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ABSTRACT 

Cancer is a global health concern, with chemotherapy being the primary treatment for 

many cancer types. Despite advances in cancer treatment, chemotherapy remains the most 

common treatment modality for many cancer types with various side effects, including hair loss, 

nausea, vomiting, fatigue, and decreased immune function. These side effects can be debilitating 

and may not effectively eradicate cancer cells, leading to drug resistance. Therefore, the 

development of new and more effective cancer therapies with fewer side effects is crucial to 

improve patient outcomes and quality of life. Liposomes are spherical nanoparticles composed of 

a phospholipid bilayer that can encapsulate both hydrophobic and hydrophilic drugs. They are an 

attractive delivery system for cancer chemotherapy due to their ability to improve the 

pharmacokinetics and biodistribution of drugs, reduce toxicity, and enhance therapeutic efficacy 

by targeted drug delivery of single drugs as well as combinations of drugs, to the tumor site. In 

this dissertation, the first study examined the effects of liposome size on cellular uptake and 

toxicity. Four different liposome sizes, ranging from 50 to 400 nm, were loaded with the 

chemotherapy drug doxorubicin (DOX) and rigorously tested for their cellular uptake and 

toxicity, in vitro. The results showed that the 100 nm liposomes were most efficiently taken up 

by the cells, whereas toxicity levels were similar across all four sizes, with no significant 

difference observed among the half-minimal inhibitory concentration (IC50) values. Based on 

these findings, the 100 nm liposomes were selected for further studies. The second study focused 

on modifying the surface of 100 nm DOPE:DOPC liposomes with 17 new arginine-like 

molecules to enhance their targetability towards myofibroblasts, which are cancer-associated 

fibroblasts found in the presence of a tumor. Results showed that 15 of the 17 molecules 

effectively targeted myofibroblasts more compared to fibroblasts, with higher cellular uptake and 
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lower IC50 values, demonstrating the potential for these modifications to be used for improved 

drug delivery in cancer therapy. In the third study, we investigated the use of a combination of 

doxorubicin and ibuprofen-loaded liposomes (IBLL) against macrophages and their phenotypes 

(M0, M1, and M2). After testing nine different concentrations of IBLL in combination with a 

constant concentration of doxorubicin-loaded liposomes (DLL), the three highest concentrations 

of IBLL showed synergistic results against macrophages. While toxicity was increased, the 

cellular uptake remained similar. However, to effectively target M2-type macrophages which 

transform into tumor-associated macrophages in the presence of a tumor, more targeting 

strategies must be included on the surface of the liposomes. The results demonstrated that this 

combination could significantly increase the efficacy of doxorubicin while reducing its toxic 

effects on healthy cells, highlighting the potential of combination therapies and drug delivery 

systems for improving cancer treatment outcomes. In the fourth study, DOPE was modified by 

attaching a cysteine to it with the aim of using the -SH bond of cysteine to click with any 

targeting agent using the thiol-ene/yne click chemistry. Folic acid was used as a proof of concept 

and modified to have a triple bond at the terminal end. The click reaction was executed, and folic 

acid was successfully attached to the surface of liposomes encapsulated with DOX. These 

liposomes were then tested against M0, M1, and M2-type macrophages, where it was observed 

that M2-type macrophages showed a higher cellular uptake due to the folic acid modification. As 

M2-type macrophages act as tumor-associated macrophages in the vicinity of a tumor, this 

modification could prove useful in targeting them specifically. Overall, these studies demonstrate 

the potential of liposomes as a promising targeted drug delivery system for combination cancer 

treatments. Further optimization and modification of liposome formulations could lead to more 

effective and targeted therapies with reduced toxicity.  
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CHAPTER 1.    GENERAL INTRODUCTION 

Cancer is a significant global health concern that affects millions of people worldwide. In 

2023, 1.9 million new cancer cases are expected, with around 600,000 projected cancer deaths in 

the United States 1. While the overall number of cancer cases has decreased since 1991, some 

types, such as prostate, liver, and breast cancer, have been increasing in recent years 2. According 

to the World Health Organization, cancer is the second leading cause of death globally. The 

increasing incidence of cancer and the limitations of current treatments highlight the need to 

develop new and more effective therapies. Chemotherapy remains one of the most commonly 

used treatments for certain types of cancer, such as breast and lung cancer, despite its well-

known side effects 3,4. 

Chemotherapy targets rapidly dividing cells, including cancer cells, and damages their 

DNA, ultimately leading to their death 5. However, chemotherapy drugs can also damage healthy 

cells, leading to a range of side effects. Hair loss, nausea, vomiting, fatigue, and decreased 

immune function are among the most common side effects associated with chemotherapy 6. 

These side effects can significantly impact a patient’s quality of life, and they can persist long 

after the end of treatment. Moreover, chemotherapy can lead to drug resistance, a significant 

challenge in cancer treatment 7,8. As cancer cells become resistant to the drugs used to treat them, 

they continue to grow and divide, making the cancer more difficult to treat. Therefore, there is an 

urgent need to develop new and more effective cancer therapies to overcome these limitations 

and provide better outcomes for patients. The development of new therapies, such as targeted 

therapy, combination therapy, immunotherapy, and nanomedicine, offers the promise of more 

precise and less toxic cancer treatment. 
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Chemotherapy, as mentioned earlier, is a common treatment for cancer, but it has 

limitations due to its adverse effects and drug resistance. In addition to cancer cells, tumors 

contain a diverse range of cells, including cancer-associated cells that promote tumor growth and 

metastasis. These cells can include cancer-associated fibroblasts (CAFs) and tumor-associated 

macrophages (TAMs), which play critical roles in tumor progression and resistance to 

chemotherapy 9,10. CAFs are cells that support tumor growth by secreting growth factors, 

remodeling the extracellular matrix, and promoting angiogenesis 11. TAMs, on the other hand, 

are immune cells that infiltrate tumors and can have both pro-tumor and anti-tumor effects 

depending on their activation state 12. Cancer-associated cells, including CAFs and TAMs, 

promote tumor growth and resistance to chemotherapy. Despite their profound impact, these 

cells have received limited attention in cancer therapy, and few drugs have been developed to 

target them specifically. Therefore, it is imperative to prioritize research efforts to unravel the 

complex interplay between cancer-associated cells and tumor microenvironments to identify 

novel therapeutic targets. Developing targeted therapies that can modulate these cells may offer 

new hope for patients and improve cancer treatment outcomes. 

Liposomes are a type of nanoparticle that have been studied for their potential use in drug 

delivery. They were first discovered in the 1960s by Alec Bangham, who observed the self-

assembly of phospholipids into spherical structures resembling biological membranes 13,14. They 

are composed of phospholipids, similar to the lipids found in cell membranes. This composition 

makes the liposomes biocompatible and non-toxic 15,16. Additionally, the size of liposomes can 

be controlled to optimize their performance for specific applications. Liposomes can be modified 

by attaching different functional groups to their surface, enhancing their stability, increasing their 

circulation time in the body, and targeting them to specific tissues or cells. Moreover, liposomes 
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have a hollow, spherical cavity that can easily encapsulate both hydrophobic and hydrophilic 

drugs, making them a versatile drug delivery system 17,18. Since then, liposomes have been 

extensively studied and have shown promise as a delivery vehicle for a wide range of drugs. 

One of the earliest Food and Drug Administration (FDA) -approved liposomal drugs was 

Doxil, a liposomal formulation of the chemotherapy drug doxorubicin, approved in 1995 for 

treating ovarian and breast cancer 19. Another example is Ambisome, a liposomal formulation of 

the antifungal drug amphotericin B, which was approved in 1997 for treating systemic fungal 

infections 20. Liposomal formulations of other drugs, such as cytarabine and daunorubicin, have 

also been approved to treat cancer 21,22. 

Recently, liposomes have also been used to develop vaccines, including the COVID-19 

vaccine. The Pfizer-BioNTech and Moderna COVID-19 vaccines both use mRNA encapsulated 

in lipid nanoparticles, which protect the mRNA from degradation and aid in its delivery to cells 

23,24. The use of liposomes in vaccine development is a promising area of research, as they can 

improve the stability and efficacy of vaccines. In summary, liposomes have a rich history in drug 

delivery to effectively treat various diseases, including cancer. They have also been included in 

developing COVID-19 vaccines, highlighting their potential in immunization. Due to the 

flexibility in size, drug encapsulation, and surface modification, among other advantages, 

liposomes have emerged as an ideal choice for targeted drug delivery to treat cancers, making 

them an area of active research in the field of nanomedicine. 

The remainder of this chapter provides an in-depth exploration of the crucial role played 

by cancer-associated cells, including CAFs and TAMs, in tumor growth and resistance to 

chemotherapy. Subsequently, the history of liposomes is discussed, alongside examples of FDA-

approved liposomes, focusing on their potential as an effective delivery system, especially 
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targeted to CAFs and TAMs for cancer therapy. Chapter two delves into the effect of liposome 

size on cellular uptake and toxicity. Chapter three explores how modifying the surface of 

liposomes can enhance their targetability towards myofibroblasts, which are CAFs found in the 

presence of a tumor. Chapter four investigates the use of a combination of doxorubicin and 

ibuprofen-loaded liposomes against macrophages and their phenotypes (M0, M1, and M2), while 

chapter five focuses on the modification of DOPE by attaching a cysteine to it to click with any 

targeting agent using the thiol-ene/yne click chemistry and how this could prove useful in 

targeting M2-type macrophages specifically. Ultimately, chapter six provides a comprehensive 

conclusion, emphasizing the significant potential impact of this work in cancer research and drug 

delivery systems, particularly in developing new targeted therapies that can modulate cancer-

associated cells to improve cancer treatment outcomes. 

1.1 Fibroblasts, Macrophages, and Their Phenotypes 

Fibroblasts are a type of cell found in connective tissue throughout the body. They are 

responsible for producing and maintaining the extracellular matrix (ECM), a network of proteins 

and other molecules that provide structural support for tissues and organs. Fibroblasts secrete 

collagen, elastin, and other proteins that make up the ECM, as well as enzymes that help to 

remodel it 25. In addition to their role in tissue maintenance and repair, fibroblasts also play a key 

role in wound healing and immune responses. They are involved in the production of growth 

factors and cytokines that attract and activate immune cells, as well as in the formation of scar 

tissue.  

A study by Desmoulière et al. found that fibroblasts secrete cytokines, such as 

interleukin-1 (IL-1), during the inflammatory phase of wound healing. These cytokines are 

essential for attracting immune cells to the wound site and promoting tissue repair 26. Another 

study showed that fibroblasts produce growth factors, such as transforming growth factor beta 
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(TGF-β), during the proliferative phase of wound healing. These growth factors are essential for 

stimulating the growth and proliferation of new cells in the wound bed 27. A study by Eming et 

al. identified several growth factors and cytokines involved in scar formation. They found that 

fibroblasts produce and secrete transforming growth factor beta 1 (TGF-β1), which promotes 

collagen synthesis and deposition. The researchers also noted that fibroblasts produce connective 

tissue growth factor (CTGF), which is involved in various cellular processes, including wound 

healing and fibrosis. Furthermore, the study demonstrated that fibroblasts secrete interleukin-6 

(IL-6), a cytokine that is involved in the immune response and inflammation, and that it plays a 

role in scar formation 28. 

When activated by injury or inflammation, fibroblasts can differentiate into 

myofibroblasts, which have contractile properties and are involved in tissue contraction and 

remodeling 29,30. Myofibroblasts are characterized by the presence of alpha-smooth muscle actin 

(α-SMA) filaments, which enable them to contract and exert mechanical forces on the ECM 31. 

These cells are critical during wound healing, where they promote tissue repair by contracting 

the wound edges and generating mechanical tension that promotes cell proliferation and 

migration. Myofibroblasts also secrete extracellular matrix proteins, such as collagen and 

fibronectin, contributing to scar formation. While myofibroblasts play an essential role in wound 

healing, excessive or prolonged myofibroblast activation can lead to tissue fibrosis, a 

pathological condition characterized by excessive deposition of ECM proteins and tissue 

stiffening. 

Myofibroblasts are highly specialized cells crucial in wound healing and tissue repair. 

They secrete various cytokines, including transforming growth factor beta (TGF-β), a key 

regulator of ECM synthesis and deposition. According to Hinz et al., myofibroblasts in human 
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skin wounds express high levels of TGF-β, which stimulate the production and secretion of 

fibronectin. This ECM protein promotes cell adhesion and migration 32. Another review by 

Darby et al. discusses that myofibroblasts also secrete a protein called periostin, which regulates 

collagen deposition during wound healing 33. Additionally, myofibroblasts have been shown to 

play a role in scar formation by producing excessive amounts of collagen, leading to the 

development of hypertrophic scars 34. 

Macrophages are immune cells that play a crucial role in maintaining tissue homeostasis 

and responding to infections and injuries. They are derived from monocytes, which circulate in 

the blood and can differentiate into macrophages upon tissue infiltration 35. Once activated, 

macrophages can phagocytose and eliminate foreign invaders and dead or damaged cells 36. 

Additionally, they secrete various cytokines and growth factors that can stimulate other immune 

cells, promote tissue repair and regeneration, and modulate the immune response. Macrophages 

are also involved in regulating inflammation and can switch between different phenotypes 

depending on the microenvironment they encounter 37,38. 

Macrophages are highly heterogeneous cells that can undergo phenotypic changes in 

response to various stimuli. There are two major macrophage phenotypes, M1 and M2, 

representing the extremes of a spectrum of activation states 39,40. M1 macrophages, also known 

as classically activated macrophages, are involved in pro-inflammatory responses and the killing 

of pathogens. They secrete cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-1 

beta (IL-1β), interleukin-6 (IL-6), and interleukin-12 (IL-12), which activate immune cells and 

induce an inflammatory response. M1 macrophages also produce reactive oxygen and nitrogen 

species (ROS and RNS) to kill pathogens and infected cells. 
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Studies have found that M1 macrophages produce high levels of TNF- which plays a 

critical role in the immune response to pathogens. Moreover, TNF- produced by M1 

macrophages can activate other immune cells, such as T cells and natural killer cells, to fight off 

infection 41–43. Another study found that IL6 produced by M1 macrophages is involved in the 

pro-inflammatory response to pathogens. The researchers found that IL6 stimulates the 

production of other pro-inflammatory cytokines and chemokines, which recruit immune cells to 

the site of infection 44,45. 

On the other hand, M2 macrophages, also known as alternatively activated macrophages, 

are involved in tissue repair and immune regulation. They secrete cytokines such as interleukin-

10 (IL-10), transforming growth factor-beta (TGF-β), and interleukin-1 receptor antagonist (IL-

1RA), which inhibit pro-inflammatory responses and promote tissue remodeling and repair 46,47. 

M2 macrophages are also involved in the clearance of apoptotic cells and debris, and they play a 

role in wound healing and tissue regeneration. 

A study by Kigerl et al. showed that M2 macrophages release anti-inflammatory 

cytokines, such as IL-10 and TGF-β, which inhibit pro-inflammatory responses and promote 

tissue remodeling 48. Another study explored the role of M2 macrophages in liver fibrosis. The 

researchers found that M2 macrophages secrete factors that inhibit pro-inflammatory responses 

and promote tissue remodeling, leading to the resolution of liver fibrosis. Specifically, M2 

macrophages secrete IL-10, which inhibits the production of pro-inflammatory cytokines, and 

TGF-β, which promotes the differentiation of fibroblasts into myofibroblasts and the production 

of extracellular matrix proteins 49. 
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In the presence of a tumor, the behavior of fibroblasts and macrophages is altered, and 

they become corrupted into cancer-associated fibroblasts (CAFs) and tumor-associated 

macrophages (TAMs), respectively. These cells in the tumor microenvironment (TME) often 

have an abnormal phenotype and produce factors that support tumor growth, invasion, and 

metastasis. CAFs secrete growth factors and extracellular matrix components, creating a pro-

tumorigenic microenvironment 50. At the same time, TAMs can promote tumor growth by 

releasing cytokines that inhibit the immune response and promote angiogenesis 51. Therefore, 

understanding the behavior and functions of these cells in the TME is essential for developing 

effective cancer treatments. Targeting CAFs and TAMs in the TME could be a promising 

strategy to prevent tumor progression and enhance the efficacy of cancer therapies. 

1.2 Cancer-Associated Cells 

Cancer-associated cells are normal cells in the body that have been transformed by the 

presence of cancer cells or the TME. These cells can include fibroblasts, immune cells such as 

macrophages, as well as endothelial cells that make up blood vessels. In response to the presence 

of a tumor, these cells can undergo changes that promote tumor growth and progression. 

Cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) are 

two major types of cancer-associated cells that have been widely studied in cancer research. 

These cells are known to promote tumor growth and metastasis by secreting growth factors, 

cytokines, and ECM components that support tumor cell survival and invasion. Below, the 

specific characteristics and functions of CAFs and TAMs are discussed in more detail. 
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1.2.1 Cancer-Associated Fibroblasts 

Cancer-associated fibroblasts (CAFs) are a type of activated fibroblast that is found 

within the tumor microenvironment. CAFs can be derived from numerous sources, including 

resident tissue fibroblasts, bone marrow-derived mesenchymal stem cells and endothelial cells. 

These cells are characterized by their ability to promote tumor growth and progression, and to 

modify the surrounding extracellular matrix to enhance tumor invasion and metastasis. 

One of the key functions of CAFs is to produce and deposit extracellular matrix 

components, such as collagen and fibronectin, which can create a stiff and dense matrix that 

supports tumor growth and progression. CAFs can also secrete a range of growth factors, 

cytokines, and chemokines that promote tumor cell proliferation, migration, and invasion. For 

example, CAFs can produce fibroblast growth factor (FGF), which can promote the growth and 

survival of cancer cells, and transforming growth factor-beta (TGF-β), which can suppress the 

immune response and promote tumor cell invasion 52,53. 

Numerous studies have shown that CAFs promote tumor growth, invasion, and 

metastasis. CAFs secrete various growth factors, cytokines, and extracellular matrix components, 

creating a supportive environment for cancer cells. For instance, a study published by Grugan et 

al. showed that CAFs secrete hepatocyte growth factor (HGF), which promotes tumor cell 

proliferation, survival, and invasion 54. Subramaniam et al. demonstrated that CAFs secrete 

interleukin-6 (IL-6), which activates the STAT3 signaling pathway and promotes tumor cell 

growth and survival 55. Additionally, CAFs can remodel the ECM and create a stiffer and more 

fibrotic environment that facilitates tumor invasion and metastasis. Another study showed that 

CAFs secrete lysyl oxidase (LOX), an enzyme that cross-links collagen fibers and increases 

ECM stiffness, thereby promoting tumor cell migration and metastasis 56.  
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In addition to promoting tumor growth, CAFs can contribute to developing drug 

resistance in cancer cells 57,58. CAFs can secrete factors that activate signaling pathways involved 

in drug resistance, such as the Notch and Wnt pathways. They can also modify the extracellular 

matrix to create a physical barrier that prevents drugs from reaching the cancer cells. As such, 

targeting CAFs has emerged as a potential therapeutic strategy for cancer treatment. 

1.2.2 Tumor-Associated Macrophages 

Tumor-associated macrophages (TAMs) are immune cells that infiltrate the TME and 

play a significant role in tumor progression and metastasis. TAMs are typically classified into 

two subtypes: M1 and M2. While both subtypes are present in the TME, M2 TAMs are more 

commonly associated with tumor progression and metastasis than M1 TAMs. 

M2 TAMs have been shown to promote tumor growth and metastasis through various 

mechanisms. For example, they secrete cytokines such as TGF-β and IL-10 that suppress the 

immune response and promote tumor cell proliferation, migration, and invasion 59,60. They also 

promote angiogenesis, which is the formation of new blood vessels that supply oxygen and 

nutrients to the tumor, by secreting pro-angiogenic factors such as VEGF 61,62. 

Pollard et al. found that TAMs produce VEGF, which promotes angiogenesis and tumor 

growth. The researchers demonstrated that blocking VEGF production by TAMs reduced tumor 

growth in mice 63. Another showed that TAMs produce TGF-, which has immunosuppressive 

effects and promotes tumor growth. It was seen that blocking TGF- production by TAMs 

inhibited tumor growth and improved the antitumor immune response in mice 64. Targeting 

TAMs and their associated cytokines represents a promising strategy for developing novel anti-

cancer therapies. 

 



11 

 

1.3 Liposomes and Their Use in Drug Delivery 

Liposomes are spherical structures composed of a phospholipid bilayer that encapsulates 

an aqueous core. These structures were first discovered in the 1960s, and since then, they have 

been widely studied as drug delivery systems. One of the most important characteristics of 

liposomes is their biocompatibility, which is due to the fact that they are composed of 

phospholipids, the same components that make up cell membranes in the body. This 

biocompatibility allows liposomes to be used for drug delivery without causing adverse reactions 

or immune responses in the body. 

Moreover, the ability to modify the surface of liposomes is a critical aspect of their 

versatility in drug delivery. The surface of liposomes can be easily functionalized by attaching 

various ligands, such as antibodies or peptides, which can target specific cells or tissues 65,66. 

Furthermore, different surface coatings can be applied to liposomes to alter their 

pharmacokinetics and biodistribution. This has led to the development of "stealth" liposomes, 

which are coated with polyethylene glycol (PEG) to prolong their circulation time and reduce 

clearance by the immune system 67,68. Additionally, surface modifications can be used to 

promote the uptake of liposomes by specific cells or to enhance their stability in harsh 

environments. Therefore, the ability to modify the surface of liposomes adds to their diversity 

and makes them a promising tool in drug delivery for a variety of applications. 

Liposomes can encapsulate a wide range of drugs, both hydrophilic and hydrophobic, due 

to the fact that their bilayer structure can contain both polar and non-polar substances 69,70. This 

versatility in drug encapsulation has made liposomes an attractive option for drug delivery in 

various therapeutic areas, including cancer, infectious diseases, and inflammatory disorders. 
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Several liposomal agents have been approved by the FDA for cancer therapy, including 

Doxil and DaunoXome, which are used to treat ovarian and breast cancer, respectively19,71. 

Additionally, liposomes have been used as a delivery system for the mRNA vaccines developed 

by Pfizer and Moderna to combat COVID-19 72–74. 

1.3.1 The Role of Liposomes in Combination Therapies for Cancer 

Combination therapy is a treatment approach that involves combining two or more 

therapies to treat a disease or medical condition. In the context of cancer treatment, combination 

therapy is often used to increase the effectiveness of the treatment and reduce the risk of drug 

resistance. By combining different types of therapies, such as chemotherapy, targeted therapy, 

immunotherapy, and radiation therapy, combination therapy can target cancer cells in multiple 

ways, potentially leading to better outcomes 75. Moreover, combination therapy can also reduce 

the side effects of treatment by using lower doses of each therapy while maintaining or even 

enhancing their therapeutic effects 76,77. In recent years, combination therapy has emerged as a 

promising treatment approach for cancer, and liposomes have gained attention as an effective 

platform for delivering combination therapies to cancer cells. 

A study by Cui et al. used liposomes to co-deliver curcumin and doxorubicin to treat 

breast cancer 78. The study found that the combination therapy enhanced cytotoxicity and 

induced apoptosis, resulting in a higher anti-tumor effect compared to single-drug treatments. 

Another study by Mylonakis et al. used liposomes to deliver gemcitabine and cisplatin to treat 

non-small cell lung cancer 79. The study found that the combination therapy enhanced cellular 

uptake of the drugs and showed a synergistic effect, resulting in higher cytotoxicity and tumor 

growth inhibition compared to single-drug treatments. 
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A study by Li et al. used liposomes to co-deliver two drugs, camptothecin and quercetin, 

to treat breast cancer 80. The study found that the combination therapy enhanced anti-tumor 

efficacy, as the liposomes were able to increase drug accumulation in tumor tissue and reduce 

drug toxicity in healthy tissues. 

In addition to small molecule drugs, liposomes have been used to deliver therapeutic 

proteins as part of combination therapies. A study by Huang et al. used liposomes to co-deliver 

TRAIL, a protein that induces apoptosis, and doxorubicin to treat hepatocellular carcinoma 81. 

The study found that the combination therapy enhanced apoptosis and showed a synergistic 

effect, resulting in higher anti-tumor efficacy compared to single-drug treatments. 

Overall, these studies demonstrate the potential of liposomes as delivery systems for 

combination therapies in cancer treatment. By co-delivering two or more drugs, liposomes can 

enhance drug accumulation in tumor tissue and reduce toxicity in healthy tissues, resulting in 

higher anti-tumor efficacy. Liposomes can also be used to deliver therapeutic proteins as part of 

combination therapies, further expanding the range of treatment options for cancer. 

With all the advantages and flexibility, liposomes can specifically target cancer-

associated fibroblasts and tumor-associated macrophages. As discussed above, CAFs and TAMs 

are known to play a significant role in the development and progression of tumors and can 

contribute to resistance to chemotherapy and immunotherapy. Targeting these cells using 

liposomes offers a promising approach to cancer treatment, as liposomes can be engineered to 

carry drugs specifically to these cells. For example, liposomes can be modified to target proteins 

expressed on the surface of CAFs or TAMs or to release drugs. This targeted approach can 

potentially increase cancer treatment's efficacy while minimizing side effects. 
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Abstract 

Biocompatibility, surface charge, and the ability to easily alter size are some of the 

advantages of liposomes. Although surface modification can be performed, the size of the 

liposomes still plays an essential role in targeting any cell and cellular uptake. Moreover, surface 

modification adds an additional step in the manufacturing process, costing more time and 

causing a loss of final product yield. Certainly, it is crucial to understand what size of liposomes 

works best for certain cell types. Therefore, in this study, we fabricated DOPE:DOPC liposomes 

with four different sizes: 50, 100, 200, and 400 nm. These different liposomes were tested for 

their cell viability against fibroblasts and cancer-associated fibroblasts (CAFs). Then, these 

liposomes were loaded with doxorubicin and were examined for their cytotoxicity through half-

minimal inhibitory concentration (IC50) against fibroblasts and CAFs. Subsequently, the cell 

internalization by fibroblasts and cancer-associated fibroblasts was analyzed by encapsulating 

fluorescin in all four sizes of liposomes. Finally, statistical analyses were performed on the 

results to determine which size of DOPE:DOPC liposomes is best suited for targeting CAFs in 

an environment with healthy fibroblasts. This study serves as the basis of many future studies 

that propose to use surface modifications on liposomes for CAF targeting. 
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2.1 Introduction 

Liposomes, nano-sized vesicles synthesized from phospholipids, have numerous 

advantages in drug delivery systems. The most common advantages are their hydrophilic and 

hydrophobic character, biocompatibility, and flexibility in size. The FDA has approved more 

than 18 liposomal drugs for a variety of therapeutics (Bozzuto and Molinari, 2015; Gregoriadis, 

2016; Kim and Jeong, 2021). As is commonly known, the first FDA-approved liposome was 

Doxil for the treatment of ovarian cancer and AIDS-related Kaposi’s sarcoma. Many other drugs 

have been approved since then, such as Vyxeos in 2017, for the treatment of therapy-related 

acute myeloid leukemia (Bulbake et al., 2017; Krauss et al., 2019). Since this initial application, 

liposomes have become the most common and most investigated nanocarriers for drug delivery 

(Sercombe et al., 2015a; Zylberberg and Matosevic, 2016) owing to decreased toxicity (Allen, 

2012; Allen and Martin, 2004; Grant et al., 1994; Wasan et al., 1994) and increased circulation 

times (Gabizon, 1995; A. Gabizon and Papahadjopoulos, 1988; Alberto Gabizon and 

Papahadjopoulos, 1988; Sercombe et al., 2015b).  

Fibroblasts are the “most common cell type of connective tissues found throughout the 

body and the principal source of the extensive extracellular matrix (ECM)” (Kendall and 

Feghali-Bostwick, 2014). Similarly, fibroblasts can differentiate to myofibroblasts as the result 

of an inflammatory response to injury (Baum and Duffy, 2011; Fang et al., 2018). 

Myofibroblasts are the primary producers of ECM required to restore tissue integrity after 

injury (Hinz, 2016). However, in cancer stroma, the myofibroblasts significantly impact tumor 

proliferation due to their production of growth factors and ECM remodeling, acting as cancer-

associated fibroblasts (Liu et al., 2016; Sahai et al., 2020). Cancer-associated fibroblasts (CAFs) 

play essential roles in cancer initiation, progression, and proliferation (Lee et al., 2018; Li et al., 

2021). Therefore, it is crucial to develop a drug delivery method that has the capability to target 
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fibroblast phenotype (myofibroblasts) that act as CAFs in a tumor microenvironment and help in 

tumor progression, metastatis, and drug resistance, especially in an environment, where regular, 

healthy cells are also present. 

Increased therapeutic indices, enhanced antitumor activity, and decreased toxicity have 

all been shown by the encapsulation of antitumor drugs in liposomal formations compared to 

traditional drugs(Huang et al., 1992; Papahadjopoulos et al., 1991). Specifically, cardiac health 

concerns such as anthracycline-induced cardiotoxicity associated with the use of the anti-cancer 

drug doxorubicin have been shown to decrease when the drug is used in its liposomal form, 

along with significantly fewer cardiac events (Safra, 2003). Additionally, and maybe most 

importantly, the liposomal delivery method has shown an increased concentration of drugs in 

solid tumor tissue when loaded with anti-cancer drugs (Huang et al., 1992). 

Liposomes typically range between 50 and 450 nm for medical applications. Although 

the size of liposomal formulations appears to affect the circulation time, size directly affects the 

efficiency of the delivery of an anti-cancer agent to a tumor environment (Liu et al., 1992; 

Nagayasu et al., 1999; Uchiyama et al., 1995). Previous findings suggest that the size of the 

liposomal drug delivery system can play a key role in the targeting efficiency of liposomes to 

tumor tissue, decreasing the release of said drugs within the vicinity of healthy tissue while 

improving anti-cancer abilities (Nagayasu et al., 1999; Oku et al., 1995). This is due to the fact 

that cell types are able to be targeted by altering the lipid chemistry and other physical 

characteristics of the liposomes being used for encapsulation (Neuberger et al., 2018; Storm et 

al., 1995). Therefore, it is crucial to understand what exact size of liposomes is best suited for 

specific cell types. 
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Although doxorubicin has been shown to be quite advantageous in liposomal form, 

optimal liposome preparation to target tumor tissue has not been clearly identified (Mayer et al., 

1989). Researchers in the past have used surface modifications to alter the representation of 

liposomal formulations in the body, allowing for altered effects or target sites. These may 

include surface ligands, targeting moieties, biopolymers, etc., added to bind to a target type of 

cell, system, or tissue (de Lima et al., 2021; Khan et al., 2020; Turánek et al., 2019). Although 

these modifications may increase circulation time, they also come with their own drawbacks 

(Nag and Awasthi, 2013). For example, methoxy(polyethylene glycol)-grafted liposomes have 

been shown to exhibit immediate hypersensitivity reactions in a substantial percentage of human 

subjects (Moein Moghimi et al., 2006). Up to 45% of patients have been shown to experience 

hypersensitivity reactions via intravenous injection of liposomal drugs, including hemodynamic, 

respiratory, and cutaneous manifestations (Fülöp et al., 2019; Szebeni et al., 2007). Although the 

presence of these anti-cancer drugs in liposomal formulations has improved the targeting of the 

tumor, the off-target effects demonstrate the need for a targeting method that does not include 

surface modifications (de Oliveira Silva and de Barros, 2015). Moreover, surface modification 

adds an extra step in the manufacturing process, which can be time-consuming and complex, and 

may decrease the yield of liposomes. Thus, it is critical to determine how different liposome 

sizes can be used to target distinct phenotypes of cells and understand how efficient these size 

modifications are in targeting different phenotypes. 

Herein, we examined how altering the size of DOPE:DOPC liposomes affects cell 

viability, cytotoxicity, and internalization by fibroblasts (NIH/3T3) and its phenotypes 

(transforming growth factor- β (TGF-β) activated NIH/3T3) (CAFs). Four different sizes of 

DOPE:DOPC liposomes (50, 100, 200, and 400 nm) were tested for their cell viability against 
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fibroblasts and CAFs. Subsequently, these different-sized liposomes were loaded with 

doxorubicin (DOX). The DOX-loaded liposomes were tested for their half-minimal inhibitory 

concentration (IC50) against fibroblasts and CAFs. Moreover, these liposomes were loaded with 

fluorescin (FC) to examine the effects on cell internalization each size would have on both 

fibroblasts and CAFs. Finally, various statistical analyses were performed on the results to 

analyze which size of liposomes is best used as a CAF-specific drug delivery agent. The results 

from this study establish a platform from which further studies, including surface-modified 

liposomes, can benefit and expand upon. For the rest of this article, we will use myofibroblasts to 

address the (TGF- β activated NIH/3T3 phenotype). 

2.2 Methods 

2.2.1 Materials 

All materials were purchased through Sigma-Aldrich, St. Louis, MO, and were used as 

received unless otherwise stated. Fresh deionized (DI) water (Milli-Q, Thermo Scientific 

Nanopure, Waltham, MA) was used throughout this study. 

2.2.2 Liposome Synthesis 

All liposomes were synthesized using a previously established method (Rehman and 

Bratlie, 2022). In a 250 mL round-bottom flask, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE, 100 mg/mL, Avanti Polar Lipids, Inc., Alabaster, AL) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC, 250 mg/mL, Avanti Polar Lipids, Inc.) were dissolved in 12 mL of 

chloroform and rotary evaporated at 60 ºC for 5 minutes. These lipids were then mixed with 15 

mL phosphate-buffered saline (PBS, diluted from 10X solution to 0.1 M, pH 7.4, Fisher 

Scientific, Pittsburgh, PA). The liposomes were dialyzed against deionized water overnight. The 

next day the liposomes were freeze-dried using a lyophilizer (Labconco, 4.5 L, Kansas City, 

MO) for 3 days. One large batch of liposomes was synthesized and used throughout this study. 
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2.2.3 Size and Zeta Potential Measurements 

Dynamic light scattering (DLS) was used to measure the size and zeta potential values of 

the liposomes. The resulting liposomes from 2.2 were added to DI water to obtain a final 

concentration of 1 mg/mL. Zetasizer Nano Z (Malvern Instruments LTD., Malvern, UK) was 

used to obtain the size and zeta potential measurements for the prepared liposomal solutions. 

2.2.4 Drug Loading 

Doxorubicin (DOX) was used as a model drug. Dried liposomes, 5 mg isolated using 

methods found in 2.2, were suspended in 1 mL citric acid (150 nM, pH 4) and vortexed until a 

homogenous mixture was obtained. This solution was extruded 21 times using an Avanti Mini-

Extruder. This process of extrusion was repeated four times, each for a new liposome with a 

different filter size: 0.05, 0.1, 0.2, and 0.4 μm. A heating block at 50 ºC was used during the 

extrusion with the 0.05 μm filter to induce passage. Once liposomes of each size were extruded, 

the solution pH was modified using NaOH or HCl until a pH of 7.4 was achieved. The liposomes 

were incubated at 65 ºC for 10 minutes. Doxorubicin (PBS, 10 mg/mL) was also incubated at 65 

ºC for 10 minutes. Next, 100 μL DOX was added to the suspended liposomes and incubated at 

65 ºC for 45 minutes. This mixture was centrifuged at 3000 rpm for 5 minutes, and the 

supernatant was used to calculate the encapsulation efficiency of DOX in the liposomes by 

measuring the absorbance at 490 nm with a reference at 630 nm using a plate reader (BioTek 

Synergy HT Multidetection Microplate Reader, BioTek, Winooski, VT). The encapsulation 

efficiency (EE) was calculated using Equation 1: 

𝐸𝐸 (%) =
𝐶𝑡𝑜𝑡𝑎𝑙−𝐶𝑠𝑢𝑝

𝐶𝑡𝑜𝑡𝑎𝑙
∗ 100                             (1) 

 

where Ctotal is the concentration of doxorubicin added to the liposomes, and Csup is the 

concentration of doxorubicin in the supernatant. Next, the loaded liposomes were tested on cells. 
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2.2.5 Cell Culture 

Fibroblasts (NIH/3T3, ATCC, Manassas, VA) were used in this study, and 

myofibroblasts were performed by using transforming growth factor- β (TGF-β). Fibroblasts 

were cultured at 37 ºC with 5% CO2 in complete medium (CM), consisting of 10% bovine calf 

serum (BCS), 1% penicillin, and 1% streptomycin in Dulbecco’s modified Eagle’s medium 

(DMEM). Fibroblasts were passaged every three to four days and sub-cultured between 6.7 x 103 

and 2.7 x 104 cells/cm2. Fibroblasts were activated to myofibroblasts by adding 100 μL of 1 

μg/mL TGF-β to a 10 mL stock solution of fibroblast before transferring the cells to the well 

plates. The final concentration of TGF-β in each well was 10 ng/mL. 

2.2.6 Cell Viability 

Cells were seeded into a 96 well plate in 100 μL of growth medium at a density of 5.0 x 

104 cells/cm2 for 24 h at 37 oC in an incubator. After 24 h, the medium was replaced by 100 μL 

liposome solution (250 μg/mL) in fresh medium. These liposomes were not loaded with DOX, as 

this experiment aimed to measure the cell viability of DOPE: DOPC liposomes. Moreover, a 

positive control (PC) of cells without liposomes and a negative control (NC) without cells were 

added to the plate. The plates were incubated at 37 oC for 48 h, and the cell viability was 

determined by a methyl thiazol tetrazolium (MTT) assay. The MTT assay was done by carefully 

removing the CM from each well and replacing it with 100 μL of 0.5 mg/mL MTT solution. The 

plates were again incubated at 37 oC for 2 h. Finally, 85 μL of the solution was removed from 

each well, and 85 μL dimethyl sulfoxide (DMSO) was added to dissolve the insoluble purple 

formazan crystals. The plate was read at 540 nm with a reference of 690 nm with the plate 

reader. 
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2.2.7 Cellular Uptake of Liposomes 

Liposomes were loaded with fluorescein to measure the internalization of the liposomes 

by the cells. Liposomes, 2 mg, were mixed with 1 mL fluorescein (FC, 1 mg/mL in acetone). The 

liposomes were extruded with four filters using the method described above. These liposomes 

were dried at 65 ºC for 4 hours and placed in the freezer overnight. The liposomes were then 

resuspended in 2 mL of PBS and passed through a Sephadex G-50 column (Fisher) to remove the 

unencapsulated FC.  

Fibroblasts were seeded at a density of 5.0 x 104 cells/cm2 in a black 96-well plate. Cells 

were either not activated or activated with the addition of 10 ng/mL TGF-β in each well. Cells 

without liposomes were used as PC, and wells with liposomes but without cells were NC. The 

plate was incubated for 24 hours at 37 ºC. Subsequently, the media was aspirated, and 200 μL of 

each of the four sizes of FC-loaded liposomes was added to the plate. These plates were either 

incubated at 37 ºC for 4 hours to measure the internalization or at 4 ºC for 4 hours for cold 

binding experiments. 

The medium was then aspirated from each of the 96 wells in the plate, and 100 μL of 

0.25% trypan blue (Corning, Manassas, VA) was added to each well and incubated for 1 min to 

quench extracellular fluorescence. After 1 min, the trypan blue was aspirated, and the 

fluorescence was measured using an excitation wavelength of 485 nm and an emission 

wavelength of 528 nm using the plate reader. 

2.2.8 Half Maximal Inhibitory Concentration (IC50) 

Fibroblasts were seeded at 5.0 x 104 cells/cm2 in 96 well plates and were either not 

activated or activated using 10 ng/mL TGF-β in each well. An NC of only CM was included on 

the plate. A serial dilution of DOX loaded liposomes was added to the plate. No liposomes were 

added to the PC. In addition to the DOX loaded liposomes, a serial dilution of 50 μg/mL DOX 
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was used to calculate the IC50 value of free DOX. This concentration of free DOX (50 μg/mL) 

corresponds to the amount of DOX loaded in the liposomes. After incubation for 48 hours at 37 

ºC, the media was aspirated, and 10 μL of a 5 mg/mL MTT solution and 100 μL CM was added 

to each well. The plate was incubated at 37 ºC for 2 hours, after which 85 μL MTT solution was 

replaced by DMSO (Fisher) to dissolve any formazan crystals. The optical density was measured 

at 540 nm and a reference of 690 nm. Data were normalized to cells cultured without liposomes, 

and eight replicates were obtained for each experiment. Origin ® software was used to generate a 

sigmoidal dose-response curve, y, which was used to calculate the IC50 values for each liposome, 

shown in Equation (2): 

                            𝑦 = 𝐴2 +  
𝐴1− 𝐴2

1+ (
𝑥

𝑥𝑜
)

𝑝  (2) 

Where A1 is the upper limit of the dose curve, A2 is the lower limit, p is the steepness of 

the curve, and x is the IC50. 

2.2.9 Statistical and Data Analyses 

All data are reported as mean ± standard deviation (SD). Statistical analysis was 

performed using JMP statistical software. The statistical significance of the mean comparison 

was determined by a two-way ANOVA. Pair-wise comparisons were analyzed with Tukey’s 

honest significant difference test. Differences were considered statistically significant for p < 

0.05. 

2.3. Results 

2.3.1 Physicochemical Characterization of Liposomes 

Liposomes were formulated using a 2:1 DOPE to DOPC ratio using the thin film method 

and were extruded using 50, 100, 200, and 400 nm filters. The liposomes were characterized by 

their size and zeta potential. Figure 2.1(a) shows the size measurement of the synthesized 

liposomes, while Figure 2.1(b) demonstrates the zeta potential values of the liposomes. Each 
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size has a significantly different value compared to others, while only the 50 nm liposomes have 

a significantly lower zeta potential value of -15.2 ± 0.1 mV compared to all other sized 

liposomes. Liposomes of sizes 100, 200, and 400 nm resulted in the zeta potential values of -18.2 

± 0.7 mV, -20.6 ± 1.1 mV, and -19.8 ± 1.4 mV, respectively. 

 

Figure 2.1: Material characterization of liposomes. (a) DLS and (b) zeta potential 

measurements of liposomes. Both measurements represent three replicates for each sample. All 

data are shown by mean ± standard deviation. (*) indicates p<0.05 compared with the other 

sizes. 

 



34 

 

 
Figure 2.1 continued 

 

 

2.3.2 Doxorubicin Encapsulation in Different-Sized Liposomes 

DOX being an amphipathic drug, can easily be encapsulated in the aqueous cavity of the 

liposomes using a pH gradient. Figure 2.2 shows the EE of DOX in the four different sizes of 

liposomes, which was 94 ± 2%, 93 ± 1%, 96 ± 3%, and 95 ± 2% for sizes 50, 100, 200, and 400 

nm, respectively. There were no significant differences for any of the sizes. 
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Figure 2.2: Doxorubicin loading efficiency for each liposome size. Measurements represent 

three replicates for each sample; all data are shown by mean value ± standard deviation 

2.3.3 Cells are Viable With All Four Sizes of Liposomes 

The cell viability of fibroblasts and myofibroblasts in the presence of all four sizes of 

liposomes were tested. As the purpose of this experiment was to observe whether the 

DOPE:DOPC liposomes alone are toxic to the cells or not, these liposomes were not loaded with 

DOX. After the cells were seeded in a 96 well plate for 24 h, 250 μg/mL liposome solution for 

each size was added to both fibroblasts and myofibroblasts. The cells with liposomes were 

incubated for another 48 h, after which a viability assay was performed; the plates were then read 

at 540 nm with a reference of 690 nm using a plate reader. The DOPE:DOPC liposomes resulted 
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in >94% viability for both fibroblasts and myofibroblasts, and no significant differences were 

observed, as seen in Figure 2.3. For fibroblasts, sizes 50, 100, 200, and 400 nm resulted in cell 

viability of 95.4 ± 6.7%, 97.4 ± 7%, 97.0 ± 4.7%, and 94.9 ± 5.4%, respectively. Similarly, for 

myofibroblasts, the cell viability was measured to be 99.2 ± 4%, 95.4 ± 2.5%, 97.5 ± 3.7%, and 

98.9 ± 1.8% for sizes 50, 100, 200, and 400 nm, respectively. 

 

Figure 2.3: Cell viability of fibroblasts and myofibroblasts incubated with four different sizes of 

liposomes. Measurements show eight replicates for each sample. All data represent mean value 

± standard deviation 

2.3.4 Cellular Uptake of Fluorescent Loaded Luposomes by Fibroblasts and 

Myofibroblasts 

Liposome internalization was measured through the uptake of FC-loaded liposomes by 

fibroblasts and myofibroblasts. Equal concentrations of all sizes of liposomes (0.25 mg/mL) 

were added to the cells. As shown in Figure 2.4(a), the uptake of liposomes decreases with size 

for both myofibroblasts and fibroblasts at 37 oC. The cold binding, performed at 4 oC, showed 
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similar trends in Figure 2.4(b). In general, a similar trend was observed where binding decreased 

as the size of the liposome increased. Only 200 nm liposomes showed a significantly lower 

internalization in fibroblasts compared to 50 nm liposomes. No other significant difference was 

seen.  

  

Figure 2.4: Fluorescent-loaded liposomes internalized fibroblasts and myofibroblasts at (a) 37 
oC and (b) 4 oC. Data represent the mean value of eight replicates for each sample ± standard 

deviation. The fluorescence was normalized to the amount of FC added to each well. (*) 

indicates p<0.05 for values compared to 50 nm size. 
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Figure 2.4 continued 

 

For fibroblasts, at 37 oC, liposomes of sizes 50, 100, 200, and 400 nm showed 

internalization values of  5190 ± 757, 4350 ± 853, 2880 ± 809, and 3990 ± 950 a.u., respectively. 

Similarly, for myofibroblasts, the internalization of liposomes of sizes 50, 100, 200, and 400 nm 

at 37 oC resulted in the values of 5190 ± 752, 4170 ± 606, 3300 ± 756, and 3168 ± 603 a.u., 

respectively.  

Less internalization of liposomes was observed for the cold binding experiments 

performed at 4 oC. For fibroblasts, the liposomes of sizes 50, 100, 200, and 400 nm resulted in 

internalization values of 330 ± 30, 201 ± 54, 220 ± 65, and 169 ± 120, respectively. For 
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myofibroblasts, the liposomes of size 50 nm showed the highest internalization value for cold 

binding at 396 ± 68. For liposomes 100, 200, and 400, the cold binding experiments resulted in 

internalization values of 303 ± 54, 275 ± 96, and 258 ± 132, respectively. 

2.3.5 The Effect of Liposome Size on Half Maximum Inhibitory Concentration (IC50) 

To define the efficacy of the encapsulated drug, we measured the IC50 (half-maximum 

inhibitory concentration) of the DOX-loaded liposomes in the presence of fibroblasts and 

myofibroblasts. The IC50 value reflects the concentration of the drug at which half of the cells are 

dead, providing a potency of an antagonist drug. Higher IC50 values indicate lower toxicity. 

Figure 2.5 shows the IC50 values for liposomes of different sizes incubated with fibroblasts and 

myofibroblasts. 

As liposome size increases, the IC50 increases for both cell types (Figure 2.5). The 

exception to this trend was 400 nm liposomes incubated with fibroblasts, which resulted in an 

IC50 value of 1.83 ± 0.3 μM. For sizes 50, 100, and 200 nm, the IC50 values for fibroblasts were 

1.13 ± 0.15, 1.58 ± 0.24, and 2.76 ± 0.34 μM, respectively. The ‘DOX only IC50’ refers to the 

IC50 value of free DOX, which was added to the cells without the addition of liposomes and was 

calculated to be 0.83 ± 0.3 μM. The Dox only IC50 value is consistent with the previous literature 

(Chen et al., 2013; Rehman and Bratlie, 2022; Toffoli et al., 1989; Wang et al., 2017). The IC50 

values for sizes 50, 100, 200, and 400 nm incubated with myofibroblasts were 2.34 ± 0.39, 3.87 

± 0.22, 4.48 ± 0.4, and 4.96 ± 0.12 μM, respectively. For free DOX, the IC50 was calculated to be 

0.93 ± 0.57 μM for myofibroblasts, supported by the previously published data (Rehman and 

Bratlie, 2022). Thus, the least toxic DOX-loaded liposomes for myofibroblasts were 400 nm, and 

the most toxic was free DOX.  
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Figure 2.5: IC50 concentration for fibroblasts and myofibroblasts. Data represent the mean 

value of eight replicates for each sample ± standard deviation. (*) indicates p<0.05 for values of 

IC50 for fibroblasts compared with myofibroblasts of the same size. (‡)indicates p<0.05 for IC50 

values for fibroblasts at different sizes compared with Dox only value. (†) indicates p<0.05 for 

IC50 values for myofibroblasts at different sizes compared with Dox only value. Bars with the 

same letters (A-D) are not statistically different (p<0.05) from data points of the same 

phenotype. 

Furthermore, the letters (A-D) on the bars in Figure 3.5 represent a significant difference 

in the IC50 values for fibroblasts and myofibroblasts when each size was compared to other sizes 

within the same phenotype. Bars with the same letter show no significant difference. For 

fibroblasts,  Only 200 nm liposomes showed a significantly higher IC50 value for fibroblasts 

compared to all other sizes. On the other hand, for myofibroblasts, size 50 nm liposomes resulted 
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in a significantly lower IC50 value compared to sizes 100, 200, and 400 nm. In comparison, size 

400 nm liposomes showed a significantly higher IC50 value compared to size 50 and 100 nm, but 

not 200 nm. 

2.4 Discussion 

2.4.1 Surface Charge of Liposomes is Affected by the Liposome Size 

Zeta potential can help to predict the fate of liposomes in vivo (Malvern Panalytical, 

2019). Specifically, zeta potential can affect the pharmacokinetic behavior of the delivery system 

(Honary and Zahir, 2013). The attachment of liposomes to cell membranes is altered when 

physiochemical modification of liposomes takes place and is most affected by changes in the 

surface charge of the particles (Honary and Zahir, 2013). This has the potential to affect the 

internalization of the drug in the cells. Nanoparticles with a higher magnitude of surface charge 

bind more strongly to the cell membrane than those with a surface charge near 0 mV, and these 

more negative values result in a higher cellular uptake (Honary and Zahir, 2013).  

As liposome size increases, the zeta potential becomes more negative. Prior work has 

suggested that as liposome size increases, cellular uptake increases (Lee et al., 2015; Sakai-Kato 

et al., 2019). However, there was a negative trend between liposome size and cellular uptake, 

which was not statistically significant. This negative linear trend is shown for both types of cells 

incubated at both 37 oC and 4 oC (Figures 2.4 (a) and (b)). The results, however, are not 

statistically significant. Nonetheless, it was seen that all sizes of liposomes were able to target 

and were internalized by both phenotypes of fibroblasts, which was the main goal of the study. 

2.4.2 Increasing Liposome Size Decreases Liposome Toxicity 

Fibroblasts compose the basic framework for tissues and organs responsible for 

maintaining the ECM (Dick et al., 2021). Microenvironments marked by the presence of a 

cancerous tumor can often lead to an undesirable transformation of fibroblasts into 
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myofibroblasts, known to promote tumor progression and metastasis (Rehman and Bratlie, 2022; 

Yazdani et al., 2017). Selective targeting of these tumor-promoting cells may be a useful method 

for treating cancer.  

We have seen that toxicity and cellular uptake decrease as liposome size increases. These 

higher IC50 values (Figure 2.5) lead to lower efficacy of doxorubicin. Similarly, cellular uptake 

decreases as liposome size increases, though not statistically significant (Figures 2.4 (a) and 

(b)). This relationship indicates a more efficient method of targeting tumor-supporting cells 

using smaller liposomes. Utilization of DOX without encapsulation by liposomes leads to the 

death of both fibroblasts and myofibroblasts, shown by the lack of differentiation between the 

two in statistical analysis. 

In summary, the results from this study provide us with evidence that DOX-loaded 

DOPE:DOPC liposomes can be used to target both phenotypes of fibroblasts (fibroblasts and 

myofibroblasts/CAFs). The size of the liposomes can be used to control the toxicity of 

liposomes. Furthermore, these results provide us with a foundation for future work that smaller 

liposomes (50 and 100 nm) are better candidates to use surface modifications for targeted drug 

delivery. 

2.5 Conclusions 

Herein, we investigated the cell viability, cytotoxicity, and cell internalization of 

DOPE:DOPC liposomes against fibroblasts and myofibroblasts (acting as CAFs in a tumor 

microenvironment). Four different sizes of liposomes (50, 100, 200, and 400 nm) were used to 

examine how the targetability towards different phenotypes changes with size. Both fibroblasts 

and myofibroblasts were viable when incubated with DOPE:DOPC liposomes before the 

encapsulation of DOX. Only size 50 nm liposomes showed a significantly lower zeta potential 

value compared to the other three sizes, which influences cell internalization. It was observed 
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that lower liposome sizes (50 and 100 nm) are more toxic to both phenotypes and can be further 

used in future studies. The findings of this study establish a strong foundation to use smaller 

liposomes for a higher dose of DOX delivery; the surface of these small liposomes can be 

modified to specifically target CAFs (myofibroblasts) while being more toxic towards CAFs 

compared to fibroblasts. 
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Abstract 

A library of arginine-like surface modifiers was tested to improve the targetability of 

DOPE:DOPC liposomes towards myofibroblasts in a tumour microenvironment. Liposomes 

were characterised using zeta potential and dynamic light scattering. Cell viability remained 

unchanged for all liposomes. Liposomes were encapsulated using doxorubicin (DOX) with an 

encapsulation efficiency >94%. The toxicity of DOX-loaded liposomes was calculated via half-

maximal inhibitory concentration (IC50) for fibroblasts and myofibroblasts. These liposomes 

resulted in significantly lower IC50 values for myofibroblasts compared to fibroblasts, making 

them more toxic towards the myofibroblasts. Furthermore, a significant increase in cell 

internalization was observed for myofibroblasts compared to fibroblasts, using fluorescein-

loaded liposomes. Most importantly, a novel regression model was constructed to predict the 

IC50 values for different modifications using their physicochemical properties. Fourteen 

modifications (A–N) were used to train and validate this model; subsequently, this regression 

model predicted IC50 values for three new modifications (O, P, and Q) for both fibroblasts and 

myofibroblasts. Predicted and measured IC50 values showed no significant difference for 
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fibroblasts. For myofibroblasts, modification O showed no significant difference. This study 

demonstrates that the tested surface modifications can improve targeting to myofibroblasts in the 

presence of fibroblasts and hence are suitable drug delivery vehicles for myofibroblasts in a 

tumour microenvironment. 

3.1 Introduction 

Arginine is commonly found in cell-penetrating peptides (CPPs) and can transport small 

molecules, nucleic acid, proteins, and nanoparticles into cells82–84. These CPPs can assist in 

increased cell internalization of the particles through micropinocytosis and non-endocytic 

pathways, among other phenomena85–88. It has also been demonstrated that peptides that contain 

L- or D-arginine more efficiently enter a cell compared to the peptides containing ornithine, 

histidine, or lysine. This implies that only the charge on the peptide is not sufficient to promote 

cell internalization89,90. Furthermore, studies have shown that arginine derivatives, when used in 

liposomal formation, results in lower cytotoxicity, higher transfection, and higher stability of the 

particles91–93. Although arginine and its derivatives have shown promise as CPPs, a clear set of 

rules relating materials design to biological function is not yet available. 

Doxil ® was the first liposomal formulation that the FDA approved in 1995, which uses 

doxorubicin (DOX) for chemotherapeutic treatment of various cancers19,94,95. The major side 

effect caused by doxorubicin is cardiomyopathy; however, this can be significantly reduced 

using liposomal DOX while maintaining drug efficacy96,97. Numerous other formulation of 

liposomes have been approved by the FDA. Furthermore, liposomes can be easily modified 

using different surface modifiers98–100. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) are two FDA approved, commonly 

used phospholipids for liposomal-based carriers101,102. DOPE features a primary amine group 

present on its hydrophilic head, which allows modification through carbodiimide chemistry.  
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Recently, we modified DOPE: DOPC liposomes to enhance their selective targeting 

ability toward macrophage subpopulations and Caco-2 human colorectal adenocarcinoma cells 

using a library of arginine derivatives97,102,103. Macrophages play a vital role in pro-inflammatory 

and wound healing processes104–109. Fibroblasts are also critical in wound healing as they 

synthesize extracellular matrix (ECM), including collagen. Moreover, fibroblasts support the 

wound healing process by differentiation a myofibroblast phenotype, which can occur due to 

transforming growth factor- β, among other inflammatory mediators.  

Although myofibroblasts promote wound healing and wound closure, however, in the 

presence of cancer, myofibroblasts can act as cancer-associated fibroblasts (CAFs) and enhance 

tumor progression and metastasis110. Cancer growth imitates the basic wound healing process, 

sharing various similarities, for example, recruitment of immune cells and deposition and 

crosslinking of fibronectin and fibrin111. Where a wound is restricted to a specific area and 

follows the typical wound healing steps, cancer cells manipulate the wound-healing process. 

They can migrate to, expand, and invade adjacent tissues. Here, CAFs aid the tumor in paving its 

way to neighboring areas through angiogenesis, secreting various growth factors, cytokines, and 

ECM development112. 

Various studies have shown that CAFs can develop resistance to chemo- and 

radiotherapy drugs mediated by CAF-secreted soluble factors, promoting cancer stemness, and 

modulating metabolism58. Sun et al. reported that CAFs produce wingless‐type mouse mammary 

tumor virus integration site family member 16B (WNT16B), which decrease the cytotoxicity of 

chemotherapy and enhance tumor progression in prostate cancer113. Another report demonstrated 

that WNT16B was regulated by nuclear factor kappa light chain enhancer of activated B cells 

(NF‐κB) by a post-DNA damage mechanism, which may be caused by radiotherapy and tumor 



53 

 

necrosis factor-α (TNF- α). Subsequently, this process triggers the canonical Wnt pathway as a 

paracrine signal, resulting in drug resistance, consequently preventing apoptosis; thus, increasing 

proliferation, migration, and invasion of the cancer cells114. A study regarding pancreatic cancer 

by Zhang et al. showed that through an NF‐κB-dependent manner, CAFs defended the cancer 

cells from gemcitabine-induced apoptosis115. Furthermore, a more recent study demonstrated that 

CAFs induce interleukin-8 (IL-8) expression. Increased levels of phosphoinositide 3-kinase 

(P13K), phosphorylated p65 (p‐p65), phosphorylated Iκb (p‐Iκb), P-glycoprotein 1 (ABCB1), 

and phosphorylated AKT (p‐AKT) were shown when CAFs were cultured in gastric cancer cells 

conditioned medium. All of these expressions were present along with NF‐κB activation, leading 

to increased cisplatin resistance in cancer cells116. CAFs also secrete IL-17A which increased the 

chemotherapeutic resistance of colorectal cancer-initiating cells when subjected to 

chemotherapy117. As a significant component of tumor microenvironment, CAFs regularly 

exchange or share metabolites with neighboring cancer cells. This exchange may trigger a series 

of signaling pathway resulting in drug resistance. Given the pro-tumorigenic role of CAFs, it is 

critical to eliminate CAFs from the tumor microenvironment after chemotherapy to prevent 

cancer recurrence118–121. Currently, there is no robust mechanism to specifically target CAFs 

present in the tumor environment, where there is also a presence of fibroblasts. Therefore, there 

is an urgent need to synthesize a drug delivery vehicle that can differentiate between CAFs and 

fibroblasts and actively target CAFs, while being more toxic towards CAFs compared to regular 

fibroblasts. 

In this study, we used 17 different arginine derivatives to modify the surface of the 

DOPE: DOPC liposomes. Our goal was to study the effects of these surface modifications on 

liposomal properties, toxicity, and cell internalization. We examined the toxicity and cell 
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internalization using both fibroblasts (NIH/3T3) and activated myofibroblasts phenotype (TGF-β 

activated NIH/3T3) 117–119. The surface charge and size of the modified liposomes were 

characterized as well. Half maximal inhibitory concentration (IC50) is a measure of the toxicity 

of a drug; the liposomes were loaded with DOX, and the IC50 values of the encapsulated DOX in 

the modified and unmodified (UM) liposomes were compared to the IC50 values of free DOX in 

fibroblasts and myofibroblasts. Finally, cell internalization of the modified liposomes was 

compared to the UM liposomes to show that surface modifications using arginine derivatives can 

increase the drug’s targetability and cell internalization to myofibroblasts in contrast to 

fibroblasts. For the rest of this article, we will use ‘fibroblasts’ to address the NIH/3T3 cells and 

myofibroblasts for TGF-β activated NIH/3T3 cells. 

3.2 Methods 

3.2.1 Materials 

All materials were purchased through Sigma-Aldrich, St. Louis, MO, and were used as 

received unless otherwise stated. Fresh deionized (DI) water (Milli-Q, Thermo Scientific 

Nanopure, Waltham, MA) was used throughout this study.  

3.2.2 Liposome Synthesis 

The liposomes were synthesized using the thin-film hydration method (23). Briefly, in a 

250 mL round bottom flask, 117.5 µM 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 

Avanti Polar Lipids, Inc., Alabaster, AL) and 58.8 µM 1, 2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC, Avanti Polar Lipids, Inc.) were dissolved in 15 mL chloroform. 

Subsequently, the solution was evaporated at 40 oC for five minutes using a rotary evaporator. 

Once the solvent was evaporated, a thin layer of lipids was observed at the bottom of the flask. 

This film was rehydrated using 15 mL phosphate-buffered saline (PBS, diluted from 10X 

solution to 0.1 M, pH 7.4, Fisher Scientific, Pittsburgh, PA). The flask was shaken thoroughly 
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and placed in a sonication bath for 15 minutes to complete the film’s hydration. The solution 

turned milky white as the film hydrated. The solution was then dialyzed against DI water 

overnight. Afterward, the liposomes were lyophilized and kept at -20 oC for further use. 

3.2.3 Liposome Modification 

Seventeen different molecules were used as surface modifiers for the liposomes: (A) 2-

amino-3-guanidinopropionic acid, (B) 3-guanidinopropionic acid, (C) nitroarginine, (D) creatine 

(Fisher Scientific), (E) carnitine, (F) citrulline, (G) 5-hydroxylysine, (H) acetylglutamine, (I) N-

carbamyl--aminoisobutyric acid, (J) acetylcarnitine, (K) 2,4-diaminobutyric acid, (L) 

acetylornithine, (M) albizziin, (N) arginine, (O) lysine, (P) ornithine, and (Q) 3-ureidopropionic 

acid (Figure 3.1). Unmodified liposomes (UM) were prepared without any modifications as a 

positive control. For each modification, 10 mg lyophilized liposomes along with 2 mL of PBS and 

2 mg surface modifier were resuspended in PBS at 5 w/v%, followed by the addition of 20 mg N-

(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC). The mixture was stirred 

overnight, and the modified liposomes were dialyzed against DI water overnight and lyophilized. 

3.2.4 Drug Loading 

Doxorubicin (DOX) was encapsulated in the liposomes and used as a model drug for this 

study. To load the liposomes with DOX, 10 mg of modified or UM liposomes were dissolved in 

2 mL citric acid (150 mM, pH 4.0). The solution was extruded 21 times using an Avanti Mini-

Extruder with a filter size of 100 µm. Subsequently, the pH of the solution was adjusted to 7.4 

using HCl and NaOH. Both the DOX solution (PBS, 10 mg mL-1) and the extruded liposome 

solution were incubated individually at 65 oC for 10 minutes to equilibrate the temperature of the 

solutions. DOX solution (200 µL) was then added to the liposome solution, and it was incubated 

at 65 oC for an additional 45 minutes. The DOX-loaded liposomes were then centrifuged at 3000 

rpm for five minutes, and the supernatant was carefully removed. 
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To a 96 well plate, 50 µL supernatant and 50 µL PBS were added to each well. A 

standard curve was made through serial dilutions of 1 mg mL-1 DOX solution. The absorbance of 

the plate was read using a BioTek Synergy HT Multidetection Microplate Reader (BioTek, 

Winooski, VT) plate reader at 490 nm with a reference at 630 nm. The loading efficiency of the 

DOX loaded liposomes was calculated by 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡)

𝐶𝑡𝑜𝑡𝑎𝑙
𝑋 100%                         (1) 

 
where Ctotal is the concentration of DOX added to the liposomes and Csupernatant is the 

concentration of DOX in the supernatant. 

3.2.5 Zeta Potential and Dynamic Light Scattering 

The zeta potential of the modified and UM liposomes was performed to measure the 

surface charge on the liposomes. To 5 mL H2O, a 100 µL 1% w/v of liposomes in DI water was 

added and extruded through 100 nm polycarbonate membranes using an Avanti Mini-Extruder 

(Avanti Polar Lipids, Inc.). The pH of the DI water was adjusted to 7.4 using HCl or NaOH to 

minimize the interaction of the ions in water with the liposomes during the test. These liposomal 

solutions were used to measure the zeta potential and size of the liposomes using a Zetasizer 

Nano Z (Malvern Instruments Ltd, Malvern, UK). Liposomes with modifications O, P, and Q 

were analyzed for their zeta potential and size. The data for modifications A-N was taken from 

our previous study 103. 
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Figure 3.1. Chemical structures of arginine-like molecules used for the modification of liposome surfaces. The different molecules 

showed here are lettered for easier identification in experiments and discussion throughout the article. 
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3.2.6 Cell Viability 

Fibroblasts (NIH/3T3, ATCC, Manassas, VA) were cultured at 37 oC with 5% CO2 with 

complete medium (CM), consisting of Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin. The 

cells were passaged every three to four days and sub-cultured between 6.7 x 103 and 2.7 x 104 

cells per cm2. Differentiation of fibroblasts to myofibroblasts was performed by adding 10 ng 

mL-1 TGF-β to the NIH/3T3 stock solution prior to transferring the cells to the well plates.  

3.2.7 Cell Viability 

Fibroblasts and myofibroblasts were seeded in a 96-well plate at a density of 5.0 x 104 

cells cm-2 and allowed to grow for 24 h. Subsequently, the media was carefully aspirated, 

followed by the addition of 100 µL blank liposome solution (500 µg mL-1). The liposomes used 

to investigate the cell viability were not loaded with DOX, as the purpose was to observe the 

stand alone cell viability of DOPE:DOPC liposomes. Cells without liposomes served as a 

positive control (PC), while liposomes in the absence of the cells served as a negative control 

(NC). All plates were incubated at 37 oC for 48 h. The cell viability was determined by a methyl 

thiazol tetrazolium (MTT) assay; CM from each well was carefully replaced with a 100 µL 

solution of MTT (0.5 mg mL-1), and the plate was incubated at 37 oC for 2 h. The MTT forms 

purple insoluble formazan crystals after metabolism in living cells. Subsequently, 85 µL was 

aspirated from each well, and 100 µL DMSO was added to dissolve the insoluble formazan 

crystals. The plate was then read at 540 nm and a reference of 690 nm with the plate reader. 

3.2.8 Fluoroscent Particles and Cellular Uptake 

Cellular uptake of liposomes was measured using fluorescently-loaded liposomes. To 

encapsulate fluorescein in the liposomes, 10 mg liposomes were mixed with 1 mL fluorescein 

(FC, 1 mg mL-1 in acetone). Subsequently, the liposomes were dried at 55 oC, and the particles 
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were resuspended in 1 mL PBS. Afterward, to remove the unencapsulated FC, this liposomal 

suspension was passed through a Sephadex G-50 column (Fisher Scientific). Fibroblasts and 

myofibroblasts, at a density of 5.0 x 104 cell cm-2 in CM, were seeded in a black 96 well plate 

and incubated for 24 h at 37 oC. A negative control without any cells was also present. After the 

24 h incubation time, the CM was carefully aspirated and replaced with 200 µL FC loaded 

liposomes resuspended in CM. The cells were placed at 37 oC to measure the internalization of 

the liposomes, and at 4 oC for cold binding experiments. 

To observe the internalization of the liposomes, the prepared 96 well plates with 

fibroblasts and myofibroblasts were incubated at 37 oC for 4 h. Subsequently, the media was 

replaced by 100 µL of 0.25% trypan blue (Corning, Manassas, VA). The addition of trypan blue 

quenches the extracellular fluorescence. After 1 min, trypan blue solution was replaced with 

PBS. The level of fluorescence inside the cells, which represents the internalization of liposomes, 

was then measured at an excitation of 485 nm and emission of 528 nm. The same process was 

repeated for the cold binding experiments, where the cells were incubated with liposomes at 4 oC 

for 4 h. Eight replicates were obtained for each of the 17 liposomes. Unmodified liposomes were 

also loaded with FC and tested. The fluorescence was normalized to the amount of FC added to 

each well.  

3.2.9 Half Maximal Inhibitory Concentration (IC50) 

Fibroblasts and myofibroblasts were seeded at a density of 5.0 x 104 cells cm-2 onto a 96 

well plate for 24 h in CM at 37 oC. An NC containing only CM was also included on the plate. A 

serial dilution of DOX loaded modified or unmodified liposomes was added to the cells. No 

liposomes were added to the PC. The IC50 value of free DOX was also calculated by adding 

DOX (50 µg mL-1) to the cells and serially diluting the DOX through the plate. The liposomes 

were incubated with the cells for 48 h at 37 oC. Subsequently, an MTT assay was done as 
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described above. Eight replicates were obtained for each experiment, and the data were 

normalized to the cells cultured without the liposomes. A sigmoidal dose-response curve was 

then used to calculate the IC50 values for each liposome, shown in Eqn. (2): 

 

𝑦 = 𝐴2 + 
𝐴1− 𝐴2

1+ (
𝑥

𝑥𝑜
)

𝑝                                             (2) 

 

where A1 is the upper limit of the dose curve, A2 is the lower limit, p is the steepness of the 

curve, and xo is the IC50. 

3.2.10 Statistical and Data Analyses 

JMP® statistical software was used to perform various statistical analyses. Data are 

expressed as the means ± standard deviation (SD). A two-way ANOVA test determined the 

statistical significance of the mean comparisons. Tukey’s honest significant test was performed 

to analyze pairwise comparisons. The results were considered statistically significant at P < 0.05. 

Three sets of pairwise comparisons were performed on the percentage cell viability, cellular 

uptake of particles, and IC50 values. The first test compared the UM liposomes’ values obtained 

by fibroblasts with the 17 modifications. The second test compared the UM liposomes’ values 

acquired through CAFs with all 17 modifications. The third comparison was performed 

between fibroblasts and CAFs for each modification to observe which modification results 

significantly different at which cell type.  

Principal component analysis (PCA) was performed to observe the covariance structure. 

The principal components from PCA are the linear combinations of the original variables, and 

these are plotted on the axes representing the directions of maximum variance. These plots can 

be observed to visualize the relationship between through projections of the first principal 
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component (PC1) and the second principal component (PC2) in a two-dimensional space. Here, 

we used PCA to demonstrate the relationships between IC50 values and different modifiers’ 

physicochemical properties. 

Furthermore, a linear regression was performed using the modifiers’ physicochemical 

properties to predict the IC50 values for each modified liposome. First, 14 modifiers (A – N) were 

used to train and validate the regression model, followed by a prediction of the IC50 values of the 

final three modifications (O, P, and Q). This training and validation were performed separately 

for fibroblasts and myofibroblasts using their respective IC50 values. The predicted IC50 values 

were plotted against the true IC50, and a line of best fit was drawn to illustrate the relationship.  

3.3 Results 

3.3.1 Surface Modifications: physicochemical Characterization of Modified Liposomes 

Liposomes were synthesized and their surface was functionalized using 17 different 

surface modifiers. Modified liposomes were characterized for their size and zeta potential. 

Differences in the zeta potential values were seen among different modifiers. Zeta potential 

values for both modified and UM liposomes are presented in Figure 3.2A. UM liposomes 

showed a zeta potential of -16.8 ± 0.8 mV due to the phosphate group in the lipids, and the value 

aligned with the previously published results 97,103.  

For the modified liposomes, the zeta potential ranged from -33.9 to -8.9 mV, which 

corresponds to the different functional groups of the different modifiers. A connecting letter 

report was formulated using the student’s T-test to observe the significant difference among the 

17 modifications. Details for this comparison are provided in Table S1. Dynamic light scattering 

(DLS) was used to measure the size and zeta potential of the liposomes. The UM liposomes 

resulted in a diameter of 96.3 ± 9.4 nm, whereas the size of modified liposomes ranged from 

83.5 to 119.4 nm. All these values fall in the range of the 100 nm extrusion filter, which was 
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used during liposome extrusion. Figure 3.2B shows the sizes of liposomes measured using DLS. 

Moreover, the polydispersity index (PDI) for these liposomes ranged from 0.096 – 0.167 givecn 

in Table S2. 

 

 
Figure 3.2. Material characterization of modified liposomes. (A) Zeta potential and (B) DLS 

measurements of the liposomes. Both measurements represent three replicates for each sample. 

All data are shown by mean value ± standard deviation. (*) indicates p < 0.05 compared with 

the unmodified liposomes using pairwise comparison. UM = unmodified liposomes. 
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3.3.2 Doxorubicin Encapsulation in Liposomes 

Since DOX is an amphipathic drug, it can be encapsulated in the aqueous cavity of the 

liposome and travel through the pH gradient created by citrate used during drug loading between 

the inside and the outside of the liposome. This pH gradient method provides optimal 

encapsulation efficiency (EE). The DOX EE, shown in Figure 3.3, indicates that DOX was 

encapsulated with an efficiency of 94.0% or higher in all of the liposomes. Liposome D showed 

an EE of 99.60 ± 2% being the highest, while liposome A had an EE of 94 ± 4% being the 

lowest. 

 

Figure 3.3. Doxoruboicin loading efficiency for modified and unmodified liposomes. 

Measurements represent three replicates for each sample; all data are shown by mean value ± 

standard deviation. 
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3.3.3 Cell Viability and Comparison of the Cellular Uptake of Fluorescent Loaded 

Liposomes Between Fibroblasts and Myofibroblasts 

Cell viability of all modified liposomes was tested against fibroblasts and myofibroblasts. 

These liposomes were not loaded by DOX in order to observe the viability of DOPE:DOPC 

liposomes alone on the cells. After seeding fibroblasts and myofibroblasts on a 96-well plate for 

24 h, a 100 µL liposome solution (500 µg mL-1) was added to the cells, followed by incubation at 

37 oC for 48 h. Subsequently, MTT was performed, and the plates were read at 540 nm and a 

reference of 690 nm with the plate reader. Both fibroblasts and myofibroblasts showed cell 

viability greater than 86% and 90%, respectively. The results are shown in Figure 3.4. 

 
Figure 3.4. Cell viability of fibroblasts and myofibroblasts incubated with modified and 

unmodified liposomes. Measurements show eight replicates for each sample. All data represent 

mean value ± standard deviation. (*) indicates p < 0.05 for values compared to their respective 

UM liposome values using pairwise comparison, while (†) indicates p < 0.05 for myofibroblast 

compared to fibroblast for the same modification. UM = unmodified liposomes. 
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 The cellular uptake of the liposomes was measured by incubating FC-loaded liposomes, 

both modified and UM, with the fibroblasts and myofibroblasts for 4 h. An equal amount of all 

17 modified FC-loaded liposomes and UM liposomes (0.1 mg mL-1) was added to the cells. 

Liposomes external to the cells were quenched using trypan blue. Figure 3.5 visualizes the 

internalization of FC-loaded liposomes in fibroblasts at (A) 37 oC and (B) 4 o, while (C) and (D) 

show internalization of FC-loaded liposomes in myofibroblasts at 37 oC and 4 oC, respectively. 

Moreover, (E) and (F) display the intensity of fluorescence coming from the liposomes 

internalized by the fibroblasts. The cold binding experiments were carried out at 4 oC, where all 

energy-dependent cell internalization pathways are blocked. Thus, a weak level of fluorescence 

is seen, demonstrating little particle internalization or adsorption on the cell surface. Conversely, 

a significant increase in the intensity of fluorescence can be seen at 37 oC, indicating that the 

fibroblasts internalize a significant number of liposomes. 

  

  
Figure 3.5. Fluorescent loaded liposomes internalized by (A) fibroblasts at 37 oC and (B) 4 oC, 

and (C) myofibroblasts at 37 oC and (D) 4 oC. Fluorescence level of FC loaded particles 

incubated with fibroblasts and myofibroblasts at (E) 37 oC and (F) 4 oC. Data represent the mean 

value of eight replicates for each sample ± standard deviation using pairwise comparison. The 

fluorescence was normalized to the amount of FC added to each well. (*) indicates p < 0.05 for 

(B) (A) 

(C) (D) 
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values compared to their respective UM liposome values using pairwise comparison. (†) 

indicates p < 0.05 for myofibroblast compared to fibroblast for the same modification. UM = 

unmodified liposomes. 

 

Figure 3.5 continued 

 

(E) 

(F) 



67 

 

At low temperatures, such as 4 oC, the energy dependent endocytic pathways are 

inhibited and the surface modification does not play an active role in cell internalization. At 4 oC, 

the fluorescence values for fibroblasts, modifications D, F, G, and H were similar to those of the 

UM liposomes, and there is no statistically significant difference between these liposomes. All 

other modifications had statistically significantly higher fluorescence values. When the same 

particles were tested on myofibroblasts, modifications D, F, H, J, and L showed no statistically 

significant difference compared to UM liposomes. Modification I demonstrated a significantly 

lower value than UM liposomes. All other modifications resulted in statistically significant 

higher values compared to the UM liposomes. When the cellular uptake of each modified 

liposome between each cell type was compared, modifications G and P showed a statistically 

significantly higher intensity of fluorescence for myofibroblasts than fibroblasts. On the other 

hand, modifications I, J, K, and L displayed statistically significantly lower fluorescence 

intensities for myofibroblasts than fibroblasts. No statistically significant difference was found in 

all other modifications’ fluorescence intensities between fibroblasts and myofibroblasts. 

In contrast to cellular uptake at 4 oC, endocytosis is energy dependent. Therefore, at 37 

oC, the surface modifications play a significant role in cellular uptake as they may bind to surface 

receptors involved in endocytosis. For fibroblasts, similar results were seen at 37 oC, where 

modifications D, F, and H had lower fluorescence values compared to UM liposomes, and 

modifications E and G were not significantly different. All other modifications had a statistically 

significant higher amount of fluorescence. Unlike fibroblasts, myofibroblasts showed higher 

cellular uptake for all modifications compared to the UM liposomes. The fluorescence intensity 

for modification D was higher than that of the UM liposomes, however, it was not statistically 

significant. All other modifications demonstrated a statistically significant increase in the cellular 
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uptake for myofibroblasts. When the fluorescence intensities were compared between fibroblasts 

and CAFs for each modification, cellular uptake for CAFs was statistically significantly higher 

for all modifications except modifications K and O. Details of comparison and connecting letter 

reports are provided in Tables S3, S4, S5, and S6.  

3.3.4 The Liposome Modifications were Cytocomaptible with Fibroblasts And 

Myofibroblasts 

Unmodified DOPE: DOPC liposomes are commonly used in the clinic. Epaxal® is the first 

DOPE: DOPC based liposome that was approved by the FDA in 1994. It was the first adjuvant 

virosomal vaccine for the hepatitis A virus and was developed by Crucell Berna Biotech, 

Switzerland 122. Therefore, these liposomes were not anticipated to significantly alter the cell 

viability. However, the modified liposomes used needed to be analyzed for cytocompatibility. Cell 

viability assay was used to determine the cytotoxicity of the modified liposomes. The viability of 

the cells (both fibroblasts and myofibroblasts) exposed to the modified or UM liposomes was 

normalized to the cells without the addition of liposomes. All modified liposomes showed a cell 

viability of 86% or higher (Figure 3.4). 

3.3.5 Measuring the Toxicity of Doxorubicin Encapsulated Liposomes via IC50 

IC50 is the half-maximal inhibitory concentration, which is used to define the efficacy of 

drugs. It indicates what concentration of the drug is required to inhibit a biological process by 

half, thus providing a potency of an antagonist drug. MTT assay was used to determine the IC50 

values for fibroblasts and myofibroblasts. Both fibroblasts and myofibroblasts were incubated 

with DOX loaded modified liposomes for 48 h, and their IC50 values were calculated. The 

experiments were repeated for all modified liposomes, UM liposomes, and free DOX and the 

results are listed in Table 3.1. 
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For fibroblasts, the surface modifiers altered the IC50 values of the liposomes compared 

to UM liposomes (Figure 3.6). UM liposomes showed an IC50 value of 0.39 ± 0.04 µM, whereas 

the free DOX gave an IC50 value of 0.83 ± 0.1 µM. This value of IC50 for free DOX is consistent 

with earlier findings 123–125. The IC50 has an inverse relationship with the toxicity, meaning, the 

lower IC50 value, the higher the toxicity of that particle. Most of the modified liposomes (A – E 

and G – O) had IC50 values lower than the UM liposomes (0.39 ± 0.04 µM). Liposome F showed 

the lowest toxicity with an IC50 value of 1.28 ± 0.05 µM. Liposomes M, N, O, P, and Q showed 

weak toxicities with IC50 values of 0.76 ± 0.2 µM, 1.04 ± 0.2 µM, 1.13 ± 0.3 µM, 1.18 ± 0.2 µM, 

and 0.96 ± 0.3 µM, respectively. Liposome I showed the highest toxicity with an IC50 value of 

0.19 ± 0.04 µM, followed by liposomes A and H, both with IC50 values 0.22 ± 0.04 µM.  

Interesting results were seen when the same modified liposomes were used to calculate 

the IC50 for myofibroblasts. All modifications, except I and UM liposomes, showed a smaller 

IC50 value for myofibroblasts compared to fibroblasts. Modifications A-G and L-Q showed a 

statistically significant decrease in the IC50 for myofibroblasts, some of which were nearly less 

than half of the IC50 values for fibroblasts. Modification E demonstrated the lowest IC50 value of 

0.1 ± 0.02 µM, while modification M remained at the top with an IC50 value of 0.45 ± 0.02 µM. 

UM liposomes resulted in an IC50 value of 0.40 ± 0.03 µM, which is very close to that of the 

fibroblasts. The value of IC50 for free DOX was 0.31 ± 0.02 µM for myofibroblasts. 
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Figure 3.6. IC50 concentration for fibroblasts and myofibroblasts. Data represent the mean 

value of eight replicates for each sample ± standard deviation. Statistical analysis through two-

way ANOVA and Tukey’s HSD post-hoc test. (*) indicates p < 0.05 for values compared to their 

respective UM liposome values using pairwise comparison, while (†) indicates p < 0.05 for 

myofibroblast compared with fibroblast for the same modification. UM = unmodified liposomes, 

DOX = doxorubicin. 
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Table 3.1. IC50 values for 17 modified liposomes (A-Q), unmodified liposomes (UM), and free 

doxorubicin (DOX) against fibroblasts and myofibroblasts. (*) indicates p < 0.05 for values 

compared to their respective UM liposome values using pairwise comparison, while (†) indicates 

p < 0.05 for myofibroblast compared to fibroblast for the same modification 

 Liposome 

modification 

IC50 value against 

fibroblasts (µM) 

IC50 value against 

myofibroblasts (µM) 

1 A 0.22 ± 0.03 * 0.13 ± 0.02 *,† 

2 B 0.41 ± 0.05     0.32 ± 0.01 *,† 

3 C 0.70 ± 0.07 * 0.22 ± 0.02 *,† 

4 D 0.31 ± 0.06  0.14 ± 0.02 *,† 

5 E 0.39 ± 0.06 0.10 ± 0.02 *,† 

6 F 1.28 ± 0.05 * 0.22 ± 0.01 *,† 

7 G 0.44 ± 0.2 * 0.29 ± 0.02 *,† 

8 H 0.22 ± 0.04 * 0.16 ± 0.03 * 

9 I 0.19 ± 0.01 * 0.24 ± 0.04 *,† 

10 J 0.35 ± 0.2 0.25 ± 0.01 * 

11 K 0.32 ± 0.07 0.17 ± 0.01 *,† 

12 L 0.28 ± 0.03 0.18 ± 0.01 *,† 

13 M 0.76 ± 0.2 * 0.45 ± 0.02 † 

14 N 1.04 ± 0.2 * 0.28 ± 0.02 *,† 

15 O 1.13 ± 0.3 * 0.38 ± 0.03 † 

16 P 1.18 ± 0.2 * 0.22 ± 0.02 *,† 

17 Q 0.90 ± 0.3 * 0.29 ± 0.02 *,† 

18 UM 0.39 ± 0.04  0.4 ± 0.03 

19 DOX  0.83 ± 0.1 * 0.31 ± 0.02 *,† 
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The significantly lower IC50 values for the liposomes, especially liposomes C, F, M, N, 

and O, where the difference in IC50 values is more than 2-fold, suggest that these modifications 

could improve targeted delivery to myofibroblasts (or CAFs) in the presence of fibroblasts. 

Details of comparison and connecting letter reports are provided in Tables S7 and S8. 

3.3.6 Correlations between IC50 Values and Physicochemical Properties of the Surface 

Modifiers 

The relationship between the IC50 values of the modified DOX loaded liposomes and 

multiple properties of each was investigated through informatics analysis, as shown in Figure 

3.7. In PCA, the data set was converted through orthogonal transformations to the principal 

components. We looked at both the angle between the points and the origin and the distance 

between the points to develop a Euclidian geometric map. This was used to discover the 

relationship between the IC50 values and the physicochemical properties of the modifiers. These 

data have been plotted as PC1 and PC2, which comprise 47.6% of the total data. PC1 

corresponded to 29.6%, while PC2 corresponded to 18% of data. The score plot in Figure 3.7A 

illustrates wide-spread data, indicating that the modified liposomes resulted in a variety of IC50 

values. The physicochemical properties of the modifiers included polar surface area, surface 

tension, the enthalpy of vaporization, the number of freely rotating bonds, lipophobicity 

parameters, and the number of hydrogen bond donors and acceptors. These properties were 

obtained through a database.126 Measured zeta potential values were also included as a 

parameter.  
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Figure 3.7. Score and loading plots of physicochemical materials properties and their 

influence on IC50 values of doxorubicin loaded modified liposomes. PC1 corresponds to 

29.6% data variance and PC2 explains 18% data variance, which total up to 47.6% of the 

original data information. (A) Score plots of the modified liposomes, and (B) loading plots of the 

physicochemical properties of the modifiers in PC space. HBA = hydrogen bond acceptors and 

HBD = hydrogen bond donors.  
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Figure 3.8. Plot of predicted IC50 values vs. true IC50 values for (A) fibroblasts and (B) 

myofibroblasts. A line of best shows a linear relationship between the two set of values. All data 

represent mean values ± standard deviation. 
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Figure 3.7B depicts the loading plot, which shows how strongly or weakly these 

physicochemical properties influence the IC50 values of the modifiers for each cell type. The IC50 

value for fibroblasts is closely aligned with log P, while a weak relationship can be seen between 

the IC50 for fibroblasts, zeta potential, and hydrogen bond donors. For myofibroblasts, the IC50 

values are more closely related to zeta potential and show a weak relationship with log P and 

hydrogen bond donors.  

Figure 3.8A and 3.8B show the plots for measured IC50 vs. predicted IC50 values for 

fibroblasts and myofibroblasts, respectively. Two regression models were created using JMP; the 

abovementioned physicochemical properties were used as the variables, and the IC50 values were 

predicted for each cell type. All values for the modifiers A through N were used to train and 

validate each regression model. Subsequently, the models were used to predict the IC50 values of 

the liposomes that were modified using three new modifications: O, P, and Q, for fibroblasts and 

myofibroblasts. Using this regression model, the predicted IC50 values for modifications O, P, 

and Q for fibroblasts were 1.28 ± 0.3 µM, 1.03 ± 0.2 µM, and 1.06 ± 0.3 µM, respectively 

(Figure 3.8A). When experimentally measured, the IC50 values for the same modifications for 

fibroblasts were 1.13 ± 0.3 µM, 1.18 ± 0.2 µM, and 0.96 ± 0.3 µM, respectively. There was no 

significant difference found between the predicted and measured IC50 values. 

For myofibroblasts, the predicted IC50 values for modification O, P, and Q were 0.28 ± 

0.05 µM, 0.13 ± 0.02 µM, and 0.38 ± 0.05 µM, respectively. The experimentally measured IC50 

values were 0.38 ± 0.06 µM, 0.22 ± 0.04 µM, 0.29 ± 0.04 µM, respectively (Figure 3.8B). 

Among these three modifications, modification O did not have a statistically significant 

difference between the predicted and measured IC50 values. 
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3.4 Discussion 

3.4.1 Liposome Properties Are Influenced by Surface Modification 

Liposomes have been extensively investigated for their role as delivery agents of drugs, 

proteins, and DNA 127–131. Since arginine is considered an essential amino acid, is biocompatible, 

and plays a significant role in fibroblast proliferation and wound healing, we are using it to 

improve the targeting of liposomes as a drug delivery agent by modifying the surface of the 

liposome with arginine-like molecules 132. The surface charge of the liposomes has a significant 

effect on encapsulation and targeting capability 133,134. The 17 arginine-like modifications 

(Figure 3.1) altered the charge on the surface the liposomes. All modified and UM liposomes in 

this study resulted in a negatively charged liposomal surface, which is more efficient in delivery 

when compared to liposomes with a neutral surface charge 135. The phosphate group in the lipid 

can cause the negative charge on the UM liposome, which agrees with previous studies 136,137. 

The negative charge on the modified liposomal surfaces resulted from different functional groups 

present on the modifiers, hence the variation in the values for zeta potential. 

The surface charge of the liposomal surface, which can be altered, can affect cell 

internalization of the particles 138. Negatively charged liposomes can become opsonized, making 

it more favorable for them to enter cell membrane via absorptive endocytosis, which increases 

the cell internalization efficiency 139. Positively charged liposomes, on the other hand, can have a 

toxic effect on the cells due to the presence of stearylamine, which make liposomes with a 

negative surface charge, for instance those studied here, a more attractive carrier for delivering 

drugs 140–142. Furthermore, a more negative zeta potential value results in higher toxicity. A 

relationship between zeta potential and the IC50 values can be seen in our results. For the 

liposomes having zeta potential values of -15.0 mV or lower, the IC50 value for fibroblast is 



77 

 

below 0.5 µM, except for liposomes F, M, and Q. Liposome I further demonstrates the 

relationship between zeta potential and toxicity, as it has the most negative zeta potential value (-

33.9 mV) while having the highest toxicity, with an IC50 value of 0.19 ± 0.04 µM.  

This relationship between zeta potential and toxicity can be further supported by the 

results of IC50 for myofibroblasts. A significant decrease was observed in IC50 values for the 

modification with a lower zeta potential value. For all the liposomes having a significantly lower 

zeta potential value, the IC50 value was significantly lower compared to the UM liposomes. For 

liposome I, with the lowest zeta potential value of -33.9 mV, the IC50 value was 0.24 ±0.04 µM. 

In addition to surface charge, the size of the liposome also affects internalization and 

drug loading. Several reports have demonstrated that a smaller particle size (~ < 200 nm) can 

result in a higher accumulation at the drug site through the enhanced permeable and retention 

(EPR) effect 143–145. Furthermore, size plays a vital role in altering pharmacokinetics as it 

influences tissue distribution and clearance. Consequently, to eliminate variables in results and 

assist the EPR effect, the size of the liposomes was kept uniform. A 100 nm polycarbonate filter 

was used to extrude all the modified and UM liposomes. No significant difference was observed 

among the size of the liposomes, which resulted in a uniform diameter and encapsulation volume 

for DOX. The uniform size of the liposomes leads to similar drug EE among the liposomes, as 

expected. Collectively, our findings suggest that these arginine derivative modifications on the 

liposomes have no significant influence on the size and drug loading ability. 

3.4.2 Effect of Liposome Modificxations of Toxicity and Cell Internalization 

Fibroblasts are typically spindle-shaped cells found in different interstitial spaces of 

organs and are capable of producing extracellular matrix (ECM) 146. These fibroblasts transition 

to myofibroblasts and assist in the production of collagen and the ECM. However, a tumorous 

environment can take advantage of the myofibroblasts instigating numerous pro-tumorigenic 
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signals together with the alteration of normal tissue architecture 147. These myofibroblasts can 

further make the situation worse by promoting tumor growth and proliferation, accelerating 

metastasis, inducing angiogenesis, promoting inflammation and immune destruction, regulating 

tumor metabolism, and inducing chemoresistance 148. This produces an ideal void to be filled by 

the extensive growth of cancer cells.  

Furthermore, drugs need to cross the cell membrane to perform their function. Similarly, 

chemotherapeutic agents must also penetrate through the cell membrane to work. Studies have 

shown that myofibroblasts can promote chemoresistance via biophysical drug scavenging and 

physical barrier methods. A study showed that fibroblast drug scavenging aggregated 

intertumoral gemcitabine, which caused the active gemcitabine to be entrapped within the 

myofibroblasts, making it unavailable to the pancreatic cancer cells 149. Myofibroblasts can also 

act as a physical barrier to chemotherapeutic drugs. Myofibroblasts can develop characteristics 

such as a disorganized and hypovascular stroma and decreased cellular transporters, which are 

considered as physical barriers to effective drug delivery 150–152. In a study by Rice et al., it was 

demonstrated that myofibroblasts caused chemoresistance to paclitaxel through matrix stiffness, 

implying that rigidity of the environment plays an important aspect of chemoresistance 153. 

Therefore, precisely targeting myofibroblasts in a tumor environment and the presence of other 

cells is an efficient method for drug delivery to tumors. Actively targeting myofibroblasts using 

DOX loaded liposomes is an effective method of improving passive targeting, which is usually 

the case with Doxil®. The active targeting of myofibroblasts also lays the foundation to increase 

intracellular uptake for future in vivo studies using these liposomes. 
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DOX, a common chemotherapeutic drug, is extensively used for treatment of cancer. 

DOX inhibits the production of topoisomerase II through DNA intercalation 154,155. This stops the 

proliferation of cancerous cells and eventually kills the tumor. Even though DOX limits tumor 

growth, a huge side effect of its usage is that it can cause cardiac toxicity. Thus, modifying the 

drug carrier to increase its selective targetability is one way of restricting the off-target effects of 

DOX. In doing so, one might be able to change the biodistribution of DOX, reducing amounts of 

DOX in healthy tissue. 

To measure the degree of toxicity of DOX encapsulated in liposomes, IC50 values of each 

modified liposome were calculated along with UM liposomes for both fibroblasts and 

myofibroblasts. It was seen that the toxicity of DOX increased when encapsulated in liposomes, 

as lower IC50 values of the liposomes were calculated compared to free DOX. For fibroblasts, 

free DOX showed an IC50 value of 0.83 ± 0.3 µM, which lies in the range of values previously 

reported 123–125. Liposomes F, M, N, O, and Q resulted in IC50 values higher than free DOX, 

while all other liposomes demonstrated an IC50 value less than free DOX. The IC50 value for 

UM liposomes was calculated to be 0.39 ± 0.1 µM, whereas liposomes A, D, E, H, I, J, K, and L 

resulted in toxicity values less than UM liposomes.  

When the same modified DOX loaded liposomes were tested on myofibroblasts to 

measure toxicity, it was seen that all liposomes had lower IC50 values than fibroblasts, except 

liposome I and UM liposomes. Furthermore, all IC50 values had a statistically significant 

difference when compared to the IC50 values of fibroblasts, except liposomes H and J. It was 

interesting to see that for UM liposomes, the IC50 values for both fibroblast and myofibroblast 

were 0.39 ± 0.04 µM and 0.40 ± 0.03 µM, respectively. This result strongly implies that without 

modification, myofibroblasts and fibroblasts are equally susceptible to DOX loaded liposomes; 
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however, once modified, the liposomes can be significantly more toxic to myofibroblasts. 

Therefore, these experiments support our hypothesis that these surface modifications of 

liposomes can enhance the selective targeting to myofibroblasts in the tumor environment. 

Ma et al. used modifications A through M to examined the effect of these modifications 

on naïve, M1, and M2 macrophages 103. Neuberger et al. used the same modifications and 

observed how Caco-2 colon carcinoma cells respond to these modified liposomes 97. The 

objective of both of these studies was to increase the toxicity and targetability of DOX to a 

particular cell type. Similarly, the aim of this study was to analyze the effect of the same 

modifications on fibroblasts and myofibroblasts and determine if these modifications could 

increase selective targeting towards myofibroblasts. As expected, the modifications significantly 

increased the toxicity of the DOX loaded liposomes towards myofibroblasts compared to 

fibroblasts. According to Neuberger et al., modifications A, C, F, K, L, M, and N showed 

significantly lower IC50 values (all ~0.5 µM or less) compared to free DOX. Similarly, in our 

experiments, modifications F, M, and N showed a significantly higher IC50 value for fibroblasts; 

however, the IC50 values for myofibroblasts decrease by more than two fold. Additionally, 

Liposomes C, O, P, and Q show a significantly large difference in the IC50 values for fibroblasts 

and myofibroblasts, the latter being much lower. These results strongly suggest that the 

liposomes modified with the aforementioned modifications are an excellent drug delivery vehicle 

to target myofibroblasts in a tumor environment. 

Like other nanoparticles, the cellular uptake of liposomes occurs through endocytosis, 

which can be influenced by size, shape, and surface chemistry 156. As demonstrated by DLS, the 

size and the shape of liposomes were not affected by the modifications; however, the surface 

chemistry is different for each modification. Various physicochemical properties of each 
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modifier were taken into account and correlated with the FC-loaded liposome internalization 

results. These physicochemical properties included: polar surface area; the number of freely 

rotating bonds; surface tension; the enthalpy of vaporization; lipophobicity parameters; and the 

number of hydrogen bond donors and acceptors. Among other properties, lipophobicity is an 

important factor affecting the internalization, followed by surface tension and polar surface area 

103. 

Lipophilicity, known as log D here, represents the affinity of a drug for a lipid 

environment. It can be measured by the distribution of a drug between the organic and the 

aqueous phases, usually by octanol-water distribution coefficient at various pHs (log D). 

Usually, nanoparticles utilize hydrophobic interaction to accumulate in the hydrophobic regions 

of the lipid bilayer when crossing the layer. Therefore, it is beneficial for the nanoparticles to 

have moderate lipophilicity in order to have better cell internalization 157. The log D at pH 5.5 for 

the modifications ranged from -5.41 (being extreme) to -2.62 (being moderate). 37 oC is an 

optimum temperature for the cells to proliferate and stay healthy. At this temperature, all of their 

cell internalization pathways are active, including endocytosis. At 37 oC, a relatively low 

internalization was seen in modifications D, F, G, H, and O for both fibroblasts and 

myofibroblasts. For these modifications, the log D values were < -4.0. At pH 7.4, the log D 

values ranged from -5.68 – 3.34, where modification H was -5.68. All other modifications had a 

significant amount of internalization in the cells, and their log D values ranged from –4.56 to -

3.55. Modifications A and I, the modifications with the lowest IC50 values for fibroblasts, 

showed higher cellular uptake, whereas modifications A and E (lowest IC50 values for 

myofibroblasts) demonstrated a significant increase in cell internalization compared to UM 

liposomes. The log D value for modification I at pH 5.5 is -2.82, which is the second highest 
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compared to other modifications’ log D values. It was interesting to see that modification A had 

a log D value of -4.56, yet it showed promise in lowering the IC50 value for both fibroblasts and 

myofibroblasts. Modification E showed the lowest IC50 value for myofibroblasts and has a log D 

value of -3.61. This log D value lies toward the higher end of the spectrum of the log D values. 

These results are consistent with previous findings as they demonstrate that higher lipophilicity 

(log D value) of liposomes can result in higher cell internalization. 

Other physicochemical properties, such as surface tension and polar surface area, also 

affect cell internalization. Studies have demonstrated that hydrophobic liposomes are more 

susceptible to endocytosis compared to their hydrophilic counterparts 111,135,157. A modest but 

direct correlation between surface tension and polar surface area of the modifications was seen 

with cellular uptake. Most modifications with higher surface tension and polar surface area 

resulted in a higher fluorescence value, representing a higher uptake. Furthermore, most of these 

modifications have a lower IC50 value than free DOX for fibroblasts and significantly for 

myofibroblasts, indicating an improvement in selective cytotoxicity. 

It was interesting to note that the six modifications, representing six lowest IC50 values 

for fibroblasts (A, D, H, I, K, and L), four modification (A, I, K, and L) demonstrated a 

significant increase in cell internalization at 37 oC when compared to UM liposomes. Similarly, 

for myofibroblasts, all modifications, except D and O, showed a significant increase in cell 

internalization at 37 oC compared to UM liposomes. For all these modifications, the IC50 values 

for myofibroblasts were significantly lower compared to UM liposomes (except modification 

M). These results demonstrate that there is a relationship between toxicity and internalization. 

More importantly, when the cell internalization for myofibroblasts was compared to fibroblasts, 

it was clearly seen that all modifications, except K and O, show a significant increase in 
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internalization for myofibroblasts. This implies that we can actively target myofibroblasts (or 

CAFs) in a tumor microenvironment using these modified liposomes, as they are significantly 

more toxic towards myofibroblasts and show greater internalization compared to fibroblasts. 

PCA was performed to examine correlations between all the above mentioned 

physicochemical properties of the modifications, the toxicity (IC50), and the cellular uptake of 

the liposomes. This multidimensional dataset was reduced to a two-dimensional plot (Figure 

3.7) to facilitate the analysis of latent relationships. These specific physicochemical properties 

were chosen based on the previous reports, which describe the attributes of drug molecules, such 

as Lipinski’s rule of five: polar surface area, enthalpy, lipophilicity, charge, and flexibility 

97,158,159. The relationship of the IC50 of the liposomes on fibroblasts with each physicochemical 

property is different compared to the relationship between myofibroblasts and their properties. 

The IC50 for fibroblasts is more strongly related to log P, while it shows a weak relationship to 

zeta potential and hydrogen bond donors, while the IC50 for myofibroblasts is more strongly 

related to zeta potential and demonstrates a weak relationship with log P and hydrogen bond 

donors, as seen in Figure 3.7B. This suggests that targeting different cell phenotypes through 

surface modifications can be achieved. 

Most importantly, a regression model was designed that uses all the aforementioned 

physicochemical properties and predicts the IC50 values for other arginine-like molecules. The 

regression model was trained and validated using 14 modifications (A-N). Subsequently, the 

model was used to predict IC50 values for fibroblasts and myofibroblasts for modifications O, P, 

and Q. The predicted and measured IC50 values for fibroblasts showed no significant difference 

for all three modifications (O, P, and Q). For myofibroblasts, modification O did not show a 

significant difference between the predicted and measured IC50 values. This model has the 
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potential to predict the IC50 values of other similar molecules using their physicochemical 

properties for IC50 values of modified DOPE/DOPC liposomes on fibroblasts and 

myofibroblasts. 

 To our knowledge, no study has been performed that utilizes these physicochemical 

properties and extrapolate them to predict IC50 values for fibroblasts or myofibroblasts. This 

novel method to predict IC50 can be applied to a library of arginine-like molecules. Measuring 

IC50 values experimentally is time consuming and can result in use of large number of resources. 

This regression model can be used to determine which modifiers result in a more desirable IC50 

value; once shortlisted, those specific molecules can then be tested experimentally. Thus, using 

this model can be time and cost effective. 

Combining all this information, one may elucidate design principles in drug delivery 

explicitly targeted to the myofibroblasts within a tumor microenvironment. Future work includes 

investigation of a more extensive library to determine if the relationships between different 

physicochemical properties, IC50 values, and cell internalization hold for fibroblasts, 

myofibroblasts, and other cell types. Furthermore, which pathways are responsible for an 

improved toxicity and which are responsible for improved internalization for fibroblasts and 

myofibroblasts need to be examined and compared. Additionally, a different and new set of 

molecules can be used as surface modifiers for the validation of the IC50 prediction model. 

3.5 Conclusions 

In this study, DOPE: DOPC liposomes were modified using 17 different arginine-like 

surface modifiers to enhance the liposomes’ targetability to myofibroblasts (CAFs) in a tumor 

microenvironment. These modifications did not affect the size and drug loading efficiency of the 

liposomes. Significant differences were seen when the zeta potential was calculated, which 

influences the cell internalization. Surface modifications and fibroblast phenotype did affect the 
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cellular uptake of the liposomes. Moreover, different trends between internalization of liposomal 

FC and IC50 values were observed; a more positive correlation was seen between internalization 

and IC50 values for myofibroblasts. For myofibroblasts, 15 out of 17 modifications showed 

significantly lower IC50 values compared to fibroblasts with a significant increase in cell 

internalization, improving targeted delivery to myofibroblasts in a tumor microenvironment. 

Furthermore, the IC50 prediction model was used to obtain a reasonable estimate for the IC50 

values for unknown modifiers using their physicochemical properties. This work attests to the 

significance of investigating the interactions of modified and unmodified liposomes with 

fibroblasts and myofibroblasts. The finding of this study advocate that liposomes modified with 

arginine derivations are promising and efficient nanoparticle drug delivery vehicles for 

myofibroblasts in a tumor microenvironment. 
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Appendix Improving selective targeting to cancer-associated fibroblasts by modifying 

liposomes with arginine based materials 

 

Table S1. Connecting letters report for zeta potential for modified liposomes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

  

Material        

O A       

P A       

D A       

C A       

B A       

E  B      

K  B C     

J   C D    

N   C D    

A   C D    

M   C D E   

L   C D E   

UM   C D E   

H    D E   

Q    D E   

G     E   

F      F  

I       G 
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Table S2. Connecting letters report for diameter for modified liposomes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

  

Material     

P A    

Q A    

I A    

H A    

K A    

N A B   

M A B   

J A B   

L A B C  

A A B C  

UM A B C D 

O  B C D 

G  B C D 

B  B C D 

C   C D 

F    D 

E    D 

D    D 
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Table S3. Connecting letters report for internalization at 4 oC in fibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

  

Material      

I A     

C A     

J  A     

M A     

K A     

N A     

A A     

Q A     

L A B    

O  B    

E   C   

B   C   

P    D  

UM    D  

H    D  

G     E 

D     E 

F     E 
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Table S4. Connecting letters report for internalization at 4 oC in myofibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Material      

N A     

C A     

P A     

M A     

Q A     

A A     

G A     

B A     

E A B    

O  B    

K   C   

D   C D  

F    D  

L    D  

UM    D  

H    D  

J    D  

I     E 
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Table S5. Connecting letters report for internalization at 37 oC in fibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material      

I A     

C A     

J  A     

M A     

K A     

N A     

A A     

Q A     

L A B    

O  B    

E   C   

B   C   

P    D  

UM    D  

H    D  

G     E 

D     E 

F     E 
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Table S6. Connecting letters report for internalization at 37 oC in myofibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 
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L A       

C A B      

M  B C     

I   C D    

Q    D    

P    D    

N    D    

B    D    

E    D    

G    D    

K    D E   

H     E   

F     E   

A     E F  

J      F  

D       G 

UM       G 

O       G 
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Table S7. Connecting letters report for IC50 of free doxorubicin (DOX) and DOX loaded 

liposomes for fibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material      

F A     

P A B    

O A B    

N A B    

Q A B    

DOX  B C   

M   C   

C   C   

G    D  

B    D  

UM    D  

E    D  

J    D  

K    D  

D    D  

L    D  

A    D E 

H    D E 

I     E 
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Table S8. Connecting letters report for IC50 of free doxorubicin (DOX) and DOX loaded 

liposomes for myofibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Levels not connected by the same letter are significantly different (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

  

Material       

M A      

UM A B     

O  B     

B   C    

DOX   C    

G   C    

Q   C    

N   C    

J   C D   

I   C D   

C    D   

F    D   

P    D   

L     E  

K     E F 

H      F 

D      F 

A      F 

E      F 
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Abstract 

This study aimed to investigate the synergistic effect of combination therapies of 

doxorubicin (DOX) and ibuprofen loaded in liposomes on macrophages and tumor-associated 

macrophage (TAMs) phenotypes to reduce the dosage of DOX needed for improved therapeutic 

efficacy. Both drugs were encapsulated in the liposomes separately and were characterized by 

their size and zeta potential. RAW 264.7 (MØ) macrophages were transformed to M1 and M2 

phenotypes using lipopolysaccharide (LPS) and interleukin 4 (IL4). Both DOX-loaded liposomes 

(DLL) and ibuprofen-loaded liposomes (IBLL) were tested for their toxicity and efficacy on all 

three types of cells. Finally, 9 different concentrations of IBLL (5-750 µg/mL) were tested in 

combination with a constant concentration of DLL (25 µg/mL) to investigate the synergistic 

effects of DLL and IBLL. Out of the 9 combinations of IBLL and DLL concentrations, 550, 650, 

and 750 µg/mL IBLL in combination with 25 µg/mL DLL showed synergistic results with a 
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combination index value of < 1 for all three cell types. A combination of 450 µg/mL IBLL and 

25 µg/mL DLL also showed synergistic effects for MØ. The findings suggest that the use of a 

combination of DOX and IBLL could be a potential strategy for cancer treatment. 

4.1 Introduction 

Cancer is a complex and devastating disease that affects millions of people worldwide. 

According to the American Cancer Society, there are almost 1.9 million new cases estimated in 

2023 in the US alone, with 0.6 million cancer deaths 1. Although chemotherapy is one of the 

most common treatments for cancer, it has several limitations, including toxicity, drug resistance, 

and low efficacy 160,161. To overcome these limitations, researchers are constantly seeking new 

strategies to improve the efficacy and reduce the toxicity of chemotherapy drugs. One such 

breakthrough was made in 1995 when the Food and Drug Administration (FDA) approved the 

first liposomal Doxorubicin (DOX) injection, Doxil ® 162,163.  

Doxorubicin is a widely used chemotherapy drug that has shown efficacy in the treatment 

of various types of cancer, including breast cancer, ovarian cancer, and leukemia 162. However, 

DOX has several side effects, which limits its use in high doses 56,164,165. A recent study by 

Brown et al. explained how DOX and chemotherapy could result in inflammation of the gut, 

liver, and central nervous system (CNS) 166. Moreover, previous studies have indicated that DOX 

may induce inflammation by disrupting the regular cytokine regulation in both human and rodent 

models. Additionally, it has been observed to cause monocytic migration to regions of 

inflammation within the body and the (CNS) 167,168. Therefore, there is a need to find new 

strategies to enhance the efficacy and reduce the toxicity of DOX, especially chemotherapy-

induced inflammation.  
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In comparison with DOX, ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) 

that is commonly used to treat pain and inflammation. Ibuprofen has the ability to inhibit 

cyclooxygenase enzymes (COX-1 and COX-2) and has been the subject of research for several 

decades, revealing other potential therapeutic benefits 169. Recent studies have shown that 

ibuprofen has anti-cancer properties and can enhance the efficacy of chemotherapy drugs. A 

study by Akrami et al. demonstrated that ibuprofen has an anti-proliferative effect on cancer 

stem cells derived from AGS and MKN-45 cells 170. In another study, it was shown that 

ibuprofen was able to decrease the transcript levels of CD44 and OCT3/4, indicating the 

capability of ibuprofen to reduce the stemness of AGS cells, making it a promising candidate for 

an antitumor drug 171. Furthermore, there have been reports that ibuprofen can reduce 

chemotherapy-induced inflammation and help inhibit cell migration 172,173. Nonetheless, the 

potential of ibuprofen to reduce inflammation associated with cancer and serve as an anti-cancer 

drug is a recent development that necessitates further exploration. 

Encapsulation of drugs inside liposomes is a well-established strategy to improve the 

efficacy and reduce the toxicity of chemotherapy drugs and small molecules. Liposomes are 

spherical vesicles composed of a phospholipid bilayer that can encapsulate both hydrophilic and 

hydrophobic drugs 174. Liposomes can improve the bioavailability of drugs, increase their 

circulation time, and target them to specific cells and tissues 175. To mitigate the side effects of 

DOX, various strategies have been employed, such as encapsulating DOX in the liposomal 

aqueous cavity 176. Numerous studies have shown the potential of DOX and ibuprofen inside a 

liposomal cavity 177–182. While this approach has shown promise in reducing the toxicity and side 

effects of DOX, it is important to note that the adverse effects of chemotherapy extend beyond 

inflammation, and other factors such as drug resistance and treatment-related cardiotoxicity 
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remain major obstacles to successful cancer treatment 183,184. In addition, it is becoming 

increasingly clear that a combination therapy approach may be more effective in treating cancer 

compared to a single-drug strategy 185. The use of ibuprofen as an adjuvant therapy to DOX in a 

liposomal formulation is an area of active research that holds promise for improving treatment 

outcomes and reducing toxicity 186,187. Therefore, we hypothesize that the efficacy and safety 

would be enhanced by combining DOX and ibuprofen in a liposomal formulation, which could 

have significant implications for cancer treatment. We hypothesize that DOX-loaded liposomes 

(DLL) and ibuprofen-loaded liposomes (IBLL) can effectively target various cancer types. DLL 

can target tumor reduction and mitigation by inhibiting topoisomerase II, while IBLL can target 

cancer-related inflammation. 

We chose to work with RAW 264.7 macrophages (MØ), a tumor-derived murine 

macrophage cell line, to investigate the effects of DLL and IBLL on macrophages and their 

phenotypes (M1 and M2 type). Depending on the stimuli present in their microenvironment, 

macrophages can polarize towards different phenotypes, including the classically activated M1 

phenotype and the alternatively activated M2 phenotype 188,189. M1 macrophages are pro-

inflammatory immune cells and are responsible for promoting inflammation, phagocytosis of 

pathogens, and antigen presentation to initiate adaptive immunity190. On the other hand,  the M2 

macrophages are involved in tissue remodeling, wound healing, and immunoregulation 191. 

However, in a tumor microenvironment, the M2 macrophages play a critical role in promoting 

tumor growth and progression by suppressing the immune response, promoting angiogenesis, 

and remodeling the extracellular matrix; they are often referred to as tumor-associated 

macrophages (TAMs) 192, 193. 
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While the primary function of M2 macrophages is to reduce inflammation and promote 

tissue healing by producing anti-inflammatory cytokines, their polarization towards TAMs in the 

presence of a tumor connects inflammation with cancer and stimulates the proliferation, 

invasion, and metastasis of tumor cells 194,195. Moreover, TAMs encourage tumor angiogenesis 

and suppress the antitumor immune response mediated by T cells, ultimately promoting tumor 

progression 196,197. TAMs have been shown to promote chemotherapy resistance and enhance 

tumor growth and metastasis through various mechanisms, such as secretion of growth factors 

and cytokines, extracellular matrix remodeling, and inhibition of immune responses 198,199. 

Therefore, we examined the synergistic effects of DLL and IBLL on MØ, M1, and M2-type 

macrophages to determine their potential as immunotherapeutic agents. The goal of this study 

was to investigate whether the combination of DOX and ibuprofen-loaded liposomes (DLL and 

IBLL) could synergistically increase cell death in macrophages and their phenotypes. The aim 

was to potentially reduce the dosage of DOX needed and improve therapeutic efficacy. This 

combination therapy could be further developed as a targeted therapy agent in future studies. 

This study investigated the synergistic relationship between DOX and ibuprofen 

combination therapies delivered in liposomal formulations. 1,2-Dioleoyl-sn-glycero-3-PE 

(DOPE) and 1,2-Dioleoyl-sn-glycero-3-PC (DOPC), two FDA-approved liposomal-based 

carriers were chosen for liposomal synthesis, as they have shown promise in the previous studies 

101,102,200. We encapsulated DOX and ibuprofen inside separate liposomes to avoid any potential 

interactions between the two drugs. Then, we tested the internalization and toxicity of these 

liposomes on MØ, M1, and M2 macrophages through flow cytometry and half-minimal 

inhibitory concentration (IC50), respectively. Subsequently, one concentration of DLL and nine 

distinct concentrations of IBLL were chosen based on the toxicity and IC50 results. A synergy 
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study was conducted to investigate which concentrations of IBLL work in synergy with a fixed 

concentration of DLL. Promising results were seen as three different concentrations of IBLL 

demonstrated synergy with the fixed concentration of DLL. The results of this study have 

significant implications for the development of new and effective strategies to enhance the 

efficacy and reduce the toxicity of chemotherapy drugs. The potential of combining ibuprofen 

with doxorubicin liposomes to target cancer-related inflammation and reduce the stemness of 

cancer cells could open up new avenues for targeted cancer therapies. By understanding the 

mechanism of action of this combination therapy, we can develop more effective and less toxic 

approaches to cancer treatment, which could significantly improve the quality of life for cancer 

patients. For the rest of this article, we will refer to the naïve RAW 264.7 macrophages as MØ, 

LPS-transformed M1 macrophages as M(LPS), and IL4-transformed M2 macrophages as 

M(IL4). 

4.2 Materials and Methods 

4.2.1 Materials 

1,2-Dioleoyl-sn-glycero-3-PE (DOPE) and 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) were 

purchased from Cayman chemicals (Ann Arbor, MI). Doxorubicin (DOX) was purchased from 

LC Laboratories (Woburn, MA) and (S)-(+)-2-(4-Isobutylphenyl)propionic acid (Ibuprofen) was 

purchased from TCI America (Portland, OR). Interleukin 4 (IL4) was purchased from Biotechne 

(Minneapolis, MN) and Lipopolysaccharides (LPS) were purchased from eBiosciences, 

ThermoFisher Scientific (Waltham, MA). (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

bromide) (MTT), citric acid anhydrous, sodium hydroxide, hydrochloric acid, chloroform, and 

phosphate buffer saline (PBS) were purchased from Fisher Scientific (Hampton, NH). Dimethyl 

sulfoxide (DMSO) was purchased from VWR Scientific (Radnor, PA). Fresh deionized (DI) 

water (Milli-Q, Thermo Scientific Nanopure, Waltham, MA) was used throughout this study. 
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4.2.2 Methods 

4.2.2.1 Synthesis of Doxorubicin-Loaded Liposomes (DLL) 

Liposomes were synthesized using a previously reported thin film hydration method 200. 

Briefly, 120 µM 1,2-Dioleoyl-sn-glycero-3-PE (DOPE) was dissolved in 15 mL chloroform in a 

round bottom flask (RBF). Subsequently, 60 µM 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) was 

added to the same RBF. The organic solvent was evaporated using a rotary evaporator at 40oC 

for 5 min. A thin layer of lipids was seen at the bottom of the RBF after the solvent was 

evaporated. This lipid layer was then rehydrated using DI water. The RBF with DI water was 

placed in a sonication bath for 15 min to rehydrate the lipid film fully. A milky white solution 

was formed. Finally, the liposomes were lyophilized and kept at -20 oC for further use. 

Doxorubicin (DOX) was encapsulated in these liposomes and used as a model drug for 

this study. First, a 10 mg/mL DOX solution (in DI water) was prepared to load DOX into these 

liposomes. Then, 5 mg lyophilized liposomes were dissolved in 1 mL 150 mM citric acid (pH 

4.0) and extruded 21 times through a 100 nm polycarbonate filter membrane using an Avanti 

Mini-Extruder (Avanti Polar Lipids, Inc., Alabaster, AL). Next, the pH of the liposome solution 

was adjusted to 7.4 using HCl and NaOH. The 10 mg/mL DOX solution and the liposome 

solution (pH 7.4) were kept at 65 oC for 10 min to equilibrate the temperature of the solutions. 

Subsequently, 100 µL DOX solution was added to the liposome solution and kept at 65 oC for an 

additional 45 min. Finally, the DOX-loaded liposomes (DLL) solution was centrifuged at 3000 

rpm for 10 min; the supernatant (a) was removed carefully and tested for DOX loading 

efficiency while the liposomes were kept at -20 oC for cell culture use. 
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4.2.2.2 Synthesis of Ibuprofen-Loaded Liposomes (IBLL) 

Ibuprofen-loaded liposomes (IBLL) were synthesized similarly as described above, with 

a few changes. 120 µM DOPE and 60 µM DOPC were dissolved in 15 mL chloroform in an 

RBF. 200 µM ibuprofen (41.2 mg dissolved in 5 mL chloroform) was dissolved in the same 

RBF, as mentioned in a previous study 181. The organic solvent was evaporated at 40 oC for 5 

min using a rotary evaporator. Similarly, a thin lipid film was seen at the bottom of the RBF, 

which was rehydrated using DI water. After sonication for 15 min, the liposome solution was 

centrifuged at 3000 rpm for 10 min, and the supernatant (b) was collected for drug loading 

studies. 

The liposome solution was placed in a dialysis tube (3,500 mwco) and dialyzed overnight 

against DI water to remove the excess ibuprofen. Next, the liposome solution was extruded using 

a 100 nm polycarbonate filter membrane. Finally, the liposome solution was lyophilized, and the 

liposomes were kept at -20 oC for use in cell culture. 

4.2.2.3 Drug Loading Efficiency 

To measure the DOX loading efficiency in the liposomes, a standard calibration curve 

was made through serial dilution of 1 mg/mL DOX solution in a 96-well plate. To the same well 

plate, 100 µL supernatant (a) was added. The experiments were conducted in triplicate, and the 

plate was read using a SpectraMax M3 (Molecular Devices, San Jose, CA) plate reader at 470 

nm with a reference at 630 nm. The DOX encapsulation efficiency (EE) was calculated using the 

following equation: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑠𝑡𝑎𝑟𝑡 − 𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡)

𝐶𝑠𝑡𝑎𝑟𝑡
𝑋 100%                      (1) 
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where Cstart is the concentration of DOX solution added to the liposomes and Csupernatant is the 

concentration of the DOX in the supernatant (a). Similarly, the drug loading efficiency was also 

calculated for IBLL. 

Ibuprofen loading efficiency in the liposomes was calculated in a similar way. A standard 

calibration curve was made using serial dilutions of 50 mg/mL ibuprofen solution in DI water in 

a 96-well plate. Next, 100 µL supernatant (b) was added in triplicate to the same plate. The plate 

was then read using the SpectraMax M3 plate reader at an absorbance and emission wavelength 

of 262 and 292 nm, respectively. The ibuprofen EE was calculated by 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑠𝑡𝑎𝑟𝑡 − 𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡)

𝐶𝑠𝑡𝑎𝑟𝑡
𝑋 100%                      (2) 

 
where Cstart is the concentration of Ibuprofen solution added to the RBF and Csupernatant is the 

concentration of the ibuprofen in the supernatant (b). 

4.2.2.4 Dynamic Light Scattering (size) and Zeta Potential of DLL and IBLL 

To measure the size and zeta potential of unloaded liposomes, DLL, and IBLL, a 100 µL 

1% w/v solution of each liposome solution was added to three test tubes containing 5 mL DI 

water. The solution was extruded through a 100 nm polycarbonate membrane filter using the 

Avanti Mini-Extruder. Next, the pH of these liposomal solutions was adjusted to 7.4 using HCl 

and NaOH; this was done to ensure that there was no interaction of the ions in the water with the 

liposomes during the experiment runs. These freshly extruded liposomes were tested for their 

size and zeta potential measurements using a Zetasizer Nano Z (Malvern Instruments Ltd, 

Malvern, UK). 
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4.2.2.5 Cell Lines and Culture 

Macrophages (RAW 264.7, ATCC, Manassas, VA) were cultured at 37 oC with 5% CO2 

using complete medium. The complete medium consisted of Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% 

streptomycin. The cells were passaged every three to four days using a cell scraper and 

subcultured between ~ 6.4 x 103 and 2.7 x 104 cells per cm2. The differentiation from naïve 

macrophages (MØ) to classically activated or pro-inflammatory macrophages (M1) was 

performed using 5 µg/mL LPS and herein referred to as M(LPS). The differentiation to 

alternatively activated or anti-inflammatory (proangiogenic) (M2) phenotype was carried out 

using 25 ng/mL IL-4, herein referred to as M(IL4). 

4.2.2.6 Flow Cytometry 

PE-labeled anti-NOS2 (iNOS) and FITC-labeled CD206 are known markers for M(LPS) 

and M(IL4), respectively. The abovementioned antibodies were used as markers to evaluate the 

polarization state of cultured macrophages. RAW264.7 (MØ, M(LPS), or M(IL4)) cells were 

passaged and grown in T75 flasks for 72 h. Subsequently, the cells were digested and rinsed with 

PBS. The cells were then incubated with iNOS antibody (eBioscience, USA) diluted with PBS at 

a ratio of 1:50 and FITC-conjugated anti-mouse CD206 antibody (eBioscience, USA) diluted 

with PBS at a ratio of 1:400 at 4 °C for 30 minutes in the dark. RAW264.7 cells seeded on 

culture plates were used as a negative control. After being rinsed thrice with PBS, the labeled 

cells were analyzed using a flow cytometer (Beckman, USA).  

4.2.2.7 Cell Viability Assay 

Cell viability of unloaded liposomes was measured to confirm that the liposomes are not 

toxic to the cells. For this reason, MØ, M(LPS), and M(IL4) were seeded at a density of 5 x 104 

cells/cm2 in a 96-well plate (Corning, Somerville, MA) and were allowed to grow for 24 h. 
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Subsequently, the media was carefully aspirated, and 100 µL of unloaded liposomes (250 

µg/mL) diluted with the complete medium was added to the cells. A positive control of cells 

without liposomes and a negative control of liposomes in the absence of cells were also present. 

The experiment was performed in triplicate. The plate was incubated at 37 oC for 48 h. The cell 

viability was then determined using a methyl thiazol tetrazolium (MTT) assay. The complete 

medium from each well was carefully replaced with a 100 µL solution of MTT (0.5 mg/mL), and 

the plate was incubated for an additional 2 h at 37 oC. The MTT forms insoluble purple formazan 

crystals after metabolism in living cells that could be used for cell viability determination. 

Subsequently, 85 µL media was carefully removed from each well, and the same amount of 

DMSO was added to each well to dissolve the purple formazan crystals. The plate was then read 

at 570 nm with a reference of 630 nm with a plate reader. 

4.2.2.8 Half Maximal Inhibitory Concentration (IC50) 

Naïve macrophages (MØ), M(LPS), and M(IL4) were seeded onto a 96-well plate at a 

density of 5 x 104 cells/cm2 in complete medium for 24 h at 37 oC. Cells without liposomes 

served as positive controls, and liposomes in the absence of cells served as negative control. A 

serial dilution of DLL and IBLL, starting at 250 µg/mL and 1 mg/mL, respectively, were added 

to the cells. Free DOX solution (50 µg/mL) and free ibuprofen solution (1 mg/mL) with serial 

dilutions were also added to calculate their half-minimal inhibitory concentration (IC50) values. 

The plates with liposomes, free DOX, and free ibuprofen with cells were then incubated for 48 h 

at 37 oC.  
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Next, an MTT assay was performed as described above. Four replicates were obtained for 

each experiment; the data were normalized to the positive controls. Subsequently, a sigmoidal 

dose-response curve was used to calculate the IC50 values for DLL, IBLL, free DOX, and free 

ibuprofen, shown in equation (3):  

𝑦 = 𝐴2 + 
𝐴1− 𝐴2

1+ (
𝑥

𝑥𝑜
)

𝑝                        (3) 

 
where A1 is the upper limit of the dose curve, A2 is the lower limit, p is the steepness of 

the curve, and xo is the IC50. The IC50 values were calculated using Origin(Pro) version 2019 

(OriginLab Corporation, Northampton, MA). 

4.2.2.9 Synergy Studies 

Since the study aimed to identify the synergistic concentrations of IBLL with DLL, based 

on the IC50 values, a fixed concentration of 25 µg/mL concentration of DLL was chosen. A range 

of values for IBLL was determined based on the IC20, IC50, and IC80 values. Nine different 

concentrations of IBLL were selected: (i) 5 µg/mL, (ii) 50 µg/mL, (iii) 150 µg/mL, (iv) 250 

µg/mL, (v) 350 µg/mL, (vi) 450 µg/mL, (vii) 550 µg/mL, (viii) 650 µg/mL, and (ix) 750 µg/mL. 

As described above, cell viability studies were conducted for given concentrations of IBLL, as 

well as a constant concentration of 25 µg/mL DLL. Furthermore, combinations of 9 different 

IBLL concentrations with a fixed DLL concentration of 25 µg/mL were also evaluated for their 

respective cell viability values. Quadruplicates of each concentration and combinations were 

carried out. Compusyn® was used to calculate the synergy studies of DLL and IBLL. 

The selected concentrations of IBLL (5 – 750 µg/mL) and DLL (25 µg/mL) were tested 

for their cell viability values separately and also in combination. The combination index (CI) 

graph is a tool used to assess the degree of synergy or antagonism between two or more drugs or 

treatments. The cell viability values were inserted in Compusyn software. The x-axis of the 
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graph is labeled as “Fa”, which stands for fraction affected and represents the percentage of cells 

affected by the treatment or drug combination. The y-axis of the graph represents the CI value, 

which is calculated using the formula: 

𝐶𝐼 =  
(𝐷)1

(𝐷𝑥)1
+  

(𝐷)2

(𝐷𝑥)2
                                         (4) 

 
where (Dx)1 and (Dx)2 are the concentrations of drug 1 and drug 2 alone that achieve the 

same level of effect (Fa) as the combination of the two drugs at a certain concentration (D)1 and 

(D)2. A CI value of less than 1 indicates synergy, a CI value of 1 indicates additivity and a CI 

value greater than 1 indicates antagonism. The graph allows for a visual assessment of the degree 

and direction of interaction between the treatments at different levels of effect. 

For DLL, IC20, IC50, and IC80 values were added to Compusyn® as’ treatment 1’ in the 

software. For IBLL, the cell viability values against the above-stated 9 concentrations were 

added as ‘treatment 2’ in the software. Finally, a combination of IC50 value of DLL and 9 

different concentrations of IBLL was added, and the test was run. The combination index plot 

was used to determine the synergistic concentrations; the combinations resulting in a value 

below 1 were considered synergistic, while the combinations resulting in a value above 1 were 

considered antagonistic. 

4.2.2.10 Statistical Analyses 

All experiments were performed in quadruplicate, and data are expressed as mean ± 

standard deviation (SD). Tukey’s honest significant test was performed to analyze pairwise 

comparisons. The results were considered statistically significant at p<.05. The pairwise 

comparison was performed for the IC50 values of DLL, IBLL, free DOX, and free ibuprofen 

against MØ, M(LPS), and M(IL4). Moreover, the pairwise comparison was carried out for the 

cell viability of 9 different concentrations of IBLL alone and in combination with DLL. 
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4.3 Results 

4.3.1 Liposome Characterization 

1,2-Dioleoyl-sn-glycero-3-PE (DOPE) and 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) 

liposomes were synthesized using the thin film hydration method. Doxorubicin (DOX) is an 

amphipathic chemotherapeutic drug and can be easily encapsulated in the aqueous cavity of 

liposomes. Therefore, DOX was used as a model drug and loaded inside the liposomes through 

the pH gradient created by citrate inside and outside the liposomes. This pH gradient loading 

method is a well-established DOX loading method 201,202. Through this method, DOX was 

encapsulated in the liposomes at an encapsulation efficiency of 97.6 ± 3%. 

In contrast, ibuprofen, a nonsteroidal anti-inflammatory drug (NSAID), is highly 

insoluble in water. Hence, encapsulating ibuprofen inside liposomes is an effective way to 

deliver this drug. The ibuprofen was dissolved in an organic solvent along with the lipids and 

was rehydrated after complete evaporation of the organic solvent. The liposomes were then 

dialyzed and filtered through a 100 nm polycarbonate filter membrane. The amount of ibuprofen 

not loaded in the liposomes was determined using a plate reader, and the resulting liposomes had 

an encapsulation efficiency of 80.7 ± 4%. 

The size and zeta potential of liposomes are crucial factors that influence their cellular 

uptake. We measured the size and zeta potential of DLL, IBLL, and blank liposomes using a 

Zetasizer Nano Z. The DLL showed a size of 110 ± 5 nm, while the IBLL and blank liposomes 

showed sizes of 102 ± 7 nm and 105 ± 4 nm, respectively. There was no significant difference in 

the size of the liposomes. Similarly, the zeta potential values for DLL, IBLL, and blank 

liposomes were -17.5 ± 1.5, -19.1 ± 1.9, and -18.2 ± 0.9 mV, respectively, with no significant 

differences among the liposomes. Table 4.1 summarizes the drug loading encapsulation 

efficiency, size, and zeta potential values of the liposomes. 
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Table 4.1: Characterization of doxorubicin-loaded liposomes, ibuprofen-loaded liposomes, and 

blank liposomes. 

 Size (nm) Zeta potential (mV) Encapsulation efficiency (%) 

DLL 110 ± 5 -17.5 ± 1.5 97.6 ± 3  

IBLL 102 ± 7 -19.1 ± 1.9 80.7 ± 4 

Blank liposomes 105 ± 4 -18.2 ± 0.9 - - 

 

.3.2 Lipopolysaccharide (LPS) and Interleukin 4 (IL4) Induce the Polarization of Naïve  

Macrophages to M(1) and M(2) Phenotype 

Macrophages are versatile immune cells that can polarize into two distinct subtypes, M1 

and M2, depending on the microenvironmental cues they receive. The classical activation of 

macrophages, M1 polarization, is induced by microbial products such as lipopolysaccharide 

(LPS) and pro-inflammatory cytokines such as interferon-gamma (IFN-γ) 203,204. M1 

macrophages are characterized by high expression of pro-inflammatory cytokines, reactive 

oxygen, and nitrogen species and exhibit strong microbicidal and tumoricidal activity. On the 

other hand, M2 polarization, also known as alternative activation, is induced by anti-

inflammatory cytokines such as interleukin-4 (IL-4) and IL-13, and is characterized by high 

expression of scavenger receptors, anti-inflammatory cytokines, and tissue remodeling factors. 

M2 macrophages are involved in tissue repair and remodeling and play a critical role in 

maintaining tissue homeostasis 203,205. Although the M2 macrophages used in this study are 

regular M2 phenotypes, they have the potential to transform into tumor-associated macrophages 

(TAMs) in a tumor microenvironment, where they promote tumor growth and progression by 

stimulating angiogenesis, suppressing antitumor immunity, and remodeling the extracellular 

matrix 194,206. 
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Here, we differentiated macrophages into M(LPS) and M(IL4) subtypes by treating them 

with LPS and IL-4, respectively. To confirm the polarization state of macrophages, we used 

specific antibodies against iNOS and CD206, known markers for M(LPS) and M(IL4), 

respectively. The cells were stained with PE-labeled anti-Nos2 and FITC-labeled CD206, and 

tested through flow cytometry to evaluate if the cells were converted to M(LPS) and M(IL4) 

cells. The results showed that the addition of LPS or IL-4 to M(Ø) polarized the cells into 

M(LPS) or M(IL4) subtypes, respectively, as confirmed by Figure 4.1, which shows the fold of 

changes in the expression of specific markers. Figure 4.1(a) displays that M(LPS) results in 5.92 

± 0.2 folds of changes compared to M(Ø), while Figure 4.1(b) demonstrates that M(IL4) shows 

6.32 ± 0.3 fold of changes compared to M(Ø). Both of these values are significantly higher 

compared to both MØ and M(LPS)/M(IL4). 

4.3.3 3 Cytotoxicity comparison of Doxorubicin-loaded Liposomes (DLL) and Ibuprofen-

loaded Liposomes (IBLL) against free Doxorubicin and free Ibuprofen 

Macrophages (RAW 264.7) and their phenotypes were used throughout this study. All 

cytotoxicity experiments were performed on naïve macrophages (M(Ø)), classically activated 

macrophages, M(LPS), and alternatively activated (proangiogenic) macrophages, M(IL4). First, 

the cell viability of blank liposomes was tested on all three phenotypes to make sure that the 

liposomes, on their own, do not cause any cytotoxic effects, assuring that all the cytotoxic results 

for the later experiments are the result of the encapsulated drug inside the liposomes. The blank 

liposomes resulted in cell viability of 91 ± 3, 93 ± 5, and 93 ± 4% for M(Ø), M(LPS), and 

M(IL4), respectively. No significant difference was seen among these values. 
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Figure 4.1: Expression of (a) iNOS2 and (b) CD206 was significantly greater for M(LPS) and 

M(IL4), respectively. Detection of cell polarization was performed by flow cytometry assay. 

Statistical analysis through two-way ANOVA and Tukey’s HSD post-hoc test. * represent p< .05 

for (a) M(LPS) and (b) M(IL4) compared to M(Ø). 
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The half-minimal inhibitory concentration (IC50) is a commonly used metric in drug 

development to determine the potency of an antagonist drug. It represents the concentration of a 

drug that is required to achieve half-maximal inhibition of a specific biological process. This 

value can provide important information on the efficacy of a drug and can be used to compare 

the potency of different drugs. IC50 values of DLL and IBLL against M(Ø), M(LPS), and M(IL4) 

were calculated to determine the concentrations of  DLL and IBLL to use for the synergistic 

studies. A serial dilution of DLL starting at 250 µg/mL and IBLL at 1000 µg/mL was performed 

on M(Ø), M(LPS), and M(IL4) macrophages. The cells were treated with liposomes for 48 h and 

then assayed using an MTT assay. The results were plotted on a dose-response curve using 

Origin(Pro) software. The IC50 values of DLL were 4.79 ± 1.26, 3.17 ± 1.16, and 5.37 ± 1.29 

µg/mL for M(Ø), M(LPS), and M(IL4), respectively. The IC50 values of IBLL were 597 ± 43, 

630 ± 37, and 550 ± 23 µg/mL for M(Ø), M(LPS), and M(IL4), respectively. The IC50 values of 

free DOX were 1.70 ± 0.14, 0.78 ± 0.16, and 0.93 ± 0.15 µg/mL and the IC50 values of free 

ibuprofen were 261 ± 21, 223 ± 16, and 214 ± 18 µg/mL for M(Ø), M(LPS), and M(IL4), 

respectively. Only free DOX IC50 showed a statistically significant higher value for M(Ø) 

compared to M(LPS) and M(IL4). For all other IC50 values, no significant differences were seen 

within the same groups. 
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Figure 4.2: IC50 values of (a) DLL & free DOX, & (b) IBLL & free ibuprofen against M(Ø), 

M(LPS), and M(IL4). Data represent the mean value of four replicates for each sample ± 

standard deviation. Statistical analysis through two-way ANOVA and Tukey’s HSD post-hoc test. 

* represent p< .05 for IC50 values of DLL or IBLL compared to the IC50 values of free DOX or 

free ibuprofen, respectively. 
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Figure 4.2 (a) shows the IC50  data for DLL and free DOX against M(Ø), M(LPS), and 

M(IL4), while Figure 4.2 (b) presents the IC50 data for IBLL and free ibuprofen against M(Ø), 

M(LPS), and M(IL4). Quadruplicates of each experiment were performed; the mean and 

standard deviation were calculated. The ‘*’ on the figure indicates that there was a statistically 

significant difference (p<0.05) between the IC50 of DLL or IBLL compared to the IC50 value of 

free DOX or free ibuprofen, respectively. 

Furthermore, the IC20 and IC80 values for IBLL were also calculated against M(Ø). These 

values were calculated to determine what combinations of IBLL to use with DLL for the synergy 

studies. The IC20 and IC80 values for IBLL against M(Ø) were 643 ± 18 and 153 ± 17 µg/mL, 

respectively. The combinations were chosen to cover a range of IBLL concentrations ranging 

from 5 to 750 µg/mL with a constant concentration of 25 µg/mL for DLL. Nine different 

combinations were chosen for the synergy studies and are listed in Table 4.2. These 

combinations were used to determine the effect of varying the concentration of IBLL on the 

synergistic effect of DLL and IBLL. 

4.3.4 Synergistic Studies of Various Ibuprofen-loaded Liposomes (IBLL) with Doxorubicin-

loaded Liposomes (DLL) 

To determine the impact of varying IBLL concentrations when combined with DLL, 

several MTT assays were conducted on three different sample groups: M(Ø), M(LPS), and 

M(IL4). These assays involved testing the 9 different IBLL concentrations, a constant 

concentration of 25 µg/mL DLL, and the combination of each IBLL concentration with the 

constant DLL concentration. Figure 4.3 shows the percentage cell viability for these 

combinations and stand-alone concentrations for (a) M(Ø), (b) M(LPS), and (c) M(IL4). 
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Table 4.2: list of 9 different concentrations chosen for the synergy studies 

Varying concentrations of 

IBLL (µg/mL) 

 Fixed concentration of 

DLL (µg/mL) 

750   25 

650 

550 

 25 

25 

450 

350 

250 

150 

50 

5 

 25 

25 

25 

25 

25 

25 

 

Looking at the cell viability values, it was seen that for M(Ø), the percentage cell 

viability for all IBLL and DLL combinations, except 750 and 650 µg/mL IBLL + 25 µg/mL 

DLL, resulted in statistically significantly lower values when compared to the percentage cell 

viability of IBLL only; these statistically significant differences are donated by ‘*’ with p<0.05, 

seen in Figure 4.4. When the same statistical test was performed to compare the percentage cell 

viability values of the combinations compared to the DLL only, it was seen that all values were 

statistically significantly lower, except 5 µg/mL IBLL + 25 µg/mL DLL; these statistical 

differences are shown in Figure 4.4 using ‘†’. 
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Figure 4.3: Percentage cell viability of 25 µg/mL DLL, 9 combinations of IBLL, and the 

combination of 25 µg/mL DLL with 9 different concentrations of IBLL against (a) M(Ø), (b) 

M(LPS), and (c) M(IL4). Data represent the mean value of four replicates for each sample ± 

standard deviation using pairwise comparison. * indicates p< .05 for combinations values 

compared to cell viability from IBLL only, using pairwise comparison. † donates p< .05 for cell 

viability values compared to 25 µg/mL DLL alone. 
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Figure 4.3 continued 
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Similarly, for M(LPS), all combinations except 750 and 650 µg/mL IBLL + 25 µg/mL 

DLL showed statistically significantly lower values compared to IBLL only, donated by ‘*’. 

Likewise, all percentage cell viability values were statistically significantly lower, except 5 IBLL 

+ 25 DLL, compared to DLL only, labeled by ‘†’. The percentage cell viability for M(IL4) 

showed similar results with a few exceptions. Interestingly, all combinations showed a 

significantly statistically lower percentage cell viability value for the combination except only 50 

µg/mL IBLL + 25 µg/mL DLL, which are denoted by ‘*’ in Figure 4.4. On the other hand, 

similar results were seen for the statistically significant differences between the combination 

percentage cell viability values compared to the DLL alone, with a statistically significant 

difference observed in all values except for combinations of 50 and 5 µg/mL IBLL with 25 

µg/mL DLL. These differences are donated by ‘†’ in Figure 4.4. 

In order to determine the synergistic effects of drugs, it is common to use the 

combination index (CI) method, which compares the efficacy of the drug combination to the 

expected efficacy if the drugs were acting independently. A CI value of less than 1 indicates 

synergism, while a CI value greater than 1 indicates antagonism. By measuring the CI of 

different drug combinations, researchers can determine which combinations are likely to produce 

the most effective therapeutic outcomes. Therefore, the CI graphs were used to visualize the 

results for the synergy studies in this study, as seen in Figure 4.4. The CI (y-axis) was plotted 

against the fraction affected (Fa, x-axis). The Fa values represent the percentage of cells affected 

by the treatment or drug combination. It is also known as the “effect level” and is expressed as a 

fraction of the total cell population. The Fa value ranges from 0 to 1, where 0 indicates no effect 

(all cells are alive and unharmed), and 1 indicates complete effect (all cells are dead or affected 
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by the treatment). The Fa values are usually calculated based on a specific endpoint, in this case, 

cell viability. The Fa values are used to calculate the CI values and determine the degree of 

synergy or antagonism between the drugs or treatments being tested. 

 

   
Figure 4.4: Combination index plots of synergy studies using a combination of 9 IBLL 

concentration with 25 µg/mL DLL for (a) M(Ø), (b) M(LPS), and (c) M(IL4). Y-axis represents 

the combination index (CI), whereas the x-axis shows the fraction affected (Fa). CI value < 1 

indicates synergy, a CI value = 1 indicates additivity, and a CI value > 1 indicates antagonism. 
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Figure 4.4 continued 

It is demonstrated that the combinations of 750, 650, and 550 µg/mL IBLL, with the 

constant concentration of 25 µg/mL DLL, showed synergistic effects for M(Ø), M(LPS), and 

M(IL4). In addition, the combination of 450 µg/mL IBLL and 25 µg/mL DLL showed a 

synergistic effect for M(Ø) with a CI value of 0.99445. 

4.4 Discussion 

Doxorubicin (DOX) is a well-known chemotherapeutic drug that is used alone or in 

combination with other drugs for treating a myriad of cancers, including sarcomas, carcinomas, 

and hematological cancers 207–210. Whether the tumor is located in the breasts, prostate, ovary, 

stomach, or liver, DOX has been proven to treat cancers in numerous organs 211–216. Additionally, 

in recent years, the role of ibuprofen as an anti-cancer drug has shown promise. A recent study 

by Pashapour et al. demonstrated that the cell viability of liver cancer cells (HepG2) could be 

significantly decreased using 1 and 10 mg/mL ibuprofen for 24 h and using 0.001, 0.1, 1, and 10 

mg/mL ibuprofen for 72 h 217. Moreover, Yurtdaş-Kırımlıoğlu et al. reported that ibuprofen-
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loaded Eudragit® is a suitable agent for human lung adenocarcinoma cells (A549) 218. Therefore, 

in this study, a combination of both DOX and ibuprofen-loaded liposomes was used to examine 

the synergistic effect of these two drugs. 

Loading a drug in the aqueous cavity of liposomes is a relatively easy and efficient 

process. Typically, there are two loading routes, active and passive loading 219. DOX was 

encapsulated in the liposomes using active loading performed through the pH difference between 

the inside and outside of the liposome cavity. Through the active method, the encapsulation 

efficiency is higher (>95%) in liposomes 219. Loading of DLL resulted in an encapsulation 

efficiency of 97.6 ± 3% in our studies. On the other hand, the passive loading method is a more 

straightforward method in which the drug is added to the dry lipid layer before hydration; this 

results in a slightly lower drug loading 220; our IBLL loading studies, using the passive loading 

method, resulted in 80.7 ± 4% EE. 

Size and zeta potential are two important characteristics of liposomes that affect their 

cellular uptake 200,221,222. It is widely known that to capitalize on the enhanced permeability and 

retention (EPR) effect, the particle size should be smaller than 400 nm 143,144,223. According to 

Yoshikawa and Liu, a smaller liposome size (~100 nm) leads to even better cellular uptake 

223,224. Moreover, a negative surface charge of the liposomes is preferred for cellular uptake. 

When liposomes have a negative charge, they can become coated with proteins, making it easier 

for them to enter cell membranes through absorptive endocytosis. This makes it more efficient 

for the cells to take up the liposomes 139. Furthermore, our previous study has shown a positive 

correlation between negatively charged liposomes and increased toxicity 200. Once the liposomes 

were encapsulated with either DOX or ibuprofen, they were rigorously tested for their size and 

zeta potential values. To ensure consistency in the size of our liposomes for this study, we used a 
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100 nm polycarbonate filter to make them fairly monodisperse in size at around 100 nm. 

Additionally, we made our liposomes negatively charged by using DOPE:DOPC liposomes that 

have negatively charged ends. Our DLL resulted in a size of 102 ± 7 nm with a zeta potential 

value of -17.5 ± 1.5 mV, while IBLL and BL produced liposomes with sizes of 102 ± 7 nm and 

105 ± 4 nm, respectively, with zeta potential values of -19.1 ± 1.9 and -18.2 ± 0.9 mV, 

respectively. 

Because one of our goals was to observe the synergistic effects of DOX and ibuprofen on 

tumor-associated macrophages (TAMs), we chose to work with RAW 264.7 cells. These mouse 

macrophages can easily be transformed from naïve macrophages (MØ) into classically activated 

(M(LPS)) or alternatively activated (M(IL4)) macrophages using LPS and IL4, respectively 103. 

Alternately activated macrophages, also known as M2 phenotype, exhibit similar properties to 

TAMs and are known to transform into TAMs in tumor microenvironments 206,225,226. To confirm 

the transformation of MØ to M(LPS) and M(IL4), known markers for M1 and M2 were chosen 

and added to the cells. The results were observed under a fluorescent microscope and also 

through flow cytometry. 

NOS2, also known as inducible nitric oxide synthase, is a marker closely associated with 

the M1 polarization of macrophages 227. M1 macrophages typically have a pro-inflammatory 

phenotype and are involved in the clearance of pathogens and cancer cells. NOS2 expression is 

upregulated in response to pro-inflammatory stimuli such as interferon-gamma (IFN-γ) and 

lipopolysaccharides (LPS) and is involved in the production of nitric oxide (NO), a molecule that 

can mediate antimicrobial and antitumor activity 228. In our results, we observed that M(LPS) 

showed 5.92 ± 0.2 folds of changes compared to M(Ø), which is consistent with the results seen 

in the literature 229,230 
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On the other hand, CD206, also known as macrophage mannose receptor 1 (MRC1), is a 

widely used marker for alternatively activated or M2 macrophages 203,231. M2 macrophages 

typically have an anti-inflammatory phenotype and are involved in tissue repair and remodeling. 

CD206 is a scavenger receptor that is involved in the clearance of glycoproteins and plays a role 

in modulating the immune response to pathogens and cancer cells. In this study, the M(IL4) 

resulted in 6.32 ± 0.3 fold of changed compared to M(Ø); these results are supported by the 

literature 230,232. 

Overall, the expression of NOS2 and CD206 can serve as useful markers for 

distinguishing between the M1 and M2 subtypes of macrophages, respectively. As expected, the 

results from flow cytometry and immunocytometry confirmed that using LPS, the M(Ø)s were 

converted to the M1 phenotype, and through the use of IL4, M(Ø)s were transformed to the M2 

phenotype. 

The half-maximal inhibitory concentration (IC50) is a commonly used method for 

evaluating the cytotoxicity of drugs or particles. This technique provides valuable information 

about the efficacy and potency of a drug. The IC50 is defined as the concentration of a drug that 

is required to inhibit a biological process by 50%. In pharmacological research, IC50 is often used 

as a measure of a drug’s potency as an antagonist. This information is critical for identifying 

promising drug candidates and optimizing drug dosing in clinical settings. Therefore, IC50 is 

widely considered to be the most informative measure of a drug’s efficacy 233–236.  

The primary goal of this study was to determine the concentrations at which DLL and 

IBLL most effectively inhibit the growth of cells and show maximum synergy. To achieve this 

goal, first, we calculated the IC50 values of DLL and IBLL, which resulted in 4.79 ± 1.26, 3.17 ± 

1.16, and 5.37 ± 1.29 µg/mL for M(Ø), M(LPS), and M(IL4), respectively, and 597 ± 43, 630 ± 
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37, and 550 ± 23 µg/mL for M(Ø), M(LPS), and M(IL4), respectively. Based on the resulting 

values, the DLL concentration was chosen to be 25 µg/mL, as the DOX was loaded in the 

liposomes at a ratio of 5:1 (liposomes:DOX). Hence, a 25 µg/mL DLL solution contains 5 

µg/mL DOX, which is a reflection of its IC50 value. 

Similarly, we wanted to investigate the effects of IBLL at a range of concentrations that 

were wider than just the IC50 value. To accomplish this, we selected a range of concentrations 

that covered not only the IC50 but also the IC20 (643 ± 18 µg/mL) and IC80 (153 ± 17 µg/mL) 

values for IBLL. The IC50 value of ibuprofen against macrophages can be influenced by various 

factors such as the cell line, experimental conditions, and assay method. This study supported the 

literature-reported IC50 values for ibuprofen. Wang et al. and Ouyang et al. recorded IC50 values 

of 668 µg/mL and 520 µg/mL, respectively, for RAW 264.7 macrophages, which were 

consistent with the IC50 value calculated in this study 237,238. However, Boonnak et al. reported a 

significantly lower IC50 value of 110 µg/mL, which may be attributed to differences in the 

experimental conditions and methodology 239. Boonnak used the Griess reagent assay and a 

smaller cell density (1 x 105 cells/well), which could have contributed to the lower IC50 value. 

Overall, the IC50 value of ibuprofen against macrophages should be interpreted cautiously, 

considering the various factors that can impact the measurement of IC50 values. 

To ensure that we covered these values as well as some concentrations beyond these, we 

selected a range of IBLL concentrations starting from 5 µg/mL to a maximum of 750 µg/mL. 

The interval between each concentration was set to 100 µg/mL to provide a good distribution of 

values across the range. 
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When it comes to drug efficacy, it is important to consider not only the potency of a 

single drug but also the potential interactions between multiple drugs. Synergistic drug 

combinations are those in which the combined effect of two or more drugs is greater than the 

sum of their individual effects. This can result in improved therapeutic efficacy, reduced toxicity, 

and increased therapeutic index of the drugs. Therefore, we used a number of IBLL 

concentrations in combination with one single concentration of DLL to examine the synergistic 

effects of the two drugs. 

Antagonism and synergism refer to the interaction between two or more drugs or 

compounds in terms of their combined effect on a particular biological process or system. When 

the combination of drugs results in a greater effect than what would be expected from the sum of 

their individual effects, it is called synergy. Synergy is often desirable in drug combinations as it 

allows for a lower dose of each drug to be used, minimizing potential side effects. In this study, a 

CI value < 1 and Fa > 0.5 indicate a synergistic effect 240,241. 

On the other hand, when the combined effect is less than what would be expected from 

the sum of their individual effects, it is called antagonism. Antagonism is generally undesirable 

in drug combinations as it may result in treatment failure or reduced effectiveness242,243. 

In our study, the IC50 In the context of this study, the general trend observed was that 

IBLL concentrations of 550 µg/mL or higher in combination with 25 µg/mL DLL resulted in a 

synergistic effect. Thus, according to our findings, using DLL and IBLL in combination with 

these concentrations can inhibit the growth of cancer cells in a better way. Moreover, several 

studies, including those by Woodman, Greenspan, and Wynne, suggest that ibuprofen may be 

effective in reducing inflammation associated with cancer in tumors 244–246. In contrast, DOX is 

an anthracycline drug that works by blocking the activity of an enzyme called topoisomerase 2, 
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which is involved in DNA replication and cancer cell growth 247. By inhibiting this enzyme, 

DOX can slow or stop the growth of cancer cells. Together, the combination of ibuprofen and 

DOX, using the concentrations found in this study, can have a synergistic effect, with ibuprofen 

reducing inflammation and DOX blocking cancer cell growth. 

In conclusion, this study highlights the potential synergistic effects of combining 

ibuprofen-loaded and DOX-loaded liposomes to target TAMs and inhibit cancer cell growth. The 

results demonstrate that this combination can significantly increase the efficacy of DOX while 

reducing its toxic effects on healthy cells. These findings could have important implications for 

the development of new cancer treatments that combine traditional chemotherapy with anti-

inflammatory drugs to improve patient outcomes. Furthermore, in future studies, building on 

these findings, researchers could explore modifying the surface of these liposomes to improve 

their targeting of TAMs. In particular, they could consider attaching specific targeting agents, 

such as antibodies or peptides, to the liposomes to increase their binding and uptake by these 

cells. Such modifications could enhance the effectiveness of this combination therapy and reduce 

potential side effects by limiting drug exposure to healthy cells. 

4.5 Conclusions 

In conclusion, the findings of this study suggest that the combination of doxorubicin and 

ibuprofen-loaded liposomes may be a promising approach for cancer treatment, with potential 

immunomodulatory effects on macrophages. The liposomes were successfully loaded with high 

efficiency using both active and passive loading methods for DOX and IBU, respectively, 

resulting in a size of about 100 nm with a negative zeta potential value. Based on the IC50 values 

of DLL and IBLL, different concentrations of IBLL were chosen to work in combination with a 

constant concentration of DLL. The synergistic effect 550, 650, and 750 µg/mL IBLL was seen 

with 25 µg/mL DLL against M(Ø), M1, and M2 phenotypes. Moreover, 450 µg/mL IBLL 
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showed synergistic results in combination with 25 µg/mL DLL for M(Ø).Using the given 

concentrations of IBLL may also further reduce the concentration of DLL or DOX needed for 

chemotherapy. 

While further studies are needed to optimize the dosage and treatment duration, the use of 

IBLL could potentially enhance the efficacy of DOX by reducing the dose required and 

minimizing its adverse effects. Additionally, the use of ibuprofen as an anti-cancer agent 

warrants further investigation, as it may provide a novel approach to cancer treatment. Overall, 

these results highlight the potential of combination therapies and drug delivery systems for 

improving cancer treatment outcomes. To further improve the potential of using DOX and IBLL 

combination therapy for cancer treatment, future studies could explore the modification of 

liposome surfaces to effectively target the M2 phenotype (TAMs in a tumor microenvironment), 

potentially enhancing the therapeutic efficacy of the treatment. 
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Abstract 

Liposomes are promising drug delivery systems but have limitations, including their 

stability, drug loading capacity, and ability to target cancer cells specifically. Moreover, Tumor-

associated macrophages (TAMs), which are abundant in tumor microenvironments, can 

contribute to drug resistance and tumor proliferation. Therefore, there is a need to develop new, 

advanced, and targetable liposomes to address these issues. This study aims to develop a new 

liposome formulation that can selectively target cancer cells by utilizing thiol-ene click 

chemistry. To achieve this, we modified DOPE and attached a cysteine on the surface to form 

cysteine-modified DOPE, and used its thiol group to attach alkyne-bound folic acid (FA). The 

resulting FA-CYS-DOPE liposomes were stable and showed efficient drug loading, sustained 

drug release, and low toxicity. In vitro experiments demonstrated that the FA-CYS-DOPE 

liposomes selectively targeted M2-type macrophages overexpressing folate receptors, which are 

converted to TAMs in a tumor microenvironment. Moreover, the liposomes were efficiently 

internalized by the cells, resulting in enhanced cellular uptake and cytotoxicity of the drug. These 
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findings suggest that the thiol-ene click chemistry approach is a promising strategy for the 

development of targeted liposomal drug delivery systems that can effectively overcome 

limitations mediated by TAMs. 

5.1 Introduction 

Liposomes are promising drug delivery systems due to their biocompatibility, versatility, 

and ability to encapsulate hydrophilic and hydrophobic drugs 248. However, one of the major 

challenges associated with liposomes is achieving efficient and targeted drug delivery to the 

desired site of action 200,249. Additionally, tumor-associated macrophages (TAMs) have been 

shown to promote cancer growth, angiogenesis, and metastasis 250. Furthermore, TAMs have 

been shown to promote drug resistance in tumors through various mechanisms, such as 

promoting tumor cell survival, altering drug metabolism, and inhibiting immune responses 

231,251,252. Therefore, there is a pressing need for advanced liposomes that can target TAMs and 

enhance drug delivery to tumors. In recent years, several new technologies have been developed 

to improve liposome functionality, including thiol-ene/yne click chemistry, which allows for 

easy conjugation of targeting moieties onto liposomes 253,254. However, there is still much to be 

done in developing targeted liposomes that can effectively combat TAM-mediated drug 

resistance and enhance drug delivery to tumors. 

Recent advances in liposome technology have led to the development of more 

sophisticated liposomes that can overcome some of the limitations of traditional liposomes. For 

example, azide-alkyne click chemistry has been used to attach various targeting moieties, 

including peptides and antibodies, to liposomes, allowing for more specific delivery to target 

cells 255–258. Other advances include the use of pH-sensitive liposomes that can release their 

contents in response to the acidic environment of tumors, and the development of long-

circulating liposomes that can remain in circulation for longer periods of time, allowing for 
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greater accumulation in tumors 259–261. Despite recent advances in liposome technology, limited 

research has focused on optimizing liposomes for thiol-ene/yne click chemistry reactions. 

Therefore, it is crucial to explore the potential of liposomes in this direction and to develop new 

approaches for enhancing their effectiveness.  

TAMs are a key component of the tumor microenvironment and can promote tumor 

progression by promoting angiogenesis, suppressing immune responses, and facilitating 

metastasis 251,262–264. Additionally, TAMs can contribute to drug resistance by sequestering drugs 

and preventing their uptake by tumor cells 214,265. Therefore, targeting TAMs is an important 

strategy for improving the efficacy of cancer therapy. One promising approach is to use 

liposomes that are specifically targeted to TAMs, allowing for more efficient drug delivery and 

potentially reducing drug resistance. 

 Folic acid is a widely used targeting moiety for liposomes because of its high affinity for 

the folate receptor β (FRβ), which is overexpressed on TAMs 266–268. Several studies have 

demonstrated the effectiveness of folate-targeted liposomes in delivering drugs to TAMs and 

improving the efficacy of cancer therapy. For example, one study showed that folate-targeted 

liposomes loaded with doxorubicin were able to inhibit tumor growth and reduce the number of 

TAMs in a mouse model of breast cancer 269. Another study demonstrated that folate-targeted 

liposomes loaded with paclitaxel were able to reduce tumor growth and improve survival in a 

mouse model of ovarian cancer 270. These studies highlight the potential of folate-targeted 

liposomes for improving cancer therapy by specifically targeting TAMs. 

In this study, we developed a new liposome formulation that is click chemistry-ready by 

modifying the amine terminal of DOPE to attach a protected cysteine. We then deprotected the 

cysteine to make the thiol (-SH) group available for click chemistry reactions. To test the 
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targeting potential of the liposomes, we used folic acid as the targeting moiety and modified it to 

have a terminal alkyne group. The liposomes were then synthesized using CYS-DOPE:DOPC 

and reacted with the alkyne-bound FA through click chemistry to formulate FA-CYS-

DOPE:DOPC liposomes. These liposomes were further tested for their toxicity and cellular 

uptake using DOX and rhodamine, respectively, and against different macrophage phenotypes, 

including MØ, M1, and M2. Our results showed that folic acid-conjugated liposomes had a 

higher uptake in M2 macrophages (that are TAMs in a tumor microenvironment), which 

overexpress FRβ, compared to non-targeted liposomes. Our findings suggest that these thiol-

ene/yne click-ready liposomes have the potential to greatly benefit targeted drug delivery in the 

field of cancer therapeutics by allowing for specific targeting of TAMs and other cancer cells, 

ultimately leading to increased drug efficacy and reduced toxicity. 

5.2 Materials and Methods 

5.2.1 Materials 

1,2-Dioleoyl-sn-glycero-3-PE (DOPE) and 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) were 

purchased from Cayman Chemicals (Ann Arbor, MI). Doxorubicin (DOX) was obtained from 

LC Laboratories (Woburn, MA). Trityl-protected cysteine (Tr-Cys(Tr)-OH) was purchased from 

Bachem (Torrance, CA), and Trityl-protected succinimidyl-activated cysteine (Tr-Cys(Tr)-OSu) 

was prepared according to a literature procedure 271. (1,4-diazabicyclo[2.2.2]octane) (DABCO) 

was purchased from Sigma Aldrich. (2,2-dimethoxy-2-phenylacetophenone) (DMPA) was 

acquired from Fisher Scientific. Folic acid anhydride and dichloromethane (DCM) were 

purchased from TCI (Portland, OR). Interleukin 4 (IL4) was purchased from Biotechne 

(Minneapolis, MN), and Lipopolysaccharides (LPS) were purchased from eBiosciences, 

ThermoFisher Scientific (Waltham, MA). (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

bromide) (MTT) was purchased from ThermoFisher Scientific (Waltham, MA). Citric acid 
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anhydrous, sodium hydroxide, hydrochloric acid, chloroform, and phosphate buffer saline (PBS) 

were purchased from Fisher Scientific (Hampton, NH). Dimethyl sulfoxide (DMSO) was 

purchased from VWR Scientific (Radnor, PA). All other solvents and chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO) and were used as received unless otherwise stated. Fresh 

deionized (DI) water (Milli-Q, Thermo Scientific Nanopure, Waltham, MA) was used 

throughout this study. 

5.2.2 Methods 

5.2.2.1 Conjugation of Cysteine-Functionalized 1,2-Dioleoyl-sn-glycero-3-PE 

(DOPE) 

DOPE was chosen as the lipid to attach cysteine to because of its favorable 

physicochemical properties, such as its ability to form stable bilayers and its high propensity for 

fusogenicity, which can aid in drug delivery to the target cells 272. Moreover, DOPE has been 

previously used in our lab for surface modification and has shown the potential to improve drug 

delivery to various cells 97,103,200. Cysteine was conjugated with the terminal amine of DOPE, 

according to the method described by Sanne et al. 273. Briefly, 200 mg (268.8 µmol) DOPE was 

dissolved in 2 mL DCM under an argon atmosphere. Next, 80 µL (568 µmol) triethylamine was 

added to the solution, followed by 224 mg (322 µmol) Tr-Cys(Tr)-OSu. The reaction was stirred 

at room temperature overnight. The solvent was removed using rotary evaporation, and the crude 

product was dissolved in 2 mL chloroform. This product was then purified using column 

chromatography (silica, CHCl3/MeOH, 19:1 v/v  to 9:1 v/v). Following the purification, trityl-

protected Cys-DOPE was obtained in 30 % yield. This intermediate product was analyzed using 

1H-NMR to confirm the conjugation of trt-Cys-DOPE. 
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Subsequently, the trityl protection was removed from the product. Trityl-protected Cys-

DOPE was dissolved in 25 µL (158 mmol) triethyl silane, followed by a solution of DCM and 

trifluoroacetic acid (1:1 v/v). The resulting solution was stirred for 2 h at room temperature and 

concentrated under reduced pressure. Finally, the crude product was precipitated in diethyl ether, 

filtered, and dried under vacuum. The final product was obtained at a yield of 90% (~55 mg). 

The final product was analyzed using 1H-NMR. 

5.2.2.2 Synthesis of Alkyne-Bound Folic Acid 

Folate receptor β (FRβ) is a glycosylphosphatidyl (GPI)-anchored plasma membrane 

protein that is expressed on alternatively activated macrophages, i.e., M(2) type macrophages 274. 

Therefore, folic acid (FA) was chosen as a targeting moiety for this study to click with the Cys-

DOPE. In order to utilize the thiol-yne click chemistry, FA was modified to have a terminal 

alkyne group. The terminal alkyne was added to the FA through the Schotten-Baumann method 

275,276, and the method of Hayashi et al. was followed with a few alterations 277. Briefly, 200 mg 

(0.45 mmol, 1 equivalent) FA was dissolved in 30 mL DMSO. The solution was stirred at 16 oC 

for 2 h, followed by 1 hr stirring at 70 oC. Finally, a solution of 15% aq. KOH (1.2 equivalent) 

was added to eliminate HBr. The solvent was removed under reduced pressure. 

The resulting dark yellow solid was recrystallized using a 10% ethanol solution, forming 

an orange powder. This final product was dried under vacuum overnight. Subsequently, the 

product was treated with dilute HCl and washed with water to obtain alkyne-bound FA. To 

confirm the presence of the alkyne group, 1H-NMR was performed. 1H NMR 278,279. 
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5.2.2.3 Synthesis of Cysteine-Functionalized 1,2-Dioleoyl-sn-glycero-3-PE (CYS-

DOPE) and 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) Liposomes 

Liposomes were synthesized based on the approach published earlier 103,200. 50 mg (57.8 

µmol)  of the obtained Cys-DOPE was dissolved in 5 mL chloroform, followed by 23 mg (29.2 

µmol) DOPC. After stirring for 15 min, the organic solvent was evaporated using a rotary 

evaporator at 40 oC for 5 min; a thin lipid film was seen at the bottom of the flask. Subsequently, 

the lipid film was rehydrated using DI water through vigorous scraping with a spatula and 

placing the flask in a sonication bath for 15 min. A milky white solution was seen; the liposomes 

were lyophilized and kept at -20 oC for further use. As a control, liposomes without FA were also 

synthesized, using only DOPE:DOPC (2:1) using the same procedure. 

5.2.2.4 Thiol-yne Click Reaction 

After obtaining cysteine-functionalized DOPE (Cys-DOPE) and DOPC liposomes, and 

alkyne-bound FA, both of these were reacted through thiol-yne click chemistry. Briefly, 50 mg 

of CYS-DOPE:DOPC liposomes were dissolved in DMSO, followed by the addition of alkyne-

bound FA and dropwise addition of DMPA. The reaction was magnetically stirred at 70 oC for 

one hour, followed by the addition of DABCO. The reaction was then stirred at 37 oC for 24 h. 

Next, the organic solvent was removed under vacuum. The final product was placed in a dialysis 

bag (MWCO: 3,500) to remove any excess organic solvents or reagents. Finally, the liposome 

solution was lyophilized and kept at -20 oC for further use. To confirm the click reaction, 1H 

NMR was conducted, and the results were analyzed. 

5.2.2.5 Doxorubicin Loading and Release Studies 

To investigate drug delivery using liposomes, doxorubicin (DOX) was encapsulated and 

used as a model drug. Initially, a 10 mg/mL DOX solution in DI water was prepared to load into 

the liposomes. Next, 5 mg of lyophilized liposomes were dissolved in 1 mL of 150 mM citric 
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acid (pH 4.0), and the solution was extruded 21 times through a 100 nm polycarbonate filter 

membrane using an Avanti Mini-Extruder (Avanti Polar Lipids, Inc. Alabaster, AL). 

Subsequently, the pH of the liposome solution was then adjusted to 7.4 using HCl and NaOH. 

The DOX solution and liposome solution (both at pH 7.4) were heated to 65°C for 10 minutes to 

reach thermal equilibrium. Subsequently, 100 µL of the DOX solution was added to the 

liposome solution and kept at 65°C for another 45 minutes. Afterward, the DOX-loaded 

liposomes solution was centrifuged at 3000 rpm for 10 minutes, and the supernatant was 

carefully removed and tested for DOX loading efficiency. The liposomes were stored at -20°C 

for future use in cell culture. 

To assess the efficiency of DOX loading in liposomes, a standard calibration curve was 

generated by serially diluting a 1 mg/mL DOX solution in a 96-well plate. Then, 100 µL of 

supernatant was added to the same plate. The experiments were conducted in triplicate, and a 

SpectraMax M3 plate reader (Molecular Devices, San Jose, CA) was used to measure 

absorbance at 470 nm with a reference at 630 nm. The DOX encapsulation efficiency was 

calculated using the following formula: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑠𝑡𝑎𝑟𝑡 − 𝐶𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡)

𝐶𝑠𝑡𝑎𝑟𝑡
𝑋 100%                      (1) 

 

Here,  Cstart is the concentration of DOX solution added to the liposomes, and Csupernatant is 

the concentration of DOX in the supernatant. Since the liposomes were synthesized using two 

different lipids, for the rest of this article, the DOX-loaded liposomes with FA are referred to as 

FADLL, while DOX-loaded non-FA liposomes are referred to as DLL.  

DOX release studies were carried out using FADLL, according to procedures outlined in 

103. FADLLs were enclosed in a dialysis membrane with a molecular weight cutoff of 3500 and 

placed in a 100 ml beaker containing PBS. The beaker was sealed and kept at a temperature of 
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37°C. At specified intervals (3, 6, 12, 24, 48, and 72 h), 1 ml samples were taken and added to a 

96-well plate. To maintain a consistent volume, 1 ml of PBS was added to the beaker after each 

sample was taken. Finally, the plate was read at an absorbance of 470 nm with a reference at 630 

nm using the SpectraMax M3 plate reader.  

5.2.2.6 Rhodamine-loaded liposomes 

A flow cytometry analysis was performed at the end of the study to measure the cellular 

uptake of liposomes by each phenotype. To measure the number of liposomes internalized by 

cells, FA-DOPE:DOPC and plain DOPE:DOPC liposomes were loaded with rhodamine using 

the method by Kang et al. 280. Briefly, either FA-DOPE:DOPC (2:1) or DOPE:DOPC (2:1) were 

dissolved in chloroform and added to a round bottom flask along with the addition of rhodamine 

(dissolved in methanol at 2mg/mL). The rotary evaporator was used to remove the organic 

solvents under reduced pressure, leaving a dried thin film on the inner surface of the flask. The 

thin film was then hydrated in 100 mM phosphate-buffered saline (PBS, pH 7.4) and incubated 

for 30 minutes at room temperature to form a suspension of multilamellar liposomes. The 

liposome suspension was sonicated in a bath-type sonicator at 37°C for 1 hour. To remove any 

unloaded rhodamine, the liposomes were loaded onto a Sephadex G-50 column, passed through a 

100 nm polycarbonate filter, and extruded 21 times. Finally, rhodamine-loaded liposomes were 

stored at 4°C until use. The concentration of rhodamine loaded in the liposomes was determined 

by lysing the liposomes with 1% Triton X-100 and assaying the concentration of rhodamine 

using a plate reader, with a known concentration of free rhodamine used as a standard. 

5.2.2.7 Size and zeta potential 

The size and zeta potential of DLL and FADLL were measured using a Zetasizer Nano Z 

instrument (Malvern Instruments Ltd. Malvern, UK). For each liposome type, a 1% w/v solution 

(100 µL) was prepared and added to three test tubes containing 5 mL of deionized (DI) water. 
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The liposome solution was then extruded through a 100 nm polycarbonate membrane filter using 

the Avanti Mini-Extruder. To avoid any interference from ions in the water, the pH of the freshly 

extruded liposome solutions was adjusted to 7.4 using HCl and NaOH before the size and zeta 

potential measurements were taken. 

5.2.2.8 Cell line and culture 

The RAW 264.7 macrophages from ATCC (Manassas, VA) were cultured in complete 

medium at 37 oC with 5% CO2. The CM comprised Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% 

streptomycin. The cells were passaged every three to four days using a cell scraper, with 

subculturing performed between approximately 6.4 x 103 and 2.7 x 104 cells per cm2. To 

differentiate the macrophages from their naïve state (MØ) to either classically activated or 

proinflammatory macrophages (M1), 5 ng/mL LPS was used. For differentiation to alternatively 

activated or anti-inflammatory (proangiogenic) (M2) phenotype, 25 ng/mL IL-4 was used. 

5.2.2.9 Detection of Cell Polarization by Immunocytochemistry 

To confirm the polarization of naïve macrophages to M1 and M2, the cells were treated 

with their respective antibodies and were imaged under a fluorescent microscope. For M1, nitric 

oxide synthase 2 (NOS2) is a known marker, while CD206 is known to be overexpressed in M2 

203,281. Therefore, the cells were grown for 24 h with the addition of either LPS or IL-4, followed 

by washing of cells using PBS. After incubation for 24 hours, the cells were washed twice with 

PBS. Next, the nuclei of the cells were stained using DAPI. The cells were then observed under a 

fluorescent microscope, and images were taken to confirm the polarization of M0 to M1 and M2. 
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5.2.2.10 Cell viability assay 

To confirm the safety and biocompatibility of the liposomes on cells, RAW 264.7 

macrophages (MØ, M1, and M2) were seeded at 5 x 104 cells/cm2 in a 96-well plate and allowed 

to grow for 24 hours. Next, the media was carefully aspirated, and 100 µL of 250 µg/mL 

unloaded DOPE:DOPC liposomes and unloaded FA-DOPE:DOPC liposomes in CM were added 

to the cells, with positive and negative controls also included. The plate was then incubated at 37 

oC for 48 h. To determine cell viability, a methyl thiazol tetrazolium (MTT) assay was used, with 

100 µL of 0.5 mg/mL MTT solution added to each well and incubated for an additional 2 hours 

at 37 oC. The resulting insoluble purple formazan crystals were dissolved in DMSO, and the 

plate was read at 570 nm with a reference of 630 nm using a plate reader. This experiment was 

performed in triplicate. 

5.2.2.11 Half-minimal Inhibitory Concentration (IC50) 

Macrophages and their phenotypes (MØ, M1, and M2) were cultured in a 96-well plate 

with a density of 5 x 104 cells/cm2 in complete media at 37 oC for 24 h. To determine the cell 

viability, a positive control was added with cells without liposomes and a negative control with 

liposomes without cells. The cells were then treated with 250 µg/mL FADLL and with 50 µg/mL 

free DOX. Two different sets of experiments were conducted; one was concluded after 24 hr of 

treatment, while the second one was concluded after 48 h of the treatment. After either 24 h or 48 

h of incubation at 37 oC, an MTT assay was conducted, and the data were normalized to the 

positive controls. Using a sigmoidal dose-response curve, the IC50 values were calculated for 

FADLL and free DOX at 24 and 48 h. Each experiment was performed in four replicates. 
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5.2.2.12 Cellular uptake 

To determine the cellular uptake of liposomes in MØ, M1, and M2, a flow cytometry 

analysis was performed using rhodamine-loaded liposomes. Firstly, macrophages and their 

phenotypes were passaged and allowed to grow for 24 h. Next, the old media was carefully 

aspirated, and fresh media with 250 µg/mL rhodamine-loaded FA-DOPE:DOPC liposomes and 

rhodamine-loaded DOPE:DOPC liposomes were added to the cells. The cells were treated with 

the liposomes for 2 h, then washed twice with PBS and tested for cellular uptake using flow 

cytometry. 

5.2.2.13 Statistical analyses 

The data from all experiments were presented as mean ± standard deviation (SD), and 

four replicates were performed for each experiment. Tukey’s honest significant test was utilized 

to assess pairwise comparisons, with statistical significance considered at p < .05. Pairwise 

comparisons were conducted to analyze the IC50 values of FADLL and free DOX at 24 and 48 h 

against MØ, M1, and M2 as well as for the cellular uptake of liposomes by all three phenotypes. 

5.3 Results 

5.3.1 Cysteine-Functionalized DOPE:DOPC Liposomes React with Alkyne-Bound Folic 

Acid through Click Chemistry 

In this study, we successfully synthesized a liposome capable of reacting with a targeting 

agent consisting of a double or triple bond by modifying the terminal amine of DOPE to have a 

cysteine attached using the method by Sanne et al. (Figure 5.1 (a)). The was confirmed through 

1H NMR analysis, as shown in Figure 5.2. The appearance of multiple peaks between 7.0-7.5 

ppm in Figure 5.2 (b) confirms the attachment of DOPE-CYS (protected) to the DOPE, while 

the removal of these peaks (7.0-7.5 ppm) in Figure 5.2 (c) confirms the deprotection of DOPE-

CYS. A soft peak at 1.31 ppm was observed, corresponding to the thiol group (-SH). 
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To enable thiolyne-click chemistry, we introduced an alkyne group to folic acid (FA) 

(Figure 1 (b)), which was confirmed through 1H NMR spectra, as shown in Figure 5.2. The 

emergence of a peak at 2.8 ppm in Figure 5.2 (e) confirms the presence of the terminal alkyne 

group that was absent in Figure 5.2 (d), representing the 1H NMR of pure FA. 

After obtaining DOPE-CYS and alkyne-bound FA, a click reaction was conducted between the 

two using DMPA as the thermal initiator and DABCO as the catalyst. The final product was 

analyzed using 1H NMR to confirm the completion of the thiolyne click chemistry, as shown in 

Figure 5.2 (f). The loss of the peak at 1.31 ppm (belonging to the thiol group) and the addition of 

the peak at 8.4 ppm corresponding to the amide group in FA confirms the successful conjugation 

of DOPE-CYS-FA. These FA-bound liposomes were then loaded with doxorubicin (DOX) as a 

model drug and were tested for their toxicity and cellular uptake against macrophages and their 

phenotypes (MØ, M1, and M2).
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Figure 5.1: Schematic of (a) modification of DOPE to attach (Tr-Cys(Tr)-OH) and unprotect the thiol (-SH) group, (b) reaction to 

obtain a terminal alkyl group to FA, and (c) thiolyne click chemistry between DOPE-CYS and alkyne-bound FA. 
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Figure 5.2: The 1H NMR spectra of the reactions. (a) pure DOPE; (b ) DOPE-CYS (protected); (c) DOPE-CYS (unprotected); (d) 

pure folic acid (FA); (e) alkyne-bound FA; and (f) DOPE-CYS-FA click chemistry 
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Figrue 5.2 continued 
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Figrue 5.2 continued 
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5.3.2.2 Liposome Characterization 

The DOPE-CYS-FA:DOPC liposomes were carefully characterized for their physical 

properties, including size and zeta potential. The size and zeta potential of liposomes are critical 

factors in determining their cellular uptake 282. The use of a 100 nm polycarbonate filter during 

liposome extrusion resulted in liposomes with a diameter of 109 ± 7 nm, which is consistent with 

the expected value. The zeta potential value of these liposomes was found to be -7.17 ± 1.02 mV. 

Similarly, DLL (unmodified) liposomes showed a size and zeta potential of 102 ± 5 nm and -5.1 

± 1.9 mV, respectively. Table 5.1 lists the size and zeta potential values for FADLL and DLL. 

Table 5.1: Characterization of folic acid doxorubicin-loaded liposomes and doxorubicin-loaded 

liposomes. 

 Size 

(nm) 

Zeta potential 

(mV) 

Doxorubicin 

encapsulation efficiency 

(%) 

Rhodamine 

encapsulation efficiency 

(%) 

FADLL 109 ± 7 -7.2 ± 1.02 95.7 ± 0.5  99.1 ± 0.4 

DLL 102 ± 5 -5.1 ± 1.9 93.8 ± 1.2 98.7 ± 0.5 

 

5.3.2.3 Rhodamine and Doxorubicin Loading and Doxorubicin Release Studies 

To evaluate the drug encapsulation efficiency of liposomes, we loaded the liposomes 

with both DOX and rhodamine, and calculated their encapsulation efficiency using a standard 

calibration curve. DOX is typically actively loaded into liposomes based on the pH gradient 

between the liposomal cavity and the surrounding solution, resulting in a high encapsulation 

efficiency 154,200. In our study, the FADLL demonstrated an encapsulation efficiency of 95.7 ± 

0.5 % for DOX, while rhodamine showed a 99.1 ± 0.4 % encapsulation efficiency. Similarly, 

DLL showed a DOX encapsulation efficiency of 93.8 ± 1.2 % and rhodamine encapsulation 

efficiency of 98.7 ± 0.5 %. Table 1 enlists the encapsulation efficiencies of DOX and rhodamine 

for FADLL and DLL. 
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To investigate the release of DOX from the liposomal cavity, we conducted drug release 

studies. The results demonstrated an initial burst release of 31% of the DOX within the first 24 

hours, followed by a slower release rate for the next 48 hours. The total amount of DOX released 

at the end of 72 hours was 65%, as shown in Figure 5.3. 

 

Figure5. 3: cumulative drug release of DOX from the FADLL over a time of 72 h. 

 

5.3.2.4 Polarization of M0 to M1 and M2 

To assess the polarization of naïve macrophages (MØ) to M1 and M2, we performed an 

immunocytochemistry analysis using specific markers. The M1 and M2 macrophages were 

identified by the expression of iNOS and CD206, respectively. The cells were treated with LPS 
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or IL-4 to promote polarization to M1 or M2 macrophages, respectively. After incubation, the 

cells were stained with PE-labeled iNOS and FITC-labeled CD206 and then observed under a 

fluorescence microscope. The nuclei of the cells were counterstained with DAPI. 

Our results demonstrated that the M1 macrophages exhibited a strong red fluorescence 

signal from iNOS staining, indicating the expression of this marker. In contrast, the M2 

macrophages exhibited a strong green fluorescence signal from CD206 staining, indicating the 

expression of this marker. The images from these results are shown in Figure 5.4. These findings 

confirmed the successful polarization of MØ to M1 and M2 macrophages using LPS and IL-4 

treatment, respectively. 

   

   

   

Figure 5.4: shows the expression of (top) PE-labeled iNOS attached to M1 macrophages, while 

(bottom) shows the expression of FITC-labeled CD206 attached to M2 macrophages, confirming 

the polarizations. 
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5.3.2.5 Cytotoxicity of FADLL 

Since the goal of this study was to develop a thiol-ene/yne click chemistry-ready 

liposome; to show the proof of concept, we used folic acid (FA) as the targeting agent in this 

study. It is well-known that the folate receptor β (FRβ) is highly expressed in TAMs and has 

been identified as a promising target for antimacrophage and antiinflammatory therapies 283,284. 

Folic acid was conjugated with the liposomes using the thiolyne click chemistry and used to 

target the M2. However, before targeting the cells, the FADLL were tested for their cell viability 

to ensure that the FA did now cause any significant cell death. Moreover, the IC50 of FADLL and 

free DOX was calculated at 24 and 48 h to understand how fast the cells uptake and react with 

the DOX.  

 

Figure 5.5: Half-minimal inhibitory concentration (IC50) of FADLL and free DOX against MØ, 

M1, and M2 at 24 and 48 h time points. ‘*’ represent a significant difference between the same 

cell type for FADLL and free DOX with p < 0.05. 
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It was seen that after 24 h, the IC50 values for FADLL against MØ, M1, and M4 were 

calculated to be 10.85 ± 1.98, 6.86 ± 0.76, and 4.57 ± 0.78 µg/mL, respectively; while the IC50 

values of free DOX against MØ, M1, and M2 were 1.78 ± 0.18, 0.59 ± 0.17, and 0.72 ± 0.12 

µg/mL, respectively. When the IC50 was calculated at 48 h, the results for FADLL against MØ, 

M1, and M2 came out to be 5.47 ± 0.72, 3.36 ± 0.52, and 2.88 ± 0.28  µg/mL, respectively. For 

free DOX, the IC50 values were calculated to be 1.69 ± 0.14, 0.93 ± 0.16, and 0.78 ± 0.15 µg/mL 

for MØ, M1, and M2, respectively. When performed the statistical analyses, it was seen that the 

IC50 values for FADLL at both 24 and 48 h time points have significantly higher values (P < 

0.05) compared to the free DOX IC50 values for all three cell types; this significant difference 

has been denoted by ‘*’ in Figure 5.5. 

5.3.2.6 Cellular uptake of FADLL 

The cellular uptake of FADLL against MØ, M1, and M2 was evaluated using flow 

cytometry analysis. Rhodamine-loaded liposomes with and without FA were synthesized using 

DOPE:DOPC and DOPE-CYS-FA:DOPC lipids, incubated at 37°C for 2 hours, and tested for 

cellular uptake. Figure 6 clearly indicates that the liposomes with FA were significantly taken up 

by M(IL4) cells compared to MØ and M(LPS), whereas the non-FA-loaded liposomes did not 

show such an increase in cellular uptake. The significant difference is shown in Figure 6 using 

‘*’ with p < 0.05. 
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Figure 5.6: Cellular uptake of rhodamine-loaded DOPE-CYS-FA:DOPC liposomes and 

rhodamine-loaded DOPE:DOPC liposomes. A significant increase in liposomes containing FA 

can be seen for M2. “*’ representing a significant difference is present for liposomes containing 

FA compared to non-FA liposomes with p < 0.05. 

 

5.4 Discussion 

5.4.1 The addition of cysteine on DOPE and folic acid on the liposomes does not affect 

liposome properties and toxicity 

The size and zeta potential of liposomes play a critical role in cellular uptake. 

Nanoparticles smaller than 200 nm can be internalized by cells more efficiently compared to 

larger particles 285,286. This is because smaller liposomes can diffuse more easily through the cell 

membrane, which is usually around 7-10 nm thick. Furthermore, the surface charge of 
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liposomes, as determined by their zeta potential, also affects their cellular uptake. Positively 

charged liposomes can cause liposomes to aggregate, leading to decreased cellular uptake 287. 

Conversely, negatively charged liposomes are less prone to aggregation. A study by Lee et al. 

showed that other than the surface charge, cellular uptake also depends on the cell type, and for 

macrophage-like cell lines, negatively charged liposomes are better suited for uptake 288. In this 

study, we modified the primary amine of DOPE to attache a cysteine, and futher used the -SH 

bond of cysteine to attach folic acid to the surface of the liposomes.  

Our results show that the addition of cysteine on DOPE and folic acid on the liposomes 

did not affect the size and polydispersity index of the liposomes. Additionally, there was no 

significant change observed in the zeta potential of the liposomes. This suggests that the addition 

of cysteine and folic acid did not alter the surface charge and stability of the liposomes. 

Toxicity is a crucial factor to consider in the development of liposomes for drug delivery. 

In our study, we tested the toxicity of both the unmodified and modified liposomes on MØ, M1, 

and M2. We found that the addition of cysteine and folic acid did not affect the cell viability 

compared to the unmodified liposomes. This is an important finding, as one of the deciding 

factors in choosing both cysteine and FA was their biocompatibility. Numerous studies have 

used cysteine, both in vitro and in vivo, and it has been proven not to affect the toxicity of the 

delivery system. Marty et al. used cysteine to introduce thiol groups onto ligands such as 

antibodies and peptides for site-specific functionalization 289,290. 

Similarly, FA has been widely used as a targeting ligand for cancer cells due to its 

biocompatibility and specificity. Moghimipour et al. studied how FA liposomes can be used to 

deliver 5-fluorouracil to CT26 cells 291. Another study by Wang et al. studied the potential of 

FA-modified liposomes for the delivery of curcumin for targeted delivery to HeLa cells 292. Our 
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results of toxicity align with the previous studies, and the lack of significant toxicity observed in 

our study suggests that the addition of cysteine and folic acid to the liposomes did not 

compromise their biocompatibility.  

Furthermore, the toxicity results obtained in our study indicate that the IC50 values of 

FADLL were higher at 24 h compared to the free DOX, which can be attributed to the difference 

in drug release for FADLL. Our drug release study showed that after 24 h, FADLL released 31% 

DOX while free DOX was just present in each well to be internalized without a controlled 

release. This release behavior corresponds to the higher IC50 values of FADLL at 24 h. 

Similarly, at 48 h, FADLL released 53% DOX; this release behavior corresponds to the half-fold 

values of IC50 for FADLL at 48 h compared with 24 h. A study conducted by Handali et al. 

demonstrated comparable outcomes in drug release when they encapsulated 5-Fluorouracil 

(5FU) in folate-PEG-DSPE liposomes. Corresponding to our results, the cells internalized the 

free 5FU within a few hours, whereas nearly 55% of the 5FU encapsulated in the liposomes was 

released within the first 24 h, and approximately 80% was released at the end of 48 h 293.  

The slow and controlled drug release observed in our study through the use of folate-

conjugated liposomes can have significant benefits in drug delivery. It allows for a prolonged 

therapeutic effect, as the drug is released in a controlled manner over a longer period of time. 

Additionally, liposomes have been shown to delay the release of the drug while increasing its 

accumulation at the tumor site. This is particularly important as it can reduce the amount of drug 

required for effective treatment, potentially minimizing toxic side effects in non-cancerous 

tissues. 
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5.4.2 Cysteine conjugated DOPE:DOPC liposomes are ideal for thiolyne click chemistry 

Thiolene or thiolyne click chemistry is a promising strategy for conjugating molecules to 

liposomes due to its high efficiency, mild reaction conditions, and specificity. Thiolyne click 

chemistry involves the reaction between a thiol and an alkyne functional group, forming a 

carbon-sulfur bond. This reaction has been used for various applications, including drug delivery 

and imaging. 

In a recent study by Dey et al., the researchers used sunlight-mediated thiolyne click 

reaction to synthesize and deliver DNA transfection using liposomes. The optimized reaction 

conditions successfully synthesized a series of small molecules and lipids in a single step, 

including cationic lipids that effectively bind with genetic materials for potential use in gene 

delivery 294. A study by Liu et al. showed how thiol-ene chemistry was used to modify the 

surface of inorganic nanocrystals, which are commonly stabilized by hydrophobic ligands 254. 

Similarly, our study utilized cysteine-conjugated liposomes as a platform for thiolyne 

click chemistry. The presence of the thiol group on the cysteine-modified liposomes allows for 

efficient and specific conjugation with alkyne-containing molecules. This approach offers a 

versatile and efficient method for targeted drug delivery, as a variety of targeting molecules can 

be easily conjugated to the liposomes using thiolyne click chemistry. Overall, cysteine 

conjugated DOPE:DOPC liposomes are ideal for thiolyne click chemistry and represent a 

promising platform for targeted drug delivery applications. 

5.4.3 Folid acid-conjugated Doxorubicin-loaded liposomes show a higher uptake in M2 

macrophages 

Folic acid (FA) is commonly used as a targeting agent for cancer therapy due to its high 

affinity to the folate receptor, which is overexpressed in many cancer cells, and this has led to the 

development of folic acid-conjugated drug delivery systems for cancer therapy. n our study, we 
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used folic acid as a proof of concept for selective targeting of M2 macrophages. M2 

macrophages are a subtype of macrophages that play a role in tissue repair and have been 

implicated in many pathological conditions, including cancer. M2 macrophages have been 

shown to overexpress the folate receptor β (FRβ), and this has led to the development of folic 

acid-conjugated drug delivery systems for M2 macrophage-targeted therapy. In our study, we 

used folic acid-conjugated liposomes loaded with DOX to target M2 macrophages. 

Our results showed that FADLL had a higher uptake in M2 macrophages compared to 

unmodified liposomes. This demonstrated the potential of FA as a targeting ligand for M2 

macrophages. Other studies have shown similar results, with folic acid-conjugated nanoparticles 

showing selective targeting to cancer cells that overexpress the FRβ. In a recent study, folic acid 

liposomes were used to deliver 5-Fluorouracil to HT-29, Caco-2, CT26, HeLa, and MCF-7 cell 

lines 293. Furthermore, similar to our study, Hattori et al. used FA-linked liposomes to target 

TAMs and deliver zoledronic acid to the cells to evaluate its antitumor properties 283. 

In conclusion, the FADLLs with conjugated folic acid showed higher uptake in M2 

macrophages due to the overexpression of FRβ on their surface. This study demonstrated the 

potential of FADLLs as a targeted drug delivery system. Future studies could focus on testing 

these FADLLs in vivo for biodistribution, toxicity, and therapeutic efficacy. Additionally, other 

targeting ligands could be explored to further improve the specificity and effectiveness and make 

use of cysteine-conjugated liposomes in delivering drugs to specific cells or tissues. Overall, the 

use of thiol-ene/yne click chemistry-ready liposomes provides a promising platform for targeted 

drug delivery, with potential applications in a variety of disease conditions. 
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5.5 Conclusions 

In this study, we have successfully developed a novel liposome platform with cysteine 

attached on the surface, allowing for efficient conjugation of targeting moieties through thiol-

ene/yne click chemistry. The incorporation of folic acid as a proof of concept demonstrated 

selective targeting of M2 macrophages with higher expression of the folate receptor β. Our study 

also showed improved drug delivery efficacy of DOX in FADLL compared to free drug. The 

stability and biocompatibility of the FADLL platform were also demonstrated, making it a 

promising candidate for targeted drug delivery applications. Future studies could explore the in 

vivo biodistribution and therapeutic efficacy of FADLL in relevant disease models. Overall, our 

study presents a simple yet new and effective approach for targeted drug delivery using thiol-

ene/yne click chemistry. This platform can be further expanded by conjugating different 

targeting agents, such as peptides, antibodies, or aptamers, for specific applications. The 

development of this liposome platform has the potential to revolutionize the field of drug 

delivery and personalized medicine. 
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CHAPTER 6.    GENERAL CONCLUSION 

In conclusion, the research presented in this thesis aimed to develop novel liposomal drug 

delivery systems that could effectively target cancer-associated fibroblasts (CAFs) and tumor-

associated macrophages (TAMs), which play critical roles in tumor progression and metastasis. 

These cells promote tumor growth and survival by secreting cytokines and growth factors that 

facilitate angiogenesis, immune suppression, and tissue remodeling; there is an urgent need for a 

vehicle to target these cells, specifically. Targeting these cells presents a promising avenue for 

cancer therapy, as they are relatively stable components of the tumor microenvironment and have 

been shown to be resistant to traditional cytotoxic treatments. By specifically targeting CAFs and 

TAMs with liposomal drug delivery systems, it may be possible to not only overcome the 

limitations of current cancer therapies but also mitigate some of the devastating effects of cancer 

on patients' lives. 

Chapter 2 investigated the effects of different sizes of liposomes on drug delivery, 

efficacy, and cellular uptake, which provided valuable insights into optimizing the liposomal 

design for targeted drug delivery. Chapter 3 explored the use of various surface modifications on 

liposomes to specifically target CAFs (myofibroblasts), demonstrating the potential of liposomes 

to deliver drugs directly to the tumor microenvironment and limit off-target effects. 

Chapter 4 presented a novel combination therapy approach, utilizing liposomes loaded 

with doxorubicin and ibuprofen to test the drug delivery and uptake to macrophage and its 

phenotypes. This study demonstrated the potential of liposomes to deliver multiple drugs 

simultaneously, which may improve treatment efficacy and overcome drug resistance. Chapter 5, 

on the other hand, focused on synthesizing a thiol-ene/yne click reaction-ready liposome 

formulation that could be conjugated with any targeting moiety possessing an alkene or alkyne 
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bond. The study demonstrated the use of alkyne-bound folic acid to specifically target TAMs, 

providing a potential strategy to improve drug delivery to these cells and reduce the negative 

impact of TAMs on cancer treatment outcomes. 

Future studies may include in vivo testing of these liposomal formulations to better 

understand their mechanisms of action, biodistribution, and efficacy in targeting CAFs and 

TAMs. These studies can be extended to investigate the pharmacokinetics of these formulations, 

as well as their toxicity and immunogenicity profiles. Additionally, further exploration of 

alternative targeting moieties, such as antibodies or peptides, can be investigated to improve the 

specificity and selectivity of these liposomes toward cancer-associated cells. 


