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Abstract 
Background: Pancreatic cancer (PC) has the highest rate of mortality among all cancers. 

Gemcitabine is a first line chemotherapeutic agent for PC, however, the lack of tumour 

specificity and chemo-resistance pose major challenges to PC treatment. The lack of 

gemcitabine influx transporters and overexpression of gemcitabine efflux transporters have 

been found to confer resistance to gemcitabine in PC. In addition, alternations of gemcitabine 

metabolism enzymes have also been associated with drug resistance in PC. 

In the field of drug delivery, nanoparticles have been investigated for tumour targeted drug 

delivery based on the so-called enhanced permeability and retention (EPR) effect. Among these 

nanoscaled systems, pH-sensitive liposomes (pSL) have demonstrated the ability to release 

their payload inside tumour cells as they destabilise at a low pH such as in the endosomes. 

Furthermore, surface modification of liposomes with a ligand, for instance hyaluronic acid 

(HA), to target receptors (e.g. CD44) overexpressed on cancer cells, has been used to achieve 

active tumour targeting via endocytosis, resulting in improved drug delivery to cancer cells. 

Aim: This thesis aimed to investigate whether a dual intracellular delivery strategy using pSL 

grafted with HA (HA-pSL) could circumvent gemcitabine resistance in PC. Secondly, we 

investigated whether co-delivery of gemcitabine with an inhibitor of multidrug resistance-

associated protein 5 (MRP5) or cytidine deaminase (CDA) using HA-pSL would further 

increase the potential for overcoming gemcitabine resistance.  

It was hypothesised that the CD44-HA interactions would promote internalisation of liposomes 

into PC cells; upon entering the cells, pH-sensitivity will allow prompt release of gemcitabine 

from late endosomes (pH 5.0-5.5) (endosomal escape) to the DNA target of drug at sufficient 

levels to kill the resistant cells. In addition, An agent directly working on gemcitabine efflux 
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transporters or favourably interfering drug deactivation was co-delivered, thus maintaining 

cellular drug concentration for higher potency.  

Methods: A resistant PC cell line Gr2000 was developed by exposing MIA PaCa-2 cells to 

gemcitabine. To verify the usefulness of HA, CD44 expression in both cell lines was analysed 

by flow cytometry. In addition, three cytotoxicity assays were screened to find an effective 

method to determine cytotoxicity. Cell seeding density for the selected assay was optimised.  

An optimised pSL system comprised of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesteryl hemisuccinate 

(CHEMS) and cholesterol (at a molar ratio of 4:2:2:2) was used based on our previous research. 

HA was conjugated on the surface of pSL. The optimal HA density for cellular uptake was 

determined and pH-responsive release was compared with plain pSL using dialysis. Cellular 

uptake and intracellular trafficking of HA-pSL was determined by confocal microscopy and 

HPLC analysis of intracellular drug content. The endosome escape ability of the liposomes was 

analysed by the co-localisation of rhodamine and calcein dual fluorescence with Lysotracker. 

In vitro cytotoxicity of pSL was evaluated by MTT cell viability assay. Following a 

pharmacokinetic study in rats, anti-tumour efficacy was compared between MIA PaCa-2 and 

Gr2000 xenograft mouse models. 

To further improve the HA-pSL mono-therapy, the biological mechanisms of resistance in 

Gr2000 were determined by investigating mRNA expression of a number of key transporters 

and enzymes using reverse transcription polymerase chain reaction (RT-PCR). Accordingly, 

two different dual-drug loaded HA-pSL were developed and investigated for their potential to 

overcome gemcitabine resistance in the Gr2000 cell line. After optimisation of drug loading 

(DL) of curcumin (MRP5 inhibitor) and zebularine (CDA inhibitor) in HA-pSL, in vitro 
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cytotoxicity of gemcitabine and curcumin or zebularine dual-drug loaded HA-pSL systems was 

investigated using MTT cell viability assay. The effect of curcumin on intracellular gemcitabine 

accumulation was investigated by HPLC analysis. 

Results and discussion: A resistant cell line Gr2000 was successfully developed with 444 

times reduced sensitivity to gemcitabine compared to MIA PaCa-2 but similar morphology and 

growth rate to MIA PaCa-2. Furthermore, after 72 h exposure to high gemcitabine 

concentration, 20% cells remained alive in the Gr2000, compared to 5 % in MIA PaCa-2, 

possibly revealing a gemcitabine resistance population (RP) with cancer stem cell properties. 

MTT cell viability assay with a seeding density of 800 cells/well was chosen to determine 

cytotoxicity in the formulation development in this thesis. Importantly, both MIA PaCa-2 and 

Gr2000 cell lines showed high expression of CD44, verifying the use of HA on liposomes for 

promoting intracellular drug delivery in this PhD study.  

Following chemical conjugation of plain pSL with HA solution at 4 mg/mL, the HA coating 

efficiency of HA-pSL was 43.2 ± 1.6% (n=3), while the HA density was 178.9 µg/µmol (HA 

to total lipids), resulting in significantly increased cell uptake (following 3 h exposure) by MIA 

PaCa-2 cells compared to pSL. Further increase in HA concentration up to 10 mg/mL did not 

further enhance the cellular uptake. The final HA-pSL, with an HA density of 179 µg/µmol, 

had a larger size (152.3 vs 136.3 nm), and higher zeta potential (-46.8 vs -10.5 mV) than plain 

pSL. HA facilitated cellular uptake reaching the maximal level at 1h, without compromising 

the endosome escape ability of pSL as evidenced by confocal images and co-localisation 

analysis of the dual-fluorescence labelled liposomes and Lysotracker. HA-pSL significantly 

outperformed pSL, and increased cellular drug influx by 3.6 times in MIA PaCa-2 cells, and 

4.6 times in Gr2000 cells. Both liposomes improved the pharmacokinetic profile of free drug. 
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HA-pSL treatment was superior to pSL in tumour growth inhibition, and resulted in 6.4 times 

smaller tumours (weight) in the MIA PaCa-2 xenograft models, but only 3.1 smaller in the 

Gr2000 models compared with the free drug treatment.  

To further develop strategies to improve efficacy in resistant PC, biological resistance 

mechanisms in Gr2000 were further investigated. RT-PCR analysis revealed that mRNA 

expression of drug influx transporters (hENT1, hCNT1) and efflux transporters (MRP5) in 

Gr2000 cells were simultaneously up-regulated. Expression of CDA, RRM1 and RRM2 was 

up-regulated while that of dCK was down-regulated in Gr2000. Also, protein expression of 

dCK was found to be hardly detectable in Gr2000 in contrast to the high level in MIA PaCa-2. 

Therefore, in this thesis, consequently co-delivery of gemcitabine and an agent that inhibited 

MRP5 efflux transporters or CDA enzyme into the HA-pSL were further employed to overcome 

chemo-resistance.  

An optimised DL of curcumin, 0.96 % (w/w) was achieved for the gemcitabine and curcumin 

co-loaded HA-pSL, which had increased size of 33 nm but similar zeta-potential. The dual-drug 

delivery HA-pSL showed 3.8 times enhanced cytotoxicity compared to free drug in Gr2000. 

Secondly, zebularine, a CDA inhibitor, was co-encapsulated with gemcitabine using HA-pSL. 

With an optimised DL of 0.95 % for zebularine, loading zebularine did not change the liposome 

size and zeta-potential. Compared to 3.2 folds improvement of cytotoxicity with mono-drug 

loaded HA-pSL than free drug, two dual-drug loaded HA-pSL showed 3.8 and 3.5 folds 

enhancement, respectively. 

Interestingly, curcumin-gemcitabine co-loaded HA-pSL could completely kill both cancer cells 

at high concentrations, in contrast to HA-pSL loaded with gemcitabine alone or in combination 

with zebularine (10 % in MIA PaCa-2 and >25 % in Gr2000 remained alive). This suggests that 
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curcumin co-delivery may have better potential for the reversal of chemo-resistance in PC, 

which should be further investigated in vivo. The lack of dCK expression leads to inadequate 

and slow activation of gemcitabine, therefore, restoration of dCK via gene delivery may be 

additional approach to circumvent the resistance. 

Conclusions: The dual intracellular delivery approach (mediated by HA and pH-sensitivity) 

using HA-pSL demonstrated improved cellular uptake and in vitro cytotoxicity, but could not 

completely eradicate the drug-resistant Gr2000 cells. Combination therapy with curcumin, but 

not zebularine using HA-pSL provided advantages to overcome gemcitabine resistance with an 

potential to kill all drug resistant cells. Overall, this PhD study demonstrated the multifaceted 

nature of chemoresistance and the limitation of drug delivery with nanomedicines. Further 

improvement in delivery efficiency of HA-pSL to target tumours and additional manipulation 

of the cellular activation of gemcitabine are needed to fully tackle the chemo-resistance. 
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Pancreatic cancer (PC) has the highest rate of mortality among all cancers [1]. 

Gemcitabine is a fist-line chemotherapeutic drug for PC. However, the treatment remains 

a major challenge partly due to the prevalence of chemo-resistance [2]. In this review, the 

mechanisms for chemo-resistance to pancreatic cancer will be firstly investigated with a 

particular focus on the first line therapeutic agent, gemcitabine. Further, novel drug 

delivery strategies which aim to overcome chemo-resistance will be introduced, in 

particular, the use of nanoparticles such as pH-sensitive liposomes.   

 

Cancer is a disease due to the uncontrolled growth in abnormal cells, leading to the 

development of a solid mass called tumour [3]. As per the World Health Organisation, 

there are more than 100 types of cancers, named according to the organs or tissues where 

they form. Among all cancers, PC has the highest rate of mortality [1].  

It was estimated that 459,000 people was diagnosed with PC in 2018 [4]. Different from 

many other cancers where surgery could be a cure option, only about 10% of the patients 

with PC are suitable for resection (surgery), while chemotherapy alone or in combination 

with radiation remain as the major therapeutic approaches for the majority of the affected 

population [5,6]. Although various preclinical and clinical studies have been conducted, 

the 5% overall 5-years survival rate remains unchanged over the last decade [7].  

1.1.1 Pancreatic cancer 

1.1.1.1 Types of pancreatic cancer 

Pancreatic cancer is the cancer that starts in the tissues of pancreas (Figure 1.1). As 

pancreas is a gland having both exocrine and endocrine functions, PC can also be 
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classified into two types according to its functional cells: adenocarcinomas and 

neuroendocrine tumours. 

1) Exocrine cells secrete pancreatic enzymes into the pancreatic duct. About 90% of 

pancreatic cancers are exocrine tumours and around 95% of exocrine tumours are 

adenocarcinomas, which usually develop in the pancreatic duct [8].  

2) Endocrine cells secrete hormones into blood vessels. About 5% of pancreatic cancers 

start in endocrine cells and are considered as pancreatic neuroendocrine tumours 

(PNETs). As endocrine cells are mostly found in islet cells, PNETs are also referred as 

islet cell tumours [9]. 

 

Figure 1.1. Illustration of pancreas and types of pancreatic cancers (adenocarcinoma and 
neuroendocrine tumours), modified from [10]. 
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1.1.1.2 Common risk factors of pancreatic cancer 

Smoking is one of the most avoidable risk factors for pancreatic cancer, and the relation 

to early onset has been found to be dose and duration dependent [11]. Compared to non-

smokers, male smokers increase the risk of pancreatic cancer by 74% [12]. Second hand 

exposure to smoke also have a 50% higher risk of PC and children are two times more 

fragile than adults [13]. 

About 10% of PC are thought to have hereditary factors [14]. Mutations in gene serine 

protease 1 (PRSS1), neurofibromin 1 (NF1) and breast cancer 2 (BRCA2) are considered 

to increase the risk of PC. Inherited syndromes such as Lynch syndrome and Peutz-

Jeghers syndrome have also been associated with PC [15].  

1.1.1.3 Symptoms of pancreatic cancer 

About 70-80% of the patients with PC have symptom of pain in the epigastrium. The pain 

is in the upper abdomen area and may sometimes radiate to the back. Jaundice, appetite 

loss, sudden weight loss and nausea are observed in PC patients. In tumours at the head 

of the pancreas, a dark jaundice might appear which is caused by the obstruction of the 

bile duct. Gallbladder will be palpable during physical exam by a doctor [8].  

1.1.2 Chemotherapy for pancreatic cancer 

1.1.2.1 Early option (5-fluorouracil) 

Historically, the basis of chemotherapy for PC has been a pyrimidine analogue, 5-

fluorouracil (5-FU), which inhibits thymidylate synthetase, an essential enzyme in DNA 

replication, to kill cancer cells. 5-FU has often been used in combinational therapy for PC 
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with one or more other chemotherapeutic agents, such as doxorubicin (inhibitor of 

topoisomerase II), and cisplatin (by binding to DNA) [16–18]. However, clinical response 

rates with these chemotherapeutic agents were low and resistance developed rapidly [19].  

1.1.2.2 Gemcitabine  

In 1996, gemcitabine (Figure 1.2) was approved by the Food and Drug Administration 

(FDA), based on better response of patients preceded 5-FU [20].Since then it has been 

used as the first-line chemotherapy agent alone or in combination with 5-FU or cisplatin 

for patients with locally advanced or metastatic pancreatic adenocarcinoma [21,22]. 

Physicochemical properties of gemcitabine are summarised in Table 1.1.  

  

                                                                   

 

 

                                    (A)                                                      (B) 

Figure 1.2. Chemical structure of (A) gemcitabine (dFdC, 2', 2'-difluoro-2'-
deoxycytidine; molar mass: 263.20 g/mol) and (B) 5-FU (molar mass: 130.08 g/mol) 
 

Table 1.1. Physicochemical properties of gemcitabine. 

Physicochemical properties Gemcitabine 

Molecular Weight (g/mol) 263.20 

Solubility in water (at 25 °C) 25 mg/mL  

Log P -1.4 

pKa(s) 3.6 
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Compared with 5-FU treatment, chemotherapy with gemcitabine has improved response 

rate and overall survival of patients with PC [20]. Patients treated with gemcitabine were 

reported to have a 23.8% clinical benefit response in contrast to 4.8% in patients treated 

with 5-FU [23]. The median survival durations for gemcitabine-treated patients were 

extended to 5.65 months from the 4.41 months of 5-FU-treated patients, while the 12 

months survival rate increased to 18% from only 2%, respectively [23].  

1.1.2.3 Other chemotherapy  

FOLFIRINOX, a combination of 5-FU, leucovorin, irinotecan and oxaliplatin was 

approved by FDA in 2010 to treat metastatic pancreatic adenocarcinoma. However, 

patients were found to suffer more severe side effects of this combination chemotherapy 

compared to gemcitabine, so this treatment was restricted to only patients who could 

tolerate the side effects [17]. In 2013, ABRAXANE® (albumin-bound paclitaxel) in 

combination with gemcitabine was approved by FDA to be used as first-line treatment 

for metastatic pancreatic adenocarcinoma [16]. ONIVYDE® (irinotecan liposome 

injection), in combination with 5-FU and leucovorin, was approved by FDA in 2015 as 

treatment for gemcitabine resistant metastatic pancreatic adenocarcinoma [24]. 

1.1.3 Metabolism of gemcitabine 

1.1.3.1 Mode of action of gemcitabine 

Gemcitabine is a nucleoside analogue of deoxycytidine in which two fluorine atoms are 

inserted into the deoxyribose ring [25]. It replaces one of the building blocks of nucleic 
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acids (cytidine) during DNA replication, forming "faulty" nucleoside unit thus inhibits 

further DNA synthesis and thereby causing cancer cell death [26].  

As a prodrug, gemcitabine is inactive in its original form, and post cellular uptake 

undergoes serial phosphorylation in cytoplasm before exerting its cytotoxic effects 

(Figure 1.3) [25].  
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Figure 1.3. Activation and metabolism of gemcitabine as a prodrug in the presence of 
various enzymes. 
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1.1.3.2 Activation of gemcitabine, a prodrug 

After serial phosphorylation, gemcitabine is converted to gemcitabine monophosphate, 

gemcitabine diphosphate and gemcitabine triphosphate with deoxycytidine kinase (dCK) 

being the step-limiting enzyme [18].  

Gemcitabine exerts its cytotoxicity via the two active phosphorylated metabolites: 

gemcitabine diphosphate and gemcitabine triphosphate [18]. Gemcitabine triphosphate is 

the most potent form, and can be substituted as a native nucleotide and incorporated in 

the DNA chain during cell division [27]. Since gemcitabine triphosphate is not a normal 

nucleotide, only one more nucleotide can be incorporated after it, leading to the inhibition 

of DNA synthesis [28]. As a result, the cell becomes incapable of division and eventually 

initiates apoptosis [29]. In addition, gemcitabine triphosphate also acts directly as a weak 

inhibitor of DNA polymerase [18]. Interestingly, the diphosphate form is a potent 

inhibitor of ribonucleotide reductase (RNR), the enzyme responsible for catalysing 

synthesis of deoxynucleoside triphosphates required for DNA synthesis. The inhibition 

of RNR by gemcitabine diphosphate will result in depletion of deoxycytidine triphosphate 

pools, which subsequently leads to activation of dCK, further promoting activation of 

gemcitabine [30]. Therefore, the diphosphate form has “self-potentiation” effect to 

gemcitabine (Figure 1.4). 
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Figure 1.4. Self-potentiation effect of gemcitabine diphosphate. 

 

1.1.3.3 Inactivation of gemcitabine 

Gemcitabine is inactivated into difluorodeoxyuridine (dFdU) via oxidation by cytidine 

deaminase (CDA) both intracellularly and extracellularly [31] (Figure 1.3). It was 

reported that about 90% of intracellular gemcitabine is inactivated into dFdU by CDA. 

Additional inactivation pathway includes deamination of gemcitabine monophosphate. 

This leads to the major limitation as short plasma half-life of gemcitabine, which is 

reported to be 32 min in human [32]. 
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1.1.4 Limitations of conventional gemcitabine formulation in 

pancreatic canccer treatment  

Currently gemcitabine is available as injectable formulations in its hydrochloride salt 

form such as Gemzar®, and is usually given by intravenous infusion [33]. However, there 

are several problems associated with chemotherapy using gemcitabine solution 

formulations in PC treatment with chemo-resistance and the lack of specificity being the 

most challenging [34]. 

1.1.4.1 Chemo-resistance 

First, the effectiveness of gemcitabine treatment is hindered by drug resistance. It was 

considered that chemo-resistance (both intrinsic and acquired) is a major reason for the 

limited benefit of most PC therapies [35]. 

Chemo-resistance can be divided into intrinsic and acquired resistance. Only a small 

population of PC cells are highly sensitive to gemcitabine with many patients being 

intrinsically chemo-resistant [36]. The lack of substantial response of PC to gemcitabine 

can also occur after treatment (termed as acquired chemo-resistance) where sensitive cells 

can progress into resistant cells during treatment [37]. The mechanisms of chemo-

resistance of gemcitabine in PC treatment is fully discussed in Section 1.2. 

1.1.4.2 Lack of specificity 

Another problem with gemcitabine chemotherapy, like all other chemotherapeutic agents, 

is the lack of specificity, causing severe side effects in patients which affects systematic 

treatment and well-being of patients [18]. Anti-cancer drugs affect the malignant cells 

along with the normal cells, while having no specific tumour-tissue biodistribution [38]. 
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Most commonly found side effects (occurring in more than 30%) for patients receiving 

the gemcitabine treatment include flu-like symptoms (muscle pain, fever, headache, 

chills, fatigue), nausea, vomiting, and low blood counts [39]. 

Despite the high risk of chemo-resistance as a major disadvantage, gemcitabine is still the 

most preferred treatment option [40]. There is an urgent need to develop more effective 

and well-tolerated gemcitabine medicines to treat PC by better understanding of the 

mechanisms of chemo-resistance. 

 

In the past few years, significant advance has been made in understanding the 

mechanisms of gemcitabine resistance in PC [2]. Mechanisms for development of 

gemcitabine resistance in PC could be attributed to various factors such as: reduced drug 

uptake, increased drug efflux, altered drug activation or inactivation and anti-apoptotic 

pathways (Figure 1.5) [19,41]. In addition, advanced research with in vitro and in vivo 

experiments has also shown that, epithelial-mesenchymal transition (EMT) and cancer 

stem cells also play an important role in chemo-resistance in PC [42]. All the 

aforementioned factors associated with gemcitabine resistance in PC treatment will be 

discussed below. 
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Figure 1.5. Gemcitabine resistance mechanisms, including reduced drug uptake, 
increased drug efflux, decreased drug activation and increased inactivation, impaired 
apoptotic pathways. hENT1: human equilibrative nucleoside tranporter1, hCNT1: 
human concentrative nucleoside tranporter1, MRP5: multidrug resistance-associated 
protein 5.  

 

1.2.1 Reduced drug influx 

1.2.1.1 Pathways of drug influx 

Anticancer toxins cannot kill cancer cells unless they are internalised [19]. Drugs can 

enter the cells via three major pathways: diffusion, transporter mediated influx and 

endocytosis. Among these pathways, diffusion is the most commonly found approach for 

lipophilic compounds with concentration gradient as the driving force [43]. On the other 

hand, toxic folate analogues such as methotrexate enter cells with aid of folate transporter 

[44]. Immunotoxins can bind to cell surface receptors and are generally internalised via 

receptor-mediated endocytosis [45]. In these cases, drug resistance can result from 
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mutations that modify activity or reduce the expression of surface receptors and 

transporters which consequently reduce the drug uptake [46]. For instance, mutations or 

reduced expression of cell membrane nucleoside transporters (NTs) result in defective 

uptake of nucleoside anti-cancer drugs, such as cytarabine [47] and gemcitabine [48].  

1.2.1.2 Influx transporters for gemcitabine 

Studies demonstrated that NTs of gemcitabine can be classified into two different types: 

the human equilibrative nucleoside transporters (hENTs) and the human concentrative 

nucleoside transporters (hCNTs) [49,50].  

1) hENTs (hENT1, hENT2) mediate facilitated diffusion of gemcitabine both inwardly 

and outwardly compliant to the concentration gradient [49]; 

2) hCNTs (hCNT1, hCNT3) transport gemcitabine against concentration gradients by 

coupling the inward transport of gemcitabine to inwardly directed sodium gradient [51].  

Among these influx transporters, hENT1 and hCNT1 appear to be more efficient to 

transport gemcitabine into cells, with hENT1 being the main transporter [49]. Several 

studies revealed that expression level of hENT1 is a predictive marker of clinical response 

to gemcitabine in PC [52–55]. Although in vitro study suggested inhibition of hENT1 

could confer resistance to gemcitabine [49], hENT1 might not be involved in acquired 

resistance during gemcitabine treatment. In a study on three PC cell lines-PCI43, PK1 

and KLM1, established resistant cell lines PCI43 and KLM1 showed significant increase 

in hENT1 expression while resistant cell line PK1 remained same level [56]. 
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1.2.2 Increased drug efflux 

1.2.2.1 Drug efflux transporters in cancer cells 

Overexpression of ATP-binding cassette (ABC) efflux transporters has been the most 

common reason for multidrug resistance (MDR) phenotype in cancers [57]. ABC 

transporters mediate ATP-dependent transmembrane export of various compounds, 

which results in decreased intracellular drug concentration and thus causing 

ineffectiveness of chemotherapy [58,59]. In particular, ABC sub-family B member 1 

(ABCB1), which is also known as P-glycoprotein (p-gp), or multidrug resistance protein 

1 (MDR1), and ABC sub-family C member 1 (ABCC1) which is also known as multidrug 

resistance-associated protein 1 (MRP1) have been shown to play a pivotal role in 

multidrug resistance, acting as active efflux pumps of multiple anti-cancer drugs from 

cells [60,61]. MDR1 is widely expressed in many types of cancer cells [62], and can bind 

many chemotherapeutic drugs, including anthracyclines, vinca alkaloids and taxanes, and 

then expel them from the plasma [63].  

1.2.2.2 Efflux transporters in pancreatic cancer 

ABC transporters have been related to the chemo-resistance in PC and it is a feature of 

pancreatic cancer stem cells [64,65]. ABC transporters mediate ATP-dependent 

transmembrane export of various compounds, including nucleosides like gemcitabine 

[66]. The ABC transporters mediated export is considered as a critical mechanism for 

multidrug resistance in PC [57]. MDR1 and MRP1 are frequently expressed in PC [67].   

Despite the expression of MDR1 and MRP1 in PC, studies have shown they have little 

correlation with gemcitabine resistance [68,69]. Differently, many other studies 
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demonstrated that multidrug resistance-associated protein 5 (MRP5) has been implicated 

in gemcitabine resistance [68,70,71]. In vitro studies indicated upregulated MRP5 mRNA 

and protein expression within established resistant PC cell lines [70]. Overexpression of 

MRP5 by plasmid DNA conferred resistance to gemcitabine in PANC-1 PC cells, while 

by silencing the expression of MRP5 via small hairpin RNA (shRNA), an improvement 

to gemcitabine sensitivity was observed [70]. Time and concentration dependent MRP5 

induction was observed in Capan-2 PC cell line following exposure to gemcitabine. The 

increase of ATPase activity indicated that the induced MRP5 was active [68].  

1.2.3 Altered pathway of drug metabolism  

Anti-cancer prodrugs such as gemcitabine must undergo activation to their active 

metabolites before they can exert their cytotoxic effects [46]. To protect themselves from 

the attack by these drugs, cancer cells develop resistance through decreased drug 

activation in the case of prodrugs. This occurs due to the down regulation of dCK in 

gemcitabine resistance [72]. Meanwhile, deactivation of the drug by CDA is also a 

significant contributor to the development of gemcitabine resistance in PC treatment [73].  

1.2.3.1 Attenuated activation 

Gemcitabine is a prodrug, which is inactive in its original form. In the cell, gemcitabine 

is phosphorylated by dCK to its monophosphate and deoxycytidine monophosphate 

kinase to diphosphate, then by nucleoside diphosphate kinase to gemcitabine triphosphate 

(Figure 1.3). This first step in phosphorylation is considered as the rate-limiting step for 

further phosphorylation to active metabolites [74].  
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High dCK expression in PC tissues has been reported to correlate with better clinical 

response of patients [74,75]. A study carried out by Blackstock et al. showed an increase 

in the intracellular concentration of the active form of gemcitabine after gene therapy for 

dCK [76]. In contrast, Ohhashi et al. found a significant decrease of dCK expression in 

resistant SUIT2 cells compared to parental SUIT2 PC Cells and inhibition of dCK by 

siRNA (small interfering RNA) could significantly reduce gemcitabine sensitivity [77]. 

Ohmine et al. discovered that dCK in resistant PC cell line RPK-9 was less than 2% 

compared with that in parental PK-9 PC cell line and suggested that attenuation of 

gemcitabine phosphorylation by dCK is crucial to the drug resistance [78]. Similarly, 

Saiki et al. found that dCK substantially reduced in various gemcitabine-resistant PC cell 

lines (RPK-1, RPK-9 and RPK-59). Knockdown of dCK in the parental sensitive PC cell 

line PK-9 yield gemcitabine resistance and introduction of dCK into resistant cell line 

RPK-9 using plasmid DNA restored sensitivity to gemcitabine [72].  

Additionally, there is a reciprocal inhibition between gemcitabine and RNR (Figure 1.4). 

Gemcitabine diphosphate inhibits the activity of RNR, which will promote activation of 

gemcitabine (Section 1.1.3.2) [79]. RNR has two subunits, RRM1 and RRM2. Both 

RRM1 and RRM2 have been found to be associated with gemcitabine resistance in 

pancreatic cancer [80,81]. 

1.2.3.2 Upregulated inactivation 

As discussed in Section 1.1.3.3, gemcitabine is inactivated by CDA [31] (Figure 1.3) and 

CDA has also been reported to have a role in gemcitabine resistance. Early studies showed 

CDA transfection conferred resistance to gemcitabine [82,83] while more recent studies 

revealed a role of CDA as a predictor of clinical outcome [84,85]. 
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1.2.4 Other mechanisms of chemo-resistance in pancreatic cancer 

1.2.4.1 Impaired apoptotic pathways 

Evading apoptosis is one of six hallmarks of cancer [86]. Activation of anti-apoptotic 

pathways rescues cancer cells from death caused by injuries of chemotherapeutic drugs. 

In PC patients, expression of pro-apoptotic gene - Bax was a strong indicator of longer 

survival, indicating the importance of apoptotic pathways in PC treatment [87]. 

Overexpression of Bcl-2 (an anti-apoptotic factor), significantly decreased apoptosis 

induced by gemcitabine in PC cell lines. Silencing of Bcl-2 with siRNA enhanced 

gemcitabine sensitivity both in vitro and in vivo [88]. 

The phosphatidylinositol 3-kinase (PI3K)-AKT (a serine/threonine kinase also known as 

protein kinase B [PKB]) signalling pathway plays a critical role in regulating apoptosis 

in many cancer types including PC. Both in vitro and in vivo models demonstrated that 

inhibition of PI3K and AKT induced apoptosis and sensitized tumour growth inhibition 

effect of gemcitabine in PC [89]. An AKT antagonist, carboxyl terminal modulator 

protein (CTMP) was found to augment the effect of gemcitabine in in vitro cell models 

and in vivo tumour models [90].  

The high mobility group A1 (HMGA1) proteins are transcription factors which have been 

found to overexpress in PC [91]. Silencing of HMGA1 increased sensitivity of PC cells 

to gemcitabine in a Akt-dependent manner [92]. In contrast, HMGA1 overexpression 

induced resistance to gemcitabine in PC cells. The role of HMGA1 was also confirmed 

in xenograft tumour models where silencing of HMGA1 reduced tumour growth [93].  
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Nuclear factor kappa B (NF-κB) is an important factor in cancer progression and 

resistance to chemotherapy. Arlt et al. found resistant PC cell lines had high NF-κB 

expression than sensitive cell lines. Additionally, inhibition of NF-κB diminished 

gemcitabine resistance in these cells [94]. A natural compound from cruciferous 

vegetable - 2,2-diindolylmethane could sensitize PC cells to chemotherapy in vitro and 

in vivo by downregulation of drug induced activation of NF-κB and its downstream 

pathways [94]. 

1.2.4.2 Epithelial-mesenchymal transition and chemo-resistance 

Recent studies have shown epithelial-mesenchymal transition (EMT) might be a crucial 

phenomenon in cancer progression. PC cells with a mesenchymal phenotype are mostly 

resistant to gemcitabine [95]. EMT is a process by which epithelial tumour cells obtain 

mesenchymal properties, facilitating tumour invasion and metastasis [94]. EMT induced 

by transforming growth factor beta 1 (TGF-β1) caused an increase in scattering, migration 

and invasion in TGF-β-responsive PC cells [96]. Shah et al. found that gemcitabine-

resistant PC cells showed EMT phenotype and increased expression of stem cell markers-

CD24, CD44 and ESA [96]. Wang et al. showed that Notch-2 and its ligand Jagged-1 

were significantly overexpressed in gemcitabine-resistant PC cells. Knockdown of Notch 

lead to decreased invasion and EMT phenotype, suggesting the activation of Notch is 

associated with chemo-resistance and EMT phenotype of PC cells [97]. 

1.2.4.3 Presence of cancer stem cells 

During the recent years, various studies have suggested that tumours are composed of 

heterogeneous cell populations having different biologic properties, of which a small 
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population of cancer cells, or “cancer stem cells (CSCs)” sustain tumour formation, 

progression and metastasis [98,99].  

Role of CSCs in resistance: The presence of CSCs in PC cells has been identified [100–

102]. Most conventional chemotherapies kill differentiated tumour cells, however, lack 

cytotoxicity on CSCs. After treatment, CSCs could easily re-establish tumours [103]. 

CSCs are intrinsically resistant to chemotherapy due to several possible mechanisms: 

resistance to apoptosis signals, high tolerance to DNA damage, improved DNA repair 

capacity, low cell cycle rates and high efflux proteins expression [104,105]. 

Characteristics of CSCs: Hermann et al. found that the population of CD133+ PC cells 

was enriched after gemcitabine treatment [101]. Hong et al. discovered exposure to 

gemcitabine significantly increased the fraction of CD44+ cells in gemcitabine-resistant 

PC cells, whereas CD44+CD24+ESA+ remained a small population [106]. Niess et al. 

isolated side population (SP) cells with CSC properties from L2.6pl PC cells. SP cells 

showed resistance to gemcitabine as a result of overexpression of ABCG2 and ABCA9 

(members of ABC efflux transporters) [107]. 

 

In the last three decades, nanoparticles have been widely investigated as a tool to improve 

drug delivery to tumours. Various nanoparticles are explored as ‘Magic bullets’ with the 

ability to optimise the bio-distribution of the anti-cancer drug, and to overcome 

chemoresistance in cancer treatment [108].  
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1.3.1 Passive targeting - enhanced permeability and retention 

(EPR) effect  

In the last 30 years, research efforts on targeted drug delivery, particularly with 

liposomes, to address the issues of poor drug infiltration within tumours [109,110], have 

reached a phenomenal level [111–113]. The principles for nanoparticles to accumulate in 

tumour tissues was based on the so-called enhanced permeability and retention (EPR) 

effect (Figure 1.6) [114]. This effect is due to leaky vasculature and compromised 

lymphatic drainage system in the tumour tissues. Nanoparticles with controlled size (100-

200 nm) can easily penetrate tumour blood vessels and the lack of lymphatic drainage 

prolong the retention of nanoparticles in tumours [115,116]. Prolonging the circulation 

time of the nanoparticles will maximise this passive targeting effect [117]. 

 

 

Figure 1.6. Schematic illustration of the enhanced permeability and retention (EPR) 
effect for nanoparticles in cancer therapy, adopted from [118]. 
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1.3.2 Active targeting  

Building on the “EPR” effect, a widely used strategy to further increase drug uptake by 

cancer cells is to tag an active targeting agent to nanoparticles to target cancer specific 

receptors which mediate endocytosis of nanoparticles [119]. 

1.3.2.1 Antibodies-based targeting 

As targeting agents, antibodies are considered advantageous with high selectivity and 

binding affinity due to the presence of two binding sites [120]. A number of monoclonal 

antibodies (mAbs) have been investigated as potential targeting agents for nanoparticle 

delivery systems, such as mAbs targeting human epidermal growth factor receptor 2 

(HER2) and epidermal growth factor receptor (EGFR) [121]. 

HER2 has been reported to be overexpressed in PC cells [122]. As a result of the 

extracellular accessibility and the ability to internalize, HER2 could be a potential target 

for tumour specific drug delivery [123]. Recent studies demonstrated the role of anti-

HER2 antibody in PC targeting drug delivery. The ability of anti-HER2 antibody 

conjugated nanoparticles for specific delivery has been proved in vitro [124,125]. Anti-

HER2 antibody-conjugated gemcitabine loaded chitosan nanoparticles showed improved 

cellular uptake and cytotoxicity compared to free gemcitabine or non-conjugated 

nanoparticles [125]. In another study, HER2 targeted PLGA nanoformulations were 

found to enhance cellular uptake in HER2 positive PC cells which was not observed for 

non-targeted formulations [124].  

The expression of EGFR is significantly higher in PC cells than normal cells [126] and 

its expression has been considered as a prognostic indicator for patients with PC [127]. 
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Early studies with anti-EGFR mAb-modified gemcitabine-loaded bovine serum albumin 

(BSA) microspheres showed increased in vitro cytotoxicity compare to non-targeted 

microspheres, but the microspheres were not superior to gemcitabine solution [128]. 

Recent studies demonstrated improved in vitro cellular uptake, cytotoxicity and in vivo 

distribution as well as tumour inhibition of EGFR-targeted polymeric micelles and 

EGFR-targeted gelatin nanoparticles, both encapsulating gemcitabine in orthotropic 

pancreatic tumour models [129,130]. 

1.3.2.2 Aptamers-based targeting 

Aptamers are single stranded DNA or RNA oligonucleotides that can bind to targets with 

high specificity and affinity. Aptamers are synthesized and isolated for a specific target 

through an in vitro process called “systemic evolution of ligands by exponential 

enrichment” (SELEX) [131]. PC targeted nanoparticle delivery has been achieved using 

several different aptamers, such as apatamers targeting nucleolin [132], alkaline 

phophatease placental-like 2 (ALPPL2) [133], transferrin receptor (TfR) [134], epidermal 

growth factor receptor (EGFR) [135].  

1.3.2.3 Ligands-based targeting 

A number of ligands have been used to target tumour cells specific receptors in drug 

delivery, including transferrin, folate and hyaluronic acid (HA). Such targeting ligands 

are beneficial due to small size and non-immunogenicity compared to antibody [136]. 

Transferrin is a meta-binding glycoprotein that transports iron in blood circulation and 

into cells by binding to transferrin receptors [137]. The overexpression of TfR in PC with 

the internalization action of iron and transferrin make transferrin suitable for drug 
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delivery in PC treatment [137,138]. Transferrin modified PLGA nanoparticles loaded 

with bortezomib (a proteasome inhibitor) have been shown to induce significant cellular 

uptake and inhibition of growth in PC cells, which was not observed in normal pancreatic 

cells [139]. Numerous studies of nanoformulations on different tumours have also 

explored the targeting effects of transferrin, including doxorubicin-loaded liposomes 

[140–142], polymeric PLGA nanoparticles encapsulating paclitaxel [143–145].  

Folate is a small molecular vitamin which is essential for the sysnthesis of purines and 

pyrimidines in eukaryotic cells [121]. The folate receptor (FR) is frequently 

overexpressed on tumours compared to normal tissues [146]. Folate-chitosan-

gemcitabine core-shell nanoparticles showed improved cellular uptake than non-folate 

coated nanoparticles in COLO357 pancreatic cancer cells as well as accumulation in 

tumour tissues and tumour growth inhibition in in vivo pancreatic tumour models [147]. 

Recently hyaluronic acid has been employed as a targeting ligand based on its CD44 

targeting capability [148]. This will be fully discussed in the next section.  

1.3.3 Nanoparticles for tumour targeted delivery  

The mostly studied nanoparticles such as liposomes, micelles, dendrimers and carbon 

nanotubes [149] are represented in Figure 1.7.  
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Figure 1.7. Examples of nanostructures in tumour targeted drug delivery, modified from 
[150].  

 

1.3.3.1 Liposomes  

Liposomes will be comprehensively introduced in Section 1.4. 

1.3.3.2 Polymeric Micelles 

To achieve tumour targeted drug delivery of chemotherapeutic drugs, the carriers must 

be able to protect the contents from degradation and prevent premature release. 

Micelleplexes consisting of amphiphilic block copolymers are the most commonly 

reported examples of co-delivery carriers. Usually, the micelles self-assemble with the 

hydrophobic blocks to form the interior of the micelle and with hydrophilic blocks to 

form the micelle shell [151]. The hydrophobic interior acts as a reservoir pool for 
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hydrophobic drugs. Hydrophilic blocks on the shell mask the micelles and the most 

frequently used mask is poly(ethylene glycol) - PEG [152]. 

1.3.3.3 Dendrimers  

Dendrimers are hyperbranched polymers which have defined molecular weights and host-

guest entrapment properties [153]. Dendrimers can interact with drug and gene molecules 

by simple encapsulations, electrostatic interactions and covalent conjugations since they 

possess both internal hydrophobic cavities and outer functional groups [154]. Therefore, 

high drug-loading capacity are prominent advantages of dendrimers. 

1.3.3.4 Carbon nanotubes  

Carbon nanotubes have been proved to be multifunctional carriers for a variety of agents 

which hold great promise in imaging and targeted drug delivery for cancer treatment 

[155]. Carbon nanotubes are chemically and mechanically stable with easy encapsulation 

and sustained release of the encapsulated drugs. Carbon nanotubes also have a large 

surface area, which makes them capable to absorb and encapsulate large amount of drugs. 

Their outside walls can be chemically modified to achieve tumour targeting effect, 

making them a promising drug delivery vehicle [156,157]. 

 

Liposomes represent one of the most successful drug vehicles which have the ability to 

deliver both hydrophilic and lipophilic compounds as well as gene molecules [158]. Since 

its first discovery, there are a number of refinements such as PEGylation and pH 

sensitivity have been explored to further improve drug delivery efficiency to tumours.   
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1.4.1 Conventional liposomes 

1.4.1.1 Structure of liposomes 

Liposomes were first introduced by Alec D. Bangham et al. in 1964 at the Babraham 

Institute, in Cambridge [159]. Liposomes are composed of amphiphilic phospholipids that 

self-assemble spontaneously into bilayers forming spherical vesicles, due to the 

interaction between the phosphate groups of phospholipids and the water molecules 

[160]. A liposome has an inner aqueous core and hydrophobic membrane. While 

hydrophobic drugs can be encapsulated in lipid bilayer, hydrophilic drugs can be loaded 

into inner aqueous core (Figure 1.7).  

1.4.1.2 PEGylation of liposomes 

A major issue with conventional liposomes as a tumour targeted drug delivery system is 

their rapid clearance during blood circulation by the reticuloendothelial system (RES) in 

the liver and spleen [161]. To minimise this problem, liposomes have usually been 

surface-coated with hydrophilic polymers to reduce opsonisation (the surface adsorption 

of plasma proteins, opsonins on the liposomes) thus decreasing the RES macrophage 

activation, enhancing circulation time of liposomes [162,163]. Poly(ethylene glycol) 

(PEG) remains the gold standard polymer for liposome modification, known as 

PEGylation, to prolong circulation [164]. Most of the clinical liposomal products are 

PEGylated. This long-circulation property results in more efficient passive tumour 

targeting via the EPR effect [165].  
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1.4.1.3 Clinical liposome products 

Nano-sized liposomes have been successful nanotechnology for anti-cancer drug delivery 

with a number of products already approved for clinical use [136] as listed in Table 1.2.  

Liposomes can enter cancer cells via endocytosis which may increase cellular uptake of 

payload drugs [166]. Their therapeutic benefits can be further enhanced by conferring the 

bilayer with pH-sensitivity (i.e. pH sensitive liposomes), allowing them to ‘escape’ from 

the endosome-lysosome (pH 5-6) and thus release the drug into the cytoplasm, increasing 

the drug exposure to their DNA target [167,168]. Coupling a specific ligand or antibody 

to the liposomal surface can enhance the specific recognition by cancer cells and 

subsequently facilitate endocytosis of the drug containing liposomes [169,170]. These 

will be further discussed in Section 1.4 & 1.3.2.  

Table 1.2. Clinically approved liposome products for cancer therapy 

Products Chemotherapeutic agent Indications 

Doxil® Doxorubicin Ovarian cancer, Kaposi’s 
sarcoma, myeloma 

Myocet® Doxorubicin Breast cancer 
DaunoXome® Daunorubicin Kaposi’s sarcoma 
Onco TCS® Vincristine Non-hodgkin lymphoma 
Marqibo® Vincristine Leukemia 
Depocyt® Cytarabine Lymphomatous meningitis 
Mepact® Mifamurtide Osteosarcoma 
Lipusu® Paclitaxel Non-small cell lung carcinoma, 

breast cancer 
PICN® Paclitaxel Metastatic breast cancer 
Vyxeos® Daunorubicin and 

Cytarabine 
Acute myeloid leukemia 
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1.4.2 pH-sensitive liposomes  

1.4.2.1 Limitations of conventional liposomes 

Growing evidences have shown that high drug concentrations achieved by liposomal 

delivery in cancer cells are poorly translated to anti-tumour efficacy [171]. ‘Endosomal 

entrapment’ is one of the major obstacles: after liposomes are endocytosed they may 

remain entrapped in endosomes and are trafficked to lysosomes (via lysosome-endosome 

fusion) where degradation of drugs occurred [172].  

1.4.2.2 Principle of pH-sensitive liposomes 

The concept of pH-sensitive liposomes was introduced by Yatvin et al. in 1980 [173]. To 

utilise the acidic pH of the endosomal system, pH-sensitive liposomes are designed to be 

stable at physiological pH (~7) but destabilised in late endosome pH (5-5.5) [174], 

releasing their payloads to cytoplasm. Growing evidence show that the intracellular 

delivery of various payloads has been improved by use of pH-sensitive liposomes, such 

as chemotherapeutic drugs, proteins and DNA [175–177] (Figure 1.8). 

1.4.2.3 Mechanisms of cytoplasmic drug delivery 

Three major mechanisms have been proposed to elucidate intracellular cytoplasmic 

delivery of payloads encapsulated by pH-sensitive liposomes (Figure 1.8). First, 

destabilisation of pH-sensitive liposomes ruptures the endosomal membrane via pore 

formation. Second, payloads are released from destabilised pH-sensitive liposome and 

then pass the endosomal membrane via diffusion. Third, fusion between pH-sensitive 

liposome and endosomal membrane allows the release of payloads into cytoplasm [178]. 
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Figure 1.8. Hypothesised mechanisms for cellular uptake of conventional and pH-
sensitive liposomes and cytoplasmic delivery of payloads: A) pore formation, B) 
diffusion and C) fusion. 

 

1.4.2.4 Classical DOPE/CHEMS based pH-sensitive liposomes 

The dioleoylphosphatidylethanolamine (DOPE) is the most commonly used key 

component in pH-sensitive liposomes [179]. DOPE tends to form inverted hexagonal 

phase as the cone shape favours strong interaction between amine and phosphate groups 

of the polar head group [180]. When amphiphilic stabiliser such as cholesteryl 

hemisuccinate (CHEMS) is incorporated in DOPE, a bilayer structure could be formed at 

physiological pH. On acidification, the protonation of the carboxylic group in CHEMS 
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induces destabilisation of liposomes from bilayer structure to inverted hexagonal phase 

due to the presence of DOPE (Figure 1.9) [181,182]. 

 

 

Figure 1.9. Chemical structures of A) DOPE, B) CHEMS and C) membrane 
destabilisation of DOPE/CHEMS liposomes induced by acidic pH from bilayer to 
inverted hexagonal phase.  

 

1.4.2.5 Other types of pH-sensitive liposomes 

The incorporation of pH-sensitive fusogenic peptide has been found to promote 

intracellular delivery of payloads. Liposomes prepared with a pH-sensitive fusogenic 

peptide dilNF-7 resembling the N-terminal domain of hemagglutinin HA-2 subunit has 

shown to enhance cellular uptake by promoting fusion between liposomes and cell 
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membrane [183]. Another example is GALA peptide which is consisted of 30 amino acid 

residues. The GALA peptide enhanced endocytic uptake and conferred endosomal escape 

properties to the resulting virus-like particles [184]. 

Another class of pH-sensitive liposomes has been developed by surface modification with 

pH-sensitive polymers. Alkylated N-isopropylacrylamide (NIPAM) copolymers were 

demonstrated to render pH-responsive release property to liposomes which can enhance 

in vitro cytotoxicity via endosomal destabilisation [185]. Moreover, NIPAM can provide 

steric stabilisation to liposomes and lead to prolonged blood circulation [186]. 

1.4.3 Hyaluronic acid-based nano drug delivery systems  

1.4.3.1 Hyaluronic acid  

Hyaluronic acid (HA) is a natural mucopolysaccharide composed of alternating units of 

D-glucuronic acid and N-acetyl-D-glucosamine with β(1→4) interglycoside linkage 

(Figure 1.10) .   

 

 

Figure 1.10. Chemical structure of hyaluronic acid. The polymer is composed of 
repeating units of D-glucuronic acid and N-acetyl-D-glucosamine. 
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The majority of HA is found in the skin and connective tissues. HA plays a critical role 

in maintaining tissue hydration and entrapment or permeation of molecules by their size 

[187]. In addition, HA takes part in wood healing and tissue repair. More recently, HA 

has been found to be involved in cancer progression, migration and metastasis [188]. 

HA has been employed as a targeting ligand based on its targeting capability to clusters 

of differentiation 44 (CD44) [148]. HA is internalised upon binding with the CD44 

receptor, which makes it a potent targeting agent to improve cellular uptake [148]. 

1.4.3.2 CD44 – the HA receptor 

CD44 (cluster of differentiation 44) proteins are transmembrane glycoproteins that 

involve in extracellular adhesion and signal transduction (Figure 1.11) [189]. The 

discovery of various CD44 isoforms provides a deeper understanding of CD44’s function 

beyond extracellular adhesion and signal transduction. CD44 also mediates cellular 

response to extracellular stimuli and plays a role in cell differentiation, survival and 

motility [190]. CD44 expression is highly correlated to the population of stem cells and 

serves as a common stem cell biomarker, where CD44 plays a critical role in migration 

and adhesion of stem cells during tissue formation [190].  

CD44 is considered as a biomarker for CSCs in many cancers including PC, which play 

a significant role in chemo-resistance [106]. High expression of CD44 is relevant to 

enhanced invasion of CSCs [190]. Multiple CD44 isoforms have been involved in drug 

resistance and metastasis [191]. The role of CD44 in tumour metastasis is associated with 

its native function in cell adhesion and localisation [192]. CD44 overexpression is related 
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to tumorigenesis, cancer metastasis, invasiveness in PC patients [193], and has been 

clinically associated with gemcitabine resistance in PC [106].   

 

Figure 1.11. Cellular functions of CD44 transmembrane receptor and its isoforms, 
modified from [194]. 

 

1.4.3.3 Drug delivery systems using HA-CD44 interaction for cancer 

therapy  

HA is internalised upon binding with the CD44 receptor, which makes it a potent targeting 

agent to improve cellular uptake [148]. HA modified nanocarriers have been 

demonstrated to be internalised upon binding with the CD44 receptor [148], thus increase 
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the uptake by cancer cells (Figure 1.12) [195,196]. Various studies demonstrated 

targeting effect of HA modification to CD44 positive cells on different delivery systems, 

for example, mesoporous silica nanoparticles (MSNs) [197], liposomes [198,199], 

graphene oxide (GO) nanosheets [200], PLGA nanoparticles [201]. HA conjugated 

micelles have been developed which were shown to specifically kill CD44 positive stem 

like PC cells [202]. 

 

Figure 1.12. CD44 mediated cellular uptake of HA modified liposomes via CD44-HA 
mediated endocytosis, modified from [203].  
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1.5.1 Thin film hydration method 

Thin film hydration method involves two stages: 1) drying lipids from organic solvent to 

form a lipid thin film; 2) hydrating the lipids in appropriate aqueous media [204].  

After the lipids are dissolved in organic solvents such as a mixture of chloroform and 

methanol, the solvents are usually removed under reduced pressure using a rotary 

evaporator with temperature controlled. Any organic solvents residue is removed under 

nitrogen flow or vacuum the accelerate the evaporation of solvents [205]. 

The hydration of the lipid thin film is by dispersing the thin film in an aqueous media, 

with stirring and incubation above the transition temperature of the lipid. Depending on 

the application, the hydration media could be water, saline, buffer or drug solutions. This 

preparation method produces multilamellar liposomes [206]. 

1.5.2 Reverse phase evaporation 

A water in oil emulsion is formed by sonication of a two-phase system: organic phase 

such as diethyl ether or isopropyl ether containing phospholipids and aqueous phase. The 

liposomes are shaped as the organic solvents are removed under reduced pressure. A high 

encapsulation efficiency can be obtained by this method, however the main disadvantage 

of this method is the exposure of payload to sonication and organic solvents during 

liposome preparation [207].  
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1.5.3 Solvent dispersion method 

A lipid solution dissolved in ethanol or diethyl ether is slowly injected to an aqueous 

solution at 55- 65 °C. The liposomes are formed upon removal of organic solvent under 

vacuum. This preparation method usually produce heterogeneous liposomes with a wide 

size distribution [208]. 

1.5.4 Detergent removal method 

This method is used when detergents are used to solubilise lipids by forming micelles at 

their critical micelle concentration. As the detergents are removed by dialysis, the 

phospholipids combine to form large unilammelar vesicles [209] .  

1.5.5 Microfluidic method 

Microfluidics is an emerging technology for preparation of liposomes, where liposomes 

are formulated in confined microenvironment [210]. Microfluidic hydrodynamic 

focusing (MHF) approach represents the most practicable microfluidic method for 

producing nanoscale liposomes with potential for clinical application. Typically, a stream 

of lipids solubilised in alcohol is intersected with two streams of water phase in the 

microchips. The alcohol diffuses into two streams of water phase which reduces lipid 

solubility and triggers formation of liposomes via “self-assembly” [211]. 

 

Due to the ability to improve cellular uptake via endocytosis, nanoparticles have shown 

benefits on overcoming drug resistance compared to free drug. This has been a hot 
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research area for decades [212,213]. In addition, dual-drug delivery nanoparticles provide 

advantages utilising synergistic effect of two chemicals [214,215]. 

1.6.1 Intracellular drug delivery systems to overcome resistance 

To overcome drug resistance in cancer treatment, variable novel nanoscale delivery 

systems such as pH-sensitive liposomes have been proposed to enhance tumour-targeted 

intracellular delivery [216]. 

1.6.1.1 Intracellular drug delivery using pH-sensitive liposome to 

overcome drug resistance 

Conventional liposomes face the problem of low endosomal release which isolates the 

drug from acting sites. The pH-sensitive liposome are stable at physiological pH, but 

would degrade in low pH (5-5.5) environment of endosome (Figure 1.8) [178]. This 

efficient pH-triggered cytosolic delivery of the encapsulated drug is pertinent in 

overcoming multidrug resistance due to the efflux mechanisms [217]. Previous studies 

within our group have also shown that long-circulating pH-sensitive liposome could 

overcome gemcitabine resistance in PC [218]. The gemcitabine loaded pH-sensitive 

liposome showed improved in vitro cytotoxicity compared to free gemcitabine. 

Furthermore, pH-sensitive liposomes significantly reduced the plasma clearance of 

gemcitabine in rats [218].  

1.6.1.2 Other liposomal delivery system to overcome drug resistance 

Jiang et al. have developed liposomal formulations for the delivery of C6-ceramide (Lip-

C6) in the treatment of PC [217]. Ceramide is a sphingolipid metabolite involved in 
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apoptosis, which is generated after chemotherapy [221,222]. Lip-C6 induced cytotoxicity 

in gemcitabine-resistant PANC-1. The combination index revealed synergistic effects of 

Lip-C6 and gemcitabine. The combination of Lip-C6 and gemcitabine also induced 

significant apoptosis at the concentration which had no cytotoxicity and did not induce 

apoptosis. The synergistic effects of Lip-C6 and gemcitabine were confirmed in PANC-1 

xenografts nude mice. The combination of Lip-C6 and gemcitabine increased tumour 

growth inhibition compared to Lip-C6 alone. Therapeutic effects of Lip-C6 have also been 

shown in breast cancer and melanomas [219,220]. Introduction of short-chain ceramide 

has been found to increase cytotoxicity of chemotherapy [222,223]. The cytotoxicity of 

Lip-C6 was a result of inhibition of Akt and extracellular signal-regulated kinases (Erk) 

signaling pathways, however the synergistic effects of Lip-C6 and gemcitabine were Akt-

independent [224]. 

A liposome system delivering wild type p53 gene (SGT-53) was developed with targeting 

effect by a single-chain antibody fragment to the transferrin receptor (TfRscFv) [225]. 

SGT-53 system was prepared by complexation of cationic liposomes with plasmid 

containing wild type p53 gene, then the surface was modified with TfRscFv. SGT-53 

enhanced in vitro cytotoxicity of gemcitabine on PC cells. In the in vivo survival 

experiment, both SGT-53 and gemcitabine extended median survival to 29 and 30 days, 

respectively, compared with 21 days of untreated control group. In a metastatic PC in vivo 

model, combination of SGT-53 and gemcitabine induced significantly increased 

apoptosis compared to SGT-53 or gemcitabine alone. The targeting effect of TfRscFv 

was demonstrated in the in vivo metastatic PC model. Xenogen imaging showed more 

than 3-fold increase of fluorescence in tumour-bearing sites. Restoration of p53 was 

effective to sensitize chemotherapy, especially chemotherapeutic agents causing DNA 
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damage and inducing apoptosis [226,227]. Transferrin receptor (TfR) was overexpressed 

in 93% of PC cells compared to normal tissues, indicating it could be a target for tumour 

specific drug delivery in PC [138]. A number of TfR targeted nanoparticles have also 

been developed for the treatment of different tumour types [228–230].  

1.6.1.3 Micelles-based nanoparticles to overcome resistance 

Mittal et al. developed a polymeric micelle formulation for co-delivery of gemcitabine 

and miRNA-205 mimic which could target resistant CSCs in PC [231]. Gemcitabine 

conjugated cationic copolymers, mPEG-b-PCC-g-GEM-g-DC-g-CAT, were synthesized 

and used to complex with a synthetic miRNA-205 mimic. Gemcitabine and dodecanal 

were conjugated to the copolymer mPEG-PCC by carbodiimide coupling. Gemcitabine 

conjugated, miRNA-205 complexed, micelles were then prepared by film hydration 

method. The blank micelles were non-toxic to the MIA PaCa-2 resistant cell line. 

Compared to control formulations, gemcitabine/miRNA-205 micelles exhibited reversal 

of resistance in both MIA PaCa-2 and CAPAN-1 gemcitabine resistant cells by causing 

a significantly higher cell death (42% and 46%, respectively) at a dose of 500 nM 

gemcitabine and 10 pM miRNA. Invasion assay and migration assay also showed 

gemcitabine/miRNA-205 micelles could significantly inhibit the number of invasive and 

migratory cells (55% and 28% reduction, respectively) compared to control groups. 

Gemcitabine/miRNA-205 micelles gemcitabine were tested in an ectopic tumour model 

by implantation of MIA PaCa-2 gemcitabine resistant cells in athymic nude mice. Intra-

tumour injection significantly reduced tumour growth rate when compared to the 

formulations containing negative control or free gemcitabine.  
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Singh et al. found aberrant expression of miRNAs in PC tissues and resistant PC cell lines 

and suggested a potential role chemo-resistance [232]. A tumour suppressor miRNA-205 

was found to be downregulated in gemcitabine-resistant PC cell and was shown to 

sensitize resistant cancer cells to gemcitabine. In MIA PaCa-2 gemcitabine resistant cells, 

several genes involved in tumour progression, invasion and EMT were analysed [231]. 

E-Cadherin and CAV-1 were down-regulated while ZEB-1, SIP-1, HRAS and LRP-1 

were upregulated after treatment with miRNA-205 containing formulations, indicating 

possible downstream targets of miRNA-205. 

A polymeric micelle formulation of salinomycin was developed as a potential therapy for 

PC [233]. The micelles were constructed with PEG-b-PLA block copolymer, which has 

been applied in Genexol®-PM, a micelle formulation for paclitaxel [234]. AsPC-1 cells, 

which were highly resistant to gemcitabine [235], showed noticeable in vitro toxicity 

towards salinomycin formulations [233]. In AsPC-1 tumour-bearing mice, SAL 

formulations showed better tumour volume inhibition and prolonged median survival 

compared to control and gemcitabine-treated mice. However, both in vitro and in vivo 

studies did not show a significant difference between salinomycin solution and 

salinomycin micelles, indicating the need of further optimisation of the formulation. 

salinomycin has been identifies as selective agent against EMT-induced CSCs [236]. 

Several studies demonstrated SAL could also kill regular tumour cells [237]. A study by 

Zhang et al. showed that SAL could inhibit CD133+ CSCs as well as non CSCs in PC 

[238].  

CD44 targeted HA-styrene maleic acid (SMA) conjugate could be engineered to form 

micelles with a potent anticancer agent, curcumin-difluorinated (CDF) [202]. The 
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cytotoxic effect of free CDF as well as CDF loaded micelles was significantly elevated 

in the case of CD44+ cells compared to CD44- cells. HA-SMA-CDF micelles were the 

most potent among the developed formulations. The IC50 value for free CDF, SMA-CDF, 

and HA-SMA-CDF was found to be 410 ± 3.64 nM, 245 ± 7.68 nM, and 170 ± 5.51 nM, 

respectively, in CD44+ cells. CD44 has received considerable attention as a target 

receptor for pancreatic cancer therapy because it plays critical roles in CSC maintenance 

and resistance to chemo-therapy [106,239]. HA is endowed with tumour targeting 

moieties that specifically recognize CD44 [240]. The formulation in the present study 

was designed with CD44 targeting and loaded with CD44+ cells cytotoxic agent, which 

is promising to overcome drug resistance by specific killing of CSCs. 

Wang et al. developed nucleolin-targeted aptamer (AS1411) modified micelles loaded 

with triptolide [241]. The targeting micelles showed superior in vitro cytotoxicity to 

gemcitabine or non-targeting micelles in resistant PC cells. Furthermore, the AS1411 

aptamer increased triptolide accumulation in tumour tissues. The AS1411 namomicelles 

prolonged lifetime of MIA PaCa-2 PC cell bearing mice compared to clinical 

chemotherapeutic drug Gemzar®. Triptolide is an herb-derived compound with superior 

in vitro anti-proliferation effect to gemcitabine and taxanes [242]. In addition, triptolide 

exhibit cytotoxicity on chemo-resistant PC cells via multiple mechanisms, such as 

inhibition of P-gp efflux transporter, NF-κB and Bax (apoptosis related genes) [243,244]. 

Nucleolin is overexpressed on PC cells compared to normal cells [245]. Targeting 

nucleolin with aptamer AS1411 has been demonstrated to be safe and enhance tumour 

accumulations of nanoparticles [246,247]. The tumour targeting could also reduce the 

severe side effects of triptolide which restrict its clinical use [242]. 
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1.6.2 Dual-drug delivery strategies to overcome drug resistance 

Emerging studies have demonstrated that co-delivery of chemotherapeutic drug and drug-

resistance inhibitors improved efficacy in cancer treatment [248]. More recently, 

numerous clinical trials have been conducted on combinational chemotherapy to improve 

the therapeutic outcome of gemcitabine [224,249,250]. To date, two drugs have been 

approved by FDA to be combined with gemcitabine which includes epidermal growth 

factor receptor (EGFR)-targeting tyrosine kinase inhibitor, erlotinib, and nab-paclitaxel 

[16,251]. The latter is also known as Abraxane®, nanoparticles (130 nm) with the 

chemotherapeutic drug paclitaxel bound to human protein albumin [16]. In addition, 

combination chemotherapy of 5-FU, irinotecan and oxaliplatin (FOLFIRINOX) has also 

shown enhanced tumour response rates and improved overall survival of PC patients [17].  

MicroRNAs (miRNAs) are a variety of noncoding RNAs that have been found to involve 

in tumour progression, metastasis and chemo-resistance [252]. Micelles co-delivering 

gemcitabine and miRNA-205 showed significant in vitro and in vivo reversal of 

gemcitabine resistance in PC. The combination reversed gemcitabine resistance in 

resistant MIA PaCa-2 and CAPAN-1 PC cells. The micelles significantly inhibited 

tumour growth in a xenograft tumour model from resistant MIA PaCa-2 cells [231]. 

More studies with dual drug delivery strategies have improved the efficacy in PC (Table 

1.3), however, the effectiveness on resistance cell and tumour models is unclear. Further 

evaluation on resistant models would better reveal the potential of these dual-drug 

delivery nanoparticles. In addition, few dual-drug studies have targeted gemcitabine 

resistance mechanisms, which have been discussed in Session 1.1.4.1. A dual-drug 

delivery system of gemcitabine and an inhibitor to target resistance mechanisms with 
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surface modification of active targeting agents to overcome gemcitabine resistance would 

have more potential for effective PC treatment. 

 

Table 1.3. Examples of dual-drug loaded nanoparticles with potential for PC treatment in 
preclinical research. 

Nanoparticles First agent Second agent  References 

Liposomes Gemcitabine Ceramide [224]  

Lipid-polymer hybrid 
nanoparticles 

Gemcitabine HIF1α siRNA [253] 

Iron oxide nanoparticles Gemcitabine Bmi-1 siRNA [254] 

Micelles Gemcitabine miRNA-205 [231] 

Mesoporous silica 
nanoparticles 

Gemcitabine Paclitaxel [255] 

Iron oxide nanoparticles Gemcitabine miRNA-21 antisense 
oligonucleotides 

[256] 

Mesoporous silica 
nanoparticles 

Gemcitabine Doxorubicin [249] 

Polymer nanoparticles Gemcitabine Oxaliplatin [250] 

Gold nanorods Doxorubicin K-Ras siRNA [257] 

Demdrimer Paclitaxel TR3 siRNA [258] 
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PC has the highest rate of mortality among all cancers. Although a range of preclinical 

and clinical studies have been conducted, the 5% overall 5-years survival rate remained 

unchanged over the last decades. Chemotherapy for PC with conventional gemcitabine 

formulation remains as the first line option.  

Lack of tumour specificity and drug resistance serves as critical obstacles to more 

effective treatment to PC. Gemcitabine resistance mechanisms include reduced drug 

uptake, increased drug efflux, altered drug activation and inactivation, anti-apoptotic 

pathways. To overcome these obstacles, targeted drug delivery using nanocarriers, 

particularly liposomes have been widely investigated. Active targeting agents have been 

used to promote cellular uptake of liposomes. Moreover, conferring liposome with pH-

sensitivity would further improve the cellular drug availability thus improving the 

efficacy. Secondly, combination of chemotherapeutic agent and an agent to interfere the 

biological process of cancer cells has been developed to overcome drug resistance in 

cancer treatment. However, the effectiveness of either single drug or combination therapy 

is hindered by the inadequate delivery to tumour site followed by insufficient intracellular 

drug release. Therefore, there is a demand to develop targeted intracellular drug delivery 

system to overcome gemcitabine resistance in PC. Furthermore, the mechanism of drug 

resistance needs to be understood, and accordingly combined drug therapy to be 

developed to circumvent drug resistance. 
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Chapter 2  
 Thesis Aims and Hypothesis 
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This thesis aimed to  

1) Develop a gemcitabine-resistant PC cell line. 

2) Investigate whether a dual intracellular delivery strategy (pH-sensitivity and 

CD44-HA interaction) using HA-pSL could circumvent transporter based 

gemcitabine resistance in PC. 

3) Elucidate biological gemcitabine resistance mechanisms and accordingly develop 

liposomal co-delivery system to overcome gemcitabine resistance in PC. 

 

It was hypothesised that the CD44-HA interactions between PC cells and liposomes 

would promote specific internalisation of liposomes into CD44 overexpressing cells; 

upon entering the cells, the pH-sensitivity of pSL will allow prompt release of a high drug 

payload to the DNA target, at sufficient levels to surplus the effect of efflux transporters. 

Furthermore, extra benefit would be achieved by co-delivery another chemical agent 

directly working on gemcitabine efflux transporters or favourably interfering its cellular 

metabolism to overcome gemcitabine resistance in PC treatment.   

 

To achieve the thesis aims, the specific objectives were to:  

1) Develop a resistant cell line model and validate the establishment of the cell line 

from the MIA PaCa-2 cells (Chapter 3). This includes exposure of parental MIA 

PaCa-2 cell to gemcitabine in gradually increased concentration for 5 months and 
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determination of the gemcitabine sensitivity of the resistance cell line. The 

morphology and growth rate of resistant cell line was characterised. CD44 

expression was analysed to support the use of HA to modify liposomes. 

2) Develop HA-pSL and investigate the pH-sensitive release, cellular uptake, in vitro 

cytotoxicity, in vivo pharmacokinetics and tumour growth inhibition of HA-pSL 

on both parental and resistant cell models (Chapter 4). Free drug formulation and 

pSL were used as controls. The pH-responsive gemcitabine release from HA-pSL 

was evidenced using HPLC. Cellular uptake of HA-pSL by MIA PaCa-2 and 

Gr2000 was visualised using confocal microscope and intracellular gemcitabine 

concentration was quantified using HPLC. The cytotoxicity was evaluated using 

MTT cell viability assay. Pharmacokinetic study and tumour growth inhibition 

using xenograft tumour models was conducted on mice. 

3) Investigate the effect of two different combination therapy using HA-pSL to 

overcome gemcitabine resistance in PC (Chapter 5). Gemcitabine was co-

encapsulated into HA-pSL with curcumin (an MRP 5 inhibitor) or zebularine (an 

inhibitor of CDA). Cytotoxicity was evaluated using MTT assay, compared to 

free drugs and their combinations.   



 

49 

 

 

 

 

 

 

 

 

 

Chapter 3  
Methodology and Drug Resistant 

Cell Line Development  
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The ability of tumours to develop resistance to chemotherapeutics has widely been 

observed in clinic [259]. The development of effective treatment greatly needs of the 

establishment of drug-resistant cancer cell lines as well as identification of resistance 

mechanisms. A common approach to establish resistant cancer cell line is the exposure 

of cancer cells to step-wisely increasing concentrations of chemotherapeutics over time 

[260]. The established resistant cell line shares the similar genetic background as the 

parental cell line, while differs from the parental cell lines in the genes involved in 

resistance [259]. The other important tool needed for in vitro assessment of the potency 

of anti-cancer drugs or formulations is in vitro cytotoxicity assay.  

Various in vitro cytotoxicity assays have been developed to rapidly assess anti-cancer 

effect. Different assays reveal cytotoxicity via different mechanisms. In general, 

cytotoxicity assays can be classified into 1) dye exclusion assays, 2) colorimetric assays, 

and 3) fluorometric assays. The most extensively used dye exclusion assay is trypan blue, 

which is simple and inexpensive, based on the principle that viable cells exclude dyes, 

but dead cells not exclude them. However, dye exclusion assays are not recommended 

for monolayer cell cultures as they must be conducted on cell suspensions [261]. The 

principle of colorimetric assays is the measurement of a biochemical marker to evaluate 

metabolic activity of the cells where reagents are converted to a dye reflecting cell 

viability. 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, 

measuring activity of mitochondrial enzymes), WST-8 assay, lactate dehydrogenase 

(LDH, measures cytosolic LDH enzyme) and sulforhodamine B (SRB, by binds to protein 

basic amino acid residues in trichloroacetic acid- fixed cells) assays are widely used 

colorimetric assays. They are sensitive, easy to conduct and economical [262]. 
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Fluorometric assays are performed with a fluorescence microplate reader. They are 

generally more sensitive than colorimetric assays. However, fluorescence might be 

interfered by test compounds [263]. SYBR green 1 fluorescent dye preferentially binds 

to double-stranded DNA and displays fluorescence upon intercalation into DNA. This 

assay is based on quantification of DNA by measurement of the fluorescence intensity 

and the method is a simple and cost-effective with desirable well-to-well replicates. 

However, it could not reflect cell viability. Propidium Iodide (PI) assay is another 

commonly used fluorometric assay. PI is a red-fluorescent cell viability dye which is 

excluded from live cells with intact membranes, but penetrates dead or damaged cells and 

binds to DNA and RNA by intercalating between the bases [264]. 

In addition, cell proliferation studies based on the thymidine incorporation assay are 

employed frequently in cancer researc and pharmaceutical research to assess the ability 

of both compounds and formulations to stimulate or inhibit the proliferation of cells. The 

thymidine incorporation assay determines DNA replication by measuring a radioactive 

nucleoside, 3H-thymidine, which is incorporated into new strands of chromosomal DNA 

during mitotic cell division. This assay is a direct measurement of cell proliferation, 

however it poses radio threat to operators [265]. 

In this thesis, three commonly used cytotoxicity assays were compared and then 

optimised. As introduced in Section 1.1.2.1, gemcitabine is nucleoside prodrug which 

inserts into DNA chain in its triphosphate form. The effect of gemcitabine might be 

different when determined by different cytotoxicity assays. Therefore, three different 

assays were compared to select proper assay to evaluate cytotoxicity. One of the mostly 

commonly adopted cytotoxicity assays is MTT cell viability assay [266], as it is simple, 
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fast to conduct and has a high reproducibility. MTT cell viability assay measured cell 

metabolic activity representing the number of viable cells. NAD(P)H-dependent cellular 

oxidoreductase enzymes transform 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide to colourimetric formazan of a purple colour, which the colour 

density represents viable cell number. Secondly, SYBR green 1 assay also provides a way 

to assess cytotoxicity via measuring the amount of DNA representing cell number. 

Thirdly, the thymidine incorporation assay which determines DNA replication. By 

distinguishing cellular apoptosis with necrosis, Annexin V/Propedium iodide assay might 

provide extra understanding of drug action.  

The cytotoxic effect of chemotherapeutics has been found to vary with different cell 

density [267]. The optimisation of cytotoxicity assay is crucial in experimental 

reproducibility [268]. The cell seeding density was optimised for the selected cytotoxicity 

assay in this study. 

 

The aim of this chapter was to develop a resistant PC cell line model and optimise the 

cytotoxicity assay. For the investigation of strategies to overcome resistance, MIA PaCa-

2, a human PC cell line that has been used extensively in pancreatic cancer research and 

therapy development, was used in this thesis.  

The specific objectives were to: 

1) Develop a resistant PC cell line model and validate the establishment of the resistant 

cell line from the MIA PaCa-2 cells by testing sensitivity to gemcitabine; 
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2) Determine a simple reliable assay for the cell growth inhibitory effect of gemcitabine 

formulations to be used in this research. Three assays were compared, including MTT, 

SYBR green1 and thymidine incorporation assays. 

3) Optimise the cell density for the chosen cytotoxicity assay to be used for in vitro 

formulation valuation in this thesis. 

 

3.3.1 Materials 

Gemcitabine (purity 99.96%) was obtained from Selleck Chemicals (Houston, TX, USA).  

For cell culture studies, Dulbecco's modified eagle's medium (DMEM), penicillin-

streptomycin-glutamine (PSG), fetal bovine serum (FBS) and Wheat Germ Agglutinin 

Texas Red (WGA) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

MIA PaCa-2 PC cell line was a gift from Distinguished Professor Bruce Baguley of 

Auckland Cancer Society Research Centre. 

For cytotoxicity study, Gemcitabine was purchased from Selleck Chemicals (Houston, 

TX, USA). Thiazolyl blue tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). SYBR green I was from 

Lumiprobe (Hallandale Beach, FL, USA). 3H-thymidine PerkinElmer (Waltham, MA, 

USA). 
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3.3.2 Cell culture 

MIA PaCa-2 cells were maintained in DMEM medium supplemented with 10% fetal 

bovine serum and 0.05 mg/mL penicillin-streptomycin-glutamine in a humid atmosphere 

of 5% CO2 in air at 37 °C.  

3.3.3 Development and characterisation of resistant PC cell line  

3.3.3.1 Development of resistant PC cell line  

To develop the gemcitabine resistant PC cell line, 1 × 105 of MIA PaCa-2 cells were 

seeded in T25 flask and passed twice weekly. At each passage, cells were treated with 

gemcitabine in progressively increasing concentrations, initially 10 nM and finally 2000 

nM, over a period of 5 months. Each concentration was maintained for two weeks before 

the concentration was increased. 

The resistance of the cell line was tested periodically for their half maximal inhibitory 

concentrations (IC50) using MTT cell viability assay following 72 h exposure. 

3.3.3.2 Resistance of cell line by MTT cell viability assay 

To validate the resistant cell line, the sensitivity of Gr2000 to gemcitabine was evaluated 

using MTT cell viability assay. Approximately 1500 cells/well were seeded in 96-well 

plates (100 µL/well). After 24 h allowing for attachment, cells were treated with 

gemcitabine of different concentrations. After 72 h of treatment, 20 µL of 5 mg/mL MTT 

solution was added to each well and the plate was incubated at 37 °C for 2 h. Medium 

was removed and 150 µL DMSO was added to each well to dissolve the formazan. The 
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plate was read at 570 nm with a microplate reader (SpectraMax Plus 384, Molecular 

Devices). The cell viability was calculated as % to control group treated with PBS. 

3.3.3.3 Morphology of resistant cell line 

The morphology of the cells during the development of resistance cell line was monitored 

using EVOS EL Core Cell Imaging System (Thermo Fisher Scientific, USA). The 

microscopic images were recorded to track possible morphology change. 

3.3.3.4 Growth rate of parental and resistant cell lines 

To determine cell growth rate, approximately 5 × 104 of MIA PaCa-2 or Gr2000 cells 

were seeded in 24-well plate. After 1, 2, 3, 4, 5 and 6 days, the cells were collected by 

treatment with trypsin and the cell number was counted using Countstar® BioTech 

Automated Cell Counter (ALIT Life Science Co. Ltd., Shanghai, China). Cell growth 

curves were plotted and the growth rate expressed as doubling time was calculated using 

GraphPad Prism 8.   

3.3.3.5 Determination of cellular expression of CD44 by flow cytometry 

To verify the targeting potential of HA, CD44 expression in both MIA PaCa-2 and 

Gr2000 cells was quantified by flow cytometry following manufacturer protocol as 

describe previously [269,270]. Cells were trypsinised and washed once with PBS. An 

aliquot of 106 cells were harvested, washed with blocking buffer (1% fetal bovine serum 

in PBS), and incubated with 100 µL of APC Mouse Anti-Human CD44 (BD Biosciences, 

CA, USA) in blocking buffer (1:200 dilution) on ice for 30 min. Cells were washed twice 
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before re-suspended in 200 µL blocking buffer for analysis by BD Accuri C6 Flow 

Cytometer (BD Biosciences, CA, USA).  

3.3.4 Comparison of cytotoxic assay for evaluating PC cell growth  

To select effective and efficient cytotoxicity assay, MTT cell viability assay, SYBR 

green1 assay and thymidine incorporation assay were compared. MIA PaCa-2 cells were 

seeded into 96-well plate at a density of 1500 cells/well. After 24 h for cell attachment, 

the cells were treated with gemcitabine for 72h. Then the following three cytotoxicity 

assays were conducted. 

3.3.4.1 MTT cell viability assay 

The MTT cell viability assay was conducted as described in Section 3.3.3.2. 

3.3.4.2 SYBR green 1 assay 

Cell proliferation was quantified by determining the amount of double strain DNA per 

well [271]. Cells were freeze-thawed twice before 100 μL of a 1:1000 dilution of the 

dsDNA-binding dye SYBR green 1 (10,000× stock solution) was added to each well. The 

dilution buffer was composed of 10 mM Tris–HCl, 2.5 mM EDTA, 1% Triton X-100. 

The plate was incubated in the darkness for 48 h and read with a EnSpire multimode plate 

reader (PerkinElmer, Waltham, United States) at 485 nm excitation and 535 nm emission 

wavelength.  
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3.3.4.3 Thymidine incorporation assay 

Cell proliferation was measured using a thymidine incorporation assay [272]. Briefly, 

0.04 μCi of 3H-thymidine was added to each well and incubated for five hours, after which 

the cells were gathered onto glass fibre filters using an automated TomTec harvester 

(TomTec Life Sciences, Hamden, CT, USA). The filters were incubated with Betaplate 

Scint and thymidine incorporation determined with a Trilux/Betaplate counter showing 

the percentage of cells incorporated with 3H-thymidine into the DNA helix. 

3.3.5 Optimisation of cell seeding density 

To optimise cell seeding density for MTT cell viability assay, 400, 800, 1600 and 3200 

cells/well were seeded in 96-well plates. After 24 h allowing cell attachment, drug 

solution prepared in 100 µL medium was added to each well. After another 72 h, the plate 

was conducted with MTT cell viability assay described in Section 3.3.3.2. 

3.3.6 Data and statistical analysis 

The IC50 values were calculated using GraphPad Prism 8 from three individual 

experiments. Statistical analysis was performed using Student’s t-test for comparison of 

two groups or one-way ANOVA for multiple groups. P value <0.05 was considered as 

significant difference. 
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3.4.1 Characteristics of parental and gemcitabine-resistant PC 

cell line models 

The developed resistant cell line was referred to as Gr2000 as cells were able to survive 

in medium containing 2000 nM gemcitabine. These Gr2000 cells were stored and used 

within four passages for both the in vitro and in vivo experiments described in this thesis. 

3.4.1.1 Resistance to gemcitabine of Gr2000 

The IC50 value to Gr2000 was 4447 ± 1045 nM (three experiments), about 400 times 

higher than that of the MIA PaCa-2 cells, 10.01 ± 5.16 nM.  

Interestingly, free gemcitabine could not completely kill either of the PC cells, and left a 

high proportion of cells remaining alive, 5% in MIA PaCa-2 cell line and >20% in 

Gr2000, even if the drug concentrations reached up to 100 µM (Figure 3.1). Furthermore, 

the surviving Gr2000 cells showed a different morphology from MIA PaCa-2, and tended 

to be in spindle-shaped while a small number displayed a stellate-shape (Figure 3.2).     
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Figure 3.1. Cell growth inhibition of gemcitabine to MIA PaCa-2 and Gr2000 cells after 
3 days treatment n MTT cell viability assay. IC50 was calculated from three independent 
experiments. ***p<0.001. 

 

3.4.1.2 Morphology 

Gr2000 showed similar cell morphology as to the parental MIA PaCa-2 ells. In general, 

Gr2000 cells showed spindle or round shape with slightly more round shape cells than 

MIA PaCa-2. After treated with high concentration of gemcitabine at 100 µM, there was 

still a small population left in both cell line, while the population in Gr2000 (20%) was 

larger than MIA PaCa-2 (5%) (Figure 3.2). 

 



 

60 

 

 

Figure 3.2. Morphology of A) normal MIA PaCa-2 and Gr2000 cells and B) remaining 
cells survived from 72 h treatment of 100 µM of gemcitabine. 

 

3.4.1.3 Growth rate of parental and resistant cell lines 

Gr2000 showed similar cell growth rate when maintained in medium containing 2000 nM 

gemcitabine, compared to MIA PaCa-2. The comparable growth rate supported the 

establishment of the resistant cell line. The doubling time for MIA PaCa-2 and Gr2000 

was 23.1 and 25.9 h, respectively (Figure 3.3).  
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Figure 3.3. Cell growth curve of MIA PaCa-2 and Gr2000. Data are mean ± SD from 
three independent experiments. 

 

3.4.1.4 Determination of cellular expression of CD44 by flow cytometry 

Flow cytometry showed strong anti-CD44 antibody fluorescence intensity in both cell 

lines, confirming their high CD44 expressions with a slight increase in Gr2000 than MIA 

PaCa-2 (98% vs 95% positive) (Figure 3.4).   
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Figure 3.4. The expression of CD44 in MIA PaCa-2 and Gr2000 cell lines using flow 
cytometry. APC: allophycocyanin. 

 

3.4.2 Comparison of assays evaluating cytotoxicity  

There was no significant difference (p>0.05) among IC50 determined by three 

cytotoxicity assays (6.45 ± 1.19 nM, 6.14 ± 1.53 nM and 4.20 ± 1.46 nM respectively for 

MTT cell viability assay, SYBR green 1 assay and thymidine incorporation assay), 

although thymidine incorporation assay showed a lower IC50 (Figure 3.5). Three assays 

all could be used to determine cytotoxicity. Considering operation time and cost, MTT 

cell viability assay was chosen for later studies. 
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Figure 3.5. Cell growth inhibition curves by MTT cell viability, SYBR green 1 and 
thymidine incorporation assays, following 72 hour drug exposure. IC50 was calculated 
from three independent experiments. 1500 cells/well were seeded into 96-well plate. 

 

3.4.3 Optimisation of cell seeding density in MTT assay 

The IC50 determined by MTT cell viability assay increased as cell seeding number 

increased (p<0.05), indicating the significance of optimisation of cell seeding density. 

The IC50 of highest cell seeding density was 2.5 times higher than that of lowest cell 

seeding density (Figure 3.6). The absorbance reading of MTT cell viability assay with 

different cell seeding density ranged from 0.08 to 1.53 OD (Table 3.1). The IC50 value 

revealed 800 cells/well was an appropriate seeding density for MTT assay in this thesis. 
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Figure 3.6. Cell growth inhibition curves obtained by MTT cell viability assay. 400, 
800, 1600 or 3200 cells were seeded into 96-well plate. IC50 was calculated from three 
independent experiments. p<0.05 by ANOVA. 

 

Table 3.1. Absorbance range at 570nm in MTT cell viability assay. 

Cell seeding number Absorbance range (OD) 

400 0.08-0.31 
800 0.12-0.59 
1600 0.11-0.88 
3200 0.26-1.53 

 

 

To develop the resistant cell line, MIA PaCa-2 was treated with an initial concentration 

at IC50 (10 nM). The concentration was doubled when significant cell death was not seen 

which was usually after two passages. When a concentration of 2000 nM was reached, 
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the resistant cell line was validated by testing IC50. Interestingly, in MTT assay, after 

three days treatment, even with highest concentration, there were still about 20% cells 

remaining alive in the Gr2000, compared to a 5 % in MIA PaCa-2. This might be a 

gemcitabine resistance population (RP) with cancer stem cell properties [273]. CD44 has 

been identified as a reliable marker for pancreatic cancer stem cells [274]. The use of 

hyaluronic acid modified liposomes in this study might provide benefits to target PC stem 

cells overexpressing CD44. 

In the comparison of cell growth assays, MTT cell viability and SYBR green1 assay 

showed a similar ratio of cells remaining after treatment even with the highest 

concentration, which was not seen in thymidine incorporation assay. The is consistent 

with our hypothesis of the stem cells, where quiescence has been reported as mechanism 

of chemo-resistance in stem cells [103]. The quiescence could be due to both EMT 

transition and hypoxia, which is widely reported in stem cells [275]. 

The difference of IC50 when different number of cells were seeded could be due to 

corresponding different drug to cell ratio. The linearity range of SpetraMax Plus 384 

microplate reader is 0-2 OD. All the cell density fitted within the range (Table 3.1). With 

a background absorbance of 0.4, the lower limit in low seeding density (400) was not 

representable to real cell viability. High seeding density (3200) was prone to produce high 

variation among replicate wells as overgrow has been observed. 800 would be a better 

seeding density as the best range for MTT cell viability assay is 0.2-0.8 although it can 

be extended to 2 [266]. 
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A resistant cell line Gr2000 which could survive in 2000 nM gemcitabine was established 

by long-term exposure to gemcitabine. The resistant cell line was validated by testing its 

sensitivity to gemcitabine which reduced 444 times. 

The morphology and growth rate of Gr2000 was similar to MIA PaCa-2. Gr2000 

remained high expression of CD44 as MIA PaCa-2, therefore a HA functionalised pH-

sensitive liposomal delivery system was developed and its effect on overcoming 

gemcitabine resistance was investigated in the next chapter.  

MTT cell viability assay was selected from three cytotoxicity assays for next cytotoxicity 

studies. A cell density of 800 cells/well in 96-well plate was optimal to accurately 

evaluate cytotoxicity.  
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Chapter 4  
 Can Intracellular Drug Delivery 

Using Hyaluronic Acid 
Functionalised pH-Sensitive 

Liposomes Overcome Gemcitabine 
Resistance in Pancreatic Cancer? 
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As introduced in Chapter 1, gemcitabine is the first line chemotherapeutic agent for PC 

[20][25]. Chemo-resistance poses major challenges in gemcitabine chemotherapy. First, 

many PC patients who are initially sensitive to gemcitabine therapy rapidly develop 

resistance to treatment [276] via a number of mechanisms such as reduced drug uptake 

and up-regulated drug efflux from the cancer cells, and altered metabolic pathways for 

activation and deactivation [37]. Other problems, common to many chemotherapeutic 

agents, include the lack of specific tumour penetration [277], killing normal cells along 

with malignant cells [278] and rapid elimination from the blood (half-life 32 min in 

human) [32]. 

In Chapter 3, high CD44 expression was revealed in both MIA PaCa-2 and Gr2000 cells. 

Therefore hyaluronic acid (HA) can be used as an active targeting ligand on liposomes to 

enhance cellular uptake of pH-sensitive liposomes. Given HA has a high affinity to 

circulating macrophages [279], a low degree of PEGylation is essential to balance long 

circulation time and efficient intracellular drug delivery (Section 1.4.1.2) [280].  

 

The aim of this chapter is to develop a HA functionalised pH-sensitive liposomal delivery 

system and to investigate its ability for intracellular delivery including HA-CD44 

interaction and endosome escape, and ultimately the potential to overcome drug 

resistance in an in vitro and in vivo anti-tumour study.  
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All in vitro and in vivo experiments were conducted using resistant PC cells Gr2000 

compared to the parental MIA PaCa-2. Free drug and pSL formulation were used as 

reference formulations. 

The specific objectives were to: 

1) Develop a CD44 targeting pH-sensitive liposomal delivery system with suitable size 

for EPR effect and HA density for HA-CD44 interaction. 

2) Investigate if the liposomal delivery system could promote in vitro cellular uptake, 

ability for endosome escape and in vitro cytotoxicity in both cell lines.   

3) Study the in vivo pharmacokinetics and effect of HA modification on the long 

circulation property. 

4) Construct MIA PaCa-2 and Gr2000 xenograft tumour models on mice and conduct a 

comparative anti-tumour study of HA-pSL, pSL and free gemcitabine.  

 

4.3.1 Materials 

Gemcitabine (purity 99.96%) was purchased from Selleck Chemicals (Houston, USA).  

For liposome preparation, DOPE, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 

CHEMS and N-(carbonyl-methoxypolyethylene-glycol-2000)-1,2-distearoyl-sn-glycero-

3-phosphothanolamine (DSPE-mPEG2000) were purchased from Avanti Polar Lipids 

(Alabaster, Alabama, USA). Hyaluronic acid (HA, MW 1.0-1.8 MDa) was purchased 

from Lifecore Biomedical (Chaska, MN, USA).  

For cytotoxicity study, Dulbecco's modified eagle's medium (DMEM), penicillin-

streptomycin-glutamine (PSG), fetal bovine serum (FBS) and Wheat Germ Agglutinin 

Texas Red (WGA) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
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Thiazolyl blue tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), cholesterol 

(CHOL), cetyltrimethylammonium bromide (CTAB), calcein and 4′,6-diamidino-2-

phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  

For the pharmacokinetic study, Sprague Dawley (SD) rats (6-8 weeks) were obtained 

from the Vernon Jansen Unit (VJU, University of Auckland). All procedures were 

approved by the Committee of Animal Experiments of The University of Auckland 

(Ethics approval number 001228).  

Anti-tumour studies were conducted at Yantai University, China. NOD Scid male mice 

of 4-6 weeks old weighing 16-20 g were from Beijing Vital River Laboratory Animal 

Technology Co., Ltd (Beijing, China). The experiments were carried out in compliance 

with the National Institute of Health Guide for the Care and Use of Laboratory Animals 

in China, and approved by the Experimental Animals Administrative Committee of 

Yantai University. 

4.3.2 Development of HA coated pH-sensitive liposomes  

4.3.2.1 Liposome preparation 

Blank pSL composed of DOPE: CHEMS: DSPC: CHOL: DSPE-mPEG2000 (molar 

ratios 4:2:2:2:0.3) were prepared using a thin film hydration method [205]. All lipids (10 

mg) were dissolved in 1 mL of chloroform: methanol (3:1, v/v). A thin film was then 

obtained by removal of the organic solvents using a rotary evaporator under vacuum 

conditions (R-215, Büchi, Switzerland). After hydration with phosphate buffer (100 mM, 

pH 7.4, isotonic) for 45 min at 45 °C, the liposome suspension obtained was subject to 

seven freeze (2 min)-and-thaw (7 min) cycles before extrusion through a 0.2 µm 
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membrane 10 times with a pressure of ~400 psi at room temperature using a 10 ml 

LIPEX™ Extruder (Northern Lipids Inc., Canada). pSL as liposomal pellets were 

obtained by ultra-centrifugation at 186,000 g at 4 °C for 1 h (WX Ultra 80, Thermo Fisher 

Scientific, USA).  

4.3.2.2 HA modification of pSL 

HA was conjugated on the surface of pSL via carbodiimide coupling reaction forming 

amide bonds between the carboxylic acid groups of HA and the amines of DOPE, 

following the method reported [281]. HA, EDC and NHS at the same weight were 

dissolved in Milli-Q water and the pH was adjusted to 4 with HCl and the optimised 

concentration of HA solution was 4 mg/mL. After incubated at 37˚C for 2 h, the solution 

(500 µL) was mixed with borate buffer (pH 9, 500 µL) and used to reconstitute the pSL 

pellet (10 mg lipids). A preliminary study was also conducted to optimise the HA density 

where 2, 4, 6 and 10 mg/mL HA solutions were tested and 4 mg/mL was chosen by a 

cellular uptake study. The mixture (final pH 8) was incubated at 37 ˚C for 24 h, using an 

Eppendorf Thermomixer C at a mixing frequency of 300 rpm to allow for conjugation. 

Finally, HA-pSL pellet was obtained by ultra-centrifugation at 186,000 g at 4 ˚C for 1 h.  

4.3.2.3 Drug loading 

Gemcitabine was loaded into HA-pSL and pSL using the ‘small volume incubation’(SVI) 

method [205]. This passive drug loading method depends on drug dissolution from a 

suspension which establishes a high concentration gradient across the liposomal 

membrane for efficient drug influx to the liposomes. Briefly, a gemcitabine suspension 

(1.5 mg in 20 μL of PBS pH 7.4) was added to pelleted liposome (equivalent to 10 mg 
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lipids), vortexed for 3 min, and the resulting mixture was incubated at 60 °C for 3 h. The 

mixture was washed with 1 mL phosphate buffer (100 mM, pH 7.4, isotonic) and 

gemcitabine loaded liposomes were pelleted by ultra-centrifugation. The unloaded 

gemcitabine in the supernatant was removed and the liposome pellets were stored at 4 °C 

in dark for further use. 

4.3.3 Characterisation of liposomal formulations 

4.3.3.1 Determination of HA attachment density 

To determine the HA attachment efficiency, free HA in the supernatant was transferred 

to a 96-well plate (50 µL/well), and 100 µL of 25 mg/mL freshly prepared 

cetyltrimethylammonium bromide (CTAB) in 2% NaOH was added to each well. The 

mixture was incubated at 37 °C for 10 min. The turbidity was determined at 600 nm with 

plate reader (SpectraMax plus 384, Molecular Devices) as a function of HA concentration 

[282]. The HA concentration of the samples (diluted to 0.2-0.3 mg/mL) was calculated 

against validated calibration curve. 

4.3.3.2 Particle size and zeta potential 

The particle size and zeta potential of liposomes were determined using Malvern 

Zetasizer Nano ZS (Malvern Panalytical Ltd., UK) using dynamic light scattering (DLS). 

The samples were diluted in Milli-Q water and PBS (pH 7.4) and analysed at 25 °C. The 

polydispersity index (PDI) was also measured which indicated particle size distribution. 
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4.3.3.3 Morphology visualized by transmission electron microscopy 

The morphology of liposomes was analysed by cryogenic transmission electron 

microscopy (cryo-TEM). Liposome samples (diluted to a lipid concentration of 2 mg/mL 

in PBS) were prepared in a climate chamber by placing a drop onto a copper grid then 

blotting to leave a thin film stretched over grid holes, followed by dipping into liquid 

ethane and cooled to -180 °C with liquid nitrogen. Samples were observed on a Tecnai 

12 electron microscope (FEI, Hillsboro, USA) operating at 120 KV. 

4.3.3.4 Entrapment efficiency (EE) and drug loading (DL) 

To determine the EE and DL, gemcitabine-loaded liposome pellets were suspended in 

PBS and then diluted 1:10 with 10% Triton X-100 followed by sonication for 15 min to 

break the liposomes. The amount of gemcitabine was determined using a validated HPLC 

method with an Agilent 1260 instrument, a Phenomenex Gemini C18 column (250 × 4.6 

mm, 5 µm), and a mobile phase consisting of water-acetonitrile (95:5, v/v) at a flow rate 

of 1 mL/min. The detection wavelength was 270 nm [283]. 

The EE and DL were calculated using the following equations, respectively: 

EE(%) =
Amount of drug in liposomes
Total amount of feeding drug

× 100 

DL(%) =
Amount of drug in liposomes

Amount of drug loaded liposomes
× 100 
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4.3.3.5 Stability of HA-pSL and pSL 

The physicochemical stability of drug-loaded liposomes stored as pellets at 4 °C was 

investigated by monitoring the particle size, PDI, zeta-potential of liposomes and drug 

content over 3 months. 

4.3.4 Expression of mRNA for gemcitabine transporters 

To determine the cellular expression of drug transporters, total RNA was extracted from 

106 cells of each type using the TRIzol agent [284]. Transcription of cDNA from RNA 

was performed using SuperRT cDNA synthesis kit. Reverse transcription polymerase 

chain reaction (RT-PCR) was conducted using BeyoFast™ SYBR Green qPCR Mix on 

a 7500 Fast Real-Time PCR System (Applied Biosystems, CA, USA). Relative mRNA 

expression of the gemcitabine transporters, hENT1, hCNT1, and MRP5 was calculated 

using the widely used 2-ΔΔCT method [285]. Primers for PCR were as following 

[65,70,286]:  

1) MRP5  
forward: 5’-AGAACTCGACCGTTGGAATGC-3’ 
reverse: 5’-TCATCCAGGATTCTGAGCTGAG-3’ 

2) hENT1  
forward: 5’-CTCTCAGCCCACCAATGAAAG-3’ 
reverse: 5’-CTCAACAGTCACGGCTGGAA-3’ 

3) hCNT1  
forward: 5’-CCTCACCTGTGTGGTCCTCA-3’ 
reverse: 5’-AGACCCCTCTTAAACCAGAGC-3’ 

 

4.3.5 In vitro cellular uptake of liposomes and endosomal escape 

Cellular uptake and endosomal escape of liposomes was evaluated by confocal 

microscopy as well as quantitative HPLC analysis of intracellular drug content.  
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4.3.5.1 Formulation labelling 

Dual-fluorescence labelled liposomes were prepared by using a calcein solution (80 mM, 

adjusted to pH 7.4, Ex/Em 470/509 nm) for hydration of thin films containing Rh-PE (5% 

in total lipids, w/w, Ex/Em 560/583 nm). Free dyes were removed by ultracentrifugation 

before the cellular uptake study. 

4.3.5.2 Cellular uptake by confocal microscopy 

Cells were seeded in a 4-well chamber slide system (Nunc Lab-Tek, Thermo Fisher 

Scientific, USA) at a density of 2 × 104
 in 1 mL/well and cultured overnight allowing for 

attachment. The cells were stained with Nucblue Hoechst 33342 (Ex/Em 340/510 nm)at 

1 mg/mL for 20 min, and Lysotracker Deep Red for 90 min before incubated with the 

dual-labelled liposomes (0.1 mg/mL) for different period of time (0.5 - 3 h). Cells were 

washed with ice-cold PBS 3 times and fixed with 4% (w/v) paraformaldehyde (15 min at 

room temperature) for confocal microscopic observation (Olympus FLUOVIEW 

FV1000).  

4.3.5.3 Endosome escape analysis 

To assess their endosome escape abilities, confocal images were analysed using ImageJ 

(version 1.6). The co-localisation of Lysotracker (probing late endosomes and lysosomes, 

Ex/EM 647/688 nm) with Rh-PE (probing liposome membrane) or with calcein (the 

liposome content) was investigated and Pearson’s correlation coefficients (r) over time 

were established where r of +1 indicates positive linear correlation while a zero value 

means the co-localisation is uncorrelated [287]. Since calcein at 80 mM is self-quenched, 



 

76 

 

its fluorescence signal is low when liposomes are intact but becomes visible when 

released from liposomes, thus probing endosome escape [288].    

4.3.5.4 HPLC analysis of intracellular gemcitabine 

In parallel, cells were cultured in 6-well plates and each well was treated with HA-pSL, 

pSL and free drug at 100 µM for 3 h. The cells were washed with ice-cold PBS three 

times. To optimise cell extraction method, cells were lysed with commonly used 

extraction chemical percholoric acid, methanol or acetonitrile and sonicated for 10 min 

to extract gemcitabine and the HPLC chromatograms were compared. After 

centrifugation to remove cell debris, the supernatant was evaporated and reconstituted in 

100 µL MilliQ water for HPLC analysis [283]. The calibration curve was generated with 

non-treated cell extract spiked with gemcitabine in the range of 0.1-10 µg/mL. 

4.3.6 In vitro cytotoxicity  

An MTT cell viability assay was used to validate the establishment of resistant cell lines 

and to compare the potency of the formulations. Approximately 800 cells/well were 

seeded in 96-well plates (100 µL/well). After 24 h attachment, formulations prepared in 

100 µL medium were added to each well (n=3 or 4 wells). After 72 h of treatment, 20 µL 

of 5 mg/mL MTT solution was added to each well and the plate was incubated at 37 °C 

for 2 h. Medium was removed and 150 µL DMSO was added to dissolve the formazan. 

The absorbance was read at 570 nm with a microplate reader (SpectraMax Plus 384, 

Molecular Devices). 

IC50 was calculated using GraphPad Prism 7.0 from three individual experiments. 

Resistance index (RI) towards each treatment was defined using following equation [35] 
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to indicate the degree of gemcitabine resistance to the resistant cell line Gr2000. A low 

RI value means more potent of the formulation, and an RI value of 1 indicates completely 

overcoming resistance. 

RI =
IC50 of the formulation to Gr2000
IC50 of free drug to parental cells

 

4.3.7 Pharmacokinetic study 

4.3.7.1 HPLC method for drug analysis  

Gemcitabine concentration in the plasma samples were conducted using HPLC analysis 

method, as previously developed in the lab [283]. Briefly gemcitabine was extracted using 

solvent precipitation with acetonitrile (1:8, v/v). A freshly prepared external standard 

curve with spiked gemcitabine in the concentration range g from 0.1 to 10 μM was first 

established. The HPLC analysis was conducted on an Agilent 1260 instrument, a Gemini 

C18 column (250 × 4.6 mm, 5 µm) from Phenomenex (Auckland, New Zealand) and a 

mobile phase consisting of water-acetonitrile (95:5, v/v) at a flow rate of 1 mL/min. The 

detection wavelength was 270 nm.  

4.3.7.2 Drug administration and sample analysis   

To investigate the effect of HA conjugation on the blood circulation of pSL, a 

pharmacokinetic study of gemcitabine loaded HA-pSL and pSL was performed in rats 

(n=4). Free gemcitabine solution was also used as a reference.  
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Following drug administration via the tail vein at a dose of 1 mg/kg, 0.2 mL of blood 

sample was collected from the tail vein at predetermined intervals, with the first sample 

taken at 30 min post-dosing. After 48 h, animals were culled using CO2. 

Plasma samples were obtained by centrifugation of whole blood at 4000 rpm for 15 min 

before HPLC analysis for drug concentration as described above.  

4.3.7.3 Pharmacokinetic data analysis  

The gemcitabine pharmacokinetic profiles were fitted to a non-compartmental model 

using Kinetica 5 (Thermo Fisher Scientific, PA, USA) to obtain the pharmacokinetic 

parameters. Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons 

test using GraphPad Prism 7.01 (GraphPad Software Inc., La Jolla, CA). The level of 

significance for all statistical analysis was set at 0.05.  

4.3.8 In vivo anti-tumour study in parental and gemcitabine-

resistant PC models 

4.3.8.1 Establishment of tumour models 

Parental MIA PaCa-2 and resistant Gr2000 xenograft tumour models were both 

established using a two-step subcutaneously inoculation method [289]. MIA PaCa-2 or 

Gr2000 cells were harvested and washed with FBS-free DMEM medium once. The cells 

were suspended in FBS-free medium at the density of 5 × 107/mL and mixed with equal 

amount of matrigel. A cell suspension (5 × 106 cells in 0.2 mL) was subcutaneously 

inoculated at the right flank of NOD Scid mice. When the tumours grew to about 1000 

mm3, the mice were euthanised and the tumours collected. The tumours were cut into 
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pieces and subcutaneously inoculated into the right flank of mice to establish xenograft 

models.  

4.3.8.2 Safety and tolerant dose 

The safety of liposome dosage was investigated in pilot study. After a single dose of 400 

mg/kg liposomes was injected via the tail vein of mice, the state and movement of mice 

was monitored for 24 h. 

The safety of animals bearing MIA PaCa-2 and Gr2000 tumours was monitored by 

measuring body weight twice a week during the tumour growth. 

In the main study, the safety of animals receiving multiple doses was also monitored by 

measuring body weight twice a week. 

4.3.8.3 Efficacy study in both tumour models  

When the average tumour volume reached 100-150 mm3, which took 9 days following 

the second inoculation, the mice were randomly assigned to 4 treatment groups (PBS, 

gemcitabine solution, pSL, HA-pSL) (n=6). Each of the gemcitabine formulations was 

injected via tail vein at a dose of 8 mg/kg twice weekly four times. Tumour volumes were 

monitored twice a week. On day 30, the mice were euthanised and the tumours were 

collected and weighed. 

The improved efficacy (IE) index of HA-pSL compared with a reference formulation, 

namely free drug or pSL was defined as:  
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 𝐼𝐼𝐼𝐼 = 𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟

𝑊𝑊𝐻𝐻𝐻𝐻
 

Where: WHA and Wref denotes the tumour weight of the HA-pSL group and the reference 

group, respectively, of the same tumour model. 

4.3.9 Statistical analysis 

Statistical analysis was performed by Student’s t-test for two groups or one-way ANOVA 

for multiple groups. A p-value <0.05 was considered statistically significant in all cases. 

 

4.4.1 Characterisation of liposomal formulations 

HA-pSL prepared with an HA solution at 4 mg/mL, but not at 2 mg/mL showed 

significantly improved intracellular gemcitabine concentration (following 3 h exposure) 

compared to pSL (p<0.01). Further increase in HA concentration up to 10 mg/mL did not 

further enhance the cellular uptake. Thus the concentration of 4 mg/mL was used for HA 

conjugation. The HA coating efficiency was 43.2 ± 1.6% (n=3), determined by the CTAB 

method. This led to an HA density of 178.9 µg/µmol (HA to total lipids) on the HA-pSL 

surface, compared to 93 µg/µmol with a 2 mg/mL HA solution was used for conjugation. 

The molar ratio of active carboxyl group in HA and amine group in DOPE was 1.2:1. The 

linearity of CTAB method was 0.97 in the range of 0.1 – 0.6 mg/mL (Figure 4.1). 
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Figure 4.1. Calibration curve of CTAB method for determination of HA concentration. 

 

The pSL had a size of 136.3 ± 1.6 nm with a narrow distribution as shown by the small 

PDI values (Table 4.1). After conjugation, the size of the resulting HA-pSL had increased 

by 16 nm (p < 0.01) (Figure 4.2A). The zeta potential of the HA-pSL and pSL, measured 

in water were -46.8 mV and -10.5 mV, respectively. Interestingly, these values measured 

in PBS (pH 7.4) were -10.8 ± 0.15 mV and -8.8 ± 0.76 mV, respectively. Cryo-TEM 

(Figure 4.2B) showed both HA-pSL and pSL were unilamellar liposomes of uniform 

size, consistent with the DLS results.  

A DL of gemcitabine (4.0 ± 0.1%) was achieved for HA-pSL, slightly lower than that for 

pSL (4.4 ± 0.2%)(p<0.01).  
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Figure 4.2. Physicochemical characteristics of the HA-pSL and pSL: A) Size distribution 
curves measured by DLS, and B) Cryo-TEM images showing morphology and laminar 
structure. 

 

Drug release study showed a relatively faster release at pH 5.0, but not pH 6.5, for both 

pSL and HA-pSL (Figure 4.3). Both formulations remained stable over 3 months in pellet 

form at 4 °C, with no significant change in particle size, PDI, zeta potential and 

gemcitabine content (Table 4.1).  
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Figure 4.3. Cumulative gemcitabine release (mean ± SD, n=3) of pSL and HA-pSL at pH 
5.0, 6.5 and 7.4 at 37 C using a dialysis method. *p<0.05. 

 

Table 4.1. Physicochemical properties and stability of gemcitabine loaded liposomes 
stored in pellet form at 4 °C in dark following ultracentrifugation (mean ± SD, n=3) 

 Time 
(month) Size (nm) PDI Zeta potential 

in water (mV) 
Gemcitabine 

(%) 

pSL 0 136.3 ± 1.6 0.05 ± 0.02 -10.5 ± 0.5 100.0 ± 0.4 
 1 137.8 ± 1.2 0.05 ± 0.02 -10.7 ± 0.3 99.7 ± 0.8  
 2 139.9 ± 1.4 0.06 ± 0.03 -10.8 ± 0.4 99.8 ± 0.5 
 3 141.4 ± 0.9 0.08 ± 0.05 -11.4 ± 0.5 99.1 ± 1.7 

HA-pSL 0 152.3 ± 4.2 0.17 ± 0.04 -46.8 ± 1.0 100.0 ± 1.2 
 1 156.5 ± 2.8 0.16 ± 0.03 -46.4 ± 1.0 99.8 ± 0.9 
 2 155.1 ± 3.4 0.16 ± 0.04 -47.6 ± 0.9 101.1 ± 1.4 
 3 160.2 ± 3.2 0.18 ± 0.05 -48.2 ± 1.5 99.7 ± 0.4 
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4.4.2 Expression of mRNA for drug transporters 

RT-PCR analysis indicated that the expression of MRP5 in Gr2000 cells increased by 1.5 

times compared to the parental MIA PaCa-2 cells (Figure 4.4). In contrast to other reports 

[290,291], however, the influx transporter hCNT1 in Gr2000 was up-regulated by around 

2 times, rather than decreased, whereas hENT1 remained relatively stable.  

 

 

Figure 4.4. The expression mRNA for gemcitabine transporters in MIA PaCa-2 and 
Gr2000 cell lines. Relative expression of efflux (MRP5) and influx transporters (hENT1 
and hCNT1) in Gr2000 compared with MIA PaCa-2 determined by RT-PCR analysis. 
MRP5: multidrug resistance-associated protein 5, hENT1: human equilibrate transporter 
1, hCNT1: human concentrative transporter 1. 
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4.4.3 In vitro cellular uptake and subcellular localisation 

4.4.3.1 Confocal microscopy 

HA-pSL accelerated the cellular uptake process compared to pSL. As indicated by 

confocal images (Figure 4.5A-B) and ImageJ analysis (Figure 4.6), the fluorescence 

intensity of Rh-PE, regardless of the cell type, was significantly stronger in HA-pSL in 

comparison to pSL at 0.5 h (p<0.05), and almost reached to maximum levels by 1 h. In 

contrast, the Rh-PE intensities of pSL peaked at 2 h, but reached the similar levels as for 

HA-pSL. By 3 h, cell death was observed leading to the loss of cells after washing, 

accounting for the reduction of total fluorescence intensity.  

The size of green ‘dots’ of calcein was observed to increase with time within the first 2 h 

for both cell lines. At 3 h, calcein was shown to be homogenously distributed in the 

cytoplasm. The fluorescence intensity of calcein was not measurable until 1 h and peaked 

at 2 h (Figure 4.6). The high level remained up to 3 h in Gr2000 (despite the reduced cell 

number), but reduced in MIA PaCa-2. The cell death was possibly caused by the overdose 

with calcein [292]. 
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Figure 4.5. Confocal images of MIA PaCa-2 (A) and Gr2000 (B) treated with pSL and 
HA-pSL. Liposomes were dual labelled with Rh-PE (red) and calcein (green), nuclei 
were stained with Hoechst 33342 (grey), and lysosomes with Lysotracker Deep Red 
(blue). Note: cell death was observed at 3 h; Scale bar = 20 µm. 
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Figure 4.6. Image analysis of cellular uptake of HA-PSL and pSL dual labelled with 
Rh-PE and 80 mM calcein (a self-quenched concentration) by MIA PaCa-2 and Gr2000. 
Fluorescence intensities (unit: AU) of Rh-PE as an indicator of liposome uptake (A) and 
calcein as an indicator of endosomal escape (B). Note: cell death was observed at 3 h 
resulting in reduction of total fluorescence intensity. Data are based on confocal image 
analysis using ImageJ software (n=3 cells each case). NA: not applicable due to low 
intensity. 
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4.4.3.2 subcellular co-localisation analysis 

The co-localisation frequency of Rh-PE and Lysotracker (Figure 4.7A) increased almost 

linearly over time (r values increased from 0.5 at 1 h to 0.8 at 3 h) with little discrepancy 

between formulations or cell lines. Similarly, the co-localisation frequency of calcein 

with Lysotracker (Figure 4.7B) also increased over time, but with a lag-time (about 1 h) 

when compared to Rh-PE. Notably, the co-localisation of calcein and Lysotracker for 

HA-pSL was significantly higher than pSL at 2 h in both cell lines (p<0.05), however, 

reached the maximal r value (0.7-0.8) by 3 h in all cases, similar to Rh-PE.  

 

 



 

89 

 

 

Figure 4.7. Image analysis of Pearson’s correlation coefficients for co-localisation of 
Lysotracker with Rh-PE (A) and calcein (B). Data are based on confocal image analysis 
using ImageJ software (n=3 cells each case). NA: not applicable due to low intensity.   
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4.4.3.3 HPLC analysis of intracellular gemcitabine 

Cell extract by perchloric acid or methanol showed lots of interference peaks while cell 

extract by acetonitrile had no interference to gemcitabine (Figure 4.8). The HPLC 

methods showed good linearity with r2
 of 0.9998 in the range of 0.1-10 µg/mL (Figure 

4.9). The extraction recovery was > 95% both at low and high concentrations (0.1 and 10 

µg/mL) using acetonitrile followed by 10 min sonication. 

 

Figure 4.8. HPLC chromatograms of cell extract for intracellular gemcitabine by 
percholoric acid, methanol and acetonitrile. 
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Figure 4.9. HPLC calibration curve of cell extract spiked with gemcitabine. Data are 
mean ± SD (n=3). 

 

HPLC analysis showed that following 3 h exposure to cells, pSL and HA-pSL gave a 2.2 

and 3.6 times increase on intracellular gemcitabine concentrations in MIA PaCa-2, and 

3.1 and 4.6 times increase in Gr2000 cells, compared to the free drug treatment (Figure 

4.10). There was no conclusive trend observed in the total influx of free gemcitabine 

between the two cell lines. 
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Figure 4.10. Intracellular gemcitabine concentrations measured by HPLC. Cells were 
treated with different formulations for 3 h (n=3 individual experiments). ***p<0.001. 

 

4.4.4 In vitro cytotoxicity  

In MIA PaCa-2 cells, the IC50 value of free gemcitabine was similar to that of pSL, but 

larger than HA-pSL (Figure 4.11). All formulations displayed much higher IC50 to 

Gr2000 cells, and thus displayed a different RI value; free gemcitabine (444) > pSL (279) 

> HA-pSL (140). HA-pSL and pSL were 3.2 and 1.6 times more potent to Gr2000 than 

free drug, respectively.  

Notably, in contrast to MIA PaCa-2 cells, a small population (10-20%) of Gr2000 cells 

remained viable even though following a 72 h-exposure to the formulations, particularly 

the free drug. 
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Figure 4.11. Cytotoxicity of free gemcitabine, pSL and HA-pSL to A) MIA PaCa-2 and 
B) Gr2000 cells after treatment for 72 h. Cell viability was determined by MTT assay. 
The data represent mean values ± SD (from three individual experiments).  
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4.4.5 Pharmacokinetics  

4.4.5.1 HPLC method for drug analysis  

The HPLC method for gemcitabine in plasma was linear with r2 = 0.9986 (Figure 4.12). 

No interference of plasma components was observed after extraction. The extraction 

recovery was > 94% at both low and high concentrations (0.02 and 15 µg/mL). 

 

 

Figure 4.12. Calibration curve for freshly prepared plasma samples spiked with 
gemcitabine. Data are mean ± SD (n=3). 

 

4.4.5.2 Pharmacokinetic parameters   

Following intravenous (i.v.) injection of gemcitabine solution, the drug concentration in 

plasma became undetectable after 12 h; whereas the drug concentrations in pSL or HA-

pSL treated animals remained quantifiable for 24 h (Figure 4.13).  
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Compared with gemcitabine solution, the area under the plasma drug concentration-time 

curve (AUC) of pSL and HA-pSL was increased by 7.6 and 7.8-fold, respectively (both 

p<0.01), while the half-life increased by 1.6 and 1.3 fold, respectively (Table 4.2). 

Favourably, the volume of distribution (Vd) of gemcitabine reduced by 4.5 and 6.2-fold, 

whereas clearance decreased by 7.3 and 8.0 fold through the use of pSL and HA-pSL, 

respectively, except that HA-pSL had a shorter T1/2 (p<0.05). There was no significant 

difference in the pharmacokinetic parameters between pSL and HA-pSL (p>0.05). The 

pharmacokinetics of individual animals were presented in appendix (A.2.1). 

 

 

Figure 4.13. Pharmacokinetic profiles of gemcitabine in plasma following intravenous 
injection of different formulations in SD rats at a dose of 1 mg/kg. Data are represented 
as mean ± SD (n = 4). 
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Table 4.2. Pharmacokinetic parameters of gemcitabine in plasma following i.v. injection 
of different formulations at a dose of 1 mg/kg to rats. Data are mean ± SD (n=4). 

Formulations Solution pSL HA-pSL 

AUC (µg/mL·h) 3.85 ± 0.68 29.30 ± 7.89** 30.17 ± 2.28** 
Vd (mL/kg) 1295.3 ± 175.0 285.8 ± 19.9** 210.1 ± 19.9** 
Clearance 
(mL/h/kg) 268.6 ± 48.6 36.9 ± 10.5** 33.4 ± 2.7** 

T1/2 (h) 3.39 ± 0.39 5.34 ± 0.53** 4.37 ± 0.31* 

*p<0.05, **p<0.01 compared to the gemcitabine solution.  

 

4.4.6 In vivo anti-tumour study 

4.4.6.1 Establishment of tumour models 

Both xenograft tumour models were successfully established using the two-step 

inoculation method. Compared to MIA PaCa-2, Gr2000 tumour showed a delayed growth 

in the first step when NOD Scid mice were inoculated with cell suspension (Figure 4.14). 

While in the second step, the overall growth of Gr2000 tumours, as shown in the tumour 

weight at the endpoint, was slightly but not significantly (p=0.32) faster than the MIA 

PaCa-2 tumours (1.88 ± 0.19 g vs 1.56 ± 0.25 g) (Figure 4.16). 
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Figure 4.14. Tumour growth curves of MIA PaCa-2 and Gr2000 after cells were 
inoculated on NOD Scid mice. Data are mean ± SD (n = 6). 

4.4.6.2 Safety and dose tolerance 

Animals remained normal behaviours after received i.v. injection of 40 mg/mL liposome 

at 400 mg/kg, which allowed the gemcitabine dose of 8 mg/kg at the liposome dose of 

200 mg/kg.  

In the main study, with four i.v. dosing of the formulations, no animal death or significant 

body weight loss was observed in any of the treatment groups compared to the untreated 

(PBS) group, during the experimental period (Figure 4.15). No abnormal behaviours or 

sign of toxicity was observed in any of the groups.  
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Figure 4.15. Animal body weight during anti-tumour study in the two PC xenograft 
models following four i.v. treatments on Day 9, 12, 16, 19 post tumour inoculation at a 
dose of 8 mg/kg. Data are mean ± SD (n = 6). 
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4.4.6.3 Efficacy and safety studies in both tumour models  

The antitumor effects following four i.v. treatments with each of the gemcitabine 

formulations are presented in Figure 4.16A-C.  

In comparison with the PBS group, treatment with free gemcitabine at a dose of 8 mg/kg 

resulted in little tumour suppression in either of the mouse models, as measured the 

endpoint tumour weight. In contrast, the treatment with pSL particularly HA-pSL at the 

same dose significantly improved tumour growth inhibition (p<0.01) in both PC models 

(Figure 4.16C). Notably, compared to free drug or pSL, HA-pSL displayed an IE of 6.4 

and 2.7 respectively in the MIA PaCa-2 tumours, however, only 3.1 and 2.1 in the Gr2000 

tumours. Focusing on HA-pSL, the endpoint tumour weight in Gr2000 model was twice 

larger than that in MIA PaCa-2 models (0.51 ± 0.11 g vs 0.25 ± 0.05 g). The question 

remained here is what may happen if additional doses are administered after 30 days. It 

is noted that, as in previous publications by others [196,293], the HA-pSL treated animals 

showed reduced tumour sizes, but tumours still survived. 
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Figure 4.16. Anti-tumour effects of various gemcitabine formulations in comparison 
with control (PBS) in the two PC xenograft models following four i.v. treatments on 
Day 9, 12, 16, 19 post tumour inoculation at a dose of 8 mg/kg: (A) tumour growth 
curves, where arrows represent the time received treatment; (B) images of tumours 
harvested at the experimental endpoint and (C) tumour weight at endpoint. Data are 
mean ± SD (n = 6). *p<0.05, **p<0.01 and ***p<0.001 by one-way ANOVA. 
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We have investigated a dual intracellular delivery strategy in liposomes (mediated by HA 

grafting and pH-sensitivity) to overcome drug resistance in PC, one of the tumour types 

to potentially show benefit of nanomedicines. Studying pSL with and without HA 

grafting in both parental and gemcitabine-resistant PC tumour models has revealed the 

benefit of the intracellular strategy to enhance the effectiveness of gemcitabine treatment 

in both MIA PaCa-2 and Gr2000 xenograft mouse models. This study analyses the 

limitations of nanomedicines to treat cancer and overcome chemo-resistance. The overall 

in vitro and in vivo performance of both liposomes compared with the free drug is 

summarised in Table 4.3. 

Table 4.3. An overview of the in vitro and in vivo improvements in different parameters 
of liposomal formulations compared with free gemcitabine (expressed as the ratios) in 
MIA PaCa-2 and gemcitabine-resistant (Gr2000) pancreatic cancer models. 

Parameters Liposomes MIA PaCa-2 models Gr2000 models 

Intracellular drug 
concentration  

HA-pSL 3.5 4.6 
pSL  2.1 3.1 

IC50 
HA-pSL 1.3 3.2 

pSL  1.0 1.6 

Endpoint tumour 
weight 

HA-pSL 6.4 3.1 
pSL  2.7 2.1 

 

4.5.1 Characterisation of liposomal formulations 

To achieve active targeting of CD44 overexpressed in the PC cell, HA with high MW of 

1.0-1.8 MDa was selected to be covalently conjugated on the pSL owing to their reported 

advantages over smaller HA: greater affinity to CD44, anti-inflammatory properties and 
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minimal immunogenicity [294,295]. Conjugation with HA increased the liposome size 

by 16 nm and their negative zeta-potential value by 36 mV (Table 4.1), confirming the 

successful conjugation of HA which carries multiple –COO- groups (pKa 3 – 4), to the 

pSL surface. The size of both liposomes was suitable (smaller than 200 nm) [296], but 

larger than the ideal size (<50 nm) [297] for cancer treatment. Similar as other reports 

[298,299], when ionic strength of surrounding medium increases the electrical double 

layer of nanoparticles becomes more compressed. Therefore, compared with the 

measurement in water, HA-pSL was less negatively charged in 0.01 M PBS (pH 7.4) (zeta 

potential = -10.8 mV) with an ionic composition similar to plasma. This is favourable as 

highly charged particles are prone to rapid clearance by macrophages due to prompt 

opsonisation, whereas neutral or lower surface charged particles are more efficient to be 

delivered in tumour and have better cellular uptake [300]. Our previous studies also 

showed that a high payload in liposomes was crucial for effective intracellular drug 

delivery and to circumvent drug resistance [205,218]. An DL of 4.0% (w/w) was achieved 

for HA-pSL, slightly lower than that of pSL (4.4%), possibly due to the physical barrier 

of the HA polymeric layer which reduced the drug influx during loading. The DL of 4.0-

4.4% in this thesis is similar to the previous study [205] and much higher than the other 

reports (<1%)[301–303]. It might be improved by changing the incubation conditions 

during drug loading, for example reducing the incubation temperature and increasing 

time. This would maintain the medium volume of the drug suspension and a longer time 

for free drug to diffuse into the liposome cores. Both liposomes showed reasonable 

stability over 3 months (Table 4.1). To investigate the potential of HA-pSL for 

commercial application, lyophilisation stability should be studied in the future, compared 

to current pellet form. 
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Possibly due to the steric effect of the PEG layer on pSL, only approximately 50% of the 

HA used (in a 4 mg/mL solution) was successfully conjugated on the liposomes, resulting 

in an optimal grafting density of 179 µg/µmol in the HA-pSL. In addition, in vitro release 

study suggested this HA coating only slightly reduced pH-sensitivity than the pSL 

(Figure 4.3). The HA density required for targeting may depend on the level of CD44 

expression of the cell as well as the MW of HA. The HA density 179 µg/µmol on the 

final HA-pSL was higher than that reported by Han et al., 97 µg/µmol, of HA with similar 

molecule size (MW 0.6-1.1 MDa) for targeting breast cancer stem cells [304]. Qhattal et 

al. found that HA with higher MW (ranging from 5-8kDa to 1600 kDa) was more 

favourable for cellular uptake (via lipid raft-mediated endocytosis) by CD44-

overexpressing breast cancer cells, and that a minimal grafting density of 304-613 

µg/µmol on the liposomes was essential [279].   

4.5.2 Cellular expression mRNA for drug transporters 

The RT-PCR analysis revealed a 2-fold increase in expression of MRP5 in Gr2000 cells 

(Figure 4.4B), consistent with the other reports [68,70,71]. Surprisingly, in contrast to 

the widely reported down-regulation of influx transporters in gemcitabine-resistant PC 

[37], the influx transporters in Gr2000 cells were either up-regulated or remained 

unchanged. The difference could due to gemcitabine influx transporters also serve as 

transporters of natural nucleoside [48]. The alternation was not the consequence of 

resistance development. 

4.5.3 In vitro cellular uptake and subcellular localisation 

Previously, we have demonstrated the superior abilities of cellular uptake and endosomal 

escape of pSL compared with non-pH-insensitive liposomes [292,305]. In this study, HA 
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coating further improved the cellular uptake of pSL in both MIA PaCa-2 and Gr2000 cell 

lines to a similar extent (Figure 4.10), likely via CD44 mediated endocytosis [196,293]. 

Confocal microscopy and image co-localisation analysis [287] provided insights into the 

intracellular trafficking of the dual fluorescence labelled liposomes (Figure 4.5). In this 

study, fluorescence of Rh-PE directly reflected the cellular uptake and localised 

liposomes in the cells. Calcein at 80 mM is self-quenched, its fluorescence in cells is not 

detectable when liposomes are intact but gives rise to strong signal when the liposomes 

undergo endosome-lysosome escape [288]. Thus, more liposomes undergo endosome 

escape the higher frequency of co-localisation of calcein with Lysotracker. The cellular 

uptake of HA-pSL was higher and quicker than for pSL by both cell lines as shown in 

Rh-PE fluorescence, confirming the role of HA in promoting intracellular delivery. Co-

localisation of Rh-PE with Lysotracker increased over time as more liposomes entered 

cells (r values peaked at 2 h). Approximately 1 h later, endosome escape of both 

liposomes was evidenced by the increases in calcein fluorescence and its co-localisation 

with Lysotracker with r peaked (0.7-0.8) at 3 h in all cases, suggesting HA coating did 

not compromise the endosome escape ability of pSL. The delayed co-localisation of 

calcein with Lysotracker compared to Rh-PE indicated the endosome escape pathway 

rather than lysosome escape. 

This is consistent with the HPLC analysis of intracellular drug content. Compared with 

free gemcitabine, treatment with HA-pSL and pSL for 3 h resulted in an intracellular drug 

concentration 4.6 and 3.1 times higher in Gr2000 cells, and 3.5 and 2.1 times in MIA 

PaCa-2 cells, respectively (Figure 4.10). The improvement demonstrated the 
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effectiveness of the dual intercellular drug delivery strategies (mediated by HA-CD44 

targeting and pH-sensitivity).   

4.5.4 In vitro cytotoxicity  

Despite their efficiency for intracellular transportation, HA-pSL or pSL did not improve 

the cytotoxicity against MIA PaCa-2 as seen from their similar IC50 values to that of the 

free drug (Figure 4.11). This is possibly due to the longer exposure time during 

cytotoxicity assay (72 h) which allowed free gemcitabine to ‘catch up’ by constantly 

fluxing into the cells. In contrast, HA-pSL and pSL showed greater cytotoxicity than free 

gemcitabine to Gr2000 cell line. This is overall corresponding to their cellular drug 

concentrations (Table 4.3) although slightly less significant possibly due to the ‘catch-

up’ effect of free drug. In addition, while HA-pSL were able to transport the drug into 

cells and release the active payload into the cytoplasm, their RI value (140) is far from 

satisfactory. Assuming drug influx is a first-order process and high drug concentrations 

produces high drug uptake, therefore, drug activation appeared to be the rate-limiting step 

in the Gr2000 cells. It is hypothesised that inactivation or attenuation of dCK was a crucial 

mechanism for gemcitabine resistance in Gr2000 [72], while the role of deactivation 

cannot be eliminated. Furthermore, a small population (>10%) of Gr2000 cells survived 

from a 72 h-exposure to drug at high concentration. Surprisingly, but consistent with the 

simultaneous up-regulation of MRP5 and hCNT1 (Figure 4.4), in this study, the overall 

cellular uptake of free gemcitabine was not obviously different between the parental MIA 

PaCa-2 cell line and the gemcitabine-resistant Gr2000 cells (Figure 4.10), necessitating 

further study to understand the biological mechanisms involved in drug resistance.  
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4.5.5 Pharmacokinetics  

Following i.v. injection in rats, the half-lives of pSL (5.34 h) and HA-pSL (4.37 h) were 

both longer than free drug (3.39 h) (Figure 4.13). It appeared that HA slightly accelerated 

clearance, which is consistent with the literature [280]. HA-pSL and pSL produced a 

similar AUC, both were seven times higher than that of the free drug, and their decreased 

Vd values indicated that pSL and HA-pSL restricted gemcitabine from wide distribution 

to the important organs. Both liposome formulations protected gemcitabine from fast 

metabolism in blood circulation which resulted in 10 times higher starting concentration. 

4.5.6 In vivo anti-tumour effect and ability to restore sensitivity of 

tumours to gemcitabine 

To enable the assessment on whether HA-pSL had the ability to restore gemcitabine 

sensitivity via dual intracellular delivery, both MIA PaCa-2 and gemcitabine-resistant 

Gr2000 PC xenograft tumour models were established. At a dose of 8 mg/kg, gemcitabine 

solution was not expected to show significant tumour inhibition [33]. Therefore, not 

surprisingly, treatment with free gemcitabine showed slight tumour suppression in 

Gr2000 tumour model as measured by the tumour volumes (Figure 4.16). The pSL 

demonstrated significant anti-tumour effects in regard to either tumour volume (p<0.001) 

or endpoint tumour weight (p<0.01) in both models. This was further improved by HA-

pSL, highlighting the benefit of combining CD44 targeting and endosome escape abilities 

in HA-pSL. However, immunohistochemistry has not been performed to show CD44 

expression in tumour tissues.  

Compared with free drug, HA-pSL offered greater benefits in the treatment of 

MIA PaCa-2 tumours with an IE value of 6.4 (2.7 for pSL) (Table 4.3). This reflects the 
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cellular uptake and appears independent on the in vitro cytotoxicity data. When 

translating the cell culture data, one needs to be careful as the two-dimensional cell culture 

model, where cells are exposed to the formulations equally, does not reflect the in vivo 

situation where free drug is rapidly eliminated and widely distributed to other tissues than 

liposomal drug as shown in the pharmacokinetic study. The combination strategy in HA-

pSL partially restored gemcitabine sensitivity in the Gr2000 tumour model with IE value 

of 3.1 (2.1 for pSL). This appears to be corresponding to the in vitro cellular uptake and 

IC50 rankings in Gr2000 cell line.  

Although HA-pSL served as the most potent formulation, the tumour growth was not 

arrested, which means there is a distance to an ultimately effective treatment. Almost all 

nanomedicine tested in xenograft animal models have shown the reduction in tumour size, 

but none of them showed complete removal of tumours. Therefore, further improvement 

may be achieved by additionally manipulating the cellular and biological process 

involved in chemo-resistance, such as co-delivery of dCK complementary DNA (cDNA) 

or inhibitors of CDA to promote drug activation and to attenuate deactivation of 

gemcitabine. In addition, reducing the size of liposomes might enhance the delivery 

efficiency [297]. There are many steps for nanomedicines to make before they exert 

therapeutic effect, where drug delivery is just one of the them [306]. Furthermore, the 

subcutaneously implanted xenografts cannot capture the complexity and diversity of 

human tumours. Orthotopic patient-derived xenografts have been suggested to be more 

clinically relevant [307].  

Overall, this study demonstrated the multifaceted nature of chemo-resistance and the 

limitation of drug delivery with nanomedicines. Not all cases are simply “transport-based 
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therapeutic resistance” (the term is adopted from [308]). In addition, there is a lack of 

successful clinical translation of anticancer “nanomedicines” from the exciting success in 

preclinical tumour models [112,113,308]. Given 90% of PC patients require 

chemotherapy and suffer from severe side effects, nanomedicines retain their appealing 

potential to improve the well-being of patients, however, need better design [309].    

 

In the present study, the dual intracellular delivery approach (mediated by HA and pH-

sensitivity) using HA-pSL demonstrated improved cellular uptake and in vitro 

cytotoxicity, but could not completely eradicate the drug-resistant Gr2000 cells. HA 

facilitated the cellular uptake of pSL without compromising the endosome escape ability.  

The comparative in vivo efficacy studies on the gemcitabine-resistant and non-resistant 

xenograft models also suggested that HA-pSL only partially re-sensitised cancer cells to 

gemcitabine therapy and tumours still existed after treatment. 

In summary, the study in this chapter demonstrated the multifaceted nature of chemo-

resistance, provides much needed insight into the required design of more effective 

therapeutic strategies, and disappointingly the limitation of tumour-targeted delivery 

strategy in tackling chemo-resistance in cancer.  

Improved formulation design to overcome the transport-based therapeutic resistance in 

combination with biological approaches to targeting drug metabolism involved in the 

resistant mechanisms, such as promoting gemcitabine activation or suppressing 

deactiation, need to be considered to overcome chemo-resistance in cancer. This leads to 

the studies in the next chapter (Chapter 5).     
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Chapter 5   
 Can Intracellular Co-delivery of 

an Efflux Transporter Blocker or a 
Metabolite Inhibitor Overcome 

Gemcitabine Resistance in 
Pancreatic Cancer? 
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Despite the significant improvement in the cellular uptake of gemcitabine via dual 

intracellular delivery approaches using HA-pSL as carriers (mediated by HA and pH-

sensitivity) and significant improvement in the anti-tumour effect in non-resistant PC 

xenograft tumour model, the previous in vitro and in vivo studies in Chapter 4 revealed 

the limited effect of this intracellular drug delivery strategy using HA-pSL to overcome 

gemcitabine resistance in the Gr2000 model. To further improve the efficacy of HA-pSL, 

biological resistance mechanisms in Gr2000 need to be further investigated apart from 

drug efflux transporters, for example the changes to drug activation and deactivation. 

Overexpression of multidrug resistance-associated protein 5 (MRP5) can be induced by 

gemcitabine treatment (Chapter 4), which contributes to resistance development and is 

consistent with the literature [70]. In this context, curcumin has been found to be an 

inhibitor of MRP5 efflux transporter for gemcitabine, as well as an anti-cancer agent at 

high concentrations [310].   

Curcumin (Figure 5.1A) is a yellow chemical extracted from Curcuma longa plants, 

which is the principal curcuminoid of turmeric. Curcumin has shown strong inhibitory 

effect on gemcitabine efflux transporter, MRP5 [310]. Moreover, curcumin has been 

found to sensitise PC cells to gemcitabine by several pathways, such as modulation of 

Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB) and 

Cyclooxygenase-2 (COX-2) [311,312]. In a MIA PaCa-2 orthotopic animal tumour 

model, curcumin sensitised the PC tumours to gemcitabine via inhibition of angiogenesis, 

proliferation and NF-kB pathways [313]. In COX-2 positive p34 PC cells, curcumin 
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increased the cytotoxicity and apoptosis induced by gemcitabine, however, not in COX-

2 negative PANC-1 PC cells [312].  

As introduced in Chapter 1, the expression of gemcitabine deactivation enzyme cytidine 

deaminase (CDA) has been negatively correlated with overall survival in PC patients, as 

well as preclinical models [314,315]. Prolonged gemcitabine exposure could lead to an 

induction of CDA overexpression in PC cells and caused the loss of sensitivity of the 

cancer cells to gemcitabine [316]. Zebularine, originally developed as a bacteriostatic 

agent, has been identified as a potent inhibitor of both CDA [317] and DNA 

methyltransferase [318]. However, the DNA methylation effect requires a high dose. As 

a cytidine analogue (lacks an amino group in the 4 position of the pyrimidine ring, Figure 

5.1B), zebularine closely resembles cytidine, and thus competently interacts with CDA.  

In addition, down-regulation of dCK, increased expression ribonucleotide reductase 

subunit M1 and M2 (RRM1 and RRM2) have been found to be associated with 

gemcitabine resistance in pancreatic cancer (Section 1.1.3.2) (Figure 5.3) [80,81]. 

It was hypothesised that inhibition of efflux transporter MRP5 or gemcitabine 

deactivation enzyme CDA by combining curcumin or zebularine using HA-pSL as 

targeted intracellular delivery vehicle might further increase the power to overcome 

gemcitabine resistance in the PC models. 

The physicochemical properties of curcumin and zebularine are summarised in Table 5.1.    
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Figure 5.1. Chemical structure of A) curcumin and B) zebularine. Curcumin and 
zebularine has a small molecular weight of 368.38 g/mol, and 228.20 g/mol, 
respectively. 

 

Table 5.1. Physicochemical properties of curcumin and zebularine. 

Physicochemical properties Curcumin Zebularine 

Molecular Weight (g/mol) 368.38  228.20 

Solubility (at 25 °C) 
Insoluble in water at neutral or 
acidic pH, but soluble in alkaline 
conditions 

58.2 mg/mL in water 

Lipid solubility  10 mg/mL in ethanol  / 

Log P  3.29 (est) -2.2 (est) 

pKa(s) 7.8, 8.5, and 9.0 
12.5 (acidic)  
-3 (basic) 
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The aim of this chapter was to further reveal the gemcitabine resistance mechanisms, and 

accordingly to develop liposomal co-delivery system to target some of the specific 

mechanisms. The specific objectives were to: 

1) Characterise the potential biological changes of the gemcitabine resistant PC cell line 

Gr2000 in regards to the mechanisms that were responsible for gemcitabine resistance. 

Apart from the efflux transporters MRP5 (characterised in Chapter 4 above), this 

chapter will focus on the characterisation of the cellular expression of CDA, dCK, 

RRM1, RRM2 using RT-PCR and consequently, 

2) Investigate whether co-delivery of gemcitabine with a second chemical molecule, 

strengthened with the dual-intracellular delivery approach (using HA-pSL) would 

further increase the potential to overcome gemcitabine resistance.   

3) (For Objective 2) Develop different HA-pSL containing gemcitabine and co-loaded 

with curcumin or zebularine. 

4) Understand the role of curcumin (MRP5 inhibitor or anti-cancer agent) in the 

improvement of cytotoxicity by determination of its effect on gemcitabine 

concentration within the PC cells (in both cell lines).  

As curcumin is a lipophilic compound, it can be incorporated in the bilayers of liposomes, 

whereas zebularine has a similar property with gemcitabine and can be incorporated in 

the liposomal cores (Figure 5.2). 
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Figure 5.2. Dual-drug loaded HA-pSL (curcumin or zebularine with gemcitabine): HA-
pSL-GEM./CUR or HA-pSL-GEM/ZEB investigated in this chapter. 

 

In this chapter, proof of concept with the dual-drug loaded HA-pSL, namely gemcitabine 

with curcumin (MRP5 inhibitor); or zebularine (CDA inhibitor) were evaluated using in 

vitro cell viability studies. It was expected to provide future research directions on how 

to further overcome gemcitabine resistance.   

 

5.3.1 Materials 

Lipids for liposome preparation were same as Section 4.3.1. Curcumin (analytical 

standard) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and zebularine (purity 

>98%) from Toronto Research Chemicals (North York, Ontario, Canada).  



 

115 

 

For reverse transcription polymerase chain reaction (RT-PCR) analysis, TRIzol® for 

RNA extraction was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

SuperRT cDNA synthesis kit was purchased from Cwbio (Beijing, China). BeyoFast™ 

SYBR Green qPCR Mix was product of Beyontime (Shanghai, China).  

For Western Blot analysis, NP40 cell lysis buffer was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Mini-PROTEAN® TGXTM Precast Gels, Trans-Blot® 

Turbo™ Mini PVDF Transfer Packs, Laemmli Sample Loading Buffer and Precision Plus 

Protein™ Dual Colour Standards were all purchased from Bio-Rad (Hercules, CA, USA). 

Primary dCK Antibody (H-3): sc-393099 and Anti-Actin Antibody was purchased from 

Santa Cruz Biotechnology (Dallas, Texas, USA) and Millipore (Burlington, 

Massachusetts, USA), respectively. AmershamTM ECLTM Prime Western Blotting 

Detection Reagent (ECL) was purchased from GE Healthcare Life Sciences (Chicago, 

Illinois, USA) 

5.3.2 Cell culture 

MIA PaCa-2 and Gr2000 cells were maintained in DMEM medium supplemented with 

10% fetal bovine serum and 0.05 mg/mL penicillin-streptomycin-glutamine in a humid 

atmosphere of 5% CO2 in air at 37 °C. Medium for Gr2000 was supplemented with 2 µM 

gemcitabine to maintain the resistance. 

5.3.3 Expression of mRNA for gemcitabine resistance related 

metabolism enzymes 

RT-PCR was used to analyse mRNA expression of gemcitabine metabolite related 

enzymes CDA, dCK, RRM1 and RRM2.  
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5.3.3.1 RNA extraction and reversed transcription 

Approximately 1 × 105 MIA PaCa-2 or Gr2000 cells suspended in 5 mL of medium were 

seeded into each of the 35 mm petri dishes. After three days culture, cells were harvested 

and washed with PBS three times. Total RNA was extracted from 1 × 106 cells using the 

TRIzol agent [284]. Reverse transcription of complementary DNA (cDNA) was 

performed using SuperRT cDNA synthesis kit from 2 µg RNA, following incubation at 

42 °C for 60 min and 80 °C for 10 min.  

5.3.3.2 Real time quantitative polymerase chain reaction analysis 

Real time quantitative RT-PCR was conducted using BeyoFast™ SYBR Green qPCR 

Mix on a 7500 Fast Real-Time PCR System from Applied Biosystems at a program of 

95°C 2 min and 40 cycles of 95°C 15 s, 60°C 30 s. The relative expression in Gr2000 

compared to MIA PaCa-2 was calculated using the widely used 2^(-ΔΔCT) method [285]. 

Primers for PCR were as following [65,70,286]:  

1) CDA 
forward: 5’-GGAGGCCAAGAAGTCAG-3’ 
reverse: 5’-GACGGCCTTCTGGATAG-3’ 

2) dCK 
forward: 5’-TCTCTGAATGGCAAGCTCAA-3’ 
reverse: 5’-CTATGCAGGAGCCAGCTTTC-3’ 

3) RRM1 
forward: 5’-CTGCAACCTTGACTACTAAGCA-3’ 
reverse: 5’-CTTCCATCACATCACTGAACACT-3’ 

4) RRM2 
forward: 5’-CCACGGAGCCGAAAACTAAAG-3’ 
reverse: 5’-CTCTGCCTTCTTATACATCTGCC-3’ 
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5.3.4 Expression of dCK protein in parental and resistant cell lines 

by western blot 

Expression of dCK protein was analysed using sodium dodecyl-sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) using the following two steps. 

5.3.4.1 Sample preparation 

Approximately 3 × 105 MIA PaCa-2 or Gr2000 cells were seeded into 100 mm petri 

dishes. After three days, cells were harvested and washed with PBS for three times. An 

aliquot of 1 × 10⁶ cells was lysed with 20 μL NP40 lysis buffer on ice for 10 min and 

centrifuged down at the 20,000 g for 10 min to obtain proteins in the supernatant. 

5.3.4.2 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

The supernatant was mixed with Laemmli Sample Loading Buffer and then heated at 

95°C for 5 min. The sample was loaded on the 10% sodium dodecyl sulfate–

polyacrylamide gel (SDS-PAGE) Mini-PROTEAN® TGXTM Precast Gels and 

electrophoresis was run at 160 V for 40 min. The proteins were transferred from the gel 

onto a polyvinylidene difluoride (PVDF) membrane using Trans-Blot® Turbo™ Mini 

PVDF Transfer Packs on Trans-Blot Turbo Blotting System (Bio-Rad, CA, USA). The 

membrane was blocked with 5% trim milk in tris-buffered saline buffer containing 0.1% 

Tween 20 (TBST) at room temperature for 1 hour. Then the membrane was incubated 

with the dCK primary antibody for overnight at 4°C and the secondary antibody at room 

temperature for 1 hour. The protein expression was analysed using AmershamTM ECLTM 

Prime Western Blotting Detection Reagent (ECL) with a Bio-Rad Gel Doc 1000 System 

(Bio-Rad, CA, USA). 
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5.3.5 Development of dual-drug delivery HA-pSL 

5.3.5.1 Optimisation of gemcitabine-curcumin dual loaded HA-pSL 

To prepare gemcitabine/curcumin dual loaded HA-pSL (HA-pSL-GEM/CUR), the 

procedures were same as preparing gemcitabine loaded HA-pSL in Section 4.3.1, except 

that curcumin was added to the lipids for thin film preparation. 

To investigate curcumin loading capacity, different amount (0.05, 0.1 or 0.2 mg) of 

curcumin was added to 10 mg of total lipids during liposome preparation. DL and EE 

were obtained following HPLC analysis of the drugs as described in Chapter 4. High 

drug loaded HA-pSL was selected. The formulations were ultracentrifuged before stored 

at 4 °C as pellets for further use.  

5.3.5.2 HPLC analysis for curcumin 

To investigate the drug loading (DL), the amount of curcumin was determined using a 

validated gradient HPLC method [283] on an Agilent 1260 instrument, a Phenomenex 

Gemini C18 column (250 × 4.6 mm, 5 µm) with a mobile phase consisting of water-

acetonitrile (gradient: 95:5 for 4.5 min, 30:70 for 3.5 min and back to 95:5, v/v) at a flow 

rate of 1 mL/min. The detection wavelength was set at 420 nm for curcumin. Standard 

curve was constructed in the range of 0.1-20 µg/mL with freshly prepared samples. 

5.3.5.3 Optimisation of gemcitabine-zebularine dual loaded liposomes 

To prepare gemcitabine-zebularine dual loaded HA-pSL (HA-pSL-GEM/ZEB), HA-pSL 

(containing PBS pH 7.4) was prepared same as described in Section 4.3.1. 
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To investigate zebularine loading capacity, 0.75, 1.0 or 1.5 mg of zebularine together with 

1.5 mg gemcitabine was dissolved in 20 µL of PBS pH 7.4 to prepare a drug loading 

suspension for drug loading with the SVI method (Section 4.3.2.3). Briefly, the HA-pSL 

(containing PBS pH 7.4) pellets were incubated with drug suspension at 60 °C for 3 h. 

The mixture was resuspended with 1 mL PBS (100 mM, pH 7.4, isotonic) to wash off the 

unloaded drug, and the drug loaded liposomes were pelleted by ultra-centrifugation.  

5.3.5.4 HPLC analysis for zebularine 

To investigate the drug loading (DL), the amount of zebularine was determined using a 

HPLC method on an Agilent 1260 instrument, a Phenomenex Gemini C18 column (250 

× 4.6 mm, 5 µm), and a mobile phase consisting of water-acetonitrile (96:4, v/v) at a flow 

rate of 1 mL/min. The detection wavelength was set at 305 nm. Freshly prepared standard 

curve was constructed in the range of 0.1-50 µg/mL for the determination of zebularine 

concentrations. 

5.3.5.5 Characterisation of dual-drug loaded liposomes 

The characterisation of the selected dual-drug loaded liposomes, regarding size and zeta-

potential was same as described in Section 4.3.3. 

5.3.6 In vitro cytotoxicity of dual-drug loaded HA-pSL systems 

5.3.6.1 Gemcitabine and curcumin dual loaded HA-pSL 

The cytotoxicity of HA-pSL-GEM/CUR was evaluated using MTT cell viability assay 

according to methods described in Section 3.3.4.1. Approximately 800/well of MIA 

PaCa-2 or Gr2000 cells were seeded into 96-well plate. After 24 h allowing for 
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attachment, the cells were treated with free curcumin with or without gemcitabine and 

HA-pSL-GEM/CUR for 72 h before the MTT cell viability assay.  

Cell viability (%) of the formulation treated cells was calculated as absorbance percentage 

to control group treated with PBS. The free gemcitabine and curcumin solutions were 

used references. 

5.3.6.2 Gemcitabine and zebularine dual-drug loaded HA-pSL 

The cytotoxicity of HA-pSL-GEM/ZEB was determined using MTT cell viability assay 

as described in Section 3.3.4.1. Approximately 800 cells/well of MIA PaCa-2 or Gr2000 

cells were seeded into 96-well plate. After 24 h attachment, the cells were treated with 

free zebularine solutions with or without gemcitabine and HA-pSL-GEM/ZEB at the 

corresponding concentration levels for 72 h before the MTT cell viability assay. The free 

gemcitabine solutions were used a references.  

Cell viability (%) was calculated as percentage of absorbance to control group and 

cytotoxicity between formulations and cell types were compared. 

5.3.7 Effect of curcumin on cellular accumulation of gemcitabine  

To understand the cytotoxicity results and the role of curcumin (MRP5 inhibitor or anti-

cancer property) in the improvement, the effect of curcumin on intracellular gemcitabine 

accumulation was investigated by HPLC analysis of intracellular gemcitabine 

concentration after treatment with gemcitabine and curcumin in the following 

experiments. 
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5.3.7.1 Cell seeding and treatment 

Approximately 2 × 105/well of MIA PaCa-2 or Gr2000 cells in 2 mL of culture medium 

were seeded in 6-well plates. After 24 h culture allowing for cell attachment, the cells 

were treated with 100 µM gemcitabine (fixed) with or without curcumin for 3 h. The 

concentrations of curcumin were varied from 0 to 50 µM. 

5.3.7.2 Extraction and HPLC analysis of cellular gemcitabine 

The cells were washed with ice-cold PBS three time and lysed with 1 mL of acetonitrile 

each well. Subject to 10 min sonication, the cell debris was removed by centrifugation 

and the supernatant was evaporated to dryness. The dryness was re-constituted in 100 µL 

mobile phase for HPLC analysis of gemcitabine concentration. The HPLC method for 

gemcitabine analysis was described in Section 4.3.5.2. 

5.3.8 Data and statistical analysis 

The IC50 values were calculated using GraphPad Prism 8 from three individual 

experiments. Statistical analysis was performed using Student’s t-test for comparison of 

two groups or one-way ANOVA for multiple groups. P value <0.05 was considered as 

significant difference. 

 

5.4.1 Expression of mRNA for gemcitabine metabolism enzymes 

RT-PCR analysis showed that mRNA expression of RRM1 and RRM2 was up-regulated 

by less than 1.5 times. Consistent with Western Blot analysis (below), mRNA expression 
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of dCK was down-regulated to half in Gr2000, compared to MIA PaCa-2. The most 

significant change was found in CDA expression, which increased 3.3 times (Figure 5.3).  

 

 

Figure 5.3 mRNA expression of metabolite enzymes related to gemcitabine resistance. 
Data are expressed as ratio of expression level in Gr2000 to MIA PaCa-2 (n=3). 

 

5.4.2 Expression of dCK protein in parental and resistant PC cell 

lines 

Western Blot analysis revealed that MIA PaCa-2 cells had a high expression level of dCK. 

In contrast, the expression of dCK was hardly detectable in Gr2000 cells as shown in the 

Western Blotting bands (Figure 5.4). Actin act as internal loading control. 
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Figure 5.4. Comparison of protein expression of dCK in MIA PaCa-2 and Gr2000. 

 

5.4.3 Characteristics of dual-drug loaded HA-pSL 

5.4.3.1 The gemcitabine-curcumin dual loaded HA-pSL 

The HPLC calibration curve for curcumin showed a good linearity of 1.0000 in the range 

of 0.1-20 µg/mL (Figure 5.5). The retention time of curcumin was 11.1 min. The lower 

limit of detection (LLOD) was 0.03 µg/mL and lower limit of quantification (LLOQ) was 

0.1 µg/mL. 

Increasing curcumin from 0.05 mg to 0.1 mg (added to 10mg lipids) improved DL (0.95%, 

w/w) while remaining high EE over 90%. Further increasing curcumin to 0.2 mg did not 

further increase the DL but reduced EE to 47% (Table 5.2). Thus 0.1 mg curcumin was 

used to prepare HA-pSL-GEM/CUR and the molar ratio of curcumin to gemcitabine was 

1:5.6.  
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Figure 5.5. Calibration curve for curcumin HPLC analysis (R2=1.0000). Data are mean 
± SD (n=3). 

 

The encapsulation of gemcitabine and curcumin into HA-pSL significantly increased size 

by 33 nm (p<0.001), however the mono-distribution nature of the size (as shown in the 

PDI) and zeta-potential remained same as those of the blank or mono drug loaded HA-

pSL.  
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Table 5.2. Optimisation of curcumin for drug loading and physicochemical properties of 
HA-pSL-GEM/CUR. 

Amount 
(mg) DL (%) EE (%) Diameter 

(nm) PDI 
Zeta-

potential 
(mV) 

0 (PBS only) - - 144.3 ± 0.8 0.08 ± 0.02 - 46.5 ± 0.5 
0.05 0.48 ± 0.02 95.4 ± 3.7 - - - 
0.1 a 0.96 ± 0.02 96.1 ± 2.0 177.3 ± 1.4b 0.10 ± 0.01 - 47.0 ± 0.3 
0.2 0.95 ± 0.02 47.7 ± 1.1 - - - 

aThe optimal formulation; bdenotes significant difference from the PBS liposomes. “-“: 
not determined. 

 

5.4.3.2 The gemcitabine and zebularine loaded liposomes 

The HPLC calibration curve for zebularine showed a good linearity of 0.9999 in the range 

of 0.1-50 µg/mL (Figure 5.6). The LLOD was 0.02 µg/mL and LLOQ was 0.07 µg/mL. 

The retention time of zebularine under the chromatographic conditions was 4.8 min. 

About 1 % of DL was obtained with 0.75 mg zebularine used for drug loading. This DL 

was not increased with increasing the amount (1.0 mg or 1.5 mg) of zebularine, therefore 

0.75 mg zebularine was used with 1.5 mg gemcitabine to prepare suspension for HA-

pSL-GEM/ZEB (Table 5.3). The molar ratio of zebularine to gemcitabine in the selected 

dual-drug loaded liposomes was 1:3.5.  

It was noted that the co-encapsulation of gemcitabine and zebularine slightly increased 

the size by 5 nm while the liposomes remained the same mono-distribution as shown by 

the PDI as the blank HA-pSL. There was no change to the zeta-potential (Table 5.3). 
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Figure 5.6. Calibration curve for zebularine HPLC analysis (R2=0.9999). Data are mean 
± SD (n=3). 

 

Table 5.3. Optimisation of zebularine for drug loading and physicochemical properties 
of HA-pSL-GEM/ZEB. 

Amount 
(mg) DL (%) EE (%) Diameter 

(nm) PDI 
Zeta-

potential 
(mV) 

0 (PBS only) - - 144.3 ± 0.8 0.08 ± 0.02 - 46.5 ± 0.5 
0.75 a 0.95 ± 0.02 12.66 ± 0.22 149.0 ± 0.8 0.08 ± 0.01 - 46.6 ± 0.8 
1.0 0.92 ± 0.02 9.20 ± 1.17 - - - 
1.5 0.93 ± 0.02 6.19 ± 0.11 - - - 

a The optimal formulation. “-“: not determined. 
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5.4.4 In vitro cytotoxicity of dual loaded HA-pSL 

5.4.4.1 Gemcitabine and curcumin dual loaded HA-pSL 

As illustrated in Figure 5.7 and Table 5.4, MIA PaCa-2 and Gr2000 showed similar 

sensitivity to free curcumin (with similar IC50 values, p>0.05).  

The co-treatment of free curcumin with free gemcitabine slightly improved cytotoxicity 

of gemcitabine to MIA PaCa-2 (Figure 5.7A), resulting in slightly reduced, while HA-

pSL-GEM/CUR also marginally improved cytotoxicity. 

To Gr2000 cells, free drug combination had higher cytotoxicity only at high drug 

concentration (Figure 5.7B). The use of HA-pSL based intracellular delivery 

significantly increased the cytotoxicity, with a 3-time smaller IC50 (p<0.01) than free 

drug. The IC50 ratio of Gr2000 compared to MIA PaCa-2 for HA-pSL reduced to 124 

from 370 for free gemcitabine treatment. Using the Resistance index (RI) [35] as 

described in Chapter 4 (equation re-presented below) for mono drug treatment to indicate 

the power in reversing gemcitabine resistance in Gr2000 (a low RI value means more 

potent of the formulation), a RI value of 97 was obtained in the HA-pSL-GEM/CUR, 

much smaller than the mono-drug loaded HA-pSL (RI=140). 

RI =
IC50 of the formulation to Gr2000
IC50 of free drug to parental cells

 

Remarkably, the resistant population (RP) in Gr2000 was completely suppressed by the 

addition of curcumin, either as solution or in liposomes, when drug concentration was 

sufficiently high, different from the gemcitabine alone loaded HA-pSL (Chapter 4). 
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Figure 5.7. Cytotoxic effect of free gemcitabine with or without curcumin combination 
(at a fixed ratio of 5.6:1 molar ratio) compared with HA-pSL-GEM/CUR to A) MIA 
PaCa-2 and B) Gr2000 cells. Cell viability was determined using a MTT assay 
following 72 h treatment. The data represent mean values ± SD from three experiments. 
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Table 5.4. IC50 (nM) of free drugs and their combinations compared with HA-pSL-
GEM/CUR(at a fixed ratio of 5.6:1 molar ratio). Cytotoxicity was determined using 
MTT cell viability assay following 72 h treatment. Data are mean ± SD from 3 
experiments and triplicates in each experiment. 

Formulation MIA PaCa-2 Gr2000 IC50 Ratio 

Free gemcitabine 12.37 ± 1.51 4582 ± 871 370.4 
Free curcumin 14500 ± 2205 17180 ± 5229 1.2 
Free gemcitabine + free curcumin 11.69 ± 1.29 3783 ± 1106 323.6 
HA-pSL (gemcitabine + curcumin) 9.66 ± 1.72 1199 ± 218** 124.1 

**p<0.01 compared to free gemcitabine in Gr2000. 

 

5.4.4.2 Gemcitabine and zebularine dual loaded HA-pSL 

Zebularine showed neglectable cytotoxicity on both MIA PaCa-2 and Gr2000 cells (IC50 

> 5 µM). Similarly to curcumin, co-treatment of zebularine at a ratio of 1:3.5 to 

gemcitabine improved cytotoxicity at high concentration and HA-pSL-GEM/ZEB 

significantly enhanced cytotoxicity (p<0.05) and a similar RI value (107) (Figure 5.8 & 

Table 5.5). However noticeably, different from curcumin co-treatment, combination with 

zebularine could not help to eliminate the resistant population (RP) in Gr2000 even at 

high drug concentrations (Figure 5.8B). 
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Figure 5.8. Cytotoxic effect of free gemcitabine with and without zebularine 
combination compared with HA-pSL-GEM/ZEB to A) MIA PaCa-2 and B) Gr2000 
cells. The ratio of drug combination was 1:5. Cell viability was determined by MTT 
assay after 72 h treatment. The data represent mean values ± SD from three 
experiments. 
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Table 5.5. IC50 (nM) of free drugs and their combinations compared to HA-pSL-
GEM/ZEB (at a fixed ratio of 3.5:1 molar ratio) using MTT cell viability assay after 72 
h exposure. Data are mean ± SD, from 3 experiments and triplicates in each experiment. 

Formulation MIA PaCa-2 Gr2000 IC50 Ratio 

Free gemcitabine 12.37 ± 1.51 4582 ± 871 370.4 
Free zebularine >50000 >50000 / 
Free gemcitabine + zebularine 10.06 ± 5.95 3569 ± 375 354.8 
HA-pSL (gemcitabine + zebularine) 8.77 ± 5.50 1320 ± 284** 150.5 

**p<0.01 compared to free gemcitabine in Gr2000. 

 

5.4.5 Concentration-dependent effect of curcumin on cellular 

accumulation of gemcitabine  

In both MIA PaCa-2 and Gr2000 cell lines, curcumin co-treatment improved the cellular 

gemcitabine concentration in a concentration-dependent manner, with a significant effect 

from the concentration of 25 µM (p<0.01). When cells were treated with 50 µM  

gemcitabine, the effect of curcumin on intracellular gemcitabine concentration was more 

significant in Gr2000 than MIA PaCa-2 (p<0.01) (Figure 5.9). 
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Figure 5.9. Effect of curcumin on intracellular gemcitabine concentration following 3 h 
treatment of 100 µM gemcitabine with 0-50 µM curcumin in 6-well plates. Values are 
means ± SD from 3 experiments and triplicates in each experiment. **p<0.01 by t-test. 

 

Dual intracellular delivery approach (mediated by HA and pH-sensitivity) using HA-pSL 

could not completely eliminate the drug-resistant Gr2000 cells in Chapter 4. To further 

improve the efficacy of HA-pSL, biological resistance mechanisms in Gr2000 were 

further investigated in this Chapter. The results demonstrated the effect of curcumin (a 

MRP5 inhibitor, along with anti-cancer properties) on promoting intracellular 

gemcitabine concentration. Dual delivery HA-pSL of gemcitabine and curcumin was 

formulated to target overexpressed MRP5 which has been revealed in Section 4.4.2. We 

have also investigated mRNA expression of major metabolite enzymes that have been 

related to gemcitabine resistance. Based on increased CDA expression, HA-pSL-
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study revealed the potential of HA-pSL as dual-drug delivery system and two dual 

delivery liposomal systems to overcome gemcitabine resistance in PC. 

5.5.1 Expression of mRNA for gemcitabine resistance related 

metabolism enzymes 

As gemcitabine is a pro-drug, metabolism enzymes are highly correlated to its resistance 

in PC. Compared to MIA PaCa-2, the altered mRNA expression of enzymes revealed 

CDA, dCK, RRM1, RRM2 all contributed to gemcitabine resistance in Gr2000 (Figure 

5.3). The role of these enzymes in gemcitabine resistance has also been reported in 

different studies [72,80,81,319]. In our case, CDA most significantly increased 3.3 times 

which showed more potential as the target to overcome gemcitabine resistance.  

5.5.1 Expression of dCK protein in parental and resistant PC cell 

lines 

Interestingly, compared to MIA PaCa-2, protein expression of dCK was not detectable in 

Gr2000. Other studies have also revealed low level of dCK as a mechanism for 

gemcitabine resistance [77,320]. Therefore complete re-sensitisation of Gr2000 to 

gemcitabine could be achieved by restoration of dCK expression with the delivery of 

cDNA by different liposomal design from HA-pSL. 

5.5.2 Characteristics of dual-drug loaded liposomes 

Two dual-drug delivery liposomal systems HA-pSL-GEM/CUR and HA-pSL-GEM/ZEB 

have been developed to encapsulate both gemcitabine and zebularine or curcumin to 

overcome gemcitabine resistance in PC. The zebularine and curcumin loading capacity 

of HA-pSL was investigated to maximize the DL. To achieve high DL with high EE, 0.1 
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mg curcumin and 0.75 mg zebularine was used to prepare dual-drug delivery HA-pSL, 

respectively. Compared to blank HA-pSL, encapsulation of gemcitabine and curcumin 

significantly increased size by size by 33 nm (p<0.001) as lipophilic curcumin was 

inserted into lipid bilayer (Table 5.2), while the encapsulation of gemcitabine and 

zebularine only slightly increased 5 nm as hydrophilic zebularine was solubilised with 

gemcitabine in inner aqueous core (Table 5.3). Limited by loading capacity of curcumin 

and zebularine, the ratio of curcumin and zebularine to gemcitabine was 1:5.6 and 1:3.5, 

respectively.  

5.5.3 In vitro cytotoxicity of dual loaded liposomes 

5.5.3.1 Gemcitabine and curcumin dual loaded HA-pSL 

The co-treatment of free curcumin with free gemcitabine did not significantly improve 

cytotoxicity in both MIA PaCa-2 and Gr2000 cells, compared to free gemcitabine (Figure 

5.8). Importantly, at high concentration, curcumin could completely inhibit cell growth 

of Gr2000 while gemcitabine could not. As discussed in Section 3.5, the cells resistant to 

gemcitabine treatment possibly exhibit CSC characteristics and curcumin showed 

potential to target CSC, as reported by others [321]. PANC-1 sphere cells exhibiting CSC 

characteristics have also been reported to be more sensitive to curcumin [322]. HA-pSL 

could partially inhibit the cells survived high drug concentrations compared to free 

gemcitabine as found in Section 4.3.6, possibly due to CD44 targeting, while HA-pSL-

GEM/CUR could entirely eliminate the RP and resulted in significantly improved 

cytotoxicity (p<0.01). 

The combination index (CI) between gemcitabine and curcumin was calculated using 

Chou-Talalay equation at IC50 concentrations [323] and the synergism level was 
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determined [324]. In Gr2000, curcumin showed moderate synergism (CI = 0.83) 

compared to slight synergism in MIA PaCa-2 (CI = 0.95). The synergistic effects between 

gemcitabine and curcumin could be further enhanced by optimisation of drug ratio based 

on CI. 

Chou − Talalay equation: CI =  
(𝐷𝐷)1

(𝐷𝐷50)1
 + 

(𝐷𝐷)2
(𝐷𝐷50)2

  

Where (D50)1 is for (D)1 – gemcitabine alone that inhibits 50% cell growth, and (D50)2 is 

for (D)2 – curcumin or zebularine alone that inhibits 50% cell growth, whereas (D)1 + 

(D)2, in combination also inhibit 50%. 

5.5.3.2 Gemcitabine and zebularine dual loaded HA-pSL 

Free zebularine showed little cytotoxicity effect in MIA PaCa-2 and Gr2000 (Figure 5.8). 

Although CDA has been found to induce apoptosis via inhibition of DNA 

methyltransferase [317], a high dose is required which restricted it to treat cancer 

individually. Free zebularine did not significantly improve cytotoxicity of gemcitabine in 

both cell lines, compared to free gemcitabine, however showed some synergistic effect at 

high concentrations in Gr2000. HA-pSL-GEM/ZEB significantly enhanced cytotoxicity 

compared to free gemcitabine (p<0.01).  

5.5.3.3 Overall improvement  

The overall performance of drug combinations and dual delivery HA-pSL compared with 

the free drug is summarised in Table 5.6. Compared to 3.2 folds improvement of HA-

pSL encapsulating only gemcitabine (Table 4.3), two dual-drug delivery HA-pSL 



 

136 

 

showed minor improvement with 3.8 and 3.5 folds, respectively (Table 5.6). Curcumin 

showed advantage over CDA by its effect to eliminate the RP in Gr2000. The low loading 

capacity of curcumin and zebularine in liposomes compared to gemcitabine might limit 

the effect of both drug combinations. The effect of dual-drug loaded HA-pSL could be 

further improved by enhancing DL, thus the cellular uptake of curcumin and zebularine. 

Particularly, restoration of dCK expression using gene delivery systems might provide 

additional benefits to overcome gemcitabine resistance. 

 

Table 5.6. An overview of the in vitro improvements of drug combinations in solution 
or liposomal formulations compared with free gemcitabine (expressed as the ratios of 
IC50 values) in either MIA PaCa-2 or gemcitabine-resistant (Gr2000) PC cells. 

Formulation MIA PaCa-2  Gr2000 

Free gemcitabine + free curcumin 1.1 1.2 
HA-pSL (gemcitabine + curcumin) 1.3 3.8 
Free gemcitabine + free zebularine 1.2 1.3 

HA-pSL (gemcitabine + zebularine) 1.4 3.5 

 

5.5.1 Roles of curcumin on cellular gemcitabine accumulation 

and cytotoxicity in cells 

The MRP5 inhibitory effect of curcumin was found by Paxton’s group of University of 

Auckland. Curcumin increased uptake of MRP5 substrate 2′,7′-Bis(2-carboxyethyl)-5(6)-

carboxyfluorescein (BCECF) after 15 min incubation determined. PANC-1 and MIA 

PaCa-2 PC cells was sensitised by curcumin to 5-FU treatment when cells were treated 

with curcumin and 5-FU for 3 d [310]. Interestingly, the same group found curcumin 
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could inhibit gemcitabine influx transporter hENT1 in different conditions. Cellular 

radioactivity of hENT1 substrate [3H]uridine or [3H]gemcitabine was decreased after 1 h 

co-treatment of curcumin. Sensitivity to gemcitabine of PANC-1 and MIA PaCa-2 was 

reduced by co-treatment with curcumin for 4 h. [325]. The effect of curcumin on MRP5, 

hENT1 and gemcitabine might be dependent on different experimental settings, 

noticeably incubation time. And the outcome gemcitabine sensitivity could be a 

compromise of dual inhibition. In our study, curcumin (>25 µM) increased intracellular 

gemcitabine concentration analysed by HPLC in both MIA PaCa-2 and Gr2000 cell lines 

when cells were treated with gemcitabine and curcumin for 3 h (Figure 5.9). Noticeably, 

at a concentration of 50 µM, the effect of curcumin on intracellular gemcitabine 

concentration was more significant on Gr2000 than MIA PaCa-2, while the basal 

intracellular gemcitabine concentration was similar between two cell lines. This could be 

due to increased hCNT1 expression (Figure 3.4) in Gr2000 while efflux transporter 

MRP5 was blocked by curcumin. Regulating MRP5 by curcumin might help to overcome 

gemcitabine resistance by blocking gemcitabine efflux. It was found that to inhibit MRP5, 

the minimal concentration of curcumin for both cell lines was at least 25 µM (Figure 

5.9), which is close to its IC50 values to both cell lines (14.5 vs 17.0 µM for MIA PaCa-2 

and Gr2000 respectively). Considering the intracellular delivery efficiency with HA-pSL 

and the different exposure time (72 h in cytotoxicity study, much longer than 3 h of 

cellular drug uptake), curcumin here might have played both roles as a MRP5 inhibitor 

and anti-cancer drug to the PC cells. More comprehensive study is needed to verify the 

role of curcumin. 
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In the present study, curcumin has shown to enhance intracellular gemcitabine 

concentration. Multiple mechanisms have been revealed in gemcitabine resistance in 

Gr2000 while CDA emerge as a promising target.  

To inhibit MRP5 which has been indicated as potential target to overcome resistance in 

Chapter 4 and CDA revealed in this chapter, curcumin and zebularine was delivered with 

gemcitabine in different HA-pSL. Two dual delivery HA-pSL showed enhanced 

cytotoxicity compared to free gemcitabine. However curcumin demonstrated advantage 

over zebularine as it could completely arrest the cancer cells including the highly 

gemcitabine-resistant population. The cellular uptake study supported that curcumin 

might contribute to the efficacy by both roles as a MRP5 inhibitor and anti-cancer agent. 

This chapter also provided evidence in further formulation development to overcome 

gemcitabine resistance as, low expression of dCK, the key enzyme for drug activation in 

the cancer cells, was a major hurdle to overcome the chemo-resistance, and further 

improvement is yet to be achieved by gene delivery, which is beyond the scope of this 

PhD project. 
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Chapter 6  
 General Discussion and Future 

Directions 
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Figure 6.1. An overview of this PhD thesis, emphasized the multifaceted nature of chemo-resistance and the limitation of drug delivery strategies 
with nanomedicines to overcome gemcitabine resistance in PC treatment.   
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Pancreatic cancer (PC) remains the most lethal cancer for a decade [1]. Gemcitabine 

based chemotherapy has been the major treatment option for PC [5,6]. However, chemo-

resistance along with its side effects in patients pose major challenge clinically [37]. 

In this context, nanoparticles particularly liposomes have been widely investigated as 

“magic bullets” for tumour targeted delivery of cytotoxic agents. A number of liposome 

based nanomedicines have been successfully translated to clinical application. By 

encapsulating the drugs in liposomes, exposure of healthy cells to these agents can be 

reduced. Additionally, surface-functionalisation of liposomes with specific ligand would 

directly target cytotoxic drugs to malignant cells, enhancing the anti-cancer effect. More 

recently, pH-sensitive liposomes emerged as a more effective tool of cytoplasmic drug 

delivery, owing to their ability of “endosomal escape”, thus increasing the bioavailability 

of the drugs to their cellular target. 

To overcome gemcitabine resistance in PC, this PhD research (Figure 6.1) took a 

systematic approach towards the development of an optimised hyaluronic acid (HA)-

functionalised pH-sensitive liposomes (HA-pSL) as tumour targeted delivery system for 

efficient cancer cellular uptake followed by endosome escape to overcome gemcitabine 

resistance in PC. The dual-intracellular delivery system was first investigated for 

gemcitabine mono-therapy with respect to their anti-cancer effect and the potential to 

reverse chemo-resistance in in vitro and in vivo PC models. Next, improved dual-therapy 

based on HA-pSL was investigated, considering the importance to modulate tumour 

biological factors contributing to resistance. Overall, this PhD research highlighted the 

importance to understand that liposomes are just drug delivery systems, and their 
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potential benefits have to be understood aligned with the underlining biological 

mechanisms of cancer and chemo-resistance. Detailed discussion as follows: 

6.1.1 Development and validation of resistant cell line  

Firstly (Chapter 3), a gemcitabine resistant PC cell line (Gr2000) was developed by long-

term exposure of PC MIA PaCa-2 cells to gemcitabine, and this cell line was subsequently 

validated, which was used later to evaluate the effect of formulations in resistant cases. 

Results showed that the developed resistance cell line Gr2000 could survive to 2000 nM 

concentration of gemcitabine. Gr2000 also showed an 444 times increase in IC50 with the 

morphology and growth rate similar to MIA PaCa-2. There was no change to the total 

drug influx between MIA PaCa-2 and Gr2000 cell lines as drug influx transporter (hENT1 

and hCNT1) and efflux transporters (MRP5) in Gr2000 cells were simultaneously up-

regulated (presented in Chapter 4). Both resistant and parental cell lines had high 

expression of CD44. Interestingly, in MTT cell viability assay, after three-day treatment 

with free drug, even with highest concentration, a large population of Gr2000 cells (20%) 

remained alive, compared to a 5 % in MIA PaCa-2. This might be due to the formation 

of a gemcitabine resistance population (RP) with cancer stem cell properties [273]. Also, 

Bao et al. have isolated CD44+/CD133+/EpCAM+ cells with stem cell properties from 

two PC cell lines [228]. Therefore, the use of HA to modify liposomes might provide 

benefits to target the PC stem cells which may have even higher expression of CD44. 

This is of great interest in the future study. 

6.1.2 Development and intracellular delivery ability of HA-pSL  

Chapter 4 of the thesis was focused on a systemic investigation of intracellular and 

tumour targeted drug delivery strategies that could target PC cells overexpressing CD44.  
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Firstly HA-modified pH sensitive liposomes (HA-pSL) were developed with an HA 

density of 179 µg/µmol, a larger size (152.3 vs 136.3 nm) and higher zeta potential (-46.8 

vs -10.5 mV) than pSL. As evidenced by confocal imaging and co-localization analysis 

of the dual-fluorescence labelled liposomes and Lysotracker, conjugation of HA 

accelerated cellular uptake of liposomes without compromising the endosome escape 

ability of pSL. HPLC analysis of the intracellular gemcitabine suggested HA-pSL 

significantly outperformed pSL, by increasing the cellular drug influx 3.6 times in MIA 

PaCa-2 cells, and 4.6 times in Gr2000 cells, verifying the CD44 targeting of HA-pSL. In 

the cytotoxicity assay, HA-pSL and pSL were 3.2 and 1.6 times more cytotoxic to Gr2000 

than free gemcitabine, respectively, but could not completely eradicate the drug-resistant 

Gr2000 cells. 

There was no change to the total drug influx in MIA PaCa-2 and Gr2000 cell lines as drug 

influx transporter (hENT1 and hCNT1) and efflux transporters (MRP5) in Gr2000 cells 

were simultaneously up-regulated. HA-pSL significantly outperformed pSL, by 

increasing the cellular drug influx by 3.6 times in MIA PaCa-2 cells, and 4.6 times in 

Gr2000 cells as a result of CD44 targeting. HA-pSL and pSL were 3.2 and 1.6 times more 

cytotoxic to Gr2000 than free gemcitabine, respectively, but could not completely 

eradicate the drug-resistant Gr2000 cells. Both liposomes improved the pharmacokinetic 

profile than free drug. HA-pSL treatment was superior to pSL and resulted in 6.4 times 

smaller tumours (weight) in the MIA PaCa-2 xenograft models, and 3.1 smaller in the 

Gr2000 models compared with the free drug. HA-pSL only partially re-sensitised cancer 

cells to gemcitabine therapy and tumours still existed after treatment.  
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6.1.3 The potential of HA-pSL to overcome chemo-resistance 

In rats, like other nanomedicines, both liposomes improved the pharmacokinetic profile 

of the free drug by prolonging the half-life and reducing the volume of distribution. These 

results indicated that encapsulating gemcitabine in the liposomes can decrease the 

exposure of health tissue to the toxic agent, and thus reduce the side effects in patients. 

Indeed, in the animal studies (rats and mice) there was no observed toxicity effect after 

administration of the liposomes. 

In the MIA PaCa-2 xenograft mouse models, HA-pSL treatment was superior to pSL and 

resulted in 6.4 times smaller tumours (weight) in comparison with the free drug. This is 

significant achievement compared to 3.5 times in the other research [326]. 

In contrast, only a 3.1 times reduction in tumour weight was found in the Gr2000 tumour 

models. This finding suggested that HA-pSL only partially reversed the chemo-resistance 

to gemcitabine therapy. As found in the in vitro study, after 3 d exposure to gemcitabine, 

a large population of the cancer cells still existed in Gr2000. Assuming this stem-cell-like 

population existed in vivo, there was no surprise to see tumours continue to grow in the 

Gr2000 xenografts. Again this in vivo study strongly support the potential of intracellular 

drug delivery with nanomedicines to treat cancer, however more importantly, their 

limitation in overcoming chemo-resistance by the transport-based approach. In addition, 

Chapter 4 also highlighted the multifaceted nature of chemo-resistance given the conflict 

finding in the upregulated influx transporters [291,314]. 

Therefore, improved formulation design with dual-drug therapy using HA-pSL to further 

overcome gemcitabine resistance in PC in combination with biological approaches to 
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target resistance mechanisms, such as inhibiting gemcitabine efflux or deactivation, was 

further investigated in Chapter 5. 

6.1.4 Development and characterisation of dual-drug loaded HA-

pSL to overcome resistance 

As dual intracellular delivery approach (mediated by HA and pH-sensitivity) using HA-

pSL could not completely eliminate the drug-resistant Gr2000 cells, to further improve 

the efficacy of HA-pSL, biological resistance mechanisms apart from drug efflux 

transporters in Gr2000 were further investigated, which are discussed in Chapter 5. The 

metabolic changes in the Gr2000 cells were characterised with RT-PCR analysis for the 

cellular expression of CDA, (enzyme for gemcitabine inactivation), as well as dCK 

(enzyme for drug activation). It was found that CDA level was 4 times higher in Gr2000, 

while its dCK was dramatically reduced than that in the parental MIA PaCa-2 cells. These 

results convinced that apart from “transport-based therapeutic resistance”, other factors 

such as gemcitabine deactivation or insufficient activation also contributed for this 

resistance. Therefore, we assumed that additional manipulation of the cellular metabolism 

of gemcitabine with co-incorporation of an agent that could suppresses CDA or restores 

dCK expression into the HA-pSL could further tackle chemo-resistance.   

Therefore, two formulation strategies were investigated in Chapter 5. Firstly, an inhibitor 

of gemcitabine efflux transporter-curcumin, was co-loaded with gemcitabine into HA-

pSL and the drug loading was optimised. HA-pSL-GEM/CUR showed improved 

cytotoxicity compared to free drugs and their combination. Second, zebularine, a CDA 

inhibitor to reduce gemcitabine deactivation, was co-encapsulated with gemcitabine using 

HA-pSL. HA-pSL-GEM/ZEB showed less improvement than the HA-pSL-GEM/CUR. 
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Interestingly, it was also observed that the HA-pSL-GEM/CUR could completely kill 

either MIA PaCa-2 or Gr2000 at high concentrations, while HA-pSL-GEM or HA-pSL-

GEM/ZEB left a high proportion of cells (5% in MIA PaCa-2 cell line and 10% in 

Gr2000) even if the drug concentrations reached up to 200 µM. This suggests that 

curcumin co-delivery may have better potential for the reversal or chemo-resistance to 

PC. Many studies demonstrated that the anti-tumour properties demonstrated by 

curcumin are due to its potential to target pancreatic CSCs [321,322].  

6.1.5 Limitations 

Despite great success of nanomedicines in preclinical in vitro and in vivo models, experts 

have raised the question why nanomedicines failed in translation to clinical application. 

Animal models, especially cell line-derived xenograft tumour models (used in Chapter 

4), developed in laboratories are not sufficient to represent heterogeneous human tumours. 

In fact, murine tumour models are different from human tumour in many aspects: the rate 

of progression, the tumour size to body weight, metabolic rate and host lifespan. More 

importantly, human tumours are more heterogeneous than murine tumour models as they 

develop much faster. Subcutaneous murine tumours could reach 1 cm (0.5g) within 4 

weeks, whereas this is equal to a 20cm (1-2 kg) extremely large tumour in human patients 

[327]. It was also reported that the pharmacokinetics of nanoparticles in murine tumour 

models may differ significantly from in human because of the large tumour to body 

weight ratio [328].  

Great efforts have been made to develop HPLC or LC-MS methods for determination of 

gemcitabine metabolites, however, the sensitivity of HPLC method was not enough to 

detect intracellular gemcitabine metabolites and LC-MS failed to show signal of 
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gemcitabine metabolites. Thus in Chapter 5, we were not able to characterise the effect 

of CDA inhibition by zebularine on intracellular gemcitabine metabolites, particularly 

active metabolite gemcitabine triphosphate. 

Although CDA showed most significant change in the development of gemcitabine 

resistance in Gr2000, the effect of zebularine was outperformed by curcumin. The 

blockage of deactivation could not guarantee sufficient activation of gemcitabine with 

inadequate dCK. Due to the inability of HA-pSL as gene delivery vector which require 

cationic liposome, the effect of co-delivery of dCK with gemcitabine was not investigated 

in this study. 

6.1.6 Conclusions 

After decades of preclinical and clinical research, effective treatment for PC is still in 

exploration where nanomedicines remains promising as it has been demonstrated that PC 

has higher levels of nanomedicine accumulation in patients (compared to other cancers) 

[306], in part due to good blood perfusion of PC tissues [171,297]. The dual intracellular 

delivery approach (mediated by HA and pH-sensitivity) using HA-pSL demonstrated 

improved cancer cellular uptake, in vitro cytotoxicity and anti-tumour effect in PC 

xenograft tumour models compared to either gemcitabine solution or the pSL formulation 

(without HA conjugation). HA facilitated the cellular uptake of pSL without 

compromising the endosome escape ability. The comparative efficacy studies on the 

gemcitabine-resistant and non-resistant xenograft models suggested that HA-pSL only 

partially re-sensitised PC to gemcitabine therapy. The investigation of resistance 

mechanisms revealed potential biological factors: upregulated efflux transporters 

(MRP5), upregulated inactivation enzyme (CDA), decreased activation enzyme (dCK) to 
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overcome gemcitabine in PC. Therefore, the formulation efficiency was further enhanced 

by developing dual-drug loaded HA-pSL formulations, namely gemcitabine with 

curcumin (MRP5 efflux inhibitor) or zebularine (inactivation enzyme CDA inhibitor). 

The two dual-drug loaded HA-pSL showed improved cytotoxicity compared to free drug 

and free drug combined with either zebularine, or curcumin. Also, HA-pSL-GEM/CUR 

could completely kill both cancer cells at high concentrations showing their potential to 

eradicate the highly resistant cells.  

Additional manipulation of dCK expression using gene delivery, together with current 

HA-pSL-GEM/CUR, might advance further to the ultimate goal of re-sensitising Gr2000 

to gemcitabine therapy at the same sensitivity as MIA PaCa-2. 

 

For future studies, based on the current formulation HA-pSL, particularly with HA-pSL-

GEM/CUR, a number of promising strategies are considered to be able to further improve 

the overall anti-tumour effects and the potential of overcoming chemo-resistance: 

6.2.1 Formulation optimisation 

The size of current HA-pSL formulation post-drug loading is in the range of 152.3 ± 4.2 

nm. The most recent studies showed that a size of approximately 60–100 nm was highly 

recommended to enhance the EPR effect [329,330]. Thus, it is essential to further reduce 

the size of the liposomal membrane. The size of liposomes is usually refined by extrusion 

through membrane of desired pore size which extremely prolongs the preparation time. 

Recently developed microfluidics techniques provide a way for time-saving preparation 

of liposomes and the feasibility to tune size by adjusting parameters such as aqueous to 
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organic phase ratio [210]. The development of microfluidics methods to prepare HA-pSL 

with more desired size is of great interest in the future study.  

In addition, the encapsulation efficiency was 27% while drug loading was only 4% w/w, 

much lower than the clinically used doxorubicin liposomes (Doxil®, 10% w/w). 

Increasing the drug loading will promote the cellular drug uptake and thus enhance the 

potency as found previously [205]. To this end, a recent report suggested the use of a 

small amount of ethanol to increase the permeability of liposomal membrane significantly 

increase the drug transportation into liposomes [331]. This is considered to be another 

area for the formulation improvement. 

Furthermore, the drug release profiles of gemcitabine from HA-pSL showed that more 

than 40% of gemcitabine released within 24 h at 37 °C, compared to less than 20% of 

Conventional non-pH-sensitive liposome [205], which is more ideal to employ EPR 

effect. Further studies should look at strategies to achieve better controlled release from 

HA-pSL, such as reducing cholesterol [332]. However care should be taken to maintain 

the pH-sensitivity. 

At a molar ratio of 1:5.6 to gemcitabine, curcumin showed a CI of 0.83, suggesting a 

moderate synergistic effect. The synergism might be improved by manipulation of 

curcumin to gemcitabine ratio, which requires the optimisation of curcumin DL in HA-

pSL. Complexed with cyclodextrin, curcumin could be loaded into liposomal core instead 

of lipid bilayer, which might improve DL in HA-pSL [333]. 
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6.2.2 Optimisation of formulation strengthened for gene delivery 

Gene therapy has attracted the researchers attention due to its high specificity. In Chapter 

5, results showed downregulation of dCK in Gr2000. PC cells could be re-sensitised to 

gemcitabine by transfection of dCK with plasmid vector [72]. The restoration of dCK 

expression via gene delivery might be the key to overcome gemcitabine resistance in PC.  

For gene delivery, liposomes are usually composed of cationic lipids such as 1,2-dioleoyl-

3-trimethylammonium-propan (DOTAP) [334]. Further studies should look at the 

development of gene delivery liposomal formulation and if the sequential treatment of 

dCK DNA loaded liposome with HA-pSL-GEM/CUR could restore dCK expression and 

then completely reverse gemcitabine resistance in Gr2000. 

6.2.3 Identification of highly gemcitabine resistant population  

The highly gemcitabine resistant population in Gr2000 might be composed of CSCs. 

After a high gemcitabine dose to isolate the highly resistance population, expression of 

reported CSCs surface marker CD44, CD24, CD133 and epithelial-specific antigen 

(ESA) [335] should be analysed using flow cytometry to identify this population. 

Results from Chapter 5 showed that HA-pSL-GEM/CUR could completely eradicate the 

highly resistant PC cells at high concentrations, which was not possible with HA-pSL-

GEM or HA-pSL-GEM/ZEB. This suggests that curcumin co-delivery may have better 

potential for the reversal of chemo-resistance to PC. After isolation and identification of 

CSCs, future studies are required to understand the underlying mechanisms of curcumin 

to eradicate the CSCs.  
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6.2.4 Development of more clinical relevant tumour models 

In the attempt to achieve better clinical translation of nanomedicine, patient-derived 

xenografts (PDX) have attracted great interest of researchers. Compared to cell line-

derived xenografts (CDX), PDX models are more representative of human tumours. The 

stromal components, absent in CDX, are well retained in PDX models which decrease 

intra-tumoural perfusion. Consequently, CDX tumour models often overestimate the 

effect of nanomedicines. Gene expressions are well conserved in PC PDX models 

compared to parental tumours and sensitivity to gemcitabine is correlated to response in 

patients [336,337]. Based on the development of PDX tumour models from PC patients, 

the investigation of nanomedicines could more faithfully reflect the efficacy and indicate 

strategies to completely overcome gemcitabine resistance in PC.  

Besides, due to the time restriction of this PhD research, proof of concept of the dual-

drug loaded HA-pSL was only evaluated in vitro. In the future, we would like to 

investigate the in vivo pharmacokinetic and anti-tumour abilities of these dual-drug 

loaded formulations using PDX tumour models. 

In summary, multi-disciplinary research effort is required to improve cancer therapy and 

tackle chemo-resistance, not only for PC but to other cancers. 
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A.1.1. Letter of ethics approval to undertake pharmacokinetic studies for gemcitabine 
liposomal formulations by the University of Auckland Animal Ethics Committee. 
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A.2.1 Individual pharmacokinetic profiles of gemcitabine in SD rats following a single 
i.v. injection of A) free gemcitabine, B) pSL and C) HA-pSL at a dose of 1 mg/kg. 
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A.3.1. Ethics approval form to undertake anti-tumour studies for gemcitabine liposomal 
formulations by the Animal Ethics Committee of Yantai University, China. 
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A.4.1. Body weight and tumour volume of MIA PaCa-2 tumour bearing NOD Scid mice following i.v. treatment of free gemcitabine, gemcitabine 
loaded pSL and HA-pSL twice a week at 8mg/kg over the first two weeks. 
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A.4.2. Body weight and tumour volume of Gr2000 tumour bearing NOD Scid mice following i.v. treatment of PBS, free gemcitabine, gemcitabine 
loaded pSL and HA-pSL twice a week at 8mg/kg over the first two weeks. 
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A.5.1. Endpoint tumour weight of MIA PaCa-2 and Gr2000 tumours on NOD Scid mice 
following i.v. treatment of PBS, free gemcitabine, gemcitabine loaded pSL and HA-pSL twice 
a week at 8 mg/kg over the first two weeks. 

Cell line PBS GEM sol pSL HA-pSL 

MIA PaCa-2 

1.1329 2.0506 0.8168 0.4047 
2.2316 1.0546 0.8163 0.3097 
1.7196 2.5325 0.6997 0.2999 
1.1167 1.2945 0.6905 0.2553 
2.2821 1.9403 0.5946 0.2330 
0.8835 0.9409 0.5362 0.1743 

Gr2000 

1.7554 1.5864 1.0596 0.3252 
2.0044 1.6253 0.8392 0.3904 
2.2737 1.0271 1.0893 0.6331 
1.4031 2.3030 1.1047 0.5802 
1.3638 1.4190 1.4204 0.5294 
2.5015 1.3086 0.8914 0.5844 
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