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ABSTRACT 

INVESTIGATION OF PROTOPORPHYRIN IX AND COPPER CYSTEAMINE 

NANOPARTICLES TO IMPROVE CURRENT CANCER TREATMENT 

METHODS 

 

Lalit Chudal, Ph.D. 

The University of Texas at Arlington, 2020 

 

This research is focused on using nanotechnology to improve current cancer treatment methods, 

particularly photodynamic therapy and chemotherapy. Photodynamic therapy, being a local 

treatment method with low systemic toxicity, has a great deal of potential for cancer treatment. 

However, due to the lack of oxygen (hypoxia) in the tumor microenvironment and PDT’s intrinsic 

dependence on oxygen to generate reactive oxygen species, the performance of PDT severely 

affected in solid tumors. Accordingly, we fabricated a nano-platform that can supply oxygen in 

cancer cells and subsequently improve the PDT under hypoxic conditions. Protoporphyrin IX, an 

FDA approved sensitizer, was encapsulated into a liposomal bilayer, and the liposomal surface 

was coated with MnO2 nanoparticles, which can generate a sufficient level of oxygen by reacting 

with elevated levels of H2O2 in cancer cells. The nanosystem was well characterized and 

successfully demonstrated to enhance PDT efficacy by alleviating tumor hypoxia. 

 

Another disadvantage of photodynamic therapy is the occurrence of phototoxic effects in PDT 

treated patients for a prolonged period, particularly if exposed to bright light. This phenomenon 

can be attributed to the fact that the traditional photosensitizers are easily activatable by visible 
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light. Accordingly,  new types of sensitizers that are free of phototoxic effects are desirable. One 

of the most promising ways to achieve this goal is to develop the sensitizers that are activatable by 

excitation sources other than visible light. Copper cysteamine nanoparticle that is invented by our 

group in 2014 meets this criterion as it can be activated by UV light, X-ray, microwave, and 

ultrasound but not by visible light. Therefore, we anticipate Cu-Cy NPs to have very low 

phototoxicity due to sunlight irradiation. To validate this hypothesis, a systematic study was 

conducted to compare the phototoxic effect of Cu-Cy NPs with an FDA approved photosensitizer. 

The result demonstrated that Cu-Cy NPs caused minimal phototoxic effects when compared to the 

Protoporphyrin IX, an FDA approved photosensitizer.  

 

Current chemotherapeutic drugs lack selectivity, leading to a number of side effects. Fabricating 

tumor microenvironment responsive drugs is a reliable approach to improve the current 

chemotherapy for cancer treatment. Due to the existence of Cu1+ on its surface, Cu-Cy NPs may 

be an excellent heterogeneous Fenton-like catalyst for cancer treatment. Considering the elevated 

level of H2O2 and low pH conditions, Cu-Cy may produce a significantly higher level of ROS in 

tumor cell and microenvironment, thereby causing a highly selective cancer-killing effect. 

Therefore, the third part of this dissertation explores Cu-Cy NPs as a heterogeneous Fenton-like 

catalyst for highly selective cancer treatment. The result demonstrated that, with IC-50 value of 11 

µg/mL (lowest among reported heterogeneous Fenton system) and high selectivity index of 4.5 

against cancer cells. Overall, Cu-Cy NPs could be a highly selective chemodynamic drug with low 

systemic toxicity.  

Lalit Chudal, PhD 

 

The University of Texas at Arlington, 2020 
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         Chapter:1 

INTRODUCTION 

Cancer is the second major leading cause of death in the United States.[1]  Estimated 1,762,450 

new cancer cases and 606,880 cancer deaths were projected to occur in the United States in 

2019.[1]  Although death rates of most cancer types are dropping in the past years, overall cancer-

related deaths are on the rise each year. [1,2] Major clinical cancer treatment options include 

surgery, chemotherapy, and radiotherapy. However, most of the conventional cancer drugs lack 

selectivity, leading to the toxic effects on healthy cells resulting in many side effects. Several novel 

approaches have been explored to find new and safe treatment modalities in the past decade.  

1.1. PHOTODYNAMIC THERAPY: DEFINITION 

Photodynamic therapy (PDT)  refers to a suitable combination of light, photosensitizer, and oxygen 

to destroy the tumor by generating highly reactive oxygen species.[3] PDT can be used either on 

its own or as a complementary to chemotherapy or radiotherapy.[4] The three essential 

components components of PDT are light, photosensitizer, and oxygen. None of these are 

individually toxic, but together they initiate series of  photochemical reaction that generates a 

highly reactive products, namely singlet oxygen (1O2) and other reactive oxygen species (ROS) 

such as superoxide anion, hydroxyl radical, hydrogn peroxide etc. The ROS can produce 

significant toxicity leading to cell death via apoptosis or necrosis [4–6]. PDT has some notable 

advantages over traditional cancer treatment modalities: (1) PDT uses combinations of light, 

photosensitizers, and oxygen to produce reactive oxygen species. The photosensitizer is ideally 

non-toxic in the absence of light, ensuring lower systemic toxicity. (2) Being a localized treatment, 

PDT has fewer side effects than chemotherapy. (3) Furthermore, unlike surgery, PDT is a non-
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invasive cancer treatment modality. (4) PDT needs the light of a low dose to activate the 

photosensitizer; therefore, it is unlikely to cause the occurrence of secondary cancer, which is one 

of the main concerns of existing radiotherapy.  

A typical PDT carried out in multiple steps, as illustrated in Figure 1. In the first step, a 

photosensitizer is injected and then allowed them to accumulate in the tumor for a few hours. Then, 

the tumor site is illuminated with light of a suitable wavelength to destroy the tumor.  

 

Figure 1. Schematic of photodynamic therapy representing various steps involved in 

photodynamic therapy. 

 

 

1.2. A BRIEF HISTORY OF PHOTODYNAMIC THERAPY  

In Indian and eastern cultures, light has been used for medicinal purposes since ancient times. In 

fact, the sun is worshipped as a god in eastern culture, such as Indian culture and Greek culture.  

In the late 19th century, Finsen used light therapy for the treatment of Ricketts and was awarded 

Nobel prize in 1903. In the meantime, Oscar Raab, a medical student, discovered that the 

paramecia killing ability of eosin positively depend upon the light intensity.[7] This is the first 



3 

 

time that light was found to activate a molecule, thereby leading to the discovery of 

photosensitizer.  The Nobel prize-winning work by Fisher in the early 20th century investigated 

the roles of certain components of blood, called porphyria,  for the occurrence of a skin disease 

porphyria.[8] His work, for the first time, shed light on the possibility of porphyrin as a 

photosensitizer but was not realized in practice explicitly at that time. During the 1950-60s, 

Schwartz et al.  investigated hematoporphyrin as a potential sensitizer for radiation therapy.[9] The 

result showed that porphyrin might increase tumor destruction ability of X-ray radiation alone.  

 

Modern photodynamic therapy was born when Thomas Dougherty, also referred to as the father 

of photodynamic therapy, observed the photodynamic activity of fluorescein while working as a 

chemist in Roswell Park Cancer Institute.[10] He was responsible for developing dyes and 

investigating their radiation toxicity in cancer cells. He was advised to protect the dye treated 

tumor cells from light, as the light used to kill tumor cells before the radiation was given. Out of 

curiosity, he intentionally exposed fluorescein diacetate treated tumor cells to light and observed 

that most of the cells were dead. Later, he investigated the photodynamic activity of 

hematoporphyrin. However, it was impure and less efficient due to which leads to its failure in the 

clinical trial due to safety concerns.[10] Doughtery obtained a pure form of porphyrin by using 

chromatography and patented under the name of Photofrin®, which was subsequently approved by 

the FDA as a first-ever photosensitizer.[10] The photofrin®, also called the first-generation 

photosensitizer, has approvals in several countries, including the USA, Japan, Canada, for the 

treatments of esophageal cancer, prostate cancer, and some skin cancers.[11,12]  Photofrin can 

remain in the body for over two months, and patients are required to avoid bright light for several 

weeks after the treatment.[13,14] Some other problems associated with photofrins are its tendency 
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to accumulate both in healthy cells and cancerous cells, slow clearance rate, and poor 

sensitivity.[12]  Then, researchers focused on finding new photosensitizers with better purity, 

longer excitation wavelengths, selectivity, and sensitivity. Some of the FDA approved 

photosensitizers developed over the last couple of decades Motexafin lutetium, Temoporfin, 

Palladium bacteriopheophohorbide, porphyrin, Veteporfin, and PPIX precursors.   

Temoporfin (Foscan; Biolitec) is a second-generation photosensitizing agent used for the treatment 

of head, neck, breast, and pancreatic cancer (Figure 3). [15–19] Foscan can be excited at 652 nm 

( longer wavelength as compared to 633 nm of Photofrin) and therefore has better efficacy owing 

to higher penetration. Furthermore, 0.1-0.15 mg/kg was an effective dose for Foscan in contrast to 

2-5 mg/kg for photofrin. In addition, the phototoxicity issue is much shorter ( 4 weeks) as 

compared to several months for Photofrin.  

Lutex (Motexafin Lutetium, Phamacyclics Inc) is a porphyrin-based second-generation 

photosensitizer. The Lutex has activation wavelength in the range 730 - 750 nm, and a phase I 

clinical trial for prostate cancer treatment was completed in 2008. The results revealed that 2 mg/kg 

dose was very effective for prostate cancer treatment.  Motexafin-Gadolinium, a metal complex of 

Motexafin, was investigated as a potent radiosensitizer for the treatment of brain and lung cancer. 

However, a phase II clinical trial for the treatment of brain cancer on children failed on account of 

its failure to improve the survival of the patients.[20] 

Palladium bacteriopheoporbide, also called Tookad, is another second-generation PS used in the 

treatment of prostate cancer (See Figure 3 for its structure) . [21,22] This drug, with an excitation 

wavelength of 762 nm, targets vasculature of tumors rather than tumors directly. Tookad was used 

in a clinical trial for low-risk prostate cancer treatment. [21,22] The phase I-III clinical results 

revealed that Tookad has rapid clearance from the body leading to minimal systemic toxicity. 
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Furthermore, the treatment was well tolerated by the body keeping the urinary function, erectile 

function, and bowel movement intact. [21,22] Besides, Tookad also showed reduced 

photosensitivity as compared to other porphyrin-based photosensitizers.[21,23] Despite apparent 

success in clinical trials, Tookad failed to receive FDA approval.  

 

 Figure 2 : Structures of a) Porphyrin ( Exi: 407 nm, Emi: 620 nm),  b) Chlorin ( Exi:405 nm, Emi 

670 nm), c) Bacteriochlorin (Exi 374 nm, Emi 795 nm), d) Phthalocyanine ( Exi: 635 nm, Emi: 

700 nm). 

 

5-Aminolevulinic acid (ALA) is a second-generation photosensitizer that converts into PPIX 

endogenously. The US FDA has approved ALA induced PPIX for non-oncological treatment of 
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actinic keratosis in 1999.[24]  It has also shown potential for PDT treatment to some other diseases 

including Bowen’s disease and basal cell carcinoma.[25,26]  

 

 

 

Figure 3  Structures of (a) Photofrin  (b) Foscan (c) Bacteriochlorin (d) Phthalocyanine. 
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1.3. MECHANISM OF PHOTODYNAMIC THERAPY 

In the typical photodynamic process, sensitizer absorbs light of a suitable wavelength and get 

excited from the ground state to the first excited state (S1). The S1 then undergoes intersystem 

crossing to the long-lived triplet state (T1). The excited T1 state then undergoes two types of 

reactions: type 1 and type 2.  

1.3.1. Type 1 reaction 

The excited sensitizer can undergo an electron transfer with an adjacent sensitizer molecule. The 

resultant molecule can react with molecular oxygen to produce reactive oxygen species such as 

superoxide anion, hydrogen peroxide, and hydroxyl radical.[25] The detailed reaction scheme is 

presented below. 

3PS*+1PS → PS-• +PS+• 

3PS*+D→ PS-• +D+ 

PS-+O2 → 1PS + O2
-• 

3PS*+ O2 → O2 + H2O2
 

2O2
-•+2H+ → PS-* +PS+* 

3PS*+1PS → PS-* +PS+* 

Fe 3+  + O2
-•  → Fe2+  + O2 

Fe2+  + H2O2   → O2 + OH− + OH• 

 

1.3.2. Type 2 reaction 
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The energy from T1 transferred to molecular oxygen to convert it to singlet oxygen, as presented 

below. An important condition for Type 2 reaction is that both of the reactants must be in the triplet 

state. The condition is easily met as molecular oxygen is in the triplet state.[25,27] 

3PS*  + 3O2
   → 1PS + 1O2

     

 

Figure 2. Schematic presentation of photosensitization mechanism. 

 

1.4. LIMITATIONS OF PHOTODYNAMIC THERAPY 

1.4.1. Tumor hypoxia 

One of the major limitations of PDT originates from its intrinsic dependence on molecular oxygen 

to produce reactive oxygen species. The lack of oxygen, also called hypoxia, in tumor 

microenvironments (TMEs) leads to less than optimal performance of PDT. It has also been 
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reported that hypoxia in solid tumor cells leads to reduced radiotherapy efficacy.[28] The median  

oxygen levels in healthy cells lie between 40-60 mmHg, whereas they are in the range of 5-10 

mmHg in tumor cells [29]. Therefore, it is essential to design smart strategies to supply adequate 

oxygen to improve the PDT efficacy in the hypoxic tumor microenvironment. Developing a tumor 

microenvironment’s stimuli-responsive oxygen generating nanosystem is the central theme of 

current research in the area. It is well known that most tumor cells and microenvironments are 

characterized by the elevated level of H2O2 as a result of the Warburg effect.[30,31]  In this 

direction, many nanosystems consisting of an oxygen supplying agent and a photosensitizer were 

fabricated and explored for their potential in combating tumor hypoxia both in vitro and in 

vivo.[32–35]  In particular, researchers exploited the catalase that can convert H2O2 into O2 or red 

blood cells (RBC)  as natural oxygen supplier to develop catalase-based [36] or RBC based [32,37] 

nanosystems to combat tumor hypoxia.  

Recently, MnO2 involved smart strategies are drawing a great deal of attention owing to their 

catalase-like activity and biocompatibility.[38–42] MnO2 can convert H2O2 into O2 under slightly 

acidic pH, cancer-specific conditions. Due to this reason, a nano-platform that consists of an FDA 

approved sensitizer (Protoporphyrin IX) encapsulated into the bilayer of liposome and then coated 

with MnO2 nanoparticles by physical mixing.[43] The detailed investigation will be presented in 

chapter 2.  

 

1.4.2. Issue of Photosensitivity 

Unwanted photosensitivity is another major disadvantage of photosensitizer used in photodynamic 

therapy. [14,44–46] Since conventional photosensitizer is excitable by the full visible wavelength 

spectrum, PDT treated patients may experience severe photosensitivity for a considerable amount 
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of time following the treatment. The photosensitizers take up to several weeks to get cleared from 

the body and can accumulate in superficial organs, such as underneath dermal skin layers and eyes 

for a prolonged period. Accordingly, PDT treated patients are strongly recommended to avoid 

sunlight exposure for few weeks after the treatment. However, reports suggested that, despite the 

compliance with the guidance by the hospital, a significant number of patients experience the 

phototoxic effects.[14,47] The extent and length of photosensitivity influenced by drugs being 

used and varies patients to patients depending upon several factors, such as age, sex, skin color, 

etc. 

 Photofrin, the first-generation photosensitizer with approval in the USA and many other countries, 

is reported to cause cutaneous photosensitivity that can last up to 3 months.[48–50]. A significant 

level of photosensitivity issue has also been reported in Foscan, a second-generation 

photosensitizer, for a prolonged period. [45,50] Although some improvements have been reported 

in more recent sensitizers, photosensitivity remains as one of the limitations of photodynamic 

therapy.[44] Besides, photosensitivity is not only the problem of photosensitizers but also of many 

other drugs[51], demanding the detailed evaluation of phototoxicity of any new drugs. As an 

example, in-vivo experiments showed that topically administered hypericin acetate showed mild 

phototoxicity in mice.[52]  

 

The primary mechanism responsible for photosensitivity is the ROS-mediated damage of vital cell 

organelles, including lipid, DNA, and protein.  Alternatively, the formation of a stable photo-

adduct between DNA and photosensitizer could be responsible for observed phototoxicity.[53] 

The common symptoms of phototoxicity are pain, edema, burn, and painful blistering.  
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In 2014, our lab invented copper-cysteamine nanoparticles that are activatable with various 

excitation sources such as X-ray,[54–58]  MW,[59,60], ultrasound,[61] UV light,[62,63] and 

acidic pH/H2O2 (cancer-specific condition).[64] Unlike traditional photosensitizers that have 

multiple excitation wavelengths in the UV-NIR region, the Cu-Cy NPs have a single 

photoluminescence excitation peak at 365 nm. Due to this reason, we anticipated that Cu-Cy NPs 

are new photosensitizers with low sunlight toxicity. In the third chapter of this dissertation, a 

detailed investigation will be carried out to compare photosensitivity of Cu-Cy NPs to an FDA 

approved photosensitizer (Protoporphyrin IX).   

1.5. CHEMOTHERAPY AND ITS LIMITATIONS 

Chemotherapy is the second line of cancer treatment method after surgery. However, 

chemotherapeutic drugs suffer from various side effects due to lack of targetability, specific 

accumulation, and responsiveness towards cancer-specific biomarkers. Therefore, the primary 

focus of current cancer research is to develop highly targeted and selective drugs that are safe and 

yet effective in treating cancer. Fabricating drugs that are responsive to tumor or tumor 

microenvironment specific stimuli is one of the most effective ways to improve the selectivity of 

cancer drugs.[65,66] Hypoxia,[29] mild acidity,[67] elevated level of H2O2,[30] reduced catalase 

activity,[31] and elevated levels of GSH[68] are major hallmarks of the tumor microenvironment 

(TME). The unique TME, despite its roles in tumor proliferation and metastasis, can be exploited 

to develop efficient and highly selective cancer treatment methods. In fact, in the past few years, 

several cancer treatment modalities that can respond to the unique TME have been 

reported.[43,65,66,69,70] Nanomaterials are touted as next-generation cancer medicine on account 

of their numerous advantages over existing chemotherapeutic drugs.[71–74] In particular, 

nanoparticles can be programmed to selectively accumulate in tumors and avoid multi-drug 
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resistance to yield safe and yet effective treatment options over existing chemotherapeutics. 

Nanoparticles based platforms are primarily explored as a drug carrier for remote-controlled 

delivery.[73,74] Few nanocarriers have already received FDA approval and believed to improve 

the pharmacokinetics and thereby to improve the overall performance of the existing 

chemotherapeutic drugs such as doxorubicin. 

Copper and its complexes have been studied extensively as an anti-cancer and anti-microbial 

agent.[75] Cu is an essential element to our body and helps in various metabolism. Moreover, Cu 

plays an important role in scavenging free radical superoxide catalase.[76,77] However, defect in 

Cu homeostasis is believed to produce various health hazards, especially in liver and brain 

functions.[76] Therefore, care should be taken while designing Cu-based nanoparticles to ensure 

the effective dose is at a safe level. It is desirable to design efficient Cu complexes so that even in 

its safe limits, Cu- complexes produce a desirable result.  

Fenton reaction was first proposed in 1894 by H.J.H. Fenton [78]. He was first to report that ferrous 

ions strongly promote the oxidation of maleic acid by H2O2. He later suggested that a mixture of 

ferrous salts and H2O2 was an effective oxidant of various organic compounds. The Fenton reaction 

was assigned specific to ferrous salts and H2O2, whereas the reaction of H2O2 and other cations 

such as Fe3+, Co2+, Cu2+, Fe2+ are called “Fenton-like reaction”. [79] Fenton based reactions are in 

wide use for wastewater treatment. In recent years, many researchers are investigating the 

possibility of Fenton and Fenton-like reactions for cancer treatment.[80,81] Mainly Fe and Fe-

based systems are being investigated extensively for cancer therapy. However, Fe based Fenton 

reaction proceeds efficiently only at pH 2-3, which is physiologically irrelevant, and hence 

realization of Fe based Fenton therapy in cancer treatment seems almost impossible. On the other 

hand, Cu based Fenton-like reaction is physiologically more relevant than the Fe-based Fenton 
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reaction as Cu induced Fenton like reaction can proceeds efficiently in the circumneutral pH range 

(pH= 5-7).[82]  In recent years, several copper-based Fenton-like systems have been reported for 

the cancer treatment both in vitro and in vivo. [83–87] It has been reported that Cu1+ has a 22 times 

faster reaction rate with H2O2 than that of Cu2+. Unfortunately, as Cu1+ has a natural tendency to 

oxidize, most of the current Cu-based Fenton system exists in Cu2+, leading to poor efficiency and 

therefore requires a higher dose for efficient performance. In this direction, we synthesized copper-

cysteamine nanoparticles having Cu1+ instead of Cu2+ and investigated it for Fenton-reaction 

facilitated highly selective cancer treatment. Owing to the faster reaction rate of Cu1+ with H2O2, 

we anticipated Cu-Cy to be capable of generating substantial levels of •OH by reacting with 

endogenous H2O2 of cancerous cells and kill them with high selectivity. In the fourth chapter of 

this dissertation, a recently published study on Cu-Cy NPs as a heterogeneous Fenton-like catalyst 

for a selective cancer treatment method is presented.[64] 
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ABSTRACT  

The efficacy of photodynamic therapy (PDT) is reduced in the context of hypoxic environments. 

This is problematic, considering that hypoxia is exhibited in the vast majority of malignant tumors. 

Thus, increasing the concentration of oxygen in malignant tumors improves PDT treatment 

outcomes. Studies show that MnO2 nanoparticles can produce oxygen when it reacts with 

endogenous H2O2. Herein, we encapsulated Protoporphyrin IX (PPIX) in the liposome bilayer 

(PPIX-Lipo), which was then coated with MnO2 nanoparticles to construct PPIX-Lipo-MnO2 

(PPIX-Lipo-M) in order to enhance PDT efficacy under tumor hypoxia. The PDT results show 

that PPIX-Lipo-M was more cytotoxic to breast cancer cells than PPIX-Lipo while under hypoxic 

conditions, indicating that the production of oxygen gas in hypoxic conditions improved treatment 

outcomes. Upon encapsulating PPIX into the liposome, the aqueous solubility of PPIX 

significantly improved. Consequently, the cellular uptake of  both PPIX-Lipo and PPIX-Lipo-M 

also increased significantly compared to that of bare PPIX. Overall, PPIX-Lipo-M has the capacity 

to act as a therapeutic agent that relieves hypoxia and hence improve PDT efficacy. 

 

Keywords: 

Photodynamic Therapy, Protoporphyrin IX, MnO2, Liposome, Hypoxia, Normoxia, Nanoparticles, 

Cobalt Chloride, MTT Assay 

 

2.1. INTRODUCTION  

Photodynamic therapy (PDT) is a promising cancer treatment modality that can be used either on 

its own, or in addition to radiotherapy or chemotherapy[4]. PDT consists of three essential 

components: a photosensitizer, light and oxygen. When applied in conjunction to one another, they 
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initiate a photochemical reaction with oxygen that generate highly reactive products called singlet 

oxygen (1O2), along with other reactive oxygen species (ROS). ROS can cause significant 

cytotoxicity upon reaching an intracellular threshold concentration that leads to cell death via 

apoptosis or necrosis.[4–6]  Light has extremely poor penetration, and therefore photodynamic 

therapy is unsuitable for deeply seated cancers. In this direction, considerable progress has been 

made in recent years. For instance, our group has recently reported a radio-photosensitizer that can 

be activated not only by UV light,[55,62] but also by X-rays,[55,88] microwaves,[60] and 

ultrasound.[61] 

Most tumors suffer from a lack of oxygen (hypoxia). It has been reported that a lack of dissolved 

oxygen in tumor cells may be responsible for poor radiotherapy efficacy.[28] The median values 

of partial oxygen pressure in normal cells lie between 40 mm to 60 mmHg, whereas in tumor cells, 

they are less than 10 mmHg.[29] To enhance the PDT efficacy, it is necessary to develop effective 

strategies to supply adequate oxygen to reduce hypoxia.  

Recently, MnO2 involved strategies  have been  extensively investigated to combat the problem of 

hypoxia.[38,42,89,90] Two important characteristics MnO2 possess to enhance the PDT effect of 

photosensitizers are: 1) high specificity and reactivity toward H2O2, producing O2 and H2O while 

simultaneously consuming protons[38] and 2) effectively reduce glutathione levels in the 

cancerous cells.[91] Due to these reasons, MnO2 stands as an excellent candidate to improve the 

tumor hypoxia conditions for PDT.  

Protoporphyrin IX (PPIX) is an FDA approved photosensitizer with the ability to accumulate in 

tumors.[25,92,93] Because of its amphiphilic nature, PPIX aggregates in the aqueous environment 

either via π-π stacking or intermolecular interactions between hydrophilic -COOH groups and the 

hydrophobic porphyrin core.[93] It has been shown that the aqueous solubility of the  PPIX could 
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be improved by conjugating it to APTES15 and poly(styrene-co- 4 vinyl pyridine).[94] However, 

naked PPIX might lead to unwanted toxicity; liposomes, on the other hand, offer improved 

biocompatibility[95–97] and are an accepted vehicle for drug delivery.[98–101] It can also be 

further functionalized to add targetability and controlled release.[102–104]  

In the present study, we designed a liposome based nanosystem to combat tumor hypoxia for PDT. 

Initially, to construct this system, we encapsulated water insoluble PPIX into liposomes (PPIX-

Lipo) to improve biocompatibility and drug delivery. Then, the PPIX-Lipo was reacted with MnO2 

coated with bovine serum albumin (BSA) to fabricate a PPIX-Lipo-MnO2 (PPIX-Lipo-M) 

nanosystem. As-synthesized PPIX-Lipo and PPIX-Lipo-M were not only highly soluble in 

aqueous media, but also improved PDT by increasing the oxygen level in cancer cells.  

2.2. MATERIAL AND METHODS 

2.2.1. Materials  

Cholesterol (Chol) and Dipalmitoyl phosphatidylcholine (DPPC) were bought from Avanti polar 

lipids. PPIX, KMnO4, 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT 

assay), 4′,6-diamidino-2-phenylindole (HOECHST), Tetrahydrofuran and chloroform were 

bought from Sigma-Aldrich. A singlet oxygen green sensor (SOSG) was purchased from 

Invitrogen. An ROS-ID hypoxia assay was bought from Enzo-life sciences. The MCF-7 cell lines 

were purchased from ATTC (American Type Culture Collection) and grown in RPMI 1640 culture 

medium supplemented with 100 units/mL aqueous penicillin G, 100 µg/mL streptomycin, and 10 

% fetal bovine serum.  

 

2.2.2. Synthesis of PPIX-Lipo, BSA-MnO2, and PPIX-Lipo-M 
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PPIX was encapsulated inside DPPC/Chol liposomes by using a lipid film hydration method.27  50 

mg/mL DPPC in chloroform, 7 mg/mL Chol in chloroform, and 1 mg/mL PPIX solution in 

tetrahydrofuran (THF) were separately prepared. Then, 200 µL of the DPPC solution, 100 µL of 

the Chol solution, and 250 µL of the PPIX solution were mixed. The mixture was vortexed for 

about 1 minute to mix it homogeneously. The mixture was dried to a thin lipid film under a high 

vacuum using a rotatory evaporator for 2 hours. The thus-formed thin film was hydrated with DI 

water at 55 °C rotating at 150 rpm for 1 hour. In each 10-minute intervals of rotation, the mixture 

was vortexed for 1 minute to facilitate the liposome formation. The as-synthesized PPIX-Lipo was 

then stored in a fridge at 4 °C overnight to allow the completion of liposome formation. 

Unencapsulated PPIX was removed by allowing it to precipitate overnight. Unreacted chemicals 

were then removed by washing with DI water 3 times. The PPIX-Lipo was then sonicated for 15 

minutes to obtain nano-sized liposomes. The as-synthesized PPIX-Lipo was stored in a fridge 

protected from light with aluminum foil until further use.  

BSA-coated MnO2 (here after MnO2) was prepared using a previously reported method with minor 

modifications.[105] Briefly, 9 mg KMnO4 was dispersed in 3 mL 1X PBS and stirred for 5 

minutes. 50 mg BSA was dispersed in 3 mL of PBS and stirred for 20 minutes. Then, the KMnO4 

solution was added dropwise to the BSA solution and stirred for 2 hours at 37 °C. The obtained 

MnO2 was purified by dialysis using a dialysis bag of 12 kDa cutoff molecular weight against DI 

water for 24 hours. Purified MnO2 was stored at 4 °C for further use. As-synthesized MnO2 was 

highly soluble and stable in aqueous media for several weeks. 

MnO2 was coated onto the liposome surface via physical interactions. PPIX-Lipo and MnO2 were 

mixed at a respective molar ratio 1:50, and moderately stirred for 3 hours at room temperature. 
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During the mixing process, the mixing flask was covered with aluminum foil to protect the mixture 

protected from incoming light.  

 

2.2.3. Particle Size Analysis  

The particle size distribution of MnO2, PPIX-Lipo, and PPIX-Lipo-M were evaluated by a 

dynamic light scattering (DLS) method, using a ZetaPALS zeta potential analyzer (Brookhaven 

Instruments Inc., Holtsville, NY, USA). The morphological characteristics of particles were 

evaluated by a transmission electron microscope (TEM). 

 

2.2.4. Absorption and Photoluminescence Measurement 

The absorption and photoluminescence (PL) spectra were measured using a Shimadzu UV-2450 

UV-Vis spectrophotometer and a Shimadzu RF-5301PC luminescence spectrophotometer, 

respectively.  To measure absorption and the PL spectrum of MnO2, PPIX-Lipo and PPIX-Lipo-

M, samples were prepared in DI water such that both PPIX-Lipo and PPIX-Lipo-M had an equal 

concentration of PPIX, and both PPIX-Lipo-M and MnO2 had an equal concentration of MnO2. 

Typically, PPIX-Lipo and PPIX-Lipo-M had 3 µM PPIX. In PPIX-Lipo-M, the ratio of PPIX and 

MnO2 was 1:50 for all further experiments.  

To demonstrate that MnO2 adsorbed onto the liposome surface luminescence quenching of PPIX 

in PPIX-Lipo-M with respect to PPIX-Lipo and the regain in luminescence following the addition 

of 3 mM glutathione (GSH) was measured.  Photobleaching of PPIX-Lipo and PPIX-Lipo-M was 

measured after 5 minutes of UV-light exposure three times. The relative change in luminescence 

was plotted with UV-light treatment time. 
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2.2.5. Drug Loading Efficiency 

To determine the encapslation efficiency of PPIX into liposomes, the luminescence of PPIX 

dissolved in DMSO was measured at various concentrations and a calibration curve was 

established by plotting the integrated PL intensity against its concentration. 2.8 mL of DMSO was 

added to 200 µL of PPIX-Lipo to disrupt the liposomes, and the PL integrated intensity was 

measured and plotted against corresponding concentration. The loading efficiency was calculated 

in percentage by comparing the slope of PPIX and PPIX-Lipo dissolved in DMSO. 

 

2.2.6. In-vitro pH Measurement 

To demonstrate that our nanosystem can react with H2O2 under acidic conditions, we measured 

the change in pH of acidic solutions. First, 100 µM H2O2 was dispersed in pH = 5.6 (HCl solution). 

Then, MnO2 was added to the solution. The pH change was monitored in each 1 minute intervals 

by using a digital pH meter. 

 

2.2.7. Singlet Oxygen Generation Measurement 

Singlet oxygen produced by PPIX-Lipo and PPIX-Lipo-M with and without 100 µM H2O2 were 

measured in PBS (pH=7.4) buffers. The singlet oxygen green sensor (SOSG) was used as a 

luminescence-based singlet oxygen probe. UV light was excited for 5 minutes interval for 5 times, 

and luminescence intensity was monitored after each excitation. Integrated PL intensity was 

calculated at each concentration and plotted against the concentration.  

 

2.2.8. Cellular Uptake Experiment  
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200,000 cells were cultured in a 35 mm petri-dish and incubated for 24 hours to allow cell 

attachment. Naked PPIX, PPIX-Lipo, and PPIX-Lipo-M were added and incubated for 24 hours. 

Old media were replenished with new media having 1 µM HOECHST dye to stain the nucleus.  

The Olympus IX71 fluorescence microscope was used to image the cells. Default DAPI filter 

(Emi/Exi at 457 nm/350 nm) was used to image the HOECHST dye, while PPIX was imaged using 

a Emi/Exi 617 nm/403 nm filter. Cellular uptake of PPIX-Lipo and PPIX-Lipo-M was confirmed 

by merging the HOECHST and PPIX channel.  

 

2.2.9. Cell Viability Study  

Cell viability or dark toxicity of the MnO2, PPIX-Lipo, and PPIX-Lipo-M was studied using an 

MTT assay on MCF-7 cell lines. 10,000 cells/well were cultured in 96-well plates and were 

incubated for 24 hours for the completion of cell attachment. Then, MnO2, PPIX-Lipo, and PPIX-

Lipo-M were applied to wells at different concentrations. MnO2 was used in the concentration 

range of 45 µM to 570 µM, while the concentrations of the PPIX in both PPIX-Lipo and PPIX-

Lipo-M varied from 0 µM to 60 µM. The plates were protected from light with aluminum foil to 

prevent the unwanted excitation of PPIX by light and incubated for 24 hours to allow the uptake 

of the particles by cells. Following the incubation, 5 mg/mL of  MTT solution in PBS was diluted 

to 0.5 mg/mL in the corresponding cell and then applied to each well and incubated for 3 hours at 

37 °C. DMSO (100 µL) was added to each well to dissolve the formazan crystals. The optical 

density (OD) was recorded at 540 nm in a microplate reader (Multiskan). Cell viability was 

determined by comparing OD of treatment group with OD of the control group as depicted below:  

Cell viability =
The OD of the treatment group

The OD of the control group
 ∗ 100 %................................................(1) 
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Each experiment was performed at least three times. Cell viabilities were expressed as mean ± 

standard deviation. 

 

2.2.10. Hypoxia Induction and Detection 

10,000 cells were seeded into 96-well plates and incubated for 24 hours for cell attachment. After 

the incubation, old media was replaced with new media having 100 µM of cobalt chloride 

hexahydrate and incubated for  16 hours.[106] Hypoxia induction was confirmed using a ROS-

ID® Hypoxia/Oxidative stress detection kit (Enzo Life Sciences) and fluorescence microscopy 

detection according to the manufacturer’s instructions. 

 

2.2.11. PDT Effect Study 

PDT effect studies were performed under the following groups: control, PPIX-Lipo, and PPIX-

Lipo-M, under normoxia and hypoxia conditions. 10,000 cells/well were seeded in each 

experiment. Five equal concentrations of PPIX-Lipo and PPIX-Lipo-M were added to the 96-well 

plates and incubated for another 24 hours. Then, UV light (wavelength 365 nm) was applied to 

excite PPIX for 5 minutes to all the groups. After the treatment, cells were incubated for at least 6 

hours to allow completion of apoptosis. Following the completion of apoptosis, 0.5 mg/mL MTT 

reagent was added and incubated for 3 hours. Formazan crystal formed was solubilized by using 

100 µL DMSO to each well.  Then, the OD of solubilized formazan crystal was recorded at 540 

nm in the microplate reader. PDT effect was determined by using equation (1). At least three 

independent experiments were performed, and cell viabilities were expressed as mean ± standard 

deviation. One-way ANOVA was performed to determine the significance difference with p<0.05. 
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2.3. RESULTS 

2.3.1 Synthesis of PPIX-Lipo, BSA-MnO2, and PPIX-Lipo-M 

 PPIX is poorly water soluble, which adversely affects its efficacy in vitro and in vivo. Naked 

PPIX might cause unwanted toxicity to the cells or surrounding tissues.[107] To improve water 

solubility of the PPIX, we encapsulated the PPIX inside the liposome by using a well-known thin-

film hydration method[108] as illustrated in the Figure 1.  Liposomes are an accepted vehicle for 

drug delivery;[100,101] it can encapsulate both hydrophobic and hydrophilic drugs in between the 

phospholipid bilayer and in the core respectively.[99,101] 

 

PPIX, being a hydrophobic drug, was encapsulated between the lipid bilayer of the liposomes. 

PPIX-Lipo had a reddish color and is soluble in water (Figure 2a(ii)), while naked PPIX was black 

and precipitated in DI water as displayed in Figure 2a(i). Luminescence of naked PPIX and PPIX-

Figure 1: Schematic of synthesis of PPIX-Lipo and PPIX-Lipo. 
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Lipo under UV light are depicted in Figure 2b(i and ii) respectively; PPIX-Lipo showed a bright 

red luminescence, but bare PPIX did not have luminescence under UV light. The dramatic 

improvement in solubility and the luminescence of PPIX infers its successful encapsulation into 

the liposomes.  

MnO2 nanoparticles were synthesized as described in the literature. [105] As-synthesized MnO2 

nanoparticles were highly soluble and stable in aqueous solution for several weeeks. MnO2  

 

 

 

Figure 2: Images of bare PPIX(i), PPIX-Lipo(ii), and PPIX-Lipo-M(iii) under (a) room-

light and (b) UV-light respectively. 
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nanoparticles were then coated to liposomal surface via physical interactions. We believe that 

MnO2 was then adsorbed onto the liposome surface via hydrophobic effect as BSA has a strong 

tendency to interact with cholesterol and DPPC of the liposome.33,34 As shown in Figure 2a(iii) 

and 2b(iii), the luminescence of PPIX-Lipo-M was quenched compared to that of PPIX-Lipo. 

MnO2 has a wide range of absorption from 200 nm to 700 nm, which coincides with PPIX emission 

spectra. Consequently, MnO2 adsorbed onto the liposomal surface could  effectively quench the 

luminescence of PPIX via FRET energy transfer[91] and/or an inner filter effect.[109]  

 

2.3.2. UV-Vis Absorption and Photoluminescence Spectra Measurement 
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Figure 3: (a) UV-Vis absorption spectra of PPIX-Lipo, PPIX-Lipo-M, and MnO2. PPIX-Lipo is 

more symmetric about 420 nm, whereas PPIX-Lipo-M has raised absorption in the range of 200 

nm-350 nm. (b) PL spectra of PPIX-Lipo with or without 3 mM GSH. PPIX-Lipo-M regained its 

luminescence in the presence of GSH.  (c) PL quenching of PPIX-Lipo and PPIX-Lipo-M under 

UV light excitation.  (d) determination of encapsulation efficiency. 

 

UV-Vis absorption spectra of PPIX-Lipo, PPIX-Lipo-M, and MnO2 are shown in Figure 3a. 

PPIX-Lipo-M has increased absorptions in the 200– 400 nm region in UV region which indicates 

the conjugation of PPIX and MnO2. Adsorption of MnO2 on PPIX-Lipo surface was further 

confirmed by measuring the quenching of the luminescence of PPIX by MnO2 (Figure 3b). For 
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the same concentration of PPIX, PPIX-Lipo-M had less than 50 % PL intensity as compared to 

PPIX-Lipo. The quenching in PL intensity may be due to the energy transfer between PPIX and 

MnO2. To further strengthen our claim that MnO2 is responsible for the PL quenching, we added 

3 mM GSH to PPIX-Lipo-M solution to disintegrate MnO2 adsorbed onto PPIX-Lipo and 

measured the PL change (Figure 3b) to see if disintegrating MnO2 helps to regain the lost PL 

intensity. As expected, the luminescent intensity of PPIX-Lipo-M increased and was almost equal 

to PPIX-Lipo in the presence of GSH at the given concentration. As shown in Figure S1, dark 

brown MnO2 was completely disintegrated into a clear solution of Mn2+ after the addition of 3 mM 

GSH.  We also measured the luminescence of PPIX-Lipo with and without GSH and observed that 

GSH itself did not alter the luminescence of PPIX (Figure S2).  

 

MnO2 adsorbed onto the liposome surface is expected to improve its resistance against 

photobleaching. We measured the change in luminescence after 5 minutes of UV light exposure 

to both PPIX-Lipo and PPIX-Lipo-M (Figure 3c).  As anticipated, it was observed that PPIX-Lipo 

lost its luminescence by 25 % within 15 minutes of cumulative UV light application, while PPIX-

Lipo-M lost only 9 % of its luminescence. The improved resistance against photobleaching could 

be attributed to the MnO2 adsorbed onto the liposome surface.  

 

The encapsulation efficiency of PPIX into the liposome was determined by comparing the PL 

intensity of PPIX-Lipo and bare PPIX. Both PPIX-Lipo and PPIX were dissolved in DMSO. To 

start with, various known concentrations of PPIX-Lipo were prepared in DMSO and their PL 

intensities were monitored and integrated PL intensities were calculated. The integrated PL 

intensities were plotted against different concentrations. To determine the encapsulation 
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efficiency, the integrated PL intensities per unit molar concentration of PPIX-DMSO and PPIX-

Lipo-DMSO were compared. As shown in Figure 3d, the slope (integrated PL intensity per unit 

micromolar concentration) of PPIX-Lipo was found to be 2151.9 ± 58.9 arb. unit/µM , whereas 

that of PPIX was 2770 ± 180.3 arb. unit/µM. Comparing these two slopes, it was calculated 

that 78 % ± 7 % of PPIX was encapsulated in the liposome.  

 

2.3.3. Size Distribution  

The size distribution measurement suggests that the average sizes of MnO2, PPIX-Lipo, and PPIX-

Lipo-M were 144.9 nm ± 19.6 nm, 362.3 nm ± 12.1 nm, and 752.9 nm ± 50.7 nm, respectively. 

The increased size of PPIX-Lipo-M compared to PPIX-Lipo could be because of adsorption of 

MnO2 onto the liposome surface due to the hydrophobic interaction between BSA and cholesterol 

and/or DPPC. [110,111] BSA can be effectively adsorbed onto the liposome surface (even 

negatively charged) via hydrophobic interaction. Accordingly, when MnO2 and PPIX-Lipo were 

mixed, MnO2 adsorbed onto the surface of liposome effectively. The size distribution of PPIX-

Lipo and PPIX-Lipo-M was also measured using TEM (Figure 4b and 4c). TEM images show 

that the PPIX was encapsulated in the phospholipid bilayer of the liposome. The denser (black 

layers) are the PPIX, while less dense centers are the empty core of the liposomes. Figure 4c 

shows the TEM image of PPIX-Lipo-M; MnO2 can be seen adsorbed onto the surface of the 

liposome. 
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Figure 4: Size distribution measurement of PPIX-Lipo and PPIX-Lipo-M. (a) DLS Size 

distribution of MnO2, PPIX-Lipo, and PPIX-Lipo-M. The proportional increase in size distribution 

shows that MnO2 is adsorbed onto the surface of liposome due to hydrophobic interaction.   (b) 

TEM image of PPIX-Lipo, and (c) TEM image of PPIX-Lipo-M. It is seen that MnO2 is adsorbed 

on the liposome surface. 

 

 

 

2.3.4. Singlet Oxygen Measurement 

We used SOSG to determine singlet oxygen generation by PPIX-Lipo and PPIX-Lipo-M with 

and without H2O2 under UV light excitation (Figure 5a). Most cancer cells have an enhanced 

level of H2O2. MnO2 reacts with H2O2 under acidic conditions and produces oxygen. Therefore, 
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our nanosystem can be beneficial by acting as the source of oxygen in the tumor 

microenvironment. We measured singlet oxygen generation from PPIX-Lipo and PPIX-Lipo-M 

with and without H2O2. To simulate an endogenous H2O2 environment, 100 µM H2O2 was added 

to the testing solution along with the sample and SOSG probe. The relative change in 

luminescence was plotted with respect to UV light time. It was found that in the absence of 

H2O2, PPIX-Lipo produced more singlet oxygen than PPIX-Lipo-M. It could be because PPIX in 

PPIX-Lipo has direct access to the light than PPIX in PPIX-Lipo-M in which most light is 

absorbed by MnO2 adsorbed onto its surface. On the other hand, in the presence of H2O2, PPIX-

Lipo-M produced more singlet oxygen than PPIX-Lipo because of extra oxygen produced by 

MnO2   reacting with H2O2. 

 

Figure 5: (a) Singlet oxygen measurement of PPIX-Lipo and PPIX-Lipo-M with and without 

H2O2. (b) Measurement of pH change of MnO2 treated acidic solution in the presence of 100 µM 

H2O2. 

 

2.3.5. pH Change Induced by MnO2 

MnO2 reacts with H2O2 under acidic conditions. In other words, MnO2 nanoparticles, while 

reacting with H2O2, uses H+ ions and disintegrates itself into Mn2+ ions. So, in order to measure 
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the reactivity of MnO2 towards H2O2 under acidic conditions in an indirect way, we measured the 

change in the pH of acidic solution containing H2O2 with the addition of MnO2 (Figure 5b). The 

data shows that with the addition of 150 µM of MnO2 to an acidic solution containing 100 µM 

H2O2, pH increased from 5.6 to 7.2 within 20 minutes. This result suggests that MnO2 reacts with 

H2O2 under acidic condition efficiently and it may help to increase pH of tumor microenvironment. 

 

2.3.6. Cellular Uptake   

 Cellular uptake study of PPIX-Lipo and PPIX-Lipo-M to MCF-7 cell lines are presented in Figure 

6. The blue channel represents the HOECHST stained nucleus. The red channel represents the 

luminescence from PPIX. HOECHST and PPIX channels were merged to confirm the cellular 

uptake. It should be noted that both PPIX-Lipo and PPIX-Lipo-M have good cellular uptake. We 

also studied the cellular uptake of naked PPIX dissolved in DI water. As shown in Figure S4, 

naked PPIX aggregates into large crystals in cell media and there was almost no uptake by cells. 

Confocal images (Figure S5) reveals that PPIX-Lipo gets into the cell; bright red luminescent 

PPIX-Lipo can be seen localized in the same plane as nucleus.  

 



32 

 

 

Figure 6: Cellular uptake study of PPIX-Lipo and PPIX-Lipo-M into MCF-7 cancer cells by using 

fluorescence microscopy. PPIX-Lipo and PPIX-Lipo-M were applied to MCF-7 following 24 

hours incubation. HOECHST dye was applied 5 minutes before imaging to stain nuclei. (Scale 

bar: 50 µm) 

 

2.3.7. Cellular Viability Study  

Cell viability of PPIX-Lipo, PPIX-Lipo-M, and MnO2 was determined by using an MTT assay. 

MnO2 was applied with the concentration range 45 to 570 µM to MCF-7 and incubated for 18 

hours. Even at 570 µM, 90 % of cells survived, indicating low cytotoxicity of MnO2. The 

concentration of the PPIX varied from 0 to 60 µM for both PPIX-Lipo and PPIX-Lipo-M. All the 

plates were protected from light by covering with aluminum foil. We found that concentrations 
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below 3 µM had minimal dark toxicity. Consequently, 3 µM or less PPIX concentration (in PPIX-

Lipo and PPIX-Lipo-M) was chosen for PDT effect evaluation. 

Figure 7: Cell viability study of MnO2, PPIX-Lipo, and PPIX-Lipo-M treated MCF-7 cell lines. 

Cells were incubated with the particles for 24 hours and were protected from light with aluminum 

foil. MnO2 does not show substantial toxicity to MCF-7 cell lines up to 570 µM concentration. 

PPIX-Lipo and PPIX-Lipo-M both have more than 80 % cell viability at and below 3 µM. No 

significant difference was observed between the toxicity of PPIX-Lipo and PPIX-Lipo-M. 

 

2.3.8. Hypoxia Induction and Detection 

Cobalt chloride is known as a hypoxia inducing agent in vitro and in vivo.[106,112–114] A 50  to 

100 µM concentration has been reported as non-toxic and efficient at inducing hypoxia.[106,112–

114] The use of cobalt chloride allows us to open the plate and to apply UV light outside the 

incubator without interrupting hypoxia. It induces hypoxia by occupying of the HIF-α binding 

domain of a von Hippel-Lindau protein, thereby preventing the degradation of HIF-α. [112] An 

alternative way of inducing hypoxia is incubating cell plates in a hypoxia chamber, which is 

supplied with gas mixtures 1 % O2 + 94 % N2 + 5 % CO2. This method does not guarantee hypoxia 

if cell plates are taken outside the incubator. Furthermore, this method is expensive, time-
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consuming, and not suitable for our purpose, as we need to excite cell plates with the UV light. 

The PPIX-Lipo-M killed a significantly higher percentage of cells than the PPIX-Lipo did. 

 

 

The hypoxia induction was confirmed by using an ROS-ID® Hypoxia/Oxidative stress detection 

kit (Enzo Life Sciences) and fluorescence microscopy detection according to the manufacturer’s 

instructions. The control group was incubated with regular media, while the hypoxia group was 

incubated with media containing 100 µM cobalt chloride for 16 hours. The non-luminescent probe 

becomes red fluorescent under hypoxic conditions. It takes advantage of the nitroreductase activity 

present in hypoxic cells which converts nitro-group to hydroxylamine and amino group and 

releases the red-luminescent probe. As can be seen in Figure 8, the cobalt chloride treated cells 
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Bright Hypoxia Merged  

Figure 8: Confirmation of hypoxia induction by using ROS-hypoxia assay (Enzo Life Sciences) 

on MCF-7 cell lines. The red luminescence confirms cellular hypoxia. The increase in red 

luminescence of the assay in cobalt chloride treated cell indicates successful induction of  hypoxia. 

(Scale bar: 50 µm). 
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shows the bright red luminescence from hypoxia red, whereas the cells incubated without cobalt 

chloride does not show red luminescence from hypoxia red. The result implies the successful 

induction of hypoxic conditions in the MCF-7 cell lines. 

 

2.3.9. PDT Effect Study 

2.3.9.1. Normoxic Conditions  

Normoxia is regarded as a condition where the cellular oxygen level is at its normal value of 38 

mmHg to160 mm Hg.[115] Cell culture media, which are incubated in an incubator with 95 % O2 

and 5 % CO2, is expected to have normoxic conditions. Figure 9a depicts the PDT effect of PPIX-

Lipo and PPIX-Lipo-M to the MCF-7 cell lines under normoxic conditions. Under normoxia, it 

was observed that the PPIX-Lipo killed more cells than the PPIX-Lipo-M (Figure 9a). Although 

significant difference was observed only for 0.75µM group, PPIX-Lipo killed more cells than 

PPIX-Lipo-M for all the concentration groups. Under normoxic conditions, IC-50 values for PPIX-

Lipo (0.982 µM ± 0.008 µM) were found to be significantly lower than the IC-50 values (1.19 µM 

± 0.03 µM) of PPIX-Lipo-M. Furthermore, this implies that under normoxic conditions, the PPIX-

Lipo may produce larger amounts of singlet oxygen than PPIX-Lipo-M, which is consistent with 

what was observed during the singlet oxygen measurement. Higher singlet oxygen production by 

PPIX-Lipo can be attributed to the fact that PPIX-Lipo-M does not have direct access to the light 

due to MnO2 being adsorbed onto the liposome surface.  Additionally, PPIX-Lipo has smaller size 

than PPIX-Lipo-M, which might result in higher cellular uptake of PPIX-Lipo and hence better 

efficacy of PPIX-Lipo. 
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Figure 9: Study of PDT effect of PPIX-Lipo and PPIX-Lipo-M under (a) normoxia, (b) hypoxia, 

and (c)IC-50 values of PPIX-Lipo and PPIX-Lipo-M to MCF-7 cell lines and incubated for 24 

hours. Commercial UV-light was used for 5 minutes as an excitation source. * indicates p< 0.05 

significant difference from the corresponding group. 

 

2.3.9.2. Hypoxic Conditions   

The PDT efficacy was then evaluated under hypoxia conditions. As displayed in Figure 9b, for 1.5 

and 2 µM concentration groups, PPIX-Lipo-M killed significantly more cells than PPIX-Lipo did. 

Although the difference was not statistically significant, PPIX-Lipo-M was more effective than 

PPIX-Lipo for all other concentrations we used. The IC-50 value of PPIX-Lipo-M (1.625 µM ± 

0.27 µM) was significantly lower than that of PPIX-Lipo (2.21 µM ± 0.09 µM) (Figure 9c) which 

indicates that during hypoxic conditions, PPIX-Lipo-M performs better than PPIX-Lipo. During 
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hypoxic conditions, cells suffer from a lack of oxygen such that the photosensitizer performs 

suboptimally. [28]  In this case, the addition of MnO2 to PPIX-Lipo for the production of PPIX-

Lipo-M can aid in overcoming the hypoxic conditions of the cancer cells by generating oxygen 

from reacting with endogenous H2O2. In turn, this results in a higher production of singlet oxygen 

species as compared to the PPIX-Lipo. Therefore, the PPIX-Lipo-M kills more cells as compared 

to PPIX-Lipo in the cancer cells.  

 

2.4. DISCUSSIONS 

Tumors have a unique environment called the tumor microenvironment (TME), which helps for 

the sustained growth, invasion, and metastasis of cancer cells.[116,117] Some of the characteristics 

of the most TME are hypoxia, lower pH, and elevated levels of both glutathione and H2O2.   It has 

been reported that tumor hypoxia might be responsible for poor radiotherapy 

efficacy.[28,29,115,118,119]     

 

In recent years, MnO2 involved smart strategies, which took advantage of its reactivity towards 

H2O2 and GSH were investigated.[38,42,89,91] In this work, we investigated whether PPIX-Lipo-

M can reduce hypoxia in the TME by reacting with endogenous H2O2. MnO2 possesses several 

characteristics to enhance the PDT effect of photosensitizers; it has high specificity and reactivity 

toward H2O2 producing O2 and H2O while consuming protons in the reaction.[38]  

 

As shown in Figure 5b, MnO2 can react with GSH and H2O2 under acidic conditions producing 

oxygen as well as increasing pH value.  The reaction scheme of MnO2 with H2O2 is presented 

below[90]: 
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MnO2+2H2O2→Mn2++O2+2H2O 

MnO2+2H2O2

H+

→ Mn2++O2+2H2O 

Following the reaction, the MnO2 nanoparticles disintegrate into Mn2+ ions which can easily be 

cleared via renal clearance.  

The proposed treatment method incorporates unique combination of generally understood 

strategies for drug delivery and PDT.  Liposomes were utilized for drug delivery because of their 

known capacity to encapsulate both hydrophilic and hydrophobic drugs.[99] PPIX is an FDA 

approved photosensitizer. The amphiphilic nature of PPIX causes it to aggregate in the aqueous 

environment either via π-π stacking or intermolecular interactions between the hydrophilic -COOH 

group and the hydrophobic porphyrin core.[93] In this work, we successfully encapsulated water 

insoluble PPIX into liposomes (PPIX-Lipo) and then conjugated them with BSA coated MnO2 to 

fabricate the PPIX-Lipo-M nanosystem. Liposomal encapsulation drastically improved the 

solubility of PPIX. PPIX-Lipo had good aqueous solubility, improving its luminescence. As 

compared to naked PPIX, PPIX-Lipo had much better cellular uptake that enhanced its 

photodynamic effect. It is generally accepted that liposome encapsulation reduces drug toxicity. 

Moreover, the conjugation of PPIX-Lipo and MnO2 by simple physical mixing has several 

advantages over other chemical methods of conjugation, as it avoids the retention of unwanted 

chemicals and the consequential purification steps to remove them. 

 

PPIX-Lipo-M can improve the efficacy of photodynamic therapy by supplying oxygen to the 

cancer cells.  We observed that under normoxic conditions, PPIX-Lipo is more efficient than 

PPIX-Lipo-M. The higher efficiency of PPIX-Lipo in the normoxic environment may have 

originated due to one or a combination of the following reasons: (1) The normoxic media has 
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sufficient oxygen levels and therefore having MnO2 may not offer an additional advantage, (2) 

PPIX-Lipo has more direct access to the excitation light than PPIX-Lipo-M, and  (3) due to its 

smaller size, PPIX-lipo may have higher cellular uptake than PPIX-Lipo-M. Due to these reasons,  

PPIX-Lipo-M is less effective than PPIX-Lipo under normoxia conditions.  

 

However, when hypoxia was created, PPIX-Lipo was not effective due to the lack of oxygen, 

whereas PPIX-Lipo-M could produce oxygen due to the reactions between MnO2 and H2O2.  

Accordingly, PPIX-Lipo-M produces significantly more singlet oxygen than PPIX-Lipo.  

We used cobalt chloride to induce cellular hypoxia, a reliable and economical alternative to the 

hypoxia chamber. The use of cobalt chloride allowed us to handle the cell plates and apply UV-

light outside the incubator without disturbing hypoxia.  

 

2.5. CONCLUSIONS 

In this work, PPIX was encapsulated into liposomes to improve its aqueous solubility. Then, PPIX-

Lipo was coated with MnO2 nanoparticles. The coating of MnO2 on the PPIX-Lipo surface was 

confirmed by measuring the PL quenching effect of MnO2 on PPIX-Lipo. We then tested its PDT 

effect to the MCF-7 cell lines under normoxic and hypoxic conditions. Hypoxia was successfully 

induced to MCF-7 cell lines by incubating it with cobalt chloride for 16 hours. Although PPIX-

Lipo killed more cancer cells than PPIX-Lipo-M under normoxic conditions, the PPIX-Lipo-M 

was much more effective than the PPIX-Lipo under hypoxic conditions. In summary, PPIX-Lipo-

M could solve hypoxia issues in the tumor microenvironments by converting the ever-present H2O2 

into oxygen, which improves the PDT efficacy of the photosensitizer and deserves for further 

investigation on PDT.  
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Figure S1: MnO2 nanoparticles disintegrates in presence of GSH or H2O2. 
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Figure S3: Change in PL intensity of PPIX-Lipo and PPIX-Lipo-M in presence of 100 µM 

H2O2. The change in PL intensity was expressed as ratio with corresponding initial PL intensity. 

PL intensity of PPIX-Lipo decreases over the time while PPIX-Lipo-M decreases initially and 

then start to increase. The increase in PL intensity could be due to disintegration of MnO2 by 

H2O2 and hence regain in initially quenched luminescence.  

Figure S2: Photoluminescence of PPIX-Lipo with or without 3mM GSH. There is no 

change in intensity showing that GSH does not react with PPIX-Lipo.  
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Figure S4: Cellular uptake of bare PPIX mixed in DI water. Large PPIX aggregates can be seen on the 

top of cells indicating that naked PPIX has poor cellular uptake. Scale bar: 50µM 
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Figure s5: Confocal imaging to confirm cellular uptake of  PPIX-Lipo into MCF7 cell lines. A. 

bright field image B. merged image of HOECHT and PPIX Channel. C. Merged image of HOECHT 

(blue), PPIX( red) and brightfield image. D. 3D image showing PPIX inside the MCF7 cell lines.  

Scale bar: 25µm 

a b 
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Chapter 3: 

(In preparation for publication) 

COPPER-CYSTEAMINE NANOPARTICLES AS NEW RADIO-
PHOTOSENSITIZER WITH LOW SUNLIGHT TOXICITY 
 

ABSTRACT  

Photodynamic therapy carries great potential as a safer and effective cancer treatment method. 

However, photodynamic therapy suffers from some severe disadvantages, such as poor penetration 

depth and unwanted photosensitivity. The issue of photosensitivity arises from the fact that most 

photosensitizers readily be activated by visible light and the photosensitizing drugs can stay in the 

upper dermal layer for a prolonged period. In this work, we propose copper-cysteamine 

nanoparticle (Cu-Cy NP)  that has alternative excitation sources such as X-ray, microwave, UV 

light (but not visible light), and as a result, can keep the issue of photosensitivity to a minimal 

level. A systematic study was conducted to compare the sunlight-induced toxicity between copper 

cysteamine nanoparticles and protoporphyrin IX (PPIX), an FDA approved photosensitizing drug. 

The result demonstrated that Cu-Cy NPs are significantly less phototoxic when compared to that 

of PPIX.  

3.1 INTRODUCTION: 

Photodynamic therapy (PDT) refers to a promising cancer treatment method in which light of a 

suitable wavelength in combination with photosensitizers and molecular oxygen is used to 

generate reactive oxygen species.[4,120–122] The effectiveness of the PDT process heavily 

depends on photosensitizer, light, and oxygen.[4,120–122] PDT has some notable advantages over 

other cancer treatment techniques such as low side effects, non-invasiveness, and high 
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targetability.[4,120–122] Despite these advantages, the practical applications of the PDT method 

are severely limited owing to three major issues: (1) hypoxia issue in the tumor microenvironment, 

(2) poor penetration depth, and (3) occurrence of phototoxic effect following the PDT treatment.  

The scarcity of oxygen (hypoxia) in tumor and tumor microenvironment is a serious problem that 

adversely affects the efficiency of PDT. To combat the hypoxia issue, numerous innovative 

strategies that can supply oxygen during PDT have been developed.[42,43,90] Furthermore, the 

issue of low penetration depth of light limits the application of conventional PDT to treat only 

some of the non-melanoma skin cancers. To address these issues, researchers are developing 

sensitizers with alternative excitation sources such as X-ray [56,57,123], microwave [59,60,124], 

and ultrasound[61] that have much more penetration depth than that of light.  

Another major issue of current photodynamic therapy is the occurrence of phototoxic effects 

following the treatment, particularly if exposed to bright light.[14,44–46] The phototoxic effect 

originated from the fact that most existing photosensitizers can readily be stimulated by visible 

light to produce highly toxic reactive oxygen species. Furthermore, the photosensitizers take up to 

several weeks to get cleared from the body and can accumulate underneath dermal skin layers and 

eyes for a long time. The common symptoms of phototoxicity include pain, burns, erythema, 

edema, blistering, pustular formation, desquamation.[125] The primary mechanism responsible 

for photosensitivity is the ROS generation mediated damage of vital cell organelles, including 

lipid, DNA, and protein. Alternatively, the formation of a stable photo-adduct between DNA and 

photosensitizer could also be responsible for observed phototoxicity.[53]  

 

Accordingly, several reports have shown that light exposure can be problematic following the PDT 

treatment.[14,46,47,126] Therefore, patients are advised to avoid daylight for up to several weeks 
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after the treatment. Despite the compliance with the guidance by the hospital, a large number of 

patients report the phototoxic effects.[14,47]  Photofrin (Porfimer sodium), an approved sensitizer 

in many countries, including the United States, induces cutaneous photosensitivity that can last up 

to 3 months. [48–50] The issue of prolonged phototoxicity was also seen in a Foscan, a  second-

generation photosensitizer.[45,50] Some improvements have been reported in more recent 

sensitizers. However, the occurrence of phototoxicity and the requirement to avoid direct sunlight 

has not been eliminated yet.[44]  Moreover,  phototoxicity is the problem of many other drugs as 

well, and therefore comprehensive phototoxicity evaluations of new drugs are often 

warranted.[51,52] 

5-Aminolevulinic acid (ALA) is a second-generation photosensitizer that gets converted into PPIX 

endogenously. The ALA induced PPIX has been approved by the US-FDA for non-oncological 

treatment of actinic keratosis in 1999.[24]  It has also shown potential for PDT treatment to some 

other diseases, including Bowen’s disease and basal cell carcinoma.[25,26]  

 

In this contribution, we propose that using sensitizer with alternative excitation sources such as X-

ray, MW, or US could effectively eliminate the issue of phototoxicity. In 2014, our lab invented 

copper-cysteamine nanoparticles that are activatable with various excitation sources such as X-

ray,[54–58] MW,[59,60], ultrasound[61], UV light[62,63], and acidic pH/H2O2 (cancer-specific 

condition).[64] We will systematically compare the sunlight-induced photosensitivity by Cu-Cy  

NPs with PPIX, a current clinical photosensitizer.  

 

3.2. MATERIAL AND METHODS  

3.2.1. Materials  
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Copper chloride dihydrate and  Protoporphyrin IX were purchased from Sigma Aldrich. Calcein- 

AM, Ethidium homodimer-1, and (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT assay)  were purchased from ThermoFisher Scientific. 

 

3.2.2. Synthesis of copper-cysteamine nanoparticles  

Copper cysteamine nanoparticles were synthesized using our previously reported method.[59] In 

brief, CuCl2.2H2O (273 mg) was dissolved in DI water (50 mL) at room temperature. Afterward, 

cysteamine hydrochloride (381 mg) and PEG-4000 (40 mg) were added into the above mixture 

under an inert atmosphere. The pH of the solution was then adjusted to 7 using NaOH and stirred 

for 5 min under atmospheric condition. When the solution turned to deep violet, it was boiled for 

5 min under the inert environment with rapid magnetic stirring. The solution was then allowed to 

cool naturally. Cu-Cy NPs were collected by centrifuging and washing by DI water/ethanol 3 

times. The obtained Cu-Cy NPs were vacuum dried at 40 0C overnight.  

 

3.2.3. Preparation of Protoporphyrin IX (PPIX) solution  

The working solution of PPIX was prepared by dissolving a desired amount of PPIX into DMSO. 

The as-prepared PPIX solution was diluted in the culture medium to obtain desired concentrations 

for cellular treatment. The final concentration of DMSO in the PPIX solution applied to the cell 

was always kept less than 1%.  The Cu-Cy solution was prepared  

 

3.2.4. Instrumentation 
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The absorption and photoluminescence (PL) spectra of PPIX and Cu-Cy were measured 

employing a UV-vis spectrophotometer (Shimadzu UV-2450) and a photoluminescence 

spectrophotometer (Shimadzu RF-5301PC, Tokyo, Japan).  

 

3.2.5. MTT assay  

The cytotoxicity of Cu-Cy and PPIX was evaluated using the MTT assay. 1 ×104 cells/well were 

harvested in 96 well plates and incubated for 24 h. The cells were then treated with various doses 

of Cu-Cy and PPIX (0-30 μg/mL) and incubated for another 24h. The MTT plates were either 

exposed to sunlight or kept in the dark for 10 min. The cells were then treated with 0.05 mg/mL 

of MTT solution for 3 h. The formazan crystals were then dissolved with DMSO, and the optical 

density of the purple-colored formazan solution was then monitored using multiskan microplate 

reader. The cell viability was calculated using the following equation: 

Cell viability =
 The O. D. of the treatment group

The O. D. of the control group
∗ 100% 

 

3.2.6. Live/Dead Assay 

The toxicity of  Cu-Cy and PPIX against healthy cell lines was further evaluated by using 

Live/dead assay. The 2 ×105 cells were seeded in a 35 mm imaging plate and incubated for 24 h. 

Afterward, the cells were treated with the desired amount of PPIX or Cu-Cy and incubated for 24 

h. Then, the plates were exposed to sunlight or kept in the dark for 10 min. After incubating for 

another 6 h, the cells were applied with 0.125 µg/mL calcein-AM and ethidium homodimer ( Ethd-

1) for 40 min. Afterward, the calcein and  Ethd-1 homodimer positive cells were imaged using 

495/515 nm and 528/617  nm filters of  IX-71 Olympus microscope, respectively. The live and 

dead cells were quantified using imageJ, as described in our previous publication.  
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Figure 1. (A) Absorption and (B) photoluminescence (Excitation wavelength = 420 nm and 

Emission wavelength= 630 nm)  spectra of PPIX. 

 

3.3. RESULTS  

3.3.1. Absorption and Photoluminescence spectra of  PPIX and Cu-Cy 

In this work, we have used PPIX as a representative traditional photosensitizer. PPIX is commonly 

used in the form of its prodrug aminolevulinic acid (ALA), which then converted into PPIX inside 

the body. [26] The ALA induced PPIX has US FDA approval for the non-oncological treatment 

of actinic keratosis. [24,127] 

The absorption and PL spectra of PPIX are presented in Figure 1. PPIX exhibits a strong Soret 

peak at 405 nm and four relatively weaker Q bands between 500 -700 nm (Figure 1A and 1B), 

suggesting that PPIX can easily be excited by UV radiation, visible light, and infrared radiation. 

Similar to PPIX, most of the existing porphyrin or chlorin based clinical and pre-clinical 

photosensitizers are excitable by wavelength in visible or NIR region, thereby generating  ROSs 

and leading to various toxic side effects.[14,45,127–129] In terms of energy, sunlight spectrum 

possesses 3-5%  ultraviolet radiation, 42-43% Visible light, 52-55% infrared light. As a result, 
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current porphyrin and chlorin based sensitizers treated patients tend to produce mild to severe 

photosensitivity following the sunlight exposures.   

One way to combat the photosensitivity issue of current photosensitizers is to develop novel 

sensitizers that can be excited by alternative excitation sources such as X-ray, microwave, 

ultrasound, and UV light but not by visible light. In this direction, we invented a transition-metal 

based copper cysteamine nanoparticles that can be excited by X-ray, MW, US, and UV radiation 

but not by visible light. [55–57,59,61] As displayed in Figure 2A, the Cu-Cy nanoparticles have 

an absorption band in the UV region, with the absorption peak at 365 nm. Furthermore, Cu-Cy 

nanoparticles have an excitation peak at 365 nm (Figure 2B, black line)  and emission peaks at 

607 and 633 nm (Figure 2B, red).  Consequently, it can be anticipated that Cu-Cy may not be 

excited by visible light and could be much safer than current clinical photosensitizers in terms of 

unwanted photosensitivity. 

 

  

Figure 2.   Absorption and photoluminescence spectra (excitation wavelength = 365 nm, emission 

wavelength = 607 nm)  of  copper cysteamine nanoparticles.  
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3.3.2. In Vitro Studies  

3.3.2.1 MTT assay 

MTT assay was conducted to evaluate the sunlight-induced phototoxicity in vitro. Two healthy 

cell lines (HDF and HET1A) were chosen. The PPIX and Cu-Cy treated cells were either protected 

from light or exposed sunlight for 10 min. Clear sunny days were chosen during Summer and Fall 

in the University of Texas at Arlington, Arlington, Texas, for sunlight irradiation. As presented in 

Figure 3A, the Cu-Cy induced minimal dark toxicity towards both cell lines when 1.88 - 15 μg/mL 

of  Cu-Cy nanoparticles was applied. However, the cell viability drops to around 70% for both the 

cell lines when  30 μg/mL of  Cu-Cy was used.  Likewise, PPIX treated cells exhibited good but 

slightly lower cell viability as compared to the Cu-Cy treated cell lines.  

 

Figure 3. (A) Evaluation of dark toxicity and (B) sunlight toxicity of Cu-Cy and PPIX towards 

healthy cell lines (HDF and HET1A)  using MTT assay. 

 

 

Sunlight toxicities induced by PPIX and Cu-Cy to HET1A and HDF cell lines are presented in 

Figure 3B. The result shows that PPIX treated cells were completed destructed when exposed to 

sunlight for 10 mins. On the other hand, Cu-Cy treated cells exhibit good viability in the 

concentration range of 1.88 –15 μg/mL. The cell viability reduced to around 60% for HDF cell 
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lines and 50% for HET1A when 30 μg/mL of Cu-Cy was used. The result suggests that PPIX is 

much more toxic under sunlight irradiation, while  Cu-Cy did not induce obvious sunlight toxicity. 

 

 

Figure 4: Evaluation of dark toxicity of Cu-Cy and PPIX towards HET1A and HDF using 

Live/Dead assay. Green color represents calcein-positive (live cells), and red color represents 

Ethidium homodimer-1 ( dead cells).  (scale bar= 100 μM). 

 

3.3.2.2. Live/dead assay 

To further compare the viability of PPIX and Cu-Cy treated healthy cell lines under dark and 
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nanoparticles caused minimal toxicity towards both HDF and HET1A under dark conditions. PPIX 

treated cells also showed good viability, except there was a significant amount of round shaped 

cell bodies, indicating that PPIX induces apoptosis under dark conditions. The result is consistent 

with the previous report, where PPIX was found to induce apoptosis to HeLa cells under dark 

conditions.[130] 

Figure 5 presents the live/dead assay results of Cu-Cy and PPIX applied cells following the 

sunlight treatment. Most of the  PPIX treated cells were dead (Ethd-1 positive) when irradiated 

with sunlight. On the other hand, Cu-Cy treated cells were mostly viable with sunlight exposure. 

The result suggests that Cu-Cy can not be activated by sunlight exposure, which is in contrast to 

what was observed with PPIX treated cell lines. 

 



54 

 

 

 Figure 5: Evaluation of sunlight toxicity of Cu-Cy and PPIX using Live/Dead assay. Green and 

red colors represent live and dead cells, respectively. (Scale bar =100 μM) 

 

 

3.4. DISCUSSION  

Unwanted photosensitivity is one of the major limitations of current photosensitizers. Most of the 

clinical and pre-clinical photosensitizer are porphyrin or chlorin based, which have excitation 

wavelength in the UV-NIR region. Since the sunlight spectrum consists of 44% of visible light, 

photosensitizers with excitation wavelength in the visible range are prone to produce a phototoxic 
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effect when the PDT treated patients are exposed to sunlight. Photofrin, first FDA approved 

photosensitizer, was found to induce mild to severe photosensitivity even when hospital 

recommendations were strictly followed.[14] A significant level of photosensitivity issue has also 

been reported in Foscan, a second-generation photosensitizer, for a prolonged period. [45,50] 

Although some improvements have been reported in recent sensitizers, photosensitivity remains 

as one of the major limitations of photodynamic therapy.[44] The photosensitivity issue, however, 

is somehow anticipated owing to their intrinsic nature. Daylight is even being used in some 

countries as painless photodynamic therapy.[131] In this regard, photosensitivity is somewhat 

anticipated and may not be completely avoidable in photodynamic therapy. The only practical way 

to solve the issue is to devise a new type of sensitizers having alternative excitation sources, such 

as X-ray, microwave, or ultrasound.  

 

Copper-cysteamine nanoparticles are recently invented sensitizers with excitation sources UV, 

MW, X-ray, and US. These nanoparticles have additional advantages, such as it can also be 

activated by internal cancer-specific stimuli such as H2O2/pH. Considering these multiway 

excitabilities of Cu-Cy NP, it is already advantageous than other photosensitizing and 

chemosensitizing drugs.  

The present study was carried out with the aim of providing new avenue on designing sunlight 

toxicity free sensitizer. The result clearly demonstrates that copper-cysteamine nanoparticles do 

not induce obvious toxicity under sunlight exposure, which is in sharp contrast with what was 

observed with PPIX, a traditional photosensitizer. Furthermore, Cu-Cy NPs being activatable with  

multiple excitation sources, such as X-ray [54,56–58], microwave [59,60], ultrasound [61], and 

cancer-specific stimuli (pH/H2O2) [64] is already a superior sensitizer with the potential for deep 
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cancer treatment. Besides, the occurrence of minimal sunlight toxicity, as demonstrated in the 

present study, greatly enhances its translation potential. This work may provide some insight into 

improving the photosensitivity issue of the traditional photosensitizers.   

 

3.5. CONCLUSION 

In this contribution, we proposed copper-cysteamine nanoparticles as sunlight toxicity free 

sensitizer. The comparison of sunlight-induced toxicity of Cu-Cy NPs and a conventional 

photosensitizer (PPIX) was carried out in vitro, and the result suggests that Cu-Cy NPs produce 

significantly lower sunlight toxicity when compared to PPIX. This study not only makes Cu-Cy 

NPs a strong candidate of next-generation nanomedicine but also provide an approach to devise 

novel sensitizer with translation potential.  
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ABSTRACT  

Herein, for the first time, we report copper-cysteamine (Cu-Cy) nanoparticles having Cu1+ instead 

of Cu2+ as an efficient heterogeneous Fenton-like catalyst for highly selective cancer treatment. 

Initial measurements of Cu-Cy’s hydroxyl radical generation ability show that it behaves as a 

Fenton-like reagent in the presence of H2O2 (100 µM) at pH = 7.4 and that its Fenton-like activity 

is dramatically enhanced under acidic conditions (pH = 6.5 and 5.5). Notably, Cu-Cy exhibits high 

stability and minimal copper release during the Fenton-like reaction, demonstrating its potency as 

a heterogeneous Fenton-like catalyst with a low cytotoxic effect. Through extensive in vitro 

studies, Cu-Cy NPs are found to generate a significantly higher level of ROS, thereby causing 

significantly more destruction to cancerous cells than to normal cells without the need for 

exogenous additives, such as H2O2. To the best of our knowledge, the average IC-50 value of Cu-

Cy to cancer cells (11 µg/mL) is the lowest among reported heterogeneous Fenton-like nano-

catalyst so far. Additionally, compared to cancer cells, Cu-Cy NPs display substantially higher IC-

50 value towards normal cells (50 µg/mL), suggesting high selectivity. Overall, Cu-Cy NPs can 

participate in heterogenous Fenton-like activity with elevated H2O2 under acidic conditions to 

produce significantly higher levels of hydroxyl radicals in cancer cells when compared to normal 

cells, resulting in selective cytotoxicity to cancer cells. 

Keywords: Copper-cysteamine, Heterogenous, Fenton reaction, hydrogen peroxide, cancer 

treatment, Fenton therapy, low pH,  highly selective, Nanoparticles, hydroxyl radical 

 

4.1 INTRODUCTION 

 

The vast majority of conventional cancer drugs lack selectivity, leading to the manifestation of 

toxic effects on healthy cells resulting in numerous side effects. One of the most effective ways to 
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enhance the selectivity of cancer drugs is to fabricate a drug that can be activated by cancer-specific 

stimuli.[65,66] The tumor microenvironment (TME) is characterized by mild acidity,[67] elevated 

H2O2 levels,[30] hypoxia,[29,119] low catalase activity,[31] and elevated levels of GSH.[68] 

Although the unique TME aids in cell proliferation and metastasis, it can also be exploited to 

design effective and highly selective cancer treatment modalities. In fact, in the past few decades, 

we have witnessed numerous cancer treatment modalities which exploit the unique tumor 

microenvironment.[43,65,66,69] 

 Fenton reactions refer to the process in which Fe and its salts catalyze the conversion of  H2O2 to 

•OH.[78,132] If other cations, such as Cu, Ag, Mn, and Au, participate in the catalytic conversion, 

then such reactions are referred to as Fenton-like reaction.[132] Considering elevated levels of  

H2O2 and slightly acidic pH in TME, Fenton and Fenton-like reactions can be exploited to achieve 

highly selective cancer treatment. In recent years, several redox-active nanoformulations, mainly 

iron-based, were designed and investigated for their potential in Fenton reactions mediated cancer 

treatment modalities.[80,81,133–140] However, Fe-based Fenton reagents are optimally effective 

only in low pH conditions (pH < 4)  that are beyond what would be encountered in their applied 

biological context, thereby limiting their practicality in future clinical settings.[79,132,141,142] 

Consequently, most Fe-based Fenton reagents require exogenous additives, including ascorbic 

acid and H2O2 to achieve a desired therapeutic outcome.[134,136,137,143] Additionally, the 

nanocatalysts that were used without external additives needed to be administered at high doses in 

order to achieve desired therapeutic outcomes.[133,135,144] 

Cu-based materials are regarded as an efficient Fenton catalyst at circumneutral pH[141] and have 

thus been considered excellent candidates to be the basis for developing new cancer treatments. 

Furthermore, it is noteworthy mentioning that the highest reaction rate of Cu1+ with H2O2 (104 
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M−1s−1) is considerably higher than that of Fe2+ (63 M−1s−1).[145]  Despite their ability to undergo 

Fenton-like catalysis at circumneutral pH, only a handful of studies using Cu based Fenton 

catalysts have been reported as cancer-killing agents.[85,87,146–148] Among reported catalysts, 

heterogeneous Fenton-like catalysts show great promise as they can generate •OH in the targeted 

region without leaching free metal ions, thereby avoiding unwanted toxicity. In particular, Ma et 

al. developed a promising Cu2+ based heterogenous nano-catalyst that can be activated by GSH 

and H2O2 following a logic “AND” gate, however, this catalyst requires a high dose of 200 μg/mL 

for optimum efficacy.[85] Higher levels of copper could cause damage to vital organs, including 

the brain and liver. Therefore, if Cu-based catalysts are to be used for cancer therapy, then we must 

find a way to lower their effective dose such that they may be physiologically tolerable. One way 

to improve the efficiency of a heterogenous Cu-based catalyst is developing the catalyst that has 

copper in its reduced state (Cu1+) rather than in its oxidized state (Cu2+) as the reaction rate of  Cu1+ 

is approximately 22 times faster than that of Cu2+ (eqn.1-2).[82] 

Cu1+ + H2O2 → Cu2++ •OH + OH
- 

                                      (k = 1×104 M-1S-1)                          (1) 

Cu2++ H2O2 → Cu1+ + •HO2
- 

+ H
+                                (k = 460 M-1S-1)                      (2) 

 

Copper-cysteamine nanoparticle (Cu-Cy NP)[88] is a novel sensitizer having Cu1+ instead of Cu2+, 

which can be stimulated by X-ray,[57,88,149] UV-light,[88] microwave,[59,60] and 

ultrasound[61] to produce various types of ROS  for cancer treatment. Furthermore, Cu-Cy can be 

used to inactivate bacteria upon UV light activation.[150] The  Cu-Cy NP being activatable by 

multiple excitation sources, is already a promising candidate for a new nanomedicine to combat 

cancer. However, activation of  Cu-Cy by some cancer-specific stimuli has never been investigated 

before. Due to the existence of  Cu1+, Cu-Cy NPs can be anticipated to act as an efficient Fenton 

like reagent for highly selective cancer treatment, as discussed above.  
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In this work, Cu-Cy NPs are explored for their heterogeneous Fenton-like activity and their 

potential use in highly selective cancer therapy. To the best of our knowledge, this is the first work 

that uses Cu1+ based nanoparticles for Fenton-like reaction mediated cancer therapy without the 

involvement of external excitation sources. The •OH produced by Cu-Cy NPs and H2O2 (100 µM 

) in aqueous solutions were systematically explored at different pHs and doses using coumarin as 

an •OH  detecting probe. Through extensive in-vitro studies, the selective cancer-killing ability of 

Cu-Cy NPs was assessed.  

4.2. EXPERIMENTAL SECTION  

4.2.1. Materials  

Copper(II) chloride dihydrate (99.99%), polyethylene glycol 4000 (PEG-4000), 2-

mercaptoethylamine hydrochloride (cysteamine hydrochloride or Cys, 98%), and sodium 

hydroxide (98%) were obtained from Sigma (USA). MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) and live/dead cell viability assays were purchased from Thermo 

Fisher Scientific. All chemicals were used as obtained without further purification.  

4.2.2. Instrumentations  

A UV-vis spectrophotometer (Shimadzu UV-2450) and a photoluminescence spectrophotometer 

(Shimadzu RF-5301PC, Tokyo, Japan) were used to measure absorption and photoluminescence 

spectra of samples, respectively.  The size and crystallinity of the samples were studied by using 

a TEM-2100 HR transmission electron microscope (TEM, JEOL Ltd., Japan). X-ray powder 

diffraction (XRD) with a 2θ angle ranging from 5-800 was carried out employing a Rigaku Ultima  

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

size 0.02 0/sec. To prepare XRD sample, the sample solution was deposited on a glass substrate 

and allowed to dry out overnight. The oxygen consumption rate (OCR) spectra were collected 
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using an XFp analyzer (demo version) (Seahorse Bioscience, North Billerica, MA, USA). Fourier 

transform infrared (FTIR)  spectra of the samples were collected using a Shimadzu 

IRPrestige/PIKE MIRacle FTIR spectrometer. 

4.2.3. Synthesis and characterization of Cu-Cy  

Cu-Cy NPs were synthesized using a facile synthesis method as reported in our recent 

publication.[59] Briefly, 273 mg of CuCl2.2H2O was dissolved in 50 mL of DI water at room 

temperature. Then, 381 mg of cysteamine hydrochloride and 40 mg of PEG-4000 was introduced 

into the solution under an inert atmosphere. Afterward, the pH was adjusted to 7. Following the 

pH adjustment, the inert atmosphere was removed and the solution was stirred for 5 min until the 

solution turned to deep violet color. The solution was subsequently heated at 100 0C for 5 min 

under the inert environment with vigorous magnetic stirring. The solution was cooled to ambient 

temperature, centrifuged, and washed with DI water and ethanol 3 times to obtain the Cu-Cy 

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

4.2.4. Study of Fenton-like reaction in aqueous solution 

4.2.4.1. Hydroxyl radical (•OH) measurement 

Cu-Cy NPs were examined for their ability to participate in Fenton-like reactions using coumarin 

as the •OH detection probe.[151,152]  A typical testing solution contained an appropriate amount 

of Cu-Cy, H2O2, and 0.1 mM coumarin at different pH values (7.4, 6.5, and 5.5). The PL spectrum 

of coumarin with excitation 332 nm was monitored at various time intervals for up to 6 h. The PL 

intensity of coumarin at 452 nm was plotted against various time intervals to serve as a semi-

quantitative •OH detection.  

3.2.4.2. Stability study 
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To determine whether free coppers were leached from the Cu-Cy during Fenton-like reactions, a 

spectrophotometric technique was employed.[153] Briefly, we prepared a standard calibration 

curve between Cu+2 concentration and absorbance by using CuCl2.2H2O as a source of free Cu+2 

(Figure S2). 1 mg/mL of Cu-Cy and 100 µM of  H2O2 were mixed and incubated for 24 h at room 

temperature. Then, the mixture was centrifuged at 12000 rpm for 30 min and the supernatant was 

used to detect any free copper leached from Cu-Cy. A 3 mL testing solution was prepared by 

mixing 1200 µL of the supernatant of the sample, 300 µL of PEI, 300 µL of Bronstate-Robinson 

buffer, and 1200 µL of DI water. Absorption of the testing solution was collected, and the 

calibration equation A= 4093.964C ± 0.03327 was used to determine the concentration of Cu2+. 

CuCl2 (0.2 mM), a source of free Cu2+, was used as a positive control. 

The stability of Cu-Cy during the Fenton-like reaction was also assessed by monitoring PL 

intensity of Cu-Cy incubated with or without H2O2 under different pHs at various time points up 

to 24 h.  The XRD patterns and FTIR spectra of Cu-Cy incubated with or without H2O2 (pH 7.4 

and 5.5) for 24 h were also collected in order to determine the stability of Cu-Cy NPs during the 

Fenton-like reaction. 

 

3.2.5. In-Vitro ROS measurement 

2',7'-dichlorofluorescein diacetate (DCFH-DA) was employed to detect intracellular ROS levels 

after Cu-Cy treatment. 2×105 cells per imaging plate were cultured and incubated for 24 h. Then, 

the old media was replaced with new media with or without Cu-Cy (30 µg/mL) and incubated 

overnight. On the next day, the cells were treated with serum-free media containing 20 µM of 

DCFH-DA and incubated for 1 h. Afterward, the cells were replaced with regular media and 
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imaged using an Olympus IX-71 fluorescence microscope (495/515 nm filter), keeping the same 

exposure time and sensitivity throughout the experiment.  

The DCF intensities were quantified using ImageJ software as follows: first, the background 

luminescence of each image was subtracted. Next, the “Threshold” function was applied to select 

only DCF luminescence in the cellular body. Finally, “Measure” function was used to obtain the 

average gray value of the DCF luminescence. 

 

3.2.6. In vitro selective toxicity study 

3.2.6.1 Oxygen consumption rate assay 

The effect of Cu-Cy on the mitochondrial function of the cancer cell lines (KYSE-30 and DM6) 

and normal (HET1A) cells were evaluated by measuring the oxygen consumption rates (OCR) via 

the Seahorse XFp analyzer. The cells were seeded in XFp culture microplates (Seahorse 

Bioscience, North Billerica, MA, USA). Each plate was seeded with 3×104 cells/well in 80 µL of 

culture medium. Following 2 h of incubation, various concentrations of 120 µL of Cu-Cy was 

added so that a final concentration of 45, 30, 22.5, and 11.25 mg/L in a 200 µL culture medium 

were achieved. The plates were then incubated overnight in a humidified incubator (37 0C, 5% 

CO2). The control group was supplemented with 120 µL of the respective medium. On the next 

day, the culture media was replaced with freshly prepared Seahorse Assay Media (Seahorse 

Bioscience, Billerica, MA) and incubated in a non-CO2, 37 0C incubator for 1 h.  

After measuring the basal OCR, a number of mitochondrial modulators were sequentially injected. 

First, 2 µM oligomycin (an ATP synthase inhibiter) was added to determine the respiration 

contributed by proton leakage. After that, a mitochondrial uncoupler (FCCP(0.5 µM)) was used to 
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force the cells to operate at their maximal respiration rates. Finally, Rotenone/antimycin (0.5 µM), 

a  mitochondrial oxidative phosphorylation inhibitor, was used. Various respiration parameters 

were obtained by using the manufacturer’s built software (Wave). To compare the effect of Cu-

Cy on OCR values of different cell lines, they were expressed as the percentage of the respective 

control group (without Cu-Cy).  

3.2.6.2. Live/dead cell assay 

We also performed live/dead assay to evaluate cell viability. 2 × 105 cells were seeded in a 35 mm 

petri-dish and then incubated at 37 0C in a humidified atmosphere of 5 % v/v CO2 for 24 h. Then, 

1 mL of new media containing desired concentrations of Cu-Cy NPs were added to the Petri-

dishes. The cell samples were stained with 0.25 μmol/L of calcein-AM and 5 μmol/L of ethidium 

homodimer-1 (Invitrogen, USA) for 45 min at 37 °C. Fluorescent images were then taken with an 

Olympus IX-71 fluorescence microscope. The results of the live/dead assay were quantified using 

the “Particle analyzer” feature of imageJ.31–33 The detailed quantification method can be found in 

supporting information. 

3.2.6.3. Bright-field imaging 

To observe the changes in the morphology of the cell lines following the Cu-Cy treatment, bright 

field imaging of the cells were collected with the help of an Olympus IX-71 fluorescence 

microscope.   

3.2.6.4. MTT assay 

The cytotoxicity of Cu-Cy to cancer and normal cell lines were further evaluated using MTT 

assay.30 1 × 104 cells/well were seeded in 96 well plates and incubated for 24 h. A stock solution 

of a desired concentration of Cu-Cy was prepared in DI water. 100 µL of various doses of Cu-Cy 
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NPs were applied and incubated for 24 h. Afterward, the old media was replaced with 100 µL of 

MTT assay and incubated for 3 h.  Then, 150 µL DMSO was used to solubilize formazan crystals, 

and the absorption of the purple-colored formazan crystals was measured using a microplate reader 

(Multiskan).  Cell viability was then calculated as presented in the following equation: 

 Cell viability =
 The absorbance of the treatment group

The absorbance of the control group
∗ 100% 

Selectivity was quantified  by calculating selectivity index[135] as follows: 

 

2.6.5.  Statistical Analysis 

All the data were collected at least three times and expressed as mean ± standard error of mean 

unless otherwise stated. To determine the statistical significance of difference, one-way of analysis 

of variance (ANOVA)  was performed. P < 0.05 was considered as a significant differenc 

 4.3. RESULTS AND DISCUSSION 

4.3.1. Characterization of as-synthesized Cu-Cy 

The excess amount of cysteamine can reduce  Cu2+ of CuCl2 to Cu1+ resulting in a highly crystalline 

copper(I)-cysteamine nanoparticles (Cu-Cy NPs).[88] It has been reported that Cu-Cy NPs are 

highly sensitive to different external stimulating agents such as UV-light, X-rays, ultrasound, and 

microwave to produce reactive oxygen species and therefore explored as a potential drug for cancer 

treatment.[57,59–61,88,149] The optical properties of as-synthesized Cu-Cy NPs were studied by 

measuring UV-vis absorption and PL spectrum.  Figure 1A shows that Cu-Cy has an absorption 

in the UV region with a strong peak at 365 nm. As displayed in Figure 1B, the PL spectrum of 

Cu-Cy has two emission peaks at 607 nm and 633 nm with an excitation peak at 365 nm.  The two 

Selectivity index =
 IC − 50 of normal cells

IC − 50 of cancer cells
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emission peaks can be attributed to two different types of Cu atoms (Cu(1) and Cu(2)) in Cu-Cy 

structure as reported in our previous work.[88] Figure 1C presents images of Cu-Cy dispersed in 

DI water under ambient light (left) and UV light (right). The XRD pattern of as-synthesized Cu-

Cy was also carried out (Figure 1D) and found to match with our previous reports.[59,88] The 

HRTEM (Figure 1E) depicts high crystallinity of as-synthesized Cu-Cy NPs. A representative 

TEM image of Cu-Cy NPs used in this work is presented in  Figure 1F.  

 

 

Figure 1. (A) Absorption spectrum of Cu-Cy  NPs dispersed in DI water. (B) Photoluminescence 

spectra of Cu-Cy with excitation and emission peaks taken at 365 nm and 607 nm, respectively. 

(C) Image of Cu-Cy dispersed in DI water under ambient light (Left) and UV light (Right). (D) 

XRD pattern of Cu-Cy powders. (E) HRTEM image of Cu-Cy NPs. (F) A representative TEM 

image of Cu-Cy NPs used in this study. 
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4.3.2. Study of Fenton-like reaction mediated by Cu-Cy  

 
Figure 2. Measurement of  hydroxyl radical generated by Cu-Cy/H2O2  using coumarin as a probe. 

The •OH produced by (A)  Cu-Cy (0-300 µg/mL) and H2O2 (100 µM) and (B) Cu-Cy (100 µg/mL) 

and (0-1mM H2O2) at various time intervals. (C) The •OH generated by Cu-Cy (100 µg/mL)+ H2O2 

(100 µM) at  different pH conditions and (D) statistical analysis of •OH production after 6h of (C). 

 

It is no secret that Cu1+/Cu2+ can actively catalyze H2O2 to produce •OH via a Fenton-like 

reaction.[83,84] Consequently, Cu-Cy  NPs are expected to act as a heterogeneous Fenton-like 

catalyst for the conversion of  H2O2 to •OH. The catalytic effect of Cu-Cy was studied using 

coumarin as an •OH detecting probe. The non-fluorescent coumarin becomes a fluorescent 7-

hydroxycoumarin with excitation and emission peaks at 332 nm and 452 nm,[152] respectively. 
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The PL spectra of coumarin, with an excitation wavelength at 332 nm, were collected at various 

time intervals, and the PL intensity at 452 nm was plotted against corresponding time points to 

serve as the semi-quantitative representation of the •OH generated. 

 

The  •OH  generated by various concentrations of  Cu-Cy (0-300 µg/mL) and H2O2 (100 µM) is 

presented in Figure 2A and S1A. The PL intensity of 7-hydroxycoumarin increased with the 

increase in the Cu-Cy dosages, suggesting a higher level of •OH  formation with increases in the 

Cu-Cy dose. Likewise, the •OH generated by various concentrations of H2O2 (0-1 mM) and Cu-

Cy (100 µg/mL) demonstrated a clear correlation between •OH generation and H2O2 concentration 

(Figures 2B and S1B). The results suggest that •OH  generation depends upon the dose of the 

catalyst (Cu-Cy) and H2O2, ensuring the increasing levels of •OH production in cancer cells due to 

the elevated levels of H2O2 (100 µM-1mM). Subsequently, we measured the •OH  produced by 

Cu-Cy (100 µg/mL) in the presence of 100 µM H2O2 at different pH values (pH= 7.4, 6.5, and 

5.5), and the result is presented in Figures 2C and S1C. The result suggests that even at pH 7.4, 

Cu-Cy + H2O2 can produce significantly more ( p < 0.05) •OH than that of the control (Cu-Cy 

without H2O2).   

Furthermore, when compared to pH =7.4, the •OH generation enhanced by 4 and 8 folds at pH=6.5 

and pH =5.5, respectively. A detailed statistical analysis of  •OH  production at different pH after 

6h of reaction is displayed in Figure 2D. The analysis showed that Cu-Cy + H2O2 produced 

significantly more (p < 0.001)  •OH  at pH = 6.5 and 5.5 as compared to pH = 7.4.  These results 

collectively indicated that Cu-Cy NPs can exploit low pH and higher levels of H2O2 in cancer cells 

to yield substantial amounts of  •OH, leading to the subsequent destruction of cancer cells. 

4.3.3. Stability study during Fenton-like reaction 
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A spectrophotometric method[153] was employed to measure the free Cu2+ leached from Cu-Cy 

dispersion (1 mg/mL). This method is capable of measuring only free Cu2+ by making a PEI-Cu2+ 

complex that has a strong absorption at 275 nm and 630 nm (Figure S2). Figure 2B displays free 

Cu2+ detected in the supernatant of Cu-Cy (1 mg/mL) incubated with or without H2O2 (100 µM). 

The control group showed 22 µM of free Cu2+, which is equal to around 0.25% of the total available 

Cu (7936 µM, calculated from the molecular weight of  Cu-Cy: Cu3Cl(SR)2 (R=CH2CH2NH2), 

378 g/moL) in 1 mg/ mL. Incubating Cu-Cy with H2O2 (100 µM) and pH = 5.5 did not leach 

significantly different amounts of free Cu2+ than the control group. The result eliminates any 

potential concerns regarding toxicity caused by copper leaching and signifies the stability of Cu-

Cy during the Fenton-like reaction.  
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Figure 3. Stability test of Cu-Cy following the Fenton-like reaction. (A) The PL intensity change 

of Cu-Cy following the incubation with H2O2  up to 24 h.  (B) Free Cu2+ detected in the supernatant 

of the Cu-Cy (1 mg/ mL) following the incubation with H2O2 (100 µM)  up to 24 h. (C) FTIR 

spectra and (D) XRD patterns of Cu-Cy before and after Fenton-like reaction for 24 h. 

 

 

The stability of Cu-Cy during the Fenton-like reaction was further assessed by monitoring the PL 

intensity of Cu-Cy incubated with or without H2O2  up to 24 h. As depicted in Figure 3A, there 

was no apparent difference in PL intensity between the control group, Cu-Cy + H2O2 and Cu-Cy 

+ H2O2 + pH = 5.5 after 24 h incubation. From this result, we can infer the high stability of Cu-Cy 

during the reaction with endogenous levels of H2O2 (100 µM). The excellent stability of Cu-Cy 
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also suggests that it can continuously convert endogenous H2O2 to •OH for many cycles, acting as 

a replenishable source of •OH in cancer cells.  

We further measured the FTIR spectra and XRD patterns of Cu-Cy before and after the Fenton-

like reaction (Figures 3C and D). As shown in Figure 3C, the FTIR spectra of Cu-Cy matched 

with previously reported results.[154] The peaks at 3300 cm-1, 2800 cm-1, and 1600 cm-1 

correspond to NH2 stretching, CH2 stretching, and N-H bending, respectively. Additionally, the 

peaks that are in the range of 700-1300 cm-1 correspond to C-N and C-C-N vibrations. As can be 

seen in Figure 3C, the FTIR spectra of Cu-Cy after the incubation with H2O2 at pH 7.4 and H2O2 

(100 μM ) at pH 5.5  for 24 h did not noticeably change, indicating its high stability during Fenton-

like reactions. Likewise, no change was noticed in the XRD pattern of Cu-Cy following the 

incubation with H2O2 (100 μM) at pH 7.4 and H2O2 (100 μM) at pH 5.5 during 24 h, further 

confirming the high stability of  Cu-Cy (Figure 3D). Overall, Cu-Cy exhibits high stability during 

the Fenton-like reaction, making it a potential candidate for Fenton-reaction mediated cancer 

therapy. 

4.3.5. Intracellular  ROS measurement: 

In order to evaluate whether Cu-Cy can produce a higher level of ROS in cancer cells than in 

normal cells, we used DCFH-DA as a ROS detection probe. As shown in Figure 4A, the 

luminescence of DCF in HDF was not noticeably different for cells with or without Cu-Cy 

treatment, suggesting that Cu-Cy did not induce noticeable ROS generation in HDF (normal cells). 

On the contrary, Cu-Cy treated DM6 (cancer cells) showed noticeably higher luminescence than 

DM6 cells without Cu-Cy (control). Figure 4B represents the quantification of the DCF 

luminescence. The fluorescence (FL) intensity of DCF in Cu-Cy treated DM6 cells is significantly 

higher (p < 0.01) than that of the control. On the other hand, no such difference was noticed for 
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HDF cells treated with or without Cu-Cy. A similar outcome was observed for a breast cancer cell 

line (MCF-7); the FL intensity of DCF was substantially higher in Cu-Cy treated cells than in the 

control group, implying higher levels of ROS in Cu-Cy treated cell lines (Figure S3). These results 

suggest that Cu-Cy can selectively produce higher amounts of ROS in cancer cells than in normal 

cells, most likely due to elevated levels of H2O2 and low pH in cancerous cells. The results further 

corroborate our hypothesis that Cu-Cy NPs can be exploited for highly selective cancer treatment.  

 

Figure 4. Intracellular •OH detection using DCFH-DA. (A) Representative images (B) 

Quantification of ROS level. The cells pre-incubated with or without Cu-Cy for 12h were treated 

with 20 µM DCFH-DA for 1 h. The green luminescence of DCF was imaged using 495/515 nm 

filter of Olympus IX-71 and quantified using imageJ. (* p< 0.01) 

 

4.3.6. In-vitro selective toxicity  

4.3.6.1. Oxygen consumption rate assay 
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Figure 5.  Oxygen consumption rate assay of (A) HET1A (B) KYSE-30 at various concentrations 

of Cu-Cy (0-45 mg/L). (C-D) Normalized (C) ATP and (D) Basal respiration at various 

concentrations of Cu-Cy. Normalization was done with respect to control  (without Cu-Cy ). * p< 

0.05 ** p<0.01. 

 

We carried out OCR assay to evaluate the effect of Cu-Cy on the mitochondrial function of both 

cancerous and normal cells.  The assay was carried out after 24 h incubation of the cells with Cu- 

Cy. Figures 5A and B represent the OCR spectra of HET1A and KYSE-30 cell lines treated with 

various doses of Cu-Cy, respectively. It was observed that Cu-Cy induced more mitochondrial  

 dysfunction in the cancer cell type (KYSE-30) than in its corresponding normal type (HET1A). 

For the purpose of comparison, the changes in basal, ATP, and proton leak rates are presented as 

a percentage of the corresponding control (without Cu-Cy treatment). The reduction in the basal 
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respiration (Figure 5C) was more pronounced for the KYSE-30 cells than that of HET1A cells; 

with the differences being significant at 11.25, 22.5, and 30 mg/L. Furthermore, Cu-Cy caused a 

significant decrease in ATP turnover (Figure 5D)  in KYSE-30 than in HET1A cell lines, 

particularly at 22.5 and 30 mg/L. As shown in  Figure S5D, the changes in proton leaks of various 

cell lines after the Cu-Cy treatment followed a similar pattern as that of basal and ATP rates.  

Additionally, DM6, another cancer cell line,  had a comparable effect with that of KYSE-30 on 

their basal, ATP, and proton leak as demonstrated in Figure S5 (A-C). These results further 

support the claim that Cu-Cy can induce selective cytotoxicity to cancer cells while inducing 

minimal toxicity to normal cells. 

4.6.3. Live/dead cell assay 

A live-dead cell assay was performed to further evaluate the cytotoxicity of Cu-Cy NPs in cancer 

and normal cells. The live/dead assay consists of calcein-AM and ethidium homodimer-1 to stain 

live and dead cells, respectively.[155] The calcein-AM stains nucleus and cytoplasm in the ratio 

of 3:1, indicating that it is a suitable dye for staining the whole cell body.[156] Calcein-AM can 

also be used as a reliable probe for staining early apoptotic cells.[156,157] Apoptotic cells undergo 

slow and systemic changes in cell morphology; in its early stage, the nucleus and cytoplasm 

condense to become round in shape while keeping the plasma membrane intact.[158–160] 

Therefore, the apoptotic cells retain the calcein with stronger luminescence than that in viable 

cells.  

For each Cu-Cy treated cells, the green (live) and red channels (dead) were merged, and 

representative images are presented in Figure 6A. The results reveal that most of the Cu-Cy treated 

cancer cell lines (DM6 and KYSE-30) were EthD-1 positive (dead). Besides, among the calcein 

positive cells, a large number of cells turned into a round-shaped structure, a characteristic feature 
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of early apoptotic cells.[158–160] On the other hand, the Cu-Cy treated HET1A and HDF cells 

were mostly calcein positive and retained their structure, suggesting low toxicity of Cu-Cy towards 

healthy cells.  

We also attempted to quantify live, dead, and apoptotic cells by using the particle analyzer feature 

of imageJ.[161] A detailed method, along with a flow chart of image quantification, is presented 

in supporting information (Figure S6). The quantified live/dead assay result is presented in Figure 

6B.  The result reveals that Cu-Cy NPs induced significant cytotoxicity to cancerous cells (DM6 

and KYSE-30); most of the cells are either dead or apoptotic after 24 h of incubation. On the other  

hand, under similar experimental conditions, most of the normal cells were viable with intact cell 

bodies. 
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Figure 6. (A) Live/dead assay to assess the toxicity of Cu-Cy to cancer (DM6 and KYSE-30) and 

normal (HDF and HET1A) cell lines:  Green and red channels are from calcein-AM (Live) and 

Ethidium homodimer (Dead),  respectively. (B) Quantification for the cell viability and early 

apoptosis using imageJ.  (C) Bright-field imaging to observe morphological changes of the Cu-Cy 

(15 µg/mL) treated normal and cancer cell lines: (a) HET1A, (b) HDF, (c) KYSE-30, and  (d) 

DM6. Scale bar: 100 µm. 

 

4.6.4. Bright-field imaging of Cu-Cy treated cells 

We also carried out bright field imaging to monitor morphological differences among both normal 

and cancer cells, following the  Cu-Cy (15 mg/L) treatment (Figure 6C). It can be seen that normal 

cell lines (HET1A and HDF) retained their structure after incubation with Cu-Cy for 24 h. The 

intact structure indicates low cytotoxicity of Cu-Cy towards normal cell lines. On the contrary, 

Cu-Cy treated cancer cell lines (DM6 and KYSE-30) showed a significant loss in their structure 

and were generally more roundly shaped. This result further confirms that Cu-Cy is highly toxic 

to cancer cell lines, but it has minimal toxicity to normal cell lines.  

 

4.6.5. MTT assay 

The selective toxicity of Cu-Cy was also explored by conducting MTT assays on two cancer cell 

lines (DM6 and KYSE-30) and corresponding normal cell lines (HDF and HET1A). As depicted 

in Figure 7A, normal cells treated with Cu-Cy had higher cell viabilities than those of cancer cell 

lines. DM6 cell lines have 15 % and 39 % viability at  30 and 15 µg/mL of Cu-Cy, respectively, 

which is significantly lower (p < 0.01) than that of HDF (77 % and 90 % at 30 and 15 µg/mL, 

respectively). Similarly, cell viabilities of KYSE-30 (22 and 50% at 30 and 15 µg/mL, 

respectively) are significantly lower ( p < 0.05) than that of HET1A (58 and 80 % at 30 and 15 µg 

/mL, respectively). Likewise, low cell viabilities were observed for Cu-Cy (8 % and 27 %  for 30 
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and 15 µg /mL Cu-Cy, respectively) treated breast cancer cells (MCF-7) (Figure S4B). A complete 

MTT assay data at various concentrations is presented in Figure S4A.  

 

Figure 7. Evaluation of cytotoxicity of  Cu-Cy to different cell lines using MTT assay.  (A)  Cell 

viability of different cell lines with Cu-Cy treatment.  (B) IC-50 value of Cu-Cy towards normal 

and cancerous cells. (* p < 0.05, ** p < 0.01) 

 

The IC-50 value of Cu-Cy against DM6 and KYSE-30 (11 and 14 µg/mL, respectively) are 

significantly lower (p < 0.01)  than HDF and HET-1A (56 and 44 µg/mL, respectively) (Figure 

7B). The IC-50 value of Cu-Cy against the MCF-7 cell was found to be 8 µg/mL (Figure S4B). 

To the best of the authors’ knowledge, an average IC-50 value of 11 µg/mL to cancerous cells is 

the lowest reported among heterogeneous Fenton and Fenton-like nanocatalyst for cancer therapy 

thus far.  In addition, the average selectivity index was calculated to be 4.5, which is comparable 

to most  Fenton based chemo-dynamic cancer drugs.[80,162]   
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Table 1. Comparison of Cu-Cy with other reported homogeneous and heterogeneous Fenton-like catalyst 

for cancer treatment. 

System Name Cytotoxicity Dose Needed  Exogenous Additive Type Ref. 

SnFe2O4 60 % ~1 mM - heterogeneous [133] 

P@rMOF-FA 50 % 60 µg/mL - homogeneous [144] 

GSF@AuNps 60 % 45 µg/mL Ascorbic acid /H2O2 heterogeneous [143] 

Fe3O4@C-FA NPs 60 % 20 µg/mL Ascorbic acid /H2O2 heterogeneous [134] 

r-MOF-FA 60 % 43 µg/mL - homogeneous [135] 

Cu-Cys NPs ~70 % 200 µg/ mL a - heterogeneous [85] 

Amorphous Fe NPs ~40 % 100 µg/mL H2O2 (100µM)/pH6.5 heterogeneous [136] 

FeOx-MSNs ~ 60 % 100 µg/mL Exogenous H2O2 heterogeneous [137] 

CuO NPs ~ 60 % 0.5 mg/mLa - heterogeneous [146] 

Cu-Cy 50 % 11 µg/mL - heterogeneous This work 

      

a. Cytotoxicity after 24 h treatment  

 

Overall, Cu-Cy NPs’ performance is markedly better at a much lower dose than most Fenton-like 

nano-catalysts reported so far,  which require high doses and/or exogenous additives in order to 

achieve desired cytotoxicity (Table 1).[85,133–137,143,144,146] Besides, Cu-Cy NPs being a 

heterogenous catalyst would leach a much lower amount of free copper ions compared to 

homogenous catalysts, thereby ensuring lower toxicity to healthy cells.  The excellent performance 

of Cu-Cy can be attributed to the existence of copper in its reduced state (Cu1+) rather than in the 

oxidized state Cu2+. It should be noted that the  Cu1+ can react with H2O2 much faster (22 times) 

than that of Cu2+ as illustrated in equations (1-2).[82] Furthermore, the reaction rate of Cu is 160 

times faster than Fe, making Cu-based nano-catalysts more efficient than Fe-based nano-catalysts.  

 

Cu1+ + H2O2 → Cu2++ •OH + OH
- 

                                      (k=1×104 M-1S-1)                           (1) 

Cu2+ + H2O2 → Cu1+ + •HO2
- 

+ H
+                             (k=460 M-1S-1)                           (2) 
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Figure 8. Schematic of Cu-Cy mediated Fenton-like reaction for selective cancer treatment. Cu-

Cy NPs can undergo Fenton-like reaction with overproduced H2O2 in cancer cells resulting in ROS 

levels that is above the safe ROS level, causing cell death. On the other hand, owing to lower level 

of H2O2, Cu-Cy is harmless to normal cells.  

 

Taken together, our findings suggest that the redox reactions between Cu-Cy and over present 

H2O2 in cancer cells can continue for many cycles, resulting in a ROS level that is beyond what 

the cell can withstand and thereby inducing cancer cell death. However, due to the lower 

production of H2O2 in normal cells, the Cu-Cy NPs can not generate a high level of ROS to reach 

the cell-death threshold (Figure 8).  

Our future work on Cu-Cy NPs will focus on surface coating, functionalization, and further 

evaluation in vitro and in vivo. We believe that surface coating and functionalization will help to 

further reduce the toxicity towards healthy cells by enhancing its stability and targeted 

accumulations in the tumor.  
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4.4.   CONCLUSIONS  

We investigated the Cu-Cy NPs for heterogeneous Fenton-like reactions facilitated cancer therapy 

with high selective toxicity. Our results suggest that Cu-Cy NPs, which have copper in its reduced 

state(Cu1+), can catalyze over-produced H2O2 in cancerous cells to produce significantly higher 

levels of ROS, thereby inducing significantly more cancer cell destruction than healthy cells. The 

catalytic effect of Cu-Cy dramatically increased in slightly acidic conditions, which further 

contributes towards high selectivity owing to the acidic nature of tumor cells. The excellent 

stability of Cu-Cy and its low average IC-50 value (11 µg/mL) towards cancer cells helps to pave 

the way for the development of translational nano-medicines in the context of cancer treatment 

with low systemic toxicity.  

Supporting information 

Calibration curve for Cu2+ measurement, PL spectra of coumarin for hydroxyl radical, ROS 

measurement in MCF-7 cell,  full MTT assay data, Cell viability and IC-50 of  MCF-7 cell, OCR 

data of DM6 cell line, and live/dead assay quantification method. 
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Figure S1. Hydroxyl radical(•OH)measurement using coumarin as a probe. The PLspectraof 

coumarin monitored after 6h of the reaction with the mixture of (A) various doses(0-300µg/mL) of 

Cu-Cywith100 µMH2O2. (B)Various doses of H2O2 (10µM-1mM)with Cu-Cy(100 µg/mL),and 

(C)Cu-Cy(100 µg/mL) andH2O2(100 µM).The excitation wavelength was 332 nm. 
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Figure S2. A spectrophotometric method to detect free Cu2+ in aqueous solution. A calibration 

curve was obtained using CuCl2.2H2O as a source of free Cu2+. Inset shows the calibrated equation 

to determine the free Cu2+ concentration in an aqueous solution. 
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Figure S3. Intracellular ROS measurement in MCF-7 cell lines using DCFH-DA. FL-intensity of 

DCF on MCF-7 cell lines incubated (A) without Cu-Cy (control), (B) with Cu-Cy ( 30 µg/ mL) 

for 12 h, and (C) quantification of DCF intensity using imageJ. (*) indicates p<0.01.  
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Figure S4. (A) Cell viability of different cell lines with Cu-Cy treatment. (B) Cell viability and 

IC-50 value of MCF-7 cell line.  
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Figure S5. Oxygen consumption rate assay on Cu-Cy treated DM6 cell line. (A) OCR spectra, 

(B) basal respiration rate, and (C) ATP turnover rate with respect to the control (without Cu-Cy). 

(D) Comparison of proton-leak of HET1A, KYSE-30, and DM6 cell lines.  
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Quantification of Live/dead assay 

To quantify the cell viability and apoptosis, we used the “Particle analyzer” feature of ImageJ 

software.[161,163,164]  Firstly, the merged RGB images were split into red and green channels. 

Then, each channel (green and red) was processed in a number of steps, as illustrated in Figure 

S6. Following the processing, the number of cells in the image were counted using the particle 

analyzer feature. The particle analyzer allows applying filters based on the area (0- infinity) pixel2 

and circularity (0.00-1.00). Small debris and large bodies, such as scale bar and multiple 

unresolved cells, were filtered out by using area filter: the lower and upper value of area were set 

as 30 and 3000 pixel2
, respectively.  

Cell viability was calculated as follows:  

Cell viability =
No. of live cells

No of  live cells + No of dead cells
∗ 100% 

Roundness filter >0.9 was applied to the calcein positive cells to quantify the number of early 

apoptotic cells. 
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Figure S6: Flow-chart for Live/dead assay quantification using ImageJ. 
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 Chapter 5: 

GENERAL CONCLUSIONS 
 

Tumor microenvironment responsive nanomaterials carry great potential as next-generation 

medicines to tackle various fatal diseases, including cancers. Cancer cells employ unique 

environments to proliferate and invade nearby tissues. However, a greater understanding of tumor 

microenvironment in the past decade enabled researchers to develop smart strategies that can 

exploit the tumor’s own uniqueness to destroy themselves. Among the unique features of the tumor 

microenvironment, an elevated level of H2O2 and slightly acidic pH have widely been utilized to 

develop several smart therapeutic and/or diagnostic systems.   

This dissertation attempted to develop tumor microenvironment responsive nanosystems to 

improve current photodynamic and chemotherapy. In the first work, a nanosystem was fabricated 

to alleviate the tumor hypoxia, and subsequently enhance photodynamic therapy performance 

under hypoxic conditions. For this purpose, a representative FDA approved photosensitizing drug, 

PPIX, was encapsulated into the liposomal bilayer. Then the liposomal surface was coated with  

MnO2 nanoparticles, resulting in a final product PPIX-Lipo-M. The coating was confirmed by 

multiple methods; TEM and DLS were used as a direct method, whereas, absorption spectra and 

study of PL quenching effect were used as indirect evidence of MnO2 coating on the liposomal 

surface. The MnO2 nanoparticles can yield oxygen by reacting with endogenous H2O2 under the 

slightly acidic condition of the tumor microenvironment and tumor cells. 

Under normoxia condition, the PDT induced cytotoxicity of PPIX-Lipo is higher than PPIX-Lipo-

M.  However, under simulated hypoxia conditions, PPIX-Lipo-M exhibited higher PDT efficacy 

than PPIX-Lipo under the same experimental condition. The enhanced PDT effect of PPIX-Lipo-
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M under hypoxia conditions can be attributed to the local oxygen generated by the reaction 

between MnO2 and endogenous H2O2. The result suggested that as-synthesized PPIX-Lipo-M is 

capable of improving PDT outcomes under hypoxia conditions. In conclusion, PPIX-Lipo-M 

successfully alleviated tumor hypoxia and improved the PDT effect. The future work will focus 

on synthesizing smaller sized liposomes and MnO2 nanoparticles. Using smaller MnO2 

nanoparticles would help to increase the amount of the MnO2 nanoparticles coated on the 

liposomal surface, thereby positively impacting the therapeutic effect of PPIX-Lipo-M.  

 

In the second project, a smart approach is proposed to tackle the photosensitivity issue of current 

photosensitizers. The existing photosensitizer can readily be activated by sunlight to produce 

reactive oxygen species, leading to various toxic effects to skin and eye. The result demonstrated 

that using copper-cysteamine nanoparticles instead of existing photosensitizer offers reduced 

photosensitivity. Previous reports have demonstrated that copper-cysteamine nanoparticles could 

be excited by various excitation sources such as X-ray, MW, and ultrasound, making them much 

more advantageous than traditional photosensitizer. A systematic study was conducted to compare 

the photosensitivity of Cu-Cy NPs and PPIX. In vitro study revealed that Cu-Cy NP does not 

induce any obvious photosensitivity, while PPIX is capable of destroying cells even at low 

concentration. In vivo study on the skin of healthy mice is currently underway.  Overall, Cu-Cy 

NP is an excellent candidate as next-generation nanomedicine for cancer treatment 

 

Finally, copper-cysteamine nanoparticles were fabricated and explored as a Fenton catalyst for 

highly selective cancer treatment. The treatment method has some notable advantages over 

traditional chemotherapy. Chemotherapy lacks selectivity and kills both cancerous cells and some 
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types of healthy cells, leading to a multitude of side effects such as hair loss, vomiting, diarrhea. 

In other words, the lack of selectivity is one of the main challenges of chemotherapy. The copper-

cysteamine NPs generate reactive oxygen species in response to cancer-specific conditions 

(slightly acidic pH and elevated level of H2O2). Due to this reason, Cu-Cy generates a substantial 

amount of ROS in cancer cells as compared to healthy cells, resulting in highly selective cancer-

killing ability. Furthermore, Cu-Cy NPs were found to leach Cu at a minimal level during the 

Fenton-like reaction, ensuring acceptable systemic toxicity. To the best of our knowledge, the IC-

50 value of 11 µg/mL is the lowest among reported heterogeneous systems and also has a high 

selectivity index of 4.5 against cancer cells.  

Future research would direct towards the exploitation of active targeting to improve tumor 

accumulation in vivo. In fact, surface coating with hyaluronic acid, which is known to have an 

affinity towards cancer-specific antigen CD44) is currently being investigated. Besides, other 

targeting agents, such as peptides may be conjugated on the surface of Cu-Cy NPs and explore the 

tumor accumulation and pharmacokinetics in detail.    
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