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ABSTRACT 

The peritoneal tumor is not named after the originating of cancer cells but instead 

contains all tumors appearing in the region of the peritoneal cavity. There are over 

250,000 new cases of malignant diseases originating from organs in the peritoneal cavity 

annually in the USA, and most of these cases spread by intraperitoneal seeding. 

Cytoreductive surgery for removal and debulking of metastases in the peritoneal cavity is 

the primary treatment option. Complete surgical removal of the cancerous tissues, 

however, is difficult to achieve because positive margins are often left behind, and it is 

difficult to detect the small metastases in the peritoneal cavity. Methyl aminolevulinate 

(MAL), a protoporphyrin X (PplX) prodrug, has been clinically used for photodynamic 

therapy of local malignancies such as Basal Cell Carcinoma and Actinic Keratosis. Its 

application for cancers in the peritoneal cavity, however, has been limited by its non-

specific biodistribution and adverse effects. Since nanoparticles can play an essential role 

as drug deliver platforms as a result of their loading capacity, sustained drug release 

profile, and potential targeting ability, I proposed a liposomal delivery system, Folic-

modified liposome (FL). The goal of this study is to take advantage of this observation by 

developing a FL system of MAL for photodynamic diagnosis and therapy of cancers in 

the peritoneal cavity in a more specific and efficient manner. Based on the results 

presented, FL has the potential to improve cytoreductive surgery in the following 

manner: a) A hydrophilic core can encapsulate high amounts of MAL and protect it from 

metabolic degradation; b) FL systems loaded with MAL can enlarge the gap between 

PpIX accumulation in tumor cells and normal tissues. c) FL system loaded with MAL can 

provide photodynamic diagnosis and photodynamic therapy as complementary functions. 
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CHAPTER 1 

INTRODUCTION REMARKS AND OVERVIEW 

 

1.1 Introductory Remarks 

The earliest documented history of cancer was found in Ancient Egypt and described 

removal procedures for breast cancer.[1] In the 18th century, the first cause of cancer was 

identified by Percivall Pott, [2] and at the beginning of the 20th century, the genetic basis 

of cancer was hypothesized by Theodor Boveri.[3] Current knowledge of cancer 

progression is extensive, and it is known as a significant cause of morbidity and 

mortality.[4] According to World Cancer Report, there were approximate 14.1 million 

new cancer patients diagnosed per year and approximate 8.2 million estimated cancer-

related deaths worldwide per year. [4] Figure 1.1 shows the percentage of each type of 

cancer in both genders. Peritoneal cancer is a particular case that does not belong to any 

specific type but could originate from all types of cancer diseases. 
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Figure 1.1 Estimated world cancer incidence proportions by major sites, in both sexes 
combined, in men, and in women, 2012.[4] 
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The peritoneal tumor is a peculiar type of tumor that is not named after its 

originating organ. This type of tumor includes all tumors appearing in the region of the 

peritoneal cavity. They can be divided into two different types, primary peritoneal tumors 

and secondary peritoneal tumors, depending on the origins of the tumor cells.  

 

Primary peritoneal tumors are uncommon lesions that develop from the 

mesothelial or submesothelial layers of the peritoneum itself. The overall prevalence is 

only 1-2 cases per million.[5] These tumors are, however, highly aggressive malignancies 

that usually appear in older men and have a strong correlation with exposure to 

asbestos.[6] Secondary peritoneal tumors, on the other hand, are a diverse group of 

malignancies that invade the mesothelial or submesothelial layers of the peritoneum. [7] 

The majority of peritoneal cancer belongs to the second type. (Table 1.1) There are 

approximately 250,000 new patients diagnosed with the second type of peritoneal cancer 

per year. [8]  

Original Organ Incidence [9] Peritoneal Carcinomatosis Incidence 
Lung 13.0% 2.7 - 16% [10] 
Breast 11.9% ~ 25.3% [11] 

Colorectum 9.7% 4.3% - 32% [8, 12] 
Stomach 6.8% 10% - 20% [13] 

Liver 5.6% ~ 8% [14] 
Ovarian Cancer 3.7% 80~ 90% [8, 15] 

Bladder 3.6% ~ 7.4% [16] 
Oesophagus 3.1% ~ 5.5% [17] 

 
Table 1.1 The prevalence of eight most common tumors and the incidence of 
peritoneal tumor simultaneously. 
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Current strategies of peritoneal tumor treatments include three modalities: 1) 

cytoreductive surgery (CRS) with or without heated intraperitoneal chemotherapy 

(HIPCT), 2) systemic chemotherapy, 3) molecular therapy, and 4) immunotherapy. 

Systemic chemotherapy has the limitation of low response rate and high toxicity, 

although George R. Simon et al reported that there is a significant improvement of 

median overall survival when dual chemotherapy is applied.[18] Molecular therapy lacks 

universality and is expensive. [19] CRS is still considered the first line approach to 

peritoneal carcinomatosis. [20] Positive margins in cytoreductive resections and tiny 

nodules of tumors are the main causes of incomplete cytoreduction, which can make 

cancer recur. [15, 21] 

 

Prior to choosing a suitable treatment for patients, the peritoneal tumor must be 

diagnosed. Typically, imaging of the abdominal and pelvic areas is the most important 

method This can provide valuable information for an initial diagnosis, preoperative 

staging, patient selection, detection of postoperative complications, and patient 

surveillance following successful treatment.[22] Imaging options include computed 

tomography (CT), magnetic resonance imaging (MRI), and positron emission 

tomography–computed tomography (PET-CT).[22-23] The advantage of these 

technologies is their noninvasive nature, but they are the limited by their spatial 

resolution and lack of real-time feedback.  
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Fluorescent imaging is a novel technology that could improve identification and 

increase the possibility of complete cytoreduction. In addition, it could improve the 

spatial resolution as well as provide real-time feedback during the surgery. Its use for 

peritoneal cancer, however, still faces two issues. First, the tumor exposure to fluorescent 

agents may not be adequate. Second, even if physicians wanted to administrate higher 

dose levels and use longer dosing schedules to increase the intensity of fluorescence, this 

strategy is limited by specificity and adverse effects. The photodynamic diagnosis of 

ALA gave the tumor to normal (T/N) fluorescence intensity ratio range from 1 to 6.34. 

[24] The lower the ratio is, the more the fluoresced lesions belong to non-tumor category, 

which will cause the unnecessary resections. 

 

In an effort to overcome the disadvantages of fluorescent imaging, 

nanotechnology has been introduced to this field. It can provide a platform to carry a 

large amount of fluorescent dye, protect the fluorescent compounds from metabolic 

degredation, and provide specifical tumor targeting.[25] It is may be useful to combine 

the two technologies of nanocarriers and fluorescent imaging, in order to address the 

issue of fluorescent dyes and take advantages of nanotechnology. 

 

1.2 Proposal Overview 

In this study, my main interest was to contribute to the development of a cancer-

targeting liposomal delivery system for fluorescence detection and photodynamic therapy 

of peritoneal tumors. Within this broad goal, I focused on three primary activities: 1) 

construction of a nanocarrier that can successfully encapsulate MAL; 2) treatment of 
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tumor and distinguishing between tumors and healthy cells; 3) photodynamic therapy of 

tumor cells.  

 

In Chapter 2, I will discuss the rationale for nanoparticle-based approaches to the 

treatment of peritoneal tumors. This chapter is also a review of the different nanoparticle-

based technologies, which are used to deliver agents for fluorescence-guided surgery. 

This thesis reviews the reasons why MAL can be an effective agent, and why the 

liposome is the a suitable platform for delivering it to tumor targets. Then the thesis 

reviews some of the general principles of the liposomal delivery system, including the 

roles of ingredients, as well as concepts such as passive and active targeting based on the 

properties of nanoparticles. 

 

In Chapter 4, I investigated the synthesis and characterization of the liposomal 

delivery system. This chapter also documents the steps of exploration of encapsulating 

MAL, which might be influenced by several factors, such as initial drug feeding (w/w), 

encapsulation time, and drug concentration. Here, the physicochemical properties of 

particles, such as size, zeta potential, drug payload, and drug release, were also tested.  

 

In Chapter 5, I focused on testing the impact of formulation on tumor cells and 

normal cells. This part of the work began with verification of PpIX accumulation in 

different cell lines, and then a comparison of the gap of fluorescence between normal 

cells and tumor cells with different formulations. To further predict the outcome of using 

these formulations to highlight tumors in vivo, the PpIX fluorescence generated by 
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different treatments was observed with a microscope or the naked eyes. In additional, 

cytotoxicity assays of formulations themselves were performed to make sure nanocarrier 

has limited cellular toxicity. Finally, the effect of photodynamic therapy was tested with 

different dosages of light treatment. 

 

Chapter 6 is a continuation of the work described in Chapter 5, focused on 

complementary studies that potentially provide evidence of MAL-loaded FL’s utility  

photodynamic diagnosis and therapy. This part of the work was done by testing the 

fluorescent intensity and cell viability in the cancer cell spheroid model. To further 

predict the outcome of using MAL-loaded FL to fluoresce tumor cells in vivo, I also co-

cultured cancer cell spheroid and normal epithelial cells from the peritoneum, then 

applied drug-loaded FL to test specificity. In addition, cytotoxicity assays were 

performed to determine if the FL could penetrate the solid tumor tissues. 

 

In Chapter 7, I summarized the findings and conclusions of this project, as well as 

provide suggestions for future work.  

 

 

 

 

 

 

 



 8 

1.3 Reference 

[1] The History of Cancer. American Cancer Society. 2009.  
 
[2] Grange JM, Stanford JL, Stanford CA. Campbell De Morgan's 'Observations on 
cancer', and their relevance today. Journal of the Royal Society of Medicine. 2002, 95 
(6): 296-9.  
 
[3] Boveri, Theodor. Concerning the Origin of Malignant Tumours. Journal of Cell 
Science. 2008, 121: 1-84. 
 
[4] World Cancer Report 2014 Edited by Bernard W. Stewart and Christopher P. Wild. 
 
[5] Haddad FS, Ghossain A, Sawaya E, Nelson AR. Abdominal tuberculosis. Dis Colon 
Rectum 1987;30: 724-735. 
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CHAPTER 2 

NANO-SIZED DELIVERY SYSTEM FOR PHOTODYNAMIC DIAGNOSIS AND 
THERAPY OF CANCERS IN PERITONEAL CAVITY 

 

2.1 Introduction 

Peritoneal tumor includes all tumors appearing in the region of the peritoneal 

cavity, and can be divided into two different types based on their origin. The first 

category is referred to as primary peritoneal tumor, becasue they develope from the 

mesothelial or submesothelial layers of the peritoneum itself.[1] The other category is 

referred to as secondary peritoneal tumor, and is a diverse group of malignancies 

resulting from invasion of cancer cells from other organs into the peritoneum. [2] The 

incidence of these two types is tremendously different. There are only 1-2 cases per 

million belonging to the primary type; meanwhile, there are approximately 250,000 new 

patients diagnosed with the second type per year. [1,3]  

 

Cytoreductive surgery remains the mainstay of peritoneal tumor treatment due to 

the shortcoming of other treatment strategies, like the low response rate and high toxicity 

of chemotherapy, lacking the universality of molecular therapy, and the immaturity of 

immunotherapy. The overall survival of CRS is generally sub-optimal, however, as a 

result of incomplete cytoreduction.  

 

Emerging therapeutic nanotechnologies offer potential solutions to these issues. 

Nanoparticles are used to encapsulate, absorb, disperse or conjugate their cargos, whose 

diameters range between 1 and 1000 nm in the biomedical field.[4] Decoration of 
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specific-sized nanoparticles with particular ligands can deliver agents to the desired 

location in the body. Currently, there are several strategies capable of accurately locating 

the tumor sites, but spatial resolution and lack of real-time feedback  remain key issues. 

Fluorescent intraoperative imaging technology can provide color distinctions between 

tumor and adjacent normal tissue, which can help to achieve accuracy of resection and 

reduce tumor left.[5] This technology is, however, limited by low tumor specificity, high 

toxicity of the imaging agent. [6-7] In the case of the peritoneal tumor, using the 

nanotechnology could mitigate systemic drug toxicity and improve the specificity.  

 

2.2 Overview of pathophysiology of peritoneal tumor and the treatment strategies 

2.2.1 Overview of pathophysiology of peritoneal tumor 

There are two main categories of peritoneal tumors, primary peritoneal tumors 

and secondary peritoneal tumors. Their pathological and biological backgrounds are 

discussed in the following section. 

 

The primary peritoneal tumor could arise from mesothelial cells, submesothelial 

mesenchymal cells, and uncommitted stem cells in the peritoneum.[8] As described by A. 

D. Levy, primary tumors of the peritoneum can be classified into four groups, 1) 

mesothelial, 2) epithelial, 3) smooth muscle, and 4) uncertain origins. Furthermore, there 

are subgroups in each classification: 1) mesothelial tumor subtypes: peritoneal malignant 

mesothelioma, well-differentiated papillary mesothelioma, multicystic mesothelioma, 

adenomatoid tumor; 2) epithelial tumor subtypes: primary peritoneal serous carcinoma, 

primary peritoneal serous borderline tumor; 3) smooth muscle tumor subtypes: 
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leiomyomatosis peritoneal dissemination; 4) tumor of uncertain origin subtypes: 

desmoplastic small round cell tumor, solitary fibrous tumor. [9] 

 

The secondary peritoneal tumors are a diverse group of disorders that range from 

benign to highly malignant. They arise from the tumors which secondarily invade the 

mesothelial or submesothelial layers of the peritoneum.[2,10] These tumor cells will be 

distributed into gravity-dependent locations of the peritoneal cavity (stars in Figure 2.1), 

because of the anatomy of mesenteries and the peritoneal ligaments and the normal 

circulation of peritoneal fluid. [2]  
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Figure 2.1 Circulation of peritoneal fluid. The gravity dependent areas (*) will 

accumulate the peritoneal fluid, and then fluid will ascend through the paracolic 

gutters and reach the subphrenic space. The stars show the areas of stasis or arrested 

flow.[2] 
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Primary tumor cells from other organs invade the peritoneum and grow on the 

peritoneal surface. Primary tumors anywhere in the body can lead to peritoneal cancer. 

The abdominal organs have the highest probability of creating this situation. The 

locoregional spread incidences of the colon, pancreatic, and ovaries cancer, for example, 

are 32%, 50%, and 90%.[3] After invasion, the cancer cells will multiply and form small 

tumor nodules on the peritoneum. Typically, the size of nodules will vary from 2 mm to 

5mm, but larger nodules sometimes appear and may develop into advanced stages. In 

principle, the peritoneal cavity is a continuous space without partitions (Figure 1.2), and 

tumor cells could settle anywhere in the abdominal cavity, but the most common sites 

include the right diaphragm, the small pelvis, the omentum, and the surface of the 

intestine. Cancerous nodules in the peritoneal cavity will eventually obstruct the bowels 

and lead to fluid accumulation in the abdomen.[9] Peritoneal tumors originating from 

cancer cells of the ovary, stomach, and pancreas are discussed below. In addition to these 

three organs, the origin can also be the stomach, liver, or any other organ in the body.[11-

13] 

 

Ovarian cancer metastasis can occur before or after capsule rupture. As early as 

the stage IIIA1 of ovarian cancer, cancer has spread to the retroperitoneal lymph nodes. 

Once this has happened, exfoliation and spreading of tumor cells can be achieved through 

the intraperitoneal/transperitoneal pathways and generally follows the circulation of 

peritoneal fluid. In patients with advanced cancer, peritoneal metastasis accounts for 

approximately 90% of cases. [3] In patients who undergo surgical removal of tumors and 

chemotherapy, approximately 60% of patients experience recurrence or drug resistance. 
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The 5-year survival rate of patients with advanced ovarian cancer ranges from 18.6% to 

46.7%.[14] 

 

Gastric and colorectal metastasis may invade the serial layer and the peritoneum. 

Colorectal cancer is one of the most common cancers in the world, with an incidence of 

40 patients per 100,000 and a mortality rate of 15 per 100,000. Judith E.K.R. Hentzen 

reported that if a combination of cytoreductive surgery (CRS) and hyperthermic 

intraperitoneal chemotherapy are employed instead of systemic chemotherapy, the 

median overall survival of patients with peritoneal cancer of colorectal origin will 

increase from 13 months to 22 months,.[15] Separately, approximately 50% of patients 

with serosa-invasive gastric carcinoma will eventually develop peritoneal recurrence and 

die within two years. In patients with recurrent colon cancer, 40% have peritoneal 

metastasis.[3]  

 

Pancreatic cancer is one of the most lethal types of cancer. The 5-year survival 

rate is only around 8%. Even with pancreatectomy, tumor recurrence will occur, and the 

median recurrence-free survival rate is from 6 to 23 months. Furthermore, peritoneal 

recurrence is the most common with an incidence rate of up to 49%.[16] The reason for 

this is the location of the pancreas. Its tail is located in the intraperitoneal area, and the 

remaining portions are located in the retroperitoneal space. As a result, pancreatic tumor 

cells may transport between the retroperitoneal and intraperitoneal spaces. In stage IV, 

pancreatic cancer may invade the peritoneum and form transperitoneal metastases, which 

accounts for approximately 70-80% of non-resectable patients.[17] In a report by (ADD 
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AUTHOR NAME HERE) describing 974 pancreatic cancer patients, for example,50% of 

patients had peritoneal metastases at the time of death, and 20-30% of patients had 

malignant cells in the peritoneal cavity.[3]  

 

There are several mechanisms of the intraperitoneal dissemination of tumors cell 

in the peritoneal cavity, including intraperitoneal seeding, direct invasion, hematogenous 

dissemination, and lymphatic dissemination. After the cells arrive in the peritoneal cavity, 

they adhere to the surface of peritoneum and invade the submesothelial connective 

tissues.[2] 

 

Primary intraperitoneal seeding is the most common mechanism through which 

gastrointestinal and ovarian malignancies invade the peritoneal cavity. After the invasion, 

the tumor cells follow the circulation of peritoneal fluid and tend to settle in gravity-

dependent recesses of the peritoneum, like the regions of stasis and the sub-

diaphragmatic spaces. At the end of process, tumor cells deposit at both of the visceral 

and parietal peritoneum;[2] Direct invasion can occur through contiguous extension of 

gastrointestinal primary malignancies or tumor extension via peritoneal ligaments and 

mesenteries;[2] Hematogenous dissemination allows extra-abdominal primary 

malignancies, such as lung and breast carcinomas, to spread to the antimesenteric border 

of the intestine and peritoneum; Finally, the lymphatic dissemination usually contributes 

to spreading gastrointestinal malignancies to the peritoneum.[2] 
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2.2.2 Overview of current diagnosis and treatments of peritoneal tumor 

2.2.2.1  Current Standard Diagnosis of Peritoneal Tumor 

There are several different strategies of peritoneal tumor treatments, including 

surgical therapy, heated intraperitoneal chemotherapy, system chemotherapy, and 

molecular therapy. No matter which one is the most suitable treatment for patients, the 

peritoneal tumor must be diagnosed first. Imaging of the abdominal and pelvic areas is 

the most important method, as it can provide information valuable to initial diagnosis, 

preoperative staging, patient selection, detection of postoperative complications, and 

patient surveillance following successful treatment.[18] The diagnosis of peritoneal 

tumors also investigates the extent of carcinomatosis for peritoneal cancer. One of the 

most useful quantitative prognostic tools is Sugarbaker’s Peritoneal Cancer Index (PCI). 

In this method, the abdominal and pelvic regions are divided into nine regions, and the 

small bowel is divided into four regions. (Figure 2.2) The largest implant is scored 

depending on the lesion size (LS), and the score ranges from 0 to 3 (LS-0 to LS-3). LS-0 

indicates that there is no implant throughout this region, LS-1 means the greatest 

diameter of visible implants is up to 0.5 cm, LS-2 means nodules is greater than 0.5 cm 

but smaller than 5cm, and LS-3 means that the largest size of implants is greater than 

5cm in diameter.[19]  
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Figure 2.2 The Peritoneal Cancer Index of Sugarbaker. The abdomen is divided 
into nine regions by two transverse planes and two sagittal planes. The nine 
regions are numbered in clockwise direction with 0 at the umbilicus and 1 
defining the space beneath the right hemidiaphragm. Regions 9-12 define the 
small bowel. [19] 
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Current imaging options include computed tomography (CT), magnetic resonance 

imaging (MRI), and positron emission tomography-computed tomography (PET-CT).  

 

The advantage of CT include that it cannot only provide highly detailed anatomic 

images but also give a high speed of processing the images. CT, however, is limited to 

assessing attenuation of x-rays by bone or soft tissues. As a result, the resolution of 

images is limited. The poor CT-depiction of soft tissue can cause small peritoneal tumors 

to be indistinguishable from soft tissue. This technology can only detect nodular or 

plaque-like soft tissue masses with size 5 mm or larger.[21] In general, the specificity of 

CT for the diagnosis of peritoneal metastases is high, ranging from 82–89% and its 

sensitivity is low, ranging from 79-86%. CT sensitivity varies from region to region of 

the peritoneal cavity. Sensitivity was high, for example, in region 2 (epigastrium) 64-92% 

and region 6 (pelvis) 64-83%, but it was low in region 9 (upper jejunum) 14-81%. [22] 

 

MRI provides better sensitivity for depicting small peritoneal tumorswhen 

compared to the CT and PET, especially after the administration of a gadolinium contrast 

agent.[23]  In addition, MRI can provide a better peritoneal tumor depiction by producing 

a high signal on diffusion-weighted imaging as a result of the mechanism of MRI and the 

restricted diffusion of most tumors,.[18] Magnetic resonance, however, requires longer 

examination times,  typically from 30 min to 45 min. If patients are not cooperative or 

become restless, their increased motion could cause artifacts in the result. Furthermore, 

because MR is more complicated to operate, this examination process requires more 

complex manipulations, such as different parameters and pulse sequences, which can 
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influence the final results.[24] Interpretation of MRI results also requires additional 

training for the radiologists. For example, the sensitivity is 97% by readers with over 10-

year of experience when compared with CT as a reference standard. The sensitivity 

decreased to 80% by trainee radiologists with one year of experience.[25]  

 

In cancer detection, PET typically employs 2-(fluorine 18[18F]) fluoro-2-deoxy-

D-glucose (FDG) which will highlight malignant tissue as a result of increased FDG 

tracer uptake relative to normal cells. With the same principle, Oxygen-15 [15O], Carbon-

5 [5C] and Nitrogen-13 [13N] can also be used in PET scan. PET can provide better 

sensitivity compared with anatomic imaging techniques, but specificity is lower. The 

combination of CT and PET, however, provides better sensitivity and specificity of the 

anatomic imaging compared with PET or CT alone, but spatial resolution is still limited 

in 5-8 mm.[15,18,26] One review reported that the sensitivities of PET/CT and CT alone 

are 82% and 66%; the specificities of them are 93% and 77%. [22] 

 

In general, the main limitation of imaging is small peritoneal tumors or subtle 

sheets of tumors can be easily missed in they are below the detection threshold, which 

would lead to misdiagnosis and an underestimation of disease presence. These diagnosis 

methods are primarily employed in preoperative preparation, and cannot provide 

feedback during surgery or follow-up treatment. 
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2.2.2.2 Current Standard Treatment of Peritoneal Tumor 

There are several treatment options for peritoneal tumors, including surgical 

therapy, cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy 

(HIPEC), systemic chemotherapy, molecular therapy, and immunotherapy. These options 

are briefly introduced below.  

 

Surgical Therapy 

In cytoreductive surgery, a surgeon removes visible cancer as much as possible. 

There are two options of treatment: removal of only peritoneal surfaces visibly infiltrated 

by the disease or removal of the entire parietal peritoneum. According to the report of 

Baratti D et al., the five years survival rates of selective versus parietal peritonectomy 

were 40% and 63.9%. [27] 

 

These operations require an experienced surgical team, and the biggest challenge 

in the process is to removal of all tumor cells. One method is to remove an extra part 

tissue around the tumor site, which can increase the possibility of leaving fewer tumor 

cells and complete removal. A larger range of cytoreduction following with too many 

visceral resections and anastomosis, however, can increase patient risk.[28] Furthermore, 

it is difficult to determine the exact range of cytoreduction that will create a negative 

margin (Figure 2.3). A positive margin means that there are residual tumor cells left in 

the edges of resection, while a negative margin means all tumor cells in this lesion have 

been removed. [29,30]  
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 Figure 2.3 Schematic of potential surgical margins: Positive margin (tumor present at 
the edge of the resection); Negative margin (absence of tumor at the edge of the 
resection)[30] 
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CRS and HIPEC �

CSR is generally the first step in a therapeutic approach to peritoneal cancer and 

is followed by HIPEC, and HIPEC provides enhanced therapeutic activity by 

administration of high dose intraperitoneal chemotherapy to all peritoneal surfaces in 

parallel with hyperthermia.[31] The combination of CRS and HIPEC is the standard of 

care for patients with operable conditions.[32] Typically CRS will be conducted first to 

achieve complete resection of the macroscopic tumor and lysis of preexistent intra-

abdominal adhesions as much as possible, and then HIPEC is employed. This provides 

chemotherapy with a better area of exposure.[33] Furthermore, bowel reconstruction 

conducted after chemotherapy perfusion, in order to reduce the risk of tumor cell invasion 

at anastomotic sites.[32]  

 

The principle of CRS is described above. HIPEC employs high doses of the 

chemotherapeutic drugs and hyperthermia. High drug dosages can increase the drug 

concentration at the tumor site and increase efficacy. Hyperthermia can cause 

cytotoxicity directly via impaired DNA repair, denaturation of proteins, induction of 

heat-shock proteins, and apoptosis.[32] Some drugs such as mitomycin C, cisplatin, 

ifosfamide, and melphalan will have a synergistic effect with hyperthermia.[33] In ne 

clinical trial which demonstrated a significant patient improvement, a group of 105 

patients were divided patients into a control group that received systemic chemotherapy 

for up to 26 weeks and an experimental group that received CRS and HIPEC with 

mitomycin-C, followed by adjuvant chemotherapy within three months of surgery. The 

result showed that the median survival of CRS/HIPEC group increased to 22.4 months 



 24 

from 12.6 months in the control group, and the 2-year survival rate of the experimental 

arm was doubled that of the control arm.[34] 

 

The limitations of HIPEC include contraindication and drug penetration. The 

intraperitoneal chemotherapy also has limitations in clinical use, including restrictive 

penetration depth of drugs into tumor tissue (up to 3 mm).[33] Contraindications include 

severe cardiac, pulmonary, hepatic, or renal dysfunction and poor performance status. In 

these cases, patients are unlikely to tolerate or benefit from HIPEC. [32] 

 

Systemic Chemotherapy 

System chemotherapy is as an option for inoperable patients. The response rate is 

less than 15-20% as the effectiveness of chemotherapeutic agents is poor. As a result, this 

option can only be a second line approach.[32] Although treatment with pemetrexed and 

gemcitabine showed a significantly improved median overall survival (OS) of 26.8 

months in comparison to the median OS of the pemetrexed monotherapy (8.7 months) the 

response rate of 15% is still low.[35] 

 

Molecular Therapy 

The purpose of molecular therapy is to reestablish the proper the expression of 

growth factors and proteins, as they have crucial functions in downstream signaling 

pathways of the tumor cells. Several promising agents are undergoing clinical trials. 

Inhibitors of the PI3K-PTEN-AKT-mTOP pathways, for example, may be therapeutically 

beneficial to patients.[36] Epidermal growth factor receptor (EGFR) mutations also 
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appear in the peritoneal tumor, but only 31% of patients present with these mutations. 

[37] The recombinant anti-mesothelin immunotoxin SS1(dsFv)PE38 has demonstrated 

cytotoxic activity pre-clinical studies and is under clinical investigation. [38] 

 

Immunotherapy 

 Immunotherapy is another option which is being studied in animal models and 

small-cohort clinical trials. [39] In animal models, pulsed dendritic cells showed a 

potential to control the growth of mesothelioma, which could be implemented to control 

local recurrence.[40] In a phase II trial, the anti-CTLA-4 antibody Tremelimumab 

achieved a disease control rate of 31% and progression-free survival of 6 months as a 2nd 

line treatment in mesothelioma.[39] More phase II/III clinical trials, however, need to be 

conducted to investigate the efficacy and safety profile of this novel immunotherapies 

before regulatory approval. 

 

In summary, all of the current options have clear limitations.  System 

chemotherapy has the limitation of low response rate and high toxicity. Molecular 

therapy lacks  universality and is expensive.[41] Immunotherapy is still primarily under 

clinical trials. CRS with HIPEC is still viewed as a potentially curative approach to 

peritoneal carcinomatosis.[15] This procedure requires the debulking surgery to be 

precise. Otherwise too much damage can be done to patients or recurrence will still be 

possible. Currently, surgeons rely primarily on white light reflectance and touch, which is 

imprecise and lead to residual cancer cells remaining in positive margins or tiny nodules 

of tumors. [29,42,43] 



 26 

2.2.3 Improved strategy of CRS (Fluorescent agent – MAL) 

Complete resection is key to improving patient survival, but surgeons have been 

limited to detecting lesions by visual inspection and manual palpation.[150] Optimal 

cytoreduction is defined as when the size of all residual tumors is smaller than 1 cm. In a 

study by Dennis S. Chi et, al. of 140 patients who had stages IIIC or IV epithelial 

ovarian, fallopian tube, or primary peritoneal carcinomas and went through the optimal 

cytoreduction, a 5-year survival rate of 50% and a median survival of 55 months was 

reported. Patients with the same condition only had a 5-year survival rate of 22% and a 

median survival of 28 months when the residual tumors were larger than 1 cm.[151] A 

separate report by Eva Lieto et.al. showed that the median diameter of tumor nodules 

detectable by CT and PET scans was approximately 3.8 cm (range: 1.5-5.0 cm), , while 

the median diameter was 2.3 cm (range: 1.3-3.1 cm) for those which were identified by 

intraoperatively visual inspection and manual palpation. [152] The limited size of 

detectable tumor nodules is an obstacle to achieving complete cytoreduction. Resection 

margin positivity can also be a contributing factor of poor survival rates.[150] A study by 

Kathryn R. Tringale et. al. reviewing the incidence of appearance of positive margin was 

a range from 25%-55%, which increased the risk of death by up to 3.5 fold.[29] 

 

Fluorescent imaging method, which could enhance the tumor identification and 

increase the possibility of complete cytoreduction, may be a promising tool to avoid 

positive surgical resection and detect the tiny tumor nodules intraoperatively. Since  

peritoneal carcinomatosis can originate from different types of tumor, a general 

fluorescence-guided method may be a better option for addressing this issue. 
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The purpose of this project is to distinguish tumor cell from the normal cells by 

different fluorescent signal, which can guide surgeons to operate appropriately. In order 

to achieve this goal, fluorescent dyes will be screened and analyzed. As of 2019, there 

were only a few fluorescent dyes proven by FDA. These include indocyanine green 

(ICG) and methylene blue (MB). The higher excitation wavelength of MB and high level 

of nonspecific background fluorescence make it a poor choice for clinical applications in 

abdominal surgery.[44] ICG is a hydrophobic and non-selective dye. It will associate 

with plasma proteins and cannot provide useful imaging, and it is metabolically removed 

from plasma at a rate of 18 to 25% per minute.[45,152] Currently, ICG is clinically used 

to determine cardiac output, hepatic function, and ophthalmic angiography. One study 

also reported its application for ovarian tumor imaging. In this study, 21 fluorescent 

lesions were identified, but only 8 were metastatic lesions. This means the false-positive 

rate is approximately 62%. ICG itself is not satisfactory for detecting ovarian cancer 

metastases.[46] Another study reported that the specificity was only 50% for 

intraoperative detection of superficial liver tumors.[154]  

 

Another FDA-proved drug, MAL, has been used to treat Actinic Keratosis (AK) 

as a photodynamic therapeutical drug.[47] This material has two key properties: 1)It is an 

endogenous compound. 2)It is not a fluorescent dye by itself, but its metabolite is 

fluorescent and could act as a photosensitizer.[48] The details are introduced below, 

including its physical and chemical properties, metabolism pathway, mechanism of 

action, and its advantages and shortcomings. 
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2.2.3.1 The physicochemical properties of MAL 

MAL hydrochloride is a white to slightly yellow powder which is freely soluble 

in water and methanol, soluble in ethanol and virtually insoluble in most organic 

solvents. It is a derivative of aminolevulinic acid (ALA). The chemical formula for 

MAL·HCL is C6H11NO3 HCl (MW=181.62), and its structure is shown in Figure 2.4. 

MAL is an aminoketone and is highly reactive and unstable in solution. At neutral to 

mildly basic pH, MAL spontaneously dimerizes, which is an irreversible reaction.[49]  

 

2.2.3.2 The metabolism pathway and mechanism of MAL 

Most of the cells in the human body can metabolize ALA into PpIX, but the levels 

will vary between tissue and cell types. ALA can convert to PpIX directly by the heme 

biosynthetic pathway in the mitochondria, but because of its hydrophilicity, its ability to 

cross the cell membrane is limited.  

 

MAL is more hydrophobic and more easily to cross the cell membrane. It can also 

be converted to protoporphyrin IX via the same pathway, but it must be hydrolyzed to 

ALA in the cytosol first.[50]  

 

Figure 2.4 Methyl aminolevulinate 
(MAL) molecular structure  
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The metabolic pathway of MAL is the heme biosynthetic pathway, which exists 

in almost all types of cells in the human body, except mature red blood cells.[50] The 

first step is to synthesize the ALA from glycine and succinylcholine CoA in 

mitochondria, which is the rate-limiting step. ALA it transported to the cytosol, where  

condensation reactions occur.  

 

Two ALA molecules under the catalysis of the zinc-dependent enzyme and 

aminolevulinate dehydrates (ALAD) produce the metabolite, porphobilinogen (PBG). 

[52]  The next step is to synthesize an unstable tetrapyrrole hydroxymethylbilane (HMB) 

from a combination of four PBG molecules by porphobilinogen deaminase (PBDG). [51] 

 

Hydroxymethylbilane would involve two different pathways. The first one makes 

use of uroporphyrinogen III synthase (URO3S) to close the macrocycle of HMB, which 

will form uroporphyrinogen III. Alternatively, HMB would cyclize spontaneously, which 

leads to forming the uroporphyrinogen I. [53] 

 

All the acetate side chains of uroporphyrinogen III can be replaced with methyl 

groups via Uroporphyrinogen decarboxylase (UROD). [54]  The product of the reaction 

is coproporphyrinogen III, which is transported into the intermembrane space of 

mitochondria via peripheral-type benzodiazepine receptors (PBR). [55-56] 

 

Copropotphyinogen III is converted into protoporphyrinogen IX bycoproporphyrinogen 

oxidase (CPO) with the release of H2O2 and CO2. Then protoporphyrinogen IX is 
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converted into PpIX by the enzyme FAD-containing protoporphyrinogen oxidase (PPO). 

[57-58]  After  PpIX is formed, there is another rate-limiting reaction in which Fe2+ is 

inserted into PpIX to form heme by ferrochelatase. [59] (Figure 2.5)  
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Figure 2.5 Heme biosynthesis. It presents the most important steps in the heme 
biosynthetic pathway.[60]  
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All enzymes mentioned above are required components of the heme biosynthetic 

pathway, but only ALAS1 and ferrochelatase are rate-limiting. 5-aminolevulinic acid 

synthase 1 (ALAS1) is used to generate the endogenous ALA; ferrochelatase prevents 

accumulation of PpIX. As a result, in the presence of exogenous ALA/MAL, PpIX will 

be accumulated inside the cells by making use of these two rate-limiting steps. [60] The 

PpIX will lead to red fluorescence (ex 638 nm) after irradiation with blue light (em 410 

nm). PpIX is produced in the mitochondria, which is more active in tumor cells. As a 

result, there will be a difference in PpIX accumulation between cancer and healthy 

tissues.[61]  

 

PpIX is also a potent photosensitizer (PS), which can be activated by illumination 

with red light (570 to 670 nm). Upon irradiation, PS will form activated PS molecules by 

absorbing the energy of illumination if the wavelength of light matched the absorption 

spectrum of the PS. The activated PS can release its energy via emitting visible light, or it 

can generate singlet oxygen in a type II reaction or free radicals in a type I reaction. 

(Figure 2.6) [60] This can trigger oxidative damage and induce double-strand breaks in 

DNA. Although the specific mechanism of the radiosensitizing effect of MAL is still 

unclear,  Chung-Wook Chung et. al. have presented a viable. They suggested that MAL 

presents not only a high accumulation of PpIX in the mitochondria of tumor cells, but 

also bring dysfunction of the mitochondrial respiratory chain by generating the reactive 

oxygen species.[62] 
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Figure 2.6 Types of oxidative reactions during PDT[60] 
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2.2.3.3 The advantages and shortcomings of MAL 

In general, MAL is an endogenous compound, which can be consumed by cells 

and has limited cytotoxicity. [63] In addition, it may provide not an opportunity for 

photodynamic diagnosis, but also efficacy as a photodynamic therapy at the same time. 

[64]  

 

 There is no drug, however, that has advantages without any shortcomings. The 

first drawback of MAL is the low specificity for tumor cells, which can lead to a higher 

false-positive ratio of tumor to normal lesions.[65] The second issue is its stability. Two 

molecules of MAL will form a cyclic pyrazine product at approximately physiological 

pH,[147] and this dimerization is irreversible.[66] The third issue is that the patients may 

become photosensitive to light and this can last up two days.[67] During the sensitive 

period, patients would need to avoid exposure to sunlight or bright indoor light. [68] 

 

In order to address the disadvantages of this fluorescent agent, nanotechnology 

has been examined. This technology can provide a platform to carry a large amount of the 

agents, protection of its structure, and targeting capacity.[6] It is may be possible to 

combine the technologies of nanocarriers and fluorescent imaging, as the combination 

may minimize the issue associated with fluorescent dyes and provide the advantages of 

nanotechnology. In summary, the nanotechnology may be a promising tool to ameliorate 

the problems of MAL’s physicochemical properties and clinical practice.  
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2.3 Nanoparticles as a platform for improved fluorescence-guided surgery 

Nanoparticles are used to encapsulate, absorb, disperse or conjugate their cargos. 

They typically have diameters range between 1 and 1000 nm.[4] The physicochemical 

properties and their applications depend on their compositions, which can vary widely.[4] 

In general, the majority of nano-carriers serve as vehicles to deliver therapeutic agents.  

In addition, they also help solubilize and protect their cargos. It is also known that their 

large surface area allows decoration with various ligand some of which can provide 

specificity for targets or act as therapeutic agents themselves. 

 

Critical features of nanoparticles include their compositions, physical properties, 

functionalities. The advantages of nanotechnology that are derived from these features 

include metabolic half-life circular enhancement, targeting capacity, stabilized cargo 

release, high loading capacity, and co-delivery.[69] 

 

2.3.1 Organic material-based nanoparticles for photodynamic diagnosis 

There are several subtypes of organic-based nanoparticles, including liposome, 

micelle, polymeric nanoparticle, and emulsion. Common advantages of all organic 

nanoparticles include good biocompatibility and their biodegradable nature. At the same 

time, each of them has particular features. A summary of the applications of organic 

nanoparticles is provided in Table 2.1 
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Table 2.1  Organic nanoparticles used in tumor diagnosis 
Types Loading methods Fluorescent dyes Advantages Reference 

Polymer 
nanoparticles  

Internalization 
thiadiazoloquinoxaline 
(TQ) and fluorene (F) 

High spatial resolution and deep penetration cancer theranostics [70] 

  
phosphor integrated 
dots (PDIs) 

PIDs have 100-fold greater brightness comparing to tissue 
autoflurescence 

[71] 

 Conjugation Pyropheophorbide-a  
Exhibited remarkable tumor imaging effect with little 
autofluorescence of background and high tumor accumulation 

[72] 

  Cy5.5 
Efficient cancer diagnosis using NIRF and CT imaging 
modalities, improved antitumor efficacies 

[73] 

  Europium(III)  

Exhibited a bright X-ray computer tomography (CT) and 
photoluminescence (PL) dual-model imaging efficiency and an 
excellent photothermal therapy (PTT) effect. 
 

[74] 

 Loaded FAM-labeled DNA 
Greatly improved differential affinity of ssDNA and the probe-
miRNA heteroduplex toward the surface of nanoquenchers.  

[75] 

Liposome Loaded Fluorescent mCherry  
Carrying large quantities of fluorescent and/or toxic proteins as 
a promising candidate for tumor detection and therapy. 

[76] 

   C2X-OR2 
Exhibit both NIRF imaging and ultrasound contrast imaging 
capabilities in vitro, with good stability and no cytotoxicity 

[77] 

Micelle Loaded Ce6 
Improved cell uptake and rapid release of Ce6 within tumor 
cells 

[78] 

  Vvivotag 680XL 
High drug loading capacity, and sustained drug release, high 
treatment efficacy and real‐time tracking of the drug delivery 
system in vivo. 

[79] 

 Conjugation MHI-148 
Non-toxic to normal cell/tissue and highly sensitive bimodal 
imaging. 

[80] 

  
5,10,15,20- tetrakis (4-
carboxyphenyl) 
porphyrin (TCPP)  

Longer blood circulation half-life (∼3.64 h), deeper regions of 
tumors under mild conditions and  without noticeable dark 
toxicity 

[81] 
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2.3.1.1 Liposomes  

Liposomes with a spherical bilayer structure have potential as pharmaceutical 

carriers for the drug delivery system. They are being employed in investigational system 

and evaluated as commercially delivery systems because of their  biocompatibility, 

biodegradability, low toxicity, and potential for functionalization. The bilayer allows 

liposomes to encapsulate both of hydrophobic and hydrophilic compounds.[82] The 

cargos of liposomes can be the therapeutic drugs, as well as diagnostic agents, such as 

fluorescent dyes. They can be produced with cholesterol and non-toxic phospholipids, 

which consist of one or more lipid bilayers.[83] The stability and charge of the liposome 

depend on the choice of components. Unsaturated phosphatidylcholine, for example, can 

increase permeability and decrease stability, while saturated ones are more a rigid and 

less permeable structure.[84]  

 

Many reports indicated that liposome could enhance the fluorescent signal 

emanating from tumor. Wu et al., for example, showed that liposomes could increase the 

solubility of xanthene-based optoacoustic probes in blood via encapsulating compound 

inside of liposomes. This allowed the optoacoustic chromophore to be applied for 

diagnosing and localizing smaller and deeper tumor sites. [77] This delivery system 

exhibited excitation of near-infrared (NIR) imaging capacity in vitro that was enough for 

optoacoustic imaging ,without cytotoxicity, which is common among molecular 

fluorescent probes. .[77] Deyev et al. reported that they trapped fluorescent proteins 

inside of liposome, which allowed a large amount of mCherry to be delivered into 

pathological cells.[76] The protein-liposomes functionalized with designed ankyrin 
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repeat protein 9-29 can target the human epidermal growth factor receptor 2 (HER2), 

which makes the protein-loaded liposomes a potential candidate for HER2-positive tumor 

detection.[76]  

 

2.3.1.2 Micelles 

Micelles consist of a hydrophobic region and a hydrophilic shell created by 

amphiphiles.[85]. They  have a diameter ranging from 10 to 100 nm. The amphiphilic 

molecules form a spherical structure, which protects the hydrophobic core from an 

aqueous environment, in order to achieve a state of minimum free energy.[4] There is a 

critical micelle concentration (CMC). If the amphiphiles concentration is higher than 

CMC, they will self-assemble into colloidal-sized particles. They will be stable if the 

concentration in solution remains above the CMC. Due to dilution below the CMC after 

administration, micelles will disassemble. The disassembling rate depends on the 

structure and interaction between the ingredients.[85] The fluorescent dyes be trapped 

inside of nanoparticles, and the outside surface can be decorated with ligands.[78-81,86] 

 

With regard to fluorescent imaging, the fluorescent dyes can be trapped inside of 

nanoparticles, but can also be decorated on the surface. Several studies have 

demonstrated that micelles can improve cellular uptake and enhance fluorescent imaging. 

Fan et al. reported that they used micelles  loaded with the photosensitizer chlorin e6 

(Ce6), as well as engineered the surface of micelles with PEG shell. [78] The design of 

micelles and the loaded compound, Ce6,  contributed to prolonged circulation time, 

release of its cargoes in the tumor acidic environment, and accumulation of fluorescent 
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molecules in tumor cells. It could serve as a platform with promising potential in 

fluorescent-guided therapy of cancer.[78] Yi et al. developed a micelle loaded with the 

red emitting AIEgen photosensitizer to improve its photostability.[86] Asem et al. 

described micelles formed by poly (ethylene glycol)-co-poly (caprolactone) (PEG‐PCL), 

which were loaded with vivotag 680XL. These micelles provided high cargo loading 

capacity and sustained release, which was a potential drug delivery system for real-time 

tracking of tumors in vivo.[87]  

 

Separately, other reports indicated the fluorescent compounds could also be on the 

surface of micelles. In this strategy, the loading capacity can be reserved for other drugs, 

which would achieve a multi-model system by co-delivery. Liu et al. used 5,10,15,20- 

tetrakis (4-carboxyphenyl) porphyrin (TCPP) to cross-link on the PEG-micelles, which 

provided a fluorescent signal and stabilized the micelle structure.[81] This system had a 

long blood circulation half-life time and could reach deeper regions of tumors when 

compared  with other single fluorescent compounds.[81] Sasikala et al. demonstrated that 

they could assemble a micelle with hydrophobically modified glycol chitosan MHI-148, 

which belongs to the group of near-infrared fluorescence (NIRF) heptamethine cyanine 

dyes.[80] This micelle system could be combine NIRF and tumor targeting moieties, 

which improved cancer-specific delivery and accumulation of fluorescent dyes in 

tumors.[80]  
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2.3.1.3 Polymeric nanoparticles 

Polymeric nanoparticle may be a promising platform for delivery .[88] They can 

be synthesized from natural or synthetic monomers, and their formation can be controlled 

with its length, molecular mass, surface charge, functional groups.[89] An important 

benefit is their drug-releasing profile, which can provide better pharmacokinetics. If the 

proper organic materials are selected, they can be biocompatible and biodegradable in the 

human body. The main strategies of fluorescence applications are synthesis of fluorescent 

ingredients as polymeric nanoparticle[70-71], conjugation of fluorescent dyes on their 

surface[72-74,90-92], and encapsulation of fluorescent compounds[75,93].  

 

The fluorescent compounds can be components of polymeric nanoparticles. Hu et 

al. designed a novel semiconducting polymer nanoparticle-based theragnostic platform, 

which conjugated thiadiazoloquinoxaline (TQ) and fluorine (F) in the structure of 

polymeric nanoparticles.[70] It showed NIR-II fluorescence as well as photoacoustic 

imaging (PAI), which allowed high spatial resolution and deep penetration cancer 

theraostics.[70] Gonda et al. reported that they used perylene diimide to create a 

polymeric nanoparticle in a methylol melamine and dodecylbenzenesulfonic acid 

aqueous solution.[71] This nanoparticle showed a 100-fold increased brightness and a 

300-fold more dynamic range than the commercially available fluorescent nanoparticles, 

quantum dots.[71]  

 

Polymeric nanoparticles could also be a platform to provide a connecting site for 

the fluorescent dyes. Fang et al. synthesized nanoparticles with N-(2-hydroxypropyl) 
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methacrylamide (HPMA), which was tagged with pyropheophorbide-a (PyF) on its 

surface.[72] It showed utility in fluorescent imaging effect without an autofluorescence 

background. There was another benefit from PyF-conjugated nanoparticle. It had 

different responses to two different wavelength light, which made it be a potential 

candidate platform for tumor detection as well as treatment.[72] Lee et al. designed a 

self-assembling polymeric nanoparticle with amphiphilic iodinated hyaluronic acid (HA), 

and conjugated Cy5.5, a near-infrared fluorescent dye on the surface of the 

nanoparticle.[73] It had fluorescent intensity that was 2.4-fold higher than that of free 

Cy5.5, and accumulated in cancer cell preferentially to normal cells.[73] Zhang et al. 

developed a polydopamine-based nanoparticle via a surface-initiated atom transfer 

radical polymerization (ATRP) strategy, then grafted europium(III) onto its surface. [74] 

The polymeric nanoparticles with europium (III) did not only produce strong X-ray 

attenuation and also showed red fluorescence. This allowed dual-mode imaging 

efficiency.[74] 

 

In addition to the strategies of conjugation or internalization of fluorescent dyes, 

encapsulation of compounds can also be an option for preparing polymeric nanoparticles 

with fluorescent imaging capacity.[75] Wang et al. developed a large-pore-sized 

mesoporous polydopamine nanoparticle (MPDA-L) as a carrier, which could encapsulate 

fluorophore-labeled DNA.[75] MPDA-L released fluorophore-labeled DNA probes after 

uptake by tumor cells, and then the probes could be recognized by miRNA with the 

complementary sequence, which would form double strands. DNase I splits these double 
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strands and activates the fluorescent signal, which allowed the nanoparticles to only have 

a response in the target tumor cells.[75] 

 

2.3.2 Inorganic material-based nanoparticles for photodynamic diagnosis  

Inorganic-based nanoparticles can consist of inorganic materials only, but they 

can also be decorated with more biocompatible organic materials.[94] Although 

inorganic nanoparticles cannot provide some of the benefits of organic nanoparticles, 

they are usually more chemically and physically stable and allowed for long-term 

storage.[69] They possess large surface area, physicochemical multifunctionality, and 

tunable compositions.[94] As a result, many research teams have used inorganic 

materials as the core of nanoparticles, and combine organic materials to reduce their 

shortcomings, especially with regard to their  bio-safety. 

 

Two strategies have been reported for the preparation of inorganic nanoparticles 

for use in fluorescence detection. In the first, inorganic material are used as the core, 

which provides a space for encapsulation or positions for conjugation.[95-98] The second 

method uses inorganic materials such as silver and gold as the fluorescent sources.[99-

101] These two types are decorated with organic materials to improve their 

biocompatibility. A summary of the inorganic-nanoparticle applications is presented in 

Table 2.2   
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Table 2.2 Inorganic nanoparticles used in tumor diagnosis 
Types Loading methods Fluorescent dyes Advantages Reference 

nanosized 

graphene oxide 
Internalization 

lanthanide-doped 

upconversion nanoparticle 

Excellent stability and low cell toxicity, which not only 

acted as upconversion luminescence (UCL) probes for 

tumor imaging 

[95] 

  loaded indocyanine green (ICG) 

High stability, strong fluorescence, and greatly enhanced 

NIR absorption; Efficiently uptaken by tumor cells and 

decrease of cell viability. 

[102] 

gold nanoparticle Internalization 
gold fluorescence 

nanocluster 

Accumulated in the liver for a longer time in an orthotopic 

mouse model of HCC than that in normal mice. 
[88] 

    
gold fluorescence 

nanocluster 

Efficiently escaped the RES capture and actively 

accumulated in the orthotopically implanted breast tumor 
[100] 

    
gold fluorescence 

nanocluster 

Enhanced fluorescence quenching efficiency via a larger 

particle size and surface hole size, roughened surface and a 

greater molecule-particle distance 

[103] 

 Conjugation Cy3  rapid and sensitive intracellular target imaging [104] 

    fluorescein isothoiocyanate 
Outstanding targeting efficiency and visualization of the 

target cell 
[105] 

silica 

nanoparticles  
Conjugation FITC 

Active and passive targeting of tumor cells as a pH-

sensitive fluorescent probe; Simultaneous diagnostics and 

therapeutics. 

[106] 

    RGD-Acrk  
Promising fluorescent imaging agent for visualizing 

tumors; selectively image the 4T1 cells and breast cancer.  
[107] 

  loaded 
Green fluorescent carbon 

quantum dots  

Targeted bio-imaging; prevention of premature drug 

release; bio-responsive drug release. 
[97] 

    methylene blue 
Induced high and specific cellular uptake and strong tumor 

target ability.  
[108] 

    IR780  
Exploited the acidic tumor microenvironment for tumor-

specific targeting and tumor-specific release. 
[149] 
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2.3.2.1 Metal-based nanoparticles 

Recently, gold, and silver have gained increased attention in the field of 

fluorescence imaging.[100] Fluorescent gold nanoparticles are used to generate 

fluorescence in visible to near-infrared region.[94] In addition to their fluorescent signals, 

these nanoparticles have also been shown to have long physiological lifetimes and to be 

biocompatible.[94] Bao et al., for example, developed a golden nanocage ternary 

nanocomplex, which was modified with PEG to improve its biocompatibility.[99] The 

golden core can emit a strong fluorescence emission at 650-700 nm (near-infrared 

region), and as a result it may have utility for diagnosis and therapy of tumor.[99] Zhou et 

al. utilized the same property of golden nanoparticle but protected it by bovine serum 

albumin (BSA) to avoid liver accumulation.[100] In addition, they conjugated folic acid 

on the surface of golden nanoparticle to provide targeting capacity, which contributes to 

accelerating the cellular uptake and increased fluorescence signal.[100] As mentioned 

above, silver can also provide fluorescence in the second near-infrared region. Hao et al., 

for example, used Ag2Se quantum dots as the core of nanoparticle, and modified its 

surface with PEG, stromal-cell-derived factor-1a (SDF-1a), and heparin.[101] 

 

2.3.2.2 Carbon nanoparticles 

Carbon is another environmental and biologically friendly material s has been 

used in the development of nanoparticles.[109] It is one of the most common elements in 

the ecosystem. As a result of its excellent aqueous processability, surface 

functionalizability, amphiphilicity, fluorescent quenching ability, and surface-enhanced 
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Raman scattering property, graphene oxide is viewed by many as a promising material 

for drug delivery system.[109] 

 

2.3.2.3 Silica-based nanoparticles 

In general, silica-based nanoparticles are covered with one or more shells, in order 

to improve  biocompatibility and enhance  circulation time. Three main methods are used 

to combine the vehicle with fluorescent dyes or materials. These include encapsulation, 

conjugation, and internalization.  

 

Encapsulation is usually used for small compounds that can pass through the 

small size of pores. Samykutty et al. utilized silica as the base material to synthesize 

nanoparticles with wormhole pore structures that can encapsulate IR780 imaging 

dye.[95] The surface of nanoparticles was modified with chitosan to enhance tumor 

targeting capacity. In the in vivo experiments with BALB/c mice, it has been used as a 

vehicle to improve diagnosis by targeting the acidic tumor microenvironment and tumor-

specific release ability.[95] 

 

Separately, conjugation has two benefits. First inside space is preserved for co-

delivery of other compounds. Second, conjugation can allow silica particles to carry the 

oversized cargoes (compounds that cannot pass through pores). Zhao et al., for example, 

developed a mesoporous silica nanoparticle modified with HIV-1 transactivator peptide-

fluorescein isothiocyanate.[106] The pore structure could be used for therapeutic drugs, 

which allow the MSNs to be used simultaneous as diagnostics and therapeutics.[106] 
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2.4 A cancer-targeting liposomal delivery system for photodynamic diagnosis and 

therapy of cancers in peritoneal cavity 

2.4.1 Liposomal delivery system 

As discussed above, MAL is a hydrophilic prodrug, which requires a vehicle with 

a hydrophilic loading space. Due to consideration of biocompatibility and 

biodegradability, organic nanoparticles where selected for study. Furthermore, I also 

needed to address the drawbacks of MAL, including its instability, low specificity, and 

clinical side effects.  

 

Liposomes act as a platform for loading MAL which can address these issues in 

the following manner: 1) aqueous core provides considerable space for loading a large 

amount of hydrophilic drug; 2) bilayer structure can maintain a lower pH inside of 

vehicles, which protects the drug from dimerization and protects the patient from 

bradycardia or hypotension during administration; 3) PEGylation can provide a longer 

blood circulation time; 4)decoration with targeting ligand can provide an active targeting 

capacity.  

 

As a result, I planned to develop a liposome nanoparticle with folate acid on its 

surface in order to enable tumor targeting and make tumors fluorescently visible in the 

peritoneal cavity. (Figure 2.7)  
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Figure 2.7 Structure of the liposomal delivery system. 
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2.4.2 Liposome ingredients 

The main ingredients of liposomes are phospholipids, which are surface-active 

and amphiphilic molecules. They consist of a glycerol backbone, which can be appended 

with  two fatty acids and one phosphate.[110] Currently, there are several liposomal 

formulations available for clinical use. Most of them can be administered by intravenous 

and intramuscular injection.[111] A summary of approved liposome-based drugs is 

shown in Table 2.3. 

Table 2.3 Clinical use of nano-size liposome product 

Clinical Products 
(Approval Year) 

Ingridients Particle Size Ref. 

Doxil (1995) HSPC; Cholesterol; PEG2000-DSPE 80-100 nm [112] 
DaunoXome (1996) DSPC; Cholesterol ~45nm [113] 

Depocyt (1999) DOPC; DPPG, Cholesterol; Triolein 3-30um [114] 
Myocet (2000) DOPS; DOPC 150-250nm [115] 
Mepact (2004) DOPS; POPC ~100 nm [116] 
Marqibo (2012) SM; Cholesterol ~100 nm [117] 
Onivyde (2015) DSPC; MPEG-2000; DSPE ~110 nm [118] 

Ambisome (1997) HSPC; Cholesterol; DSPG; Amphotericin B ~100 nm [119] 
Amphotec (1996) Cholesteryl sulphate; Amphotericin B ~100 nm [120] 
Visudyne (2000) Verteporphin; DMPC; EPG 150~300 nm [121] 
Inflexal (1997) DOPC; DOPE ~150 nm [122] 
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Physical stability of the nanoparticle is the first property that needs to be 

considered. The components determine the ‘rigidity’ or ‘fluidity’ and the charge of the 

bilayer. In general, unsaturated phosphatidylcholine analogs from natural sources make 

the liposomes more permeable and less stable.[123] Their acyl chain length is directly 

proportional to the stability of liposomes.[124] L acyl chain lengths can provide a slower 

release rate.[125] As a result, the candidates of phospholipid used as ingredients of the 

main structure should have a longer fatty acid chain. DSPC, DPPG, and HEPC meet 

these essential requirements, which and tested in the formulation experiments. 

Furthermore, I expect the cargoes would be released faster after uptake by targeted cells. 

Another additional component, DOPE, can be used as a release promoter. This fusogenic 

lipid makes it easier for liposomes enter the cytosol, because its hexagonal inverted phase 

structure allows liposome to fuse with the endosomal membrane.[126] 

 

Cholesterol is another crucial ingredient, which acts as a stabilizer of 

liposomes.[127] Several benefits come from cholesterol: 1) increasing the packing of 

phospholipid molecules;[128] 2) reducing permeability of bilayer;[129] 3) preventing 

aggregation;[130] 4) reducing the fluidity of liposomes;[131] According to reports by 

Yinghuan Li et. al., the approximate maximum amount of cholesterol is predicted to be 

around 50mol%.[126] As a result, I will test different cholesterol to lipid ratios in order to 

identify an appropriate one for the construction of formulation.  
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2.4.3 Liposome decoration 

Decoration can provide liposomes with some special functions. PEGlyation could 

support the enhanced permeability and retention (EPR) effect, which help to make 

liposomes accumulate in the tumor tissue much more than that in the normal tissues.[89] 

It can also provide a more extended time of blood-circulation while eliminating by the 

reticuloendothelial system (RES), which allows the drug to be present in the body for a 

longer period of time.. As a result, the PEGlyation of liposome increase drug loading and 

improve distribution.[132] Furthermore, the terminus of PEG-molecule can provide a 

position for modification with specific ligands or monoclonal antibodies. Conjugation of 

ligands can provide liposomes with improved biodistribution, pharmacokinetic 

properties, and active targeting.[132]  

 

Folic acid may be a promising targeting ligand, which can be recognized by the folate 

receptor on the surface of tumor cells. There are two main parts of folic acid, pteroate and 

glutamate. The glutamate moiety is solvent-exposed and sticks out of the binding 

pocket’s entrance, which provides a position for conjugating to phospholipid. The 

pteroate moiety is the recognition portion, which is buried inside of the receptor. (Figure 

2.8) [133]  
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Figure 2.8 The structure of folic acid and the part of structures of folate 
receptor.[133] 
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Three different types of receptors can recognize folic acid. The first one is the 

reduced folate carrier (RFC), which is distributed ubiquitously and helps the uptake of 

dietary folate. The second one is the proton-coupled folate transporter (PCFT), which 

mediates folate transport into the cells by the proton gradient between the inside and 

outside of the cellular membrane. The last one is the folate receptors, including four 

members with molecular weights ranging from 38 to 45 kDa.[134]  

 

There are four subgroup receptors in the third type, and the Folate Receptor a 

(FRa) is important in this program. FRa has a globular structure, which is stabilized by 

eight disulfide bonds and contains a deep open folate-binding pocket. The pocket consists 

of residues conserved in all receptor subtypes.(Figure 2.9) [133] Importantly, it has a 

critical association with the cancer cells. According to multiple reports, FRa is 

overexpressed in solid tumors such as ovarian, lung, and breast carcinomas. At the same 

time, it is restricted in normal human tissues, with low-levels of expression in organs 

such as lung, kidney, and choroid plexus.[134] Furthermore, folic acid has a high affinity 

(Kd ~0.1-1nmol/L) for the folate receptor which is overexpressed on the surface of 

various cancer cells,[135] such as colorectal tumor,[137] bladder tumor,[138] liver 

tumor,[139], prostate tumor[140], lung cancer,[141] breast cancer,[142] and ovarian 

cancer.[143] In one study reported by Jinqian Liu et. al., it was demonstrated that folic 

acid conjugated nanoparticles delivering docetaxel produced cytotoxic activity 12 times 

that achieved with the free drug.[137] 
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After recognition, the transportation of folate or folate-liposome makes use of the 

receptor-mediated endocytosis. (Figure 2.10)[133] In this process, FRa recognizes 

folates’ structure, and then invaginates the bud off to form vesicles. After that, the formed 

vesicles circulate in the endosomal compartment, where they will be acidified. Finally, 

the trapped folates will be released from the receptors and exit into the cytoplasm under a 

low pH.[144]  
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Figure 2.9 Structure of FRa bound to folic acid. [133] 
a, Two views of the complex, with FRa in green, folic acid in grey, NAG in orange 
and the disulphide bonds depicted as yellow sticks.  
b, Ribbon diagram of FRa, with folic acid and NAG in green stick presentations, 
overlaid with the semi-transparent receptor surface.  
c, Charge distribution surface of FRa with a close-up view of the ligand-binding 
pocket entrance. Folic acid carbon atoms are coloured grey, nitrogen atoms blue, and 
oxygen atoms red. A colour-code bar (bottom) shows an electrostatic scale from −3 
to +3 eV. 

Figure 2.10 A model depicting FRa-mediated internalization of 
folates.[136] 
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2.4.4 Drug encapsulation 

For drug encapsulation, liposomes can be loaded with hydrophilic and lipophilic 

drugs. There are several different methods for encapsulating cargos, including solvent 

exchange, pH gradient, and formation under the saturated drug solution directly. [148]  

 

The solvent exchange method encapsulates drugs by using a dual micro dispenser 

system. The aqueous micro drops and micro drops of a polymer solution are generated 

separately by two ink-jet nozzles. The midair collision happens between these two micro 

drops, then forms microcapsules, which consist of a polymer layer and an aqueous 

core.(Figure 2.11)[146] The pH gradient method is an active drug loading pathway. 

Depending on which type of drugs belongs to, there are two different approaches, 

including bases’ loading and acids’ loading. The neutral form of drugs could pass through 

the bilayer of liposomes, and then it will be ionized inside of liposomes. After that, 

ammonia gas or acetic acid will be exchanged into the outside solution, and the ionized 

drug cannot pass the membrane again, which means the drug molecules have been 

trapped inside of liposomes.(Figure 2.12)[136] The last method is the most basic 

approach. The liposome is produced under the solution dissolved with drugs, and the 

aqueous core will contain part of the drug. Considering the equipment and commercial 

feasibility, active remote drug loading is the most suitable choice.  
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Figure 2.12 Two different pathways of remote drug loading. 
The principle of remote drug loading for weak basic 
drugs(A); The principle of remote drug loading for weak 
acidic drugs(B)[136] 

Figure 2.11 Formation of microcapsules by the solvent exchange method using 
a dual microdispenser system.[146] 
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CHAPTER 3 

OBJECTIVE AND SPECIFIC AIMS 

3.1 Objective 

The goal is to develop a nano-system for photodynamic diagnosis of peritoneal 

tumors. This system will make the tumor sites have visible fluorescence, which could 

help to achieve a complete cytoreductive surgery of removing and debulking metastases 

in the peritoneal cavity. Meanwhile, because the metabolite of MAL, PpIX, is a 

photosensitizer, the system will also be evaluated as a potential platform for 

photodynamic therapy.  

 

3.2 Specific Aims 

3.2.1 Aim 1 To develop a cancer-targeting liposomal delivery system for 

photodynamic diagnosis and therapy of cancers in peritoneal cavity.  

Hypothesis 1) Folate-conjugated liposome can encapsulate MAL and be still stable. 2) 

The encapsulation efficiency of liposome will be influenced by several factors. 

 

3.2.2 Aim 2 In vitro characterizations of MAL loaded liposomes for peritoneal 

tumor diagnosis and therapy. (Monolayer model) 

Hypothesis 1) MAL can be metabolized to PpIX and accumulated inside of cells; 

2)Folate ligand can help the liposome target to the tumor cells; 3) Folate conjugated 

liposome will not increase the cytotoxicity; 4) The formulation can help improve the 

MAL uptake of cells; 5) Folate conjugated liposomes with MAL have the cytotoxicity 

towards the peritoneal tumor cells under specific wavelength of laser. 



 70 

 

3.2.3 Aim 3 Exploration of the diagnostic and therapeutic ability towards 

peritoneal tumor by tumor spheroid model.  

Hypothesis 1) MAL-loaded liposomes can make tumor tissues have visible fluorescence 

under the specific illumination, but not healthy tissues. 2) MAL-loaded liposomes can 

penetrate tumor tissues without sacrificing its effect of photodynamic diagnosis or 

therapy. 
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CHAPTER 4 

DEVELOPMENT OF A CANCER-TARGETING LIPOSOMAL DELIVERY SYSTEM 

FOR PHOTODYNAMIC DIAGNOSIS AND THERAPY OF CANCERS IN 

PERITONEAL CAVITY. 

4.1 Introduction 

Recently, the advent of nanoparticles for drug delivery application shows promising 

potential for improving the treatment of a variety of diseases. They can be made from a variety of 

materials, like lipids, metals, proteins, etc. [1-7] Each of the nanoparticle platforms has the luxury 

of being specially tailored based on size, shape, and surface chemistry to achieve the objective of 

the expected functions. [7] The achievements have been linked to the optimized physicochemical 

properties of nanoparticles, which include the specificities, control release, etc.[8] In terms of the 

application of liposome as a part of cytoreductive surgery, liposomes can offer considerable 

efforts: 1) enhance the fluorescent PpIX concentration in tumor cells without increasing systemic 

concentration; and 2) prevent active ingredients inactivating in the physiological environment. 

 

In this chapter, I seek to develop a liposome delivery system with folic acid covalently 

conjugated on the surface in order to improve tumor cell targeting. The liposomal formulation can 

play a role as a drug delivery platform with high drug encapsulation yield, sustained release 

profile, and excellent stability. The FL has been engineered around 120 nm with lipids mainly, 

which is similar to the size of other commercialized liposomal formulations, 80 ~ 150 nm.[9-14] 

The structure has been shown in Figure 4.1. FL physicochemical properties, like size, PDI, drug 

encapsulation, and stability were tested, and the potential factors of drug encapsulation were 

optimized. This work is the first step towards developing MAL loaded liposomes for 

photodynamic diagnosis and therapy of tumors in the peritoneal cavity. 
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Figure 4.1 Structure of liposomal delivery system. 
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4.2 Results and Discussion 

4.2.1 Preparation and Optimization of Liposome Formulations 

Particle size, PDI, and morphology of liposome 

The longer the carbon chain of phospholipid is, the more stable liposomes are. As 

a result, the main ingredients of phospholipids are HEPC, DPPG, and DSPC. Their 

carbon chains vary from 16 to 18. According to the data (Figure 4.3), in formulations 

used HEPC, DPPG, and DSPC as main ingredients, only DSPC form with a suitable size 

and DPI, so I choose DSPC for further optimization.  

 

First, by adjusting the mole ratio of cholesterol to DSPC, it showed that both of 

the ratios of DSPC to cholesterol in Group 1.4 (54.68:38.86) and 1.5 (52.21:41.69) gave 

suitable sizes. The approximate maximum amount of cholesterol, however, is predicted to 

be around 50mol%. With both acceptable liposome size, I prefer the formulation of 

Group 1.4, which contained less cholesterol. Next, I tried a different amount of DSPE-

mPEG2000 while fixing the amount of cholesterol, and Group 2.3; 2.4 showed expected 

size and PDI. Due to DSPE-mPEG2000 contributed to optimizing for the stability of 

liposome, I choose Group 2.4, which has a relatively high amount of DSPE-mPEG2000, 

as my basic formulation. According to the result, the optimized formulation of the basic 

one is DSPC : PEG2000 : Chol = 54.7 : 6.5 : 38.9, whose size is 118.0 nm and PDI is 

0.244. (Figure 4.3) 

 

Based on this basic formulation, different amount of DSPE-mPEG2000-folate and 

DOPE was added. According to the results, if the total mole amount of DSPE-
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mPEG2000-folate and DSPE-mPEG2000 was fixed, the size and stability of derivative 

formulations would be as good as that of the basic formulation. Meanwhile, the 

formulations contained 4.9% or 7.4%(w/w) of DOPE showed a suitable size and PDI, 

which provided potential formulations. As a result, the formulation of 2.4; 5.2; 5.3; 6.2; 

6.3 were survived and could be used for further study. Because the ingredients of the 

formulation should be as less as possible once it could satisfy the proposed functions, the 

formulation contained DOPE will not be involved in the further study unless other 

simpler formulations did not work well. In addition, the Cryo scanning electron 

microscope (Cryo-SEM) image confirmed the structure of liposomes, which showed in 

Figure 4.2.  
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Figure 4.3 The size and DPI of each liposome formulation 
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Figure 4.2 Cryo scanning electron microscope (Cryo-SEM) image of liposomes. 
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4.2.2 MAL Standard Curve 

The fluorescence signal is coming from the product of MAL by Hantzsch 

Reaction. 50ul of the MAL solution sample reacted with acetylacetone solution, and the 

result showed in Figure 4.4. The lowest concentration of 50 ul MAL solution was 0.03 

mg/ml, and the highest one is 0.48 mg/ml. (0.03mg/ml; 0.06mg/ml; 0.12mg/ml; 

0.24mg/ml; 0.36mg/ml; 0.48mg/ml) The proportion of signal and concentration is linear 

in the range of 0.03 mg/ml to 0.48 mg/ml. Because it is a fluorescence signal, it might not 

be linear out of the concentration range. 

 

According to the principle of the measuring method, signal intensity represents 

the product of MAL directly. It means that if the concentration of reactive material, MAL, 

is lower than 0.03 mg/ml, I can still make the signal intensity stay in the linear range by 

increasing the sample volume. Based on the calculation, increasing the sample volume 

from 0.05 ml to 1 ml can improve the lowest detectable concentration of drug to 0.00186 

mg/ml. This low-level concentration would be used to detect the released drug in the 

releasing experiment.  
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Figure 4.4 The correlation between MAL concentration and fluorescent intensity. 
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4.2.3 MAL Remote Loading and Optimizing Remote Loading Environments 

There was a significant difference (p<0.05) between payload when it was given 

with different initial drug feeding percentage (10%-90% w/w). Meanwhile, there was no 

significant difference (p>0.05) between 90% (w/w) and 100% (w/w) initial drug feeding. 

It might indicate that 18% (w/w) is the highest payload, and the liposome has been 

saturated. (Figure 4.5) 

 

After confirming the initial drug feeding ratio, time points, solvent concentration, 

and drug concentration were tested with the same method. There was no significant 

difference (p>0.05) while changing these three factors. (Figure 4.6) As a result, the 

mainly significant factor which has an impact on the liposome payload is the initial drug 

feeding. The optimized encapsulation environments are 1-hour incubation, 250mM 

(NH4)2SO4 hydrate solvent, pH 4, temperature 25oC. 
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Figure 4.5 The correlation between MAL payload and incubation time/initial drug feeding. 

a. b. 

    
  Figure 4.6 The correlation between MAL payload and ammonium sulfate concentration  
(a)or given MAL concentration (b). 
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4.2.4 In vitro release of MAL from liposomes 

The in vitro drug release showed that an initial rapid release followed by a slow 

releasing. Meanwhile, the liposome loaded with higher payload released faster than that 

with a lower payload. The initial rapid release might be due to the un-entrapped drug 

release from the liposome, and the slow release was from its core. Therefore, the 

liposome formulation exhibited a controlled drug release, with approximately 25% of the 

drug release within 5 hours; because the ionized drug molecules cannot pass through the 

bilayer of liposomes, only the natural form could be released. In contrast, almost all of 

the free drug was released within 2 hours. (Figure 4.7) 
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Figure 4.7 Drug release profile of MAL under different payload. a. with 7% (w/w) 
payload; b. with 10% (w/w) payload. 

a 

b 
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4.2.5 Storage stability of liposomes 

The basic formulations with or without the different ratios of DSPE-mPEG2000-

folate were monitored with particle size and PDI. In 60 days, the size of liposomes 

fluctuated in a range between 120 nm and 150 nm. There is no considerable and 

irreversible increasing, which means the liposomes were stable under 4oC at least 60 days. 

(Figure 4.8) 

 

 

 

 

 

 

 

Figure 4.8 Storage stability of different liposomes.  
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4.3 Materials and Methods 

4.3.1 Chemicals and Reagents 

Cholesterol; ammonium sulfate; phosphate buffered saline; chloroform; acetyl 

acetone; ethanol; formaldehyde; 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC); 

1,2-distearoyl- sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylenegly-col)-

2000] (ammonium salt) (DSPE-PEGm2000); 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-polyethylene glycol-2000-folate (DSPE-PEGm2000-folate); 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine(DOPE); L-α-phosphatidylcholine, 

hydrogenated (HEPC); 1,2-dipalmitoyl-sn-glycero-3-phospho-1’-(rac-glycerol) (sodium 

salt) (DPPG) 

 

4.3.2 Preparation and Optimization of Liposome Formulations 

The composition of liposomes, DSPC/CHOL/DSPE-mPEG2000 is regarded as 

the basic formulation. A varies of different molar ratios was tested to seek the most stable 

one. Based on the temporary results, the main phosphatidylcholine, DSPC, was instead 

by other similar ingredients, HEPC and DPPG. Furthermore, some other additional 

ingredients were also added into the formulation for particular purposes, such as DOPE 

and DSPE-PEGm2000-folate.  

 

The compositions of each liposome formulation are listed in table 4.1. Ingredients 

are dissolved in chloroform and dried with nitrogen gas and then under vacuum for 45 

min. The resulting lipid film was hydrated with calcium acetate solution (NH4)2SO4, and 
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stirred for 30 min at 700rpm with 65oC water bath. The lipid suspension was 

homogenized with probe-ultrasonic dispersion and downsized at 50% amplitude six times 

(each time 30 seconds) with interval 1min. Then the liposome suspensions were dialyzed 

to remove ammonium sulfate outside of liposomes via PBS solution, with 250 volumes of 

dialysis medium for 1 volume of the liposome. The first-time dialysis was performed for 

2 hours, and the second time was performed overnight. Then the liposome solution was 

ready for remote drug loading. 

 

4.3.3 Physicochemical characterization of Liposome  

(Particle size, PDI, and morphology of liposome) 

The particle size and polydispersity index (PDI) of each formulation were 

measured by Zetasizer Nano ZS (Malvern Instrument). The actual particle size and 

morphological shape were detected by Cryo-SEM. Samples were prepped onto filter 

paper and plunged into liquid nitrogen slush.  A vacuum was pulled allowing sample 

transfer to the Quorum PP3010T cryo preparation chamber at a temperature of -140oC.  

Samples sublimated for 10 minutes at -90oC followed by cooling to -140oC.  A thin layer 

of Platinum was sputtered onto the samples prior to imaging.  The samples were then 

transferred into a ThermoFisher Scientific Apreo Scanning Electron Microscope and 

imaged at 2.00 kV. 
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Table 4.1 The compositions of each liposome formulation 

Group DSPC 
(25mg/ml) 

DSPE-mPEG2000 
(25mg/ml) 

Cholesterol 
(25mg/ml) 

DOPE 
(25mg/ml) 

DSPE-
mPEG2000-folate 

(3.125mg/ml) 

HEPC 
(25mg/ml) 

DPPG      
(1.6 mg/ml) 

1.1 115 ul 48 ul 25ul � � � � 

1.2 115 ul 48 ul 30ul � � � � 

1.3 115 ul 48 ul 35ul � � � � 

1.4 115 ul 48 ul 40ul � � � � 

1.5 115 ul 48 ul 45ul � � � � 

1.6 115 ul 48 ul 50ul � � � � 

1.7 115 ul 48 ul 60ul � � � � 

2.1 115 ul 33 ul 40 ul � � � � 

2.2 115 ul 38 ul 40 ul � � � � 

2.3 115 ul 43 ul 40 ul � � � � 

2.4 115 ul 48 ul 40 ul � � � � 

2.5 115 ul 53 ul 40 ul � � � � 

3.1 � 48 ul 40 ul � � 115 ul � 

4.1 � 48 ul 40 ul � � � 115 ul 

5.1 115 ul 48 ul 40 ul � 42.5 ul � � 

5.2 115 ul 44.3 ul 40 ul � 212.5 ul � � 

5.3 115 ul 29.6 ul 40 ul � 425 ul � � 

6.1 115 ul 48 ul 40 ul 5 ul � � � 

6.2 115 ul 48 ul 40 ul 10 ul � � � 

6.3 115 ul 48 ul 40 ul 15 ul � � � 

6.4 115 ul 48 ul 40 ul 20 ul � � � 
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4.3.4 MAL Standard Curve 

MAL free drug was dissolved in DI water under different concentration (0mg/ml, 

0.03mg/ml, 0.06mg/ml, 0.12mg/ml, 0.24mg/ml, 0.36mg/ml, 0.48mg/ml). The solutions 

were treated with acetyl acetone solution and achieved fluorescence signal via Hantzsch 

Reaction. The signal was determined by SpectraMax M2 Microplate Reader (Molecular 

Devices).The excitation wavelength is 370nm; and emission wavelength is 453nm.  

 

4.3.5 MAL Remote Loading and Optimizing Remote Loading Environments 

For drug loading, MAL was dissolved in a small volume of pure water and added 

into the liposome solution. Several potential factors can influence the final payload and 

encapsulation efficiency, including 1) pH; 2) encapsulation temp; 3) concentration of 

hydrated solvent (NH4)2SO4; 4)encapsulation time; 5) drug concentration; 6)initial drug 

feeding. 

 

Due to the special stability of MAL, pH and encapsulation temperature were fixed 

in 4.0 and 25oC. Other factors were tested with the formulation of 1%-folate liposome. 1) 

concentrations of (NH4)2SO4 were 250mM, 500mM, 750mM, and 1000mM; 2) 

encapsulation time was 1hour, 2hours, and 3hours; 3) initial drug feeding was set up with 

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% (w/w); 4) drug 

concentration was set up with 0.24mg/ml, 0.36mg/ml, 0.48mg/ml, 0.60mg/ml, and 

0.72mg/ml.  
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4.3.6 Encapsulation Efficiency of MAL 

For determining loaded-MAL concentration, drug-loaded liposome solution was 

filtered under 2000g for 2 min by Thermo Scientific™ Zeba™ Spin Desalting Columns, 

7K MWCO, 0.5 mL (Thermo Fisher). The supernatant was conducted with the previous 

reaction to achieve the same fluorescence signal. Then it was detected by SpectraMax M2 

Microplate Reader (Molecular Devices). The excitation wavelength is 370nm; emission 

wavelength is 453nm. According to the standard curve, the loaded-MAL concentration 

was determined.  

 

4.3.7 In vitro release of MAL from liposomes 

The release studies of MAL from liposomes was performed by placing 400uL of 

liposome solution into dialysis membrane bag, Spectra/Por Biotech RC Dialysis 

Membrane MWCO:3500Da (Spectrum Laboratories, Inc). The liposomes were immersed 

in 30mL of PBS, pH 5.0, while continuously stirring in the water bath at 37oC. The time 

points were set up at 0.5, 1, 1.5, 2, 4, 6, 9, 24, 48, 72, 96 and 120 hours. 1000uL aliquots 

were withdrawn from the outer aqueous solution and replaced by 1000uL of original PBS. 

The free drug group with the same concentration was followed as the same method. The 

released amount of MAL was measured following the same method described above. The 

whole experiment was conducted with different adjusted-payload liposome samples (7% 

and 10%).  
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4.3.8 Storage stability of liposome 

The final composition of basic liposome formulation is DSPC/CHOL/DSPE-

mPEG2000 at a molar ratio of 54.3 : 38.64 : 7.06. Based on the basic formulation, 

derivative groups included DSPE-PEGm2000-folate or DOPE were also tested for their 

stability. The size and PDI were monitored with Zetasizer Nano ZS (Malvern Instrument).  

 
4.3.9 Statistics 

All data are expressed as mean � SD. Differences between groups were assessed using 

the t-test. A significance level of p < 0.05 was used for all comparisons. 

 

4.4 Summary 

I have developed a series of stable, approximately 125 nm in size, MAL-loaded 

liposomal delivery system with folate acid as a tumor-targeting moiety. By testing size, PDI, and 

related parameters, I proved that the liposomal delivery system is reasonable in size and has the 

potential of being stable. I demonstrate that using phospholipid DSPC, cholesterol, DSPE-

PEGm2000-folate, DSPE-PEGm2000, and DOPE can synthesize liposomes that encapsulate and 

protect hydrophilic drug as well as controlled releasing. 
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CHAPTER 5 

IN VITRO CHARACTERIZATIONS OF MAL LOADED LIPOSOMES FOR 

PERITONEAL TUMOR DIAGNOSIS AND THERAPY 

 (Monolayer model) 

5.1 Introduction 

In terms of surgical treatment, the biggest challenge is to achieve a complete 

cytoreduction without over- or under-processing.[1] The positive margins and ting nodules are 

the main reasons which lead the incomplete cytoreduction.[2-3] The current diagnostic 

approaches cannot provide a function of accurate location and intraoperatively real-time 

feedback. The fluorescent imaging method is a promising approach to distinguish the tumors and 

the regular lesions in real-time and provide a better spatial resolution[4], but a high false-positive 

rate of the FDA-approved fluorescent agents is still the obstacle. ICG showed a 62% false-

positive rate, [5] and ALA was reported with 13.62%-50% of the false-positive rate.[6]the 

outcomes of imaging should be ameliorated by the controlled size and their decorated surface of 

nanotechnology.[5,7] 

 

In this Chapter, I mainly focused on testing the safety and efficacy of MAL-loaded 

formulations towards tumor cells and healthy cells. Identification of initial PpIX fluorescent 

intensity of the tumor cells and normal cells was conducted, and the enhancement of PpIX 

intensity by the MAL-loaded liposomes was also tested. Furthermore, the imaging outcomes 

created by the formulation were verified with a microscope and macroscopic observation. In 

addition, the MTT assays were performed with different dosages of light treatment to demonstrate 

the effect of photodynamic therapy. 
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5.2 Results and Discussion 

5.2.1 PpIX Accumulation 

PpIX accumulation was evaluated using SpectraMax M2 Microplate Reader under 

410nm (excitation wavelength) and 638nm (emission wavelength). Figure 5.1 shows the 

accumulated PpIX fluorescence signal of SKOV3, B14FAF28-G3, LNCaP, and RWPE-1 cell 

lines after incubation with three different concentrations of MAL for 8 hours. There was a 

significant difference (p<0.05) between 0mM, 0.25mM and 0.5mM drug concentrations in three 

different cell lines, SKOV3, LNCaP and RWPE-1. There was no significant difference (p>0.05) 

between 0mM, 0.075mM, and 0.125mM drug concentration in these three cell lines. Furthermore, 

there is also no significant difference (p>0.05) between each drug concentration in B14FAF28-

G3 cell lines. At the low concentration level (<0.25mM), there was no significant difference 

between normal cells and tumor cells under the treatments with same drug concentration. A the 

high concentration level, there was a significant difference between normal cells and tumor cells. 

It shows that cancer cells have more response to MAL than healthy cells.  

 

The possible reason why PpIX will be accumulated more in cancer cells is that the 

transformation of MAL to PpIX happens in mitochondria, and the metabolic activity of cancer 

cells is more active than that of normal cells, which requires cancer cell has mitochondria more. It 

gives a fundamental for the possibility of enhancing the fluorescence signal ratio between tumor 

cells and normal cells by administering the drug with liposomes. 
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Figure 5.1 Accumulation of PpIX induced by MAL in four different cell lines. 
(Incubation with 8 hours) 
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5.2.2 Formulation Toxicity  

The MTT assay with the SKOV3 and LNCaP cell lines is used for the in vitro 

cytotoxicity studies of the empty 0%-folate liposome, 1%-folate liposome, and 5%-folate 

liposome. As shown in Figure 5.2, after eight hours of incubation, the folate-liposome 

displayed almost non-toxicity. An independent-samples t-test was conducted to compare 

the cell viability of no treatment group and different particle concentration groups. There 

was no significant difference between each combination. It proved that there was no 

significant cytotoxicity caused by nanoparticle.  
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 Figure 5.2 Cell viability of SKOV3(a); LNCaP(b); RWPE-1(c); and 
B14FAF28-G3(d).  
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5.2.3 Formulation mediated PpIX accumulation study 

For SKOV3 ovarian cells, there was a significant difference between the free drug 

and all other formulations, which means the formulations will help accumulate PpIX in 

SKOV3 cells. (Figure 5.3 a) Furthermore, there was a significant difference in PpIX 

intensity between 0mM and 0.075mM MAL concentrations in each formulation. The 

same situation, meanwhile, appeared between 0.075mM and 0.125mM MAL 

concentrations. Once the concentration of MAL reached 0.125mM, the considerable 

improvement of PpIX intensity was only showed in the free drug arm, but not in the 

formulation arms. Under the MAL concentration of 0.125mM, the PpIX intensity of 

formulation groups was up to 6.8-fold higher than that of the free drug group. For the 

LNCaP cell line, the situation appeared was similar to that of SKOV3, and even the PpIX 

intensity of formulation groups was up to 14.4-fold higher than that of the free drug 

group. (Figure 5.3 b)  

 

For the normal cell lines, RWPE-1 (Figure 5.3 c) and B14FAF28-G3 (Figure 5.3 

d), the PpIX accumulation of formulations enhanced as well as that of free drug, or it is 

even lower than that of free drug. The PpIX accumulation in cancer cells was much 

higher than that of normal cells with the assistance of liposome, which was up to 15.8-

fold. It indicated that MAL-loaded formulations would contribute to widening the gap of  

PpIX fluorescence between the cancer cells and the normal cells. Under the treatment of 

0.125mM drug concentration, the widening gap was improved from 1.1-fold to 19.4-fold. 
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Figure 5.3 Accumulation of PpIX induced by MAL in SKOV3 cell (a); 
in LNCaP cell (b); RWPE-1 Cell (c); B14FAF28-G3 (d) 
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A visual demonstration of enhancement is shown in figure 5.4, which compares 

cells that have been treated with different formulations and different concentrations. 

Besides the quantitive data supports that there is a significant difference of the PpIX (Red) 

fluorescent signal between the normal cell and tumor cells, the micrograph also showed 

that the liposome produces a much higher PpIX (Red) fluorescent intensity in tumor cell 

lines (Figure 5.4a and 5.4b). With the same treatment and exposure time, meanwhile, 

normal cells did not give any visual signal (Figure 5.4c and 5.4d).  

a. 
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a. 
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b. 
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Figure 5.4 Micrographs of four different cell lines with DAPI (Blue) and PpIX 
(Red). (a) SKOV3; (b) LNCaP; (c) RWPE-1; (d) B14FAF28-G3 

d. 
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Another visual demonstration is shown in Figure 5.5, which compares LNCaP 

colonies that have been treated with different formulations and different concentrations. 

The fluorescence photos were taken under the Wood’s Lamp without the assistant of a 

microscope, which represents the conditions observed directly by naked eyes. 

 
 

Figure 5.5 A visual demonstration of PpIX red fluorescence    
enhancement in LNCaP colonies.  
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 In the LNCaP cell line, the visible fluorescent spots emerged at the concentration 

as low as 0.125mM. (Figure 5.6) Comparing the results of each formulation and free drug 

groups, it indicates that the enhancement of the PpIX fluorescence signal crossed the 

baseline of visible to the naked eyes.  

 

 

 

 

 

 

 
 

Figure 5.6 The visible fluorescent spots of PpIX (Red) and DAPI (Blue)           
of LNCaP colonies at the concentration as low as 0.125mM. 
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5.2.4 MAL-loaded formulation photodynamic therapy   

For SKOV3 cells (Figure 5.7a), the cell viability was varied with different light 

doses given. In the non-drug treatment and free drug groups under different light dosages, 

there was no significant difference in cell viability between the variables of light dosages 

and drug concentrations. It indicates that the light treatment itself is safety and no toxicity 

towards SKOV3 cells, and there was no effect of photodynamic therapy under 0.125mM 

of the free drug plus light treatment. On the other hand, in the formulation groups, the 

cell viability of SKOV3 decreased to approximately 60% with the same drug 

concentration plus 60 J/cm2 light dosage. There was a significant difference between the 

0 J/cm2 light dosage, 5 J/cm2 light dosage, and 60 J/cm2 light dosage for each formulation 

group. There was, however, no significant difference between the 5 J/cm2 light dosage, 

15 J/cm2 light dosage, and 30 J/cm2 light dosage for each formulation group, and there 

was no significant difference between the 60 J/cm2 light dosage and 90 J/cm2 light dosage 

for each formulation group. It indicates that the effect of photodynamic therapy appeared 

as long as the light treatment has been given, but it is not linearly positive proportional to 

the light dosage. There is no further efficacy after the dosage reached 60 J/cm2. Between 

each formulation with the same concentration, there was no significant difference in cell 

viability between them. 

  

For the LNCaP cell line (Figure 5.7b), a similar trend of cell viability also 

appeared, but the specific performance was different from that of SKOV3. Firstly, there 

was still no significant difference between different light dosages in the group of non-
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treatment, which means the light treatment itself is safe towards the LNCaP cell line. 

Secondly, there was a significant difference in cell viability between the light dosage 

below or over 30 J/cm2, but no significant difference between the light dosage of 5 J/cm2 

and 15 J/cm2, or 60 J/cm2 and 90 J/cm2. The group of free drug plus 30 J/cm2 light 

treatment or higher, meanwhile, showed lower cell viability than the group of free drug 

plus 15 J/cm2 light treatment or lower, which exists the significant differences. On the 

other hand, in the formulation groups, the cell viability of LNCaP decreased to 

approximately 49% with the same drug concentration plus 60 J/cm2 light dosage. Due to 

the gap of cell viability between the free drug group and formulation groups continuously 

increased until 60 J/cm2 light treatment, I regarded this dosage of light treatment as the 

suitable one.  

 

For normal cell lines, RWPE-1 and B14FAF28-G3 (Figure 5.7c and figure 5.7d), 

there is no significant difference between the variables of light dosages and formulations, 

which means the effect of photodynamic therapy would leave the normal cells unaffected 

under the same condition of MAL treatment and light treatment conducted towards 

cancer cells.  
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Figure 5.7 Cell viability of four different cell lines with 0.125mM drug 
treatments plus different light treatments. (a).SKOV3; (b).LNCaP; 
(c).RWPE-1; (d). B14FAF28-G3 

d. 

c. 
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5.3 Materials and Methods 

5.3.1 Chemicals and Cells 

Prostate cancer cell line LNCaP and the ovarian cancer cell line SKOV3 were maintained 

in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin at 37oC and 

5% CO2; Normal prostate cell line RWPE-1 was maintained in Gibco� Keratinocyte-SFM (1X) 

with Epidermal Growth Factor 1-53 (EGF 1-53) and Bovine Pituitary Extract (BPE) 37oC and 5% 

CO2; Normal epithelial cell from peritoneum was maintained in Dulbecco's Modified Eagle's 

Medium (DMEM) with 10% fetal bovine serum (FBS) 37oC and 5% CO2.  MTT stock solution; 

Dimethylsulfoxide (DMSO); folate-liposome loaded with MAL; non modified liposome loaded 

with MAL; folate acid; Phosphate-buffered saline (PBS) solution; DAPI (5mg/ml); 70% ethanol. 

 

5.3.2 PpIX Accumulation 

Each cell line was seeded (6000cell/well) into 96 plates for treatments, which include 

three different concentration of free drug MAL, 0mM, 0.075mM, 0.125mM, 0.25mM, and 

0.5mM. The duration of the treatments was 8 hours. After the treatments, the 96-plate were 

washed gently three times with PBS and added 200ul PBS in each well. PpIX intensity was 

evaluated by SpectraMax M2 Microplate Reader (Molecular Devices). The excitation wavelength 

is 410nm; emission wavelength is 638nm. 

 

5.3.3 Formulation Toxicity 

Each cell line was seeded (6000cell/well) into 96 plates for treatments. There were three 

different formulations for each cell line, including three different concentrations of each 

formulation, 0mg/ml, , 0.135mg/ml, 0.225mg/ml, 0.45mg/ml, and 0.9mg/ml. After incubation for 

8 hours, they were washed with PBS gently three times and added MTT solution 20ul mixed with 

the 200ul medium in each well, and then cultured for another 4 hours in the dark. Finally, DMSO 
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was used to dissolve the crystal produced by the alive cells. The signal was measured by 

SpectraMax M2 Microplate Reader (Molecular Devices) under wavelength 570nm. The 

percentage cell of viability is calculated in reference to untreated cells (negative control). 

 

5.3.4 Formulation mediated enhancement of PpIX 

Each cell line was seeded (6000cell/well) into 96 plates for quantitative experiments; 

There were four different groups (Free drug, 0%-folate liposome, 1%-folate liposome, and 5%-

folate liposome) for each cell line, including three different drug concentration (0mM, 0.075mM, 

0.125mM, 0.25mM, and 0.5mM.) in each group.  

 

After incubation for 8 hours, they were washed with PBS gently three times and added 

200ul PBS in each well. PpIX intensity was evaluated by SpectraMax M2 Microplate Reader 

(Molecular Devices). The excitation wavelength is 410nm; emission wavelength is 638nm. 

Meanwhile, each cell line was cultured in the cover glasses in 35mm dishes for a visual 

demonstration. The administrations were as same as the previous experiment. After incubation for 

8 hours following with DAPI (5ug/ml) 15 min treatment, the samples were transferred to a Zeiss 

Axiostar ‘plus’ with a fluorescence microscope. (Hitech Instruments, Inc.) The PpIX fluorescence 

photos were taken under the specific filter set (Ex 415AF50; Em RPB530700; Cutoff 480DCLP) 

with 600ms exposure time. Furthermore, LNCaP was cultured directly in the 35mm dish. It was 

treated with the same administrations and was taken photos under the Wood’s Lamp.  

 

5.3.5 MAL-loaded formulation cytotoxicity 

Each cell line was seeded (6000cell/well) into 96 plates for treatments. There were four 

different groups (Free drug, 0%-folate liposome, 1%-folate liposome, and 5%-folate liposome) 

for each cell line, including three different drug concentration (0mM, 0.075mM, 0.125mM, 

0.25mM, and 0.5mM.) in each group.  
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After 8-hour incubation, all of cell lines were irradiated via LED arrays (Elixa) for 

different energy density (5 J/cm2; 15 J/cm2; 30 J/cm2; 60 J/cm2; 90 J/cm2). Control groups were 

performed with the same treatment but no irradiation for darkness toxicity. After the next 12-hour 

incubation with original medium, they were washed with PBS gently three times and added MTT 

solution 20ul mixed with the 200ul medium in each well, and then cultured for another 4 hours. 

Finally, DMSO was used to dissolve the crystal produced by the alive cells. The signal was 

measured by SpectraMax M2 Microplate Reader (Molecular Devices) under wavelength 570nm. 

The percentage cell of viability is calculated in reference to untreated cells (negative control). 

 

5.3.6 Statistics 

All data are expressed as mean ± SD. Differences between groups were assessed 

using a t-test. A significance level of p < 0.05 was used for all comparisons. 

 

5.4 Summary 

 In summary, I have proved that the liposomal delivery system can promote tumor cell 

uptake, enhancement of PpIX fluorescence signal, and increase the ratio of fluorescence between 

the tumor cells and normal cells. Meanwhile, it has low cytotoxicity and targeting capacity. 

Demonstrations of fluorescence photos proved that the difference of fluorescence intensity 

between tumor cells and normal cells is excellent enough to distinguish by vision. In addition, the 

effect of photodynamic therapy exists with the treatments of the drug-loaded formulation plus 

light treatment. 
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CHAPTER 6 

EXPLORATION OF THE DIAGNOSTIC AND THERAPEUTIC ABILITY 

TOWARDS PERITONEAL TUMOR BY TUMOR MODEL 

(Tumor spheroid model) 

6.1 Introduction 

Cell culture is used as an in vitro tool for a better understanding of cell biology, 

tissue morphology, and mechanisms of diseases, drug action, etc. [1] In Aim2, I used 2D 

cultures to mimic the in vivo features of tumors and perform some functional 

experiments, which help me understand the drug action towards different cell lines.[1] 

There are several reasons why 2D culture was used as the beginning of the biological 

experiments: 1) high performance; 2) long-term culture; 3)simplicity of culture; 4) 

relatively cheap. [2-3] Unfortunately, this type of cell model also has disadvantages. 

Firstly, it cannot mimic the natural structures of tumors, which make the cell-cell and 

cell-extracellular environment interactions of the monolayer model different from that of 

a tumor mass.[4] Secondly, the monolayer model will make the nutrients, oxygen, and 

drugs more available than the natural tumor mass of the in vivo model.[4] Furthermore, 

the monolayer model only allows studying one cell type in each time.[5] As a result, I 

need to introduce another model, the cell spheroid model, which can play a role as a 

bridge between in vitro and in vivo experiments. 

 

Optimization of the culture model may allow for a better understanding of cancer 

biology and help the study of targeting functions.[1] 3D cell model can solve the issues I 

mentioned above by 1) better mimic the natural structure of the tumor mass in vivo;[6] 2) 
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create ‘niches’ environment;[7] 3) variable acmes to oxygen, nutrients, drugs. [8] The 

unique features of tumor spheroid culture play a vital role in this Chapter. The tumor 

spheroids exhibit chemical gradients, including oxygen, nutrients, and other substances, 

at diameters starting from 200 um, which indicates the minimum goal of the size of tumor 

spheroids.[9] In general, the 3D cell model can recapitulate tumor-like microenvironment 

to provide more accurate and reproducible toxicity information for drug tests, especially 

the evaluation of drug delivery systems.[10] 

 

In this Chapter, this part of the work is a continuation of Chapter 5, which focused 

on the further verifications of the effects of photodynamic diagnosis and therapy. The 

new cell spheroid model can help me mimic the outcome of using MAL-loaded FL to 

fluoresce tumor cells in vivo, I also co-cultured tumor spheroids and normal epithelial 

cells from the peritoneum, then applied drug-loaded FL to test the specificity. In addition, 

cytotoxicity assays were performed to determine whether the FL could penetrate the solid 

tumor tissues and lead to the effect of photodynamic therapy. 
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6.2 Results and Discussion 

6.2.1 Construction of Cell Spheroids 

After the construction of tumor spheroids with hanging drop culture method and 

suspension culture method, SKOV3 and LNCaP cell lines formed the tumor spheroids. 

The brightfield micrographs demonstrated the details of their three-dimensional 

structures, which looked like round. The diameter of SKOV3 spheroid is approximately 

345 nm (Figure 6.1a), and the diameter of LNCaP spheroid is approximately 425 nm 

(Figure 6.1b). Due to the characteristics of different cell types, the structure of LNCaP 

spheroids is tighter than that of SKOV3.  
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Figure 6.1 The micrographs of three-dimensional structure of tumor 
spheroids. (a). SKOV3; (b). LNCaP. 

a 

b 
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6.2.2 Fluorescent detection of Cell Spheroids 

 For LNCaP spheroids (Figure 6.2), the diameter of the largest non-fluoresced 

spheroid is 0.2 mm, and the diameter of the smallest fluoresced spheroid is 0.3 mm. In 

the free drug group, there is no fluorescence from any spheroid; In the 0%-FL group, the 

specificity is 37.1% for all spheroids, and 100% for the spheroids larger than 0.3 mm; In 

the 1%-FL group, due to all spheroids were larger than 0.3 mm, the specificity is 100% 

for all spheroids; In the 5%-FL group, the specificity is 94.2% for all spheroids, and 

100% for the spheroids larger than 0.3 mm. 

 

 For SKOV3 spheroids (Figure 6.3), the diameter of the largest non-fluoresced 

spheroid is 0.38 mm, and the diameter of the smallest fluoresced spheroid is 0.17 mm. In 

the free drug group, there is no fluorescence from any spheroid; In the 0%-FL group, the 

specificity is 90.6% for all spheroids, and 93.5% for the spheroids larger than 0.17 mm; 

In the 1%-FL group, the specificity is 84.4% for all spheroids and 93.1% for the 

spheroids larger than 0.17 mm; In the 5%-FL group, the specificity is 86.7% for all 

spheroids, and 92.9% for the spheroids larger than 0.17 mm. 
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 Figure 6.2 LNCaP’s macrographs of PpIX fluorescence (red) and DAPI (blue). 
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Figure 6.3 SKOV3’s macrographs of PpIX fluorescence (red) and DAPI (blue). 
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6.2.3 Toxicity studies 

For SKOV3 spheroids (Figure 6.4a), the cell viability was varied with different 

light doses given. In the non-drug treatment under different light dosages, there was no 

significant difference in cell viability between the variables of light dosages. It indicates 

that the light treatment itself is safety and no toxicity towards SKOV3 cells. There was, 

however, a significant difference between 0-5 J/cm2, 15-60 J/cm2, and 90 J/cm2 light 

dosages, which indicates that the effect of photodynamic therapy under 0.125mM of the 

free drug appeared when the dosage of light treatment reached 15 J/cm2. On the other 

hand, in the formulation groups, the cell viability of SKOV3 decreased to approximately 

60% with the same drug concentration plus 30 J/cm2 light dosage. There was a significant 

difference between the 0 J/cm2, 5 J/cm2, 15-60 J/cm2, and 90 J/cm2 light dosage for each 

formulation group. The most significant difference in cell viability between the free drug 

group and formulation groups appeared while giving 30 J/cm2 light dosage. Furthermore, 

the effect of photodynamic therapy of tumor spheroids is similar to that of monolayer cell 

model (0%-FL p-value = 0.162; 1%-FL p-value = 0.340; 5%-FL p-value = 0.454), which 

indicates that the liposomal delivery system will perform towards tumor tissues as good 

as towards monolayer cell model.  

 

For LNCaP cell line (Figure 6.4b), a similar trend of cell viability also appeared, 

but the exact performance was different from that of SKOV3. Firstly, there was still no 

significant difference between different light dosages in the group of non-treatment, 

which means the light treatment itself is safe towards LNCaP cell line. Secondly, there 

was a significant difference in cell viability between the 0 J/cm2, 5-15 J/cm2, and 30-90 
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J/cm2 light dosages. The group of the free drug plus 30 J/cm2 light treatment or higher, 

meanwhile, showed lower cell viability than the group of free drug plus 15 J/cm2 light 

treatment or lower, which exists the significant differences. On the other hand, in the 

formulation groups, the cell viability of LNCaP decreased to approximately 47% with the 

same drug concentration plus 60 J/cm2 light dosage. Furthermore, the effect of 

photodynamic therapy of tumor spheroids is similar to that of monolayer cell model (0%-

FL p-value = 0.331; 1%-FL p-value = 0.198; 5%-FL p-value = 0.179), which indicates 

that the liposomal delivery system will perform towards tumor tissues as good as towards 

monolayer cell model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 123 

 

 
 

 
 
Figure 6.4 The cell viability of tumor spheroids with photodynamic 
therapy. (a).SKOV3; (b).LNCaP. 
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6.2.4 Co-culturing studies 

 After the co-culture of tumor spheroids and normal epithelial cells of the 

peritoneum, the treatments were given for 8 hours. There was no fluoresced tumor 

spheroid in both SKOV3 and LNCaP cell lines in the free drug group. In the formulation 

groups, all tumor spheroids were fluoresced while left the normal cell unaffected. It 

indicates that the liposomal delivery system can light up tumor tissues only, which has a 

promising potential to help distinguish the tumor and normal cells. The macrographs and 

micrographs were shown in figure 6.5 and figure 6.6. 
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Figure 6.5 Macrographs and micrographs of SKOV3 and B14FAF28-G3 co-culture 
system. (a).Free drug 0.125mM; (b).0%-FL 0.125mM; (c). 1%-FL 0.125mM; (d). 5%-
FL 0.125mM  

c 

d 
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Figure 6.6 Macrographs and micrographs of LNCaP and B14FAF28-G3 co-culture 
system. (a).Free drug 0.125mM; (b).0%-FL 0.125mM; (c). 1%-FL 0.125mM; (d). 5%-
FL 0.125mM  

c 

c 

d 
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6.3 Materials and Methods 

6.3.1 Chemicals and Cells 

Prostate cancer cell line LNCaP and the ovarian cancer cell line SKOV3 were 

maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% 

Penicillin at 37oC and 5% CO2; Normal epithelial cell from peritoneum was maintained in 

Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS) at 37oC and 

5% CO2. Trypan Blue solution 0.4%; folate-liposome loaded with MAL; non modified 

liposome loaded with MAL; Phosphate-buffered saline (PBS) solution; 70% ethanol. 

 

6.3.2 Construction of Cell Spheroids 

LNCaP and SKOV3 cells were cultured in hanging drops using a hanging drop 

culture method and suspension culture method. Cells were seeded at different cell 

densities (1250, 2500, 5000, and 10000 cells/drop) in the hanging drop for the first four 

days and transferred into non-attachment dishes. Brightfield images of 3D spheroids 

obtained using a microscope with an attached camera.  

 

6.3.3 Fluorescent detection of Cell Spheroids 

 Tumor spheroids of each cell line were transferred in 35mm low attachment 

culture plate separately, and cultured overnight. The administration of treatments for each 

dish would be conducted for 8 hours following by DAPI 5ug/ml culture medium for 15 

min. Fluorescent images would be obtained by the camera directly.  
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6.3.4 Toxicity studies 

After the formation of the spheroids, tumor spheroids were transferred to 96-well 

low-attachment culture plates (one spheroid per well), each well previously filled with 

100ul of fresh culture medium. The treatments, as well as that of the in vitro experiment, 

would be administered for 8 hours incubation. After continuously irradiation therapy 

(Cumulative light dose: 0; 5; 15; 30; 60; 90 J/cm2), each spheroid was harvested, and 

dissociated by trypsin-EDTA solution. Trypan blue solution 0.4% were used to stain the 

dead cells. The number of viable cells was counted manually, and the survival rate was 

calculated. 

 

6.3.5 Co-culturing studies 

 B14FAF28-G3 would be cultured in the 35mm dish. After transferring tumor 

spheroids to the same dish, and administering drug-loaded formulations with different 

concentration, both tumor and normal cells were incubated for 8 hours following by 

DAPI 5ug/ml for 15 min. Fluorescent images were obtained using a microscope with an 

attached camera and camera directly. 

 

6.3.6 Statistics 

All data are expressed as mean ± SD. Differences between groups were assessed 

using a t-test. A significance level of p < 0.05 was used for all comparisons. 
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6.4 Summary 

Based on the demonstration of micrographs of SKOV3 and LNCaP spheroids, the 

liposomal delivery system would not be affected by the chemical gradients. The PpIX 

fluorescence did not only come from the outer layer, but also come from the base layer of 

the tumor spheroids. Furthermore, the toxicity study of photodynamic therapy also 

proved that both of the formulation treatments and the light treatment would not be 

affected negatively by the spheroid’s structure. Due to the structure of tumor spheroid can 

recapitulate tumor-like microenvironment, the results presented in this Chapter can prove 

that the liposomal delivery system has a promising potential to be an ideal platform to 

fluoresce tumor cell only in vivo and distinguish between the tumor and normal cells.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTION 

7.1 Summary and conclusion 

In this study, I report the development of a liposomal delivery system for 

photodynamic diagnosis and therapy of tumors in the peritoneal cavity. Our key 

objectives are to demonstrate that the liposomal delivery system can (i) demonstrate 

potential as a targeting formulation that can efficiently encapsulate MAL and remains 

stable, (ii) enhance the cellular uptake and enlarge the ratio of PpIX accumulation 

between the tumor cells and normal tissues, (iii) make the tumors only become 

distinguishable by vision, and (iv) have the potential to eliminate tumor cells under the 

specific excitation wavelength of light.  

 

Regarding the first objective, I showed that formulations have size ranges (around 

125 nm in diameter), which is similar to other liposomal formulations approved by FDA 

for parenteral administration (e.g., Onivyde averages ~110 nm in diameter [1]). Their 

average size, size distribution (as indicated by PDI) were all fairly consistent after storage 

in aqueous solution at 4oC over 60 days. The highest drug payload achieved was around 

18% by weight at around 20% encapsulation efficiency, which is quite high, considering 

MAL is a water-soluble drug with low molecular weight. The controlled MAL release at 

37oC for five days was also achieved with 7% payload liposomes, which demonstrates it 

can be considered as a potential platform with a high delivery efficiency. All in all, our 

results indicate that the formulations have the potential for efficiently drug loading, 

delivering, and releasing MAL as a stable parenteral nanoformulation. 
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As presented in Chapter 5, I showed that our liposomes were able to enhance 

cellular uptake by targeting as well as to enlarge the different ratio of PpIX fluorescent 

intensity between the tumors and normal cells. The liposome itself, meanwhile, is low 

toxicity to the normal cells and tumor cells. The macrographs and micrographs 

demonstrated that the enhancement of the PpIX level is strong enough to visualize the 

tumor cells. In addition, the MTT assays also proved that the formulation assisted 

treatment exists the effect of photodynamic therapy under the specific wavelength of light 

treatment. All of our findings consistently indicate that the formulation can efficiently 

contribute to accumulating the metabolite, PpIX, in the tumor cells and make them 

become visible and bring the effect of photodynamic therapy. 

 

The work of Chapter 6 is the continuation of the work in Chapter 5. The tumor 

spheroid model created the microenvironments of chemical gradients, such as the 

oxygen, nutrition, and drug, which mimicked the environments of tumor tissues in vivo 

more accurately. The smallest size of SKOV3 tumor spheroid is approximately 0.17 mm, 

and the smallest size of LNCaP is approximately 0.3 mm. It considerably reduced the 

limit of detection of tumor sizes during the surgery, which covers the typical size of 

tumor nodules, 2mm-5mm. Furthermore, this property also contributes to achieving 

complete cytoreduction or leaving the residual tumor tissues smaller than 0.3 mm only. It 

can also be used to solve the issue of restrictive penetration depth, 3 mm, in tumor tissue 

of HIPEC,[2] which brings the promising potential to improve the efficacy of 

CRS/HIPEC therapeutical strategy. All the sensitivities for different tumor spheroids are 

higher than 92.9% while their sizes are larger than the limit of detection, which is also 
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higher than the sensitivity of CT, 79-86%.[3] The macrographs and micrographs of co-

culture studies also demonstrated that the drug-loaded liposomal delivery system could 

fluoresce the tumor spheroids while left the normal cells unaffected. The fluorescent 

signal did not only come from the outer layer, but also the base layer of tumor spheroids. 

In addition, the cytotoxicity studies proved that the effect of photodynamic therapy 

towards tumor tissues is similar to that towards the monolayer cells, which means the 

penetration of the delivery system would not be affected by the microenvironment 

changes. As a result, the effect of photodynamic diagnosis and therapy proved in the 

monolayer model has been verified by the tumor spheroid model. 

 

In summary, I have developed an active targeting liposome for delivering MAL to 

peritoneal tumors. It has a high payload of MAL and can maintain the drug to provide 

efficient delivery. It was shown to substantially enhance the cellular uptake and improve 

the PpIX accumulation in tumor cells compared with the free drug. Based on the results 

of fluorescent photos, it can increase the fluorescent intensity of tumors to a visible level. 

I continuously verified the drug effect in tumor spheroid experiments, which mimicked 

the microenvironment in vivo more accurately. Overall, it is a potential targeting delivery 

system for real-time photodynamic diagnosis by distinguishing tumors and normal cells 

through vision.  
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7.2 Future direction 

 This thesis work help address the potential of using an actively targeting 

nanoparticle to visualize and distinguish the tumor cells from healthy tissues. The results 

are promising, but there are still many directions to explore and ameliorate further. 

 

7.2.1 Delivery of Different or Multiple Agents and Delivery System Improvement  

 The main advantages of the liposomal delivery system are coming from its bilayer 

structure and the decorations of its surface. By choice of fluorescent agents based on 

hydrophilicity and other physicochemical properties, this system can be used to load and 

deliver other potential agents, which may solve the issues of their applications. The most 

significant issues of ICG are its solubility, caused by its hydrophilicity, and high-false 

positive rate, caused by non-targeting property.[4-5] On the other hand, when combining 

with multiple agents, Iron-Chelating Agents[6], Vitamin D [7], or ABCG2 inhibitors[8], 

the accumulation of PpIX has the potential to be enhanced further. 

 

7.2.2 Further Investigation of Animal Model and Larger Animal for Translation  

 The next study will focus on establishing a peritoneal tumor animal model to 

determine the biodistribution of the prodrug, MAL, and its metabolite, PpIX. The animal 

model can further confirm the effectiveness of the photodynamic diagnosis and therapy at 

the designed dosage. It will be more practical to mimic the microenvironment of 

peritoneal tumors. 
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7.3 Concluding Remarks  

 A targeting liposomal delivery system has been developed to deliver MAL for 

photodynamic diagnosis and therapy. It has approximately 7% payload of MAL with a 

controlled release profile. The liposomal delivery system showed a better-visualized 

effect comparing with the free drug in vitro for the diagnosis of tumor cells. Meanwhile, 

it also brought the effect of photodynamic therapy after a specific wavelength of light 

treatment. Overall, this liposomal delivery system is a promising targeting drug delivery 

platform for photodynamic diagnosis and therapy of tumors in the peritoneal cavity. 
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