used to produce a white emitting phosphor under a single 

excitation wavelength (365 nm) from the composite of a graphitic-phase nitrogen carbon (g-C3N4) 

and Cu-Cy as discussed in the literature [94].  Furthermore, in the work published in a study of 

Dai et al., 2017 [95], the authors reported a composite made of light emitting graphene quantum 

dots and Cu-Cy phosphors for enhanced white light emitting diodes under a single excitation 

wavelength. 
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          These preliminary results demonstrate that Cu-Cy nanoparticles have tremendous potential 

for cancer theranostics and other important applications across various fields, thus motivating us 

to work further on Cu-Cy. Here, as a continuation of our study on Cu-Cy to develop cheaper and 

increasingly efficient products for various applications, we report a simpler and faster method for 

synthesizing Cu-Cy nanoparticles than previously reported [62]. 

          A certain level of ROS is required by both cancer and normal cells for immunity, cell 

proliferation, and differentiation, while ROS are toxic to both cancer and normal cells at high 

concentration. When both cancer and normal cells are exposed to the same amount of exogenous 

ROS, the intra-cellular ROS level in cancer cells reach the cell-death threshold earlier to induce 

cell death than that in healthy cells owing to a higher basal ROS level in cancer cells [23, 96, 97]. 

Therefore, by taking the vulnerability of cancer cells from ROS attack using ROS-mediated 

therapeutic strategies, cancer cells can be selectively destroyed without causing significant toxicity 

to healthy cells [23, 96, 97]. The same approach could be extended to infectious diseases caused 

by bacteria [97]. Cu-Cy nanoparticles could be a promising agent to target cancer and bacteria 

cells through ROS-mediated mechanisms. However, as a new sensitizer, the exact mechanism and 

types of ROS produced by Cu-Cy nanoparticles under different excitation sources are not fully 

understood yet, and more research is still needed in this area to make it clear. In the present study, 

we have also attempted to understand the ability, mechanism, and types of ROS produced by Cu-

Cy nanoparticles under UV and MW irradiations. 
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2.2. Experimental section 

2.2.1. Materials 

          Copper chloride dihydrate (CuCl2.2H2O), cysteamine hydrochloride, sodium hydroxide 

(NaOH), polyethylene glycol 4000 (PEG-4000), p-nitrosodimethylaniline (RNO), imidazole (ID), 

1,4-diazabicyclo[2.2.2]octane (DABCO), coumarin (COU), dihydrorhodamine 123 (DHR), and 

titanium dioxide (TiO2, 21 nm primary particle size) were received from Sigma-Aldrich, USA. 

Likewise, paraformaldehyde (PFA) (4% in PBS) was purchased from Alfa Aesar. Zinc oxide 

(ZnO, 30±10 nm) was obtained from the Aladdin Industrial Corporation, China.  

2.2.2. Synthesis of Cu-Cy nanoparticles 

          In a 250 mL 3-necked round bottom flask, 273 mg of CuCl2.2H20 was dissolved in 50 mL 

of DI water under vigorous magnetic stirring at room temperature. After dissolving CuCl2.2H20, 

381 mg of cysteamine hydrochloride was introduced into the solution followed by the addition of 

40 mg of PEG-4000 under a nitrogen (N2) environment. After that, the pH value was adjusted to 

7 by drop-wise addition of a 1 M solution of NaOH under the nitrogen environment. Once the pH 

was adjusted, the inert environment was removed. The solution was stirred at room temperature 

for about 5 min until the color turned to deep violet as a result of oxidation. Afterward, the solution 

was heated at the boiling point of water for 5 min under the inert environment with vigorous 

magnetic stirring. The solution was then allowed to cool to room temperature. The Cu-Cy particles 

were obtained by centrifuging at 12,000 rpm for 10 min and washing with DI water and ethanol 3 

times. The obtained product was then dried completely in a vacuum oven at 40 0C overnight. The 

obtained powder was re-dispersed in DI water using a bath sonicator for 1 h. Large sized particles 
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were discarded by centrifugation and Cu-Cy nanoparticles were collected from the supernatant. 

The synthesis sketch of the Cu-Cy nanoparticles is shown in Scheme 2.1. 

2.2.3. UV-Vis absorption and fluorescence spectroscopy 

          The optical absorption spectrum of Cu-Cy nanoparticles dispersed in DI water was measured 

using a Shimadzu UV-2450 UV-Vis spectrophotometer. The photoluminescence spectra of as-

synthesized Cu-Cy nanoparticles suspended in DI water were taken by a Shimadzu RF-5301PC 

spectrofluorophotometer. The emission spectrum of the sample dispersed in DI water was 

performed by exciting the sample at 365 nm, whereas the excitation spectra were obtained using 

wavelengths of emission at 607 nm and 633 nm.  

2.2.4. X-ray luminescence measurement 

          A light-proof X-ray cabinet equipped with an optic fiber connection to an outside detector 

was used to record X-ray luminescence. The X-ray irradiation (90 kV and 5 mA) was performed 

using a Faxitron RX-650 (Faxitron X-ray Corp, IL, USA). The X-ray luminescence spectrum was 

measured using a QE65000 spectrometer (Ocean Optics Inc, Dunedin, FL, USA), connected to the 

X-ray chamber using a 0.6 mm core diameter, P600-2-UV-Vis fiber optic (Ocean Optics Inc, 

Dunedin, FL, USA). 

2.2.5. X-ray powder diffraction (XRD)  

           X-ray powder diffraction with a 2θ angle ranging from 50 to 800 was performed via a Rigaku 

Ultima IV diffractometer with Cu Kα radiation (λ = 0.15406 nm) operated at 40 kV and 40 mA at 

a step size of 0.02 degree/sec. The sample for the XRD was prepared by depositing the sample 

solution on a glass substrate and allowed to dry at room temperature.  
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2.2.6. Transmission electron microscopy (TEM) 

          For TEM observations, one drop of the solution containing as-synthesized Cu-Cy 

nanoparticles were dropped onto the amorphous carbon film supported on a copper grid and 

allowed to dry overnight at room temperature and the TEM images of the nanoparticles were 

recorded by a JEM-2100 HR transmission electron microscope (TEM, JEOL Ltd., Japan).  

2.2.7. ROS measurement in aqueous solution using RNO-ID method 

          The imidazole plus RNO (RNO-ID) method [98], a simple but sensitive spectrophotometric 

method, was employed to probe ROS production under UV (360 nm) and MW exposures. RNO’s 

absorption was monitored at 440 nm by using the UV-Vis spectrophotometer after particular time 

intervals of exposure of UV light and three different powers of MW (2, 5, and 10 W). MW was 

applied through a radiator probe using a microwave therapy apparatus (WB-3100AI, BXING, 

China). Briefly, the RNO-ID stock solution was prepared as follows: 0.45 mg of RNO and 16.34 

mg of ID were separately dissolved into 30 mL DI water, which were air saturated by sufficient 

air bubbling for 20 min. The RNO-ID solution was subsequently prepared by taking 1 mL of RNO, 

1 mL of ID, and 1 mL of the testing solution (Cu-Cy, Cu-Cy + DABCO, DABCO, CuCl2.2H2O, 

TiO2 or ZnO). For the control, 1 mL of DI water was taken instead of the testing solution.  

2.2.8. Detection of ROS using dihydrorhodamine 123 (DHR) 

          ROS produced by Cu-Cy nanoparticles under UV (360 nm) and different doses of MW (2, 

5, and 10 W) in DI water was also measured by fluorescence method using DHR as a ROS tracking 

agent [99, 100]. A stock solution of 1.16 mM DHR was prepared in dimethylformamide (DMF). 

The reaction solution with DHR (10 µM) with and without Cu-Cy nanoparticles (311 µM) were 

prepared in a 10 mm path length cuvette at room temperature in the dark. The sample (final volume 
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3 mL) was then irradiated by UV light and various powers of MW (2, 5, and 10 W) for different 

periods. The fluorescence signal was recorded by the spectrofluorophotometer at 524 nm with the 

excitation at 495 nm, using 3 nm slits. 

2.2.9. Detection of hydroxyl radical (•OH) in aqueous solution under MW 

activation 

          The •OH generated by Cu-Cy nanoparticles under MW activation was verified using the 

method described by Zhang et al., 2013 [101] and Kurzyp et al., 2017 [102] with some 

modifications. The required amount of Cu-Cy aqueous solution was added into a centrifuge tube 

that contained COU solution (final concentration of COU 0.1 mM). The total volume of the 

solution in the centrifuge tube was made to be 6 mL. Afterward, the different powers of MW (2, 

5, and 10 W) were applied using the microwave therapy apparatus every 5 min into the solution in 

the presence of Cu-Cy nanoparticles (35 µg/mL). Before each PL measurement, nanoparticles 

were removed from the sample by centrifugation to confirm that the PL intensity of 7-

hydroxycoumarin (7OHC) was not disturbed by the nanoparticles. Then, 3 mL of supernatant was 

used for each PL spectrum measurement. The PL intensity was monitored at 452 nm with the 

excitation wavelength of 332 nm. The excitation and emission slit widths were both 5 nm during 

the measurements. For the control, all the experimental conditions were the same, except the Cu-

Cy nanoparticles were not used and were not centrifuged.  

2.2.10. CytoViva dark field hyperspectral imaging  

          100,000 human esophageal squamous cell carcinoma (KYSE-30) cancer cells were cultured 

on a coverslip in a 35 mm TC petri dish and incubated for 24 h to allow cell attachment. After that, 

old media was replaced with new media containing 20 µM of Cu-Cy nanoparticles and incubated 
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for 24 h while wrapped in aluminum foil to prevent unwanted sources of light. Afterward, the old 

media was removed, and the dish was washed three times using 1 mL of 1x PBS in order to remove 

unbound nanoparticles. Then, 1 mL of PFA was added into the dish for 30 min to allow the fixing 

of the cells. PFA was then removed, and the coverslip was carefully placed onto a glass slide 

supplemented with a drop of DAPI dye, as a wet mount. The edges of the coverslip were finally 

sealed using white fingernail polish. The product was then analyzed using the CytoViva 

hyperspectral imaging in combination with enhanced dark field optical microscope (CytoViva Inc., 

Auburn, AL, USA). The control cell sample was prepared following the same procedure, except 

the Cu-Cy nanoparticles were not used.  

2.2.11. Live/dead cell viability assay 

          KYSE-30 cancer cells were seeded at a density of 1×105 cells/well and allowed to grow for 

24 h at 37 °C in a humidified atmosphere of 5 % CO2 in a cell incubator. There were six groups: 

control, Cu-Cy, 2 min MW, 3 min MW, Cu-Cy + 2 min MW, and Cu-Cy + 3 min MW. Following 

the incubation, the cultured media was removed. 2 mL of new media with or without Cu-Cy 

nanoparticles (5 µg/mL) was added to each well. After 6 h of incubation, the MW and Cu-Cy + 

MW groups were delivered 2 and 3 min of MW (5 W) through the radiator probe. After that, the 

cells were placed in the incubator and allowed to incubate for another 20 h. On the day of the 

experiment, the old media was removed and 500 µL of dye mixture of calcein AM (Invitrogen, 

USA) and ethidium homodimer-1 (EthD-1) (Invitrogen, USA) was added to each group and 

incubated for 45 min under standard conditions of cell culture in the dark. Finally, the cells were 

observed under an OLYMPUS IX71 fluorescence microscope. 
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2.2.12. Statistical analysis 

          The data presented as the mean ± standard deviation was performed at least three times 

independently. The statistical significance between control and experimental groups of the 

live/dead assay was determined using one-way analysis of variance (ANOVA) followed by the 

Tukey test. p values less than 0.05 were considered statistically significant.  

2.3. Results and discussion 

2.3.1. Effects of stirring time, heating temperature, and pH 

          The Cu-Cy particles can be readily synthesized simply via a wet chemistry process in 

aqueous solution by reacting CuCl2.2H2O and cysteamine hydrochloride. As discussed in the 

synthesis section, the solution is stirred for approximately 5 min after the pH adjustment. When 

the color of the mixture becomes the deep violet, it should be heated immediately under the 

nitrogen atmosphere. It should be noted that if heating is not performed immediately when the 

mixture takes on its deep violet color, the particles will likely be of lower quality or not be 

synthesized at all. Therefore, the color of the solution is the main indication for when to begin 

immediate heating to ensure proper synthesis, rather than a precise stirring time after the pH 

adjustment. As a primary confirmation of the formation of Cu-Cy particles during the synthesis 

process, the luminescence of the solution can be checked under a commercial UV light 

(wavelength about 365 nm). If the luminescence is seen, it confirms the formation of Cu-Cy 

particles. 
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Scheme 2.1. Schematic illustration of the synthesis of the Cu-Cy nanoparticles and the Cu-Cy 

nanoparticles mediated MW induced radical therapy. 

 

          Furthermore, we observed that the Cu-Cy particles can be synthesized at temperatures 

ranging from about 80 °C to the boiling point of water by varying reaction conditions. Likewise, 

we noticed that the Cu-Cy particles can be synthesized at different pH values, ranging from around 

6.3 to 9 by changing some reaction parameters. We have not yet determined the particle yield, 

luminescence quantum yield, particle size, surface charge, cell uptake, toxicity, and dispersion 

stability at different reaction temperatures and pH, which is a part of our ongoing project and will 

be described in future works.  
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2.3.2. Characterization of as-synthesized particles 

          In order to verify that the as-prepared particles were Cu-Cy, different characterization 

techniques were performed as discussed below. The optical properties of the as-obtained Cu-Cy 

nanoparticles were investigated using the UV-Vis absorption and fluorescence spectroscopy. 

Figure 2.1a displays the absorption curve of Cu-Cy nanoparticles dispersed in DI water, with the 

absorbance maximum at about 365 nm. Figure 2.1b shows the photoluminescence excitation (PLE) 

and emission (PL) spectra of the Cu-Cy nanoparticles suspended in DI water, which match well 

with the prior published result [62], confirming that the as-prepared material is Cu-Cy. Two 

emission peaks at about 607 nm and 633 nm were seen because of the two different types of copper 

ions, Cu(I) and Cu(II), but they are both Cu+ ions, as pointed out by previously reported literature 

[62]. Figure 2.1c depicts photos of the Cu-Cy nanoparticles in DI water under UV light (left) and 

room light (right). To further explore the optical luminescence properties of the as-synthesized Cu-

Cy particles, X-ray luminescence of the sample was also measured, and the result is shown in 

Figure S2.1 (ESI†), suggesting that Cu-Cy could be a promising scintillator for radiation detection 

and dosimetry. Also, the strong photoluminescence and X-ray luminescence in the red region as 

illustrated in Figures 2.1b-c and Figure S2.1 (ESI†), indicate that it is a potential candidate in 

various fields, such as cell imaging, lighting, radiation detection, sensing, and dosimetry. It is 

noteworthy to mention that Cu-Cy has intense X-ray excited luminescence centered at about 633 

nm, which is different from that of its photoluminescence peak at about 607 nm. This implies that 

the X-ray luminescence of Cu-Cy is associated with different coordination of copper ions. 
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Figure 2.1. (a) UV visible absorption spectrum of the as-prepared Cu-Cy nanoparticles dispersed 

in DI water. (b) The photoluminescence excitation (PLE, left) at 607 nm (blue curve) and 633 nm 

(black curve), and emission (PL, right) at 365 nm of the as-obtained Cu-Cy nanoparticles 

suspended in DI water, and (c) pictures of the newly synthesized Cu-Cy nanoparticles suspended 

in DI water under room light (right) and UV light (left). 

 

          XRD was performed to investigate the crystal structure of the particles. Figure 2.2 shows 

the XRD pattern of the newly synthesized Cu-Cy particles, which is consistent with that reported 

in the literature [62], proving that the material synthesized by this method is Cu-Cy. Also, no 

additional peaks of impurities were seen, which means that the particles are pure. 
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Figure 2.2. XRD pattern of the as-prepared Cu-Cy particles. 

 

          Figures 2.3a and b exhibit the representative TEM images of the Cu-Cy nanoparticles. The 

sizes are about 10-100 nm as observed from their TEM images. Figure 2.3c shows a histogram of 

the particle size distribution of Cu-Cy nanoparticles fitted by the Gaussian curve with the mean 

diameter 40 ± 14 nm. The HRTEM image of the Cu-Cy nanoparticles shown in Figure 2.3d 

demonstrates their continuous uniform lattice fringes. The lattice spacing (d) is estimated to be 

approximately 0.2409 nm from the HRTEM image (Figure 2.3d), which was determined using 

ImageJ software. The d value calculated from HRTEM matched with the lattice spacing calculated 

from the XRD line at 37.0410 (d=0.2425 nm). 



34 
 

 

Figure 2.3. (a and b) Representative TEM images of the Cu-Cy nanoparticles. Scale bars, 50 nm 

and 100 nm, respectively. (c) Histogram of the particle size distribution of Cu-Cy nanoparticles. 

(d) HRTEM of Cu-Cy nanoparticles. Scale bar, 4 nm. 

 

2.3.3. ROS detection under UV and MW activation using RNO-ID method 

          To ensure ROS production from the as-prepared Cu-Cy nanoparticles, the RNO-ID method 

was employed using UV light (360 nm) and different MW powers (2, 5, and 10 W) for various 

time durations. In this spectrophotometric method, 1O2 produced by a photosensitizer react with 

imidazole (ID), producing transannular peroxide (IDO2), which then react with RNO, causing 

RNO absorption to decrease at 440 nm (−RNO) [98], as depicted below: 
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                                                          ID + 1O2→ IDO2, 

                                                          IDO2 + RNO→ −RNO + products 

          Firstly, to determine ROS production under UV light, RNO’s absorption was monitored at 

440 nm by the UV-Vis spectrophotometer as a function of illumination time. After using Cu-Cy 

nanoparticles (311 µM), the RNO absorbance was seen decreasing as shown in Figure 2.4a, 

indicating 1O2 production by Cu-Cy nanoparticles under UV light. Meanwhile, as a reference, the 

same measurement was carried out in the absence of Cu-Cy nanoparticles to see if UV light had 

any effect on RNO absorbance. Little to no decrease in RNO absorbance was observed in the 

control (DI water) as shown in Figure 2.4a, confirming that UV light alone could not produce 

ROS. This result proves that newly synthesized Cu-Cy nanoparticles can produce ROS upon 

photostimulation.  

               For MW, the same RNO-ID method was used to detect ROS produced by Cu-Cy 

nanoparticles when irradiated at three different doses of MW at different time periods. As depicted 

in Figures 2.4b-d, in the control (DI water), the MW irradiation did not produce any ROS. 

However, after using Cu-Cy nanoparticles (311 µM) (see Figures 2.4b-d), the absorbance of RNO 

was continuously reduced as a function of MW power and time, providing evidence of a 

continuous generation of ROS and that more ROS was generated as the MW irradiation power and 

time increased. Even though the exact path of ROS generation under MW in the presence of 

materials is not completely understood yet, it is pertinent to mention that similar type of ROS 

enhancing property has been reported by using other materials under MW activation, such as 

activated carbon particles [51], gold nanoparticles [103], g-C3N4 quantum dots [27], and colloidal 

TiO2 nanoparticles [28]. In order to compare the ROS produced by Cu-Cy nanoparticles under 

three different MW powers, Figure 2.4e was plotted. These results demonstrate that the as-
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synthesized Cu-Cy nanoparticles are effective in generating ROS, even under low power MW 

activation. Surprisingly, the ROS production ability of the newly synthesized Cu-Cy nanoparticles 

(311 µM) is comparable even under 5 W (4 min) with the published result [34]: Cu-Cy (1.3214 

mM) under 20 W MW radiation for 30 min. One possible reason could be the overall particle size 

reduction. As the size of the nanoparticles can play a vital role in ROS generation, further studies 

regarding size dependent ROS generation are required to correlate the radical production with the 

size of the nanoparticles.  

          In order to determine whether the ROS detected from the RNO-ID method under UV and 

MW activations were singlet oxygen (1O2), DABCO, a quencher of 1O2 [104], was employed. As 

expected, after using DABCO (20 mM), the bleaching of RNO was significantly inhibited (Figures 

2.4a-d), which strongly supports that the ROS produced by Cu-Cy nanoparticles were mainly 1O2. 

This study provided additional evidence for the production of 1O2 during photosensitization and 

Cu-Cy nanoparticles could be an efficient agent for antimicrobial and anticancer therapies. A 

charge transfer-induced physical deactivation mechanism is suggested to account for the 

quenching of 1O2 by DABCO as described in the literature [105]. Moreover, it was confirmed that 

DABCO alone had no effect on RNO absorbance (Figure S2.2, ESI†). 

          To ascertain that the RNO-ID method cannot detect the ROS produced by CuCl2.2H2O 

under our experimental conditions, experiments were conducted in the presence of CuCl2.2H2O 

(933 µM). As shown in Figure S2.2 (ESI†), it is evident that CuCl2.2H2O could not quench the 

RNO absorbance under UV and MW exposures under our experimental conditions. These results 

strongly support the claim that Cu-Cy is an effective material to produce ROS and is a promising 

candidate in photodynamic therapy (PDT), a type of phototherapy with minimal invasion and less 
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toxicity [106]. For in-vivo application, the efficacy of Cu-Cy nanoparticles could be further 

improved by conjugating with oxygen generating agent as discussed in our recent publication [11]. 

           For the purpose of comparison, the ROS production ability of commercially available ZnO 

nanoparticles (311 µM) was also explored under the same experimental conditions. As can be seen 

in Figures 2.4a-d, we could not measure much ROS from ZnO nanoparticles under UV and MW 

activations, indicating that Cu-Cy is superior to commercial ZnO under these excitation sources. 

This encouraging result further motivated us to compare with commercial TiO2 nanoparticles 

(P25). Even though TiO2 nanoparticles (311 µM) produced ROS to a much greater extent than Cu-

Cy nanoparticles (311 µM) under UV light as depicted in Figure 2.4a, TiO2 nanoparticles could 

not produce much ROS under MW activation (see Figures 2.4b-d), further supporting that Cu-Cy 

is a promising sensitizer for MW induced radical therapy. All these findings suggest that Cu-Cy 

nanoparticles could be an effective material for treating cancers and bacteria or viruses or/and 

related diseases. It has been reported that ROS production and antimicrobial activities of gold and 

silver nanoparticles could be enhanced by reducing their size to a value comparable to the Fermi 

wavelength of electrons (~1 nm) [107-110]. In a similar way, it is reasonable to expect that the 

anticancer and antimicrobial effects of Cu-Cy nanoparticles may further be increased by reducing 

the size of the Cu-Cy nanoparticles to the nanocluster range. 
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Figure 2.4. Normalized RNO absorbance curves of DI water (control), ZnO (30±10 nm), TiO2 

(P25), Cu-Cy + DABCO, and Cu-Cy aqueous solutions at 440 nm under (a) UV light irradiation 

in the interval of 1 min, (b) 2 W of MW irradiation in the interval of 30 seconds, (c) 5 W of MW 

irradiation in the interval of 30 seconds, and (d) 10 W of MW irradiation in the interval of 30 

seconds. (e) Comparison of decrease in RNO absorbance in the presence of Cu-Cy nanoparticles 

at 2, 5, and 10 W of MW exposures. 



39 
 

2.3.4. Study of ROS generation using dihydrorhodamine 123 (DHR) 

          The detection of ROS was also investigated in a cell-free system using a nonfluorescent 

probe DHR, which upon oxidation, yields rhodamine 123, a fluorescent molecule [99, 100]. As 

depicted in Figure 2.5, the relative PL intensity at 524 nm increased to a greater extent after using 

Cu-Cy nanoparticle (311 µM) under UV and different powers of MW as compared to the blank 

sample (without Cu-Cy nanoparticles), reflecting the ROS production. The results presented in 

Figure 2.5b also reveal that more ROS were generated while increasing the MW dose. Although 

these results were achieved in aqueous solutions, these results further help to explore the ROS 

production ability of Cu-Cy nanoparticles and support the claim that Cu-Cy is a suitable material 

for ROS based therapy. It is pertinent to mention that there is also a slight increase in the relative 

PL intensity at 524 nm without using Cu-Cy nanoparticles, indicating that UV and MW alone 

cause some oxidation of DHR even in the absence of Cu-Cy nanoparticles. 

 

 

 

Figure 2.5. The relative fluorescence intensity as a function of irradiation time under (a) UV 

radiation up to 8 min in the interval of 1 min and (b) MW irradiation (2, 5, and 10 W) up to 4 min 

in the interval of 30 seconds. F0 and F are the PL intensities measured at 0 min and after t minutes 

of UV and MW irradiations at 524 nm, respectively.  



40 
 

2.3.5. Detection of hydroxyl radical under MW activation 

           It is well known that MW produces different types of ROS. The production of 1O2 under 

MW exposure was verified by the above experiments (see section 2.3.3). We were then particularly 

interested in detecting •OH as it is one of the most reactive oxygen radicals and combines very 

rapidly with almost all types of molecules found in living cells [111]. However, due to its high 

reactivity and relatively short lifetime under cellular conditions (usually 10-9 second in a cell), the 

direct detection of this radical is difficult [112]. Therefore, in the present work, for the first time, 

we confirmed the creation of •OH from the Cu-Cy nanoparticles under MW activation by using 

COU as a probe molecule. It has been reported that COU is a poorly fluorescent molecule that 

forms the highly fluorescent 7OHC by reacting with •OH as illustrated in Scheme 2.2 [112]. 

 

 

 

Scheme 2.2. Formation of 7-hydroxycoumarin (7OHC) as a result of the reaction of coumarin 

(COU) with hydroxyl radical (•OH).  

 

           As presented in Figures 2.6a-c, in the presence of Cu-Cy nanoparticles, the PL intensity at 

about 452 nm increased with the MW exposure in both time and dose-dependent manner, justifying 

the production of •OH. For comparison purpose, Figure 2.6d was plotted, which depicts •OH 

produced by the Cu-Cy varies with MW dose and exposure time. The PL intensity, however, had 

almost no change in the absence of Cu-Cy nanoparticles (see Figures 2.6a-c), suggesting that MW  
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Figure 2.6. The PL spectra of generated 7OHC at 452 nm as a function of irradiation time after 

exposing MW with (a) 2 W, (b) 5 W, and (c) 10 W for 0-35 min. Each PL spectrum was measured 

every 5 min of MW irradiation followed by centrifugation. The increase of the PL intensity at 452 

nm reveals the formation of •OH. (d) Relation of the PL intensity at 452 nm with MW exposure 

time at each power.  

 

alone cannot produce any noticeable amount of •OH under our experimental conditions. The 

confirmation of the generation of •OH under MW exposure further support to prove that Cu-Cy 

nanoparticles can be stimulated by MW and can be a powerful weapon to destroy cancer cells by 

ROS-based therapy (radical therapy). One possible cause of the production of •OH by Cu-Cy 

nanoparticles under MW irradiation in the aqueous solution might be due to catalytic effect of Cu-
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Cy nanoparticles, similar to that of other materials, such as activated carbon particles [51] and gold 

nanoparticles [103] observed under MW energy. Alternatively, the generation of •OH under MW 

activation in the presence of Cu-Cy nanoparticles could be attributed to chemical enhancement 

similar to what has been reported by Guo et al.  [113, 114]. Of course, to identify other types of 

ROS and to get quantitative results, further experiments are needed. Our future work will also 

focus on quantification and detection of all the possible types of ROS. 

2.3.6. ROS generation and MW heating 

          Our above experiments prove that Cu-Cy nanoparticles can produce ROS under MW 

activation, but the exact mechanism of ROS generation induced by MW irradiation largely remains 

unknown. We believe the most likely mechanism of ROS production of Cu-Cy under MW 

irradiation in aqueous solution could be similar to that of other particles, such as g-C3N4 quantum 

dots [27] and colloidal TiO2 nanoparticles [28]. It is well-known that MW radiation is a non-

ionizing low energy electromagnetic radiation and does not have enough energy to break the water 

molecules into radicals or to cause chemical changes. Nevertheless, MW radiation causes polar 

molecules to continuously realign with the oscillating electric field, thereby increasing their kinetic 

energy and hence the temperature [41]. Also, MW may mediate for ROS generation. Bruskov et 

al. reported that heat could generate ROS and 8-oxoguanine [115]. They have discussed that heat 

activates dissolved oxygen and leads to the ROS formation. 

          In order to understand the heating effect of MW and the ROS production mechanism of Cu-

Cy nanoparticles upon MW exposure, temperatures of MW heating with and without Cu-Cy 

nanoparticles were measured under various MW powers (2, 5, and 10 W). As can be seen in Figure 

2.7, the addition of Cu-Cy nanoparticles (311 µM) did not increase the temperatures of the 

solutions as much as DI water alone, implying that hyperthermia by heating is not a major effect 
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for tumor destruction and ruling out the possibility that the Cu-Cy nanoparticles may enhance the 

temperature of MW heating. As depicted in Figure 2.7, the temperatures in Cu-Cy solutions were 

slightly lower in comparison with the temperatures in DI water. Hence, based on these 

observations, it is reasonable to claim that for the Cu-Cy solution, the MW was used not only for 

heating but also for ROS production, whereas for the DI water, the MW was used only for heating. 

These findings suggest that the dissipated heat could be a potential source of the continued 

generation of ROS upon MW activation. 

 

Figure 2.7. Temperature measurements for Cu-Cy (311 µM) solutions and DI water during MW 

irradiation every 30 seconds intervals up to 4 min under (a) 2 W, (b) 5 W, and (c) 10 W. 
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2.3.7. Hyperspectral imaging of Cu-Cy nanoparticles internalized in KYSE-30 

cancer cells 

          We used a fast and label-free imaging method, the CytoViva’s enhanced darkfield 

hyperspectral imaging (HSI) technology, to examine the uptake of the Cu-Cy nanoparticles in 

KYSE-30 cancer cells. This technology is a novel technique that can be used for optical 

observation and spectral confirmation of a wide range of samples, from nanoparticles to macro in 

scale. This system uses an oblique angle illumination, which results in high signal-to-noise ratio 

dark-field images [116, 117]. This technique is used to obtain the complete reflectance spectra 

corresponding to each pixel’s spatial area within the visible near-infrared (VNIR) or the short-

wave infrared (SWIR) spectral range. With the CytoViva system, samples can be imaged in 

seconds or a few minutes with no special sample preparation and without extensive post-

processing of the sample. 

          Figures 2.8a and b depict enhanced darkfield hyperspectral images of control cells (KYSE-

30 cancer cells) at 60x magnification and 4x digital zoom, respectively, indicated by the red box. 

Figure 2.8c illustrates a mean (average) spectral profile per a region of interest (ROI) taken from 

the cell structure in the zoom area. Figure 2.8d is a hyperspectral image of KYSE-30 cancer cells 

that have been incubated with Cu-Cy nanoparticles. The magnified window (Figure 2.8e) is from 

the section ringed in red in Figure 2.8d. Although the uptake of Cu-Cy nanoparticles by the cells 

is optically apparent, spectral analysis is needed to verify it. In order to justify that the visible 

nanomaterials were Cu-Cy and not cellular debris or other sample elements, a spectral library was 

created using the Hyperspectral Image Analysis Software, which consisted of spectra 

encompassing all of the visible nanomaterials. This spectral library was then filtered against the 

control sample to eliminate any false positive data. The spectral library shown in Figure 2.8f 
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illustrates the filtered spectra unique to this sample and not present in the control, indicating the 

presence of the Cu-Cy nanoparticles within the cells. Each different color in the filtered spectra 

represents a different point (pixel) of the Cu-Cy nanoparticles in the cells. The filtered spectral 

library was then mapped against the exposed sample and all pixels matching were pseudo colored 

yellow, which is presented in Figure 2.8g. Figure 2.8h represents 4x magnification of the red box 

shown in Figure 2.8g. The spectral plot shown in Figure 2.8i is the mean for all mapped pixels. 

The comparison of the spectral ROI of the exposed sample to the control sample is shown in Figure 

S2.6 (ESI†). For the comparison purpose, the data has been normalized to unity. As displayed in 

Figure S2.6 (ESI†), the ROI for the Cu-Cy nanoparticles is significantly different as compared to 

the control. 



46 
 

 

Figure 2.8. CytoViva Hyperspectral Imaging of Cu-Cy nanoparticles localized within the cells. 

(a) Enhanced dark-field hyperspectral image of the control (cells only) at 60x magnification. (b) 

Magnified image zoomed 4x. (c) Mean reflectance spectrum taken from the control in the zoom 

area. (d) A dark-field image of Cu-Cy nanoparticles in the cells. (e) 4x digital zoom of the section 

ringed in red in Figure 2.8d. (f) Filtered spectral library against the control sample. (g) Mapped 

image based on the filtered spectral library shown in Figure 2.8f. (h) Magnification of the red box 

shown in Figure 2.8g, and (i) mean reflectance spectrum profile for all mapped pixels. 

 

2.3.8. Study of in vitro cell destruction using the live/dead assay 

           In order to further justify that the as-synthesized Cu-Cy nanoparticles are effective for 

killing cancer cells, even under low concentration of Cu-Cy and low MW power in a relatively 
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short time, KYSE-30 cancer cells were stained with calcein AM for live cells (green) and ethidium 

homodimer-1 for dead cells (red). The representative images of three independent experiments are 

presented in Figure 2.9. The result showed that Cu-Cy nanoparticles alone and 2 min of MW (5 

W) alone caused the killing of a few of the cancer cells, while 3 min of MW (5 W) had some 

degree of toxicity. On the contrary, when Cu-Cy nanoparticles (5 µg/mL) were stimulated by 2 

min or 3 min of MW (5 W), the toxicity on the cells was significantly increased as compared to its 

corresponding controls. The results presented in Figure 2.9 reveal that with the increasing of the 

MW irradiation time (from 2 min to 3 min), more cells were destroyed. For quantification, the 

green cells (viable) and red cells (nonviable) were counted using ImageJ software from three 

independent experiments taking four images from each experiment and the results are shown in 

Figure 2.10. Comparing this result to our previously reported result [34], we can conclude that the 

nanoparticles synthesized this way are more effective, even under low MW powers and less MW 

exposure time, which could be attributed to enhanced reactivity of the as-synthesized 

nanoparticles. Additionally, in order to explore whether apoptosis is one of the causes of cell death 

upon MW exposure, Hoechst 33342 staining was adopted and result of this study is presented in 

Figure S2.7 (ESI†).  
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Figure 2.9. The Effect of Cu-Cy nanoparticles under MW irradiation in KYSE-30 cancer cells. (a) 

Cells without any treatment. (b) Cells treated with Cu-Cy nanoparticles (5 µg/mL). (c) Cells treated 

with MW (5 W) for 2 min. (d) Cells treated with MW (5 W) for 3 min. (e) Cells treated with Cu-

Cy nanoparticles (5 µg/mL) under MW (5 W) for 2 min, and (f) cells treated with Cu-Cy 

nanoparticles (5 µg/mL) under MW (5 W) for 3 min. Green fluorescence shows the live cells, 

while red fluorescence shows the dead cells. Magnification: 10x 
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Figure 2.10. The quantitative analysis of the live/dead assay. **p < 0.01 compared with Cu-Cy 

nanoparticles (5 µg/mL) and 2 min MW (5 W) groups; ***p < 0.01 compared with Cu-Cy 

nanoparticles (5 µg/mL) and 3 min MW (5 W) groups. 

 

2.4. Conclusions 

           In this work, we have presented a fast and straightforward method to synthesize Cu-Cy 

nanoparticles. This synthetic strategy is easy and more economical as compared to the previously 

reported method. We used different characterization techniques to affirm that the as-synthesized 

material is Cu-Cy. Using the RNO-ID method, we proved that newly synthesized Cu-Cy 

nanoparticles can produce ROS under UV and low-dose MW excitations. Inhibition of RNO 

quenching by DABCO provided additional evidence of the generation of 1O2 in the reaction 

system. For the first time, the use of DHR as a ROS probe further demonstrated that Cu-Cy 

nanoparticles can be stimulated by UV and low dose of MW. Additionally, the production of •OH 

in the presence of the Cu-Cy nanoparticles upon the activation of MW was confirmed by the 

fluorescent diagnosis method using COU as a trapping agent. Moreover, the underlying internal 

mechanism for the generation of ROS under MW might be attributed to the dissipated heat. Our 
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findings also demonstrate that the newly synthesized Cu-Cy is more effective for producing ROS 

and killing cancer cells, even at the lower concentration of Cu-Cy and lower powers of MW in a 

relatively lesser time than previously reported Cu-Cy. Indeed, more investigation is still required 

as Cu-Cy is a new material, some are in progress, for a better understanding of its different 

properties along with possible novel applications and anticipated that the nanoparticles could be a 

promising candidate for cancer treatment, antibacterial application, bio-imaging, sensing, radiation 

detection, dosimetry, and lighting.  
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Figure S2.1. X-ray excited luminescence spectrum of the newly synthesized Cu-Cy powders. 
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Figure S2.2. Normalized RNO absorbance curves of DI water (control), CuCl2.2H2O (933 µM), 

and DABCO (20 mM) at 440 nm under (a) UV light irradiation for 0-8 min in the interval of 1 

min, (b) 2 W of MW irradiation for 0-4 min in the interval of 30 seconds, (c) 5 W of MW irradiation 

for 0-4 min in the interval of 30 seconds, and (d) 10 W of MW irradiation for 0-4 min in the interval 

of 30 seconds. These data show that ROS generated by CuCl2.2H2O under our experimental 

conditions cannot be measured by RNO-ID method. Also, the above results display that DABCO 

alone does not have any effect on RNO absorbance. The data are expressed as the mean ± standard 

deviation of three independent experiments. 
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Figure S2.3. Fluorescence spectra of 0.1 mM coumarin solutions of the first trial after exposing 

MW with (a) 2 W, (b) 5 W, and (c) 10 W for 0-35 min in the presence of Cu-Cy nanoparticles (35 

µg/mL). The excitation wavelength was at 332 nm. Increase of the intensity while increasing MW 

power and time reflects the formation of 7-hydroxycoumarin. 
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Figure S2.4. Fluorescence spectra of 0.1 mM coumarin solutions of the second trial after exposing 

MW with (a) 2 W, (b) 5 W, and (c) 10 W for 0-35 min in the presence of Cu-Cy nanoparticles (35 

µg/mL). The excitation wavelength was at 332 nm.  
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Figure S2.5. Fluorescence spectra of 0.1 mM coumarin solutions of the third trial after exposing 

MW with (a) 2 W, (b) 5 W, and (c) 10 W for 0-35 min in the presence of Cu-Cy nanoparticles (35 

µg/mL). The excitation wavelength was at 332 nm.  
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Figure S2.6. Comparison of reflectance spectra of the cells with and without the Cu-Cy 

nanoparticles. 

 

Cell apoptosis study by Hoechst 33342 staining 

          Apoptosis and necrosis are two major pathways of cell death [118]. Changes in nuclear 

morphology, chromatin condensation, and nuclei fragmentation are the main indicators of cellular 

apoptosis [118-122]. 

          For this study, KYSE-30 cells were seeded into a 6-well plate (1×105 cells/well) for 24 h at 

37 °C in a humidified atmosphere of 5 % CO2 in a cell incubator. The cells were divided into four 

groups: control, MW, Cu-Cy, and Cu-Cy + MW. After 24 h of seeding, the old media was 

removed. 2 mL fresh media was separately added to the control and MW groups, and 2 mL media 

containing 7.5 µg Cu-Cy nanoparticles (3.75 µg/mL) was added to the Cu-Cy and Cu-Cy + MW 

groups. After 6 h, 30 seconds of MW (5 W) was applied to the MW and Cu-Cy + MW groups. 

The cells were further incubated for 20 h. Following the incubation, the old media was removed, 

the cells were washed 3 times with PBS and fixed with PFA for 15 min. Then, Hoechst 33342 dye 
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was added to stain nucleus for 15 min at room temperature. The cells were subsequently observed 

under an OLYMPUS IX71 fluorescence microscope to study the cellular apoptosis.  

 

 

 

Figure S2.7. The Effect of Cu-Cy nanoparticles with MW treatment on the induction of apoptosis 

in KYSE-30 cancer cells. (a) Control group, (b) MW (30 seconds, 5 W), (c) Cu-Cy nanoparticles 

(3.75 µg/mL), and (d) Cu-Cy nanoparticles (3.75 µg/mL) + MW (30 seconds, 5 W). Scale bar: 100 

µm. 

 

          The result showed in Figure S2.7 shows that MW or Cu-Cy nanoparticles alone could not 

induce apoptosis. However, when Cu-Cy was stimulated by MW, we could observe the cell 

shrinkage. Also, the nucleus became smaller and split into smaller apoptotic bodies. It indicates 

that one of the causes of cell death under MW stimulation is apoptosis. 
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Abstract 

          Aggregation-induced emission luminogens (AIEgens) exhibit efficient cytotoxic reactive 

oxygen species (ROS) generation capability and unique light-up features in the aggregated state, 

which have been well explored in image-guided photodynamic therapy (PDT). However, the 

limited penetration depth of light in tissue severely hinders AIEgens as a candidate for primary or 

adjunctive therapy for clinical applications. Coincidentally, microwaves (MWs) show a distinct 

advantage for deeper penetration depth in tissues than light. Herein, for the first time, we report 

AIEgen-mediated microwave dynamic therapy (MWDT) for cancer treatment. We found that two 

AIEgens (TPEPy-I and TPEPy-PF6) served as a new type of microwave (MW) sensitizers to 

produce ROS, including singlet oxygen (1O2), resulting in efficient destructions of cancer cells. 

The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and live/dead 

assays reveal that the two AIEgens when activated by MW irradiation can effectively kill cancer 

cells with average IC-50 values of 2.73 and 3.22 μM, respectively. Overall, the ability of the two 

AIEgens to be activated by MW not only overcomes the limitations of conventional PDT, but also 

helps to improve existing MW ablation therapy by reducing the MW dose required to achieve the 

same therapeutic outcome, thus reducing the occurrence of side-effects of MW radiation.  

Keywords: AIEgens; microwaves; photodynamic therapy; reactive oxygen species; microwave 

ablation; cancer treatment; singlet oxygen 

3.1. Introduction 

          Photodynamic therapy (PDT), a promising cancer treatment modality with minimal 

invasiveness, negligible drug resistance and low side effects, employs a photosensitizer (PS) that 

can be excited by light of suitable wavelength to form ROS, which can induce apoptosis and/or 
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necrosis in treated cells. Also, PDT can be used either on its own or in combination with other 

therapeutic modalities, such as surgery, chemotherapy, radiotherapy, or immunotherapy [10, 11, 

123]. Even though PDT has great potential for clinical use, conventional PSs generally suffer from 

aggregation-caused fluorescence quenching and a significant reduction in ROS production in 

aqueous media [45, 124-126]. Fortunately, aggregation-induced emission luminogens (AIEgens) 

offer a potential opportunity to overcome this limitation. AIEgens refer to special types of 

molecules that are barely emissive in the molecularly dissolved state but emit intense fluorescence 

in the aggregation state due to the restriction of intramolecular motion [124]. Intriguingly, several 

AIEgens show efficient photosensitizing ability and unique light-up features in the aggregated 

state, which are beneficial to develop image-guided PDT for cancer treatment [45, 46, 125, 126]. 

However, the poor penetration depth of light still hinders AIE PSs as primary or adjunctive therapy 

for clinical application. Furthermore, due to the oxygen-dependent nature of PDT [36], it is noted 

that both types of PSs (conventional and AIE) are less effective in treating hypoxic tumors, further 

limiting their practicality in clinical settings. 

           As an alternative modality of tumor destruction, thermal ablation has been extensively 

explored in the clinical setting. It is considered as one of the most effective treatments in combined 

oncotherapy as it leads to improved tumor sensitization to PDT, chemotherapy, immunotherapy, 

or radiotherapy [37, 38, 127-129] because the blood flow to the tumor is enhanced through heating. 

When the tissues are heated, the blood vessels dilate, which increases blood flow. As hemoglobin 

in blood contains oxygen, tissue heating boosts the amount of oxygen, thereby enhancing the 

efficacy of the treatments [37, 38]. Compared with other thermal therapies, MW technology has 

many advantages, such as maneuverability, faster ablation time, deeper penetration in tissues, 

larger tumor ablation volumes, less procedural pain, consistently higher intratumoral temperature, 
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and negligible side effects [38, 39, 41, 130]. Notably, MWs are readily capable of propagating 

through many types of tissues and nonmetallic materials, including charred or desiccated tissues 

created during the process of ablation [41]. Despite these advantages, the lack of selectivity of 

MWs on tumors may cause severe damage to the surrounding normal tissues during the course of 

treatment [123]. Consequently, further study and continued development of a more robust system 

are still needed to minimize nonspecific heating of healthy tissues.  

          Recently, microwave dynamic therapy (MWDT) has attracted broad attention, in which MW 

sensitizers can produce ROS under MW irradiation to destroy tumor cells. Various MW-

responsive agents such as copper-cysteamine (Cu-Cy) nanoparticles [29, 34], g-C3N4 quantum 

dots [27], TiO2 nanoparticles [28], Fe-metal organic framework nanoparticles [30], liquid metal 

supernanoparticles [31], Cu2ZnSnS4 nanocrystals [32], Mn-doped zirconium metal-organic 

framework nanocubes [33], and gold nanoparticles [103] have been reported to produce ROS upon 

MW radiation. All of these sensitizers are sensitive to MWs and attractive for applications with 

MWs; however, the toxic nature of some of these metal ions and/or high concentration of 

sensitizers could result in severe side effects. Therefore, the exploration of more efficient 

sensitizers that are capable of avoiding the above limitations is of great importance to improve the 

therapeutic effect of MWDT.  

          In our previous work, pyridinium-substituted tetraphenylethylene salt-based AIEgens 

(TPEPy-I and TPEPy-PF6, Scheme 3.1) exhibited PDT effect for cancer cell destruction and 

bacterial inactivation under white light irradiation [131]. However, to the best of our knowledge, 

there is no report on AIEgen-mediated ROS production under MW irradiation. The reason may be 

that MW has an energy of only 10−3 eV, which is too low to cleave chemical bonds and induce 

ROS generation [31, 50]. Considering these two AIEgens comprise of a TPE segment (donor), a 
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thiophene vinyl fragment (π bridge), and a cationic pyridinium moiety (acceptor) with a strong 

charge-transfer feature and effective ISC channels with a small ΔES–T (S1→T3: -0.22 eV), it is 

possible for them to be activated by MW irradiation to generate ROS. 

          In this contribution, for the first time, the two AIEgens (TPEPy-I and TPEPy-PF6) are 

reported as MW sensitizers with efficient ROS generation and cancer cell killing capabilities under 

MW irradiation. Overall, this work opens the door to treat tumors using AIEgens under MW 

irradiation and makes conventional PDT possible for deep cancer treatment, even in the context of 

hypoxic environments. 

3.2.  Experimental section 

3.2.1. Materials  

          p-Nitrosodimethylaniline (RNO), imidazole, 1,4-benzoquinone (BQ), sodium azide (NaN3), 

2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), 9,10-anthracenediyl-

bis(methylene)dimalonic acid (ABDA), 2,2,6,6-tetramethylpiperidine (TEMP), and 1,4-

diazabicyclo[2.2.2]octane (DABCO) were obtained from  Sigma-Aldrich, USA. 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Thermo 

Fisher Scientific, USA. All the chemicals were used as received without further purification. 

3.2.2.  UV-vis absorption and fluorescence spectroscopy  

          TPEPy-I and TPEPy-PF6 (stock solution in DMF) were dispersed in DI water, and the 

UV-vis optical absorption and photoluminescence spectra were measured by using a Shimadzu 

UV-Vis spectrophotometer (UV-2450) and a Shimadzu spectrofluorophotometer (RF-5301PC), 

respectively.  
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3.2.3. Scanning electron microscopy (SEM) and fluorescence microscopy 

imaging 

          The SEM images were taken by using a Hitachi S-4800 FE-SEM. For SEM measurements, 

samples were dropped on the surface of the silicon substrate and then dried to obtain dried samples. 

In order to obtain fluorescence microscopy images, TPEPy-I or TPEPy-PF6 was dropped into an 

imaging plate and then observed using an OLYMPUS IX71 fluorescence microscope.  

3.2.4. ROS detection in cell-free system using RNO bleaching method 

          We employed the RNO bleaching method [98] to probe the extracellular ROS production 

upon MW excitation. The intensity of RNO absorption was recorded spectrophotometrically at 

different time points of MW exposure (2450 MHz). The MW was delivered in a dark condition 

through a radiator probe employing a microwave therapy apparatus (WB-3100AI, BXING, China). 

Briefly, 0.45 mg of RNO and 32.68 mg of imidazole were dissolved separately into 30 mL of DI 

water, which were subsequently air saturated by air bubbling for 15 min. Afterward, the RNO-

imidazole solution (final volume 3mL) was prepared under the dark condition in a cuvette (10 mm 

path length) by mixing 1 mL of RNO, 1 mL of imidazole, and 1 mL of the testing sample. 

Meanwhile, as a reference, the control experiment was carried out following the same procedure, 

except the testing sample was replaced by DI water to see the effect of MW irradiation on RNO’s 

absorption.  

3.2.5. Singlet oxygen (1O2) detection in aqueous solution using ABDA probe and 

electron spin resonance (ESR) spectroscopy 

          In order to further support the 1O2 production under MW activation, 1O2 produced by the 

TPEPy-I and TPEPy-PF6 nanoaggregates were also measured by employing the commercially 
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available probe ABDA as a 1O2 indicator [132]. Briefly, the stock solution of ABDA (1.5 mM) 

was made in DMF. The working solution (final volume 3 mL) was prepared in DI water by taking 

30 μM of ABDA and 15 μM of TPEPy-I or TPEPy-PF6 in a 10 mm path length cuvette under 

dark condition. The solution was then exposed to MW (2450 MHz) in the dark for various periods, 

and the absorbance of ABDA was monitored at 379 nm by the spectrophotometer. The control 

experiment was performed by taking DI water alone instead of the testing sample under the same 

conditions to compare the effect of MW on the absorbance of ABDA.  

          The ESR measurements were conducted at the Nanotech Institute at the University of Texas 

at Dallas by using a Bruker EMX X‐band ESR spectrometer (Bruker Biospin, Billerica, MA). A 

small aliquot of each sample was placed in 0.5‐mm ID heparinized hematocrit capillary tubes, 

which were subsequently placed in 4‐mm thin wall quartz ESR tubes (Wilmad Lab‐Glass, 

Vineland, NJ). Field‐swept continuous wave ESR spectra were recorded at room temperature. 

3.2.6.  Extracellular ROS detection using DCFH-DA probe 

          The ROS produced by the TPEPy-I and TPEPy-PF6 nanoaggregates in aqueous solution 

upon MW excitation was further investigated by the photoluminescence (PL) method using 

DCFH-DA as a ROS probing agent [31, 46]. The stock solution of DCFH-DA (1.8 mM) was made 

in DMF. After that, the working solution (final volume 3 mL) containing DCFH-DA (30 μM) and 

TPEPy-I or TPEPy-PF6 (10 μM) was prepared in a cuvette (10 mm path length) under the dark 

condition. The solution was then exposed to MW (2450 MHz) in the dark for various periods, and 

the PL intensity was subsequently recorded at 523 nm by the spectrofluorophotometer with the 

excitation wavelength of 505 nm. The control experiment was performed by taking DI water 

instead of TPEPy-I and TPEPy-PF6 under the same conditions. 
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3.2.7. Detection of intracellular ROS production 

          We studied the intracellular generation of ROS using DCFH-DA as a fluorescence detection 

probe [133]. 1 × 105 HeLa cells per imaging plate were seeded into nine different imaging plates 

and incubated in a humidified cell incubator containing 5% CO2 at 37 °C for 24 h. Afterward, the 

cells were incubated with or without TPEPy-I and TPEPy-PF6 (5 µM) for 4 h in the fresh culture 

medium (3 mL). Cells were then washed with PBS twice and incubated with 20 μM of DCFH-DA 

in DMEM (500 µL) for another 45 min at 37 °C in the dark. The cells were subsequently washed 

three times with PBS in order to remove the unloaded probe. The indicated cells were then exposed 

to 10 W (2450 MHz) of MW irradiation (inserting the MW probe into the medium without 

touching the cells) in the dark condition for 1 or 1.5 min after adding 3 mL of DMEM. Finally, the 

cells were resuspended in PBS (500 µL) and immediately observed using the OLYMPUS IX71 

fluorescence microscope under the same instrumental conditions. 

3.2.8. Microwave dynamic therapy (MWDT) study using MTT assay 

          The cytotoxicity of TPEPy-I and TPEPy-PF6 nanoaggregates under MW irradiation was 

investigated using MTT assay. HeLa cells were seeded in 24-well plates at a density of 2 × 104 

cells/well. After allowing to attach and grow for 24 h, the old medium was removed from each 

well, and 2.4 mL of fresh culture medium (DMF-culture medium with 99.92% culture medium 

content) containing various concentrations of TPEPy-I or TPEPy-PF6 (0-10 µM) were added to 

each well. After 4 h of additional incubation, the cells were treated with or without 10 W of MW 

radiation (2450 MHz) in the dark condition for 1.5 min (inserting the probe of MW into the culture 

medium without touching the surface of the plate) and further incubated for 20 h. The old medium 

was then removed, and 400 µL of fresh culture medium containing 40 µL of MTT solution (5 
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mg/mL MTT reagent in PBS) was added to each well and incubated for another 4 h in the dark. 

Then, the formazan product was solubilized by adding DMSO, and the absorption of the formazan 

crystal was recorded at 540 nm using a microplate reader (Multiskan FC). Finally, cell viability 

was determined using the following equation: 

Cell viability =
The absorbance of the treated group

The absorbance of the untreated group
 × 100% 

3.2.9. Investigation of MWDT effect using live/dead assay  

          We further explored the cell viability under MW irradiation by using a live/dead assay. HeLa 

cells were cultured at a density of 1 × 105 cells/well and then incubated at 37 °C in a humidified 

5% v/v CO2 atmosphere in a cell incubator for 24 h. Following the incubation, the old medium 

was removed, and 3 mL of fresh medium (DMF-culture medium with 99.92% culture medium 

content) with or without 10 µM of TPEPy-I and TPEPy-PF6 was then added to each well. There 

were nine groups: control, TPEPy-I, TPEPy-PF6, 1.5 min MW, 2 min MW, TPEPy-I + 1.5 min 

MW, TPEPy-I + 2 min MW, TPEPy-PF6 + 1.5 min MW, and TPEPy-PF6 + 2 min MW. After 

incubating for 4 h, the MW, TPEPy-I + MW, and TPEPy-PF6 + MW groups were irradiated with 

1.5 or 2 min of MW (10 W; 2450 MHz) through the radiator probe (inserting the probe into the 

medium without touching the plate surface) in the dark condition. Afterward, the cells were 

incubated in the incubator for 20 h. On the day of the experiment, the old medium was replaced 

with 500 µL of fresh medium containing a mixture of calcein-AM and propidium iodide (PI) and 

incubated for another 45 min at 37 °C under the dark condition. Finally, the stained cells were 

visualized by the OLYMPUS IX71 fluorescence microscope.  
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3.2.10. Bright-field imaging  

          In order to observe the changes in the morphology of the cells after MW treatments, bright-

field images of the HeLa cells were collected with the help of the OLYMPUS IX71 fluorescence 

microscope. 

3.2.11. Statistical analysis 

          The data represented as mean ± standard deviation was performed at least three times. One-

way analysis of variance (ANOVA) followed by the Tukey test was employed to determine the 

statistical significance between the control and the experimental groups. A p-value < 0.05 was 

considered statistically significant. 

 

 

 

Scheme 3.1. The chemical structures of two MW sensitizers (TPEPy-I and TPEPy-PF6).  
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3.3. Results and discussion 

3.3.1. Synthesis and characterization of TPEPy-I and TPEPy-PF6 

          The synthesis and detailed characterizations of the two AIEgens TPEPy-I and TPEPy-PF6 

(Scheme 3.1) have been described in our recent publication [131]. Figure 3.1a illustrates the 

absorption spectra of the TPEPy-I and TPEPy-PF6 nanoaggregates in DMF-water mixture 

(99.75% water), with the absorption maxima at about 440 and 450 nm, respectively. Figure 3.1b 

depicts the PLE and PL spectra of the TPEPy-I and TPEPy-PF6 nanoaggregates in DMF-water 

mixture (99.75% water), with the emission maxima at about 652 and 663 nm, respectively, when 

excited at 467 nm. Moreover, their PL spectra were found to be almost the same even after 4 

months of storage (Figure S3.1), demonstrating their good stability. Dynamic light scattering 

(DLS) measurements revealed that the mean hydrodynamic diameters of the nanoaggregates that 

formed in the DMF-water mixture (99.67% water) were (119 ± 32) and (152 ± 48) nm for TPEPy-

I and TPEPy-PF6 nanoaggregates (Figures 3.1c and d), respectively.  
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Figure 3.1. (a) UV-vis absorption spectra of TPEPy-I and TPEPy-PF6 nanoaggregates in the 

DMF-water mixture with 99.75% water content. (b) Normalized photoluminescence excitation 

(PLE) spectra at 467 nm (left) and PL emission spectra at 652 and 663 nm (right) of the TPEPy-I 

and TPEPy-PF6 nanoaggregates, respectively, in DMF-water mixture with 99.75% water content. 

Emission wavelengths of TPEPy-I and TPEPy-PF6 nanoaggregates were 652 and 663 nm, 

respectively. The excitation wavelength was 467 nm for both cases. (c and d) Particle size 

distribution of (c) TPEPy-I and (d) TPEPy-PF6 nanoaggregates in DMF-water mixture with 

99.67% water content measured by DLS.  
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3.3.2. Scanning electron microscopy (SEM) and fluorescence microscopy 

images 

          We used SEM to investigate the morphology and self-assembly behaviors of both AIEgens. 

Figures 3.2a-f show that both AIEgens self-assembled into nano/micro-architectures when no 

water was used. We further carried out SEM measurements when water contents on both AIEgens 

were 90% and 99.67%. As depicted in Figures 3.2g-o, molecules self-assembled into micro-

/nanostructures after the evaporation of water. As solvent needs to be evaporated before 

performing SEM measurements, only slight difference was observed under different conditions. 

Since the properties of these AIEgens strongly depend upon water content and all water contents 

were evaporated before SEM observations, SEM results showed a broader range of sizes than that 

of DLS measurements. The results of  SEM observations suggest that both AIEgens were 

assembled into different shapes, as it is not easy for AIEgens to self-assemble into well-defined 

structures due to the nonpolar topology of AIEgens [134]. The aggregation behavior of AIEgens, 

in essence, is a self-assembly process primarily driven by the solvophobic effect of the molecules 

[135]. Figure S3.2 shows one of the morphologies of TPEPy-I nanoaggregates when molecules 

of TPEPy-I assembled into nanoaggregates. 

          Additionally, the fluorescence microscopy images clearly showed bright red luminescence 

in the solid-state (powder samples), and the intensity of red luminescence increased with the size 

of aggregates (Figure S3.3), further indicating that these are AIE-active molecules. 

 



72 
 

 

Figure 3.2. Representative SEM images of (a-c) TPEPy-I with no water (powder sample), (d-f) 

TPEPy-PF6 with no water (powder sample), (g-i) TPEPy-I with 90% water content, (j-l) TPEPy-

PF6 with 90% water content, (m-n) TPEPy-I with 99.67% water content, and (o) TPEPy-PF6 

with 99.67% water content. 
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3.3.3. ROS detection in aqueous solution using RNO bleaching assay 

 

Figure 3.3. Investigation of ROS detection using the RNO bleaching (RNO-imidazole) method. 

Normalized absorption curves of RNO at 440 nm in the presence of (a) DI water, TPEPy-I, or 

TPEPy-PF6 under 10 W of MW irradiation, (b) DI water or TPEPy-I under 2 and 10 W of MW 

irradiation, (c) TPEPy-I (5 and 10 µM) under 2 and 10 W of MW irradiation, and (d) DI water, 

BQ, NaN3, TPEPy-I, TPEPy-I + NaN3, or TPEPy-I + BQ under 10 W of MW irradiation.  

 

          ROS produced by the two AIEgens under MW irradiation was investigated by the RNO 

bleaching (RNO-imidazole) method [98]. In this spectrophotometric method, the reaction of 1O2 

with imidazole yields a transannular peroxide, which then reacts with RNO and causes bleaching 

of RNO that can be measured at 440 nm [98]. Firstly, we compared the ROS production ability of 
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TPEPy-I and TPEPy-PF6 nanoaggregates (10 µM) under 10 W of MW exposure by monitoring 

the absorbance of RNO at 440 nm as a function of MW exposure time. As presented in Figure 

3.3a, the absorbance of RNO was markedly reduced as compared to DI water alone, indicating that 

the two nanoaggregates could produce ROS when excited by MW. To ascertain that the decrease 

in the absorption of RNO was due to ROS generation, time-dependent UV-vis absorption spectra 

of both nanoaggregates (without MW activation) were recorded. As depicted in Figure S3.4, the 

absorption intensity of both nanoaggregates at 440 nm did not vary noticeably over time, showing 

that the decrease in RNO absorbance was actually ascribed to the generated ROS from the two 

nanoaggregates.  

          It is interesting that TPEPy-I induced more ROS, which could be attributed to the positive 

effect of iodide anions as described in our recent work [69]. An alternative explanation might be 

due to the smaller size of TPEPy-I nanoaggregates (Figures 3.1c and d) as smaller particles have 

larger surface areas, which are helpful to regulate the number of reactive sites on the particles’ 

surface [136]. However, the exact cause of the difference in ROS generation capacity of the two 

samples is currently not known.  

          As discussed above, the ROS production performance of TPEPy-I nanoaggregates is better 

than that of TPEPy-PF6, motivating us to carry out further experiments on TPEPy-I 

nanoaggregates. Figure 3.3b shows the comparison of ROS induced by TPEPy-I nanoaggregates 

(10 µM) at 2 and 10 W of MW irradiation. The result indicates that a higher MW dose produces 

more ROS. Furthermore, ROS production is also dependent on the concentration of the sample 

(Figure 3.3c). Interestingly, 5 µM of TPEPy-I nanoaggregates under 10 W of MW produced the 

approximately same amount of ROS as that of 10 µM under 2 W of MW (Figure 3.3c). Taken 
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together, irradiation time, MW dose, and sample concentration proved to be key factors 

influencing ROS generation. 

          To test whether the ROS detected from the RNO bleaching assay was 1O2, we added sodium 

azide (NaN3), a  physical quencher of 1O2 [137],  to TPEPy-I nanoaggregates under the same 

conditions. As displayed in Figure 3.3d, the bleaching of RNO was noticeably reduced in the 

presence of NaN3 (40 mM) because of the capture of 1O2 by NaN3, supporting that 1O2 was the 

main component of the generated ROS.  

          We all know that 1O2 is usually generated by the energy transfer from the excited state of 

PSs to molecular oxygen (3O2). However, some groups revealed that 1O2 may be produced through 

the oxidation of superoxide radical (•O2
−) under appropriate conditions [7, 138-141]. To verify this 

hypothesis, we added 1,4-benzoquinone (BQ), a well-known quencher of •O2
− [142, 143], into the 

solution of TPEPy-I nanoaggregates. Interestingly, the introduction of BQ (340 µM) into the 

solution of TPEPy-I nanoaggregates inhibited bleaching of RNO remarkably (Figure 3.3d), 

indicating •O2
− was simultaneously produced in the reaction system. Based on this observation, it 

is reasonable to expect that 1O2 might be possibly generated by the oxidation of •O2
− as illustrated 

in Figure 3.4. From the molecular orbital diagram (Figure 3.4), it is evident that the loss of an 

electron of appropriate spin could generate either 1O2 or 3O2. The probabilities of 1O2 and 3O2 

production through the oxidation of •O2
− are found to be 2/5 and 3/5, respectively [7]. The 

confirmation of the production of •O2
− also indicates the possibility of the generation of other types 

of ROS as well because •O2
− is the precursor of most of the ROS and is a mediator of oxidative 

chain reactions [144]. It is worthwhile to mention that the increase in RNO absorbance at 440 nm 

of DI water + BQ +10 W group (black curve in Figure 3.3d) is due to the interaction of imidazole 

with BQ [145]. As can be seen in Figure S3.5a, the absorption of RNO at 440 nm did not change 
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in the presence of BQ, indicating that RNO does not interact with BQ. However, the absorption of 

RNO at 440 nm slightly increased in the presence of imidazole and BQ (Figure S3.5c), which 

suggests that imidazole interacts with BQ as discussed in the literature [145]. Figure S3.5d further 

shows that the interaction becomes more prominent upon MW irradiation.  

 

 

 

Figure 3.4. The schematic molecular π* orbitals of molecular oxygen (3O2), superoxide radical 

(•O2
−), and singlet oxygen (1O2).  

 

          We also used another scavenger of •O2
−, chloroform [143, 146, 147], to further strengthen 

our claim that the nanoaggregates can generate •O2
− upon MW radiation. After adding chloroform 

(4.2 or 21 mM) to TPEPy-I solution, the bleaching of RNO was noticeably reduced (Figure S3.6a), 

indicating that the nanoaggregates could produce •O2
− under MW irradiation.  

          Additionally, the absorbance of RNO was also monitored without using imidazole to further 

affirm the production of 1O2 (Figure S3.6b). If the system generates 1O2, the bleaching of RNO 

should reduce in the absence of imidazole. As expected, the bleaching of RNO was significantly 

inhibited in the absence of imidazole as compared to the sample with imidazole (Figure S3.6b), 

further demonstrating that the sample can generate 1O2 upon MW exposure.  
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          For the purpose of comparison, we synthesized copper-cysteamine (Cu-Cy) nanoparticles 

using the recently published method [29] and compared the ROS production performance of 

TPEPy-I nanoaggregates (10 µM) with Cu-Cy nanoparticles (10 µM) under the same 

experimental conditions. As depicted in Figure S3.7, TPEPy-I nanoaggregates produced a 

significantly higher amount of ROS than that of Cu-Cy nanoparticles, justifying that TPEPy-I 

nanoaggregates are better ROS producing agent than Cu-Cy nanoparticles upon MW irradiation. 

3.3.4. Study of 1O2 measurements using ABDA probe and electron spin 

resonance (ESR) spectroscopy 

          The generation of 1O2 from the two nanoaggregates upon MW irradiation was also assessed 

by using ABDA, a commercially available 1O2 indicator [132]. ABDA can react with 1O2 to form 

an endoperoxide, resulting in a decrease in the absorbance of ABDA. As indicated in Figure 3.5a, 

a slight reduction in the absorbance of ABDA was observed even in the absence of the samples, 

signifying that MW alone caused some oxidation of ABDA. In contrast, after adding TPEPy-I or 

TPEPy-PF6 (15 µM) to the ABDA solution, a rapid decrease in the intensity of ABDA absorbance 

was noticed with increasing the MW exposure time (Figure 3.5a), which is an indication of 1O2 

generation and provided compelling evidence of 1O2 production. As expected, TPEPy-I 

nanoaggregates exhibited a much more effective 1O2 generation, consistent with what was 

observed during the RNO bleaching assay.  
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Figure 3.5. Exploration of singlet oxygen (1O2) detection using the ABDA probe. Change in 

ABDA absorbance at 379 nm as a function of MW exposure time with (a) TPEPy-I or TPEPy-

PF6 nanoaggregates under 10 W of MW irradiation, (b) TPEPy-I nanoaggregates under 2 and 10 

W of MW irradiation, (c) DABCO, TPEPy-I + DABCO, or TPEPy-I under 10 W of MW 

irradiation, and (d) TPEPy-I in the presence of different water contents in DMF under 10 W of 

MW irradiation. The decrease in absorbance at 379 nm shows 1O2 production. 

 

          As TPEPy-I generated more 1O2, we further measured 1O2 produced by TPEPy-I (15 µM) 

upon 2 W of MW radiation. The results presented in Figure 3.5b reveal that 1O2 produced by 

TPEPy-I varies with MW power. To validate that decrease in ABDA absorbance was due to the 

generation of 1O2, we mixed DABCO, a well-known scavenger of 1O2 [137], to the solution of 

TPEPy-I (15 µM). As displayed in Figure 3.5c, the decrease in ABDA absorbance was markedly 
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inhibited in the presence of the DABCO (20 mM), further testifying that the TPEPy-I 

nanoaggregates could generate 1O2 upon MW exposure.  

 

Figure 3.6. The particle size distribution of nanoaggregates of TPEPy-I formed in DMF-water 

mixture with (a) 66.67% and (b) 90% water content measured by DLS. The average hydrodynamic 

diameters were found to be (517 ± 108) and (157 ± 24) nm, respectively. (c) Schematic diagram 

of the AIEgen-mediated microwave dynamic therapy (MWDT). 

 

          To examine whether the molecularly dissolved state can produce 1O2 upon MW excitation, 

we chose TPEPy-I as an example for further investigation. Figure 3.5d reveals that TPEPy-I 

solution could not induce 1O2 in the molecular form (0% water). Surprisingly, no obvious 1O2 

generation was observed even when the water content was 66.67%. However, further increasing 
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water content (90% or 97.75%), TPEPy-I generated a large amount of 1O2. All of these findings 

indicate that MW can generate 1O2 only when compact nanoaggregates are formed, as 

demonstrated by DLS measurements (Figures 3.6a and b). The AIEgen-mediated MWDT is 

schematically illustrated in Figure 3.6c.  

 

Figure 3.7. ESR spectra of 1O2 trapped by TEMP in the presence of TPEPy-I and TPEPy-PF6 

nanoaggregates (10 µM) under 10 W of MW irradiation. Concentration of TEMP was 20 mM.  

 

          ESR technique was used to further verify the production of 1O2 using 2,2,6,6-

tetramethylpiperidine (TEMP), a well-known probe molecule for trapping 1O2. The oxidation of 

TEMP by 1O2 yields the stable free radical 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), which 

can be easily detected by ESR [148, 149]. As shown in Figure 3.7, the distinguishable and typical 

1:1:1 triplet signal (i.e., three lines with equal intensities) of the TEMPO was detected after 

applying MW irradiation on TPEPy-I nanoaggregates (10 µM), thereby providing direct evidence 

of the generation of 1O2 [148, 149]. However, such a noticeable characteristic signal of the TEMPO 

was not observed without MW irradiation. Similarly, we conducted experiments on TPEPy-PF6 

nanoaggregates to see if TPEPy-PF6 nanoaggregates (10 µM) could produce 1O2, and results 
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showed that TPEPy-PF6 nanoaggregates could generate 1O2 when excited by MW (Figure 3.7). 

Additionally, 1O2 produced by TPEPy-I nanoaggregates was more than that of TPEPy-PF6, 

consistent with all our studies. 

3.3.5. Detection of extracellular ROS production using DCFH-DA probe  

 

Figure 3.8. Extracellular ROS detection using the DCFH-DA probe. (a) Change in 

photoluminescence (PL) intensities of DCF at 523 nm as a function of MW exposure time with or 

without TPEPy-I and TPEPy-PF6 nanoaggregates (10 µM) under 10 W of MW irradiation. (b) 

Comparison of change in PL intensities of DCF at 523 nm in the presence of TPEPy-I 

nanoaggregates (10 µM) at 2, 5, and 10 W of MW irradiation. The increase in PL intensity at 523 

nm indicates the ROS generation.  

 

          The evaluation of ROS generation was also explored by the PL technique using DCFH-DA, 

which yields DCF, a fluorescent molecule, in the presence of ROS [31, 46]. As shown in Figure 

3.8a, it is evident that the PL intensity at 523 nm enhanced to a greater extent after using TPEPy-

I or TPEPy-PF6 nanoaggregates when compared to the DI water alone, demonstrating that the 

TPEPy-I and TPEPy-PF6 nanoaggregates can produce ROS upon MW exposure. Taking 

TPEPy-I as an example, we further evaluated the ROS produced by the TPEPy-I nanoaggregates 

at 2 and 5 W of MW irradiation. The results presented in Figure S3.8 demonstrate that the 
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nanoaggregates could produce ROS even at 2 W of MW irradiation. For comparison, Figure 3.8b 

was plotted, which shows that ROS production ability enhanced with the increase of MW power.  

3.3.6. Intracellular ROS detection 

 

Figure 3.9. Intracellular ROS detection in HeLa cells using DCFH-DA staining dye upon 10 W 

of MW irradiation. (a) Cells without any treatments. (b) Cells treated with MW for 1 min. (c) Cells 

treated with MW for 1.5 min. (d) Cells treated with TPEPy-I. (e) Cells treated with TPEPy-I upon 

MW for 1 min. (f) Cells treated with TPEPy-I upon MW for 1.5 min. (g) Cells treated with 

TPEPy-PF6. (h) Cells treated with TPEPy-PF6 upon MW for 1 min, and (i) cells treated with 

TPEPy-PF6 upon MW for 1.5 min. The increase in green fluorescence intensity shows ROS 

production. Scale bar = 100 µm; magnification = 10×.  
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           The results of ROS production in cell-free system motivated us to explore ROS detection 

in cells. DCFH-DA, an oxidation-sensitive probe, was used to examine the intracellular ROS 

generation. DCFH-DA is a nonpolar and cell-permeant compound, which switches to DCFH by 

intracellular esterases and then converts to the intensely fluorescent DCF upon oxidation with 

intracellular ROS [133]. The representative images presented in Figure 3.9 demonstrate that 

negligible green fluorescence was seen in the MW (1 or 1.5 min, 10 W) treated cells, whereas the 

cells treated with TPEPy-I or TPEPy-PF6 nanoaggregates (5 µM) displayed weakly green 

fluorescence. Meanwhile, the intensity of green fluorescence was dramatically increased in the 

cells treated with the TPEPy-I or TPEPy-PF6 nanoaggregates in combination with MW, proving 

that the two nanoaggregates can remarkably produce ROS when stimulated by MW. Additionally, 

the intensity of green fluorescence was further enhanced after increasing the MW exposure time 

from 1 to 1.5 min. These findings also support that the two AIEgens can produce ROS under MW 

exposure and are promising sensitizers for MWDT.  

3.3.7. Exploration of MWDT effect using MTT assay 

           We evaluated the MWDT effect of the two AIEgens using MTT assay. It is a quantitative 

colorimetric assay in which yellow tetrazolium salt MTT converts into purple formazan crystals 

by mitochondrial dehydrogenase of the metabolically active cells [150]. The results presented in 

Figure 3.10 shows that MW-treated nanoaggregates killed significantly more cells than their 

corresponding controls (MW alone and nanoaggregates alone). Furthermore, our results depict that 

the lethality increased with the increase of concentration of TPEPy-I and TPEPy-PF6 

nanoaggregates, demonstrating a dose-dependent cytotoxic effect. These results confirmed that the 

combination of MW and TPEPy-I or TPEPy-PF6 nanoaggregates had a fatal effect on HeLa cells. 

For example, the average HeLa cell viabilities were found to be 58.4% vs. 62.5%, 31.1% vs. 
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36.7%, and 9.3% vs. 14.2% at 2.5, 5, and 10 µM of TPEPy-I and TPEPy-PF6 nanoaggregates, 

respectively, under 10 W of MW irradiation for 1.5 min. Even though it may not be fully 

reasonable to compare our findings with the reported results due to some differences in the 

experimental methods, the high MWDT effect of the two AIEgens even at low concentration 

indicates that the present AIEgen system is better than most MW sensitizers reported thus far, 

which require high concentrations to achieve the desired cytotoxicity [27-34]. 

 

 

Figure 3.10. Evaluation of MWDT effect of (a) TPEPy-I and (b) TPEPy-PF6 nanoaggregates 

under MW irradiation (10 W) on HeLa cells for 1.5 min. Statistical analysis was performed with 

respect to MW alone and the corresponding concentration of the nanoaggregate alone (*p < 0.05 

and **p < 0.0001).  

 

          The IC-50 values of TPEPy-I and TPEPy-PF6 nanoaggregates upon MW were found to be 

(2.73 ± 0.52) and (3.22 ± 0.55) µM, respectively (Figure 3.11). This means that TPEPy-I 

nanoaggregates showed a better MWDT effect on average, which agrees with the ROS production 

and cytotoxicity studies.  
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Figure 3.11. The plot of IC-50 values of TPEPy-I and TPEPy-PF6 nanoaggregates against HeLa 

cells under 10 W (1.5 min) of MW exposure. 

 

 

 

Figure 3.12. Cell viability of HET1A normal cells and KYSE-30 cancer cells under the dark 

condition after treating different concentrations of (a) TPEPy-I and (b) TPEPy-PF6 

nanoaggregates for 24 h. 

           

          The toxicity of materials is a very important factor to be evaluated for biological 

applications. Therefore, we further assessed the dark toxicity of the two nanoaggregates in both 

normal and cancer cells (other than HeLa cancer cells). As displayed in Figure 3.12, the 

nanoaggregates have relatively low dark toxicity in both cancer and normal cells up to tested 
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concentrations. Additionally, the average dark toxicity for HET1A (normal cells) for most 

concentrations was found to be slightly lower than that of KYSE-30 (cancer cells). These results 

suggest that these nanoaggregates should have acceptable biocompatibility in normal cells in vivo. 

3.3.8. MWDT study by live/dead assay 

          The anti-tumor effect induced by TPEPy-I and TPEPy-PF6 nanoaggregates upon MW 

exposure was also assessed by using the live/dead cell viability assay. HeLa cells were stained 

with calcein-AM for viable cells and PI for nonviable cells. Calcein-AM is a cell-permeable dye 

that has been widely employed for determining cell viability and/or cytotoxicity in most eukaryotic 

cells. In viable cells, the calcein-AM is switched to a green fluorescent calcein by intracellular 

esterases [151]. On the other hand, PI is excluded from live cells with intact plasma membranes 

but penetrates damaged cells, thereby binding to nucleic acids and detecting dead cells in a 

population [133].  

          For each group, the green (live) and red (dead) channels were merged, and the representative 

images of the live/dead assay are shown in Figure 3.13. When TPEPy-I or TPEPy-PF6 

nanoaggregates were activated by 1.5 or 2 min of MW (10 W), the cytotoxicity was significantly 

enhanced when compared to their corresponding controls (MW alone and nanoaggregates alone). 

The results presented in Figure 3.13 further show that more cells were destroyed while increasing 

the MW exposure time (from 1.5 to 2 min), uncovering that TPEPy-I and TPEPy-PF6 

nanoaggregates are promising candidates in MWDT for noninvasive treatment of deep tumors and 

infectious diseases. For the purpose of quantification, the number of live (green fluorescence) and 

dead (red fluorescence) cells were counted to determine the cell viability by using ImageJ software 

[70], and the results are displayed in Figure 3.14. The average cell viabilities of the HeLa cells in 

the presence of TPEPy-I and TPEPy-PF6 nanoaggregates under 10 W of MW exposure were 
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found to be 23.8% and 29.1% for 1.5 min and 4.7% and 7.5% for 2 min, respectively (Figure 3.14). 

Again, this means that TPEPy-I nanoaggregates exhibited a better MWDT outcome on average 

than TPEPy-PF6 nanoaggregates, which could be due to the effect of iodide ions, as pointed out 

in our recent publication [69]. 

 

Figure 3.13. The effect of TPEPy-I and TPEPy-PF6 nanoaggregates (10 µM) in HeLa cells upon 

10 W of MW irradiation. (a) Cells without any treatments. (b) Cells treated with MW for 1.5 min. 

(c) Cells treated with MW for 2 min. (d) Cells treated with TPEPy-I. (e) Cells treated with TPEPy-

I upon MW for 1.5 min. (f) Cells treated with TPEPy-I upon MW for 2 min. (g) Cells treated with 

TPEPy-PF6. (h) Cells treated with TPEPy-PF6 upon MW for 1.5 min, and (i) cells treated with 

TPEPy-PF6 upon MW for 2 min. Green fluorescence represents viable cells, whereas red 

fluorescence represents dead cells. Scale bar = 100 µm; magnification = 10×.  



88 
 

 

Figure 3.14. The quantitative analysis of the live/dead cell assay using ImageJ software. *p < 

0.0001 compared with 1.5 min MW alone and the corresponding nanoaggregate alone; **p < 

0.00001 compared with 2 min MW alone and the corresponding nanoaggregate alone.  

 

3.3.9. Bright-field images  

 

Figure 3.15. Bright-field images of HeLa cells (a) without any treatments (control), (b) treated 

with TPEPy-I (10 µM), (c) treated with MW for 2 min, and (d) treated with TPEPy-I (10 µM) 

upon MW for 2 min. Scale bar = 100 µm; magnification = 10×. 
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          We also monitored the changes in the morphology of the HeLa cells following the MW 

treatments. As shown in Figure 3.15, the cells treated with TPEPy-I nanoaggregates alone retained 

their regular and normal cell morphology, indicating low dark cytotoxicity towards HeLa cells. In 

contrast, MW plus nanoaggregates induced a dramatic change in cell morphology, thus 

corroborating that the combination of the nanoaggregates and MW is highly toxic to cancer cells. 

The results agreed well with the results of the MTT and live/dead assays.  

3.3.10. ROS production and MW heating 

          Despite several groups, including ours, great efforts in elucidating the mechanisms of MW 

induced ROS generation, the exact mechanism is not completely understood yet because MW 

irradiation does not have sufficient energy to break chemical bonds or to induce any chemical 

reactions [31, 50]. One of the plausible rationalities is that a portion of MW energy could be 

concentrated into hot spots, which could cause the transfer of electrons from the nanoaggregates 

to the surrounding water and oxygen, thereby producing ROS [31, 51]. Another possibility could 

be attributed to the catalytic effect of the nanoaggregates, similar to that of other materials such as 

Cu-Cy nanoparticles [29], g-C3N4 quantum dots [27], gold nanoparticles [103], and activated 

carbon [51]. Additionally, non-thermal effect of MW may cause excitation of reactant molecules 

to higher vibrational and rotational energy levels [60, 152, 153]. Shahin et al. [154] discussed that 

the non-thermal effect of MW could be responsible for increasing ROS production. Although the 

exact mechanism of ROS production is still controversial, it is well accepted that MW irradiation 

forces polar molecules to continuously realign with the oscillating electric field, enhancing their 

kinetic energy and, in turn, heat [41, 50]. Tissues with high water content (such as solid organs 

and tumors) are highly conducive to this type of heating [41]. Increasing evidence support that 

heat can mediate for ROS production, including 1O2 [115, 133, 155]. 
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Figure 3.16. (a) The relative PL intensity of SOSG at 525 nm with or without H2O2 (100 µM) as 

a function of time upon 2 and 10 W of MW irradiation. The increase in PL intensity at 525 nm 

represents the 1O2 generation. The excitation wavelength was 505 nm. (b) In vitro MW heating 

curves of TPEPy-I and TPEPy-PF6 nanoaggregates dispersed in DI water upon 10 W of MW 

irradiation. DI water was set as a control. 

 

          To determine whether MW irradiation can produce 1O2 through the dismutation of hydrogen 

peroxide (H2O2), we employed singlet oxygen sensor green (SOSG) reagent, which can react with 

1O2 and emit bright green fluorescence peaked at about 525 nm [156]. When H2O2 (100 µM) was 

stimulated by MW (2 and 10 W), the normalized PL intensity at 525 nm enhanced remarkably as 

compared to H2O2 alone and MW alone in both time- and dose-dependent manners (Figure 3.16a), 

thereby providing strong evidence that MW can generate 1O2 by decomposing H2O2. In fact, ROS 

production by MW is a common phenomenon, which has been reported as a great concern for 

mobile phone impact on human health due to their increased use in daily life [157-159].  

          To elucidate the heating effect of MW, temperatures of DI water with or without the two 

nanoaggregates were recorded at 10 W of MW irradiation (2450 MHz) up to 6 min. As displayed 

in Figure 3.16b, the temperature of the DI water in the presence of TPEPy-I or TPEPy-PF6 
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nanoaggregates (20 µM) was not higher than in the DI water alone, suggesting MW thermal effect 

is unlikely to be a major factor for killing cancer cells and excluding the possibility that these 

nanoaggregates may increase the temperature of MW heating. Based on this observation and our 

findings as described above, it is reasonable to expect that the destruction of cancer cells is 

primarily due to ROS, and, therefore, we define it microwave dynamic therapy (MWDT). 

           It is known that photodynamic therapy (PDT) suffers from a key drawback associated with 

its oxygen-dependent nature, which limits its effective use against hypoxic tumors [24, 160]. Many 

strategies have been explored to solve this problem and improving blood flow in tumors is one of 

them [24]. Since tumor hypoxia is particularly caused by the alterations in tumor 

microenvironments and the chaotic blood flow, improving blood flow has become an effective 

approach to increase oxygenation in tumors. It has been reported that elevating local temperatures 

by a mild heating may increase blood flow in tumors and an increment of the oxygen level inside 

tumor [24]. Therefore, microwave induced photodynamic therapy with the microwave heating 

along with the dynamic therapy of ROS is a good combination on cancer treatment, not only 

improve the efficacy but also could provide a good solution for hypoxic issues. 

3.4. Conclusions 

           For the first time, we presented that two AIEgens (TPEPy-I and TPEPy-PF6) can produce 

ROS and, in turn, kill cancer cells under MW irradiation. We employed different methods to affirm 

that the two AIEgens can induce ROS upon MW exposure. The AIEgens showed significant 

cytotoxicity when excited by MW toward HeLa cells as evaluated by the MTT and live/dead 

assays. Considering NIR emission, good stability, and effectiveness for killing cancer cells even 

under low concentration of TPEPy-I or TPEPy-PF6 nanoaggregates, we anticipate that these 
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nanoaggregates could be deserving candidates for further investigation in the study of image-

guided MWDT, either alone or in combination with other treatment modalities, such as 

radiotherapy, chemotherapy, immunotherapy, or surgery. This novel work opens a new door to 

provide an effective perspective on the molecular design of AIEgens to approach clinical 

application and improve the efficacy of cancer treatments. 
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Figure S3.1. Stability study of TPEPy-I and TPEPy-PF6. (a) Photoluminescence (PL) spectra of 

the TPEPy-I initially and after 2 and 4 months of storage. (b) PL spectra of the TPEPy-PF6 

initially and after 2 and 4 months of storage. The excitation wavelength was 467 nm. Stock 

solutions were prepared in DMF and diluted with DI water immediately before the measurements. 

Water content in the DMF-water mixture was 99.75%.  

 

 

 

Figure S3.2. SEM image of TPEPy-I with 90% water content. The image shows the self-assembly 

of molecules. 
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Figure S3.3. Representative fluorescence microscopy images of (a-c) TPEPy-I and (d-f) TPEPy-

PF6 in the solid-state. (a) Bright-field, (b) fluorescence, and (c) merged images of TPEPy-I 

powders. (d) Bright-field, (e) fluorescence, and (f) merged images of TPEPy-PF6 powders. Scale 

bar = 100 µm. 

 

 

Figure S3.4. Time-dependent UV-vis absorption spectra of (a) TPEPy-I and (b) TPEPy-PF6 

nanoaggregates in DMF-water mixture with 99.67% water content for different periods. 
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Figure S3.5. (a) Time-dependent absorption spectra of RNO in the presence of BQ (without MW). 

(b) Time-dependent absorption spectra of RNO in the presence of BQ under 10 W of MW 

exposure. (c) Time-dependent absorption spectra of RNO in the presence of imidazole and BQ 

(without MW), and (d) time-dependent absorption spectra of RNO in the presence of imidazole 

and BQ under 10 W of MW exposure. 
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Figure S3.6. (a) Normalized absorption curves of RNO at 440 nm in the presence of DI water, 

chloroform, TPEPy-I (10 µM), or TPEPy-I (10 µM) + chloroform under 10 W of MW irradiation. 

(b) Normalized absorption curves of RNO at 440 nm with TPEPy-I (5 µM) in the presence and 

absence of imidazole upon 10 W of MW irradiation.  

 

 

 

 

Figure S3.7. Comparison of ROS produced by copper-cysteamine (Cu-Cy) nanoparticles (10 µM) 

and TPEPy-I nanoaggregates (10 µM) under 10 W of MW irradiation using RNO bleaching 

(RNO-imidazole) method. 
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Figure S3.8. Extracellular ROS detection using the DCFH-DA probe. Change in 

photoluminescence (PL) intensities of DCF at 523 nm as a function of MW exposure time with or 

without TPEPy-I nanoaggregates (10 µM) under (a) 2 W and (b) 5 W of MW irradiation. The 

increase in PL intensity at 523 nm indicates the ROS generation. 
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Chapter 4 

(In preparation for publication) 

Exploration of Copper-Cysteamine Nanoparticles as an Efficient 

Heterogeneous Fenton-Like Catalyst for Wastewater Treatment 

Abstract 

          Copper-cysteamine (Cu-Cy) is a new nanoparticle that can be stimulated by UV light, 

microwaves, X-rays, and ultrasound to produce various types of reactive oxygen species (ROS) 

for cancer and infectious disease treatments. Most importantly, our recent studies revealed that 

Cu-Cy nanoparticles (NPs) can be used for wastewater treatment as an effective heterogeneous 

Fenton-like catalyst, thereby adding one more important practical application of this interesting 

material. Herein, for the first time, we describe the use of Cu-Cy NPs with the assistance of 

hydrogen peroxide (H2O2) as an oxidizing agent for the oxidative degradation of organic 

contaminants, particularly rhodamine B (RhB), methylene blue (MB), and 4-nitrophenol (4-NP), 

for wastewater treatment. Additionally, we compared two H2O2 oxidation methods for the 

treatment of RhB and 4-NP: oxidation using H2O2/Cu-Cy with or without microwave (MW) 

irradiation. Our findings show that the degradation rate enhanced when activated by MW 

irradiation. Furthermore, recycling experiments revealed that Cu-Cy has good stability and 

recyclability. Overall, it is believed that the Cu-Cy/H2O2 system studied in this work could be used 

in advanced oxidation processes toward the degradation of organic pollutants. 

Keywords: Copper-cysteamine; Coumarin; Reactive oxygen species; Methylene blue; 

Rhodamine B; 4-Nitrophenol  
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4.1. Introduction 

            With the excessive population growth, fast industrialization, and rapid urbanization, the 

influx of considerable amounts of inorganic, organic, and mineral substances into the environment 

has been increasing significantly over the past centuries. Approximately 2 million tons of sewage, 

agricultural, and industrial wastes are being discarded worldwide every day into natural aquatic 

sources, thereby adversely affecting the quality of fresh water and posing a serious threat to human 

beings and water-dwelling species [161, 162]. Therefore, exploring and developing highly 

effective and environmentally friendly treatment processes are of utmost importance for both 

human health and the environment. 

          Various methods have been used for the degradation of refractory organic contaminants from 

contaminated water, such as adsorption, precipitation, filtration, biological treatments, and 

advanced oxidation processes (AOPs) [52, 56, 163]. Among them, AOPs are emerging alternative 

methods for the efficient removal of many recalcitrant organic contaminants. AOPs operate at near-

ambient conditions and produce highly oxidizing radicals (mainly •OH) for the complete 

destruction of organic contaminants into non-toxic products, such as H2O and CO2 [56, 57]. AOPs 

can also be employed either on their own or in combination with other existing treatments, such 

as coagulation, filtration, and biological treatments, depending on the chemical composition of 

pollutants and final treatment objectives [57, 164]. For instance, AOPs can be employed as pre-

treatment steps to convert organic contaminants into more readily biodegradable products, which 

can then be degraded by using biological post-treatments. On the other hand, residual organic 

fraction from pollutants pre-treated using biological methods can be effectively degraded by 

applying post-treatment AOPs [57, 164]. Additionally, AOPs are appealing treatment options for 

decentralized water treatments [58].  
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          Among all AOPs, Fenton-based oxidation systems are the most widely used AOPs since 

•OH can be generated through the catalytic decomposition of H2O2. The Fe-Fenton system (H2O2 

and Fe catalyst) is the most widely explored Fenton-based technology to remove hazardous organic 

compounds during wastewater treatment. However, it has two main drawbacks; (1) a narrow pH 

window (⁓2.5–3.5), leading to the increased treatment cost due to the pH adjustment, and (2) an 

excessive amount of generation of ferric hydroxide sludge, resulting in secondary pollution [57, 

60]. To circumvent the narrow working pH range of the homogeneous iron catalysts, various 

heterogeneous catalysts containing iron species (mostly Fe3+) have been exploited. However, 

heterogeneous iron catalysts also show some shortcomings, such as the reaction between Fe3+ and 

H2O2 is at least 3-orders of magnitude slower than that of the classical homogeneous Fenton 

reaction [57, 163]. Consequently, several studies have concentrated on investigating alternative 

metal catalysts to replace iron [57, 60]. One approach to overcome this problem is to use Cu (rather 

than Fe) as Cu-based materials are considered as an effective Fenton-like catalyst in a broad pH 

range [57, 165, 166]. Additionally, the reaction rate of Cu+ with H2O2 (k = 1 × 104 M─1s−1) is ~150 

times higher than that of Fe2+ (k = 63─76 M−1s−1) [57, 165].  

          Accordingly, if a Cu-based heterogeneous catalyst is to be utilized for wastewater treatment, 

one of the ways to improve the efficacy of a Cu-containing heterogeneous catalyst is synthesizing 

the catalyst that has Cu in its reduced state (Cu+) rather than in its oxidized state (Cu2+) because 

the reaction rate of Cu+ is ~22 times faster than that of Cu2+ (Eqs. (4.1) and (4.2)) [57]. 

Cu+ + H2O2 → Cu2+ + OH− + •OH (k = 1.0 × 104 M−1s−1)                                                         (4.1)                                                                                        

Cu2+ + H2O2 → Cu+ + •HO2 + H+ (k = 4.6 × 102 M−1s−1)                                                          (4.2)                                                                                        
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           To date, various Cu+-based heterogeneous catalysts have been extensively studied for 

degrading organic pollutants [166-170]. All of these catalysts are attractive and sensitive for 

degrading organic pollutants; however, most of these catalysts usually suffer from complicated 

and/or relatively lengthy synthesis processes. Therefore, exploring a material having an easier and 

faster synthesis method that exhibits remarkable catalytic properties is very crucial to successfully 

deal with the increasingly complex problems arising in the field of industrial wastewater treatment 

for practical applications.  

            It is worth mentioning the synthesis method of Cu-Cy is straightforward, environment-

friendly, easy to approach, and cost-effective [29]. Notably, Cu-Cy has been found as a promising 

agent for destroying cancer and bacteria cells [29, 62, 65-67, 69-71, 171-173]. However, its 

application in wastewater treatment has not been previously studied. Herein, for the first time, the 

degradation of aqueous solutions of two organic dyes (RhB and MB) and one toxic nitroaromatic 

pollutant (4-NP) were investigated by using Cu-Cy NPs as catalysts. Notably, the catalytic 

degradation efficiency of Cu-Cy was remarkably enhanced when exposed to MW irradiation. 

Considering the facile as well as green synthesis method and ROS production ability of Cu-Cy 

NPs upon different excitation sources, Cu-Cy NPs could be a deserving candidate as a 

heterogeneous Fenton-like catalyst for rapid degradation of recalcitrant organic contaminants in 

wastewater. 

4.2. Experimental section 

4.2.1. Materials 

           Cysteamine hydrochloride, copper chloride dihydrate (CuCl2.2H2O), polyethylene glycol 

4000 (PEG-4000), sodium hydroxide (NaOH), rhodamine B (RhB), methylene blue (MB), 4-
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nitrophenol (4-NP), and coumarin were purchased from Sigma-Aldrich, USA. All chemicals were 

used without further purification.  

4.2.2. Degradation experiments 

           The catalytic reaction was conducted in a 50 mL glass beaker, which contained 10 mL of 

appropriate amounts of either RhB or MB dye solution and Cu-Cy NPs. Before adding H2O2, the 

mixture was allowed to react at room temperature and pressure with continuous magnetic stirring 

in the dark for 30 min to allow the establishment of adsorption/desorption equilibrium. After that, 

a certain amount of H2O2 was added, and the reaction time was noted. At regular time intervals of 

3 min, an aliquot (1.3 mL) was withdrawn from the reaction mixture, and the sample was 

immediately centrifuged at 12,500 rpm for ~25 min. The supernatant was then collected and 

diluted with deionized (DI) water to determine the rate of dye degradation. In order to monitor the 

progress of the degradation of the dyes, the absorption spectra were recorded using a Shimadzu 

spectrophotometer (UV-2450 UV-Vis), and the absorption intensities of RhB and MB were 

monitored at 553 and 663 nm, respectively. Meanwhile, for the control, the same experiment was 

performed in the presence of Cu-Cy alone and H2O2 alone to determine if Cu-Cy alone and H2O2 

alone had any influence on the degradation of the dyes. Degradation percentage was determined 

by using Eq. (4.3). 

Degradation (%) =
(A0−At)

A0
 × 100%                                                                                                       (4.3) 

where A0 and At are initial and final absorptions of RhB (at 553 nm) or MB (663 nm) after ‘t’ time, 

respectively. For comparison, CuCl2.2H2O with an equivalent concentration of copper was used 

under the same experimental conditions. All experiments were performed at the natural pH of the 

pollutants. 



104 
 

4.2.3. Detection of hydroxyl radical (•OH) using a photoluminescence (PL) 

method 

          •OH generated by Cu–Cy with H2O2 was also verified by a PL method using coumarin as a 

•OH tracking agent [7, 112]. All experiments were performed in a 50 mL glass beaker under 

constant magnetic stirring. First, Cu-Cy (0.5 mg/mL) was mixed with coumarin (0.45 mM), and 

then H2O2 (50 mM) was added into the reaction mixture to initiate the reaction. At a designated 

time, 1.3 mL of the mixture was collected and immediately centrifuged at 12,500 rpm for ~25 min 

to remove the NPs from the mixture. Afterward, 1 mL of supernatant was collected and diluted 

three times before each measurement. The PL intensity was subsequently recorded at 452 nm using 

a Shimadzu spectrofluorophotometer (RF-5301PC) after different reaction times with an excitation 

wavelength of 332 nm. The control experiments were conducted by taking Cu-Cy alone and H2O2 

alone under the same experimental conditions.  

4.2.4. Investigation of catalytic performance of Cu-Cy upon MW irradiation 

          The catalytic degradation performance of Cu-Cy NPs under MW exposure was evaluated 

against RhB and 4-NP. Briefly, the degradation experiment was carried out in a 50 mL measuring 

cylinder that contained 10 mL mixture of Cu-Cy and RhB or 4-NP solution. Afterward, the mixture 

was stirred under dark conditions for 30 min to achieve the adsorption/desorption equilibrium. The 

desired amount of H2O2 was then added to the mixture, and MW was applied to the reaction system 

through a radiator probe using a microwave therapy apparatus (WB-3100AI, China). At fixed time 

intervals of 2 min, aliquots (0.9 mL) were withdrawn, and the catalysts were removed by 

centrifuging at 12,500 rpm for ~25 min. Then, the supernatant was collected and diluted with DI 

water. Finally, the diluted supernatant was analyzed by the UV-vis spectrophotometer. Trapping 
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experiments were conducted to determine the ROS produced during the catalytic degradation by 

adding tert-butanol (TBA) and chloroform. To investigate the stability and reusability of the 

catalyst, the used catalyst was separated by centrifugation, washed with DI water, and then used 

for the next cycle. 

4.3. Results and discussion 

4.3.1. Characterizations of Cu-Cy NPs  

          Cu-Cy NPs were fabricated using the previously published protocol [29]. The detailed 

characterizations of Cu-Cy have been described in our recent publications [29, 62]. Figure 4.1a 

illustrates the UV-vis absorption curve of Cu-Cy NPs in DI water, with an absorption maximum 

at ~365 nm. Figure 4.1b presents the pictures of Cu-Cy in DI water under room light (left) and UV 

light (right). The photoluminescence excitation (PLE) and emission (PL) spectra of Cu-Cy in DI 

water are depicted in Figure 4.1c. The emission peaks of Cu-Cy NPs were found to be at ~607 nm 

and ~633 nm, as pointed out in the literature [29, 62]. Figure 4.1d illustrates the X-ray excited 

luminescence spectrum of Cu-Cy NPs, with an emission peak at ~633 nm, which is different from 

PL peak at 607 nm, suggesting that X-ray excited luminescence of Cu-Cy is related to different 

coordination of Cu ions. Figure 4.1e presents the XRD pattern of Cu-Cy NPs, which matched well 

with the previous reports [29, 62]. A representative transmission electron microscopy (TEM) 

image of Cu-Cy NPs used in the present study is depicted in Figure 4.1f. 
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Figure 4.1. (a) UV-visible absorption curve of Cu-Cy NPs dispersed in deionized (DI) water. (b) 

Images of Cu-Cy suspended in DI water under room light (left) and UV light (right). (c) 

Photoluminescence excitation (PLE, left) at 607 nm and emission (PL, right) at 370 nm of Cu-Cy 

in DI water. (d) X-ray excited luminescence spectrum of Cu-Cy NPs. (e) XRD pattern of Cu-Cy 

NPs. (f) A representative TEM image of Cu-Cy NPs. Scale bar: 100 nm.    
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4.3.2. Degradation of RhB  

          The representative UV-vis absorption spectra of RhB dye (24 mg/L) as a function of reaction 

time up to 15 min with H2O2 (50 mM) and Cu-Cy (0.5 mg/mL) are presented in Figure 4.2a. It was 

found that the removal of RhB proceeded almost instantaneously, with more than 95% of the dye 

being removed within the first 6 min of operation. The degradation of RhB was the highest during 

the first 3 min of the reaction, and then it reached a relatively stable value. The control experiments 

were performed in the presence of Cu-Cy alone (Figure S4.1a) and in the presence of H2O2 alone 

(Figure S4.1b). Neither Cu-Cy nor H2O2 alone showed significant degradation of RhB, indicating 

that the RhB degradation in the present study is indeed through a catalytic process.  

          In order to compare the catalytic performance of Cu-Cy with CuCl2.2H2O, a homogenous 

reaction system containing CuCl2.2H2O under the same experimental conditions was also carried 

out. As depicted in Figure 4.2b, the degradation of RhB with CuCl2.2H2O (3.96 mM, which is 

equivalent to the Cu amount in Cu-Cy) is very slow, in which only ~13% of degradation was seen 

within 15 min of reaction. This demonstrates that although there could be a homogeneous catalytic 

contribution resulted from copper leaching, the rapid degradation of RhB observed in the presence 

of Cu-Cy is mainly accelerated by a heterogeneous process. Furthermore, the color change from 

pink to colorless in the presence of Cu-Cy suggests the RhB degradation, whereas no such visible 

color change was observed after adding CuCl2.2H2O (Figure 4.2c). For comparison, Figure 4.2d 

was plotted. Remarkably, Cu-Cy NPs were ~7‐fold more effective in degrading RhB than their 

raw material CuCl2.2H2O as Cu+ is much more reactive than Cu2+ toward the activation of H2O2 

[57]. 
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Figure 4.2. (a) Time-dependent UV-vis absorption spectra of RhB with Cu-Cy and H2O2. (b) 

Time-dependent UV-vis absorption spectra of RhB with CuCl2.2H2O and H2O2. (c) Representative 

images of RhB solutions at different time in the presence of Cu-Cy + H2O2 (top) and CuCl2.2H2O 

+ H2O2 (bottom), and (d) comparison of degradation performance of Cu-Cy with CuCl2.2H2O. 

Reaction conditions: [RhB]0 = 24 mg/L, [Cu-Cy]0 = 0.5 mg/mL (1.32 mM), [CuCl2.2H2O]0 = 3.96 

mM, and [H2O2]0 = 50 mM. 

 

4.3.2.1. Effect of operational parameters on RhB degradation 

4.3.2.1.1. Effect of initial concentration of RhB on the RhB degradation 

 



109 
 

 

Figure 4.3. (a) Effect of the initial concentration of RhB on the RhB degradation. (b) Second-

order reaction kinetics for degradation of different concentrations of RhB. Reaction conditions: 

[Cu-Cy]0 = 0.5 mg/mL and [H2O2]0 = 50 mM. The data in Figure 4.3b represent the average value 

of three experiments.  

 

          It is crucial to investigate the dependence of the degradation rate on the dye concentration 

both from a mechanistic and from an application perspective. The influence of the initial 

concentration of RhB on the rate of dye degradation was performed by changing the concentration 

of RhB from 12 mg/L to 72 mg/L with constant Cu-Cy (0.5 mg/mL) and H2O2 (50 mM). Figure 

4.3a reveals that the degradation rate is related to the initial RhB concentration. It was found that 

the degradation percentage decreased with the increase in RhB concentration. The decrease in 

degradation rate with an increase in dye concentration could be due to the blocking of active sites 

on the Cu-Cy surface by the dye molecules [174, 175].  

          The catalytic degradation kinetics of RhB was probed using the first- and second-order rate 

equations (Eqs. (4.4) and (4.5), respectively) [73, 176, 177]. 

ln (C0/Ct) = k1t                                                                                                                                                            (4.4) 

1/Ct – 1/C0 = k2t                                                                                                                                                  (4.5)     
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where C0 is the initial RhB concentration, Ct represents the RhB concentration after time t, k1 is 

the first-order rate constant, k2 is the second-order rate constant, and t is reaction time. Both 

reaction kinetics were tested, but first-order kinetics deviated much from linearity compared with 

second-order reaction kinetics, signifying the degradation reaction follows the second-order 

kinetics with respect to the RhB concentration. As the slope of the plot of (1/Ct – 1/C0) vs. time (t) 

gives the second-order rate constant, it was found that the increase in dye concentration decreased 

the rate constant (Figure 4.3b).  

4.3.2.1.2. Effect of Cu-Cy concentration on the degradation of RhB 

 

 

Figure 4. 4. (a) Effect of various concentrations of Cu-Cy on the degradation of RhB. (b) Second-

order reaction kinetics for degradation of RhB with respect to Cu-Cy concentration. Reaction 

conditions: [RhB]0 = 24 mg/L and [H2O2]0 = 50 mM. The data in Figure 4.4b represent the average 

value of three experiments. 

 

          Five different dosages of Cu-Cy (0.1-0.5 mg/mL) were used to determine the optimum 

catalyst concentration. As presented in Figure 4.4a, the degradation of RhB enhanced with the 

increase in catalyst dosage, which can be attributed to the increase in the availability of active sites 
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on the Cu-Cy surface for reaction with H2O2 to produce more ROS [174, 175, 178]. Catalyst 

dosage of 0.5 mg/mL gave a slightly better efficiency than 0.4 mg/mL and, therefore, 0.5 mg/mL 

of Cu-Cy was used for the later studies. It was found that all the degradation rate constants under 

various Cu-Cy concentrations were followed by second-order kinetics (Figure 4.4b).  

4.3.2.1.3. Effect of H2O2 concentration on the RhB degradation 

          In order to determine the optimum H2O2 concentration giving the maximum degradation 

efficiency, a detailed investigation in a broad H2O2 concentration was conducted by keeping other 

parameters constant. As can be seen in Figure 4.5, the catalytic degradation strongly depended on 

the initial H2O2 concentration, and the degradation rate increased while increasing the dose of 

H2O2 up to 50 mM. The increase in degradation after increasing the H2O2 amount is ascribed to 

the enhancement in the •OH concentration to attack the aromatic rings. However, when the 

concentration of H2O2 was further increased to 60 mM, the degradation of RhB slightly reduced 

up to 6 min and then remained almost the same as that of 50 mM of H2O2. This phenomenon is 

explained by the scavenging effect of excess H2O2, thereby decreasing the number of •OH in the 

reaction system (Eqs. (4.6) and (4.7)) [178-180]. Furthermore, the radical-radical reaction leads to 

more consumption of •OH (Eq. (4.8)) [178, 179]. Accordingly, selecting the optimized dose of 

H2O2 is crucial for practical applications from the considerations of the scavenging effect of H2O2 

and the cost of H2O2. Therefore, the dose of 50 mM was taken as an optimum dose for throughout 

the experiments.  

H2O2 + •OH → H2O + •HO2 (k = 2.7 × 107 M-1s-1)                                                                   (4.6)                                                                      

•HO2 + •OH → O2 + H2O (k = 6.6 × 109 M-1s-1)                                                                       (4.7)                                                                                                

•OH + •OH → H2O2 (k = 5.5 × 109 M-1s-1)                                                                                                                        (4.8)                                                                                                                                                  
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Figure 4.5. Effect of various concentrations of H2O2 on the degradation of RhB (24 mg/L) in the 

presence of Cu-Cy (0.5 mg/mL).  

 

4.3.2.2. Effect of naturally occurring ions on the catalytic activity of Cu-Cy  

          It is worthwhile investigating the effect of dissolved ions on the rate and extent of 

degradation of industrial effluents as real wastewater and natural water contain various ions [180]. 

In order to elucidate the effects of various ions on the degradation of RhB, a final concentration of 

1 mg/mL of sodium salt containing chloride, nitrate, sulfate, carbonate, or phosphate was added to 

the reaction solution. As displayed in Figure 4.6, all of the investigated ions inhibited the 

degradation percentage of RhB to various extent. SO4
2─ and NO3

─ had comparable percent 

degradation, while Cl─ had a slightly higher inhibition effect on the degradation of RhB. Cl─ has 

been reported as a scavenger of •OH, thereby negatively affecting the RhB degradation (Eqs. (4.9) 

and (4.10)) [181, 182]. Similarly, the inhibitive effect of SO4
2─ and NO3

─ can be attributed to the 

scavenging effect of these ions to •OH as shown in Eqs. (4.11) and (4.12), respectively [181, 182]. 
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PO4
3─ and CO3

2─ inhibited the degradation efficiency of RhB significantly when compared to other 

ions, which can be explained as follows. Firstly, PO4
3─ and CO3

2─ are scavengers of •OH as 

depicted in Eqs. (4.13) and (4.14), respectively [143, 182]. Secondly, a higher pH can lead to the 

decomposition of H2O2 to water and oxygen, rather than the formation of •OH [153] as PO4
3─  and 

CO3
2─ can increase the pH of the solution [143]. Thirdly, the activity of •OH decreases remarkably 

in alkaline solution [182]. Fourthly, the scavenging role of H2O2 toward •OH increases at alkaline 

circumstances [153]. Lastly, alkaline conditions may make Cu-Cy unstable and unreactive. 

 

 

Figure 4.6. Effect of different anions on the degradation of RhB. Reaction conditions: [RhB]0 = 

24 mg/L, [H2O2]0 = 50 mM, [Cu-Cy]0 = 0.5 mg/mL, and [NaCl]0 = [NaNO3]0 = [Na2SO4]0 = 

[Na2CO3]0 = [Na3PO4]0 = 1 mg/mL. 

 

Cl─ + •OH → HOCl• ─                                                                                                                                                                        (4.9)                                                                                                                                                                                                                                 

HOCl• ─ + Cl ─ → OH─ + Cl2
• ─                                                                                                 (4.10)                                                                                                                                       
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SO4
2 ─ + •OH → OH─ + SO4

• ─                                                                                                (4.11)                                                                                                                                         

NO3
─ + •OH → OH ─ + NO3

•                                                                                                                                                     (4.12)                                                                                                                                                                                                 

PO4
3─ + •OH → PO4

•2─ + OH─                                                                                                                                                  (4.13)                                                                                                                                                                                   

CO3
2─ + •OH → CO3•─ + OH─                                                                                                                                                                                                (4.14) 

  

4.3.2.3. Effect of •OH quencher on the degradation of RhB 

          In order to test whether •OH was produced in the reaction system, methanol (a well-known 

quencher of •OH [143, 183]) was mixed to the reaction system. The addition of methanol 

remarkably reduced the degradation of RhB (Figure 4.7), confirming the production of •OH. To 

further ensure that •OH was the main ROS responsible for degrading RhB, an excessive amount 

of methanol (310 mM) was used to scavenge all possible •OH that was generated in the reaction 

system. As expected, the large amount of methanol almost inhibited the degradation of RhB 

(Figure 4.7). Accordingly, it is reasonable to claim that the dominant ROS produced by the reaction 

system is •OH.  
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Figure 4.7. Effect of •OH scavenger on the RhB degradation (24 mg/L) in the presence of Cu-Cy 

(0.5 mg/mL) and H2O2 (50 mM).  

 

4.3.2.4. Confirmation of •OH production using PL technique 

             The involvement of •OH in the degradation of the organic pollutants was further 

corroborated by the PL method using coumarin as a tracking molecule. Coumarin is a weakly 

fluorescent molecule that produces the strongly fluorescent molecule, 7-hydroxycoumarin 

(umbelliferone), with •OH as depicted in Scheme 4.1 [7, 112]. 

 

 

Scheme 4.1. Generation of 7-hydroxycoumarin as a result of the reaction between coumarin and 

•OH. 
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          The plot of the PL intensity of 7-hydroxycoumarin at 452 nm against reaction time (Figure 

4.8a) demonstrates that Cu-Cy + H2O2 enhanced the PL intensity at 452 nm remarkably as 

compared to Cu-Cy alone or H2O2 alone, suggesting the Cu-Cy + H2O2 produced a significant 

amount of •OH in the reaction system. In contrast, after using RhB, the PL intensity of Cu-Cy + 

H2O2 + RhB was noticeably reduced because some of •OH was used to degrade RhB. Figure 4.8b 

shows the representative PL spectra of generated 7-hydroxycoumarin after 15 min of reaction time 

at different conditions.  

 

 

Figure 4.8. (a) Plot of the PL intensity of 7-hydroxycoumarin at 452 nm as a function of time. (b) 

The PL spectra of generated 7-hydroxycoumarin monitored after 15 min of reaction time under 

various conditions. The increase in the PL intensity at 452 nm demonstrates the generation of •OH.  

 

4.3.3. Degradation study of methylene blue (MB) 

          To evaluate the versatility of Cu-Cy NPs, the catalytic behavior was also explored for the 

catalytic oxidation of MB. The control experiments conducted in the presence of Cu-Cy alone and 

H2O2 alone exhibited very little to no MB degradation (Figure S4.2). In contrast, a markedly 
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synergistic effect of Cu-Cy and H2O2 was observed, degrading more than 98% of MB within 6 

min. The representative absorption spectra of MB (12 mg/L) as a function of reaction time up to 

15 min with Cu-Cy (0.5 mg/mL) and H2O2 (50 mM) are displayed in Figure 4.9a. Additionally, 

Figure S4.3a depicts that degradation rate is related to dye concentration. Furthermore, R2 values 

for second-order kinetics were found to be greater than that of first-order kinetics, showing that 

catalytic degradation of MB proceeds via second-order kinetics with regards to MB concentration 

(Figure S4.3b). 

           We also compared the catalytic activity of Cu-Cy with CuCl2.2H2O. As shown in Figure 

4.9b, the degradation of MB with CuCl2.2H2O (3.96 mM, which is equivalent to the Cu amount in 

Cu-Cy) is slow, in which only ~20% of degradation was seen after 15 min of reaction. The color 

of the solution turned from blue to colorless in the presence of Cu-Cy owing to MB degradation. 

However, no such visible color change was observed with CuCl2.2H2O (Figure 4.9c). For 

comparison, Figure 4.9d was plotted. 
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Figure 4.9. (a) Time-dependent UV-vis absorption spectra of MB with Cu-Cy and H2O2. (b) Time-

dependent UV-vis absorption spectra of MB with CuCl2.2H2O and H2O2. (c) Representative 

images of MB solutions with different reaction time in the presence of Cu-Cy + H2O2 (top) and 

CuCl2.2H2O + H2O2 (bottom), and (d) comparison of degradation performance of Cu-Cy with 

CuCl2.2H2O. Reaction conditions: [MB]0 = 12 mg/L, [Cu-Cy]0 = 0.5 mg/mL (1.32 mM), 

[CuCl2.2H2O]0 = 3.96 mM, and [H2O2]0 = 50 mM.       

               

          Although it may not be fully reasonable to compare our results with the reported results in 

the literature due to differences in experimental conditions, some results of the previous works and 

the system proposed in this work are compared in Table 4.1. As seen in Table 4.1, the degradation 

efficiencies of Cu-Cy are comparable to most of the heterogeneous catalysts. 
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Table 4.1. Comparison of RhB and MB removal efficiencies (%) of Cu-Cy with various 

heterogeneous catalysts. 

 

S.No. Catalyst Dye 

Amount 

(mg/L) 

Operation    

Time (min) 

H2O2 

Amount 

(mM) 

Catalyst  

Amount 

(mg/mL) 

Removal 

Efficiency (%) 

Ref. 

1.  Fe3O4 (S1) 4.79 at 

55°C (RhB) 

120  40  0.5 97.8 [177] 

2.  Fe3O4 (S1) 3.2 at 55°C 

(MB) 

120 40  0.5 80 [177] 

3.  5Cu/Al2O3-750 10 at 50°C 

(RhB) 

30 29.4  1 98.53 [179] 

4.  LaTi0.4Cu0.6O3 8 (RhB) 120  20  1.4 ~ 94 [184] 

5.  BiFeO3 MNPs 4.79 (RhB) 90 10  0.5 95.2 [185] 

6.  BiFeO3 MNPs 6.4 (MB) 150a 10  0.5 79.5 [185] 

7.  Au/ZnO 14.25 (MB) 120  490   1   90 [186] 

8.  Fe3O4/FeMnOX 23.13 (MB) 240 735  0.5 ~90 [187] 

9.  FeCeOx 100 at 35°C 

(RhB) 

150 80  1.5 ~98 [188] 

10.  CuO-MeOH 8.33 (MB) 240 1633.33  0.17 ~100 [189] 

11.  Plate-like CuO 8.33 (MB) 600  1633.33  0.17 97.2 [190] 

12.  Cu-Cy 24 (RhB) 15  50  0.5  ~99 

 

This 

work 

13.  Cu-Cy 12 (MB) 15  50  0.5  ~100 This 

work 

 

a estimated from the figure. 
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4.3.4. Effect of microwave (MW) irradiation on the degradation of RhB 

          MWs are electromagnetic radiations with frequencies ranging from 0.3 GHz to 300 GHz. 

MW-irradiated Fenton/Fenton-like catalysts exhibit a stronger oxidation performance with high 

catalytic efficiency and short reaction time when compared to nonirradiated catalysts [6, 56, 163]. 

The above experiments showed that Cu-Cy can degrade organic pollutants with the assistance of 

H2O2. However, one of the disadvantages of the above process is that a higher concentration of 

H2O2 is required to achieve sufficient removal efficiency. An excess amount of H2O2 is not 

recommended as the residual H2O2 contributes to chemical oxygen demand (COD) [180]. Also, 

the use of H2O2 in large quantities is harmful to many microorganisms [180]. Another adverse 

effect of H2O2, if present in large amounts, is that it acts as a quencher of •OH [178-180]. 

Additionally, excessive H2O2 corrodes equipment, thereby increasing the operating costs [191]. 

Therefore, the use of H2O2 alone is not a good strategy. Instead, H2O2 should be used in 

combination with other external energies, such as UV/visible light, heat, electricity, ultrasound, 

and MWs. Among them, MW-assisted Fenton reaction is a more attractive and promising method 

to degrade organic pollutants [56]. Due to the thermal and non-thermal effects of MWs, MWs have 

played a vital role in wastewater treatment [60, 152].  

          In this contribution, we investigated the oxidative degradation of RhB and 4-NP by Cu-Cy 

NPs with H2O2 as an oxidizing agent in the presence of low-power MW exposure. The effects of 

MW power, Cu-Cy concentration, initial RhB concentration, and applied H2O2 dose have been 

investigated to determine optimum conditions to degrade RhB. 

4.3.4.1. Effect of MW power on the degradation of RhB 
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          In order to explore the influence of MW power on RhB degradation, a series of experiments 

were conducted at different MW powers (2, 10, and 20 W). As depicted in Figure 4.10a, the highest 

degradation activity was obtained at 20 W of MW radiation. Accordingly, 20 W of MW was 

chosen for further experiments. Moreover, it was confirmed that MW alone had no noticeable 

effect on the degradation of RhB (Figure S4.4). 

 

Figure 4.10. (a) Effect of various MW powers on the degradation of RhB (12 mg/L) with Cu-Cy 

(0.5 mg/mL) and H2O2 (3 mM). (b) Effect of various concentrations of Cu-Cy on the degradation 

of RhB (12 mg/L) under 20 W of MW exposure with 3 mM of H2O2. (c) Effect of the initial 

concentration of RhB on the degradation of RhB under 20 W of MW exposure with Cu-Cy (0.5 

mg/mL) and H2O2 (3 mM). (d) Effect of various concentrations of H2O2 on the degradation of RhB 

(12 mg/L) under 20 W of MW exposure with Cu-Cy (0.5 mg/mL).  
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4.3.4.2. Effect of catalyst on the RhB degradation 

          In order to explore the effect of the dosage of the catalyst, experiments were conducted with 

different masses of Cu-Cy (0-0.5 mg/mL). As displayed in Figure 4.10b, the higher catalyst dosage 

increased the degradation of RhB, which can be ascribed to increase in the availability of active 

sites on Cu-Cy’s surface [174, 175, 178]. Catalyst dosages of 0.3 and 0.5 mg/mL resulted in almost 

similar performances, and 0.5 mg/mL of Cu-Cy was taken for further studies. 

4.3.4.3. Effect of dye concentration on the RhB degradation 

          Experiments were conducted to further study the influence of the initial concentration of 

RhB on the rate of dye degradation by changing the initial concentration of RhB from 12 to 36 

mg/L with constant Cu-Cy (0.5 mg/mL) and H2O2 (3 mM) under 20 W of MW exposure. As 

displayed in Figure 4.10c, the degradation rate of RhB decreased with the increase in dye 

concentration. This might be due to the fact that the increase in the dye concentration resulted in 

an increase in dye molecules but not the number of •OH. Also, active sites of Cu-Cy could be 

covered by dye molecules, thereby decreasing degradation efficiency with an increase in dye 

concentration [174, 175]. 

4.3.4.4. Effect of H2O2 concentration on the degradation of RhB 

          We conducted a detailed investigation in a broad H2O2 concentration to determine the 

optimum H2O2 concentration. As shown in Figure 4.10d, the degradation strongly depended on 

the initial H2O2 concentration, and the degradation rate was enhanced with the increase in H2O2 

amount. The increase in degradation after increasing H2O2 concentration is due to the enhancement 

in the generation of •OH.  
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          Additionally, to determine the reaction order for the degradation of RhB at the optimum 

reaction conditions, we examined both first-order and second-order reaction kinetics. As illustrated 

in Figure S4.5, the second-order model gave a better fit, thereby suggesting the degradation 

reaction followed the second-order kinetics, and the second-order rate constant was determined to 

be 0.217 Lmg-1min-1 (Figure S4.5b).  

4.3.5. Effect of MW radiation on the degradation of 4-nitrophenol (4-NP) 

          The above findings demonstrated that Cu-Cy, with the assistance of a low amount of H2O2, 

can degrade RhB when excited by MW. These results further inspired us to investigate the catalytic 

performances of Cu-Cy on the degradation of 4-NP. 

 

Figure 4.11. (a) Effect of various MW power on the oxidative degradation of 4-NP (30 mg/L) 

with Cu-Cy (0.5 mg/mL) and H2O2 (10 mM). (b) Comparison of 4-NP (30 mg/L) degradation 

under various conditions. Reaction conditions: [Cu-Cy]0 = 0.5 mg/mL (if used), [H2O2]0 = 10 mM 

(if used), and MW power = 20 W (if used).  

 

          The absorption spectrum of the aqueous 4-NP solution showed two bands at ~318 nm and 

~400 nm (Figure S4.6), as discussed in the literature [192]. The absorption peak of 4-NP at ~318 

nm did not change noticeably upon MW irradiation, although there was a slight increase in 
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intensity at ~400 nm due to the formation of p-nitrophenolate ions (Figure S4.6). It should be noted 

that the addition of Cu-Cy alone to 4-NP solution resulted in a decrease in the intensity of the 

former band (~318 nm) but an increase of the later band (~400 nm) (Figure S4.7). On the contrary, 

both the absorption peaks rapidly decreased in the presence of Cu-Cy and H2O2 when excited by 

MW (Figure S4.7), indicating oxidative degradation of 4-NP. Interestingly, the 4-NP degradation 

happened in a relatively short time, thereby providing a novel strategy for environmental 

remediation.       

          As displayed in Figure 4.11a, the degradation rate of 4-NP was strongly dependent on the 

MW dose. The degradation efficiency of 4-NP increased after increasing the MW dose (Figure 

4.11a), which means a higher MW dose has a positive effect on the oxidative degradation of 4-

NP. Figure 4.11b displays the comparison of the degradation of 4-NP under various conditions. 

Taken together, these results demonstrate that the activity of Cu-Cy/H2O2 on the degradation of 4-

NP can be increased by MW irradiation. According to the R2 values, oxidative degradation of 4-

NP followed the second-order kinetics rather than the first-order kinetics (Figure S4.8). 

4.3.6. Radical trapping experiments and degradation mechanism 

          To elucidate the reaction mechanism of MW assisted Fenton-like reaction and identify the 

ROS that played a major role in the reaction system, radical scavenging experiments were 

conducted using tert-butanol (TBA) and chloroform as •OH [143, 183, 193] and •O2
− scavengers, 

respectively [35, 143, 147].  

          To evaluate whether •OH was produced in the reaction system, we added various TBA 

concentrations to the reaction system. The addition of TBA significantly reduced the degradation 

of RhB (Figure 4.12a), which confirms the generation of •OH. Interestingly, an excess amount of 
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TBA (81 mM) almost inhibited the degradation of RhB, signifying that although other ROS could 

have some contributions toward the degradation of pollutants, •OH is the important ROS during 

the catalytic degradation reaction. 

 

 

Figure 4.12. Effect of (a) TBA and (b) chloroform on the degradation of RhB (12 mg/L) upon 20 

W of MW irradiation with Cu-Cy (0.5 mg/mL) and H2O2 (3 mM). 

                 

          In order to further identify whether the reaction system could produce •O2
−, we performed a 

series of experiments after adding the various amounts of chloroform. As can be seen in Figure 

4.12b, the degradation gradually decreased with the increase in chloroform concentration. The 

results indicated that the reaction system could produce •O2
−. Moreover, it was confirmed that 

TBA alone (81 mM) and chloroform alone (200 mM) had no noticeable effect on the degradation 

of RhB (Figure S4.9). 

          The production of •O2
− and a significant decrease in RhB degradation with the excess 

amount of TBA indicated that most of •O2
− radicals could be generated by Eq. (4.15).  

H2O2 + •OH → •O2
− + H2O + H+                                                                                                                                                                                  (4.15) 
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          As produced •O2
− may also react with H2O2 to regenerate •OH (Eq. (4.16)) [187] because 

•O2
− is the precursor of most of the ROS [144].  

H2O2 + •O2
− → •OH + O2 + OH−                                                                                                                             (4.16) 

          Indeed, radical reactions are very complicated, involving various parallel and consecutive 

reactions. ROS may be generated through at least three pathways: (i) self-decomposition of H2O2 

could occur upon MW irradiation as presented in Eq. (4.17) [6, 56], 

H2O2 + MW → 2•OH                                                                                                                      (4.17)                                                                                                                                                   

(ii) H2O2 decomposition could occur via heterogeneous Fenton-like process on Cu+ sites [6, 56], 

and (iii) MW could efficiently accelerate the Cu2+/Cu+ redox cycles, similar to that of Fe3+/Fe2+ 

[163, 194].  

 

Figure 4.13. Proposed mechanism of catalytic degradation of organic pollutants using Cu-Cy with 

the assistance of H2O2 upon MW irradiation. 

 

       Based on the above discussion, a plausible catalytic mechanism of Cu-Cy for H2O2 activation 

and degradation of organic pollutants upon MW irradiation is schematically represented in Figure 
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4.13. Although many literatures have reported the MW-induced ROS generation, the detailed 

mechanism of ROS production upon MW is not clear yet and needs to be further explored.  

4.3.7. Recycling Study of Cu-Cy 

 

Figure 4.14. Recycling study of the Cu-Cy catalyst in the degradation of RhB (12 mg/L) upon 20 

W of MW irradiation with Cu-Cy (0.5 mg/mL) and H2O2 (3 mM). 

 

          Recycling is one of the most important parameters for the practical applicability of a catalyst. 

We took RhB as an example to investigate the stability of Cu-Cy. For determining stability, the 

Cu-Cy catalyst was used up to three cycles under the same experimental conditions. After every 

cycle, the catalyst was recovered by centrifugation and used for the subsequent cycle. Figure 4.14 

shows that Cu-Cy has good stability and reusability. The slight decrease in degradation efficiency 

in the third run was due to the loss of some mass during centrifugation, as certain catalyst loss is 
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unavoidable during the washing process. Additionally, Cu leaching from Cu-Cy may have some 

contribution to the slight decrease in degradation efficiency.  

4.4. Conclusions 

          In conclusion, this work presents that Cu-Cy NPs can be used for the oxidative degradation 

of toxic organic contaminants for wastewater purification. The results of degradation of RhB, MB, 

and 4-NP established the strong catalytic performance of Cu-Cy NPs and revealed their utility for 

degrading a variety of toxic water pollutants in a relatively shorter time by a heterogenous Fenton-

like reaction. The degradation pathway followed the second-order kinetics rather than the first-

order kinetics. Moreover, the degradation activity of Cu-Cy enhanced when stimulated by MW 

irradiation. Radical quenching experiments showed that •OH was the dominant species for 

degrading pollutants. Additionally, recycling studies demonstrated that Cu-Cy has good stability 

and sustainability. This study offers a simple yet effective, robust, and economical catalyst ideal 

for the treatment of toxic and nonbiodegradable organic pollutants in wastewater. It is anticipated 

that the material is very likely a promising candidate in future applications of wastewater 

treatment.  
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Supporting Information 

Exploration of Copper-Cysteamine Nanoparticles as an Efficient 

Heterogeneous Fenton-Like Catalyst for Wastewater Treatment 

 

 

Figure S4.1. Representative time-dependent UV-vis absorption spectra of RhB (24 mg/L) in the 

presence of (a) Cu-Cy (0.5 mg/mL) alone and (b) H2O2 (50 mM) alone. 

 

 

 

Figure S4.2. Representative time-dependent UV-vis absorption spectra of MB (12 mg/L) in the 

presence of (a) Cu-Cy (0.5 mg/mL) alone and (b) H2O2 (50 mM) alone. 
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Figure S4.3. (a) Effect of MB concentration on the degradation of MB in the presence of Cu-Cy 

(0.5 mg/mL) and H2O2 (50 mM). (b) Second-order reaction kinetics for degradation of different 

concentrations of MB in the presence of Cu-Cy (0.5 mg/mL) and H2O2 (50 mM). The data in Figure 

S4.3b represent the average value of three experiments. 

 

 

 

Figure S4.4. Representative time-dependent UV-vis absorption spectra of RhB (12 mg/L) upon 

20 W of MW irradiation in the absence of Cu-Cy and H2O2. 
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Figure S4.5. Plot of (a) first-order and (b) second-order kinetics for degradation of RhB (12 mg/L) 

in the presence of Cu-Cy (0.5 mg/mL) and H2O2 (3 mM) upon 20 W of MW irradiation. The data 

in each plot represent the average value of four experiments. 

 

 

 

 

Figure S4.6. Representative time-dependent UV-vis absorption spectra of 4-NP (30 mg/L) upon 

20 W of MW irradiation in the absence of Cu-Cy and H2O2. 
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Figure S4.7. Representative time-dependent UV-vis absorption spectra of 4-NP (30 mg/L) upon 

20 W of MW irradiation in the presence of Cu-Cy (0.5 mg/mL) and H2O2 (10 mM). Initial and 0 

min indicate the absorption spectra of 4-NP measured before and after 30 min of 

adsorption/desorption equilibrium, respectively. 

 

 

 

Figure S4.8. Plot of (a) first-order and (b) second-order kinetics for degradation of 4-NP (30 mg/L) 

in the presence of Cu-Cy (0.5 mg/mL) and H2O2 (10 mM) upon 20 W of MW irradiation. The data 

in each plot represent the average value of three experiments. 
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Figure S4.9. Representative time-dependent UV-vis absorption spectra of RhB (12 mg/L) in the 

presence of (a) 81 mM of tert-butanol (TBA) and (b) 200 mM of chloroform upon 20 W of MW 

irradiation. 
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Chapter 5 

General Conclusions and Future Research Directions 

          In recent years, several methods have been explored for cancer treatment. One of the most 

widely investigated treatments is the ROS-mediated strategy as the majority of cancer cells contain 

more ROS, and cancer cells are more sensitive to the elevation of ROS level compared to normal 

cells. Among different ROS-based therapeutics, PDT has the potential to meet various currently 

unmet medical needs. However, the limited penetration depth of light and the hypoxic nature of 

solid tumors severely limits PDT’s practicality in clinical settings. In addition, traditional PSs 

usually suffer from aggregation-caused fluorescence quenching and a significant decrease in ROS 

generation in aqueous solutions. 

          In the first part of the dissertation, a faster way of fabricating Cu-Cy nanoparticles was 

discussed. We utilized various characterization methods to confirm that the as-formed material 

was Cu-Cy. RNO bleaching assay was used to affirm that newly fabricated Cu-Cy can generate 

ROS upon UV and MW irradiations. Inhibition of RNO bleaching by DABCO, a well-known 

quencher of 1O2, provided additional evidence of the 1O2 production in the reaction system. 

Additionally, •OH generated by Cu-Cy under MW exposure was evaluated by the PL technique 

employing coumarin as a probe molecule. Notably, our findings demonstrated that newly made 

Cu-Cy is more effective for generating ROS and destroying cancerous cells than previously 

reported Cu-Cy. Our future work will concentrate on the synthesis of monodisperse Cu-Cy 

nanoparticles. Additionally, we will focus on the exploitation of active targeting to improve tumor 

accumulation in vivo.  
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          In the second project, two MW-responsive AIEgens (TPEPy-I and TPEPy-PF6) were 

designed, and their ROS production and in vitro cancer cell killing capabilities upon MW exposure 

were investigated. Different methods were used to confirm that these AIEgens can produce ROS, 

including 1O2, when excited by MW. The AIEgens showed significant toxicity upon MW exposure 

toward HeLa cells as evaluated by the MTT and live/dead assays. It is anticipated that these 

AIEgens are promising candidates for image-guided microwave dynamic therapy (MWDT). 

Overall, the capability of these two AIEgens to be stimulated by MW not only solves the issues of 

traditional PDT but also helps to improve conventional MW ablation therapy by decreasing the 

MW dose needed to achieve the same therapeutic outcome, thereby decreasing the occurrence of 

side-effects of MW irradiation.  

          Even though our preliminary results reveal that the proposed MWDT could overcome the 

main issues of conventional PDT, this method is just at the beginning, and it could have some 

problems for future translation from bench to bedside. Although MWs penetrate deeper than light 

(UV, visible, and NIR), they cannot penetrate as deep as ultrasound and X-rays. Accordingly, the 

applicability of MWs toward cancer treatment still can have some limitations regarding its depth. 

Another limitation of the present study is that the proposed method is not effective against 

metastatic lesions, which are the leading cause of cancer death. This problem could be solved by 

combining MWDT with chemotherapy or immunotherapy. Most of AIEgens, including TPEPy-I 

and TPEPy-PF6, possess high hydrophobicity, which severely limits their biological applications 

in vivo. Therefore, our future work will also concentrate on the utilization of drug delivery systems 

to load and deliver these AIEgens into the tumor.  

          The third part of the dissertation explored the oxidative degradation of organic pollutants 

using Cu-Cy nanoparticles as a heterogeneous Fenton-like catalyst. The strong H2O2-activating 



136 
 

capability of Cu-Cy nanoparticles showed promising applications in the oxidative degradation of 

recalcitrant organic contaminants. We found that the degradation rate can be further enhanced 

when excited by MWs. Radical scavenging experiments revealed that the dominant species 

responsible for the degradation of the pollutants were •OH. Additionally, the result of the recycling 

study suggested that Cu-Cy has good stability and recyclability. Our future work will concentrate 

on further improving the lifetime of the catalyst for its potential application in practical pollutant 

treatment. Our future work will also identify intermediate and end products. Moreover, the degree 

of mineralization will be studied in terms of total organic carbon (TOC) removal and chemical 

oxygen demand (COD) removal.  
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