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Abstract:  
Pancreatic cancer is a solid malignancy which is one of the leading 

cause of cancer related deaths in the United States of America. While 

recent therapeutic advances for patients with advanced pancreatic 

cancer have shown some potential, but prognosis remains grim with the 

5-year survival is much less than 10%, and extremely rare cases of 

complete remission. The extensive non-targeted treatment approach to 

pancreatic cancer has a dual drawback of suboptimal drug 

accumulation at the target site, and the systemic side effects produced 

by the unfettered exposure of the drug to the healthy tissue. With 

increasing incidences of drug resistant pancreatic cancer, targeted 

delivery of the drug to the tumor is the need of the hour. Of all the 

various approaches, liposomal delivery has emerged as a prime 

candidate. While surface modification with polyethylene glycol (PEG) 

conjugates remains the most commonly used technique to develop long 

circulating liposomes, its shortcomings including but not limited to 

anaphylatoxin production, platelet activation, immunogenicity, express 

a need for a better candidate for the same. This article explores the 

viability of poly(2-ethyl-2-oxazoline) conjugate for the development of 
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long circulating liposomes for the delivery of gemcitabine and 

irinotecan hydrochloride in pancreatic cancer.  

A simple HPLC method was developed for simultaneous quantification 

of gemcitabine and irinotecan in aqueous medium. The accuracy (% 

error < 10%) and precision (% RSD < 5%) of the methods followed 

USP guidelines for validation of an assay method. The liposomes were 

prepared by hydrating a film of Soy PC and cholesterol with an aqueous 

hydrating medium comprising of HEPES, Tween 80, and sodium 

chloride. This dispersion was subjected to freeze thawing and 

subsequent membrane extrusion. The liposomes were surface modified 

by incubating the liposomes with 5 mol% of PEG or poly(2-ethyl-2-

oxazoline) conjugate and dialyzed against 5% glucose for 12 hours. The 

study found that the liposomes subjected to surface modification by 

poly(2-ethyl-2-oxazoline)-cholesterol showed higher macrophagial 

evasion in comparison to PEGylated liposomes. The liposomal 

combination therapy of gemcitabine and irinotecan was found to be 

more efficacious against the pancreatic cancer cell line in comparison 

to the free drug combination. 

Keywords: Pancreatic cancer, long circulating liposome, Polyethylene 

glycol, Polyoxazoline, Gemcitabine, Irinotecan hydrochloride.  
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INTRODUCTION 
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1. Pancreatic cancer:  

The American Cancer Society estimates that about 53,670 people 

(27,970 men and 25,700 women) will be diagnosed with pancreatic 

cancer in the United States in 2017. [1] In 2016, pancreatic cancer moved 

from the fourth leading cause of cancer-related death in the U.S. to the 

third, surpassing breast cancer. [2] Further, as the disease is 

characterized by early micro metastatic spread long-term survival 

following surgery is poor with 80% of patients experiencing a local or 

distant recurrence within 2 years. [3] Even after decades of research, the 

treatment options remain very limited.  

Pancreatic cancer is a collective term used for the various types of 

neoplasms originating from the exocrine and endocrine fractions of the 

pancreas. Of these more than 90% cases constitute of pancreatic duct 

adenocarcinoma (PDAC) which is of exocrine origin. [4]  

 

The reasons for the lethality of pancreatic neoplasms are attributed to 

the following: 

1. The low survival rate and low response of pancreatic neoplasms to 

treatment may be attributed to the fact that more than 80% of these 

cancers are known to be locally advanced or metastatic at the time 
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of diagnosis. The only curative treatment remains to be resection 

which is only possible in less than 20% of patients. [5] Therefore 

further improvement in therapies which enhance the resectability 

of the tumors provides the most clinically practical avenue of 

research.    

2. The lack of clinically relevant and practical technique for the 

screening of asymptomatic neoplasms hinders early diagnosis. The 

lack of sensitivity and specificity has been a major problem in the 

use of most serum tumor markers for diagnosis of pancreatic 

cancer. In most of the research studies over the past two decades, 

CA19-9 alone has been applied as the ‘gold standard’ for 

monitoring and diagnosis of patients with pancreatic cancer. [6] 

3. The inherently drug resistant nature of PDAC can be attributed to 

the fact that the Kirsten Rat Sarcoma (KRAS) gene is mutated in 

95% of PDACs and is a well-validated driver of PDAC growth and 

maintenance. [7] Decades of unsuccessful attempts to target it have 

led to KRAS being termed as ‘the undruggable gene’. The 

Pancreatic Cancer Working Group of National Cancer Institute has 

identified targeting KRAS as one of four key priorities for 

pancreatic cancer research. [8] 
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4. Finally, there is a high rate of relapse, even in patients with early 

stage disease who receive adjuvant therapy. [6] Despite surgery with 

curative intent, actuarial 5-year survival rates for these patients 

remains at approximately 20%, indicating that even patients with 

localized small cancers (2 cm) with no lymph node metastases are 

likely to die of metastatic disease. [9] 

Given that the classical approach to chemotherapy has proven to be 

ineffective in curing advanced PDAC, current research is moving 

towards a multidirectional approach to develop more effective 

treatments for PDAC.  

1.1. Anatomy of the pancreas.  

The pancreas is a compound racemose gland, analogous in its 

structures to the salivary glands, though softer and less compactly 

arranged. [10] It is long and irregularly prismatic in shape; its right 

extremity, being broad, is called the head, and is connected to the main 

portion of the organ, or body, by a slight constriction, the neck; while 

its left extremity gradually tapers to form the tail. [10] It is situated 

transversely across the posterior wall of the abdomen, at the back of the 

epigastric and left hypochondriac regions. [10] The pancreatic duct (duct 

of Wirsung) extends transversely from left to right through the 
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substance of the pancreas. [10] It commences by the junction of the small 

ducts of the lobules situated in the tail of the pancreas and receives the 

ducts of the various lobules composing the gland. [10] An illustration of 

the anatomy of pancreas is shown in Figure 1. 

 

Figure 1. Anatomy of pancreas 

The positioning of the pancreas in the viscera, the blood supply, and 

lymphatic drainage of the pancreas contribute to the high degree of 

metastatic tendency on PDAC. [11] [12] Pancreas derives a rich blood 

supply from both celiac axis and superior mesenteric artery, with 

collaterals between the two systems. [11] [12] The head of the pancreas 

drains into pancreaticoduodenal lymph nodes and lymph nodes in the 

hepatoduodenal ligament, as well as prepyloric and postpyloric lymph 

Image source: Anatomy and Physiology Volume 2 of 3, 2014 Textbook Equity Edition, 

 Jan 2014, Chapter 17, pg no: 718 
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nodes. [11] [12] The pancreatic body and tail drain into mesocolic lymph 

nodes and lymph nodes along the hepatic and splenic arteries. [11] [12] 

Final drainage occurs into celiac, superior mesenteric, and para-aortic 

and aortocaval lymph nodes. [11] [12]  

1.2. Carcinogenesis of pancreatic ductal adenocarcinoma 

The up-regulation of numerous oncogenic genes and the down-

regulation of tumor suppressor genes induced through gene 

amplification, mutation, deletion, or hypermethylation are responsible, 

in part, for the uncontrolled growth, survival, and metastasis of 

pancreatic cancer cells during the development of this disease. [13] [14] [15] 

[16] 

While very few epidemiological risk factors have been identified 

associated with pancreatic cancer, chronic pancreatitis, acute 

pancreatitis, diabetes (long-term and new-onset), 

cirrhosis, Helicobacter pylori infection, human immunodeficiency 

virus (HIV) infection, hepatitis B, cystic fibrosis, obesity all have been 

shown to confer increased risk. [17] [18] Increased risk of PDAC linked 

with hereditary factors has been traced to germline mutations that have 

been linked to the tumor suppressor genes INK4A, 
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BRCA2, and LKB1, the DNA mismatch repair gene MLH1 and the 

cationic trypsinogen gene PRSS1. [19] [20] Other hereditary risk factors 

may include Lynch syndrome, Li-Fraumeni syndrome, multiple 

endocrine neoplasia 1, hereditary breast and ovarian cancer, familial 

atypical multiple mole melanoma syndrome, von-Hippel Lindau 

syndrome, Peutz-Jegher syndrome. [17] Some genes have been reported 

to be expressed differently in pancreatic cancer and have been shows in 

Table 1.  
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Table 1: Differently Expressed Genes in Pancreatic Cancer [13] 

Sr. No.  Category Examples 

1. Up-regulated oncogenic 

genes 

 

(a) Growth factor receptors: c-erbB1 

(EGFR), c-erbB2 (HER-2/neu), c-

erbB3 

(b) PTCH receptor, Notch receptors, 

IGF-1R, FGFR1 and 4, PDGFRs, 

EphA2 

 

2. Growth factors 

 

EGF, TGF-a, HB-EGF, amphiregulin, 

IGF, FGFR-1, VEGF, IL-8 

 

3. Signaling elements 

 

K-ras, Src, caveolin-1, CEACAM6, 

Akt-2, IHH and SHH, COX-2, MUC1, 

MUC4, Rad51, MYC, BCL6, BCL10, 

S100P 

 

4. Tumor suppressor genes 

 

P16, P53, PTEN/MMAC, CDKN2A, 

BNIP3, DRO1 

 

5. Deregulated Genes 

 

v-akt murine thymoma viral oncogene 

homolog 1 (v-AKT1), nuclear factor of 

κ light polypeptide gene enhancer in 

B-cells 1 (NFκB1) 

 

The up-regulated expression of many growth factor receptors and their 

ligands suggests a key role for them in the development of pancreatic 

cancer. Several studies have revealed that the stimulation of EGFR, 

PTCH hedgehog receptor, IGF-IR, and PDGFRs signaling by their 

cognate ligands through autocrine and paracrine loops contributes to 

the sustained proliferation, survival, migration, and metastasis of 

pancreatic cancer cells. [13] [21] [22] 
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1.3. Current therapy approaches in Pancreatic ductal 

adenocarcinoma 

The approach currently used in treatment is dependent of the stage and 

the location of the tumor, as well as the comorbities and the overall 

condition of the patient. In cases where that puts the patient at risk, the 

focus should be on improving the quality of life and preventing further 

proliferation of the cancer.  

1.3.1. Chemotherapy in Pancreatic Duct Adenocarcinoma 

Chemotherapy remains the first-line treatment for advanced PDAC. 

Chemotherapy was found to be superior to best supportive care (BSC) 

in terms of Overall Survival (OS) in a recently published meta-

analysis [23] that included seven trials and 432 patients (HR = 0.64, 

95% CI 0.42–0.98, p < 0.05). [13]  

Gemcitabine (2′,2′-difluoro-2′-deoxycytidine) is a deoxycytidine 

analog that become the standard treatment choice for locally advanced 

and metastatic pancreatic cancer, for which there have been few 

treatment advances. The molecular structure of gemcitabine is shown 

in Figure.2.  
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Figure 2. Molecular structure of gemcitabine hydrochloride 

 

As a prodrug, gemcitabine must be metabolized to the active 

triphosphate form of gemcitabine (2′,2′-difluoro-2′-deoxycytidine 

triphosphate). Cellular uptake of gemcitabine is mediated by a family 

of integral membrane proteins termed human nucleoside transporters, 

which overcome the inherent barrier to diffusion imposed by the 

hydrophilic nature of nucleosides and nucleoside analogs. [24] [25] 

Gemcitabine has a dual mechanism of action of being a ribonucleotide 

reductase inhibitor and getting incorporated into newly formed DNA as 

a triphosphate analog, causing DNA chain termination. [26] 

Burris et al. [27] in 1997 established gemcitabine monotherapy as the 

gold standard for first-line treatment of pancreatic cancer. However, 

this approval was based more on its positive effect on quality of life 
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rather than a clinically meaningful increase in survival compared with 

fluorouracil. [13] Despite multiple screenings and clinical trials, no 

regimen was found to be superior to gemcitabine monotherapy until 

recently. The first combination chemotherapy regimen to demonstrate 

a statistically significant survival benefit versus gemcitabine 

monotherapy in a phase III clinical trial was the study by Conroy et al. 

[28] in 2011. This study demonstrated that a combination of 5-fluro 

uracil, irinotecan and oxaliplatin improved progression free survival 

(PFS), overall survival (OS) and response rate (RR) when compared 

with gemcitabine monotherapy.  

There has been very little use of second-line chemotherapy for PDAC. 

However, with improvements in first-line therapy for advanced disease, 

this is now changing. Unfortunately, there is no good quality evidence 

to support a regimen following first line treatment with FOLFIRINOX 

or gemcitabine, as the few trials of second-line treatment conducted 

were following progression on gemcitabine monotherapy. [28] 

While combination therapy has been proven beneficial, the high degree 

of incompatibility that other drugs have with gemcitabine limits their 

use. Statistically significant increase in the survival rate was not found 

in multiple clinical trials that have come up with negative results when 
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gemcitabine was paired with another drug. Table 2 summarizes these 

results.  

Table 2: Phase III clinical trials comparing gemcitabine vs. 

gemcitabine plus a second drug in the treatment of advanced 

pancreatic cancer. [29] 

 

Study design X + 

Gem 

survival 

(months) 

Gem 

survival 

(months) 

Surviva

l HR 

(95% 

CI) 

p-

Value 

 

Negative studies 

   Gemcitabine ± 5FU bolus [30] 

   Gemcitabine ± 5FU/Lv [31] 

   Gemcitabine ± capecitabine 
[32] 

   Gemcitabine ± cisplatin [33] 

   Gemcitabine ± oxaliplatin [34] 

   Gemcitabine ± oxaliplatin [35] 

   Gemcitabine+/marimasmat 
[36] 

   Gemcitabine ± tipifarnib [37] 

   Gemcitabine ± exatecan [38] 

   Gemcitabine ± CPT-11 [39] 

   Gemcitabine ± pemetrexed 
[40] 

   Gemcitabine ± bevacizumab 
[41] 

   Gemcitabine ± cetuximab [42] 

   Gem–Erlotinib ± 

bevacizumab [43] 

 

 

6.7 

5.9 

8.4 

7.5 

9 

4.9 

5.5 

6.4 

6.7 

6.3 

6.2 

5.8 

6.4 

7.1 

 

5.4 

6.2 

7.3 

6 

7.1 

5.9 

5.5 

6.1 

6.2 

6.6 

6.3 

6.1 

5.9 

6 

 

 

 

 

 

 

 

 

 

 

 

 

1.03 

1.09 

0.89 

 

0.09 

0.68 

0.31 

0.12 

0.13 

0.16 

0.95 

0.75 

0.52 

0.79 

0.68 

0.78 

0.14 

0.2 

Positive studies 

   Gemcitabine ± capecitabine 
[44]  

   Gemcitabine ± erlotinib [45] 

 

7.4 

6.4 

 

6 

6 

 

     0.8 

0.82 

 

0.02 

0.02 
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Irinotecan is a synthetic derivative of camptothecin which acts by 

inhibiting Topoisomerase I, and as a prodrug which is termed as the 

CPT-11 form, it is converted in to the active metabolite SN-38, 

predominantly in the liver, by carboxylesterases. [46] The molecular 

structure of irinotecan (CPT-11) and its active metabolite (SN-38) are 

shown in Figure 3.  

 

 

Figure 3. Molecular structure of irinotecan as the prodrug (CPT-11) 

and its active metabolite (SN-38) 

 

Irinotecan has been investigated in several small monotherapies [47] 

[48] and combination therapy in the treatment of pancreatic cancer. The 

findings provide initial evidence of the viability of irinotecan in the 

second-line role. However, a major breakthrough came with Wang-
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Under the NAPOLI-1 clinical trials, Gillam et al. [49] conducted a 

global, randomized, open-label, phase 3 trial with Nano-liposomal 

irinotecan with fluorouracil and folinic acid in metastatic pancreatic 

cancer after previous gemcitabine-based therapy. The team found that 

nanoliposomal irinotecan in combination with fluorouracil and folinic 

acid extends survival with a manageable safety profile in patients with 

advanced PDAC and who previously received gemcitabine-based 

therapy. [49]  

Multiple clinical trials have assessed the viability of a combination of 

gemcitabine and irinotecan for treatment of pancreatic cancer. [50] [51] [52]   

However no clinical trials have been conducted for a combination of 

gemcitabine with liposomal irinotecan for pancreatic cancer.  

1.3.2. Surgery in Pancreatic Duct Adenocarcinoma 

The long-term benefits of surgery in PDAC treatment remain a topic of 

contradiction and debate.  

While some sources including Vera et al. [53] regard surgery as the only 

curative measure for PDAC, others like Kleef et al. [54] found that 

surgical resection for recurrent pancreatic cancer does not seem to 

substantially prolong overall survival.  
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Since an overwhelming majority of the cases of PDAC arise in the head 

region of the pancreas, resection of the pancreatic head is the most 

common surgical procedure performed for PDAC. Resection of the 

pancreatic head includes the standard pancreaticoduodenectomy as 

well as its modifications such as the pylorus-preserving 

pancreaticoduodenectomy and the duodenum-preserving pancreatic 

head resection (DPPHR). Distal pancreatectomy is used to resect 

lesions in the body and/or tail of the pancreas. [55] Historically, 

pancreaticoduodenectomy has been riddled with a high degree of post 

operational complications and mortality. Crist et al. [56] observed that, 

over a 17-year period, there was a gradual reduction of mortality from 

11% to 2% and of complications from 41% to 36%.  

Multiple clinical trials [57] [58] [59] have focused on the development of 

adjuvant therapy in tandem with surgical resection in metastatic 

pancreatic cancer. The findings have been summarized in Table 3.  
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Table 3: Phase III clinical trials concerning surgery in the treatment of 

advanced pancreatic cancer. [6] 

Study Arms No. of 

patients 

Median 

survival 

5-year 

survival 

GITSG [60] Surgery 

Surgery + 

chemoXRT 

22 

21 

11 months 

20 months 

N/A 

 

Norwegian 

trial [61] 

Surgery 

Surgery + 

chemotherapy 

31 

30 

11 months 

23 months 

8% 

4% 

EORTC 

overall [62] 

Surgery 

Surgery + 

chemoXRT 

103 

104 

19 months 

24.5 months 

22% 

28% 

 

The Gastrointestinal Tumor Study Group (GITSG) trial [60] was a 

landmark study being the only American trial that compared surgery 

alone to surgery or surgery followed by combined chemotherapy (5-

fluorouracil) and radiation (“chemoradiation”).  

The European Organization for the Research and Treatment of Cancer 

(EORTC) conducted a similar clinical trial [62] with a continuous 

infusion of 5-fluorouracil, while the previous study employed a bolus 

delivery of 5-fluorouracil. The Norwegian trials [61] randomly assigned 

patients to chemotherapy with 5-FU, doxorubicin (an anthracycline), 
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and mitomycin-C after surgery vs surgery alone, but no radiation was 

used in this study.  

1.3.3. Radiation therapy in Pancreatic Duct Adenocarcinoma 

The role of radiation therapy in pancreatic cancer continues to be 

investigated. Its use in the adjuvant setting remains controversial. 

Randomized trials have yielded conflicting data in locally advanced 

disease. [63] The above stated clinical trials have employed 2-

dimensional anterior: posterior techniques. However, 3-dimensional 

computed tomography-based treatment is the current standard for late 

stage PDAC. Both above stated techniques have been used to deliver a 

low dose of radiation, mostly as an adjuvant therapy with chemotherapy 

and surgery instead of a monotherapy regimen.  

Intraoperative Radiation Therapy (IORT) has been studied to increase 

radiation dose. Intraoperative RT allows dose limiting normal 

structures such as the bowel to be physically moved out of the radiation 

field. A randomized trial by the National Cancer Institute has 

demonstrated an improvement in local control with the use of IORT 

following surgical resection compared to standard therapy. [64] 
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As a conclusion, there is not enough randomized clinical data to have a 

definitive idea about the viability of radiation therapy in resectable and 

non-resectable pancreatic cancer. Further research is needed to 

establish multiple variables including but not limited dosing intervals 

and radiation intensity.  

2. Liposomal Delivery Systems 

A liposome is a spherical concentric vesicle composed of a 

phospholipid bilayer employed as a drug delivery system. Liposomes 

have long been considered good candidates for efficient drug carrier 

and delivery systems. By the virtue of their significant drug carrying 

capacity of both hydrophilic and hydrophobic drugs, biocompatible 

lipid exterior, they offer a viable means of local delivery of therapeutic 

agents to the site of interest by active or passive targeting while 

reducing systemic toxicity. Figure 4 provides a schematic picture of a 

liposome.  
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Image source: https://liposomes.weebly.com 

Figure 4. Structure of liposome 

The credit of conceptualizing liposomes for the first time is attributed 

to the late Alec Bangham and his colleagues. In their landmark report 

[65], the team discussed the phospholipid liquid crystalline structures and 

the effect that their surface charges had on the permeability of charged 

particles across the bilayered structures. However, the utility of these 

bilayered structures as drug delivery systems was explored by 

Gregoriadis et al. In their first report [66], the team demonstrated the 

entrapment and the in vivo fate of amyloglucosidase and 131I-labelled 

albumin loaded into liposomes composed of phosphatidylcholine, 
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cholesterol and dicetyl phosphate. In a later study [67], the team also 

worked upon loading actinomycin D and penicillin into liposomes to 

be used as a chemotherapeutic regimen. Various other groups [68] [69] 

demonstrated the potential to change the in vivo pharmacokinetics of 

drugs by enclosing them into liposomes. The cascade of innovation 

since then in this delivery system has led to its use in not just 

therapeutics [70], but also in vaccines [71] [72], imaging and diagnostics [73] 

[74], and to a lesser extent in cosmetics. [75] [76]  

Liposomes are the most common lipid-based formulation for drug 

delivery and the most successful nano drug delivery system, known till 

date. [77] Their success can be attributed to the remarkable flexibility of 

lipid-based delivery systems, ability to efficiently encapsulate both 

small molecules and macromolecules, biodegradability and 

biocompatibility; possibility to be manufactured in sizes down to 20 μm 

in diameter; and their interaction with membrane components in a 

predictable manner. [78] Liposomal delivery systems also represent the 

overwhelming majority of phase II and phase III clinical trials 

involving nano delivery systems.   
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Many nanodelivery systems are available for targeted delivery of drugs 

and altering their pharmacokinetic parameters in vivo, including but not 

limited to:  

• Solid lipid nanoparticles  

• Dendrimers  

• Polymeric nanoparticles 

• Polymeric micelles 

• Liposomes  

• Carbon nanotubes 

• Metallic nanoparticles 

• Quantum dots - Nanocrystals 

While each of the above has their own share of benefits, liposomes have 

stood out from the rest of the list due to various favorable factors. 

• Improvement and control over pharmacokinetics and 

pharmacodynamics of the drug.  

• Opportunity for sustained release of the drug.  

• Biomimetic nature of the bilayer vesicle increases drug delivery 

by penetrating the cell membranes.  

• Ability to encapsulate both hydrophilic and hydrophobic drugs.  
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• Enhanced activity of drugs against intracellular pathogens by 

targeted delivery.  

• Ease of targeting of liposomes to the specific site by active or 

passive targeting.  

• Decreased systemic toxicity of the drug by encapsulation.  

• Biodegradable and biocompatible nature of components. 

All the above factors have led to multiple liposomal drug delivery 

systems to be introduced in the market, some of which are listed in 

Table 4: 
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Table 4: Clinically used liposome-based products [79] 

Sr. 

No.  

Clinical 

Products 

Active Agent Indication 

1. Doxil® 

(1995) 

Doxorubicin Ovarian, breast cancer, 

Kaposi’s sarcoma 

2. DaunoXom

e® (1996) 

Daunorubicin AIDS-related Kaposi’s 

sarcoma 

3. Depocyt® 

(1999) 

Cytarabine/Ara-C Neoplastic meningitis 

4. Myocet® 

(2000) 

Doxorubicin Metastatic breast cancer 

5. Mepact® 

(2004) 

Mifamurtide Resectable, non-metastatic 

osteosarcoma 

6. Marqibo® 

(2012) 

Vincristine Acute lymphoblastic 

leukaemia 

7. Onivyde™ 

(2015) 

Irinotecan PDAC 

8. Abelcet® 

(1995) 

Amphotericin B Invasive severe fungal 

infections 

9. Ambisome

® (1997) 

Amphotericin B Presumed fungal infections 

10. Amphotec® 

(1996) 

Amphotericin B Severe fungal infections 

11. Visudyne® 

(2000) 

Verteporphin Choroidal 

neovascularisation 

12. DepoDur™ 

(2004) 

Morphine sulfate Pain management 

13. Exparel® 

(2011) 

Bupivacaine Pain management 

14. Epaxal® 

(1993) 

Inactivated hepatitis A virus Hepatitis A 

15. Inflexal® V 

(1997) 

Inactivated hemaglutinine 

of Influenza virus strains A 

and B 

Influenza 
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2.1. Structure of liposomes 

Liposomes are assemblies of amphiphilic lipids, which self-associate to 

enclose an aqueous core surrounded by a lipid bilayer membrane. [80] 

The versatility of liposomes can be attributed to the wide range of 

components that can be used to prepare them. 

An amphiphilic phospholipid has a distinct hydrophilic head and 

hydrophobic fatty acid chain. When the aqueous concentration of such 

a substance increases beyond a particular value termed as the Critical 

Liposomal Concentration (CLC), the molecules orient themselves to 

produce a thermodynamically stable structure with the hydrophilic 

groups shielding the hydrophobic chains.  

The favored structure of amphiphilic molecules is set by: 

the optimum effective space of the pinnacle cluster (a); the amount of 

the organic compound chains (v), that are fluid and 

incompressible; and therefore, the most effective length of 

the carboxylic acid chains (Ic). Depending on these packing 

considerations, five possible liquid-crystal configurations are possible: 

spherical micelles, cylindrical micelles, flexible bilayer vesicles (i.e. 

liposomes), planar bilayers and inverted micelles. [81] [82] Amphiphilic 
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lipids with two hydrocarbon chains are expected to form bilayers and 

liposomes due to their large hydrocarbon volume resulting in a 

geometric constraint in the range of 1/2 to 1. [81] 

Israelachvili et al. [81] provided the critical packing parameter for a 

spherical vesicle as:  

v/a Ic 

The numerical values of the critical packing parameter provide an 

understanding of the liquid-crystal configurations formed by the lipids, 

and have been enlisted in table 5. 
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Table 5: Mean (dynamic) packing shapes of lipids and the structures 

formed [81] 

Sr. 

No.  

Lipid Critical 

packing 

parameter  

Critical 

packing 

shape 

Structures 

1. Single-chained lipids 

(surfactants) with large head-

group areas: SDS in low salt 

< 1/3  Cone Spherical 

micelles 

2. Single-chained lipids with 

small head-group areas: SDS 

1/3–1/2 Truncated 

cone 

Cylindrical 

micelles 

3. Double-chained lipids with 

large head-group areas, fluid 

chains: Phosphatidyl choline 

1/2–1 Truncated 

cone 

Liposomes 

4. Double-chained lipids with 

small head-group areas, 

anionic lipids in high salt, 

saturated frozen chains: 

phosphatidyl ethanolamine 

~1 Cylinder Planar bilayer 

5. Double-chained lipids with 

small head-group areas, 

nonionic lipids, poly (cis) 

unsaturated chains: 

phosphatidyl ethanolamine, 

cardiolipin + Ca2+ 

>1 Inverted 

truncated 

cone or 

wedge.  

Inverted 

micelles 
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The reasons for bilayer formation include [83]:  

• The unfavorable interactions created between hydrophilic and 

hydrophobic phase can be minimized by folding into closed 

concentric vesicles. [83] 

• Large bilayered vesicle formation promotes the reduction of 

large free energy difference present between the hydrophilic and 

hydrophobic environment. [83] 

• Maximum stability to supramolecular self-assembled structure 

can be attained by forming into vesicles. [83] 
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Classification of liposomes 

Liposomes can be classified into two main categories based on their- 

structure and composition.  

A. Structure based classification: 

 

 

Image source: Van swaay D, Demello A. Microfluidic methods for forming liposomes. Lab Chip. 

2013;13(5):752-67. 

Figure 5. Lamellarity of liposomes 

1. Multilamellar liposomes: 

Multilamellar liposomes (MLVs) possess two or more bilayers 

oriented in a concentric order and can vary in size between 100 

to 1000 nm. 

 

 

 

Unilamellar Multilamellar Multivesicular 
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2. Multivesicular liposomes: 

Multilamellar liposomes comprise of a vesicle enclosing two or 

more vesicles in a non-concentric order and can vary in size 100 

nm and above.  

3. Unilamellar liposomes: 

Unilamellar liposomes possess a single bilayer and can be a large 

unilamellar liposome (LUV) with a size between 0.1 to 1 micron, 

or a small unilamellar liposome (SUV) with a size smaller than 

0.1 micron.  

B. Composition based classification: 

1. Conventional liposomes 

Conventional liposomes are composed of natural phospholipids 

(neutral or negatively charged) and cholesterol.  

2. pH-sensitive liposomes 

The pH-sensitive liposomes are composed of cholesterol 

hemisuccinate (CHEMS), phosphatidyl ethanolamine (PE), oleic 

acid (OA) or dioleoylphosphatidyl ethanolamine (DOPE). The 

fusion of these liposomes is triggered at low pH and release its 

content into the cell cytoplasm. These liposomes are ideal for the 

delivery of macromolecules and weak bases. [84] 
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3. Cationic liposomes 

Cationic liposomes are not used frequently due to the 

cytotoxicity associated with the cationic lipids like 1,2 

dioleoyloxy-3-(trimethylammonio) propane (DOTAP) and 

dioleyloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide 

(DORIE).   

4. Long circulating liposomes 

Long circulating liposomes are composed of a lipid mixture with 

higher phase transition temperature, generally have a higher 

proportion of cholesterol, and evade macrophagial uptake due to 

surface modification by hydrophilic polymers like polyethylene 

glycol (PEG).   

5. Immuno-liposomes  

Immuno-liposomes are the product of surface modification of 

conventional liposomes or cationic liposomes with antibodies for 

active targeting.  
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2.2. Long circulating liposomes:  

 

A unique approach used to enhance the targeted drug delivery by 

liposomes involves enhancing the circulation time of the liposomes in 

the systemic circulation. The rationale for the development of these 

long circulating liposomes will be discussed below. 

Studies on the pharmacokinetics of drugs associated with carriers such 

as liposomes is complicated by the intermingling of two separate 

pharmacokinetic processes, that of the carrier, which initially 

determines the pharmacokinetics of the associated drug, and that of the 

drug, following its release from the carrier. The pharmacokinetics is 

relatively straightforward when the release of the drug from the carrier 

is either complete or none. If a drug is rapidly released from the carrier, 

the kinetics is essentially controlled by the free drug. For drugs which 

have a high degree of affinity to the carrier and are released slowly, 

their kinetics will be determined by that of the carrier. [85] 

The conventional liposome surface is strongly affected by physical 

interactions with specific circulating proteins (complement proteins, 

laminin, fibronectin, C-reactive protein, type I collagen and 

immunoglobulins) in a phenomenon commonly referred to as 
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opsonization which tags the nanoparticles for uptake by mononuclear 

phagocyte system and subsequent clearance.[86] [87] Depending on the 

size and composition of the liposome, macrophagial uptake can occur 

within minutes after administration and remove the liposomes from the 

circulation. [88] The macrophagial uptake requires binding of selected 

serum proteins to the nanoparticles for identification.  

Extensive research was undertaken to overcome the above stated 

difficulties by surface modification of the liposomes with inert 

hydrophilic polymers to form a barrier to opsonization. Long 

circulating liposomes have also been termed as stealth liposomes. And 

indeed, stealth particles circulate for prolonged hours; reported half-

lives vary from 2 to 24 hours in mice and rats and can be as high as 45 

hours in humans depending on the particle size and the characteristics 

of the coating polymer used for the stealth action. [85] [89]  

The first strategy studied was the preparation of liposomes mimicking 

the erythrocyte membrane, where the liposome were modified with 

gangliosides and sialic acid derivatives, such as monosialoganglioside 

(GM1). [90] Drummond et al. [91] discussed the utility of long chain 

hydrophilic polymers to reduce the opsonization of the liposomes by 

occupying the periliposomal space. This triggered a cascade of 
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investigations into the plethora of polymers that can be employed for 

the above stated purpose. 

The aim of surface modification of liposomes by hydrophilic inert 

polymers in cancer treatment is to achieve passive targeting of solid 

tumors by harnessing the Enhanced Permeability and Retention (EPR) 

effect owing to longer systemic circulation. Matsumura and Maeda [92] 

demonstrated EPR effect in 1986 using copolymer of styrene and 

maleic acid conjugated to neocarzinostatin. Yuan et al. [93] found that 

perivascular accumulation of liposomes provides the first direct 

evidence to support the hypothesis that the liposomes extravasate in 

tumors after vascularization and form depots of drugs in the 

perivascular space, which are available to neighboring cells within 

tumors for up to a few days, while free drug (doxorubicin) was 

eliminated promptly from systemic circulation.  

Many polymeric materials have been tested and used for the surface 

modification of liposomes, as listed in Table 6.  
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Table 6: Types of agents for surface modification of liposomes for 

passive delivery 

Sr. No. Polymer 

conjugates 

Examples 

1)  Poly (Ethylene 

Glycol) Linked 

Lipids 

 

1. PEG-Phospholipids: 

- PEG-distearoyl 

phosphatidylethanolamine (PEG-DSPE) 

2. PEG-Non-Phospholipids:  

- PEG-Cholesterol 

3. Hyperbranched Polyglycerol-Lipids:  

- PEG - [n-tetradecyl Glyceryl Ether-Poly 

(ethylene oxide)] 

 

2) PEG Substitutes 

in Lipopolymers 

for Surface 

Engineering of 

Liposomes 

 

1. Poly(2-Oxazoline)-Based Lipopolymers:  

- Poly(2-ethyl-2-oxazoline)- cholesterol 

(PETOX – cholesterol) 

2. Vinyl-Based Lipopolymers:  

- Polyvinyl pyrrolidone (PVP) 

3. Poly (Amino Acid)-Based Lipopolymers:  

- Poly (hydroxyethyl-L-glutamine) (PHEG) 

4. Zwitterionic Lipopolymers:  

- DSPE-conjugated poly [2-tert-Butoxy-N-(2- 

(methacryloyloxy)ethyl)-N,N-dimethyl-2-

oxoethanamonium] (DSPE-PCB) 

 

2.2.1. PEGylation of liposomes for longer circulation 

A major development in the last decade of the twentieth century was 

the synthesis of PEGylated liposomes (Polyethylene Glycol-liposomes) 
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with a prolonged circulation time in the blood. PEG-liposomes 

containing polyethylene glycol derivatives of phosphatidyl 

ethanolamine (PEG-lipid) are not readily taken up by macrophages in 

the RES, and hence remain in the circulation for a relatively long 

period. [94] The molecular structure of PEG-DSPE has been provided in 

Figure 6.   

 

Figure 6. Structure of PEG-DSPE 

The development of PEG based long circulating liposomes was a 

significant step mainly because PEG is non-ionic, low fouling and 

possesses high solubility in both aqueous and organic media. The 

solubility of the surface modifying agents in organic media is crucial 

for their synthesis and the formulation of liposomes. PEG is also 

characterized by excellent biocompatibility, lack of toxicity, low 

immunogenicity and antigenicity and good excretion kinetics. [95] [96] 

These factors led to the development of Doxil®, a delivery system 

comprising of PEGylated liposome for delivery of doxorubicin.  
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Opsonin interaction is highly dependent on the conformation of the 

polymer surface conjugated to liposomes or nanoparticles. When 

conjugated to a surface such as liposomes or nanoparticles, polymer 

conformation plays a critical role in preventing opsonin interaction. For 

PEG, conformation is heavily dependent on chain length and graft 

density. Longer chains at lower graft density tend to take up mushroom 

conformations, while shorter chains at high graft density lead to semi-

linear brush conformations. [97] It is important for the graft density to be 

high enough that there are no gaps in PEG coverage, but too high of a 

graft density decreases PEG mobility and thus decreases the steric 

repulsive forces from the PEG. [98] A liposome with a diameter larger 

than 400 nm cannot circulate in the blood stream for longer time since 

it is quickly captured by the RES, whereas a liposome with a 

diameter less than 200 nm can remain in circulation for a long time. [88] 

However, the assumption that the surface modification of liposomes 

retards all protein interaction is farfetched. SDS-PAGE, two-

dimensional electrophoresis and immunoblotting studies have further 

confirmed that incubation of long-circulating vesicles and polymeric 

nanoparticles in plasma or serum could lead to surface enrichment with 

various proteins. [89] [101] [100] [101] The profile of adsorbed blood proteins 
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is distinctly different from the profile of plasma or serum, indicating a 

partitioning effect. These differences have been suggested to play a 

significant role in particle pharmacokinetics. An idea central to the 

topic, The Vroman effect, is a general phenomenon reflecting 

competitive adsorption of proteins for a finite number of surface sites 

and depends on the initial concentration of plasma or serum as well as 

the length of incubation period. Therefore, different experimental 

conditions could generate variable protein adsorption profile. [89] It 

should be noted that the analytical techniques used in the above stated 

studies have higher internal validity, but questionable external validity, 

due to the multitude of factors playing role in the phenomenon, 

including but not limited to the strength of bonding and attachment of 

the peptide to the liposomal surface.  

2.2.2. Problems with the use of PEG in nanoparticles 

While surface modification of liposomes with PEG is supposed to 

increase the plasma circulation time of the liposomes by rendering them 

non-immunogenic, recently some studies have reported multiple issues 

with the use of PEG. Klibanov et al. [102] were the first to address the 

uptake of intravenously injected PEGylated nanoparticles by the MPS 

being the main rate limiting step in targeted delivery to tumors. Kwon 
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and Kataoka [103] further developed PEG-containing block copolymer 

micelles as drug-delivery carriers. A major finding was published by 

E.T.M Dams et al. [104], wherein the group found that the administration 

of sterically stabilized PEGylated liposomes significantly altered the 

pharmacokinetic behavior of subsequently injected PEGylated 

liposomes in a time and frequency-dependent manner and introduced 

the term ‘Accelerated Blood Clearance effect’ (ABC effect) of 

PEGylated liposomes. [104] The group managed to show that the 

enhanced clearance of a second dose of PEGylated liposome is 

mediated by unidentified soluble protein produced reactionary to the 

first injection. The ABC effect was subsequently observed in rat, rhesus 

monkey, and mouse. [104] [105] [106] Ishida et al. [106] [107] traced back the 

established ABC effect to PEG specific Immunoglobulin M (IgM) in 

rats, and verified the finding reported by Dams et al. [104] by showing 

that transfusion of serum, collected from rats pre-treated 5 days before 

with PEGylated liposomes, into naive rats could elicit enhanced 

clearance of PEGylated liposome in these rats. Ishida et al. [108] further 

went on to show that the liposomes elicit an anti-PEG IgM response in 

a T cell-independent manner and appear to be a TI-2 antigen, and 
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splenic MZ B cells may be essential for the immune response against 

PEGylated liposomes.  

With growing evidence suggesting that the prolonged circulation time 

of PEGylated liposomes may not correlate directly with steric repulsion 

between liposomes and macrophage receptors or opsonization, many 

groups focused on the opsonization of PEGylated liposome mediated 

by the complement activation by PEGylated liposomes, resulting in 

surface opsonization with C3b and iC3b. [89] [109] [110] [111] Moghimi and 

Szebeni [89] however concluded that an important factor contributing to 

the prolonged circulation times of large doses of stealth vesicles may 

be the limited concentration of the opsonins. Betker and Gomez et al. 

[112] found that the PEGylated liposomes had higher protein adsorption 

on the surface of the nanoparticle when compared to conventional 

liposome, which further challenged the non-immunogenic properties of 

PEG. While some potential opsonizing proteins that have an effect 

on the fate of liposomes are known, such as immunoglobulins, [113] 

fibronectin, [113] [114] beta 2-glycoprotein, [115] C-reactive protein (CRP), 

[116] and beta 2-macroglobulin, [117] the list is not definitive.  

While previous studies found therapy induced anti-PEG immunological 

elements in the patients, Armstrong et al. [118] found preexisting anti-
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PEG in 80% percent of the patients enrolled in the trial (with a sample 

size of 15 patients). The group also demonstrated that the anti-PEG 

elements had no effect on the unmodified drug in the plasma. Yang et 

al. [119] found detectable levels of anti-PEG Ab in ∼72% of the 

contemporary specimens (18% IgG, 25% IgM, 30% both IgG and IgM). 

The worrying fact about the findings is that the same group reported 

that 56% of serum samples collected during 1970−1999 (20% IgG, 

19% IgM, and 16% both IgG and IgM), pointing out a marked and rapid 

increase in the prevalence of anti-PEG in the general populace.  

The agents used in the surface modification of liposomes eventually 

dissociate from the liposome. However, majority of the studies of 

PEGylated preparations seem to ignore the systemic fate of the PEG 

after its dissociation from liposomes [120] [121] [122]. Herold et al. [123] noted 

the susceptibility of PEGs (molecular weight less than 400 Da) to 

alcohol dehydrogenase-catalyzed oxidation, resulting in toxic diacid 

and hydroxy acid metabolites. Although the tendency of undergoing 

oxidation decreases with increasing molecular weight, PEGs with a size 

exceeding the cut-off of renal clearance (30–50 kDa) are not desirable, 

because of their relative non-biodegradability.[124] [125] Yamaoka et al. 

[126]  found that PEG tended to accumulate in the tissues/organs such as 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B100-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B101-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B102-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B103-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B103-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B103-pharmaceutics-05-00542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873679/#B103-pharmaceutics-05-00542
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muscle, skin, bone, and the liver to a higher extent than the other organs, 

irrespective of the molecular weight.  

2.2.3. Polyoxazolines as a replacement for PEG 

With the extensive use of PEG in long circulating drug delivery 

systems, alternative agents mentioned in Table 6 haven’t been explored 

in this application to the same extent. However, due to the rising issues 

with the use of PEG discussed above, the search for a viable 

replacement for PEG is imperative.  

The first report of a ring-opening polymerization reaction of 2-

substituted 2-oxazolines was made in 1966 by parallel study groups of 

Tomalia et al., [127] Seeliger et al., [128] Kagiya et al., [129] and Bassiri et 

al. [130] The molecular structure of poly(2-ethyl-2-oxazoline) (PETOX) 

is given in Figure 7.  

 

Figure 7. Molecular Structure of poly(2-ethyl-2-oxazoline) 
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The utility of PETOX conjugates in extending the circulation time of 

drugs was explored for the first time by Verlander et al. [131] in 1992, 

where they attempted direct conjugation of unterminated PETOX to a 

human protein C. Miyamoto et al. [132] explored the conjugation of 

PETOX and poly(2-methyl-2-oxazoline) (PMOX) to bovine liver 

catalase enzyme. The group encountered erratic enzymatic activity of 

the conjugates due to their labile ester linkages. Mero et al. [133] aimed 

to compare PETOX and polyethylene glycol by conjugating them in 

parallel with trypsin and cytarabine and found them comparable in their 

stealth properties. Viegas et al. [134] mitigated the issues with the 

previous studies by using poly(oxazoline) polymers with a more 

accurately known molecular weight to prolong plasma half-lives of the 

drugs. Since then, PETOX has attracted increasing interest, particularly 

for the fabrication of lipid conjugates. [135] [136] [137] [138] 

The first attempt to impart stealth properties to liposomes using PETOX 

was undertaken by Woodle et al. [139] The group aimed to explore the 

stealth properties of liposomes with a surface modification of PETOX-

DSPE conjugate and demonstrated long circulation times of PETOX 

conjugated liposomes had with low hepato-splenic uptake following 

one intravenous injection uptake in rats. Zalipsky et al. [140] performed 
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a similar study in mice where they found that the PETOX conjugated 

exhibited long plasma half-life and low hepatosplenic uptake. Kierstead 

et al. [141] aimed to have a comparative study of liposomes surface 

modified with DSPE conjugates of PEG, PMOX, Polyvinyl pyrrolidone 

(PVP), Polydimethylsiloxane (PDMA), and N-(2-Hydroxypropyl) 

methacrylamide polymers. The group demonstrated increased 

circulation times of the liposomes in rodents with all the polymers, and 

that PVP and PDMA do not induce ABC effect. The group also detected 

an IgM response in rats following a single dose of liposomes coated 

with PEG and PMOX. 

The first PETOX based therapeutic regimen to enter human clinical 

studies was put forth by Moreadith et al. [142] in 2017. The study 

involved SER-214, a once-weekly IV injectable that can be delivered 

in a standard insulin syringe a PETOX conjugate of Rotigotine for 

treatment in Parkinson’s Syndrome. The study showed all the subjects 

completed dosing without any adverse events of note. None of the 

subjects developed any changes in blood pressure (baseline or 

orthostatic), blood chemistries, liver panels, hematology, ECG or 

changes from baseline in any of the assessments of Parkinsonian 

endpoints or other safety assessment. [142] A single IV injection of SER-
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214 of 20 mg was deemed safe, well-tolerated and demonstrated 

predictable pharmacokinetics and the clinical study has now entered the 

multi-dose phase of the trial. [142] 

2.2.4. Polyoxazoline attributes desirable for drug delivery 

2.2.4.1. Biocompatibility 

The biocompatibility of a polymer is difficult, yet crucial to understand 

the eventual fate of the delivery system in vivo. Use of PEG has shown 

us the issues that can arise with the immunogenicity of surface 

modification polymers with subsequently administered doses, as 

discussed previously. 

Multiple studies have sought to address the in vitro cytotoxicity of 

PETOX based conjugates in human neural progenitor cells, Madin-

Darby canine kidney cells, MCF7, HEP G2 and CATH.a. [143] [144] [145] 

Hemocompatibility studies by Viegas et al. [134] showed no hemolytic 

effects for pure PETOX at 20 g/L. However, the conjugate was found 

to be cytotoxic when cationic charges are incorporated, either along the 

backbone or at the polymer termini. [145] [146] The cationic character of 

conjugate can be controlled with choice of a compatible nonionic linker 

and end group of the PETOX polymer chain.  
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In terms of in vivo toxicity, PETOX is the most studied candidate from 

the polyoxazoline group of polymers. Tomalia and Killat [147] reported 

that PETOX is very well tolerated with oral (rats) and dermal (rabbits) 

administration, noting high LD50 values exceeding 4 g/kg. Viegas et al. 

[134] reported that repeated intravenous injections in rats of doses as high 

as 2 g/kg (Mn = 10 kg/mol) had no adverse effects on the animals and 

that histological examinations of kidney, liver and spleen did not 

produce any difference as compared to control animals. The non-

immunogenic character of PETOX was investigated by Moreadith et 

al. [142] who reported that rabbits produce no antibodies to any 

component of the PETOX polymer employed as an immunogen in this 

experiment.  

2.2.4.2. Protein polymer interaction  

Interaction of polyoxazolines with proteins has been studied also by a 

number of researchers. Naka et al. [148] investigated the interaction 

between human serum albumin with Polyoxazoline group of polymers. 

Generally, the tendency for protein adsorption, cell or bacterial 

adhesion was found to be low for hydrophilic polyoxazolines. [149] [150] 

[151] While the most hydrophilic polyoxazolines such as PMOX and 

PETOX effectively prevent protein adsorption the more hydrophobic 
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polyoxazolines promotes protein adsorption and subsequent cell 

adhesion. [152] 

Textor et al. [153] performed a direct comparison, albeit in vitro, between 

polyoxazolines and PEG-based systems. Their main finding is that 

polyoxazolines based coatings were significantly more stable than PEG 

coatings and PEG suffered from substantial degradation over time, 

under physiological conditions, unseen in polyoxazoline based 

systems. Woodle et al. [139] and Zalipsky et al. [140] reported 

independently that liposomes containing Polyoxazoline based 

lipopolymers exhibited prolonged blood circulation, quite comparable 

to PEG coated liposomes, and that polyoxazoline based liposomes 

exhibited higher blood levels and lower liver accumulation 24h after 

administration. Protein adsorption by surface modification polymers is 

one of the crucial factors dictating the biodistribution, immunogenicity, 

and metabolic fate of the nanoparticles. In the context of PETOX for 

the use as polymer therapeutics, Gaertner et al. [154] found equally low 

protein interaction with PETOX as compared to PEG along with a 

significantly better chemical stability of PETOX in conjunction with 

low unspecific organ deposition. Formation of antibodies and 

complement activation are major concerns regarding polymer 
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therapeutics. While antibodies against polyoxazolines have not been 

reported, complement system activation has been observed by ELISA. 

[155] [156] 

2.2.4.3. Physicochemical properties of polyoxazolines:  

Polyoxazolines have several desirable properties that make them 

suitable for drug delivery. They are relatively stable at room 

temperature in the presence of light. These polymers may be stored as 

a lyophile in vials and kept at room temperature and in a dry atmosphere 

for at least three years without detectable changes. Higher temperatures 

and humidity are not recommended because the glass transition 

temperature of polyoxazolines has been reported to be between 35 and 

45 oC; they adsorb water and turn from amorphous or crystalline free-

flowing powders into hard crystalline adherent materials. [142] 

Kuringen et al. [157] reported that removal of alkyl side chains from 

PETOX under very harsh conditions can yield charged 

polyethyleneimine (PEI) polymer, which is known to have serious 

adverse effects in vivo. However, the team noted that PETOX is stable 

in vivo and do not undergo any biotransformation to PEI. Doses of up 

to 2 g/kg have been safely dosed to rodents. [134]  
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3. Objective, hypothesis and specific aims 

The primary objective of this study was to develop a stealth liposomal 

delivery system based on poly(2-ethyl-2-oxazoline) (PETOX) for 

passive targeted delivery of gemcitabine and irinotecan for treatment of 

pancreatic ductal adenocarcinoma.  

The hypothesis of the study was that drug loaded PETOXylated 

liposomes will show lesser macrophagial uptake than drug loaded 

PEGylated liposomes.   

This objective was to be achieved with the following specific aims: 

1. Development of an analytical technique for gemcitabine and 

irinotecan 

2. Development of unilamellar anionic liposomes of particle 

size range 150 nm to 200 nm 

3. Attachment of hydrophilic polymer to surface of drug 

loaded liposomes 

4. In vitro assessment of cytotoxicity and macrophagial uptake 

of stealth liposomes and conventional liposomes 
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1. Introduction: 

Reverse phase – high performance liquid chromatography (RP-HPLC) 

is one of the most widely used techniques employed in quantifying 

analytes. While there is no dearth of published articles concerning the 

HPLC methods for gemcitabine and irinotecan separately, a technique 

for simultaneous detection has not been reported. Mangamma et al. [158] 

developed separate HPLC methods for detection of gemcitabine and 

irinotecan. However, this method had many drawbacks like substantial 

run time, low sensitivity, unsuitability for simultaneous detection and 

quantification of both the drugs. Other teams including, but not limited 

to Kirstein et al. [159], Rao et al. [160], have developed HPLC methods for 

detection of gemcitabine in aqueous samples, while Bansal et al. [161] 

have addressed the detection of liposomal gemcitabine. Similarly, Rao 

et al. [162], Sai et al. [163], among other reported methods for irinotecan in 

solution, while Wei et al. [164] have reported a method for liposomal 

irinotecan.   
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2. Objective:  

The objective of this study was to develop a sensitive, accurate, and 

efficient HPLC method for simultaneous quantification of gemcitabine 

and irinotecan in aqueous solution and liposomal delivery system and 

to validate the developed HPLC method as per the USP specifications 

for an analytical method. This method was used for the evaluation of 

the in vitro release of both drugs from liposomal delivery system.  

3. Materials:  

Table 7: List of materials used in this study 

Chemical Manufacturer Lot no. 

Gemcitabine 

hydrochloride 

Sigma Aldrich G6423-50MG 

Irinotecan hydrochloride MedChem Express HY-16568 

Acetonitrile Fisher Scientific 185822 

trisodium citrate 

dihydrate 

Sigma Aldrich 855782 

citric acid monohydrate Sigma Aldrich C1909-25G 
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4. Methods:  

4.1. Preparation of citrate buffer: 

The 0.1 M citrate buffer (pH 3.2) was prepared by adding 1.63 g of 

citric acid monohydrate and 0.66 g of trisodium citrate dihydrate to a 

flask and adjusting the volume to 100 mL with 0.45 micron filtered DI 

water. The final pH was adjusted using 0.1 M hydrochloric acid and 0.1 

M sodium hydroxide.  

4.2. Preparation of drug solutions: 

A stock solution of gemcitabine at the concentration of 2000 μg/ml was 

made by adding 50 mg of gemcitabine hydrochloride to a volumetric 

flask and adjusting the volume to 25 ml with 0.45 micron filtered DI 

water. The procedure was repeated for irinotecan hydrochloride to 

obtain a stock solution of 2000 μg/ml.  

4.3. Preparation of standard solutions: 

The above prepared stock solutions were diluted with 0.45 micron 

filtered DI water to prepare standard solutions with a range of 

concentration from 40 μg/ml to 0.15 μg/ml. The solutions were used to 

generate standard curves using HPLC.  
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4.4. Preparation of liposomal samples: 

The aqueous dispersion of liposomal gemcitabine and irinotecan was 

added to the mobile phase in a volumetric ratio of 1:1. This sample was 

serial diluted further with mobile phase.  

Shimadzu LC 2030C was used for the HPLC analysis. Agilent Zorbax 

SB C18 column was used at 400 C. The mobile phase (acetonitrile and 

0.1 M citrate buffer at pH 3.2 in a ratio of 30:70) was used at a flow 

rate of 1 ml/min. PDA detectors detected irinotecan and gemcitabine at 

255 nm and 272 nm wavelengths, respectively. The liposomes were 

dissolved in the mobile phase and analyzed by HPLC.  

The HPLC method was validated by following protocols set by the 

United States Pharmacopoeia (USP) and International Conference on 

Harmonization (ICH). 

5. Results and discussion: 

5.1. Specificity:  

According to the USP, specificity is the ability of the analytical method 

to unequivocally assess the analyte in presence of other components 

that may be expected to be present which includes impurities, 

formulation components and degradation products. [165]  
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A comparison of the chromatograms obtained by the injection of blank 

and standard sample solution showed a distinct and well-resolved peak 

for irinotecan and gemcitabine with a retention time of 1.387 mins and 

2.563 mins respectively. Thus, this method is specific to irinotecan and 

gemcitabine as per USP guidelines. Chromatograms showing the 

specificity for gemcitabine and irinotecan have been shown in Figures 

8 and 9.  

 

Figure 8. Chromatogram depicting specificity for gemcitabine 
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Figure 9. Chromatogram depicting specificity for irinotecan 

5.2. Linearity: 

Linearity was tested by injecting standard solutions over a wide range 

of concentration. Peak areas and heights against the corresponding 

concentrations of the standard samples were plotted and linearity was 

determined by using linear regression analysis. The standard curve was 

found to be linear (R2 = 1) over gemcitabine concentration range of 2.5 

to 0.15 µg/mL and (R2= 1) for irinotecan over a concentration range of 

2.5 to 0.15 µg/mL as shown in figures 10 and 11.  
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Figure 10. Standard curve for gemcitabine, linear over the 

concentration range of 2.4 to 0.15 µg/mL. 

 

Figure 11. Standard curve for irinotecan, linear over the concentration 

range of 2.4 to 0.15 µg/mL. 

This is in conformity with the USP requirements which defines the 

linearity of an analytical procedure as its ability to elicit test results that 
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are directly, or by a well-defined mathematical transformation, 

proportional to the concentration of analyte in samples within a given 

range. 

5.3. Precision 

USP defines precision of an analytical procedure as the degree of 

agreement among individual test results when the procedure is applied 

repeatedly to multiple samplings of a homogeneous sample. The 

precision of an analytical procedure is usually expressed as the standard 

deviation or relative standard deviation (coefficient of variation) of a 

series of the closeness of test results obtained by that procedure for 

measurements. Precision was measured on intra and inter-day basis.  

The precision of the current analytical method was assessed using both 

within day and day to day precision. For performing within day 

precision, a set of gemcitabine and irinotecan standard solutions were 

prepared and injected four times on the same day. Day to day precision 

on the other hand was performed by injecting the standards on six 

different days over a period of thirty days. The relative standard 

deviation (RSD) values were calculated for both within day as well as 
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day to day precision and were found to be within USP acceptable limits 

(RSD<10%) 

The inter-day and intra-day precision for HPLC method for analysis of 

gemcitabine and irinotecan is shown in Table 8.  

Table 8: Relative standard deviation values for gemcitabine and 

irinotecan 

Concentration 

(µg/mL) 

Relative standard deviation 

Gemcitabine Irinotecan 

Intra-day Inter-day Intra-day Inter-day 

39 2.8529 2.9735 3.6089 1.9475 

19.5 2.6289 0.8619 4.6692 1.3731 

4.875 4.3307 1.5535 3.6460 4.3611 

2.4375 2.3524 1.6683 2.0443 1.7294 

0.6093 3.6785 1.7037 6.5752 7.4011 

0.1523 5.3427 2.426 4.4720 3.7770 

 

The RSD for both drugs was below 7% and thus compliant with USP 

specifications.  
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5.4. Accuracy  

The accuracy of an analytical method should be established across its 

range. The accuracy of this method was determined by injecting three 

quality control samples of known gemcitabine and irinotecan. 

Accuracy was calculated by percentage of concentration measured by 

the assay procedure to the known concentration of sample.  

The accuracy of the HPLC method was determined by injecting three 

quality control samples of concentrations 9.75, 1.2187, 0.3046 μg/mL, 

six times along with the standard solutions for metformin over a period 

of thirty days. Accuracy of the analytical method was calculated the 

percentage of concentration measured by the assay to the known added 

amount of analyte in the sample as shown in Equation 1. The accuracy 

of this method was found to be within acceptable USP limits and is 

depicted in Table 9.  

 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) = (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 / 𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) 𝑋 100 

Equation 1.  
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Table 9: Accuracy results for the HPLC analysis of gemcitabine and 

irinotecan  

Concentration 

(µg/mL) 

% Accuracy 

Gemcitabine  Irinotecan  

Intra-day Inter-day Intra-day Inter-day 

9.75 100.6023 100.6612 100.8136 101.3424 

1.2187 100.0769 100.3166 101.1253 100.8778 

0.3046 98.64544 98.3073 97.55592 98.65566 

 

6. Applications of the HPLC method 

6.1. Determination of drug entrapment efficiency  

The drug entrapment efficiency of the nanoparticles was calculated as 

the percent ratio of the amount of drug entrapped in the nanoparticles 

to the amount of drug initially added to the nanoparticles as shown in 

equation 2. The extraction of gemcitabine and irinotecan from the 

liposomes was carried out in the mobile phase and the amount of drug 

in the extract was determined by HPLC analysis.  
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𝐷𝑟𝑢𝑔 𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑖𝑛 

𝑡ℎ𝑒 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 / 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 

𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠) 𝑋 100  

Equation 2 

6.2. In vitro drug release studies 

The in vitro release of gemcitabine and irinotecan from the 

nanoparticulate formulation was studied using a dialysis membrane. 

The release medium used was 0.1 M phosphate buffer pH 7.4 at 37o C. 

A 2 mL suspension of nanoparticles was prepared in the release 

medium and sealed into the dialysis bag. This bag was then inserted 

into a falcon tube containing 13 mL of release medium (receiver 

compartment). The tubes were placed in the incubator-shaker at 150 

rpm at 37°C. Samples were collected at 24, 48, and 72 hours time-

intervals by removing 200 µL from the receiver compartment and by 

replacing it with 200 µL fresh release medium. The aliquots were 

filtered through 0.2 µm syringe filter and analyzed for drug content 

using the HPLC method discussed before. 
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7. Summary:  

• A simple HPLC method was developed and validated for the 

simultaneous determination of gemcitabine and irinotecan in 

aqueous sample.  

• The method can give faster elution of gemcitabine and irinotecan 

with a good resolution and accurately detected concentrations as 

low as 0.15 μg/mL.  

• The results are within the acceptable USP limits when validated 

for accuracy, precision, linearity and specificity.  
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1. Introduction: 

Liposomes are spherical self-closed vesicles, composed of at least one 

curved phospholipid bilayer, which enclose part of the surrounding 

solvent into their interior. The size of a liposome ranges from about 20 

nm up to several micrometers and they may be composed of one or 

several concentric membranes, each with a thickness of about 4 nm. 

The unique properties of liposomes possess can be attributed to the 

amphiphilic character of the phospholipids, which make them suitable 

for drug delivery. 

Amphiphilic molecules possess distinct hydrophilic and hydrophobic 

moieties. Hence exposure of these molecules to polar and non-polar 

solvents triggers self-assembly of the amphiphiles to form the most 

thermodynamically stable structures and aggregates. When the 

concentration of the amphiphiles goes above critical micellar 

concentration (CMC), the amphiphiles orient themselves to form 

micelles, which are single layer vesicles. However, when the 

concentration of the amphiphiles goes above critical liposomal 

concentration, the amphiphiles predominantly form liposomes. It 

should be noted that even at concentrations above CLC, the formation 

of some micelles is inevitable. This study used soy phosphatidyl 
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choline (L-α-Lecithin) as the prime amphiphile and cholesterol as the 

major components to make the liposome, along with Tween 80 as a 

surfactant.  

2. Conjugation of PETOX with cholesteryl chloroformate 

2.1. Materials: 

Table 10: List of materials used in conjugation of PETOX and 

cholesteryl chloroformate 

Materials Manufacturers Lot no. 

Poly(2-ethy-2-oxazoline) 

(PETOX) MW: 5000 g/mol 

Polysciences. Inc 24066-50 

Cholesteryl chloroformate 

(ChC) 

Sigma Aldrich C77007 

N, N'-

Dicyclohexylcarbodiimide 

(DCC) 

Acros Organics AC113901000 

4-Dimethylaminopyridine 

(DMAP) 

Acros Organics 171440500 

Potassium carbonate Sigma Aldrich 310263 

Dichloromethane (DCM) Fisher Scientific D151-4 
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2.2. Method:  

The conjugate of PETOX and ChC was prepared by esterification of 

their hydroxy end group and the chloroformate group respectively, to 

form a carbonate linker. The scheme of conjugation of PETOX is 

shown in Figure 12.  

 

Figure 12. Synthesis of carbonate-linked PETOX and cholesterol 

conjugate. 

A solution of PETOX (1.2 mmol), ChC (1.2 mmol), DCC (1.2 mmol), 

DMAP (0.7 mmol), potassium carbonate (2.5 mmol) was made in 

15 mL of DCM. The mixture was mechanically agitated for 24 hours at 

room temperature in a nitrogen environment. The mixture was dried 

under vacuum using a rotary evaporator, and further subjected to 
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vacuum for 5 hours. The obtained product was washed with cold 1M 

HCl and n-hexane to remove the unreacted products. The final product 

was a white powder. A final yield of 70% was obtained with the stated 

protocol for conjugation.  

3. Preparation of liposomes: 

3.1. Materials:  

Table 11: List of materials used in preparation of liposomes 

Chemical Manufacturer Code No. 

Soy PC Alfa Aesar J61675 

Cholesterol Fisher Science Education S25677 

Tween 80 Fisher Scientific BP338-

500 

Soy PC (HLB 7.0) The Herbarie - 

PEG 2000 DSPE Avanti Polar Lipids. Inc 880120 

Ammonium sulfate Fisher Chemical A702-500 

HEPES Sigma Chemical H-9136 

D-(+)-Trehalose 

dihydrate 

Sigma Life Science T9531 
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3.2.  Method: 

3.2.1. Preparation of the lipid film 

Soy PC and cholesterol were used in a molar ratio of 60:40 and 

dissolved in chloroform in a glass test tube. The mixture was dried by 

using a steady flow of nitrogen gas to produce a thin translucent lipid 

film. This film was stored under vacuum overnight or until used.  

3.2.2. Preparation of hydrating medium: 

The aqueous hydrating medium for active loaded liposomes was 

prepared by adding ammonium sulfate, HEPES, Tween 80, and Soy PC 

(HLB: 7.0) to 15 ml of 0.45 micron filtered DI water, and homogenized 

by bath sonication (Misonix Sonicator 3000, Farmingdale, NY) and 

vortexing for 5-8 mins each.  

The hydrating medium for the drug loaded liposomes had gemcitabine 

hydrochloride and irinotecan hydrochloride in a molar ratio of 3: 4 

dissolved in the above medium.  The medium was heated to 40 oC 

before adding to the film. 

3.2.3. Film hydration:  

The multilamellar liposomes were prepared using thin film hydration 

technique, where a film of Soy PC and cholesterol was hydrated with 3 
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ml of the aqueous hydrating medium. The mix was vortexed, and bath 

sonicated till completely dispersed.  

These multilamellar liposomes were subjected to 10 cycles of freeze 

thawing using liquid nitrogen and water bath at 40o C. These freeze 

thawed liposomes were subjected to membrane extrusion with 11 

passes through 200 nm pore size polycarbonate membranes using the 

Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, Alabama, 

SKU: 610000-1EA). 

3.2.4. Drug loading:  

One of the prime features of liposomes is the ability to encapsulate both 

hydrophilic and hydrophobic drugs in the distinctly hydrophilic core 

and the hydrophobic bilayer respectively. This study planned to utilize 

this advantage to load gemcitabine and irinotecan into unilamellar 

liposomes.  

3.2.4.1. Active loading of liposomes: 

Active loading involves partitioning of the drugs across a pH gradient 

established in preformed liposomes. This study used ammonium sulfate 

gradient method to load the hydrochloride salts of gemcitabine and 

irinotecan. For the active loading, the liposomes were prepared as 
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mentioned above with 120 mM of ammonium sulfate. The liposomes 

were dialyzed against 5% glucose with a membrane (12-14 kDa cutoff 

range) for 12 hours to remove micelles, unassociated free phospholipids 

and to remove the extraliposomal ammonium sulfate, thus establishing 

the pH gradient. These liposomes were incubated with the drug solution 

of gemcitabine hydrochloride and irinotecan for 12 hours at 40 oC. The 

mixture was dialyzed against 5% glucose for 12 hours with a membrane 

(12-14 kDa cutoff range) to remove the fee drugs.  

3.2.4.2. Passive loading of liposomes: 

Passive loading of liposomes was performed by hydrating the lipid film 

with the medium containing the dissolved drugs as stated above. The 

liposomes were subsequently freeze thawed, membrane extruded, and 

dialyzed (12-14 kDa cutoff range) against 5% glucose to remove free 

drugs, free and unassociated lipids, and micelles.  

3.2.5. Surface modification of liposomes: 

Surface modification of liposomes can be achieved by post insertion 

method, which involves adding the surface modification agent to 

preformed liposomes. PEG-DSPE (3 mol %) and PETOX-Ch (3 mol%) 

were added to the liposomes and incubated at 40o C for 12 hours. The 
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liposomes were dialyzed against 5% glucose with a membrane (12-14 

kDa cutoff range) for 12 hours.  

3.2.6. Freeze drying of liposomes: 

The liposomes were freeze dried using the Millrock Technology LD85 

freeze dryer (Kingston, NY). D-(+)-Trehalose (5%) was added to the 

sample prior to freeze drying as a cryoprotectant.  

4. Characterization of liposomes: 

4.1. Particle size and zeta potential:  

The measurements were carried out using Brookhaven Zetameter 

(ZetaPlus, Brookhaven Instruments Corporation, Holtsville, NY). One 

hundred microliters of the liposomal dispersion were diluted to 8 mL 

with 0.45 µm filtered DI water and the particle size and zeta potential 

was measured. Each sample was measured five times. All 

measurements were performed in triplicates. 

4.2. Determination of lamellarity by 31P NMR: 

Liposome lamellarity refers to the number of lipid bilayers of 

liposomes. The unilamellar liposomes possess a single bilayer, while 

multilamellar liposomes have more than two concentric bilayers. 

Multivesicular liposomes may possess multiple vesicles enclosed in a 
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bilayer. This lamellarity is dependent on the method of preparation of 

the liposomes.  It plays a crucial role in determining encapsulation 

efficiency, drug release kinetics, cellular penetration, to name a few. It 

is also known, that unilamellar liposomes are less likely to be uptaken 

by macrophages.  Therefore, liposome lamellarity is considered as one 

of the essential parameters needed to be characterized. 

31P NMR with proton decoupling was performed on a Bruker 400 MHz 

NMR. The total lipid concentration in the sample was 50 mM lipids and 

10% (V/V) deuterium oxide (D2O) in water. A total of 10000 scans 

were accumulated with a pulse length of 14 μs and 1 s relaxation delay.  

4.3. Cryo-TEM imaging 

A 3ul aliquot of the purified and concentrated liposome 

sample preparation was applied to a glow-discharged Quantifoil TEM 

grids (Hatfield, PA) and used for plunge freezing into liquid 

ethane. The frozen grids were then transferred to a FEI TF30 field 

emission gun transmission electron microscope at the liquid nitrogen 

temperature. Images were recorded using a Gatan 4 k by 4 k CCD 

camera (Gatan, INC., Pleasanton, CA). 
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4.4. Encapsulation efficiency 

The encapsulation efficiency of the liposomes was assessed with the 

HPLC method developed and validated earlier. The vesicles were lysed 

with the mobile phase comprising of citrate buffer and acetonitrile and 

the drug was dissolved by vortexing and bath sonication for a total of 5 

mins. The stock was subjected to serial dilution and filtered using 0.22 

micron filter before analyzing by HPLC.   

4.5.  In vitro drug release studies 

The in vitro release of gemcitabine and irinotecan from the 

nanoparticulate formulation was studied using a dialysis membrane. 

The release medium used was 0.1 M phosphate buffer pH 7.4 at 37o C. 

A 2 mL suspension of nanoparticles was prepared in the release 

medium and sealed into the dialysis bag. This bag was then inserted 

into a falcon tube containing 13 mL of release medium (receiver 

compartment). The tubes were placed in the incubator-shaker at 150 

rpm at 37°C. Samples were collected at 24, 48, and 72 hour time 

intervals by removing 200 µL from the receiver compartment and by 

replacing it with 200 µL fresh release medium. The aliquots were 
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filtered through 0.2 µm syringe filter and analyzed for drug content 

using the HPLC method discussed before. 

5. Results and discussion: 

5.1. PETOX conjugation:  

The conjugation of PETOX and ChC was confirmed using 1H NMR, 

differential scanning calorimetry (DSC), and FTIR.   

5.1.1. Proton nuclear magnetic resonance (1H NMR) 

 

Figure 13. Proton NMR spectrum of PETOX-cholesterol conjugate 

The peak seen at the chemical shift of 7.29 was contributed by the 

solvent deuterated chloroform (CdCl3) and was observed in the NMR 

scans of the individual components- PETOX and ChC.  
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1H NMR spectrum of PETOX in figure 14 shows that the chemical 

shifts of 3.46, 2.39, 2.3, and 1.13 were contributed by the PETOX 

polymer, while 1H NMR spectrum of cholesteryl chloroformate in 

figure 15 shows that the peaks with chemical shifts of 0.71, 0.884, 0.9, 

0.927, 0.947, 1.05 were provided by ChC along with a peak complex in 

the range of 1.07 - 2.084. The NMR scan of the PETOX-cholesterol 

conjugate in figure 13 shows the indicative peaks of PETOX and ChC. 

However, the peaks were no superimposable, indicating a possible 

chemical reaction between the individual components PETOX and 

ChC. Since the conjugate shows the indicative peaks of both the 

components with a slight change in chemical shift, the conjugation of 

PETOX and ChC can be confirmed with 1H NMR.   
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Figure 14. Proton NMR spectrum of PETOX  

 

Figure 15. Proton NMR spectrum of cholesteryl chloroformate 
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5.1.2. Differential scanning calorimetry (DSC)  

An overlay of the DSC thermograms of the PETOX cholesterol 

conjugate (Red), cholesteryl chloroformate (Green), and PETOX 

(Black) is shown in figure 16. Cholesteryl chloroformate shows an 

endothermic peak at 120 °C near its reported melting point of 115-

117°C. PETOX shows degradation pattern after 220°C. The conjugate 

shows neither of these events at the specific temperatures. The 

conjugate shows an exothermic peak around 125°C and a subsequent 

degradation pattern. These results suggest that the conjugation of 

PETOX and cholesteryl chloroformate has been achieved. Without the 

conjugation one should not expect the disappearance of individual 

thermal events.   
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Figure 16. Overlay of DSC thermogram of PETOX-cholesterol 

conjugate and the individual chemicals 

A second experiment involved the substitution of the empty blank 

reference pan with a reference pan containing a physical mixture of 

PETOX and cholesteryl chloroformate in the same molar ratio as the 

conjugate. The results of these thermographs are shown in figure 17 and 

further confirms the conjugation of PETOX and ChC.  

A linear trend in the DSC thermogram would signify the lack of 

difference in the samples placed in the reference and standard pans. It 

is evident from the obtained DSC thermogram, that the conjugate does 
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not show the same thermal behavior than the physical mixture, thus 

indicating a chemical reaction between PETOX and cholesterol.  

The procedure of insertion of the PETOX conjugate involved 

incubation of the mix at 40 oC for 12 hours. To assess the possible 

degradation during the insertion into the liposomes, the PETOX 

conjugate was kept at 40o C for 12 hours and the experiments were 

repeated. The scans show no significant difference than the scans at 

time zero. Hence the conjugate was deemed stable at experimental 

conditions.  
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Figure 17. DSC thermogram of PETOX-cholesterol conjugate (test 

pan) and the physical mixture of individual components (standard 

pan) 

5.1.3. FTIR Spectroscopy:  

IR spectroscopy is used for the assessment of functional groups present 

in the analyte. FTIR spectroscopy thus can be used to assess the 

conjugation between PETOX and ChC by assessing the spectra of the 

functional groups presented by the conjugate. 

The FTIR spectrum provided the characteristic peaks of the carbonyl 

group (C=O) at 1630 γ/cm, present only in the conjugate while pure 
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cholesterol shows a peak at 1760 provided by the carbonyl group. Other 

functional groups found in the conjugate were alkyl C-H stretch and 

(amide, −NR2) at 1430 γ/cm.  Overall the peaks obtained showed 

broadening which may be due to the large size of PETOX. The data 

obtained from FTIR confirms the conjugation of PETOX and ChC.  

 

Figure 18. FTIR spectrum of PETOX-cholesterol conjugate 
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5.2. Liposomal delivery system 

5.2.1. Particles size analysis and zeta potential:  

Particle size and the size distribution are crucial factors for the 

liposomes meant to be targeted by long circulation times and by EPR 

effect. Particle size and their polydispersity of the many sample sets 

have been shown in Table 12 as follows:  

Table 12: Particle size and zeta potential of liposomes 

Samples 
Particle size 

(nm) 
Polydispersity 

Zeta potential 

(mV) 

Untreated 

liposomes 
461.8 ±11.3 0.256 ± 0.119 -46.28 ± 2.61 

Freeze thawed 

liposomes 
208.9 ± 4.9 0.242 ± 0.102 -46.71 ± 1.42 

Extruded 

liposomes 
160.6 ± 2.3 0.075 ± 0.028 -48.21 ± 1.31 

Passive loaded 

liposomes 
163.8 ± 1.0 0.09 ± 0.031 -45.66 ± 2.12 

PEGylated 

liposomes 
171.0 ± 5.1 0.238 ± 0.080 -38.06 ± 1.43 

PETOXylated 

liposomes 
180.1 ± 2.2 0.18 ± 0.065 -33.63 ± 1.23 
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Untreated liposomes showed the highest particle size of 461.8 ±11.3 

nm in diameter and the highest polydispersity, implying that there was 

variation in the particle size of the sample. Freeze thawing of these 

liposomes reduced the particle size significantly (p<0.05), bringing it 

to a size that was most thermodynamically stable at 208.9 ± 4.9 nm and 

reduced the polydispersity marginally, but the difference was not 

deemed statistically significant (p<0.05). Extrusion of these liposome 

further reduced the particle size to 160.6 ± 2.3 nm and the lowest 

polydispersity in all the sample sets, implying that the liposomes 

showed a more homogenous distribution of particle size. The passive 

loaded liposomes did not show a statistically significant (p<0.05) 

difference in either particle size or polydispersity compared to blank 

liposomes in a similar setting. The study had an objective to obtain the 

liposomes in the particle size range of 150-200 nm in diameter. Both 

PEGylated liposomes and PETOXylated liposomes showed an increase 

in their hydrodynamic diameter and the polydispersity. PETOXylated 

liposomes showed a higher increase in particle size due to the higher 

molecular weight and length compared to PEG, but both the surface 

modified liposomes had a particle size in the intended particle size 

range of 150-200 nm. While both the sample sets of surface-modified 
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PEGylated liposomes showed a higher polydispersity than 

PETOXylated liposomes. This may be due to the reduced stability of 

the liposomes caused by the insertion of DSPE moiety of the PEG-

DSPE conjugate in the bilayer.  

5.2.2. Phosphorus NMR: 

Phosphorus NMR is a technique which can be used indirectly for 

assessment of lamellarity of liposomes. The experiment involved was 

performed with a dispersed sample, instead of a solution. The 

individual peaks shown in the scans represent a unique 

physicochemical environment where a phosphorus moiety exists, 

providing different peaks for the phospholipids on the surface of the 

surface and the shielded phospholipids in the  

an idea of the lamellarity of the liposomes.  

5.2.2.1. Lamellarity of liposomes 

The peak at -0.2 chemical shift represents unshielded unique 

environment for phosphorus groups. The other peak at chemical shift 

of -13.7 is thought to represent the internalized and shielded 

phospholipids. The untreated liposomes show two peaks- at 0.211 and 

-13.7, represented by two populations in two unique environments: The 
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phospholipids in the outer layer of the first bilayer, and the 

phospholipids in the internal bilayer/s. Freeze thawing of these 

liposomes shows a decrease in the peak at -13.7 with a corresponding 

increase in the peak at -0.2. The extruded liposomes show a marked 

decrease in the peak at -13.7 while the peak at -0.2 was found to be 

highest in all the samples. It was hypothesized that a reduction in this 

peak and an overall trend towards the zero chemical-shift would 

indicate an increased proportion of unilamellar liposomes.  

 

Figure 19. 31P NMR of untreated, freeze-thawed, and extruded 

liposomes 
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5.2.2.2. Dialysis of liposomes:  

The extruded liposomes were dialyzed against 5% glucose which 

removed all free unassociated phospholipids and micelles but retained 

the liposomes due to their size being larger than the cutoff of the 

dialysis membrane (12-14 kDa cutoff range) The sample retained the 

unilamellar liposomes post dialysis but removed the free phospholipids 

and the micelles. This was confirmed by preparing a sample with the 

concentration of the total lipids below Critical Liposomal 

Concentration (CLC) but above Critical Micellar Concentration 

(CMC). 

It was concluded that the peak at -0.21 chemical-shift is provided by 

free unassociated phospholipids, micelles, and the outermost leaflet of 

liposomes. When the micelles were dialyzed under the same conditions 

the scan provides no distinct peaks which proves that the dialysis 

membrane has a pore size large enough for micelles to be removed from 

the sample. The experiment proved that not only the setup used for 

removal of free phospholipids, micelles, and free drugs provides the 

expected results, but also that 31P NMR can be used for the assessment 

of the same.  
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Figure 20. 31P NMR for dialysis of liposomes 

 

5.2.2.3. Freeze drying of liposomes:  

Phosphorus NMR can be used as a tool for the qualitative estimation of 

stability of liposomes when subjected to freeze drying. The freeze-

thawed and extruded blank liposomes which were dialyzed were further 

freeze dried with 8% trehalose as a cryoprotectant. A negative control 

sample was prepared where the same liposomes were freeze dried 

without any cryoprotectant and was termed as freeze fractured 

liposomes. Both samples were analyzed using 31P NMR. The NMR 
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scan provided by extruded liposomes before freeze drying was deemed 

as the positive control.  

It is evident from figure 21 that the freeze-dried liposomes show a small 

rise in the peak at -13.7, but overall the sample showed close 

resemblance to the unilamellar liposomes, which were used as positive 

control. In contrast, the freeze fractured liposomes show that the 

shattering of the structures and forced realignment of the phospholipids 

upon hydration into multilamellar liposomes, micelles, and 

unassociated phospholipids. The above presented data shows that the 

31P NMR can be used to assess the effectiveness of the cryoprotectant 

in the freeze drying and that the above protocol for freeze drying was 

efficient.  
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Figure 21. 31P NMR spectra of freeze dried, freeze fractured, and   

unilamellar liposomes 

  

5.2.2.4. Surface modification of liposomes 

PEGylated liposomes provide a signal with very poor height, since they 

have a rate of tumbling slow enough that line broadening is observed. 

Increasing net molecular weight by surface modification agents results 

in spin-spin relaxation times short enough to make the line broadening 

more pronounced, thus reducing the peak height. To confirm this, the 
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same sample was freeze fractured to shatter the structures, which would 

lead to reassociation after hydration. The freeze fractured sample shows 

a reappearance of the characteristic peak at 0 chemical shift provided 

by the unassociated phospholipids and micelles, while the signal from 

the liposomes is lost again due to the line broadening discussed before. 

Identical results were obtained from the PETOXylated liposomes. 

Hence, 31P NMR can be used as a qualitative measure of surface 

modification.  

 

Figure 22. 31P NMR of PEGylated liposomes 
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5.2.3. Cryo-TEM imaging 

Transmission electron cryomicroscopy involves imaging of thin 

vitrified aqueous films frozen at liquid nitrogen temperature. The 

technique provides the opportunity for direct imaging of structures 

formed by amphiphilic molecules in aqueous environments and can 

thus provide a clear idea of the lamellarity of liposomes.  

The cryo-TEM of untreated liposomes in figure 23 shows that there are 

multiple bilayers in the vesicles, thus providing credence to the data 

obtained from the Phosphorus NMR scans. It should also be noted that 

there is a certain small fraction of unilamellar liposomes in a population 

with a majority of multilamellar liposomes.  A correlation may hence 

be drawn between the phosphorus NMR scans obtained and the 

lamellarity of the liposomes.  



92 
 

 

Figure 23. Cryo-TEM image of multilamellar liposomes 

The cryo-TEM of extruded liposomes in figure 24 shows liposomes 

with a single bilayer and lower particle size. The findings from the 

Cryo-TEM findings not only prove that unilamellar liposomes can be 

obtained with the composition and the preparation used in the study, 

but also that Phosphorus NMR can be used as a qualitative measure of 

the lamellarity of liposomes.  

 



93 
 

 

Fig.24. Cryo-TEM image of unilamellar liposomes 

5.2.4. Encapsulation efficiency 

The encapsulation efficiency of gemcitabine and irinotecan in the 

liposomes was determined using the HPLC method and the values are 

listed in Table 13. The entrapment efficiency for gemcitabine was 

found to be higher than that of irinotecan in active loading but was the 

opposite in passive loading. The high rigidity of the liposomal bilayer 

may explain this discrepancy.  

 

 



94 
 

Table 13: Encapsulation efficiency of gemcitabine and irinotecan 

Loading type Gemcitabine Irinotecan 

Active loading 4.54 ± 0.69 % 0.80 ± 0.13 % 

Passive loading 4.52 ± 0.53 % 39.70 ± 0.88 % 

 

It is evident from the data obtained that passive loading achieved higher 

encapsulation efficiency for irinotecan than active loading, while 

gemcitabine showed similar results. The results obtained may be 

explained by the ammonium sulfate gradient being insufficient to 

transport the drugs across the bilayer. Another factor which may have 

contributed to this may be the rigidity of the bilayer of the liposomes 

contributed by the high proportion of cholesterol which would restrict 

the permeation of the drugs into the liposomes.  

5.2.5. In vitro drug release studies 

The objective of the study was to assess the effect of surface 

modifications by PEG-DSPE and PETOX-Ch on the release profiles of 

gemcitabine and irinotecan. The in vitro drug release patterns of 

gemcitabine and irinotecan from the uncoated and surface modified 

liposomes have been presented in the table 14.  
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Table 14: In vitro drug release of gemcitabine and irinotecan from 

liposomes 

Drug Sample 

Cumulative % release 

24 hrs 48 hrs 72 hrs 

 

Gemcitabine 

 

Uncoated 33.39 ± 3.63 51.13 ± 4.55 64.39 ± 4.18 

PEG 12.42 ± 0.56 26.08 ± 1.03 33.52 ± 2.98 

PETOX 17.30 ± 1.33 33.39 ± 1.99 42.76 ± 7.05 

Irinotecan 

Uncoated 32.62 ± 2.79 47.26 ± 1.63 62.10 ± 3.03 

PEG 31.32 ± 0.66 43.32 ± 2.10 58.33 ± 1.93 

PETOX 36.96 ± 2.32 45.63 ± 1.99 60.59 ± 1.58 

 

The release of gemcitabine was significantly higher (p<0.05) than 

PEGylated and PETOXylated at all three time-points. PETOXylated 

liposomes showed a significantly higher (p<0.05) release of 

gemcitabine compared to PEGylated liposomes. It is therefore evident 

that surface modification of liposomes reduces the release of 

gemcitabine from the liposomes.  

Irinotecan release was more or less similar in the three sample sets 

across the three time-points and a statistically significant (p<0.05) 

difference was not encountered. Thus, Irinotecan release from the 
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liposomes does not seem to be affected by the surface modification of 

the liposomes.  

6. Summary: 

• The study developed unilamellar anionic liposomes of the 

intended particle size range of 150-200 nm.  

• The conjugation of PETOX and cholesterol was successfully 

achieved and was used to perform surface modification of the 

above developed liposomes. PEGylated liposomes were also 

developed in parallel. Both the surface modified liposomes were 

in the particle size range of 150-200 nm.  

• The liposomes were loaded with both the drugs- gemcitabine and 

irinotecan, and their release kinetics were determined.   
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1. In vitro cytotoxicity evaluation of formulation:  

1.1. Introduction:  

Toxicity profiling of a pharmaceutical formulations using in vitro 

techniques is an important parameter in assessing the safety of the 

formulation. The results from these in vitro evaluations are expected to 

represent the possible outcomes of the prospective in-vivo 

pharmacological or toxicological assessments. In this project the in 

vitro studies were carried out on Mia PaCa II pancreatic cancer cell line.  

The MTT [3-(4, 5- Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-

etetrazolium bromide] assay is frequently applied for in vitro toxicity 

assays. It is a colorimetric assay for assessing the cells metabolic 

activity. Viable or living cells contain NAD(P)H-dependent cellular 

oxidoreductase enzymes, which reduce the MTT dye to its insoluble 

purple colored formazan form. The amount of formazan is determined 

spectrophotometrically by measuring absorbance at 540 nm. A greater 

absorbance would indicate a higher reductase activity provided by the 

viable cells, indicating lower toxicity due to exogenous materials 

(formulation and its components) present in the culture medium. 
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1.2. Objectives:  

To evaluate the toxicity of the gemcitabine and irinotecan loaded 

liposomes, gemcitabine and irinotecan, PEGylated liposomes, and 

PETOXylated liposomes on Mia PaCa II pancreatic cancer cell line.  

1.3. Materials:  

Table 15: List of materials used for toxicity studies 

Materials Lot No. Company & Location 

RPMI 1640 

medium 

15040245CV Cellgro Mediatech Inc. 

(Herndorn, VA) 

MTT A0357552 Acros Organics (NJ) 

Sodium Dodecyl 

Sulfate (SDS) 

OC183239 Thermo Scientific (Illinois) 

Dimethyl 

Formamide (DMF) 

148815 Fisher Scientifics (Fair Lawn, 

NJ) 

Cellulose ester 

dialysis membrane 

(12 – 14 kD) 

 Spectrum Laboratories (CA) 
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1.4. Methods: 

The cytotoxicity of drugs, blank and drug loaded liposomes, and 

surface modified liposomes was studied using MTT cytotoxicity assay. 

Mia PaCa II pancreatic cancer cell line was used for this study. Cells 

were plated in a 96-well plate at a seeding density of 3500 cells per 

well. Cells were grown in RPMI supplemented with 10% Fetal Bovine 

serum (FBS). After plating the cells, the plates were incubated 

overnight in a humidified chamber at 37°C with 5% carbon dioxide. On 

the second day of the experiment, eight different concentrations of the 

following samples were added to the cells.  

Sample Drug loading 

Free drugs Individual Combination 

Uncoated 

liposomes 

Blank Drug loaded 

PEGylated 

liposomes 

Blank Drug loaded 

PETOXylated 

liposomes 

Blank Drug loaded 

 

Approximately 24 hours after plating, the cells were treated with each 

of the treatment solutions in triplicates. A blank media treatment was 

also carried out. A 100 µL of treatment was added to each well. The 
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plates were returned to incubation. After an incubation period of 24, 48 

and 72 hours; 30 µL of MTT solution (5 mg/mL) prepared in sterile 

phosphate buffer (pH 7.4) was added. The plate was then incubated for 

a period of 4 hours. After 4 hours, the treatment was removed, and the 

cells were lysed using a 1:1 solution of 20% (w/v) sodium dodecyl 

sulfate (SDS) and dimethyl formamide (DMF). The plates were kept on 

the incubator-shaker (MaxQ 4450, Thermo Scientific) for one hour at 

37°C. The analysis was carried out on the micro plate reader (Multiskan 

MCC) at 540 nm.  

2. Macrophagial uptake of liposomes 

2.1. Introduction: 

Allen et al. [166] have established a direct correlation between the 

evasion of macrophagial uptake in vitro and the behavior of the 

particles in vivo. Hence evasion of macrophagial uptake in vitro can be 

used as a proxy measure for the stealth properties of the surface 

modified liposomes.  

The uptake of uncoated liposomes, PEGylated liposomes, and 

PETOXylated liposomes was assessed in KG1 human macrophage cell 

line.   
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2.2. Materials:  

Table 16: List of materials for macrophagial uptake studies 

Materials 
Company & 

Location 
Lot No. 

Glass bottom dishes 

(35 mm) 

MatTek 

Corporation, 

Ashland MA, USA 

P35G-14-C 

Lysotracker Red 

Invitrogen 

Molecular Probes, 

Eugene OR, USA 

24434W 

NucBlue live cell stain 

ReadyProbes 

Invitrogen 

Molecular Probes, 

Eugene OR, USA 

R37605 

FD&C Yellow #5 

Warner and 

Jenkinson, Color 

Division, St. Loius 

MO, USA 

AD5416 

 

2.3. Methods:  

The plates were prepared by adding a thin film of gelatin on the cover 

slip for the adherence of the cells. The 2% gelatin solution (sterile 

filtered with 0.22-micron filter) was warmed up to 50o C in a hot air 

oven, 75 μL of the solution was added to the plates. The plates were 
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kept at room temperature for at least 30 minutes and stored in 

refrigerator at 4 oC until use.  

KG1 human macrophage cell line was used to assess the uptake of the 

liposomes. The cells were cultured in IMDM culture medium with 10 

% fetal bovine serum. KG1 macrophage cells were spun down in the 

centrifuge at 1500 rpm for 5 minutes to form a pellet of cells. The cells 

were resuspended in IMDM culture medium with lysotracker red and 1 

ml cell of suspension was added to each gelatin coated plate. The plate 

was kept at room temperature for 10 mins and spun down using a 

centrifuge at 750 rpm for 3 mins. The supernatant medium from the 

plate was removed and 1 ml of fresh IMDM medium was added with 2 

drops of NucBlue stain were added to the plate. The liposomes were 

loaded with FD&C Yellow #5 dye for green fluorescence (488 nm) 20 

μL of liposomes (4 μmol of total lipids).  
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3. Results:  

3.1. MTT cytotoxicity: 

The cytotoxicity assay performed had three points of assessment stated 

as follows: 

3.1.1. Combination therapy of gemcitabine and irinotecan 

The percent survival of the Mia PaCa II pancreatic cancer cells after 24, 

48 and 72 hours of post-treatment incubation are represented in figures 

25(a), 25(b), 25(c) respectively. The treatment included the individual 

drugs gemcitabine and irinotecan, and a combination of both these 

drugs with the molar ratio of gemcitabine and irinotecan is 3:4.  

The combination of gemcitabine and irinotecan exhibited a 

significantly greater toxicity (p<0.05) as compared to either individual 

drugs at all three time-points of 24, 48, and 72 hours. The combination 

exhibited a IC50 value of 10.6503 ± 3.188 nM or 4.7509 ± 1.4221 ng/mL 

at 72 hours treatment, while the individual drugs gemcitabine and 

irinotecan never reached IC50. The combination with the molar ratio of 

gemcitabine and irinotecan as 3:4 displayed a significantly lower 

(p<0.05) IC50 value than either of the individual drugs. While irinotecan 

was marginally more cytotoxic than gemcitabine, the difference was 

not deemed statistically significant (p<0.05). All three sample sets 
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showed statistically insignificant (p<0.05) time dependent increase in 

cytotoxicity.  

 

(a) 

 

(b) 
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(c) 

Figure 25. Percent survival of Mia PaCa II cells after treatment with 

individual drugs gemcitabine and irinotecan, and a combination of 

both these drugs at (a) 24 hours, (b) 48 hours and (c) 72 hours of 

incubation post-treatment 

3.1.2. Liposomal combination of gemcitabine and irinotecan  

The percent survival of the Mia PaCa II pancreatic cancer cells after 24, 

48 and 72 hours of post-treatment incubation are represented in figures 

26(a), 26(b), 26(c) respectively. The treatment included the free drugs 

gemcitabine and irinotecan in combination, blank liposomes, and drug 

loaded liposomes.   

The drug loaded liposomes had the drugs in the same molar ratio and 

overall concentration as the drug solution. The drug loaded liposomes 
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showed an overall higher but statistically insignificant (p<0.05) 

cytotoxicity than the free drugs. The drug loaded liposomes exhibited 

an IC50 value of 0.26817 ± 0.08916 nM or 0.12 ± 0.0398 ng/mL of the 

combination of gemcitabine and irinotecan at the molar ratio of 

gemcitabine and irinotecan as 3:4 with 72 hours treatment, which was 

significantly lower (p<0.05) than that of the drug solution. The drug 

loaded liposomes also showed a statistically significant (p<0.05) 

decrease of IC50 from 24 to 72 hours, but this was not seen with the 

drug solution which showed a statistically insignificant (p<0.05) 

decrease of IC50 with the same timeline.  

All three sample sets showed statistically insignificant (p<0.05) time 

dependent increase in cytotoxicity. The IC50 for the blank liposomes 

could not be determined even with the highest concentration at 72 hours 

as the overall survival of the cells remained higher than 50% at all times 

and concentrations.  
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(a) 

 

(b) 

 

(c) 
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Figure 26. Percent survival of Mia PaCa II cells after treatment with 

the free drugs gemcitabine and irinotecan in combination, blank 

liposomes, and drug loaded liposomes at (a) 24 hours, (b) 48 hours 

and (c) 72 hours of incubation post-treatment 

3.1.3. Comparison of surface modified liposomes 

The percent survival of the Mia PaCa II pancreatic cancer cells after 24, 

48 and 72 hours of post-treatment incubation are represented in figures 

27(a), 27(b), 27(c) respectively. The treatment included the uncoated 

liposomes, PEGylated liposomes, and PETOXylated liposomes.    

The surface modified drug loaded liposomes had the drugs in the same 

molar ratio and overall concentration as the uncoated drug loaded 

liposomes. Due to overall lower drug encapsulation in the surface 

modified liposomes, higher volume of surface modified liposomes was 

added to the medium. The uncoated liposomes showed an IC50 values 

of 0.2681 ± 0.0891 nM or 0.1196 ± 0.0397 ng/mL of the combination 

of gemcitabine and irinotecan at the molar ratio of gemcitabine and 

irinotecan as 3:4 with 72 hours treatment. The PEGylated liposomes 

showed an IC50 value of 0.1644 ± 0.0247 nM or 0.0733 ± 0.0110 ng/mL 

while the PETOXylated liposomes showed 0.1292 ± 0.0337 nM or 

0.0576 ± 0.0150 ng/mL at 72 hours of treatment. While the 
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PETOXylated liposomes show a lower IC50 value than PEGylated and 

Uncoated liposomes, the difference was deemed statistically 

insignificant (p<0.05). All three sample sets showed a statistically 

significant decrease in IC50 values over time from 24 to 72 hours. The 

blank PEGylated liposome and blank PETOXylated liposomes did not 

show a statistically significant difference in cytotoxicity compared to 

the uncoated blank liposomes, and IC50 values could not be obtained 

for either of these sample sets.  

 

 

(a) 
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(b) 

 

(c) 

Figure 27. Percent survival of Mia PaCa II cells after treatment with 

uncoated liposomes, PEGylated liposomes, and PETOXylated 

liposomes at (a) 24 hours, (b) 48 hours and (c) 72 hours of incubation 

post-treatment 
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3.2. Macrophagial uptake of liposomes: 

The macrophages were exposed to liposomes loaded with green 

fluorescent dye and visualized under the confocal microscope The 

localization of green fluorescence (488 nm) and increasing intensity of 

the green fluorescence was used to quantify the liposomal 

internalization by the macrophages.   

3.2.1. Macrophagial internalization of liposomes 

 

Figure 28. Macrophagial internalization of liposomes 
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Table 17: Data from macrophagial internalization of liposomes  

Internalization of liposomes 

Parameter Uncoated PEG PETOX 

I max 

(units) 
645.73 ± 10.6 619.67 ± 4.38 511.24 ± 8.98 

T max 

(seconds) 
141 ± 11.1 682 ± 51.96 862 ± 38.92 

AUC 8.67 x 105 ± 13 9.17 x 105 ± 39 8.25 x 105 ± 45 

 

The conventional liposomes show a rapid uptake characterized by the 

single sharp peak at 141 seconds, and later show rapidly and 

consistently decreasing levels as the internalized liposomes were 

disintegrated and the dye was metabolized. The PEGylated liposomes 

show two distinct peaks, which may be an indication of heterogeneity 

in the extent of surface modification of the liposomes where liposomes 

with higher surface density of PEGylation will be internalized later than 

those with lesser surface density of PEGylation. The PEGylated 

liposomes show an initial spike at 231 seconds, while a second spike in 

uptake was seen at 682 seconds time point. This may be an indication 

of slower disintegration of the internalized PEGylated liposomes 

compared to the conventional liposomes, thus leading to lowered 

intracellular degradation of the dye.  This might explain the overall 
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higher AUC values for liposomal internalization of PEGylated 

liposomes. The PETOXylated liposomes show very little uptake 

compared to both other samples but follows the general trend of 

PEGylated liposomes with a small initial spike at 321 seconds and a 

second spike at 862 seconds.  

3.2.2. Lysosomal activity in macrophages: 

The fluorescence reading from Lysotracker Red (561 nm) represented 

lysosomal activity in the macrophages. The extent of red fluorescence 

in this experiment is indicative of the active uptake of the liposomes.  

 

 

Figure 29. Lysosomal activity in macrophages 
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Table 18: Lysosomal activity in macrophages 

Lysosomal activity in macrophages 

Parameter Uncoated PEG PETOX 

I max (unit) 1178.66 ± 32.5 1499.52 ± 56.3 1007.89 ± 14.08 

T max 

(seconds) 
231 412 592 

AUC 1.75 x 106 ± 87 2.02 x 106 ± 37 1.57 x 106 ± 71 

 

The lysosomal activity of macrophages was observed by staining the 

cells with Lysotracker Red and assessment of red fluorescence at 561 

nm. The lysosomal activity is indicative of the general trend of active 

uptake in the cell and may not translate into a quantification of 

lysosomal activity caused by uptake of liposomes exclusively. The 

uncoated liposomes showed the earliest spike in fluorescence at 141 

seconds, while the highest levels of fluorescence and the highest AUC 

was shown by the PEGylated liposomes. This might be an indication of 

difference in the way the liposomes are disintegrated after 

internalization by the macrophages.  Both PEGylated and 

PETOXylated liposomes showed an initial spike at 412 seconds and 
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231 seconds respectively, while a second spike was seen at 682 seconds 

and 592 seconds respectively.      

4. Summary: 

• The combination of gemcitabine and irinotecan exhibited a 

significantly greater toxicity (p<0.05) as compared to either 

individual drugs at all time-points. 

• The drug loaded liposomes showed an overall higher but 

statistically insignificant (p<0.05) cytotoxicity than the free 

drugs across all concentrations, but statistically significant 

difference in cytotoxicity was found in three concentrations.  

• PETOXylated-Drug loaded liposomes and PEGylated-drug 

loaded liposomes did not show statistically significant (p<0.05) 

difference in cytotoxicity compared to uncoated drug loaded 

liposomes.  

• PETOXylated-blank liposomes and PEGylated-blank liposomes 

did not show statistically significant (p<0.05) difference in 

cytotoxicity compared to uncoated blank liposomes.  

• Uncoated liposomes showed rapid uptake by the macrophages. 

While both surface modified liposomes showed significant 
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(p<0.05) lower uptake than uncoated liposomes, PETOXylated 

showed the least uptake.  
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CONCLUSIONS 

 

PETOXylated liposomes show higher degree of in vitro macrophagial 

evasion in comparison to PEGylated and uncoated liposomes. A 

validated analytical technique for simultaneous detection and 

quantification of gemcitabine and irinotecan was developed. The 

combination of gemcitabine and irinotecan was found to be synergistic 

in pancreatic cancer cell line. The liposomal combination therapy of 

gemcitabine and irinotecan was found to be more efficacious against 

the pancreatic cancer cell line in comparison to the free drug 

combination. Unilamellar anionic liposomes were prepared and 

successfully surface modified with PEG and PETOX conjugates.  
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FUTURE DIRECTIONS 

 

The present approach of formulation driven development has 

reached a critical velocity.  Nanoparticle based delivery systems have 

the potential to enter not just the therapeutic, but also theranostic 

regimens. There is a significant economic and scientific incentive for 

further investigation in the utility of these systems and the eventual 

introduction of clinically practical therapeutic regimens which are not 

just more efficacious and safe, but also more economical for patient 

benefit. As the overall focus of research is shifting away from small 

molecules to biomolecules, the use of nanodelivery systems like 

liposomes will become more mainstream. The true merits of the 

nanoparticle-based delivery systems lie in delivery of biomolecules.   

With the ever-increasing demand for nanoparticle-based 

medication, especially for cytotoxic drugs, there certainly is an 

economic incentive to explore this avenue. However, the research in 

this area is inherently more complex and consequently more expensive. 

The probability of success of a small molecule drug progressing from 

pre-clinical proof-of-principle to commercial launch is in the region of 

6%. [167]  



120 
 

With the current scenario, a probability of success for nanoparticulate 

delivery systems is significantly lower. Even if one were to assume a 

similar success rate for nanodelivery systems, the overall costs will be 

significantly higher than the research of small molecules. There is an 

imminent need to increase the overall patient response rate to liposomal 

delivery systems by developing cost effective screening methods for 

liposomal delivery systems, use of second generation surface modified 

liposomes instead of conventional liposomes, better in vitro testing, and 

patient stratification for treatment. 

While PEG is still the most commonly used surface modification 

agent for longer circulation time, other polymers like PETOX have 

certainly proven to be viable replacements for it. It should be noted that 

it is not just the polymer, but the linker and anchor that holds credence 

in this respect. Thus, the further research should focus not just on the 

stealth polymers but on the newer generation of stealth conjugates as a 

whole. The system will look at other alternatives for PEG-

phospholipids if there is an economic incentive for the manufacturers 

and a clinical therapeutic incentive for the patient in terms of efficacy 

and lower risk of antigenicity. While some of these are clinical trial as 

of now and even after successful demonstration of their significant 
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advantages over PEG-phospholipids, it remains to be seen how the 

industry adapts to the new agents and achieves both the stated 

requirements.  

As a final note, it is evident that there exists a lacuna in the presently 

used cancer medication for solid tumors like PDAC, and hence an 

opportunity to further explore the potential for clinically relevant 

formulations involving PETOX as a replacement for PEG-DSPE. This 

study plans to explore the utility and viability of PETOX based 

liposomal systems which may serve as a delivery system for a 

combination of gemcitabine and irinotecan, and its comparison to a 

parallel PEG based system of similar drug composition.  
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GLOBAL IMPACT 

Pancreatic cancer is the one of leading causes of cancer mortality in 

developed countries and one of the most lethal malignant neoplasms 

across the world. [168] [169] [170] The estimated 5-year survival rate for 

pancreatic cancer is less than 5% [169] [171] and the Mortality/Incidence 

ratio is 98%. [168]  

Based on the GLOBOCAN 2012 estimates, pancreatic cancer causes 

more than 331000 deaths per year (accounts for 4.0% of all deaths), 

ranking as the seventh leading cause of cancer death in both sexes 

together. [168] About 338000 people had pancreatic cancer in 2012, 

making it the 11th most common cancer. [168] [169] More than half of new 

cases (55.5%) were registered in more developed regions. [168] The 

incidence and mortality of pancreatic cancer worldwide correlated with 

increasing age and was slightly more common in men than in women. 

[168] [169] [170]  
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