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Abstract 
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Lung cancer claims the highest mortality and the second-most estimated new cases 

among all oncological diseases [1].  Non-small cell lung cancer (NSCLC) accounts for 

approximately 85% of all newly diagnosed lung cancers [2].  Approximately 40% of newly 

diagnosed lung cancer patients are stage IV.  For stage IIIB/IV NSCLC, cytotoxic combination 

chemotherapy is standard first-line chemotherapy.  A regimen of platinum (Cisplatin or 

Carboplatin) plus Paclitaxel, gemcitabine, docetaxel, vinorelbine, irinotecan, or pemetrexed is 

the recommended clinical treatment [3].  

Cisplatin is the first-generation platinum-based anti-cancer drug.  Although Cisplatin is 

much more effective than other platinum drugs at the same dosage [4], accumulating reports 

have shown the failure of conventional platinum-based chemotherapy due to various side effects 

and drug resistance [5].  Miriplatin, a member of platinum drug family, has been approved in 

Japan in 2009 for transcatheter arterial chemoembolization treatment of hepatocellular carcinoma 

(HCC) [6].  Miriplatin is a lipophilic platinum drug that contains myristates (14-carbon chains) 

as leaving groups and diamino cyclohexane as the non-leaving carrier ligand.  The application of 

Miriplatin in clinic is limited because it has very poor solubilities both in water and in common 

organic solvents [7].  
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The structure of solid tumors and tumor microenvironment (TME) in lung cancer 

constitute a barrier to the deep penetration of chemotherapy agents, which limits the 

effectiveness of chemotherapy [8].  Nanoparticles with appropriate properties provide a 

promising delivery system to overcome the biological and physiochemical barriers that hinder 

anti-cancer activity [9].  Lipid-based nanoparticles such as liposomes, micelles, and solid lipid 

nanoparticles (SLNs) can delivery anti-cancer drugs to improve their anti-cancer activities.  In 

this study, we formulated Miriplatin into various micelles, liposomes, and SLNs by film-

hydration and evaluated their physicochemical properties and anti-cancer activity against 

NSCLC cells in culture.  

Miriplatin-loaded formulations with different compositions were successfully prepared 

by the film-hydration method.  Most Miriplatin-loaded micelles were more homogeneous and 

much smaller than Miriplatin-loaded liposomes and SLNs.  The majority of Miriplatin-loaded 

micelles were about 15 nm in diameter, while SLNs were around 120 nm, and liposomes were 

about 180 nm.  Formulations with a higher molar ratio of PE-PEG2000 had smaller sizes.  SLNs 

loaded with a higher molar ratio of Miriplatin in the compositions showed smaller sizes.   

Inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma 

optical emission spectrometry (ICP-OES) techniques were attempted to quantify the platinum 

element in the formulations.  Formulations with a higher molar ratio of PE-PEG2000 had higher 

recovery of platinum element.  Most Miriplatin-loaded formulations had higher than 80% 

platinum recovery.  The recovery of intact Miriplatin was characterized by HPLC.  Miriplatin-

loaded micelles had much higher intact Miriplatin recovery (about 100%) than SLNs (about 

30%).  
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By TEM imaging, the micelles showed the morphology of spherical dots of about 10 nm 

in diameter while SLNs showed both spherical and rodlike structures of about 120 nm in 

diameter.  The TEM results were consistent with the size and PDI results by the Zetasizer.  

Three-dimensional multicellular spheroids (3D MCS) of A549 and A549-iRFP cell lines 

were successfully established as cell culture models to evaluate activity against non-small cell 

lung cancer.  The viability of 3D MCS after 7-days treatment with Miriplatin-loaded micelles 

was about 0%, which was similar to Cisplatin.  Miriplatin-loaded formulations with a higher 

molar ratio of PE-PEG2000 in the compositions had higher anti-cancer activity against 3D MCS.  

The anticancer activity of Miriplatin-loaded formulations against 3D MCS was positively 

associated with the recovery of intact Miriplatin from the formulations.  The IC50 value of 

Miriplatin-loaded micelles against A549-iRFP 3D MCS was around 25 µM, while that of 

Cisplatin was 84.78 µM.  

In summary, the reported lipid-based nano-formulations represent a promising delivery 

system of Miriplatin against NSCLC.  

 

 

 

 

 

 

 



8 

TABLE OF CONTENTS 

 

List of Tables ................................................................................................................................ 12 

List of Figures ............................................................................................................................... 14 

List of Abbreviations .................................................................................................................... 16 

Chapter 1: Introducation ............................................................................................................... 18 

1.1 Statement of the Problem ............................................................................................ 18 

1.1.1 Non-small Cell Lung Cancer ....................................................................... 18 

1.1.2 Treatment Options and Chemotherapy ........................................................ 19 

1.1.3 Platinum-based Anticancer Drugs ............................................................... 20 

1.1.4 Barrier of Drug Delivery into Solid Tumor ................................................. 25 

1.2 Lipid-based Nanoparticles .......................................................................................... 27 

1.2.1 Liposomes .................................................................................................... 28 

1.2.2 Micelles ........................................................................................................ 28 

1.2.3 Solid Lipid Nanoparticles (SLNs) ............................................................... 29 

1.3 Hypothesis and Specific Aims .................................................................................... 29 

Chapter 2: Preparation of Lipid-based Nano Formulations of Miriplatin .................................... 30 
 

2.1 Introduction ................................................................................................................. 30 

2.1.1 Methods to Prepare Lipid-based Nanoparticles ........................................... 30 

2.1.2 Components of Lipid-based Nano Formulations of Miriplatin ................... 32 

2.2 Materials and Methods ................................................................................................ 35 

2.2.1 Materials ...................................................................................................... 35 

2.2.2 Preparation of Miriplatin-Loaded Formulations by                                   
Thin-film Hydration .............................................................................................. 35 



9 

2.2.3 Physicochemical Characterizations of Miriplatin-Loaded                
Formulations ......................................................................................................... 38 

 
2.3 Results and Discussion ............................................................................................... 38 

2.3.1 Sizes and PDI of Miriplatin-loaded Micelles............................................... 38 

2.3.2 Sizes and PDI of Liposomes Loaded with Different Ratios                            
of Miriplatin .......................................................................................................... 41 

 
2.3.3 Size and PDI of Miriplatin-loaded Solid Lipid                                    
Nanoparticles (SLNs)............................................................................................ 42 

 
2.4 Summary ..................................................................................................................... 47 

Chapter 3: Physicochemical Characterization of Lipid-based Nanoparticles                                  
of Miriplatin .................................................................................................................................. 49 
 

3.1 Introduction ................................................................................................................. 49 

3.1.1 Solubility of Miriplatin ................................................................................ 49 

3.1.2 Quantification of the Platinum Element ...................................................... 49 

               3.1.3 Quantification of Intact Miriplatin ............................................................... 51 

3.1.4 Morphology of Miriplatin-loaded Formulations .......................................... 51 

3.2 Materials and Methods ................................................................................................ 52 

3.2.1 Materials ...................................................................................................... 52 

3.2.2 Quantification of Platinum Recovery from Miriplatin-Loaded    
Formulations by ICP-OES and ICP-MS ............................................................... 53 

 
3.2.3 Quantification of Intact Miriplatin in Miriplatin-Loaded                
Formulations by HPLC ......................................................................................... 54 

 
3.2.4 Morphology of Miriplatin-Loaded Formulations by TEM .......................... 54 

3.3 Results and Discussion ............................................................................................... 55 

3.3.1 Quantification of Platinum Recovery from Miriplatin-Loaded    
Formulations by ICP-OES .................................................................................... 55 

 
3.3.2 Quantification of Platinum Recovery from Miriplatin-Loaded    
Formulations by ICP-MS ...................................................................................... 58 



10 

3.3.3 Quantification of Intact Miriplatin Recovery from                          
Miriplatin-Loaded Formulations by HPLC .......................................................... 60 

 
3.3.4 Morphology of Miriplatin-Loaded Formulations by TEM Imaging ............ 60 

3.4 Summary ..................................................................................................................... 65 

Chapter 4: Evaluation of Anticancer Activity of Miriplatin-loaded Formulations against               
3D MCS ........................................................................................................................................ 66 
 

4.1 Introduction ................................................................................................................. 66 

4.2 Materials and Methods ................................................................................................ 68 

4.2.1 Cell Lines and Reagents............................................................................... 68 

4.2.2 Establishment of 3D MCS ........................................................................... 69 

4.2.3 Morphology of 3D MCS .............................................................................. 69 

4.2.4 Fluorometric Characterization of 3D MCS.................................................. 69 

4.2.5 Cell Viability Assays for 3D MCS .............................................................. 69 

4.2.6 Treatment of 3D MCS with Miriplatin-loaded Formulations ...................... 70 

4.2.7 Evaluation of the Anti-cancer Activity of Miriplatin-loaded       
Formulations ......................................................................................................... 71 

 
4.2.8 Dose-dependent MCS Growth Inhibition by Miriplatin-loaded   
Formulations ......................................................................................................... 72 

 
4.3 Results and Discussion ............................................................................................... 73 

4.3.1 Morphology of 3D MCS .............................................................................. 73 

4.3.2 Comparison between the Viability of A549 and A549-iRFP                       
3D MCS after Anti-cancer Treatment................................................................... 74 

 
4.3.3 Comparison of Anti-cancer Activity of Miriplatin-loaded           
Formulations with Different Molar Ratio of PE-PEG2000 ..................................... 75 

 
4.3.4 Comparison of Anti-cancer Activity of Miriplatin-loaded           
Formulations with Different Molar Ratio of Miriplatin ....................................... 76 

 
4.3.5 Comparison of Anti-cancer Activity of Miriplatin-loaded                  
Micelles and SLNs ................................................................................................ 77 



11 

4.3.6 Dose-dependent Growth Inhibition of A549-iRFP MCS                              
by Miriplatin-loaded Micelles............................................................................... 79 

 
4.4 Summary ..................................................................................................................... 81 

Chapter 5: Summary and Future Work ......................................................................................... 83 

References ..................................................................................................................................... 87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 

LIST OF TABLES 

 

Table 

1. Composition of Miriplatin-loaded Lipid-based Nanoparticles: Micelles ................... 36 

2. Composition of Miriplatin-loaded Lipid-based Nanoparticles: Liposomes ............... 36 

3. Compositions of Miriplatin-loaded Lipid-based Nanoparticles:  SLNs ..................... 37 

4. Size and PDI of Miriplatin-loaded Micelles with Different Ratios                               
of Drug Input............................................................................................................... 39 

 
5. Size and PDI of Miriplatin-loaded Micelles with Different Components .................. 40 

6. Size and PDI of Miriplatin-loaded Micelles at Room Temperature with                
Different Storage Time ............................................................................................... 41 

 
7. Size and PDI of Liposomes Loaded with Miriplatin at Different                             

Molar Ratios................................................................................................................ 42 
 

8. Size and PDI of SLNs Loaded with Miriplatin at Different Molar Ratios ................. 43 

9. Size and PDI of Miriplatin-Loaded SLNs with Different Ratios of Lipid 
Compositions .............................................................................................................. 44 

 
10. Size and PDI of Miriplatin-loaded SLNs with Tween 20 or Tween 80...................... 45 

11. Size and PDI of Miriplatin-loaded SLNs with Cholesterol ........................................ 46 

12. Size and PDI of Miriplatin-loaded SLNs with Lecithin ............................................. 46 

13. Size and PDI of Miriplatin-loaded SLNs with TP and TM ........................................ 47 

14. Platinum Recovery from Miriplatin-loaded Micelles by ICP-OES ............................ 56 

15. Platinum Recovery from Miriplatin-loaded SLNs with Different Molar                     
Ratios of Solid Lipid (TP/TM) and PE-PEG2000 by ICP-OES .................................... 56 

 
16. Platinum Recovery from Miriplatin-loaded SLNs with Cholesterol                               

by ICP-OES ................................................................................................................ 57 
 

17. Platinum Recovery from Miriplatin-loaded Formulations by ICP-MS ...................... 59 



13 

18. Recovery of Intact Miriplatin from Miriplatin-loaded Formulations ......................... 60 

19. IC50 Value of Miriplatin-loaded Micelles and Cisplatin Solution. ............................. 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

LIST OF FIGURES 

 

Figure 

1. Lung cancer classification........................................................................................... 19 

2. Mechanism of Cisplatin action ................................................................................... 22 

3. General structure of platinum-based anti-cancer drugs.. ............................................ 23 

4. The family tree of platinum-based anti-cancer drugs. ................................................ 24 

5. Components of the tumor microenvironment. ............................................................ 26 

6. Examples of lipid-based nanoparticles: micelles, liposomes and solid lipid 
nanoparticles (SLNs). ................................................................................................. 28 

 
7. Structure of (A) Miriplatin-loaded micelles, (B) Miriplatin-loaded liposomes,           

(C) Miriplatin-loaded SLNs, (D) Chemical structure for each component ................ 34 
 

8. TEM images of micelles loaded with Miriplatin as the only cargo                                              
drug (PE-PEG2000: Miriplatin (molar ratios) =10:2). .................................................. 61 

 
9. TEM images of micelles loaded with Miriplatin and Paclitaxel as payload                                

drugs (PE-PEG2000: Miriplatin: Paclitaxel (molar ratios) =10:2:1)............................. 61 
 

10. TEM images of SLNs consisting of TP: PE-PEG2000: Miriplatin                                
(molar ratios) =24:16:8. .............................................................................................. 63 

 
11. TEM image of Miriplatin-loaded SLNs consisting of                                                

TM: PE-PEG2000: Miriplatin (molar ratios) =24:16:8. ................................................ 63 
 

12. TEM images of SLNs consisting of                                                                                              
TP: PE-PEG2000: Miriplatin: Paclitaxel (molar ratios) =24:16:8:4. ............................ 64 

 
13. TEM image of SLNs consisting of TM: PE-PEG2000: Miriplatin: Paclitaxel              

(molar ratios) =24:16:8:4). .......................................................................................... 64 
 

14. Schematic diagrams of traditional 2D  monolayer cell cultures (A)                           
and 3D cell cultures (B, C).. ....................................................................................... 67 

 
15. A schematic diagram of 3D MCS established by seeding cells into                             

96-well microplate plates with non-adherent surfaces. ............................................... 68 
 



15 

16. Morphology of A549-iRFP 3D MCS (3000 seeded cells/well)                                 
after 5, 7, 9, 11, 13, 15, 17 days of culturing. ............................................................. 73 

 
17. 3D MCS viability of A549 and A549-iRFP  after treatment with                    

anticancer drugs and drug formulations. ..................................................................... 74 
 

18. 3D MCS viability of A549-iRFP after treatment of Miriplatin-loaded           
formulations with different molar ratio of PE-PEG2000 .............................................. 76 

 
19. Comparison of 3D MCS viability of A549-iRFP after treatment with           

Miriplatin-loaded formulations at different molar ratios of Miriplatin ...................... 77 
 

20. Viability of A549-iRFP 3D MCS after treatment with Miriplatin-loaded    
formulations per 3D MCS Viability Assay  and iRFP fluorescence.                            
In comparison to the recovery of intact Miriplatin from each formulation ................ 78 

 
21. Growth inhibition of A549-iRFP MCS after treatment with                                

Miriplatin-loaded formulations per 3D MCS Viability Assay and                             
iRFP fluorescence. In comparison to recovery of intact Miriplatin                          
from each formulation................................................................................................. 79 

 
22. Viability of A549-iRFP 3D MCS treated with Miriplatin-loaded                       

micelles and Cisplatin solution per 3D MCS Viability Assay .................................... 80 
 

23. Growth inhibition of A549-iRFP 3D MCS by Miriplatin-loaded                         
micelles and Cisplatin solution per 3D MCS Viability Assay .................................... 80 

 

  



16 

LIST OF ABBREVIATIONS 

 

AR aspect ratio 

CBDCA 1,1-cyclobutanedicarboxylate 

CMC critical micelle concentration 

DACH 1R,2R-diaminocyclohexane 

DLS dynamic light scattering 

FDA Food and Drug Administration 

HCC hepatocellular carcinoma 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC high performance liquid chromatography 

ICH International Conference of Harmonisation 

ICP-MS inductively coupled plasma mass spectrometry 

ICP-OES inductively coupled plasma-optical emission spectrometry 

IC50  fifty percent inhibitory concentration 

iRFP  near-infrared fluorescent protein 

Miri Miriplatin 

NSCLC non-small cell lung cancer 

PDI polydispersity index 

PEG polyethylene glycol 

PE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy 
(polyethylene glycol)-2000] 

PS performance status 

PTX Paclitaxel 



17 

SCLC small cell lung cancer 

SLN  solid lipid nanoparticle 

TEM transmission electron microscopy 

TM trimyristin 

TME tumor microenvironment 

TP tripalmitin 

USP United States Pharmacopeia 

2D two-dimensional 

3D MCS three-dimensional multicellular spheroid 

  



18 

CHAPTER 1: INTRODUCTION 

 

1.1 Statement of the Problem 

1.1.1 Non-small Cell Lung Cancer 

Lung cancer claims the highest mortality and the second-most estimated new cases 

among all oncological diseases [1].  The causes of lung cancer are various, including smoking, 

air pollution, cooking oil and so on.  The most common cause is tobacco smoking, accounting 

for more than 80% of the cases in the United States and other countries where smoking is 

common [10].  In China, the incidence of lung cancer among nonsmokers is high, and this is 

particularly notable in women, probably because of ambient air pollution exposure.  Also, for 

female who cooks often, long-term exposure to cooking oil fumes is also one of the causes of 

lung cancer [11].  

Lung cancer is categorized into two main histological groups: small cell lung carcinoma 

(SCLC) and non-small cell lung cancer (NSCLC) [12].  NSCLC accounts for approximately 85% 

of all newly diagnosed lung cancers [2].  As shown in Figure 1, NSCLC has three main subtypes, 

namely adenocarcinoma, squamous cell carcinoma and large-cell carcinoma [12].  

Adenocarcinoma accounts for approximately 40% of non-small cell lung cancer cases in which 

solid tumors tend to develop in the peripheral bronchioles that are usually located on the outer 

edge of the lung [13].  It is also the most common cancer in women and non-smokers [14].  

Squamous cell carcinoma accounts for about 25% of non-small cell lung cancer cases, which are 

characterized by the presence of intercellular bridges and keratinization [12].  These NSCLCs are 

associated with smoking and occur predominantly in men [15].  Squamous cell cancers can 
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present as Pancoast tumor and hypercalcemia [16].  Lastly, large cell carcinoma lacks the 

differentiation among a small cell, glandular and squamous cells [17].   

 

 

Figure 1.  Lung cancer classification.  Adapted from [18].  

 

1.1.2 Treatment Options and Chemotherapy 

Treatment options of lung cancer include surgery, chemotherapy or other medications, 

radiation therapy, local treatments such as laser therapy, or a combination of these treatments.  

Combination treatment refers to having more than one type of treatment together or successively.  

Specific treatment for lung cancer depends on its type and stage.  

Surgery is part of the treatment for early-stage lung cancers [5].  In stage I, II, and IIIA of 

NSCLC,  the tumor is typically removed by surgery if the tumor is found to be resectable and the 

patient is healthy enough to tolerate surgery [19].  Patients who have received a resection surgery 

may benefit from adjuvant therapy (such as radiation, and chemotherapy) in order to reduce the 

risk of lung cancer relapse.  The patients usually receive chemotherapy after surgery in order to 

kill the remaining cancer cells and to inhibit the inflammation [20].  
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Patients who are not suitable for surgical resection may benefit from radiotherapy [5].  

Radiotherapy also may be included as palliative care to improve the life quality of patients who 

do not respond to surgery or chemotherapy [21].   

Immunotherapy is a breakthrough treatment in oncology.  Immunotherapy works by 

boosting the immune system so that it can target the cancer cells, inhibit the tumor growth, and 

prevent the cancer metastasis [22].  

Approximately 40% of newly diagnosed lung cancer patients are stage IV [5] for which 

combination chemotherapy is the first-line treatment [5].  The American Society of Clinical 

Oncology states that the treatment is a regimen of platinum (Cisplatin or Carboplatin) plus 

Paclitaxel, Gemcitabine, Docetaxel, Vinorelbine, Irinotecan, or Pemetrexed [3].  Results from 

recent clinical trials have shown that no single regimen demonstrated a significant superiority 

over any other treatment [23, 24].  The treatment of choice should be decided based on the 

patient’s individual profile, depending on the cancer type, the performance status (PS), and the 

toxicity [5].  For example, patients with PS of 0 or 1 would take a platinum-based regimen; 

patients with a PS of 2 may need only one drug, which is usually not platinum [25]; patients with 

a PS of 3 would not benefit from cytotoxic chemotherapy because of the high risk of adverse 

toxicity, which would decrease their life quality [5].   

1.1.3 Platinum-based Anticancer Drugs 

With the discovery of Cisplatin and the subsequent expansion of the platinum drug 

family, the treatment of cancer has been revolutionized.  Platinum-based drugs account for 

approximately 50% of anticancer therapeutic agents in clinic [26].  Cisplatin was first 

synthesized by Peyrone, M. Ann. 1844 [27].  It is a well-known chemotherapeutic drug that has 

been used for treatment of numerous human cancers including bladder, head and neck, lung, 
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ovarian, and testicular cancers [4].  Cisplatin was the earliest platinum drug approved by the 

United States Food and Drug Administration (FDA) for advanced ovarian and bladder cancer 

treatment in 1978 [28].  

As shown in the Figure 2, the Cisplatin complex moves through cell membranes by 

passive diffusion, and this is because of the relatively high concentration of chloride in the 

plasma.  Inside the cells the concentration of chloride ions is lower than in the plasma and the 

chloride ligands on the Cisplatin complex are displaced by water.  The displacement yields 

positively charged platinum complexes that are toxic to cells [26].  Cisplatin’s cytotoxicity 

comes from its interaction with DNA to form DNA adducts, which activate several signal 

transduction pathways (such as ATR, p53, p73, and MAPK).  The cytotoxicity culminates in the 

inhibition of the synthesis of DNA, RNA, and protein and the activation of apoptosis [29].   

However, the clinical application of Cisplatin is limited by drug resistance and toxicity [5, 29].   

The mechanisms of Cisplatin resistance include decreased drug uptake, reducing anti-cancer 

activities, and increased DNA repair [29].  The resistance to Cisplatin is developed by prolonged 

drug exposure [30].  In addition, Cisplatin-based therapies are challenged by various adverse 

effects including nausea, nephrotoxicity, cardiotoxicity, hepatotoxicity, ototoxicity, 

gastrotoxicity, neurotoxicity, myelosuppression, and allergic reactions [31, 32].  The 

administration of Cisplatin for cancer treatment is highly controlled due to  these side effects 

[31].  Nephrotoxicity is mainly associated with high doses of Cisplatin, so practitioners are 

suggested to reduce the Cisplatin dosage when a patient’s renal function deteriorates [31].  

Except nephrotoxicity, most of other common toxicity to normal tissues is caused by the limited 

selectivity of drugs [33].   
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Figure 2.  Mechanism of Cisplatin action.  Adapted from [26].   

 

To overcome drug resistance and to reduce the toxicity of Cisplatin, various platinum 

complexes have been investigated [34].  The development of new platinum complexes involves 

modification of the ligands of the platinum complex.  As shown in Figure 3, the non-leaving 

group (ligand L) is usually a nitrogen donor and forms a thermodynamically stable bond with 

platinum.  This non-leaving ligand usually remains unchanged during drug activation and 

directly affects the properties of the final platinum-DNA adduct [35].  The leaving group (ligand 

X) is unstable and can be replaced by ligand substitution.   The modification of ligand X can 

change the hydration/activation kinetics, toxicity characteristics and solubility [35].  The 

replacement of the leaving groups induces the platinum ion to form bonds with DNA bases [4, 

36].  Axial ligands R are only found in higher-valent platinum drugs, such as Platinum (III) and 

Platinum IV) [26, 37].    
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Figure 3.  General structure of platinum-based anti-cancer drugs.  Adapted from [38].   

 

Any modification of these three types of ligands will change the polarity and water-

solubility of the platinum complexes.  It is important physicochemical parameters for platinum 

drug’s pharmacokinetics and pharmacodynamics [26].  The family tree of platinum complexes is 

shown in Figure 4.  Only Cisplatin and Carboplatin have been approved globally for clinical use.   

While the other four compounds are approved only for regional use in Asia [39].    

 



24 

 

Figure 4.  The family tree of platinum-based anti-cancer drugs.  Adapted from [40].   

 

Carboplatin was approved by FDA as a second-generation platinum-based anti-cancer 

drug in 1989 [41].  The structure of Carboplatin differs from Cisplatin in that the leaving group is 

CycloButane DiCarboxylic Acid (CBDCA) instead of the two chloride ligands, which are the 

leaving groups in Cisplatin [41].  Compared with Cisplatin, Carboplatin needs four-fold higher 

dosage to achieve similar anti-cancer activity [4].  Carboplatin exhibits cross-resistance with 

Cisplatin because they have the same non-leaving group [42].  Oxaliplatin has another chelating 

ligand as a leaving group and a different non-leaving group, 1R,2R-diaminocyclohexane 

(DACH).  Oxaliplatin needs to be activated by replacing the oxalate ligand with chloride ions 



25 

[43].  Oxaliplatin is part of the ‘DACH’ family of platinum compounds.  This group yielded 

promising anti-cancer activity.  However, they also caused low water solubility, which limited 

their clinical application [44].   

Miriplatin was approved in Japan for transcatheter arterial chemoembolization treatment 

of hepatocellular carcinoma [6].  Miriplatin is a lipophilic platinum drug that contains myristates 

(14-carbon chains) as leaving groups and diamino cyclohexane as the non-leaving carrier ligand.  

It can be suspended in ethyl esters of iodized fatty acids from poppy seed oil.  The Miriplatin 

suspension is active for local anticancer therapy such as trans- arterial chemoembolization and 

lipodolization.  The intact anti-cancer drug that is released from the suspension and selectively 

retained in hepatocellular carcinoma provides the anticancer effect [45].  Miriplatin possesses 

very poor solubilities both in water and in common organic solvents, which limits its 

applications in systemic administration [7].   

1.1.4 Barrier of Drug Delivery into Solid Tumor 

Drug toxicity and drug resistance based on cell culture studies are the main reasons for 

the limitations of anti-cancer chemotherapy.  However, recent studies have indicated that the 

tumor microenvironment (TME) also contributes to the tumor’s resistance against chemotherapy 

[46].  As shown in Figure 5, the TME is a complex ecosystem consisting of heterogeneous tumor 

cells, stromal cells, and a variety of immune cells residing in a network of dysregulated 

vasculature and collagen.  Poor perfusion and densely packed glycolytic tumor cells create 

pockets of diminished oxygen, acidic pH, poor nutrients, anti-inflammatory cytokines, 

chemokines, and accumulated metabolic by-products.  Tumor-infiltrating immune cells of both 

the myeloid and lymphoid lineages are found within the TME [47].  The vasculature of many 

solid tumors is poorly developed, the blood flow rate is unstable, and the distance between 
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capillaries is much greater than that of the vasculature in normal tissues [8].  Penetration into the 

tumor tissue from the blood vasculature is also required for the efficacy of anticancer agents 

against solid tumors.  Therefore, the limited penetration prevents most cancer cells from being 

exposed to lethal concentrations of anticancer drugs, especially cancer cells in the hypoxic core 

of solid tumors [8].  In addition, hypoxia is involved in the resistance against many anti-cancer 

drugs [48].  As solid tumors have a poor vasculature due to their rapid growth, there is a 

substantial diffusion barrier between the drug supply vessel and tumor cells [49].  In summary, 

several characteristics of solid tumors constitute a physiochemical barrier for uniform 

distribution and deep penetration of chemotherapy agents.   

 

 

Figure 5.  Components of the tumor microenvironment.  Adapted from [47].   
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1.2 Lipid-based Nanoparticles 

As defined by the FDA, nano-formulations are products in combination with 

nanoparticles ranging between 10 to 100 nm in diameter or other formulations outside of this 

size range with dimension-dependent properties [50].  These formulations exhibit many 

advantages over free drug molecules, including enhanced solubility, improved pharmacokinetics, 

better efficacy, and lower toxicity [50].  Lipid-based nanoparticles have played a pivotal role in 

the successes of COVID-19 vaccines and many other nanomedicines (such as Doxil® and 

Onpattro®) and have therefore been considered as the frontrunner among nanoscale drug 

delivery systems [51].   

Lipid nanoparticles are multi-component lipid systems, usually containing phospholipids 

that form bilayer structures, auxiliary lipids that improve cell binding, cholesterol and surfactants 

that fill structural gaps, and Polyethylene glycol (PEG)-lipid conjugates that decrease serum 

protein adsorption and thus decrease reticuloendothelial clearance [51].  Based on the lipid 

composition and the nano-sized structure, lipid-based nanoparticles mainly include micelles, 

liposomes, and solid lipid nanoparticles (SLNs) (Figure 6).    
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Figure 6.  Examples of lipid-based nanoparticles: micelles, liposomes and solid lipid 
nanoparticles (SLNs).  Adapted from [52].   
 
 
 
1.2.1 Liposomes 

Liposomes are the most commonly used nanocarriers.  Most of the anticancer 

nanomedicines approved by the FDA are based on liposome structures [53].  Liposomes are 

mainly composed of phospholipids and have a lipid bilayer shell encapsulating an aqueous 

interior.  Liposomes can be loaded with both lipophilic and hydrophilic drug molecules [54].  

Liposomes were first described in 1961 by the British haematologist, Alec D Bangham [55].  

Liposomes have a size ranging from 50 to 500 nm in diameter.  Liposomes with an average 

diameter between 100 and 150 nm can enter the liver endothelium, secondary lymphatic 

structure or porous blood vessels in TME [56].  In addition, liposomes with a diameter of 100-

150 nm can be better taken up by cells through endocytosis [57].   

1.2.2 Micelles 

Micelles are spherical colloids, composed of a core of nonpolar groups of its surfactant 

monomers and a surface of polar head groups of the same surfactant monomers[58].  Compared 

to liposomes, micelles have a smaller size, ranging from 10 nm to 100-200 nm [58].  The 
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extremely small size of micelles might be beneficial to tumor penetration and accumulation [59, 

60].  Researchers developed polymer micelles loaded with 1,2-diaminocyclohexane-platinum (II) 

with a diameter of 30 nm.  Such micelles can accumulate and penetrate in poorly permeable 

pancreatic tumors without any targeting ligands [61].  However, the accumulation and blood 

circulation time of micelles  improved with larger size with optimal diameter range of 100 to 160 

nm [62].    

1.2.3 Solid Lipid Nanoparticles (SLNs) 

SLNs possess a hydrophobic core of solidified lipid molecules.  SLNs carry a size 

ranging from 10 to 1000 nm in diameter [63].  The major components of SLNs are solid lipids 

such as triglycerides (tri-stearin), partial glycerides (Imwitor), fatty acids (stearic acid, palmitic 

acid), steroids (cholesterol), and waxes (cetyl palmitate).  Various emulsifiers and their 

combinations have been used to stabilize the SLN dispersion [64].  Compared to micelles and 

liposomes, SLNs in general provide better stability and prolonged release [65].    

1.3 Hypothesis and Specific Aims 

Based on the foregoing, it is hypothesized that Lipid-based formulations of Miriplatin 

would carry appropriate physiochemical properties to improve the anticancer activity of platinum 

drugs against non-small cell lung cancer.  To test the hypothesis, the research of this thesis 

focusses on the following specific aims:  

1. To develop Miriplatin-loaded formulations and optimize their lipid composition. 

2. To characterize the physiochemical properties and morphology of Miriplatin-loaded 
formulations. 
 

3. To evaluate the anticancer activity of Miriplatin-loaded formulations in three-
dimensional multicellular spheroids (3D MCS).   
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CHAPTER 2: PREPARATION OF LIPID-BASED NANO FORMULATIONS OF 

MIRIPLATIN 

 

2.1 Introduction  

Lipid-based nanoparticles such as liposomes, micelles, and solid lipid nanoparticles are 

colloidal nanoparticles made of amphiphilic lipid molecules, which possess both hydrophilic 

heads and lipophilic tails [66].  Lipid-based nanoparticles can entrap anti-cancer drugs to 

improve their water solubility and bioavailability [66].  Lipid-based nanoparticles are taken up 

by cells through endocytosis.  Additionally, lipid-based nanoparticles usually contain multiple 

lipidic components including phospholipids that form bilayer structures, auxiliary lipids that 

improve cell binding, cholesterol and surfactants that fill structural gaps, and Polyethylene glycol 

(PEG)-lipid conjugates that decrease serum protein adsorption and thus decrease 

reticuloendothelial clearance.  The composition and of lipid-based nanoparticles significantly 

affects their delivery efficiency and needs to be optimized for a given application.  Furthermore, 

the physicochemical properties of lipid nanoparticles such as size, and surface charge can 

influence both their pharmacokinetics and their efficacy in vivo [67].    

2.1.1 Methods to Prepare Lipid-based Nanoparticles 

Various methods to prepare lipid-based nanoparticles have been developed.  For 

examples, thin film hydration, solvent evaporation, ethanol injection, cold/hot homogenization, 

high speed homogenization, and microfluids are commonly used to prepare different types of 

nanoparticles in laboratory or industry.   

In small laboratory scale, thin-film hydration, aka the Bangham method is one of the 

simplest and yet most widely used preparation techniques for lipid-based nanoparticle [68, 69].  
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In this method, a mixture of lipids and drugs is first dissolved in organic solvent(s) and the 

solution is evaporated under vacuum to obtain a thin layer of lipid film deposited at the bottom 

of flask.  Water or hydration buffer is then added under agitation in a water bath with 

temperature above the lipid transition temperature (Tm) [68, 70].  The film-hydration method 

produces large,  heterogeneous multilamellar vesicles that need sonication or extrusion processes 

to yield small, homogeneous unilamellar vesicles [71].  The payload drug molecules can either 

be encapsulated in the aqueous interior (for hydrophilic drugs) or incorporated into the lipid 

membrane (for lipophilic drugs) of the lipid nano formulation.  Thin film hydration can yield 

multilamellar vesicles ranging 50–1000 nm in diameter.   Due to small production capacity and 

the presence of organic solvents, thin film hydration has limited application on a commercial 

scale.  Nevertheless, this method has important advantages such as simplicity, high encapsulation 

efficiency of diverse drugs, and ability to produce small, homogeneous particles [72].  Therefore, 

thin-film hydration has been used as a quick and simple method to develop optimal lipid 

compositions in research laboratories [72].   

In industry, solvent injection is a commonly used method to scale up the preparation of 

lipid-based nanoparticles [73].  Generally, a solution of lipids in organic solvent(s) (e.g. ether, 

ethanol) is injected into an aqueous phase at a temperature above the lipid transition temperature 

[74].  The main relevance of the solvent injection method lies on the possibility to yield  small 

nanoparticles with narrow size distribution simply by injection [75].  Some modified solvent 

injection methods have been applied to large-scale production of lipid-based nanoparticles [76].  

However, it must be assured that the residual organic solvent is completely removed before the 

nanoparticles are administered to the patient in order to prevent tissue damages [77].   
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In addition, other advanced preparation technologies, such as spray drying, cold/hot 

homogenization, high-speed homogenization, and microfluidics, have also emerged to meet 

diverse needs of preparation at laboratory and industrial scales.  Recently, our research group 

have also established a solvent injection and evaporation method to prepare lipid-based 

nanoparticles.   

In this study, the thin-film hydration method was established to prepare lipid-based 

nanoparticles of Miriplatin.    

2.1.2 Components of Lipid-based Nano Formulations of Miriplatin 

The payload drug in this study is Miriplatin, which is an analog of oxaliplatin.   

Miriplatin was approved in Japan in 2009 for transcatheter arterial chemoembolization treatment 

of hepatocellular carcinoma [45].  Miriplatin is a highly lipophilic platinum that contains 

myristates (14-carbon chains) as leaving groups and diamino cyclohexane as a carrier ligand.  It 

can be easily suspended in ethyl esters of iodized fatty acids from poppy seed oil.  The Miriplatin 

suspension is active for local anticancer therapy such as trans arterial chemoembolization and 

lipodolization.  The anticancer drug that is released from the suspension and selectively retained 

in hepatocellular carcinoma provides the anticancer effect [45].  Miriplatin possesses very poor 

solubilities both in water and in common organic solvents, which limits its application in 

systemic administration [7].  The two 14-carbon chains affect the solubility of Miriplatin.   

Miriplatin can be considered both as an anticancer payload drug but also a lipid component of 

lipid-based nanoparticles.    

Combination therapy is a treatment in which two or more therapeutic drugs are combined 

together or performed sequentially.  This is a key strategy for the treatment of most cancers [78].   

Compared with monotherapy, the combination of anticancer drugs can achieve better efficacy, 
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less drug resistance and lower drug toxicity in clinic [79].  As anticancer chemotherapy regimens, 

platinum-based drugs (Cisplatin or Carboplatin) combined with Paclitaxel (PTX) are commonly 

used as first-line treatment of non-small cell lung cancer [23, 80].  In this study, Paclitaxel will 

also be formulated in combination with Miriplatin in lipid-based nanoparticles.  Paclitaxel is a 

hydrophobic chemotherapy drug to treat numerous types of cancer, including breast cancer, lung 

cancer, ovarian cancer.  Paclitaxel has been readily formulated into lipid-based nanoparticles, 

such as micelles, liposomes and solid lipid nanoparticles (SLN), which improved its solubility, 

stability, and safety [81-83].  In the past two decades, several Paclitaxel nano formulations were 

approved for clinical use [82, 84].  Tripalmitin (TP) or Trimyristin (TM) are triglycerides derived 

from the palmitic acid and myristic acid, respectively.  The SLNs consisting of TP or TM in the 

solid lipid core have been heavily studied for chemotherapy and immunotherapy [85-87].  

Furthermore, Paclitaxel has been successfully formulated into SLNs that consist of tripalmitin 

and trimyristin [87, 88].  As TP and TM carry hydrocarbon chains that are similar to those of 

Miriplatin, we aim to formulate Miriplatin into SLNs consisting of TP and TM to enhance its 

biocompatibility and physical stability.   

18:0 PE-PEG2000 is a common component of lipid-based nano- drug formulations.  18:0 

PE-PEG2000 provides a hydrophilic coating on the surface of the drug formulation to hinder the 

adsorption of serum proteins and thus the clearance by the reticuloendothelial system, thereby 

prolonging the circulating plasma half-life of the drug formulation.    

The objective of this chapter is to develop Miriplatin-loaded formulations and optimize 

their lipid composition.  In this chapter, numerous Miriplatin-loaded lipid-based nanoparticles 

such as micelles, liposomes, and solid-lipid nanoparticles were developed by thin-film hydration.   

The size and polydispersity index (PDI) of the nanoparticles were characterized.  The micelles 

https://en.wikipedia.org/wiki/Chemotherapy_medication
https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Breast_cancer
https://en.wikipedia.org/wiki/Lung_cancer
https://en.wikipedia.org/wiki/Lung_cancer
https://en.wikipedia.org/wiki/Ovarian_cancer
https://en.wikipedia.org/wiki/Triglyceride
https://en.wikipedia.org/wiki/Palmitic_acid
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were prepared with 18:0 PE-PEG2000; the liposomes were prepared with 16:0 PC (DPPC), 18:0 

PE-PEG2000, and cholesterol; the SLNs were prepared with TP and/or TM and 18:0 PE-PEG2000.  

Miriplatin, Paclitaxel, and their combination were used as the payload of the nanoparticles.  

Excipients such as Tween 20, Tween 80, and lecithin were also used to improve the 

nanoparticles’ physicochemical properties such as size, PDI, and drug-loading capacity.   

 

 

 

 

Figure 7.  Structure of (A) Miriplatin-loaded micelles, (B) Miriplatin-loaded liposomes, (C) 
Miriplatin-loaded SLNs, (D) Chemical structure for each component. 
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2.2 Materials and Methods 

2.2.1 Materials 

Miriplatin was purchased from MedChem Express LLC (NJ, US).  Paclitaxel was 

purchased from LC Laboratory (MA, US) Cholesterol, Glyceryl tripalmitate, and Glyceryl 

trimyristate were purchased from Sigma-Aldrich (MO, US).  1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] ammonium salt (18:0 PE-

PEG2000) was purchased from Avanti Polar Lipids, Inc. (AL, USA).   2-[4-(2-hydroxyethyl) 

piperazin-1-yl]-ethane sulfonic acid (HEPES), Tween 20, and Tween 80 were purchased from 

Fisher Scientific.  Lecithin was purchased from MP Biomedicals (OH, US).   All other organic 

solvent and chemicals were purchased from Sigma Aldrich, Fisher Scientific or VWR.   

2.2.2 Preparation of Miriplatin-Loaded Formulations by Thin-film Hydration 

Various lipids and anticancer drugs were separately dissolved in chloroform for short-

term stock.  Generally, 0.8 µmol Miriplatin was then mixed with 4 µmol lipidic excipients 

including lipids, cholesterol, and surfactants in a 25 ml round bottom tube at different molar 

ratios as shown in Table 1, Table 2, and Table 3.  The chloroform solution in the tube was then 

evaporated in a rota-vaporation at about 60℃.  A thin lipidic film was formed after 10 min of 

continuous evaporation and was placed under high vacuum overnight to remove residual solvent.  

The hydration buffer (5 mM HEPES, 150 mM NaCl, pH 7.4) and the tube with thin film were 

pre-heated in a 65 ℃-water bath for 5 min.  Then 200 µl hydration buffer was added and mixed 

with the thin film.  The tube was filled with argon and sealed with parafilm to avoid oxidation.  

Then the film was hydrated in a water bath at 78 ℃ for 45 min.  The Miriplatin-loaded micelles 

were stored at room temperature (25℃) or 4℃.  The selected micelles were pre-frozen in liquid 
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nitrogen for 30 minutes, and then lyophilized overnight at -83℃ under a vacuum of 0.110 mbar.  

DI water was added to reconstitute the lyophilized micelles.   

 

Table 1 
Composition of Miriplatin-loaded Lipid-based Nanoparticles: Micelles 

Compositions (molar ratios) 

PE-PEG2000 Miriplatin Paclitaxel Lecithin 

10 - - - 
10 1 - - 
10 1.5 - - 
10 2 - - 
10 2.5 - - 
10 - 1 - 
10 - 2 - 
10 1 1 - 
10 1.5 1 - 
10 2 1 - 
10 2.5 1 - 
10 2 - 0.5 
10 2 - 1 
10 5 - 4 

 
 
 
Table 2 
Composition of Miriplatin-loaded Lipid-based Nanoparticles: Liposomes  

Compositions (molar ratios) 

16:0 PC(DPPC) Cholesterol PE- PEG2000 Miriplatin 

15 4 1 - 
15 4 1 2 
15 4 1 4 
15 4 1 8 
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Table 3 
Compositions of Miriplatin-loaded Lipid-based Nanoparticles: SLNs  

Compositions (molar ratios) Other Components 

TP/TM PE- PEG2000 Miri PTX Lecithin Cholesterol Tween 20 Tween 80 

39 1 - - - - - - 
39 1 4 - - - - - 
38 2 - - - - - - 
38 2 4 - - - 1.5% (v/v) - 
38 2 4 - - - - 1% (v/v) 
36 4 - - - - - - 
36 4 4 - - - - 1% (v/v) 
36 4 4 - - - - - 
36 4 8 - - - - - 
36 4 12 - - - - - 
36 4 8 4 - - - - 
32 8 4 - - - - - 
24 16 - - - - - - 
24 16 4 - - - - - 
24 16 8 - - - - - 
24 16 8 4 - - - - 
24 16 8 - 2 - - - 
24 16 8 - 4 - - - 
24 16 8 - - 4 - - 
24 16 8 4 - 4 - - 

TP:TM=
18:18 

4 8 4 - - - - 

TP:TM=
12:12 

16 8 4 - - - - 

(TP: tripalmitin, TM: trimyristin, Miri: Miriplatin PTX: Paclitaxel) 
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2.2.3 Physicochemical Characterizations of Miriplatin-Loaded Formulations  

The size and Polydispersity Index (PDI) of the Miriplatin-loaded formulations were 

characterized by dynamic light scattering using Zetasizer ZS 90 (Malvern Instruments Ltd., 

Malvern, UK).   Miriplatin-loaded formulations (1.5 μl) diluted with 150 μl deionized water was 

transferred into a low volume cuvette (ZEN0118, Malvern Instruments) and the hydrodynamic 

diameter was measured in triplicate.  

2.3 Results and Discussion 

2.3.1 Sizes and PDI of Miriplatin-loaded Micelles 

2.3.1.1 Effect of different ratios of drug-loading.  Micelles loaded with Miriplatin at 

different molar ratios were prepared by thin-film hydration and characterized by dynamic light 

scattering.  The resultant hydrodynamic diameter and PDI values are listed in Table 4.  The 

concentration of total lipids was 400 µM, which served as a reference for the molar ratio of drug 

loading.  As shown in Table 4, the size of micelle without Miriplatin loading (blank micelle) was 

smaller than those with drug input.  As the molar ratio of drug loading increases, the sizes of 

micelles with same lipid compositions increased.  However, as shown in Table 2.2.1, white 

precipitate was observed when the molar ratios of Miriplatin loading to PE-PEG2000 exceeded 

2:10, or when the molar ratios of Paclitaxel loading to PE-PEG2000 exceeded 1:10.  Because the 

volume of formulation was very limited (200µl) and because some water was evaporated during 

the hydration process, the Miriplatin concentration probably increased after the preparation, 

which would then increase the size of micelles that were loaded with high 20 mol% of Miriplatin.  

Additionally, when the sizes were above 50 nm, most PDI values of micelles were below 0.4, 

which indicated better homogeneity.  Micelles loaded with a combination of Miriplatin and PTX 

showed similar trends in size and PDI compared to micelles loaded only with Miriplatin. 
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Table 4   
Size and PDI of Miriplatin-loaded Micelles with Different Ratios of Drug Input 

Compositions (molar ratios) Size (nm, in number) PDI 

PE-PEG2000 Miriplatin Paclitaxel 

10 - - 9.75 1.000 

10 1 - 11.24 0.579 

10 1.5 - 11.66 0.676 

10 2 - 12.39 0.624 

10 2 - 122.2 0.180 

10 2.5*↓ - 270.8 0.342 

10 - 1 12.09 0.528 

10 - 2*↓ 14.30 0.530 

10 1 1 208. 3 0.187 

10 1.5 1 11.84 0.659 

10 2 1 80.73 0.386 

10 2 1 170.8 0.274 

10 2.5*↓ 1 242.8 0.235 

(*↓Precipitation) 

 

2.3.1.2 Effect of different components.  Miriplatin-loaded micelles with different ratio 

of lecithin were prepared by thin-film hydration followed by size and PDI measurements.  As 

shown in Table 5, the size of Miriplatin-loaded micelles (PE-PEG2000: Miriplatin=10:2) was 

reduced from 122.2 nm to 95.22 nm and to 75.77 nm with lecithin (PE-PEG2000: lecithin=10:0. 5 

and 10:1).  The chemical structure of lecithin contains a glycerol backbone esterified with two 

fatty acids and a phosphate group, so it has great emulsifying property and is widely applied as a 

surfactant for nano formulations.  In our studies, lecithin was a surfactant component and helped 

forming small Miriplatin-loaded micelles.  Without lecithin, Miriplatin-loaded micelle (PE-
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PEG2000: Miriplatin=10:2.5) preparations gave white precipitation, which indicated Miriplatin 

exceeded the capacity of drug loading (around PE-PEG2000: Miriplatin=10:2).  However, with 

lecithin (PE-PEG2000: lecithin=10:4), the solution of Miriplatin-loaded micelle (PE-PEG2000: 

Miriplatin=10:5) was still clear and homogeneous (PDI= 0.128) without precipitation.  In 

addition, the size of Miriplatin-loaded micelle (PE-PEG2000: Miriplatin=10:5) was 121.1 nm, 

which was even smaller than Miriplatin-loaded micelle (PE-PEG2000: Miriplatin=10: 2.5, 270.8 

nm in diameter).  Therefore, lecithin can significantly expand the drug loading capacity of 

Miriplatin-loaded micelles.  

 

Table 5 
Size and PDI of Miriplatin-loaded Micelles with Different Components 

Compositions (molar ratios) Size (nm) PDI 

PE-PEG2000 Miriplatin Lecithin 

10 2 - 122.2 0.180 
10 2.5*↓ - 270.8 0.342 

10 2 0.5 95.22 0.313 
10 2 1 75.77 0.308 
10 5 4 121.1 0.128 

(*↓Precipitation) 

 

2.3.1.3 Effect of different storage conditions.  Miriplatin-loaded micelles were stored at 

room temperature for 0 day (fresh prepared), 12 days and 16 days.  The size and PDI were 

measured and are listed in Table 6.  When stored at 4℃, there was lots of precipitation appearing.  

Therefore, Miriplatin-loaded formulations cannot be stored at 4℃.  However, at room 

temperature, the size and PDI of the micelles loaded with Miriplatin after 12 and 16 days were 

similar to those of freshly prepared ones.  In addition, no further precipitation was observed.  
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This indicates that Miriplatin-loaded formulations can be stored more stably at room temperature.  

In addition, some Miriplatin-loaded micelles were lyophilized for long-term storage.  After 

reconstitution, they had similar sizes and PDI to freshly prepared ones without precipitation.  

 

Table 6  
Size and PDI of Miriplatin-loaded Micelles at Room Temperature with Different Storage Time 

Compositions  

(molar ratios) 

0 days After 12 days 16 days Lyophilize 

Size 
(nm) 

PDI Size 
(nm) 

PDI Size 
(nm) 

PDI Size 
(nm) 

PDI 

PE-
PEG2000 

Miri PTX 

10 1.5 - 11.66 0.676 12.61 0.529 11.43 0.682 - - 

10 2 - 12.39 0.624 12.33 0.572 13.50 0.533 - - 

10 2.5 - 270.8 0.342 302.5 0.204 281.8 0.329 - - 

10 1 1 208.3 0.187 204.5 0.108 205.3 0.100 - - 

10 1.5 1 11.84 0.659 11.86 0.711 12.12 0.636 - - 

10 2 1 80.73 0.386 79.57 0.348 56.03 0.374 95.69 0. 331 

10 2.5*↓ 1 242.8 0.235 200.2 0.249 269.2 0.314 - - 

(*↓Precipitation, Miri: Miriplatin PTX: Paclitaxel) 

 

2.3.2 Sizes and PDI of Liposomes Loaded with Different Ratios of Miriplatin 

Liposomes with different ratios of drug input were prepared and their sizes and PDI 

values are shown in Table 7.  The lipid compositions of these liposomes were the same (DPPC: 

cholesterol: PE-PEG2000= 15:4:1).  As shown in Table 7, the size and PDI of the liposomes with 

Miriplatin were larger than those without Miriplatin.  As the molar ratio of Miriplatin input to 

PE-PEG2000 increased from 2:1 to 8:1, the liposome size decreased.  The PDI values of the 

liposomes with or without Miriplatin were all below 0.25, which indicated that those 
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formulations were homogeneous.  As mentioned earlier, Miriplatin with two 14-Carbon 

hydrocarbon chains can be considered as both an anticancer payload drug and a lipid component 

of the formulations.  When the ratios of Miriplatin input increased to appropriate level, 

Miriplatin would be well compacted with other lipids to form denser formulations of smaller 

sizes without precipitation.  

 

 Table 7 
 Size and PDI of Liposomes Loaded with Miriplatin at Different Molar Ratios 

Compositions (molar ratios) Size 
(nm) 

PDI 

DPPC Cholesterol PE-PEG2000 Miriplatin 

15 4 1 - 187.4 0.141 

15 4 1 2 225.7 0.208 

15 4 1 4 187.6 0.108 

15 4 1 8 163.8 0.193 

 
 
 
2.3.3 Size and PDI of Miriplatin-loaded Solid Lipid Nanoparticles (SLNs) 

2.3.3.1 Effect of different ratios of drug input.  SLNs with different molar ratios of 

Miriplatin were prepared by thin-film hydration.  Their size and PDI were measured, and the 

resultant values are listed in Table 8.  In most cases, SLNs with a higher ratio of Miriplatin input 

had bigger sizes.  Furthermore, when the molar ratios of Miriplatin to PE-PEG2000 reached 8:4 or 

higher, white precipitation was observed, which indicated that the SLN compositions (TP or TM: 

PE-PEG2000=36:4) were not ideal for SLN loaded with Miriplatin (when Miriplatin: PE-PEG2000 

=8:4 or higher) 
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Table 8 
Size and PDI of SLNs Loaded with Miriplatin at Different Molar Ratios 

Compositions (molar ratios) Size (nm) PDI 

TP TM PE-PEG2000 Miriplatin 

36 - 4 4 106.10 0.343 

36 - 4 8*↓ 86.88 0.261 

36 - 4 12*↓ 162.30 0.275 

- 36 4 4 57.34 0.656 

- 36 4 8*↓ 91.45 0.241 

- 36 4 12*↓ 150.70 0.307 

(TP: tripalmitin, TM: trimyristin, *↓Precipitation) 

 

2.3.3.2 Effect of Different Ratios of Lipid Compositions.  The effect of lipid 

compositions (TP or TM and PE-PEG2000) on the sizes of their Miriplatin-loaded solid lipid 

nanoparticles prepared by thin-film hydration method are shown in Table 9.  The size of SLNs 

loaded with 10% Miriplatin ranged from180 nm to 20 nm in diameter.  Most of their PDI values 

were below 0. 6.  As the molar ratio of PE-PEG2000 to TP or TM increased (from 39:1 to 24:16), 

the size of the SLNs decreased.  As a reference, micelles, whose lipid composition could be 

regarded as no solid lipid (TP or TM) and all PE-PEG2000, also can be fit into this trend.  

Moreover, for the same molar ratio of solid lipids and PE-PEG2000, most sizes of SLNs 

consisting of solid lipid TP were slightly bigger than the SLNs consisting of solid lipid TM.  
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Table 9  
Size and PDI of Miriplatin-Loaded SLNs with Different Ratios of Lipid Compositions 

Compositions (molar ratios) Size (nm) PDI 

TP TM PE-PEG2000 Miriplatin 

39 - 1 4 177.20 0.403 

- 39 1 4 141.30 0.191 

38 - 2 4 195.00 0.512 

- 38 2 4 121.30 0.262 

36 - 4 4 106.10 0.343 

- 36 4 4 57.34 0.856 

32 - 8 4 79.31 0.413 

- 32 8 4 131.40 0.217 

24 - 16 4 22.81 0.846 

- 24 16 4 18.81 0.500 

Micelle: - Micelle: - 40 4 11.24 0.579 

(TP: tripalmitin, TM: trimyristin) 

 

2.3.3.3 Effect of other components (Tween 20, Tween 80, Lecithin and Cholesterol).   

As shown in Table 10, incorporation of 1.5% (v/v) Tween 20 into the blank TP SLN (TP: PE-

PEG2000=38:2) significantly reduced the size from 141.3 nm to 9.47 nm.  The size of blank TM 

SLN containing 1.5% (v/v) Tween20 also has a similar trend.  Because the typical size range of 

solid lipid nanoparticles is 50-500 nm [63], the blank nano formulations (TP/TM: PE-

PEG2000=38:2) containing 1.5%(v/v) Tween20 were probably micelles rather than SLNs.  

Therefore, such formulations were not subjected to further studies.  In addition, incorporation of 

1% (v/v) Tween80 increased the size of TP SLNs from less than 200 nm to more than 250 nm.  

However, TM SLNs had an opposite trend.  The sizes of TM SLNs containing 1% (v/v) 

Tween80 were smaller than those without Tween 80.  This is probably because the head group 
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and chain length of Tween 80 fitted better with solid lipid TM.  However, Tween 20 and Tween 

80 were viscous liquids at room temperature, and the amount of addition was difficult to control, 

which prevented further research and application on such formulations.  

 

Table 10  
Size and PDI of Miriplatin-loaded SLNs with Tween 20 or Tween 80 

Compositions (molar ratios) Other Components Size (nm) PDI 

TP TM PE-PEG2000 Miriplatin Tween20 Tween80 

39 - 1 - - - 141.30 0.737 

39 - 1 - 1.5% (v/v) - 9.47 0.792 

39 - 1 4 - - 195.00 0.512 

39 - 1 4 - 1% (v/v) 260.40 0.315 

38 - 2 4 - - 106.10 0.343 

38 - 2 4 - 1% (v/v) 296.10 0.302 

- 39 1 - - - 101.60 0.349 

- 39 1 - 1.5% (v/v) - 8.91 0.579 

- 39 1 4 - - 121.30 0.262 

- 39 1 4 - 1% (v/v) 108.50 0.317 

- 38 2 4 - - 117.52 0.326 

- 38 2 4 - 1% (v/v) 107.50 0.348 

(TP: tripalmitin, TM: trimyristin) 

 

As shown in Table 11, the sizes of Miriplatin-loaded SLNs including cholesterol 

(cholesterol: PE-PEG2000= 4:16) were smaller than those without cholesterol.  As a component of 

lipid bilayer structure, cholesterol can occupy the cavities between fatty acid chains to inhibit the 

movement of hydrocarbon chains and to improve the stability of lipid-based nanoparticles.  
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Table 11 
Size and PDI of Miriplatin-loaded SLNs with Cholesterol 

Compositions (molar ratios) Size 
(nm) 

PDI 

TP TM PE-PEG2000 Miriplatin PTX Cholesterol 

24 - 16 8 - - 141.30 0.275 

20 - 16 8 - 4 113.40 0.423 

- 24 16 8 - - 140.10 0.351 

- 20 16 8 - 4 90.19 0.677 

24 - 16 8 4 - 117.70 0.512 

20 - 16 8 4 4 94.62 0.410 

- 24 16 8 4 - 116.40 0.859 

- 20 16 8 4 4 95.81 1.000 

(TP: tripalmitin, TM: trimyristin, PTX: Paclitaxel) 
 
 
 

The result of size and PDI of Miriplatin-loaded SLNs with lecithin are shown in Table 12.  

As a surfactant component for lipidic formulations, lecithin (lecithin: PE-PEG2000= 2:16) 

increased the sizes of TP- and TM-based SLNs that are loaded with Miriplatin, however, when 

the molar ratios of lecithin to PE-PEG2000 increased from 2:16 to 4:16, the sizes of SLNs 

decreased.  This is probably because the compositions of SLNs were complex, when the molar 

ratios of lecithin to PE-PEG2000 came to 4:16, lecithin reached a balanced molar ratio with lipid 

components and input drug.  

 

Table 12  
Size and PDI of Miriplatin-loaded SLNs with Lecithin 

Compositions (molar ratios) Size (nm) PDI 

TP TM PE-PEG2000 Miriplatin Lecithin 

24 - 16 8 - 141. 30 0. 275 
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(Table 12 Continued) 

24 - 16 8 2 205. 4 0. 307 

24 - 16 8 4 80. 44 0. 290 

- 24 16 8 - 116. 40 0. 859 

- 24 16 8 2 279 0. 562 

- 24 16 8 4 99. 29 0. 489 

(TP: tripalmitin, TM: trimyristin) 

 

2.3.3.4 Effect of different molar ratios of solid lipids.  According to the results shown 

in Table 11, for the same ratio of solid lipids and PE-PEG2000, most sizes of SLNs consisting of 

the solid lipid TP were slightly bigger than the SLNs consisting of the solid lipid TM.  In 

addition, we attempted to develop SLNs with both TP and TM.  As shown in Table 13, the sizes 

of SLNs containing both TP and TM were much larger than SLNs with only TP or TM.   

 

Table 13  
Size and PDI of Miriplatin-loaded SLNs with TP and TM 

Compositions (molar ratios) Size (nm) PDI 

TP TM PE-PEG2000 Miriplatin Paclitaxel 

18 18 4 8 4 233.4 0.272 

12 12 16 8 4 286.9 0.196 

(TP: tripalmitin, TM: trimyristin) 

 

2.4 Summary 

Lipid-based nanoparticles (micelles, liposomes, solid lipid nanoparticles) with Miriplatin 

as the payload drug were successfully developed by the thin-film hydration method.  We 

investigated formulations with many variations in lipid composition, including different lipid 
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components, different lipid molar ratios, different drug input molar ratios, different solid lipid 

molar ratios, and different ratios of additional ingredients such as Tween 20, Tween 80, lecithin, 

and cholesterol.  Higher molar ratios of the pegylated lipid (PE-PEG2000) in lipid compositions 

can decrease the size of formulations.  Among three types of lipid-based nanoparticles, most of 

the micelles had much smaller sizes (~ 10 nm), while most liposomes and SLNs were much 

larger (80 nm to 200 nm).  In future studies, the lipid compositions could be further optimized to 

improve the homogeneity and reproducibility of Miriplatin-loaded formulations.  
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CHAPTER 3: PHYSICOCHEMICAL CHARACTERIZATION OF LIPID-BASED 

NANOPARTICLES OF MIRIPLATIN 

 

3.1 Introduction 

3.1.1 Solubility of Miriplatin 

Miriplatin is a lipophilic platinum derivative containing two C14:0 myristates as a carrier 

ligand[89, 90].  Clinically, it is a third-generation platinum complex that was developed and 

approved as a chemotherapeutic drug for hepatocellular carcinoma (HCC) in Japan (Miripla®, 

Dainippon Sumitomo Pharma, Osaka, Japan) [45, 91].  To date, Miriplatin can only be 

administered by hepatic artery embolization for interventional treatment of HCC, which greatly 

limits its clinical application [92, 93].  Miriplatin forms a suspension in an oily lymphographic 

agent (Lipiodol Ultra-Fluide®, LPD).  In iodized oil, the platinum released from the suspension 

retained in the HCC participates in the anti-cancer effect [45].  The limited application of 

Miriplatin is mainly due to its extremely low solubility in water (<0.00260 mg/mL) [94].  

Miriplatin also has poor solubility in organic solvents that are commonly used in research 

laboratories, such as methanol, ethanol, acetonitrile, and acetone.  So far only chloroform is 

known to readily dissolve Miriplatin at >1mg/mL.  The low solubility of Miriplatin increases the 

difficulty of characterizing Miriplatin-loaded formulations.  

3.1.2 Quantification of the Platinum Element 

Inductively coupled plasma emission spectroscopy (ICP-OES), is an analytical technique 

used to detect the composition of chemical elements.  It has been commercially available since 

1974 [95].  This technology uses the unique photophysical signal of each element to detect the 

type and relative content of each element in complex samples.  ICP-OES is an emission 
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spectroscopy technology that uses inductively coupled plasma to generate excited atoms and ions 

that emit electromagnetic radiation at the characteristic wavelength of a specific element, where 

plasma is a high temperature source of ionization source gas (usually argon).  The plasma of 

ICP-OES is maintained by inductive coupling from a cooling electric coil at a megahertz 

frequency [95, 96].  In this way, ICP-OES can trace and quantify specific elements in 

pharmaceutical formulations.  The United States Pharmacopoeia (USP) has published guidelines 

of using ICP-OES to ensure that certain impurities in pharmaceutical products are within legal 

limits [97].  In recent years, ICP-OES has become the best technique for quantifying impurities 

in pharmaceuticals.  Moreover, it plays an important role in the determination of elements in 

human blood, urine and other biological matrices [98].  

Inductively coupled plasma mass spectrometry (ICP-MS), which is a technique closely 

related to ICP-OES, was also introduced in the USP and the International Conference of 

Harmonization (ICH Q3D) guidelines for measurement of chemical elements at trace levels in 

biological fluids [16, 99].  Due to differences in the detection of metal elements, the detection 

limit of ICP-MS can be extended to one part per trillion (ppt), while the detection limit of ICP-

OES is one part per billion (ppb).  The detection limit of ICP-MS is usually 3 orders of 

magnitude lower than that of ICP-OES, mainly because there is no basic source of continuum 

background in ICP-MS [95].  The limit of detection of ICP-MS can be extended to one part per 

trillion (ppt) whereas the limit of ICP-OES is one part per billion (ppb) [74].  However, 

compared with ICP-OES, the method development of ICP-MS is more difficult and costly [74].  

In this study, ICP-OES and ICP-MS methods were developed in order to quantify the 

recovery rate of platinum in Miriplatin-loaded formulations, which is defined as the percentage 

of the total platinum input that is detected by ICP-OES or ICP-MS.  
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3.1.3 Quantification of Intact Miriplatin 

Miriplatin, which contains myristate as a leaving group to improve lipophilicity, is 

chemically designed as an antitumor agent more suitable for long-term trans arterial 

chemoembolization [100].  The anti-tumor platinum complex undergoes a leaving group 

exchange prior to the reaction with DNA in tumors.  However, in physiological environments 

biological nucleophiles including chlorides, sulfur-containing amino acids, and glutathione, can 

displace the leaving group of Miriplatin and lead to inactivation of the drug at the concentration 

where it showed anticancer activity in culture medium or serum [6, 101, 102].  Nevertheless, 

platinum complexes containing lipophilic leaving groups are expected to dissolve or easily 

suspend in LPD; after hepatic artery administration, they are expected to gradually release and 

exert activity in liver, where the tumor resides, thus reducing systemic circulation and toxicity 

[6].  Miriplatin and its metabolites in physiological surroundings were analyzed by high 

performance liquid chromatography (HPLC) [6, 103].  In addition, for Miriplatin-loaded 

formulations, Xia’s lab established a quantification method for Miriplatin and Miriplatin-loaded 

liposomes by HPLC [104].  

In this study, a quantification method of intact Miriplatin inside Miriplatin-loaded 

formulations was developed, using HPLC.  

3.1.4 Morphology of Miriplatin-loaded Formulations 

Transmission electron microscopy (TEM) is a popular technology for nanoscale 

structural characterization.  According to the imaging, diffraction and microanalysis information 

gained from TEM, the characteristics and behavior of nanostructured materials can be 

determined by TEM [105].  The particle size distribution, particle size uniformity, lattice type, 

and morphological information can all be obtained by TEM, which makes it a powerful and 
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essential technique for characterization of the nanomaterials such as nanoparticles [106].  The 

principle of TEM is to image samples by detecting the trajectory change of an electron beam as it 

passes through an ultra-thin sample.  The electron beam is focused by strong magnetic fields and 

the electrons are found in a spiral trajectory.  An image is formed and magnified from the 

electrons transmitted through the specimen, and then is magnified.  and the imaged is focused on 

an objective lens, and the image appears on an imaging screen [106].  The classic processing of 

specimens observed in a TEM needs fixation, dehydration, preparation of thin sections, and 

staining [107].  To visualize the structure and size, negative staining is more efficient than the 

positive staining [108].  During TEM sample preparations, it is necessary to use a grid to make 

the sample uniformly thin and thus to allow the beam of electrons to penetrate [109].   

The objective of this chapter is to characterize the physiochemical properties and 

morphology of Miriplatin-loaded formulations.  In this study, the Miriplatin-loaded formulations 

were negatively stained by uranyl acetate before imaging by TEM.  The morphology and 

particles sizes of lipid-based nanoparticles of different compositions were compared.  

3.2 Materials and Methods 

3.2.1 Materials 

Miriplatin was purchased from MedChem Express LLC (NJ, US).  Paclitaxel was 

purchased from LC Laboratory (MA, US).  All other organic solvent and chemicals were 

purchased from Sigma Aldrich, Fisher Scientific or VWR.  Two-hundred mesh continuous 

carbon-coated copper grids were purchased from TED PELLA (CA, US).  
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3.2.2 Quantification of Platinum Recovery from Miriplatin-Loaded Formulations by ICP-

OES and ICP-MS 

To quantify the platinum recovery for Miriplatin-loaded formulations, different reagents 

(sulfuric acid, nitric acid, and aqua regia) were used for sample digestion in preliminary studies.  

For the digestion by sulfuric acid, aliquots (50 μL for each sample) of formulations were placed 

into Pyrex tubes and diluted by 1 mL 10 N sulfuric acid.  The samples were then heated in a 

solid anodized aluminum heating block in the fume hood at 200-210 ℃ for 60 min.  The tubes 

were removed from heating and cooled at room temperature for 10 min.  Then an aliquot (0.25 

mL) of 10% hydrogen peroxide was added to each tube.  All tubes were heated at 190-200 ℃ for 

10 min and then cooled at room temperature for 10 min.  For sample digestion by nitric acid, 

aliquots (50 μL each) of formulations were added to tubes and diluted with 3.45 mL 70% 

concentrated nitric acid.  The samples were heated at 90 ℃ for 90 min and then cooled to room 

temperature.  Then an aliquot (500 μL) of each digestion solution was diluted with 6.5 mL 

deionized water to make the concentration of nitric acid reach 5%, which is suitable for injection 

into ICP-OES and ICP-MS.  In addition, although microwave-assisted aqua regia digestion is 

widely used for determining platinum element [110, 111], this method was not used in our 

comprehensive studies because it was much more dangerous than other digestion methods and 

required high-fold dilutions.   

Each sample was measured in triplicate.  The concentration of platinum in Miriplatin-

loaded formulations was estimated from the calibration curve of the platinum standard solutions.  

The formula for calculating platinum recovery from Miriplatin-loaded formulation is as follows: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%)

=
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑑𝑑 𝑏𝑏𝑟𝑟 𝐼𝐼𝐼𝐼𝑃𝑃 − 𝑂𝑂𝑂𝑂𝑂𝑂 𝑟𝑟𝑟𝑟 𝐼𝐼𝐼𝐼𝑃𝑃 −𝑀𝑀𝑂𝑂

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑟𝑟𝑃𝑃𝑑𝑑𝑟𝑟𝑑𝑑 𝑓𝑓𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑓𝑓
× 100% 
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3.2.3 Quantification of Intact Miriplatin in Miriplatin-Loaded Formulations by HPLC 

Quantification of Miriplatin was performed by high performance liquid chromatography 

(HPLC) equipped with Waters 2695 separations module coupled to a 2996 photodiode array 

detector.  The stationary phase (Agilent ZORBAX SB-C8, 3.5 µm; 4.6 × 150 mm) was kept at 

25 ℃, and the mobile phase (methanol: water = 92:8, v/v) was run at the flow rate of 1 mL/min.  

Effluent was monitored at wavelength 210 nm.  The retention time of intact Miriplatin was about 

9.7 min.  First, 50 µL Miriplatin-loaded formulation was taken and diluted with 950 µL methanol.  

Then the sample was centrifuged at 12000 rpm for 10 minutes, and the supernatant was taken for 

HPLC analysis.  An aliquot (20 μL) of each sample was injected into HPLC after preparation.  

The concentration of intact Miriplatin in Miriplatin-loaded formulations was estimated from the 

calibration curve of the Miriplatin standard solutions.  The formula for calculating intact 

Miriplatin recovery from Miriplatin-loaded formulations is as follows: 

𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%)

=
𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑑𝑑 𝑏𝑏𝑟𝑟 𝐻𝐻𝑃𝑃𝐻𝐻𝐼𝐼

𝑀𝑀𝑃𝑃𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑟𝑟𝑃𝑃𝑑𝑑𝑟𝑟𝑑𝑑 𝑓𝑓𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑓𝑓
× 100% 

3.2.4 Morphology of Miriplatin-Loaded Formulations by TEM  

The morphology of Miriplatin-loaded formulations with different components was 

imaged on a JEOL-JEM 1230 Electron Microscope (JEOL, Japan).  The Miriplatin-loaded 

formulations were negatively stained by uranyl acetate.  In order to increase hydrophilicity, 200 

mesh carbon-coated copper grids were exposed to glow discharge before usage.  An aliquot (5 

μL) of formulations was added onto the grid and air-dried for 60 seconds.  The excess liquid on 

the grid was blotted with filter paper to form a thin section, which was then quickly stained with 

2% uranyl acetate and blotted dry with filter paper.  The grid was then transferred to the electron 
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microscope for imaging.  The digital images of formulations by TEM were analyzed with TIETZ 

imaging software (EMMENU4).  

3.3 Results and Discussion 

3.3.1 Quantification of Platinum Recovery from Miriplatin-Loaded Formulations by ICP-

OES  

3.3.1.1 Comparison of platinum recovery from different Miriplatin-loaded 

formulations.  The results of platinum recovery rate in formulations were similar between nitric 

acid digestion and sulfuric acid digestion methods.  Based on our preliminary data, nitric acid 

digestion was selected as the general digestion method for ICP-OES and ICP-MS to quantify the 

platinum element.  The platinum recovery from Miriplatin-loaded micelles and solid lipid 

nanoparticles (SLNs) by ICP-OES are shown in Table 14, Table 15, and Table 16.  All the 

formulations were digested by 70% nitric acid at 90 ℃ for 90 min.  As negative control, the 

platinum recovery from blank micelles and SLNs (no drug loading) was close to zero.  For 

Miriplatin-loaded formulations, all the platinum recovery rates were above 50%.  Specifically, as 

shown in Table 14, the platinum recovery of Miriplatin-loaded micelle was close to 100% 

(110.54%), which indicated that almost all of the Miriplatin input during preparation was still in 

the formulation solution.  Selected SLNs (such as SLN-9,10,11,12,15,16) also had high platinum 

recovery that was similar to micelles.  While other SLNs had much lower platinum recovery 

(from 13.55% to 72.23%) than micelles.   

The results of platinum recovery cannot be simply considered as the encapsulation 

efficiency of Miriplatin-loaded formulations because the ICP-OES (also ICP-MS) traced all 

forms of the platinum element.  As we mentioned in the introduction, Miriplatin may lose one or 

two myristate chains during the preparation.  Therefore, other forms of platinum molecules 
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(Miriplatin degradation products) would still be detected by ICP-OES.  Moreover, because of the 

limited volume of the formulations (less than 300µL), we could not separate unloaded free 

Miriplatin from the nano- formulations.  Therefore, undissolved Miriplatin could be also digested 

and detected.  In this way, the actual encapsulation efficiency might be lower than the platinum 

recovery by ICP-OES measurements.   

 

Table 14   
Platinum Recovery from Miriplatin-loaded Micelles by ICP-OES 

Formulations 
Compositions (molar ratios) 

Platinum Recovery (%) 
PE-PEG2000 Miriplatin 

Micelle-1 10 - 0.25 

Micelle-2 10 2 110.54 

(PE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyethylene 
glycol)-2000] (ammonium salt)) 
 
 
 
Table 15   
Platinum Recovery from Miriplatin-loaded SLNs with Different Molar Ratios of Solid Lipid 
(TP/TM) and PE-PEG2000 by ICP-OES 

Formulations 
Compositions (molar ratios) Platinum 

Recovery (%) TP TM PE-PEG2000 Miriplatin 

SLN-1 39 - 1 - 0.00 

SLN-2 - 39 1 - 0.00 

SLN-3 39 - 1 4 13.55 

SLN-4 - 39 1 4 17.28 

SLN-5 38 - 2 - 0.61 

SLN-6 - 38 2 - 0.085 

SLN-7 38 - 2 4 61.21 

SLN-8 - 38 2 4 34.40 
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(Table 15 Continued) 

SLN-9 36 - 4 4 128.81 

SLN-10 - 36 4 4 94.78 

SLN-11 32 - 8 4 99.01 

SLN-12 - 32 8 4 101.73 

(TM: trimyristin, TP: tripalmitin, PE-PEG2000: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (ammonium salt)) 
 
 
 
Table 16   
Platinum Recovery from Miriplatin-loaded SLNs with Cholesterol by ICP-OES 

Formulations 
Compositions (molar ratios) Platinum 

Recovery (%) TP TM PE-PEG2000 Miriplatin PTX Cholesterol 

SLN-13 24 - 16 - - - 2.53 

SLN-14 - 24 16 - - - 0.66 

SLN-15 24 - 16 8 - - 99.66 

SLN-16 - 24 16 8 - - 100.98 

SLN-17 24 - 16 8 4 - 72.23 

SLN-18 - 24 16 8 4 - 62.75 

SLN-19 20 - 16 8 - 4 66.63 

SLN-20 - 20 16 8 - 4 72.21 

SLN-21 20 - 16 8 4 4 52.76 

SLN-22 - 20 16 8 4 4 62.59 

(TM: trimyristin, TP: tripalmitin, PTX: Paclitaxel, PE-PEG2000: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (ammonium salt)) 
 
 
 

3.3.1.2 Platinum recovery from Miriplatin-loaded SLNs with different molar ratios 

of solid lipid (TP/TM) and PE-PEG2000.  The platinum recovery from Miriplatin-loaded SLNs 

with different molar ratios of components were detected by ICP-OES.  As shown in Table 15, as 
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the molar ratio of PE-PEG2000 to TP increased from 1:39 to 8:32, the platinum recovery increased 

from 13.55% to 99.01%.  Similarly, as the molar ratio of PE-PEG2000 to TM increased, the 

platinum recovery from SLNs with TM increased (from 17.28% to 101.7%).  This indicates that 

PE-PEG2000 as a lipid component facilitated the loading of Miriplatin into the formulations.  

3.3.1.3 Platinum recovery from SLNs loaded with Miriplatin and Paclitaxel.  The 

platinum recovery from SLNs co-formulated with Paclitaxel was compared to SLNs without 

Paclitaxel (Table 16).  For Miriplatin-loaded SLNs with TP, SLNs with Miriplatin and Paclitaxel 

had lower platinum recovery (72.23%) than SLNs loaded only with Miriplatin (99.66%).  

Miriplatin-loaded SLNs with TM had similar trend in that the coformulation of Paclitaxel 

decreased the platinum recovery from 100.98% to 62.75%.  This is probably due to the limitation 

of drug loading capacity of SLNs.  When cholesterol was included as an additional lipid 

component, the Miriplatin-loaded SLNs showed similar platinum recoveries with or without 

Paclitaxel.  

3.3.2 Quantification of Platinum Recovery from Miriplatin-Loaded Formulations by ICP-

MS  

The composition and platinum recovery of Miriplatin-loaded micelles and solid lipid 

nanoparticles (SLNs) by ICP-MS are shown in Table 17.  The formulations were digested by 70% 

nitric acid at 90 ℃ for 90 min.  The platinum recovery rates of all Miriplatin-loaded formulations 

are around 100%.  Compared to the platinum recovery rates of SLN-24 and SLN-15 (in Table 16, 

by ICP-OES), they had the similar results with same molar ratios of components.  Furthermore, 

Miriplatin-loaded SLNs with Paclitaxel (SLN-25) had lower platinum recovery (91.76%) than 

SLNs loaded only with Miriplatin (105%).  Compared to SLNs, Miriplatin-loaded micelles 
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(Micelle-4 and 5) showed the same trend of decreasing platinum recovery rate from 165.38% to 

115.98% when Paclitaxel is also loaded.   

The platinum recovery rates of some Miriplatin-loaded formulations appear to be much 

higher than 100%, such as Micelle-4 (165.38%) (Table 17).  A probable reason is that during the 

preparation, the temperature of hydration was high (about 78℃) and the volume of formulation 

was very limited (less than 300 µl), so the formulation solution might be partially evaporated.  

Although we refilled DI water and tried to restore the original volume, some samples might be 

concentrated.  Another possible reason is that some platinum might be carried over from one 

sample to another during detection.  In this batch, the micelle without Miriplatin (Micelle-3) was 

analyzed after Miriplatin-loaded SLNs (SLN-25), and the platinum recovery of Micelle-3 was 

12.88%, which was higher than 0%.  Platinum carryover might also influence the results of 

Micelle-4 and 5.  

 

Table 17   
Platinum Recovery from Miriplatin-loaded Formulations by ICP-MS 

Formulations 
Compositions (molar ratios) Platinum Recovery 

(%) TP PE-PEG2000 Miriplatin PTX 

SLN-23 24 16 - - 2.25 

SLN-24 24 16 8 - 105.54 

SLN-25 24 16 8 4 91.76 

Micelle-3 - 40 - - 12.88 

Micelle-4 - 40 8 - 165.38 

Micelle-5 - 40 8 4 115.98 

(TP: tripalmitin, PTX: Paclitaxel, PE-PEG2000: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (ammonium salt)) 
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3.3.3 Quantification of Intact Miriplatin Recovery from Miriplatin-Loaded Formulations 

by HPLC 

As shown in Table 18, the recovery of intact Miriplatin from Miriplatin-loaded micelles 

was around 100% per HPLC, while Miriplatin-loaded SLNs had much lower intact Miriplatin 

recovery (about 30%).  This is probably because some Miriplatin lost 14-carbon chains during 

the preparation of Miriplatin-loaded SLNs while higher molar ratio of PE-PEG2000 in the micelles 

might have better protected Miriplatin from degradation.  In addition, Miriplatin-loaded SLNs 

with TM has lower intact Miriplatin recovery (about 30%) than SLNs with TP (about 40%).  

 

Table 18   
Recovery of Intact Miriplatin from Miriplatin-loaded Formulations  

Formulations 
Compositions (molar ratios)  Intact Miriplatin 

Recovery (%) TP TM PE-PEG2000 Miriplatin PTX 

SLN-1 24 - 16 8 - 39.60 

SLN-2 24 - 16 8 4 43.76 

SLN-3 - 24 16 8 - 31.03 

SLN-4 - 24 16 8 4 24.70 

Micelle-1 - - 40 8 - 107.10 

Micelle-2 - - 40 8 4 115.06 

(TM: trimyristin, TP: tripalmitin, PTX: Paclitaxel, PE-PEG2000: 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000]) 
 
 
 
3.3.4 Morphology of Miriplatin-Loaded Formulations by TEM Imaging 

3.3.4.1 Morphology of Miriplatin-loaded micelles.  As shown in Figures 8, and Figure 9, 

micelles loaded with only Miriplatin, and micelles loaded with both Miriplatin, and Paclitaxel 

appeared as ultra-small white dots by TEM imaging.  The samples showed small, homogeneous 
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white dots around 10 nm, which was consistent with the results from the Zetasizer.  There was 

no significant difference between these micelles of different drug input.  

 

 
Figure 8.  TEM images of micelles loaded with Miriplatin as the only cargo drug (PE-PEG2000: 
Miriplatin (molar ratios) =10:2).  
 
 
 

 
Figure 9.  TEM images of micelles loaded with Miriplatin and Paclitaxel as payload drugs (PE-
PEG2000: Miriplatin: Paclitaxel (molar ratios) =10:2:1).  
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3.3.4.2 Morphology of Miriplatin-loaded SLNs.  Figures 10, 11, 12, and 13 show the 

TEM images of SLNs either loaded with only Miriplatin, or with both Miriplatin and Paclitaxel.  

Almost all TEM images showed a mixture of spherical and rod structures.  Compared to the 

SLNs with TP, SLNs with TM had more rod structures.  Prior studies suggest that the shape 

(aspect ratio, AR) of lipid molecule would impact the shape of their nanoparticles [112]: when 

the size of the lipid head group is similar to that of the lipid tail (AR is ~1), the lipid molecules 

would form spheres; when the lipid tail is larger than the lipid head group (AR> 2), they would 

form more rods [112].  However, the TP SLNs (TP: PE-PEG2000: Miriplatin: Paclitaxel (molar 

ratios) =24:16:8:4) in our studies showed mostly round-shape spheroids.  This might be because 

that TP (containing 16-carbon chains) could better help PE-PEG2000 (containing 18-carbon 

chains) and Miriplatin (containing 14-carbon chains) to mix together to form around particles.  

All round SLNs were about 120 nm in diameter, which was consistent with the results from the 

Zetasizer.  

The ultra-small white dots observed in the TEM images of SLNs might be micelles.  The 

preparation methods of micelles and SLNs were the same (thin-film hydration).  But micelles 

contained simpler composition and much higher molar ratios of PE-PEG2000.  Therefore, some 

Miriplatin-loaded micelles and/or blank micelles might be generated together with SLNs from 

incomplete mixing of the lipids.   
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Figure 10.  TEM images of SLNs consisting of TP: PE-PEG2000: Miriplatin (molar ratios) 
=24:16:8. 
 
 
  

 

Figure 11.  TEM image of Miriplatin-loaded SLNs consisting of TM: PE-PEG2000: Miriplatin 
(molar ratios) =24:16:8.  
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Figure 12.  TEM images of SLNs consisting of TP: PE-PEG2000: Miriplatin: Paclitaxel (molar 
ratios) =24:16:8:4.  
 
 
 

 
Figure 13.  TEM image of SLNs consisting of TM: PE-PEG2000: Miriplatin: Paclitaxel (molar 
ratios) =24:16:8:4).  
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3.4 Summary 

Both ICP-OES and ICP-MS were used to quantify platinum recovery from Miriplatin-

loaded formulations.  The results of platinum recovery by ICP-OES and ICP-MS were consistent.  

Micelles and selected SLNs had high platinum recovery around 100%.  The platinum recovery of 

all Miriplatin-loaded formulations was above 50%.  Intact Miriplatin recovery from Miriplatin-

loaded formulations was determined by HPLC.  Miriplatin-loaded micelles had much higher 

intact Miriplatin recovery (~100%) than SLNs (~30%).   

Miriplatin-loaded formulations were negatively stained with uranyl acetate and then 

imaged by TEM, which showed the size and morphology of the Miriplatin-loaded formulations.  

The TEM results were consistent with size and PDI result from the Zetasizer.  In the TEM 

studies, micelles showed a morphology of spherical dots of about 10 nm in diameter while SLNs 

showed both spherical and rod structures of about 120 nm in diameter.  
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CHAPTER 4: EVALUATION OF ANTICANCER ACTIVITY OF MIRIPLATIN-LOADED 

FORMULATIONS AGAINST 3D MCS 

 

4.1 Introduction 

In recent decades, various nanotechnology platforms in the field of medical biology 

including diagnosis and therapy have been developed [113].  Nanotechnology also plays an 

important role in advanced drug-loaded formulations with various functions such as targeting 

and controlled release [114].  Despite vast research on drug delivery systems, the number of 

drug-loaded nanoparticles that has reached clinical practice is limited [113, 115, 116].   One 

main reason for the gap between research and clinical application is the difference between pre-

clinical in vitro and in vivo models and real carcinoma [116, 117].   

One common strategy to evaluate anti-cancer activity of drugs and formulations is to use 

two-dimensional (2D) monolayer cells in culture.  The main advantage of 2D cell culture models 

is the simple and low-cost maintenance of cell culture [118].  Unfortunately, such models cannot 

accurately select potential anticancer drugs for clinical applications [118, 119].  2D cell culture 

models cannot mimic the natural structures of tissues or solid tumors due to the lack of cell-cell 

and cell-extracellular environment interactions [118].  These interactions play vital roles for 

cellular functions such as cell differentiation, proliferation, vitality, and expression of genes and 

proteins [120, 121].   

Compared with the 2D cancer cell monolayers, the 3D multicellular spheroids (3D MCS) 

contain many features of solid tumors [106].  As shown in Figure 14, the 2D cell culture models 

cause the cells to expand on a flat surface while 3D cell culture models cause the cells to form 

3D spheroids that contain ECM [122].  3D MCS can also mimic the characteristics of solid 
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tumors in patients and can create substantial barriers for drugs to penetrate[117].  When MCS 

grow larger than 500 μm in diameter, they typically develop a necrotic core [123] and  hollow, 

concentric structures, including an outer layer of proliferating cells (proliferation zone), a middle 

layer of quiescent cells, and a necrotic center of dead or dying cells [124].  A schematic diagram 

of such structure of 3D MCS is shown in Figure 14 (C).  The various stages of cells within the 

3D MCS are established because of different gradients of oxygen and nutrients [119].  

Furthermore, 3D MCS can be cultured in vitro for several weeks for long-term research and can 

be developed into co-culture models together with other cells to better simulate cell-cell 

interactions [118, 123].  Therefore, compared with the traditional 2D cell culture models, the 3D 

MCS not only provide material and structural basis of the microenvironment, but also maintains 

the physiological functions of tumor cells.  3D MCS are a powerful model for evaluating the 

clinical efficacy of anticancer drug candidates [122].  3D MCS models have been also widely 

used in preclinical studies on drug-loaded nano delivery systems [116].  

 

 
Figure 14.  Schematic diagrams of traditional 2D monolayer cell cultures (A) and 3D cell 
cultures (B, C).  Adapted from [122].  
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As reported in this chapter and shown in Figure 15, non-small cell lung cancer cells 

(A549 and A549-iRFP) were constructed into 3D MCS and then used to evaluate the anticancer 

activity of Miriplatin-loaded formulations.  

 

 

Figure 15.  A Schematic diagram of 3D MCS established by seeding cells into 96-well 
microplate plates with non-adherent surfaces.  
 
 

 
The objective of this chapter is to evaluate the anticancer activity of Miriplatin-loaded 

formulations in 3D MCS models.  

4.2 Materials and Methods 

4.2.1 Cell Line and Reagents 

Human lung adenocarcinoma A549-iRFP cell line (λex =690 nm, λem = 713 nm) was 

purchased from Imanis Life Sciences (MN, US).  Human lung adenocarcinoma A549 cell line 

was purchased from ATCC (VA, US).  Cell culture reagents, if not specified, were purchased 

from Corning Life Science.  A549-iRFP was grown in DMEM cell culture media with 10% Fetal 

bovine serum (Sigma-Aldrich, US), 1% penicillin-streptomycin (Corning Life Science, US), and 

1 μg/ml puromycin (Alfa Aesar, US).  A549 cells were grown in RPMI cell culture media 

supplemented with 10% Fetal bovine serum (Gemini Bio-Products, CA) and 1% penicillin-
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streptomycin.  Falcon® 96-well Black/Clear Flat Bottom Microplate and 96-well Spheroid 

Microplate were purchased from Coring Life Science.  Tumor spheroids were constructed with 0. 

3% collagen, which was purchased from Fisher Scientific (PA, US).   All cells were maintained 

at 37 ℃ and 5% CO2 in cell incubator.  The viability of MCS was measured by CellTiter-Glo® 

3D Reagent (Promega Corporation, US).  

4.2.2 Establishment of 3D MCS  

A549 and A549-iRFP cells were seeded into 96-well spheroid microplates at 3000 

cells/well in 100 μL/well of the aforementioned growth media that was supplemented with 0.3% 

collagen (Gibco, US).  The microplates were centrifuged at 4 ℃, 300 g for 7 minutes on an 

Eppendorf Centrifuge 5810R to facilitate the cell-cell aggregation.  The cells were cultured for 

48 hours and then supplemented with another 100 μL/well growth media without collagen.  

Every two days thereafter, 100 μL of the growth medium in each well was replaced with equal 

volume (100 μL) of fresh growth medium without collagen to maintain a 200 μL total media 

volume.    

4.2.3 Morphology of 3D MCS 

The morphology and growth of 3D MCS were monitored by a Keyence (US) BZ-X700 

fluorescence microscope.   

4.2.4 Fluorometric Characterization of 3D MCS  

The fluorescent signal (λex = 685 nm, λem = 700 nm) was traced by Odyssey® Infrared 

Imaging 205 System (LI-COR® Biosciences, Lincoln, NE, USA) at the 700 nm channel.   

4.2.5 Cell Viability Assays for 3D MCS 

For the viability assay, 3D MCS of A549 or A549-iRFP cells (3000 seeded cells/well) 

were transferred from the original 96-well spheroid microplates to an opaque-walled 96-well 
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plate with 100 μL fresh media.  An equal volume (100 μL) of CellTiter-Glo 3D Cell Viability 

Assay reagent (Promega Corporation, WI, USA) was added into each well.  The plate was 

shaken for 5 min and incubated at room temperature for an additional 25 min to achieve stable 

luminescent signals.  The luminescence was then detected by a Synergy HTX microplate reader 

(BioTek, US).   

4.2.6 Treatment of 3D MCS with Miriplatin-loaded Formulations 

A549 and A549-iRFP cells (3000 cells/well) within 15 passages were seeded into 96-well 

spheroid microplates to develop 3D MCS by the method described above.  Among different 

batches, A549 and A549-iRFP cells used for biological replicates were within 5 passages.  After 

6-8 days, 3D MCS grew to about 500 μm in diameter.  Then 3D MCS were treated with free 

drugs (such as Cisplatin, Miriplatin, Paclitaxel) and Miriplatin-loaded formulations.  The input 

concentration of platinum or Paclitaxel in free drugs and formulations was controlled to be equal.  

Cisplatin was directly dissolved into complete media while Miriplatin and Paclitaxel were 

dissolved into complete media containing 1% DMSO (dimethyl sulfoxide).  All media 

containing free drugs or formulations were vortexed and mixed uniformly before treatment.  3D 

MCS were treated for 7 days including 3-day exposure to drug or formulations and 4-day growth 

in platinum-free growth media.  Specifically, after incubation in growth media containing drug 

or drug formulation for 3 days at 37 °C, 5% CO2, the growth media in each well was completely 

removed and replaced by 200 μL fresh growth media.  In case there was any sediment at the 

bottom of wells, it was carefully suspended and removed together with the growth media using a 

pipette.  After the cells were cultured for another 2 days, 100 μL of growth media was replaced 

by 100 μL fresh growth media to maintain a total 200 μL media volume per well.  The 3D MCS 

were incubated for another 2 days.   
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Compared with the traditional three-day drug exposure treatment, the modified treatment 

method added 4 more days of drug-free growth in order to screen the fluorescent signals of 3D 

MCS to monitor whether cancer cells will recur after drug exposure.  This modification aimed to 

mimic clinical regimens in which patients rest for several weeks between each round of 

chemotherapy while continuously monitoring the efficacy and toxicity.  

4.2.7 Evaluation of the Anti-cancer Activity of Miriplatin-loaded Formulations 

The fluorescence signal of A549-iRFP 3D MCS was monitored daily during the 7-day 

treatment.  The fluorescence signal of 3D MCS treated with growth medium alone in the same 

96-well plate is used as a reference for 100% viability (0% growth inhibition).  The formula for 

calculating 3D MCS viability% of each treatment group (free drugs and formulations) by 

fluorescence signal (n=4) is as follows:  

3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂 𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟 (%) 𝑏𝑏𝑟𝑟 𝑓𝑓𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 𝑓𝑓𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃

=
𝐹𝐹𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 𝑓𝑓𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃 𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃 3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂 (𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃 𝑠𝑠𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖)
𝐹𝐹𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟𝑟𝑟 𝑓𝑓𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃 𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃 3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂 (𝑃𝑃𝑟𝑟𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖)

× 100% 

Recording 3D MCS viability% for each group daily, the growth of 3D MCS during the 7-day 

treatment was traced.  A treatment group with lower 3D MCS viability% at Day 7 was 

considered to have better anti-cancer activity.  

The luminescence of 3D MCS (A549-iRFP or A549) was measured at Day 7.  The 

luminescence signal of 3D MCS treated with growth medium alone in the same 96-well plate is 

used as a reference for 100% 3D MCS viability (0% growth inhibition).  The formula for 

calculating 3D MCS viability% of each treatment group by 3D MCS Viability Assay (n=4) is as 

follows:  
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3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂 𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟 (%) 𝑏𝑏𝑟𝑟 3D MCS Viability Assay 

=
𝐻𝐻uminescence 𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃 3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂  (𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃 𝑠𝑠𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖)
𝐻𝐻uminescence 𝑓𝑓𝑟𝑟𝑟𝑟𝑃𝑃  3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂  (𝑃𝑃𝑟𝑟𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑟𝑟𝑟𝑟𝑃𝑃𝑖𝑖)

× 100% 

Lower 3D MCS viability% at Day 7 would indicates better anti-cancer activity.  

3D MCS viability% by fluorescent signal and 3D MCS viability% by 3D MCS Viability 

Assay were both included as triangulated evaluation anti-cancer activity of Miriplatin-loaded 

formulations.  The former was carried out each day during the period of 7-day treatment and the 

latter at the end of the 7-day treatment (Day 7).  

The 3D MCS growth inhibition by Miriplatin-loaded formulations is calculated by the 

formula below:   

  3𝐷𝐷 𝑀𝑀𝐼𝐼𝑂𝑂 𝐼𝐼𝑃𝑃ℎ𝑃𝑃𝑏𝑏𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃 (%) = 100% − 3𝐷𝐷𝑀𝑀𝐼𝐼𝑂𝑂 𝑉𝑉𝑃𝑃𝑃𝑃𝑏𝑏𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟 (%) 

4.2.8 Dose-dependent MCS Growth Inhibition by Miriplatin-loaded Formulations 

A549-iRFP cells (3000 cells/well) were seeded into 96-well spheroid microplates.  After 

6-8 days, 3D MCS grew to about 500 μm in diameter.  Then the 3D MCS was treated by free 

Cisplatin and Miriplatin-loaded formulations using the 7-day treatment method as described 

earlier.  The input concentrations of platinum were 1, 5, 10, 20, 40, 60, 80, 100, 200, and 400 μM.  

The fluorescent signal of A549-iRFP 3D MCS was monitored daily during the 7-day treatment.  

The luminescence of 3D MCS was analyzed by 3D MCS Viability Assay at Day 7.  The 3D 

MCS growth inhibition by a drug or formulation treatment was calculated by the above formula.  

Half maximal inhibitory concentration (IC50) value measures the effectiveness of a treatment to 

inhibit MCS growth [125].  The IC50 value (μM) of each treatment was calculated from the dose-

dependent growth inhibition data by nonlinear regression [log(inhibitor) vs. response, Variable 

slope, four parameters] using GraphPad Prism 8.0 Software.   



73 

4.3 Results and Discussion  

4.3.1 Morphology of 3D MCS 

The 3D MCS models of two non-small cell lung cancer cell lines (A549 and A549-iRFP) 

were successfully established at selected seeding density (3000 cells/well) with centrifugation 

and collagen addition in the growth media.  

As shown in Figure 16, 3D MCS had a morphology of a tight and round structure in 17 

days.  The edge of 3D MCS was smooth and clear in the first 11 days.  Then rough edge of 3D 

MCS could be observed since Day 13.  After 5 to 7 days, 3D MCS grew to about 500 μm in 

diameter.  From Day 5, a lighter grey central core could be observed, which was also discussed 

by other researchers [123, 124].  When 3D MCS became larger than 500 μm in diameter, a 

central necrosis typically appeared.  The structures of 3D MCS turned into hollow center 

structures, including an outer layer of proliferating cells (proliferation zone), a middle layer of 

quiescent cells and a necrotic center of dead or dying cells[124].  

 

Figure 16.  Morphology of A549-iRFP 3D MCS (3000 seeded cells/well) after 5, 7, 9, 11, 13, 15, 
17 days of culturing (scale bar=500 μm). 
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4.3.2 Comparison between the Viability of A549 and A549-iRFP 3D MCS after Anti-cancer 

Treatment 

To compare 3D MCS viability results between A549 and A549-iRFP cell line by 3D 

Viability assay, 3D MCS models of A549 and A549-iRFP were established for 7-day anti-cancer 

treatments.  Treatment groups included free Cisplatin, free Paclitaxel (PTX), Miriplatin-loaded 

SLNs, and PTX-loaded SLNs.  As shown in Figure 17, 3D MCS viability results of A549 and 

A549-iRFP 3D MCS were similar under different treatments.  Therefore, the 3D MCS of A549-

iRFP could serve as a valid lung cancer model for evaluation of anti-cancer activity of 

chemotherapeutic agents and drug-loaded formulations.  

 

 

Figure 17.  3D MCS viability of A549 (blue) and A549-iRFP (red) after treatment with 
anticancer drugs and drug formulations (mean ± S. D, n = 4).  Drug concentrations of each 
treatment groups were same (400µM).  
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4.3.3 Comparison of Anti-cancer Activity of Miriplatin-loaded Formulations with Different 

Molar Ratio of PE-PEG2000 

To compare the anti-cancer activity of Miriplatin-loaded formulations with different 

molar ratios of PE-PEG2000 at same input platinum concentration (400 µM), 3D MCS viability of 

A549-iRFP after 7-day treatments was quantified by 3D MCS Viability Assay and fluorometry.  

As shown in Figure 4.5, as the molar ratio of PE-PEG2000 to TP and Miriplatin increased from 

1:9:2to 4:6:2, the 3D MCS viability of A549-iRFP by 3D MCS Viability Assay decreased from 

about 40% to 0%.  The 3D MCS viability by fluorescent signals showed similar trend.  This 

indicates that PE-PEG2000 could facilitate the preparation of Miriplatin-loaded formulations.  Due 

to the structure of PE-PEG2000, it has “smoothing” effect to reduce the heterogeneity and the 

number of cavities in lipid layer surface [126].  Based on the results from chapter 3, Miriplatin-

loaded formulations with more molar ratios of PE-PEG2000 had smaller sizes, which could 

improve the penetration and uptake of formulations into 3D MCS [117].  

The 3D MCS viability of free Miriplatin treatment group was about 100%, which 

indicated that Miriplatin did not have any anti-cancer activity in aqueous solution, most probably 

due to its poor water solubility (mentioned in Chapter 1).  As shown in Figure 18, compared with 

free Miriplatin, Miriplatin-loaded micelles and SLNs caused much lower 3D MCS viability.  

Therefore, the lipid-based delivery system improved the anti-cancer activity of Miriplatin.  

Furthermore, the 3D MCS viability of Miriplatin-loaded micelles (PE-PEG2000: Miriplatin=10:2) 

was similar to the viability of free Cisplatin treatment group (close to 0%), suggesting that the 

micelles have anti- lung cancer activities that is comparable to the currently best drug against 

non-small cell lung cancer.  
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Figure 18.  3D MCS Viability of A549-iRFP after treatment of Miriplatin-loaded formulations 
with different molar ratio of PE-PEG2000 (Miri: Miriplatin, mean ± S. D, n = 3).  *P<0. 05, 
***P<0. 001.  Drug concentrations of each treatment groups were same (400µM).  
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MCS viability of A549-iRFP after 7-day treatments by the 3D MCS Viability Assay and the 

fluorescent signals is shown in Figure 19.  For Miriplatin-loaded micelles, as the molar ratio of 

Miriplatin to PE-PEG2000 increased from 1:10 to 2:10, the 3D MCS viability of A549-iRFP by 

3D MCS Viability Assay significantly decreased from about 25% to 0%.  The 3D MCS viability 

by fluorescent signals had similar results.  The comparison between SLNs showed similar trend.  
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Therefore, increasing molar ratio of Miriplatin in compositions improved the anti-cancer activity 

of Miriplatin-loaded formulations.  

 

 
Figure 19.  Comparison of 3D MCS viability of A549-iRFP after treatment with Miriplatin-
loaded formulations at different molar ratios of Miriplatin (Miri: Miriplatin, mean ± S. D, n = 3).  
**P<0. 01, ***P<0. 001.  Drug concentrations of each treatment groups were same (400µM). 
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strong relationship between the recovery of intact Miriplatin from Miriplatin-loaded formulations 

and their anticancer activity as determined by both 3D MCS Viability Assay and by iRFP 

fluorescence signal.  Miriplatin-loaded micelles with higher recovery of intact Miriplatin had 

higher anticancer activity than Miriplatin-loaded SLNs with lower recovery.  Together, the 

recovery of intact Miriplatin and the biological activity results suggest that Miriplatin-loaded 

micelles have better anti-cancer activity against A549-iRFP 3D MCS.  

 

Figure 20.  Viability of A549-iRFP 3D MCS after treatment with Miriplatin-loaded formulations 
per 3D MCS Viability Assay (blue) and iRFP fluorescence (red) (Mean ± S. D, n = 4) In 
Comparison to the recovery of intact Miriplatin from each formulation (green) (Miri: Miriplatin, 
PTX: Paclitaxel).  Drug concentrations of each treatment groups were same (400µM). 
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Figure 21.   Growth inhibition of A549-iRFP MCS after treatment with Miriplatin-loaded 
formulations per 3D MCS Viability Assay (blue) and iRFP fluorescence (red) (mean ± S. D, n = 
4).  In comparison to recovery of intact Miriplatin from each formulation (green) (Miri: 
Miriplatin, PTX: Paclitaxel).  Drug concentrations of each treatment groups were same (400µM).  
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Figure 22.  Viability of A549-iRFP 3D MCS treated with Miriplatin-loaded micelles and 
Cisplatin solution per 3D MCS Viability Assay (mean ± S. D, n = 3).  (Miri: Miriplatin, PTX: 
Paclitaxel) 
 
 
 

 
Figure 23.  Growth inhibition of A549-iRFP 3D MCS by Miriplatin-loaded micelles and 
Cisplatin solution per 3D MCS Viability Assay (mean ± S. D, n = 3).  (Miri: Miriplatin, PTX: 
Paclitaxel) 
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The IC50 value of two types of Miriplatin-loaded micelles (either Miriplatin alone or 

Miriplatin together with Paclitaxel) and Cisplatin solution by 3D MCS Viability Assay are listed 

in Table 19.  The IC50 value of micelles loaded with both Miriplatin, and Paclitaxel was 24.37 

µM, which is smaller than that of micelles loaded with only Miriplatin (29.02 µM).  The IC50 

value of free Cisplatin (84.78 µM) was much larger than those of the two types of Miriplatin-

loaded micelles.  This indicates that Miriplatin-loaded micelles have better anti-cancer activity 

on A549-iRFP 3D MCS than Cisplatin, which is a benchmark due to its wide use against 

NSCLC in clinic.   

 

Table 19   
IC50 Value of Miriplatin-loaded Micelles and Cisplatin Solution 

Treatment Groups IC50 Value Determined by Data from 
3D MCS Viability Assay (µM) P Value by T-test 

Cisplatin 84.78 - 

Micelles (PE-PEG2000: 
Miri=10:2) 

29.02 <0.0001 

Micelles (PE-PEG2000: Miri: 
PTX=10:2:1) 

24.37 0.0249 

(Miri: Miriplatin, PTX: Paclitaxel) 

 

4.4 Summary 

3D MCS of A549-iRFP and A549 were successfully established as models of NSCLC to 

evaluate anti-cancer activities of Miriplatin-containing micelles in vitro.  The viability of A549-

iRFP 3D MCS was similar to that of A549 3D MCS after 7-day treatment by Miriplatin-loaded 

formulations or free drugs.  The A549-iRFP 3D MCS viability by 3D MCS Viability Assay and 

iRFP fluorescence signal had similar trends in different treatment groups.  The anti-cancer 
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activity of Miriplatin-loaded formulations was positively associated with the recovery of intact 

Miriplatin from the formulations.  

For Miriplatin-loaded SLNs, the anti-cancer activity against A549-iRFP 3D MCS 

increased when the molar ratio of Miriplatin increased.  Miriplatin-loaded SLNs consisting of 

higher molar ratios of PE-PEG2000 also had higher anti-cancer activity.   

Miriplatin-loaded micelles inhibited the growth of A549-iRFP 3D MCS much more 

effectively than Miriplatin-loaded SLNs.  Moreover, Miriplatin-loaded micelles had higher anti-

cancer activity against A549-iRFP 3D MCS than Cisplatin as a clinical benchmark.   

 

 

 

 

 

 

 

 

 

 

  



83 

CHAPTER 5: SUMMARY AND FUTURE WORK 

 

Lung cancer claims the highest mortality and the second-most estimated new cases 

among all oncological diseases [1].  NSCLC accounts for approximately 85% of all newly 

diagnosed lung cancers [2].  If the tumor is found to be resectable and the patient can tolerate 

surgery, patients with stage I, II, and IIIA NSCLC usually undergo surgery to remove the tumor 

[5].  Approximately 40% of newly diagnosed lung cancer patients are stage IV.  For stage IV 

NSCLC, cytotoxic combination chemotherapy is the first-line therapy [5].  The American 

Society of Clinical Oncology states that treatment is a regimen of platinum (Cisplatin or 

Carboplatin) plus Paclitaxel, gemcitabine, docetaxel, vinorelbine, irinotecan, or pemetrexed [3].  

Cisplatin is much more effective than other platinum drugs at the same dosage [4], however, 

Cisplatin has been associated with more side effects and induction of drug resistance [5].  

Deep penetration of anticancer drugs into solid tumors is a factor that limits the 

effectiveness of chemotherapy [8].  Nanoparticles with appropriate properties provide a 

promising platform to overcome the biological barriers that hinder anti-cancer activity [9].  

Miriplatin is a lipophilic anti-cancer drug that has been approved in Japan for transcatheter 

arterial chemoembolization treatment of hepatocellular carcinoma [6].  Lipid-based nanoparticles 

such as liposomes, micelles, and solid lipid nanoparticles (SLNs) can encapsulate anti-cancer 

drugs to improve their water solubility and bioavailability.  In this study, Miriplatin was 

formulated into various micelles, liposomes, and SLNs by film-hydration and evaluated their 

physicochemical properties and anti-cancer activity against NSCLC cells in culture.  

Miriplatin-loaded formulations were successfully prepared by the film-hydration method.  

The size of the Miriplatin-loaded formulations was characterized by dynamic light scattering 
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(DLS) and reported using number-weighted distribution.  Different compositions of the 

formulations have been developed.  Miriplatin-loaded micelles were much smaller and more 

homogeneous than Miriplatin-loaded liposomes and SLNs.  Most Miriplatin-loaded micelles 

were about 15 nm in diameter, while SLNs were around 120 nm, and liposomes were about 180 

nm.  Formulations with a higher molar ratio of PE-PEG2000 in the compositions had smaller sizes.  

SLNs loaded with a higher molar ratio of Miriplatin in the composition showed smaller sizes.   

ICP-MS and ICP-OES techniques were attempted to quantify the platinum element in the 

formulations.  Different Miriplatin-loaded formulations were digested by 70% nitric acid and 

heated at 90 ℃ for 90 min.  Formulations with a higher molar ratio of PE-PEG2000 in the 

compositions had more platinum recovery.  Most Miriplatin-loaded formulations had higher than 

80% platinum recovery.   

The recovery of intact Miriplatin was characterized by HPLC.  The stationary phase was 

kept at 25 ℃, and the mobile phase (methanol: water = 92:8, v/v) was run at the flow rate of 1 

mL/min.  The effluent was monitored at wavelength 210 nm.  The retention time of intact 

Miriplatin was about 9.7 min.  For each HPLC sample, 50 µL Miriplatin-loaded formulation was 

diluted with 950 µL methanol and centrifuged.  The supernatant was taken for HPLC analysis.  

An aliquot (20 μL) of each sample was injected into HPLC after preparation.  Miriplatin-loaded 

micelles had much higher intact Miriplatin recovery (~100%) than SLNs (~30%).  

Miriplatin-loaded formulations were negatively stained with uranyl acetate and then 

imaged by TEM.   The micelles showed the morphology of spherical dots of about 10 nm in 

diameter while SLNs showed both spherical and rodlike structures of about 120 nm in diameter.  

The TEM results were consistent with the size and PDI results by the Zetasizer.    
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3D MCS of A549 and A549-iRFP cell lines were successfully established as an in vitro 

model to evaluate activity against non-small cell lung cancer.  The viability of A549-iRFP 3D 

MCS after 7-day treatment with anticancer drugs or drug formulations was measured by 3D 

MCS Viability Assay and the fluorescence of iRFP.  The growth of A549-iRFP 3D MCS during 

the anticancer treatment was monitored daily by its iRFP fluorescence.  The viability of 3D MCS 

after 7-day treatment with Miriplatin-loaded micelles was about 0%, which was similar to 

Cisplatin.  Miriplatin-loaded formulations with a higher molar ratio of PE-PEG2000 in the 

compositions had higher anti-cancer activity against 3D MCS.  The anticancer activity of 

Miriplatin-loaded formulations against 3D MCS was positively associated with the recovery of 

intact Miriplatin from the formulations.  The IC50 value of Miriplatin-loaded micelles against 

A549-iRFP 3D MCS was about 25 µM, while that of Cisplatin was about 90 µM.  

Future work for further development of Miriplatin-loaded formulations would include 

optimization of compositions.  For example, lecithin can be included into the formulations to 

increase the drug-loading capacity.  Cholesterol myristate can be added into compositions to 

improve the stability and homogeneity of lipid-based formulations.  In addition, Miriplatin-

loaded formulations can be modified with targeting ligands to increase accumulation at the lung 

cancer site.   

For application in industry, long-term storage methods such as lyophilization should be 

considered to reduce the precipitation, enhance the stability, and prolong the storage time of 

formulations.  Moreover, a scale-up preparation method should be developed.  Also, the 

preparation method needs to be improved to reduce batch-to-batch variance.   

For the quantification of the encapsulation efficiency of Miriplatin-loaded formulations, 

it needs to be established a method to separate free drug molecules (such as free Miriplatin) from 
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drug formulations.  After separation, it could quantify the encapsulation efficiency of Miriplatin-

loaded formulations and study in vitro drug release from Miriplatin-loaded formulations.  Also, 

the calibration curves of different degradation products of Miriplatin such as those losing one or 

two 14-carbon chains could be established by HPLC so that quantifying different forms of 

platinum compounds in Miriplatin-loaded formulations can be achieved.  

For in vitro cell culture studies, Cisplatin-resistant lung cancer cell lines could be used to 

study possible advantages of Miriplatin-loaded formulations against drug resistance.  The 

penetration of Miriplatin-loaded formulations into 3D MCS could be studied by confocal 

microscopy.  For in vivo studies, the distribution, pharmacokinetics, and anticancer efficacy of 

the formulations could be characterized in animal models of NSCLC.  

In summary, the reported lipid-based nanoparticles of Miriplatin represent a promising 

drug delivery system against NSCLC.  Miriplatin-loaded formulations were developed by the 

film-hydration method.  Miriplatin-loaded micelles carry small size, low PDI, high platinum 

recovery, and almost 100% recovery of intact Miriplatin.  Furthermore, the Miriplatin-loaded 

micelles inhibited the growth of A549 iRFP 3D MCS more potently than the clinical benchmark 

Cisplatin.   
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