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ABSTRACT 

  Background: Despite increasing incidence and morbidity globally, 

hepatocellular carcinoma (HCC) remains a big challenge clinically. The difficulty 

to treat HCC is largely due to non-specific chemotherapy causing life-threatening 

toxicity and severe drug-related adverse effects. Extensive studies on targeted 

drug delivery systems (DDS) have revealed a great potential in specific delivery 

of chemotherapeutics for cancer treatment, which should be a way to overcome 

the limitations of conventional chemotherapy.  

  Cantharidin (CTD) is a natural product from Chinese medicine showing a great 

potency but narrow therapeutic window with high toxicity. Its therapeutic 

potential is proposed to be improved with nanoliposomal encapsulation. To 

explore the potential of this liposomal delivery system for HCC treatment, in this 

study we developed and characterized liposomal carriers with CTD encapsulated 

and liposomal surface modified for targeted delivery to the HCC models in vitro 

and in vivo.  

  Methods: In the present study, liposomal delivery system was developed with 

cantharidin (CTD) encapsulated as anticancer assembly for HCC treatment. Firstly, 

in order to demonstrate the feasibility of liposomal encapsulation for CTD, the 

plain liposomal CTD was prepared and the anticancer effects were evaluated in 

vitro and in vivo with comparison to the free CTD formulation (Chapter 2). Then, 

to achieve specific penetrability of the liposomal CTD for HCC, it was further 

modified with a cancer cell specific penetrating peptide BR2, and its superior 

penetrability was evaluated on both in vitro monolayer and 3D HepG2 cells 

including MTT assay, cellular uptake, internalization, tumor spheroid penetration 

and inhibition, and in vivo subcutaneous HCC mice model (Chapter 3). Finally, 

the dual-functionalized liposomes with BR2 and anti-carbonic anhydrase IX (CA 

IX) antibody were achieved for more efficient delivery with specific penetrating 

and targeting properties on orthotopic HCC model (Chapter 4).  

   Results: The key results of the study are: (1) liposomal CTD can augment the 

anti-proliferative effects of CTD, and enhance the anticancer efficacy on 

subcutaneous HepG2-bearing nude mice, which might be due to the enhanced 

solubility of the drug as well as intracellular delivery (Chapter 2); (2) with BR2 

penetrating peptide modification, the liposomal CTD can get into cancerous cells 

specifically and penetrate deeper in 3D tumor models. A better tumor growth 

inhibition was also seen in the subcutaneous HCC mice of BR2-modified 

liposomes treatment than that of the other group, which could be contributed to 

the passive targeting of liposomes as well as the specific penetrating properties 

induced by BR2 peptide (Chapter 3); (3) the dual-functionalized liposomes with 

BR2 peptide and anti-CA IX antibody modification can enhance the drug 

internalization into HepG2 cells and further improve the anticancer efficacy of 

drugs compared to other formulations on orthotopic HCC nude mice (Chapter 4).  
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  Conclusion: These results demonstrate 1) the liposomal delivery system as a 

powerful tool to improve anticancer effects of chemotherapeutic agent; 2) the 

usefulness of BR2 and CA IX modified-liposomal nano-delivery of CTD and their 

combination might be a potential modality for HCC treatment. The study paved a 

way for clinical translational medicine of this ligands-modified liposomal delivery 

system for targeted treatment of HCC. 
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Background and Literature Review 
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1.1  Hepatocellular carcinoma  

1.1.1  Epidemiology of hepatocellular carcinoma (HCC) 

 Primary hepatocellular carcinoma (HCC) accounts for 70%-90% of all 

malignant tumors of the liver [1]. An estimated 782,500 new HCC cases and 

746,000 deaths occurred worldwide in 2012, ranking 2
nd

 most common cause of 

cancer-related mortality worldwide, and 50% of these cases and deaths were 

estimated to occur in China [2]. HCC indeed affects quality of life of populations 

globally.  

HCC is a multifactorial disease associated with many risk factors and cofactors 

caused by viral infection such as hepatitis B and C virus (HBV, HCV), aflatoxins, 

alcohol rated disease, diabetes and immune-related diseases such as primary biliary 

cirrhosis (Figure 1-1). The synergistic effect between HBV and aflatoxin leads to an 

even higher risk of HCC compared with HBV infection alone [3]. In addition, the 

gender can also influence the risk and behavior of HCC, with male suffering from 

HCC to female ratio ranging between 2:1 and 4:1 [4]. In Hong Kong, the incidence 

and mortality of liver cancer is also higher in man (4th and 2ed respectively among 

all cancers) than that in woman (7th and 4th respectively among all cancers) [5]. 

The global ages have an impact on the risk and behavior of HCC as well, for 

example, in the most high-risk Asia-Pacific populations (e.g., Hong Kong) or the 

most low-risk Western countries, the highest age-specific rates are people aged 75 

and older [4]. The geographic areas at highest risk of HCC is seen in East Asia, 
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sub-Saharan Africa and Melanesia, where 85% of all HCC cases take place [6]. 

Populations in these areas are mainly with HBV infection or aflatoxin 

contamination. While a relatively low incidence occurs in the North and South 

America due to the infection of HCV [6]. In some regions where aflatoxin 

contaminated food ingestion is common, the incidence of HCC is high [7]. Globally, 

54% of all HCC cases can attribute to chronic HBV and HCV exposure [8]. To sum 

up, HCC as a complex disease needs further multidisciplinary efforts and 

cross-study in eastern and western countries to benefit HCC patients and relieve the 

global disease burden. 

 

 

Figure 1-1 The assumed mechanisms of hepatocarcinogenesis. 
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1.1.2  Therapeutic modalities of HCC 

Great changes of HCC management have taken place in the past few decades. 

The five major therapeutic modalities acceptable in clinical guidelines [9] are: (1) 

hepatic surgical resection; (2) liver transplantation; (3) radiofrequency ablation; (4) 

transcatheter arterial chemoembolization (TACE); and (5) systemic therapy with 

sorafenib (Figure 1-2).  

 

 

 

Figure 1-2 Treatment strategies of HCC. 
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1.1.2.1 Hepatic resection 

Hepatic resection is recommended as the first-line treatment for HCC patients 

with single lesions without cirrhosis or those with very well-compensated cirrhosis 

[10]. It is not limited by tumor size or stages but the functional hepatic reserve and 

portal hypertension [11]. Hepatic resection can achieve a 60-80% 5-year survival 

rate in adequate selection of surgical patients [10], but the recurrence rate of HCC 

resected patients is as high as 70% at 5 years [12], and the postoperative morbidity 

in patients with HCC is also very high (8.3%) [13].  

1.1.2.2 Liver transplantation 

Liver transplantation is considered the best curative HCC tumor treatment and it 

is the only surgical option for patients who is undergoing decompensated cirrhosis 

[10]. With optimal candidates, a 50% 5-year survival with a recurrence rate below 

15% is reported and the 5-year mortality can be approximately ≤30% [14]. 

However, liver transplantation undergoes several limitations including life-long 

immunosuppression, besides, transplantation is significantly hindered by severe 

donor organ shortage [15]. 

1.1.2.3 Radiofrequency ablation 

Radiofrequency ablation (RFA) is suitable for treatment of single nodules not 

resectable or small multifocal HCC patients (maximum 3 nodules) [10]. RFA is safe 

with post-procedure mortality ranging from 0.9 to 7.9% and the 5-year survival rate 

between 40% and 70% [16]. RFA has an advantage over surgical resection in the 
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setting of small HCCs for less invasive, shorter hospital-stay and lower 

treatment-related complication [17]. However, the main limitation of RFA is its 

high local recurrence rate, in 3.2-26% of patients [18]. 

1.1.2.4 Transcatheter arterial chemoembolization (TACE) 

  TACE is widely used for conventional intermediate-stage treatment of patients 

with multinodular HCC [19]. The two-year overall survival rate ranges from 10% to 

63% [20]. However, TACE is related to serious complications, for example, liver 

infarction and cholecystitis (about 2% of patients), and the postembolization 

syndrome takes place in 90% patients [21]. Other serious complications may occur 

such as inadvertent reflux of cytotoxic drugs, liver failure or tumor rupture [21]. 

1.1.2.5 Systemic chemotherapy 

Systemic chemotherapy is the only option for advanced, inoperative, recurrent 

or metastatic HCC, and is a rapidly developing area of research. Choices of 

systemic therapy mainly include cytotoxic therapy which is the mainstay currently, 

novel molecularly targeted therapy and also the targeted drug delivery therapy 

(Figure 1-3). The recently developed molecular targeted drugs for systemic therapy 

of HCC such as sorafenib (a vascular endothelial growth factor receptor and 

tyrosine kinase inhibitor) have been approved for clinical use to prolong survival in 

advanced HCC patients [22]. However, its therapeutic potential to date is greatly 

limited due to their low response rate and high toxicity [23]. Moreover, no other 

drugs are available currently if there is resistance to sorafenib. As such, HCC is one 
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of the recognized cancers that are most resistant to systemic chemotherapeutics. 

Several mechanisms of chemoresistance of HCC were identified, such as the 

hypoxia induced autophagy [24], the Wnt/β-catenin signaling pathway [25], cancer 

cell expression of the adenosine triphosphate–dependent binding cassette (ABC) 

drug efflux transporter P-glycoprotein [26]. 

 

Figure 1-3 Difference of targeted therapy (A) and the targeted drug delivery systemic 

therapy (B), taken sorafenib as an example (Not to scale).  
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1.1.3  Challenges of current HCC treatment 

 HCC is notorious for its sinister onset, difficulty of early diagnosis, 

largely aggressive invasion and rapid progression [27], thus approximately 

60%-70% of HCC cases are at advanced or metastatic stage when 

diagnosed [28].  

 Although local therapies such as surgical resection, liver 

transplantation or ablation and TACE methods can prolong overall survival, 

the overall outcome for HCC patients remains discouraging [29]. This is 

particularly true in advanced or metastatic HCC patients. Moreover, 

postoperative tumor relapse (recurrence) continues to be a significant 

problem and is reported as high as around 70% at year 5 [12]. 

 So far, systemic chemotherapy remains the mainstay of management 

of advanced HCC patients, who are unsuitable candidates for other local 

therapies. However, chronic administration of chemotherapeutic agents is 

associated with chemotherapeutic drug-related toxicities and adverse events. 

As HCC is largely a chemoresistant cancer, the application of systemic 

chemotherapy has been followed by no survival advantages but high 

frequencies of drug-related adverse effects [30].  

 Considering the severe limitations of current HCC therapeutic 

modalities, further prospective research ought to continue to conduct on the 

hepatocarcinogenesis mechanism, subsequently recognition of significant 



 

9 

 

molecular targets and more importantly, actively seeking new options and 

breakthroughs in systemic therapy for HCC, such as targeted drug delivery 

in order to improve the therapeutic efficacy and to reduce chemotherapeutic 

drug-related toxicity. 

 

1.2  Liposome as an effective tool for cancer therapeutics delivery 

1.2.1  General knowledge about liposomes 

   Since their first being described by Bangham while studying on cell membranes 

over 50 years ago, liposome is gaining more and more attractiveness as a drug 

delivery vehicle for efficiently therapeutic outcomes [31-34] (Figure 1-4). It is one 

of the most tested and versatile systems among all the lipid-based nanocarrier 

platforms among the approved agents [35], and used as delivery vehicle for 

intravenous administration.  

 

Figure 1-4 Major developments of liposomes as drug delivery system for cancer treatment. 
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  Liposomes are structurally made of phospholipid, the amphipathic molecule with 

a hydrophilic head and a hydrophobic tail and stable in nature with composition of 

two layers (“bilayer”) membrane structure [36] (Figure 1-5A). They are generally 

considered as biodegradable and imperceptibly immunogenic, and hence can be 

used for a large number of biomedical applications [37]. Liposomes for drug 

delivery applications are desirable to be sized ranging between 50-200 nm in order 

to exploit the enhanced permeability and retention (EPR) effect in cancer treatment 

[38]. Liposomes have an aqueous core entrapped by one or more lipid bilayers or 

lamellae [39], and surfaces are usually modified with polyethylene glycol (PEG) for 

some stealth purpose or ligands for some targeting aims (Figure 1-5B and C). So, 

liposome-based drug delivery system (DDS) has the potential to offer solutions to 

many of the limitations associated with current cancer chemotherapies [40]. 
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Figure 1-5 Mechanism of liposome formation and structure and modification of liposomes. 

(A) Mechanism of liposome formation. When surrounded by aqueous medium, the 

hydrophobic tails of phospholipids mutually attract and face each other, while the 

hydrophilic heads contact with the aqueous medium and face outwards to the aqueous 

region. The polar part remains in connection with the aqueous surroundings along with 

shielding of the non-polar portion. Therefore, they align themselves closely to form 

lamellar sheets to lessen the interaction between the bulky aqueous surroundings and long 

hydrocarbon fatty acyl chains. Then, the interactions are completely eliminated when these 

sheets fold over themselves to form closed and continuous bilayer vesicles. (B) PEGylated 

liposome and (C) the liposomes with different ligands modification for targeted therapy 

(Not to scale).  
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1.2.2  Liposomes encapsulation improves anticancer properties of drugs 

  Liposomal formulations have already been approved for clinical use in anticancer 

treatment [41]. In most cases, these liposomes with distinctive features can 

overcome limitations related to the chemotherapeutic agents by encapsulation, such 

as, 

 Overcoming unwanted physicochemical and biopharmaceutical properties 

of chemotherapeutic molecules, including drug solubility, stability, drug 

circulation time, biodistribution throughout the body, pharmacokinetic 

properties etc [42].  

 Enhancement of drug entering into intracellular parts by fusion or 

endocytosis. The compositions of liposomes are similar to the cell 

membrane, thus liposomes can be internalized by membrane fusion or 

endocytosed by cells, opening up opportunities to use ‘liposome 

dependent drugs’ [43]. The fusion or endocytosis will help liposomes 

enter the intracellular domain that will further help more drugs 

internalized by cells and more drugs released into cells to act their roles. 

This is considered quite efficient compared to the free drugs, which 

transport across the cell membrane by passive diffusion based on the 

concentration gradient (Figure 1-3). 

 Enabling of sustained/controlled or physically stimulus-triggered drug 

release. Encapsulation into liposomes can control the release of an active 
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drug to overcome the fast burst release of the chemotherapeutic drugs. 

With sustained/triggered release of the drugs, liposomes acted as a 

reservoir for the payloads, thus protecting healthy cells from the side 

effects of anticancer agents.  

1.2.3  Liposomes modification endows themselves beneficial targeting 

properties 

  The high surface area-to-volume ratio of liposomes endows themselves 

capability of surface modification and possibility of multiple binding, which can be 

further used for targeting treatment. By attaching PEG, specialized antibodies, 

peptides etc, liposomes can be exploited as site-specific drug delivery carriers, and 

also reduce immunogenicity of drug-carrier complexes, impart stealth by preventing 

opsonization and removal by phagocytes, and further minimize the interactions with 

circulating blood components .  

1.2.3.1 Stealth function by PEG long-chain modification 

Systemic administration of liposomal delivery systems will potentially be cleared 

and degraded from blood stream by the mononuclear phagocyte system (MPS) in 

liver, spleen, lymph nodes before reaching their intended treatment sites [44]. Inert 

polymers can help carriers resist interactions with these components, imparting 

‘stealth’ properties, in which PEG is the most widely used one due to its merit of 

safety [45]. Surface-modification of liposomal carrier with PEG, or PEGylation, has 

shown to prolong blood-circulating time and improve their cytoplasmic transport 
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rates through biological obstacle by reducing non-specific adhesion to cytoskeletal 

elements [46], further providing more chances for passively extravasation into 

tumors. This can be explained as the hydrophilic nature of PEG. After conjugated 

PEG chain onto liposomes surface, the PEGylated liposomes produce a hydrated 

cloud with a large excluded volume that sterically precludes liposomes from 

interacting with blood components, thus reducing the recognition and uptake by 

immune system, lowering clearance possibility, prolonging circulating time, and 

further increasing the likelihood of interactions between ligands attached on the 

liposomes surface and the respective receptors on cell membrane [45].      

1.2.3.2 Targetability function by specific ligands modification 

Targetability of liposomes can be referred as liposomes with targeting ligands 

onto its surface. The feasibility of using different ligands to modify liposomal 

delivery system can help the encapsulated therapeutic agents accumulate 

preferentially in the tumor site by two targeting mechanisms, namely, the passive 

and active targeting (Figure 1-6). The former one can be conferred as preferential 

accumulation of liposomes in target sites via the leaky vasculature of solid tumor 

and poor lymphatic drainage [47]. This is also called the enhanced permeability and 

retention effect (EPR) (Figure 1-6), which is a pathological feature of fast growing 

tumors [48]. Experiments suggest that size is one of the decisive characteristics of 

liposomes when utilizing passive targeting for cancer chemotherapy. Larger sized 

liposomes are effectively taken up by the reticuloendothelial system (RES) and 
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cleared from circulation [37], and smaller sized liposomes with diameters < 200nm 

are recognized as much more effective drug carrier for passive target by taking 

advantage of EPR effect [49].  

 

 

 

Figure 1-6 Schematic illustrations of liposomes targeting mechanisms: passive targeting 

and active targeting.  

The former is based on the EPR effects that liposomes are too large to go through the 

ordered vasculature of normal tissues but can go into the tumor sites via the leaky 

vasculature of tumor tissues and retained there due to the poor lymphatic drainage. Active 

targeting is carried out by recognition, binding, and internalization.   
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Nevertheless, passive targeting of liposomes owing to EPR effect may not 

sufficiently guarantee the therapeutic effect [50]. This might be attributed to the 

variation porosity and pore size of tumor blood vessels with the tumors type and 

status [51]. Moreover, when a growing tumor changes its phase to shrinking, the 

blood vessels may change its mode from a rapid to a normal supply with a matured 

structure [51].  

Active targeting is the other targeting delivery approach of liposomes, which is 

defined as modification of liposomes with ligands that can actively bind to cancer 

cells specifically after extravasation [42]. This active targeting involves the 

incorporation of targeting ligands with capability of recognizing target cells, 

binding to them, and inducing the internalization of liposomes or encapsulated 

drugs [42] (Figure 1-6). Targeting ligands used for modification could be antibodies 

or antibody fragments, small molecules, sugar moieties, proteins, specific peptides, 

etc. Targeted liposomes offer various advantages over individual drugs. The most 

compelling one is the dramatic increase in drug amount that can be delivered to the 

target cells compared to free drug or passively targeted liposomes [40]. Therefore, 

liposomes can largely enhance the anticancer efficacy while significantly reduce the 

non-specific distribution to the normal organs. As a result, they can alter the 

pharmacokinetics and biodistribution of encapsulated drugs[52]. Besides, the 

number of ligand molecules exposed on the liposome surface can be increased, 

improving ligand avidity and degree of uptake [42].  
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The active targeting process can overcome the limitations of passive targeting, 

but it cannot be separated from the passive targeting because it happens only after 

passive accumulation in tumors [53].  

1.2.3.3 Penetrating properties by cell penetrating peptides modification 

 Since the target sites of most anticancer chemotherapeutic drugs are located in the 

intracellular part or individual organelles, such as nuclei, lysosomes, mitochondria, 

liposomes with drug encapsulated are required to transport across the cellular 

membrane for intracellular delivery. The cell membranes prevent these nanocarriers 

from entering the cells. A potential method for overcoming this cellular barrier is to 

exploit certain peptides for liposomal modification to obtain actively penetrating 

and transporting into cytoplasm [54]. Cell penetrating peptides (CPPs) are quite 

typical short sequences to be capable of translocating cellular membrane and 

gaining intracellular access, and they are widely employed for intracellular 

liposome delivery [55]. CCP-mediated intracellularly liposomal delivery is reported 

to be via energy-dependent endocytic pathway or direct translocation like carpet, 

formation of inverted micelle [56], which is efficient approach for intracellular 

translocation. Examples as TAT, the popular known CCP, is shown to mediate 

intracellular delivery of 200nm liposomes with the TAT attached to liposomal 

surface [57]. 

Although some CCPs have being applied in liposomal delivery, some weaknesses 

are still encountered, particularly due to the lack of specificity toward targets. Thus, 
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searching for a cancer cell specific peptide is meaningful for the liposomal targeting 

delivery.  

1.2.4  Challenges for the liposomal cancer treatment 

While the liposomal drug delivery systems discussed above illustrate the promise 

for HCC application, clinical studies are however limited. Based on the registry on 

clinicaltrials.gov, as many as 1634 liposomal formulations had been registered 

(search as ‘Condition / Disease’ = ‘cancer’ & ‘Intervention / Treatment’ = 

‘liposome’) for cancer treatment in clinical trials by July 2017. It is clearly showed 

that most of the clinical trials treatments are concentrated on marketed liposomal 

doxorubicin and the PEGylated liposomes, which are unable to selectively target to 

cancerous cells [58]. Besides, half of the trials are under phase II, and only 25.8% 

studies go further to the phase III and IV (Figure 1-7A). In addition, most of the 

studies focus on breast cancers, and only some studies have been conducted on liver 

cancer (Figure 1-7B). Moreover, we further searched the studies of liposomes on 

cancer in the PubMed with words ‘cancer liposome’, and which showed 10,536 

publications available by July 2017, but only 1,643 studies related to clinical trials 

on liposome treatment for cancer (Figure 1-7C). Interestingly, only 7 liposomal 

formulations are approved for cancer treatment by FDA (Figure 1-7D). Therefore, 

there is a huge gap between the pre-clinical development and clinical studies.  
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Figure 1-7 A gap between the clinical studies on liposomes against cancer and the approved 

liposome drugs.  

(A) Different phases of clinical studies on liposomes for cancer treatment and (B) numbers 

of clinical studies on liposomes for different cancers treatment by July 2017 registered on 

clinicaltrials.gov. (C) The number of publications in the field of liposomes for cancer 

treatment is increasing exponentially. (D) A few of liposomal drugs are approved for cancer 

treatment.  
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Some concerns are raised and will be listed herein partially, such as the biological 

challenges of the liposomes induced by the immune systems:  

a) Clearance by RES. This is due to the particulate property of liposomes 

recognized as a foreigner by the multiple defense systems after systemic 

administration. The primary organs of RES such as liver, spleen, lymph nodes 

and bone marrow are contributed to this [59] by their fenestrations in the 

microvasculature ranging from 100-800nm [60]. 

b) Opsonization by the serum protein resulting liposomes destabilization. This 

effect determines the overall liposomes biodistribution, efficacy, and toxicity. 

c) Fully utilization of EPR effects hindered by varied tumors vessels. PEGylated 

liposomes mainly depend on the EPR effects to target towards the tumor sites. 

However, liposomes may not be reachable into all tumors due to the variable 

porosity and pore size of tumor vessels, and further they may induce 

multidrug resistance due to the heterogeneous distribution induced by 

elevated interstitial fluid pressure [58]. 

Besides, some manufacturing issues are also related for this gap. Manufacturing 

of liposomes is usually in large-scale, which requires tight control of physical and 

chemical properties of batch-to-batch liposomes [61]. In addition, the cost of raw 

materials is high, and the multistep production process is tedious, which resulted in 

too expensive production of liposomal formulations. Moreover, the regulatory 

issues might also contribute to this issue [62]. 
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  In summary, liposomal DDS has the potential to improve drug properties and 

enhance pharmacokinetic profile of anticancer agents by modifying the liposome 

surface with PEG [52]. Liposomal DDS can help accumulate the therapeutic agents 

preferentially in the tumor site through the EPR effect [63]. However, present 

clinical use of liposomal-based therapies does not exhibit specific drug targeting at 

cellular level [58], and target specificity remains as a big challenge in anti-cancer 

drug delivery research. Therefore, increasing effort will be needed to achieve 

targeted drug delivery by attaching liposomes surface with specific antibodies that 

bind to the cancer cell surface antigens. 

 

1.3  Designing principles of ‘SMART’ liposomal delivery systems 

for HCC 

The ideal smart liposomal delivery systems should first particularly accumulate 

into the purposed tumor sites, and then deliver its payload into the intracellular parts 

of the purposed tumor cells (Figure 1-3B). The first step tissue delivery could be 

achieved by passive targeting of PEGylated liposomes via EPR effect, and the 

second step intracellular delivery could be achieved by active targeting of 

internalizable ligand or CCPs modified liposomes.  

Therefore, there are certain general principles for development of SMART 

liposomal delivery system [64],  

a) Selection of target receptor with high or overexpression in tumor sites but no 
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or relative low expression in normal sites, and be capable of inducing 

internalization of the ligand-modified liposomes [65].  

b) Internalization of liposomes achieved by the receptor-mediated or coupling 

peptides with the ability to penetrate cell membrane; 

c) Selection of targeting ligands with site-specificity. As there are many kinds 

of ligands discovered for targeted delivery treatment, they can be generally divided 

into cellular penetrating peptide-associated targeting (with peptide modification), 

receptor-mediated targeting (generally with specific antibodies modification).  

d) Selection of therapeutic agents with high potency. With fewer drug that 

liposomal delivery systems carry, it maintains the chemotherapeutic effects of the 

liposomal drug systems [66]. Additional properties of therapeutic agents such as 

stability, charges, solubility also should be considered. 

Herein, selection of specific ligands and selection of target receptor will be 

introduced in more detail by taking cell penetrating peptide BR2 and carbonic 

anhydrase IX receptor as an example, respectively. 
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1.3.1  Selection of targeting ligand—BR2 peptide as an example 

Peptide-based targeting formulations are capable of improving tumor penetration 

and decrease MPS clearance of some other liposomes. Take the specific peptide 

BR2 as an example. It is a short peptide composed of only 17-amino acids 

(sequence RAGLQFPVGRLLRRLLR), derived from the non-specific 

cell-penetrating anticancer peptide buforin IIb [67]. With stepwise elimination of 

the C-terminal motif RLLR, the novel peptide BR2 shows increased cancer cell 

specificity and hence minimized cytotoxicity to normal cells [68]. In a previous 

study, BR2 showed about 4-fold higher penetration efficiency into cancer cells than 

into normal cells compared with Tat, a well-known CPP [69], that has shown a 

similar penetration efficiency regardless of cancer cell type [68, 70]. This specific 

tumor cell-penetrating ability of BR2 seems to be related to the number of RLLR 

repeats at the C-terminus. Whereas, BR with one RLLR displays a weak 

cell-penetrating ability to cancerous cells, two RLLR repeats exhibit an efficient 

penetration into cancer cells without cytotoxicity to normal cells, whereas three 

RLLR repeats cause cell damage both in cancerous and normal cells. 

Possible reasons for why BR2 with two RLLR repeats displays better cancer cell 

specificity include distinctive feature of cancer cells. The tumor cell membrane is 

characterized by a different membrane composition with altered fluidity, more 

negative surface charges, higher transmembrane potential and an increased level of 

acidic components on the surface compared to normal cells [71, 72]. Furthermore, 
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as gangliosides are overexpressed in HCC but little expressed in normal 

hepatocytes [73], conjugating the BR2 peptide to the liposomal surface can 

hopefully promote penetration of the drug into HCC cancer cells. After specifically 

targeting cancer cells, BR2 can enter cells through interaction with gangliosides by 

the lipid-mediated macropinocytosis [74]. This unique feature of BR2 is of a great 

value that should be utilized as a CCP in liposomal delivery system for cancer 

treatment.  

1.3.2  Selection of targeting receptor—CA IX as an example 

1.3.2.1 CA IX is a member of carbonic anhydrases 

Carbonic anhydrases (CAs), a group of ubiquitously expressed 

metalloenzymes, are encoded by seven evolutionarily unrelated gene families 

described to date (α, β, γ, δ, ζ, η and θ-CAs) who representatives are present in 

bacteria, plants, and animals including human [75, 76]. Out of seven genetically 

families, α family is the only class present in mammals. It consists of sixteen 

different human carbonic anhydrase (hCA) isoforms [76], in which hCA IX isoform 

is included and it has the highest catalytic activity [77]. 

1.3.2.2 Molecular features of CA IX 

Tumor-associated protein CA IX has two major forms, that is, the 

cell-associated transmembrane protein and the soluble protein s-CA IX which is 

released into the culture medium or into the body fluids [78]. As the s-CA IX is 

much lower in the sera than the cell-associated CA IX protein, it has been proposed 
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as indicator in screening and monitoring of tumor patients [79]. Thus, in this study, 

we mainly focused on the cell-associated CA IX protein. This protein (originally 

named as MN or G250) is an integral trans-membrane enzyme, which contains 459 

amino acids, comprising of an N-terminal proteoglycan-like (PG) domain, an 

extracellular catalytic domain, a hydrophobic trans-membrane helical segment, and 

a short intracellular C-terminal tail [80] (Figure 1-8). The first PG region 

distinguishes CA IX from the other CA isoenzymes known to date and represents a 

unique feature that appears to be responsible for its capacity to control cell adhesion 

[81]. The catalytic CA domain catalyzes efficiently the reversible hydration of 

carbon dioxide into carbonic acid (CO2 + H2O to HCO3
-
 and H

+
) that is thought to 

be involved into formation of bicarbonate during catalytic turnover for various 

physiological processes [82].  
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Figure 1-8 Structure of CA IX drawn on the basis of amino acid sequence and its catalytic 

function on cellular membrane.  

Abbreviation: aa, amino acid; SP, signal peptide; PG, proteoglycan-like region; CA, 

carbonic anhydrase domain; TM, transmembrane region; IC, intracellular tail. 
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1.3.2.3 Expression pattern of CA IX 

The expression pattern of CA IX protein is quite unusual. As a 

hypoxia-inducible protein, CA IX is normally expressed in the gastrointestinal tract, 

predominantly in epithelia linings of the stomach, small intestine and gallbladder 

[83]. Its expression in normal tissues appears to be associated with the cell origin, 

cell differentiation, and ion transport [84]. In addition to natural expression, CA IX 

is frequently expressed in broad range of solid human tumors, including carcinomas 

of the cervix uteri, kidney, lung, breast, head and neck, brain, esophagus, colon and 

ovaries [85], and its overexpression is closely related to a poor prognosis of clinical 

outcomes in several tumor types [86], an enhanced proliferation effect response to 

hypoxic conditions [87], and a promoted migration, invasion of tumor progression 

[88]. Hypoxia is one important factor to stimulate CA IX protein expression in 

tumor cell lines, and both low glucose and low bicarbonate increase CA IX 

transcription and protein expression in hypoxic cells [89]. 

CA IX expression is enhanced within HCC cells (including HepG2 and HuH-7) 

and HCC resected tissues [90]. About 30% of 69 HCC patients with TACE 

treatment before surgical resection had a positive immunoreaction, whereas none of 

normal liver expressed this protein [90, 91]. Another study demonstrated that CA IX 

expressed focally in only 15% (5 of 34 cases) of HCCs and its expression may be 

useful in differentiating HCC from intrahepatic cholangiocarcinoma [92]. There 

were 21.6% of HCC patients with moderate to strong membranous expression of 
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CA IX, but it was not expressed in non-neoplastic liver tissue [93]. A more recent 

study indicated that the CA IX protein was expressed in 48.5% (110 out of 227 

cases) of HCC patients who had received no previous treatment, and its expression 

significantly correlated with tumor size, tumor stage and the patient survival [94]. 

Although the reasons for the discrepancies in the above studies are unknown, they 

might be related to the details of the staining techniques, the quality of the 

antibodies, and the differences in the study population.  

The above-mentioned features of CA IX with respect to its tumor exclusively 

expression highlight the immense potential of CA IX-targeted cancer therapy for 

HCC [95]. 

1.3.2.4 CA IX as therapeutic target 

Three major therapeutic strategies have been taken for targeting CA IX: small 

molecular inhibitors, monoclonal antibodies and nanoparticles delivery systems 

derivatized with CA IX antibody [96]. The use of small molecular inhibitors relies 

on the fact that the catalytic activity of CA IX is critical for the survival and 

invasiveness of tumor cells [96]. The second strategy is the immunotherapy with 

specific antibodies inducing cytotoxicity, such as the currently used antibody 

Girentuximab in Phase III clinical trials [97]. In addition to direct inhibition 

approaches, the alternative routes utilize the antigenic properties of the enzyme as a 

means for targeted delivery of potent cytotoxic drugs into solid tumor [98].  

It is reasonable to designate CA IX as targeted drug delivery site. For one thing, 
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it is selectively expressed by solid tumor cells such as HCC and shows much less 

expression in their corresponding normal tissue [99]. Importantly, it is positioned on 

the extracellular surface of cell membranes, which could easily be accessed, 

allowing efficient targeting by antibodies or synthesized peptides. Furthermore, the 

CA IX mAbs in cancer therapy can be driven by their ability to undergo 

receptor-mediated internalization, which is required for delivery of therapeutic 

payloads. 

One such CA IX-specific targeting drug delivery system has been preliminarily 

studied and is referred to as CA IX-directed immunoliposomes [99, 100]. It utilizes 

a CA IX-specific antibody conjugated to a liposome carrier of an anticancer 

therapeutic that, upon binding of the antibody region to CA IX, can be taken up by 

the tumor cell. Currently this technology has been developed to deliver 

magnetoliposomes to renal cell carcinoma [99] or deliver docetaxel-loaded 

liposomes to lung cancer cells [101] in our group. In both cases a CA IX-directed 

immunolipsome system enabled to facilitate tumor specific delivery of the 

therapeutic agent, which presented a novel approach using CA IX as an antigen 

targeted for liposome delivery and showed that CA IX protein is a promising target 

for cancer therapy.  

  



 

30 

 

1.3.3  Selection of chemotherapeutic agents—cantharidin as an example 

1.3.3.1 Natural products 

 Natural products are among the major players in pharmacology in general and 

in cancer research in particular. A considerable portion of anticancer agents 

currently used in the clinic are of natural origin [102]. In fact, half of all anticancer 

drugs approved internationally between the 1940s and 2006 were either natural 

products or their derivatives, developed on the basis of knowledge gained from 

small molecules or macromolecules that exist in nature [103].  

Since liver is considered as the “the general of an army” in the Chinese medicine 

theory to store the blood, control the sinews and maintain a smooth and 

uninterrupted flow of Qi [104], the treatment of Chinese medicine for HCC focused 

on preventing tumorigenesis, attenuating toxicity and enhancing the treatment effect, 

and reducing tumor recurrence and metastasis when dealing with different stages of 

cancer lesion [105]. For example, the treatment of Chinese medicine would 

emphasize holistic modulation and improvement of the whole body rather than 

removing the tumor or killing the cancerous cells of the patients who were at the 

late stage [106]. This is because in the late stage, treatment is purposed to extend 

the life expectancy and improve the quality of life of the patient. 

Accordingly, considerable experience with traditional folk medicines is 

increasingly demonstrating the potential candidates for anti-HCC therapeutic agents 

[107], such as the curcumin, resveratrol, silibinin, celastrol etc, and reviews on the 
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chemotherapeutic features can be found in recent publications [102, 104].  

In the years to come, natural products derived from Chinese medicine will be of 

great importance in devising new treatment options to fight cancer. In quest for 

natural anti-HCC agents with excellent efficacies for killing cancerous cells, 

cantharidin (CTD) is one of many natural products used in traditional Chinese 

medicine for cancer treatment [108]. It attracted our attention as a potential 

chemotherapeutic with apoptosis induction activity as it has a higher toxicity than 

either paclitaxel or cyclophosphamide, two commonly prescribed chemotherapy 

agents [109], and curcumin, the active ingredient of Gurcuma longa [110]. 

According to Rauh et al. who reviewed a series of Chinese Medicine, CTD is the 

number one anticancer agent among many others [111]. 

1.3.3.2 CTD associated with anticancer treatment 

The first recorded uses of CTD dates back to the Han Dynasty in China and in 

Europe during 50-100 AD [108]. It is a sesquiterpene derivative that is isolated 

from several species of beetles, primarily the dried body of Chinese medicine 

blister beetles (Mylabris phalerata or M. cichorii), the cardinal beetles, along with 

the Spanish fly Lytta vesicatoria [112]. In China, CTD as main constituent of 

mylabris has been extensively used for treatment of hepatoma and oesophageal 

carcinoma for more than 2000 years [113]. In recent years, accumulating 

experimental evidence indicates that CTD holds an anticancer property in various 

types of cancer, such as in the lung [114], gastric [115], colorectal [116], 
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pancreatic[117], bladder cancers [118]. Clinical results also show the effects of 

easing the progress of liver cancer, improving the quality of life in hepatoma 

patients [119]. There are numerous kinds of mylabris-based pharmaceutical 

preparations on the Chinese market, such as compound Mylabris injection (Aidi 

injection, State Permit No.Z52020236) and compound Mylabris capsules (State 

Permit No.Z19993294; State Permit No.Z200003270; State Permit No.Z20000427), 

all of which have been reported to show good anticancer properties [120]. 

These toxic effects of CTD have been ascribed to its high affinity and specificity 

for a CTD-binding protein subsequently identified as phosphatase 2A (PP2A) [121], 

which plays a key role in the regulation of cell cycle, apoptosis, growth, and 

cell-fate determination [118, 122-126]. PP2A activity has been suggested that this 

may be the in vivo mechanism whereby CTD exerts its toxic effects [127] (Figure 

1-9). Based its apoptosis induction effect, CTD is emerging as a promising agent in 

the treatment of HCC. 
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Figure 1-9 The mechanisms of CTD as anticancer drug. 

Adapted from Zhang X., Molecules, 2017 22(7): page 1052. 
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1.3.3.3 CTD associated with anti-multidrug resistance 

Cancer cells show cross resistance to other functionally and structurally unrelated 

drugs. This phenomenon known as multidrug resistance (MDR) has a profound 

effect on successful chemotherapy of cancer. MDR to chemotherapeutic agents is a 

serious obstacle in the treatment of human cancers [128]. 

Apart from the described anticancer effect, CTD holds the advantage against 

MDR, the pitfall of common anticancer drugs. By using MDR leukemia cells, CTD 

shows no involvement in the MDR phenotypes, including MDR related protein-1 

[111]. It was also reported that CTD could effectively reverse MDR of HepG2 cells 

[129]. It is not associated with cross-resistance as well [110] and CTD is reported to 

effectively reverse this MDR mechanism via down-regulation of P-glycoprotein 

expression [129], and decrease expression of MDR-associated protein genes [130]. 

This is probably related to: 

 (a) its down-regulation of FASLG mRNA [126], since the upregulation of Fas 

ligand occurs during tumor progression and after chemotherapy in 

apoptosis-resistant tumor cells. 

 (b) the acidic tumor microenvironment confer its elevated efficacy in the 

opposite of most tumor resistant drugs, which is based on JAK/STAT signal 

transduction pathway that plays important roles under acidic environments are 

inhibited by these compounds.  

Collectively, CTD potent efficacy and its reversal of the MDR make it an ideal 
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compound for individualized cancer treatment. 

1.3.3.4 Limitations of CTD application 

Despite the potent anticancer activity, the clinical use of CTD is very limited due 

to its poorly aqueous solubility (0.029g/L) with low oral bioavailability (26.7%) 

[131] and acute adverse toxicity to mucous membranes, mainly in the 

gastrointestinal tract, the ureter and the kidney [132, 133]. Additionally, Mylabris 

containing 0.6–1.9% CTD frequently related to several side effects, such as burning 

sensation of digestive tract, vomiting, nephritis, cystitis [134]. The fatal dose of 

CTD in human is predictable to range from 10 to 65 mg, with a median lethal dose 

being approximately 1.0 mg/kg [135]. Thus, it is clinically meaningful to identify 

an appropriate delivery method for CTD to reduce its side effects, to improve in 

vivo release and the bioavailability of CTD for cancer treatment.  

Clinically used cytotoxic drugs in their “naked” form often do not reach solid 

tumor with high quantities but accumulate in healthy organs [136], where they can 

cause severe side effects, mainly in the gastrointestinal tract, urethra and kidney. 

Certain modifications are required to improve this limitation. Despite the CTD 

analog with reduced renal toxicity, norcantharidin was synthesized, a demethylated 

form of CTD, the choice of chemotherapeutic drugs is difficult due to its intrinsic 

chemo-physical characters to fulfill an identical pharmaceutical kinetics and 

biodistribution, thereby synergistic efficacy [137]. Liposomes, due to their 

convenience in preparation and facile in chemistry functionalization, have been 
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developed as one of the most promising modalities of drug delivery systems, and a 

considerable number of liposome formulations have been translated into clinic trials 

[138]. Noteworthy is the nanoscale structure and stealth surface chemistry of 

liposomes which are capable of promoting targeted delivery of the accommodated 

drugs to the tumors by harnessing the well-acknowledged vascular permeability and 

therefore the drug retention schemes [139]. Limited delivery methods for CTD such 

as liposomes [140] and nanoparticles [120] have been studied, which suggested that 

systemic toxicity like irritation of CTD can be mitigated by carrier encapsulation 

without compromising its antitumor activity, and the solubility and oral 

bioavailability can be improved by this delivery method. Nevertheless, the studies 

on the CTD-encapsulated vehicles are limited and none of these drug vehicles 

provide the possibility of cell-specific delivery, and thus may result in nonspecific 

side effects. To overcome this limitation, specific ligands modified liposomes need 

to be developed to ensure effective CTD targeted treatment, in particular for liver 

cancer that is notoriously difficult to treat currently. 
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1.4  Experimental use of liposomes for HCC treatment 

  The clinical availability of liposomal product Doxil™ for cancer therapy, 

undoubtedly, renewed interests in the field of targeted liposomal drug delivery to 

cancers. Therefore, numerous studies focused on targeted DDSs for HCC have 

sprung up. Most of the studies are kept at the in vitro and in vivo experimental level, 

and these studies are mainly investigating on modification of the liposomes to make 

an effort to improve efficacy and reduce toxicity.  

  Some strategies to improve liposomes anti-HCC efficacy involve active targeting. 

For example, attachment of galactose, arabinogalactan, or lactoferrin to liposomes 

surface have achieved significant targeting efficacy to the HCC [141, 142]. In 

addition, attachment of folate to liposomes has promoted HCC cancerous cells 

specific uptake [143]. The mechanism of this enhanced anti-HCC efficacy was 

clearly not only due to the enhanced accumulation via receptor-binding, but also the 

marked difference in pharmacodynamics of these liposomes by intracellular drug 

delivery to asialoglycoprotein receptors (ASGP) or folate receptor overexpressed 

HCC cells.  

  Apart from the targeting method to improve liposomal therapeutic efficacy 

against HCC, the triggering approaches for site-specific drug release from 

liposomes also have been studied. For example, the controlled release drug delivery 

assemblies, magnetoliposomes (liposomes with iron oxide nanoparticles 

encapsulated in), have been designed as doxorubicin within its aqueous core. These 
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liposomes showed dual burst and spontaneous drug release profiles and enhanced 

anti-HCC efficacy, where the controlled release was achieved by triggering of radio 

frequencies [144]. Furthermore, the co-delivery or dual-functional liposomes have 

been developed for targeting and enhancing anticancer properties by functional 

materials. Taken the synthesized polymer of galactosyl conjugated Pluronic P123 as 

an example. It is responsive to the specific targeting toward HCC, and the Pluronic 

block copolymers took the duty for inhibition of multidrug resistance [145]. Thus, 

the bi-functionalized material modified liposomes shows significantly enhanced 

bioavailability of the encapsulated drug, and this assembly shows increased 

antiancer and improved selectivity in HCC tumors.   
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1.5  Objectives of the study 

  HCC is a notoriously difficult-to-treat disease. With the morbidity of HCC 

constantly increasing, there exists a critical need to explore and evaluate possibly 

alternative strategies that may be effective for the treatment of HCC. Liposomal 

drug delivery carrier particularly provide a great potential for HCC treatment due to 

its capacity of reducing toxic side effects of chemotherapeutic agents while 

enhancing their anticancer efficacy. However, they have not been clinically used for 

HCC treatment. Moreover, the major problem of liposomes is their non-specific 

selectivity to cancer, hence low efficacy and high systemic toxicity.  

  Therefore, our study aims to develop a liposomal formulation with CTD 

encapsulated into peptide and antibody equipped carrier in order to possess a better 

therapeutic efficacy for HCC treatment. We firstly attempt to improve the CTD 

drug anticancer effects by simple liposome encapsulation. This is based on the 

physicochemical merit of liposomes to enhance drug solubility. After this 

verification, this liposomal CTD is further modified with BR2 cell penetrating 

peptide in order to endow liposomes with a tumor-specific penetrating property and 

peptide-induced internalization into tumor cells. Moreover, these liposomes capable 

of penetrating will be in-depth modified with anti-CA IX antibody for specific 

targeting to CA IX positively expressed HCC cells. The antibody we chose can 

target the PG-domain of CA IX antigen based on its specific structure feature 

differed from the other CA isoenzymes [146]. Despite the lower expression of CA 
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IX in HCC was detected, there is none expression on normal hepatocytes or other 

normal tissues. So that, this dual-functionalized liposome with penetrating and 

targeting power can exert smart anticancer effects against HCC, like a smart 

weapon. 
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CHAPTER 2                                                                                          

Liposomes Encapsulation Augments Anticancer Effects of 

CTD against HCC 

(Portions of this chapter were published in the Molecules (2017) 22(7): page 1052 

(http://www.mdpi.com/1420-3049/22/7/1052) under the title of Augmented 

Anticancer Effects of Cantharidin with Liposomal Encapsulation: In vitro and In 

vivo Evaluation, contributed by Zhang, X; Lin, C.C.; Chan, WKN.; Liu, KL.; Yang, 

ZJ.; Zhang, HQ. © 2017 by the authors. Licensee MDPI, Basel, witzerland. This 

article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 
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2.1  Introduction  

To look for nature molecules for HCC treatment, cantharidin (CTD) isolated 

from Chinese medicine blister bettles has been long-history used in China for 

LUOLI (in Chinese 瘰疬) and hepatoma treatment [113]. Substantial studies 

showed its potent anticancer activities [111, 129]. However, the clinical use of CTD 

is limited due to its poor aqueous solubility (0.029g/L) with low oral bioavailability 

(26.7%) as shown by a previous study [131] and severe toxicity to mucous 

membranes, mainly in the gastrointestinal tract, the ureter and the kidney [132, 133]. 

Mylabris containing 0.6–1.9% CTD frequently related to several side effects, such 

as burning sensation of digestive tract, vomiting, nephritis, cystitis [134]. In short, 

CTD has a high potency but low solubility and non-specificity, making it hardly 

usable clinically. Fortunately, these limitations of CTD could be improved if 

encapsulated by liposomes. So in this study we endeavor to treat HCC with 

liposomal delivery system that is a smart vehicle for cancer treatment with CTD. 

In this study we first attempted to assemble a CTD-encapsulated liposomal 

delivery system for liver cancer treatment. The superior anticancer effects of this 

liposomal CTD over free CTD were evaluated on HepG2 cells in vitro by MTT 

assay, cell cycle arrest, apoptosis induction and the tumor growth inhibition on 

subcutaneous HepG2-tumor bearing nude mice in vivo. These studies would be 

taken as our first step in developing an effective liposomal DDS for HCC, and 

results have been published already [147]. 
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2.2  Experimental details 

2.2.1  Materials 

  CTD was bought from Chengdu Biopurify Phytochemicals Ltd (Sichuan, China) 

and identified with a high similarity by comparing its mass spectrum from GC-MS 

scan mode with the spectrum in NIST 147 library. Soy phosphatidylcholine (SPC) 

was purchased from Taiwei Pharaceutical Co. Ltd (Shanghai, China); 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene 

glycol)-2000] (ammonium salt) (DSPE-PEG2000) was bought from Avanti Polar 

Lipids Inc (USA); 0.2-μm, 0.1-μm Nuclepore membranes for particle size 

unification were purchased from Whatman (Maidstone, Kent, UK). Ultrapure water 

was generated by a Millipore water purification system (EMD Millipore, Billerica, 

MA, USA). All solvents with HPLC grade (methanol, ethyl acetate) were obtained 

from Merck (Darmstadt, Germany).  

Propidium iodide (PI)/RNase staining buffer, Annexin-V-fluorescein 

isothiocyanate (FITC)/PI and binding buffer were purchased from BD Biosciences 

Pharmigen (San Diego, CA, USA). Dulbecco's modified Eagle's medium (DMEM) 

growth medium, 0.25% Trypsin-EDTA (1X) and Fetal Bovine Serum (FBS) were 

purchased from Gibco (Grand Island, NY, USA). 

Human HCC HepG2 cells obtained from American Type Culture Collection 

(ATCC, HB-8065) were cultured inDMEM supplemented with 10% FBS and 

100U/mL penicillin and 100μg/mL streptomycin. Cells were incubated at 37 
o
C in a 
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humidified atmosphere with 5% CO2. 

Balb/c nude male mice (4-5 weeks, 18–20 g) were purchased from Laboratory 

Animal Services Center, The Chinese University of Hong Kong and acclimatized 

for 7 days after arrival. Nude mice were housed in individually ventilated cages 

(IVC cages) of isolated ventilation to avoid microbial contamination. All 

experimental procedures were done according to guidelines of the Committee on 

the Use of Human & Animal Subjects in Teaching & Research of Hong Kong 

Baptist University and the Health Department of the Hong Kong Special 

Administrative Region. The ethical approval for the project is FRG2/14-15/082. 

2.2.2  Liposomal CTD preparation and characterization 

2.2.2.1 Preparation and characterization of liposomal CTD 

Liposomal CTD was prepared using ethanol injection method as described 

previously [101] with slight modification. Briefly, CTD was firstly dissolved into 

the ethanol solution, then the lipid ingredients were added into the CTD ethanol 

solution with molar ratio of SPC:DSPE-PEG2000=96%: 4%. The mixture was then 

vortexed until a transparent solution formed. After that, the mixture was rapidly 

injected into the phosphate buffer solution (PBS, pH7.4) using a 1-cc/ml syringe 

with 25G x 5/8” needle and stirred for 40 min before extruded through a 0.2 µm 

pore size filter then 0.1 µm pore size filter for 5 times sequentially under nitrogen 

gas using an extruder (Northern Lipids Inc., Burnaby, BC, Canada) to generate 

unilamellar vesicles of low polydispersity. After extrusion, the liposomal CTD was 
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stored at 4
o
C for the subsequent experiment use.  

The mean diameter and polydispersity index (PDI) of the prepared liposomes 

were determined using a Delsa Nano HC Particle Analyzer (Beckman Coulter, Brea, 

CA, USA). An aliquot of 0.1ml liposomes dispersion was diluted to 1ml with PBS 

(pH 7.4) buffer used for their preparation to avoid multi-scattering phenomena 

[148], and then put into a polystyrene latex cell, and measured with a refractive 

index of 1.3333 and viscosity value (0.9998cP) at 20 °C.  

2.2.2.2 Quantitative analysis and estimation of drug entrapment 

The drug concentration and drug entrapment in liposomes formulations were 

determined by gas chromatography-mass spectrometer (GC-MS). In term of the 

drug entrapment, total CTD in extruded liposomal samples was determined after 

ethyl acetate extraction. An aliquot of 50 μl liposomal CTD suspension was diluted 

to total of 2ml ethyl acetate to release liposome encapsulated CTD. Then the ethyl 

acetate was concentrated to 200 μl and subjected to GC-MS for concentration 

determination. The CTD in free or unencapsulated form was removed from the 

liposomes using Amicon Centrifugal filter device (Amicon®, Ultra 0.5 mL, MWCO 

10K, Merk Millipore). The 0.5ml of the liposomal CTD was transferred to the 

upper chamber of the centrifugal filter device and centrifuged at 10,000 rpm for 15 

min at 10 
o
C. Then 50 μl of the concentrated liposomal CTD was collected and 

processed as the same steps in the abovementioned procedure. Dilution factors were 

taken into consideration when calculating the drug encapsulation efficacy (EE%) as 
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in the following formula [149]: 

EE (%) =
𝐷𝑟𝑢𝑔 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑎𝑙𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝐷𝑟𝑢𝑔
× 100 

GC-MS was carried out on a Shimadzu QP-2010 instrument, with a Shimadzu 

AOC-20i auto sampler system, a DB-5 MS column (30.0 m × 0. 25mm diameter × 

0.25 μm thickness, J&W Scientific, Folsom, CA) and interfaced with a Shimadzu 

QP 2010S MS. Samples were injected in splitless mode. The ion source and 

interface temperatures were programmed at 250 °C and 285 °C, respectively. 

Injector temperature was set at 260 °C. The programmed temperature increase was 

set as following: initial temperature was 80°C, then it was raised to 100 °C at 

5 °C/min, then to 150 °C at 3 °C/min, and then to 280 °C at 12 °C/min, and held for 

5min. Helium was used as a carrier gas at a constant flow rate of 1 mL/min.  

Preliminary mass spectra of CTD/IS were taken in SCAN mode at 70 eV with 

scanning speed of 1 scan/s from m/z 50 to 350 while the detector delayed for 5 min, 

while single ion monitoring (SIM) mode was selected for the quantification. The 

two characteristic ions fragments were m/z 128 and m/z 96 (Figure 2-1) and that of 

ion m/z 128 was used for the quantification. The retention times of CTD and IS 

were 20.159 and 20.727 min, respectively. The regression equation was obtained by 

performing a least-square method and the calibration graph was linear in the 

concentration range from 0.1 to 75 μg/ml for conversion of integrated area into 

CTD drug concentration (Figure 2-1). 
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Figure 2-1 Mass spectra of CTD. 

The EI mass spectra of (A) CTD and (B) clofibrate; (C) MS separation of 

chromatographical CTD and clofibrate; (D) Linear of CTD standard with IS.  
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2.2.3  In vitro anticancer effects of liposomal CTD 

2.2.3.1 MTT cell proliferation assay 

The anti-proliferative effects of liposomal CTD were determined by the MTT 

method. HepG2 cells were pelleted by centrifugation at 1000rpm for 5 min, 

dispersed in DMEM growth medium, and cell number was counted by a 

hemocytometer. HepG2 cells were plated in flat-bottom 96-well plates at a cell 

density of 8 × 10
3
 cells/well in  a final volume of 200 μl DMEM medium, and 

incubated overnight at 37 ºC in a 5% CO2 incubator for cell attachment. Aliquots of 

free CTD or liposomal CTD in growth medium were added to each well to replace 

the old medium for 24, 48 and 72 h treatment. The CTD concentrations were 10, 25, 

50, 100 and 200 μM. After the exposure period, 20 μL of MTT at a concentration of 

5 mg/mL was added to each well. MTT solution was freshly prepared by dissolving 

MTT in PBS solution. The plates were incubated for another 4 h at 37 ºC in a 5% 

CO2 incubator. Then, the growth medium was completely removed and 100 μL of 

DMSO was added and agitated for 15 min to dissolve the MTT precipitants in dark. 

The absorbance of each well was measured using the Benchmark Plus Microplate 

Reader (Bio-rad Laboratories) at 570 nm wavelength. Determination of percent of 

growth inhibition was carried out using the following formula:  

Inhibition rate (%) =
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

Where, Acontrol represented the absorbance of control cells; Atreatment represented 

the absorbance of free CTD or liposomal CTD treated cells. The results represented 
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as the average of three independent experiments done over multiple days. 

2.2.3.2 Morphology observation of HepG2 cells after treatment 

To analyze the morphological changes, 1 × 10
5
 cells were plated in 24-well plates 

in a final volume of 2 ml (37 °C, 5% CO2) and allowed to attach for overnight. 

Then, cells were incubated with CTD or liposomal CTD at 10, 25, 50, 100 and 200 

µM for 24 h. The old medium was removed, and the cells were rinsed with PBS 

prior to the fixation with 4% paraformaldehyde (PFA) at room temperature for 20 

min. Then, cells were washed and stained with 5 µg/ml of Hoechst 33342 solutions 

(Eugene, Oregon, USA) in PBS at 37 °C for 10min. Morphological evaluations of 

nuclei condensation and fragmentation were performed immediately by means of 

the fluorescent microscope (Leica, Microsystems, Germany).  

2.2.3.3 Cell cycle analysis 

Following the treatments with varying concentrations of CTD, cells were 

subjected to a brief treatment with trypsin, washed twice with cold PBS solution, 

and re-suspended in 1 ml of 70% ethanol while vortexing. Cells were then fixed 

with 70% ethanol at 4 °C overnight. Subsequently, the fixed cells were pelleted and 

resuspended in 1 ml of staining solution containing propidium iodide (PI), RNase 

and 1X PBS. 50,000 fixed cells were analyzed on a FACSCalibur system (BD 

Biosciences, USA), with cell cycle profiles analyzed using ModFit program version 

3.1 (Verity Software House, USA). Samples were run in triplicate and each 

experiment was repeated three times. 
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2.2.3.4 Annexin V/PI apoptosis analysis  

Apoptosis analysis was performed utilizing the double staining 

Annexin-V-FITC/PI Apoptosis Detection Kit I according to the manufacturer’s 

instructions as detailed in the package insert. Briefly, 5 × 10
5
 HepG2 cells were 

seeded into 60 mm dishes in a final volume of 3 ml, and allowed to adhere to the 

plate base overnight. Cells were then treated with medium, PBS, CTD free drug and 

liposomal CTD equivalent to the concentration of CTD (50 μM) for 24 h. 

Following the treatments, the cells were washed with cold PBS twice, and gently 

re-suspended at 1 × 10
6 
cells/ml in 1X Annexin-V binding buffer. The supernatant 

(100 μL/tube) was incubated with 5μL of Annexin-V-FITC and 5 μL of PI for 15 

min at room temperature in dark and analyzed by flow cytometry system. The 

percentage of cells undergoing apoptosis was determined using FACSDiva software 

(BD Pharmingen). At least 20,000 events were recorded for each sample. All 

experiments were repeated three times. Dual parametric dot plots were then used to 

calculate the percentage of non-apoptotic viable cells (Annexin 

V-negative/PI-negative), early apoptotic cells (Annexin V-positive/PI-negative), late 

apoptotic cells (Annexin V-positive/PI-positive) and mechanically injured cells 

(Annexin V-negative/PI-positive). 
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2.2.4 In vivo anticancer effects of liposomal CTD 

   In vivo anticancer activity of the liposomal and free CTD was evaluated using 

the subcutaneous HepG2 xenograft tumor model [150]. Briefly, 5 × 10
6
 HepG2 

cells in100 μL PBS were subcutaneously injected in the right flank of the male 

BALB/c nude mice. When the tumor volume reached 50~100 mm
3 

at day 7 after 

injection, tumor-bearing mice were randomly divided into three groups (n = 6), 

receiving administration of saline as the control, free CTD 0.35 mg/kg, or liposomal 

CTD intravenously, respectively, for six times at a three-day interval. During the 

experimental period, the tumor volume and body weight were measured every 3 

days. The volume of the tumor was calculated using the equation: V = (length × 

width
2
)/2. At the end of experiment the mice were sacrificed, and the tumors were 

excised, weighed and photographed.  

2.2.5 Statistical analysis 

The GraphPad Prism (version 6.01) was used for statistical analyses. The data 

obtained were presented as mean ± standard error of the mean (SEM) for in vivo 

results. Multiple analysis of variance was carried out where necessary. The 

Dunnett’s multiple comparison test was performed to compare the means between 

either two test groups. Differences were considered to be statistically significant if P 

< 0.05. 
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2.3  Results and Discussion 

2.3.1 Preparation and characterization of liposomal CTD 

 In this study, our liposome is composed of SPC with incorporation of 

PEG-conjugated lipids (DSPE-PEG2000) to stabilize and protect the liposomes from 

protein adsorption, in order to further extend the circulation lifetime of the 

liposomes when administrated in vivo. Since PEG is a large hydrophilic polymer, 

and it is not attracted to the lipid bilayer, the free end of PEG would extend from the 

liposomes into the aqueous solution [151]. The molar ratio of DSPE-PEG2000 in this 

formulation was 4%, which would be desirable for blood circulation as indicated by 

previously studies. It was reported that the use of PEGylated lipids into liposomes 

at 1-5% molar percentage increases it circulation time in blood because it reduces 

uptake rate by the RES [152].  

Membrane loading approach was used for CTD encapsulation into liposomes  

bilayer part by co-dissolving CTD together with SPC, DSPE-PEG2000 in organic 

solvents according to its physiochemical lipophilic property [153]. Then, the 

liposomal CTD in this study was prepared in conventional ethanol injection method 

(Figure 2-2A). With rapid injection of the lipids mixture in ethanol into bulky 

aqueous solution with stirring, the liposomes then instantly formed due to the 

unstable condition of lipids in aqueous phase as well as energy input [154]. 

However, the liposomes initially formed as multilamellar vesicles and also 

heterogeneous size distribution. As shown in Figure 2-2Ba and Table 2-1, the 
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particle size of preformed liposomes was as large as 547nm and the PDI as an 

indicator of homogeneity of the population showed in a larger value as 0.3, 

indicating the liposomes were in multilamellar shape with more lipid bilayers as 

“onion” structure [39], in which both the size and bilayer numbers would affect the 

drug encapsulation in liposomes and the circulation half-time [39]. Therefore, we 

further reduced particle size and uniformed these multilamellar liposomes by 

repeated extrusion through a commercial Lipex extruder (Vancouver, BC, Canada) 

equipped with different sized polycarbonate membranes [155]. As the degree of 

particle size reduction of the liposomes was largely dependent on the number of 

extrusion cycles and the size of the membrane pores [156]. Thus, we extruded these 

preformed liposomes through 0.2-μm membrane for one pass and then 0.1-μm 

membrane for five passes in order to yield liposomes with particle size around 

100nm to facilitate the extravasation and liposomes accumulation in tumor parts via 

the EPR effects as previous reported [53]. At last, the resultant liposomes showed a 

particle size around 130nm and a narrow PDI value of 0.087 (Figure 2-2Bb and 

Table 2-1), indicating the unilamellar shape (a single bilayer sphere enclosing the 

aqueous solution) with a homogenous population [39]. The mechanism of extrusion 

to form unilamellar liposomes has been explained elsewhere [157]. By comparison 

the liposomes with and without CTD encapsulation, the particle sizes and the PDI 

value of these liposomes did not differ from each other, suggesting that the 

encapsulation of CTD did not affect the liposomes size (Figure 2-2Bc). The 

resultant liposomal CTD in this study appeared to be a light milky-white and 
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semi-transparent suspension (Figure 2-2C) with a high encapsulation efficacy as 

88.9%. 

 

Figure 2-2 Schematic illustration of liposomal CTD preparation and characterization. 

(A) Schematic illustration of ethanol injection method to prepare liposomal CTD by 

dissolving CTD in ethanol together with lipids subsequently followed by rapid injection 

into bulky PBS solution to form liposomal CTD. (B) Particle size distributions of different 

liposomes were determined by Delsa Nano equipment. (C) Representative image of 

liposomal CTD solution showed as a milky-like semi-transparent suspension.  
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Table 2-1 Particle size of liposomal CTD and blank liposome (mean ± SD) 

Liposome Type 
Particle size 

(nm) 
PDI EE (%) 

Liposomal CTD 
Before extrusion 547.6±2.3 0.329±0.006 - 

After extrusion 129.9±2.5 0.087±0.004 88.9±0.1 

Blank liposome         After extrusion 132.1±0.8 0.071±0.022 - 

 

2.3.2 Augmented anticancer effects of liposomal CTD in vitro 

2.3.2.1 Anti-proliferative effects of liposomal CTD on HepG2 cells 

In order to evaluate and compare the anticancer effects of CTD with or without 

encapsulation into liposomes, we conducted a series of experiments in vitro on 

HepG2 cells.  

Firstly, we examined the anti-proliferative effects of CTD and liposomal CTD on 

HepG2 cells. The principle of this study is based on the reduction of yellow colored 

MTT by mitochondrial enzymes in viable cells to purple formazan crystals [158]. 

The high absorbance of the solution indicated much more viable cells existed. As 

shown in Figure 2-3, the proliferation of cells was apparently suppressed after 

treatment with free CTD and liposomal CTD in a dose- and time-dependent manner. 

But more importantly, liposomal CTD inhibited the growth of HepG2 cells 

significantly better than free CTD (P< 0.01), except at extremely high concentration 

of 200µM at 48h and 72h. In particular, when HepG2 cells were treated with free 

CTD and liposomal CTD for 24, 48 and 72 h, liposomal CTD inhibited cancer cell 

growth 3-times, 6.7-times and 5.4-times, respectively, more effectively than the free 
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CTD. This suggests that liposome as a drug carrier can augment the 

anti-proliferative effects of CTD in HepG2 cells with relatively low concentration. 

 

 

 

Figure 2-3 Anti-proliferative effects of CTD and liposomal CTD on HepG2 cells. 

HepG2 cells were treated with different concentrations of CTD and liposomal CTD for 24, 

48, 72 h. Results obtained from MTT assay are expressed as percentage of cell growth 

relative to controls. Results are an average of triplicate experiments and the SD is shown in 

a bar. **P< 0.01 when compared to the free CTD group at the same concentration. 
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2.3.2.2 Cell and nuclear morphology changes 

  To further confirm the anti-proliferative effects of the drugs, morphological 

examinations were conducted under fluorescence microscopy. HepG2 cells treated 

with CTD or liposomal CTD with equivalent CTD concentration (10-200 μM) were 

examined and photographed. The cancer cells treated by CTD or liposomal CTD 

became shrunken, and round with reduced cell number in a dose-dependent manner 

(Figure 2-4).  

  To assess cellular apoptosis, the cell nuclei were stained with Hoechst 33342 and 

examined as well. The treated cells clearly showed condensed chromatin and 

nuclear fragmentation, consistent with morphological changes associated with 

apoptosis, but the cells treated with liposomal CTD showed more potent 

pro-apoptosis activity on HepG2 cells in comparison with CTD treatment alone at 

the equivalent concentration (Figure 2-4).  
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Figure 2-4 Morphological observation of HepG2 cells in different treatment groups. 

HepG2 cells were treated with different concentrations of free CTD or liposomal CTD for 

24 h and stained with Hoechst 33342 followed observation with a fluorescence microscope. 

The morphological changes of the nuclei of HepG2 cells including chromatin condensation 

or fragmentation could be seen after treatment with CTD and liposomal CTD. Scale bar = 

100 μm.  
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2.3.2.3 Cell cycle arrested at G2/M phase 

  As dysregulation of cell cycle is one of the hallmarks of carcinogenesis, the 

induction of cell cycle arrest is reported to be a common mechanism proposed for 

the cytotoxic effects of anticancer drugs [159]. When the cell cycle was induced to 

arrest at G2/M checkpoint, cell proliferation and apoptosis was inhibited due to the 

prevention of DNA-damaged cells from entering mitosis [160]. In order to gain 

further insight into the mechanism of inhibitory effects of CTD and liposomal CTD, 

DNA contents of HepG2 cells treated with CTD or liposomal CTD for 24h were 

analyzed by flow cytometry equipped with Modfit software. Since the cell 

proliferation profiles (Figure 2-3) indicate a significantly stronger inhibition at low 

concentration of liposomal CTD, we further tested anticancer effects on G2/M cell 

cycle arrest in HepG2 cells at 25 and 50 μM. Figure 2-5A and B shows that CTD 

and liposomal CTD caused an accumulation of cells in G2/M phase in a 

dose-dependent manner, which is associated with the inhibitory effects of CTD 

against HepG2 cells. At the same CTD concentration of 50µM, HepG2 cells were 

significantly more sensitive to the liposomal CTD, once again indicating that 

encapsulation of the drug into liposomes can augment the CTD inhibitory effects. 

Blank liposomes treated HepG2 cells did not show any changes in cell cycle 

distribution compared to the control group. Since PP2A is an antagonist of kinases, 

its inhibition by CTD leads to an over phosphorylation of target proteins. As PP2A 

accounts for the major fraction of total cellular phosphatase activity [55], its 

inhibition by CTD may provoke significant cellular effects. PP2A activity is 20-fold 
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lower in the G2/M phase of the cell cycle than in the S-phase and PP2A affects 

phosphoproteins associated with microtubules [126]. This may explain the reason 

that CTD induces G2/M cell cycle arrest in cancer cells. 

 

Figure 2-5 Effects of liposomal CTD on cell-cycle distribution in HepG2 cells. 

(A) CTD and liposomal CTD arrested cell-cycle at G2/M stage in HepG2 cells. HepG2 

cells were treated with different concentrations of CTD and liposomal CTD for 24 h and 

stained with PI. Cellular DNA contents were monitored by flow cytometry. The cell cycle 

profiles of HepG2 cells under different treatments. (B) The percentages of each cell cycle 

are presented as the mean ± SD of three independent experiments. **P < 0.01 vs the 

control.  
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2.3.2.4 Apoptosis induced by liposomal CTD 

  Since a hallmark of cancers is to avoid apoptosis, the induction of apoptosis in 

cancer cells is considered crucial in cancer prevention and treatment [161, 162]. In 

this experiment, we detected the cell death of HepG2 treated with CTD or 

liposomal CTD by means of FITC-Annexin V/PI double staining and flow 

cytometry assays. The results demonstrated that the percentage of apoptotic cells 

treated with liposomal CTD was significantly increased (P < 0.01) in comparison 

with the control and free CTD and blank liposome groups (Figure 2-6A and B), 

indicating once more that the encapsulation of CTD into liposome could enhance 

the drug cytotoxic effects. 
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Figure 2-6 Liposomal CTD induced HepG2 cell apoptosis in vitro. 

(A) Analysis of apoptotic cell death by flow cytometry. HepG2 cells were treated with PBS, 

50µM of free CTD, and liposomal CTD for 24 h. The apoptotic cell death of HepG2 cells 

was analyzed with an Annexin V–FITC apoptosis detection kit by flow cytometry. (B) The 

quantitative data for later apoptotic cells Q2 (Annexin V+ and PI+) and early apoptotic 

cells Q4 (Annexin V+ and PI-) obtained by flow cytometry (n = 3, mean ± SD). **P < 0.01 

vs the control and free CTD.  
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2.3.3 Enhanced therapeutic efficacy of liposomal CTD in vivo 

The HepG2 xenografted in male BALB/c nude mice were used for in vivo 

therapeutic efficacy study [150]. Liposomal CTD and free CTD were administrated 

at 0.35mg/kg dose of CTD by six i.v. injection in three days interval. The changes 

of tumor volumes and the body weights were monitored at three day interval. As 

shown in Figure 2-7, both CTD groups showed tumor inhibition to different degrees, 

compared to the control group using normal saline. The free CTD showed little 

effect on tumor growth inhibition with the mean tumor volume of 2,306.39±214.28 

mm
3
 at the end of the experiment. In contrast, the treatment with liposomal CTD 

appeared to be more efficacious than that of free CTD with a mean tumor size of 

1,807.35±467.95 mm
3 

(Figure 2-7B). The in vivo data herewith demonstrated that 

the encapsulation of the drug into liposomes had a better cancer inhibition, probably 

attributable to a long circulation half-life, and/or better targeting of tumor tissues 

through the EPR effect, as well as better internalization of the drug by liposome 

fusion with the plasma membrane to release its cargo into the cytoplasm [163], 

and/or endocytosis of liposomes by enclosing them into the cancer cell [164] (see 

Figure 2-10). 

In the end of experiment the tumor tissues were excited, photographed and 

weighed ex vivo (Figure 2-8A). The liposomal CTD showed the strongest inhibitory 

effect on tumor growth with the tumor weight significantly lower than the control 

group (P < 0.05) whereas the free CTD did not (Figure 2-8B).  



 

64 

 

 

 

 

 

 

Figure 2-7 Anticancer efficacy of CTD and liposomal CTD on HepG2-tumor bearing nude 

mice in vivo. 

(A) Subcutaneous HCC model and the tumor volume measurement method. (B) Tumor 

volume profiles of nude mice in different treatment groups (n = 6, mean ± SEM). Mice 

were administrated with saline, free CTD and liposomal CTD at a CTD dose of 0.35mg/kg 

for six intravenous injections in total at 3-day interval. 
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Figure 2-8 Ex vivo tumors and tumor weight at the end of the experiment. 

(A) At the end of the experiment, tumors in different groups were excised and 

photographed, and (B) the tumor weight was recorded. Liposomal CTD showed significant 

lower tumor weights compared to control group. (n = 6, means ± SEM) *P < 0.05 

compared to the control saline group.   
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  When the body weights of mice were examined, there was no significant 

difference between the groups (Figure 2-9), indicating that the enhanced cancer 

inhibition did not come with high systemic toxicity. 

  Put together, the CTD encapsulated liposomes appeared to have an improved 

anticancer effect without increased systemic toxicity when compared with the free 

CTD. 

 

 

 

 

 

Figure 2-9 Body weights of mice were monitored during the whole experiment periods (n = 

6, mean ± SEM) 
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2.4  General Conclusion 

  Liposomal CTD with a high encapsulation efficacy (88.9%) was prepared and 

with the composition of SPC and DSPE-PEG2000, which exhibited an increased 

anticancer effect in vitro for HCC cells (HepG2) and in vivo for xenografted HepG2 

tumor mice vis-à-vis free CTD. This better therapeutic effect could be attributable 

to the longer circulation time and the EPR effect by PEGylated liposomes, as well 

as better internalization of the drug by liposome fusion with the plasma membrane 

of the cancer cell (Figure 2-10). As such, the CTD encapsulated into liposomes 

would be better carried to the target cancer where it is released intracellularly to 

achieve anticancer effect by inducing apoptosis, offering a new hope for a better 

treatment of liver cancer.  
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Figure 2-10 Proposed mechanisms of CTD carried into the intracellular part by 

liposomes where they induce cellular apoptosis.  
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CHAPTER 3                                                            

BR2 Penetrating Peptide Modified Liposomal CTD 

Enhances Chemotherapeutic Effects of CTD against HCC 

(Portions of this chapter were published in the Drug Delivery (2017) 24(1): page 

986-998 http://www.tandfonline.com/doi/full/10.1080/10717544.2017.1340361) 

under the title of Liposomes equipped with cell penetrating peptide BR2 enhances 

chemotherapeutic effects of cantharidin against hepatocellular carcinoma, 

contributed by Xue Zhang, Congcong Lin, Aiping Lu, Ge Lin, Huoji Chen, Qiang 

Liu, Zhijun Yang & Hongqi Zhang. © 2017 The Author(s). Published by Informa 

UK Limited, trading as Taylor & Francis Group. This is an Open Access article 

distributed under the terms of the Creative Commons Attribution License 

(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is 

properly cited. 
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3.1  Introduction 

  In our Chapter 2, the improved anticancer efficacy has been verified in the case 

of HepG2 cells and in vivo subcutaneous HCC model. This is might be contributed 

to 1) enhanced solubility of CTD. During treatment, free CTD is initially dissolved 

in ethanol and successively diluted with aqueous solution, and liposomal CTD is 

initially in PBS solution; 2) exploiting the EPR effects of tumor parts to accumulate 

particulate liposomal CTD but not small molecular CTD.  

  It is worth noting that the in vivo tumor volume changes did not reach 

significance by liposomal CTD compared to free CTD, which compelled us to find 

out a way to improve the anticancer efficacy of this liposomal CTD by further 

modifications.  

  There could be several reasons for our encouraging but not significant results so 

far. First, passive targeting of liposomal CTD due to EPR effect may not 

sufficiently guarantee the therapeutic effect [50], because the porosity and pore size 

of tumor blood vessels varies with the type and status of tumors [51]. Second, 

though liposomal CTD can to some extent accumulate into the tumor sites, it might 

not efficiently penetrate cell membrane. This latter could be a main hurdle for the 

success of tumor-specific liposomes [165]. Since the intracellular part is the action 

site of the chemotherapeutic drug CTD, efficient intracellular uptake of the drugs is 

the determining step for anticancer activity. Therefore, we have to work out 

penetrating approaches for liposomal CTD to treat solid cancer. 
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  Many strategies have been deployed in order to improve penetration and help the 

carrier pass the cancer cell membrane. The use of cell-penetrating peptides (CPPs) 

is one promising approach to enhance cytosolic drug delivery [166]. CPPs are able 

to accelerate the absorption of macromolecules via physiological mechanisms such 

as energy-dependent endocytosis and energy-independent direct penetration [167]. 

Despite these advantages, CPPs are not widely used due to lack of tissue-selectivity 

[168]. If a way to deliver liposomal CTD with CPPs specifically to tumor tissue 

could be developed, it would greatly enhance their anticancer efficacy. The 

tumor-specific targeting of BR2 peptide was reported previously and serves as the 

foundation for this work [68]. As described in details in Chapter 1, BR2 possessed 

about 4-fold higher efficiency of penetration into cancer cells than into normal cells 

compared with Tat, a well-known CPP [69]. But it has not been used as delivery 

ligands for liposomal delivery system. Therefore, we hypothesized that liposomal 

CTD with BR2 modification on the liposome surface would build a more efficient 

cancer cell targeted delivery system due to the reported specific cancerous cell 

penetrating of BR2. This chapter will highlight the use of BR2 peptide as a 

penetrating ligand for liposomal CTD modification to deliver the CTD to HCC 

tumor sites. High drug encapsulation efficacy can be achieved in such formulations 

(up to 86.2 wt%). This chapter includes the synthesis and characterization of 

DSPE-PEG-BR2, preparation of BR2-modified liposomes, their stability and drug 

release profiles, in vitro efficacy against HepG2 cells, penetration efficacy on 3D 

HepG2 tumor spheroid, and in vivo targeting accumulation and tumor growth 
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inhibition efficacy of subcutaneous HCC model [150]. 

3.2  Experimental details 

3.2.1 Materials 

  Soy phosphatidylcholine (SPC) was purchased from Taiwei Pharaceutical Co. 

Ltd (Shanghai, China); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

[methoxy (polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) was 

bought from Avanti Polar Lipids Inc (USA); DSPE-PEG-Mal 

(SUNBRIGHTDSPE-020MA) was purchased from NOF Co. Ltd. (Tokyo, Japan). 

BR2 peptide, cys-RAGLQFPVGRLLRRLLR, was provided by SciLight 

Biotechnology (Beijing, China). Coumarin 6 (cou6) and L-cysteine were purchased 

from Sigma-Aldrich. Hoechst 33342 and the fluorescent LysoTracker Red DND-99 

was purchased from Molecular Probes Inc. (Eugene, Oregon, USA). 

1,1′-dioctadecyltetramethyl indotricarbocyanine iodide (XenoLight DiR) was 

purchased from Caliper Life Sciences (Hopkinton, MA, USA). Other chemicals and 

reagents were of analytical grade. Spectra/Por dialysis bags with molecular weight 

cut-off (MWCO) of 3500 were purchased from Spectra/Por (Spectrum Labs, 

Rancho Dominguez, CA). 

  Human cell line Miha (a non-tumorigenic liver cell line) [169] and HepG2 

(ATCC, Manassas, VA) were maintained in DMEM supplemented with 10% FBS 

and 100IU/mL penicillin, and 100mg/mL streptomycin (Life Technologies, 

Carlsbad, CA), at 37 °C in a humidified incubator with a 5% CO2 atmosphere. 
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3.2.2 Preparation and Characterization of BR2-modified liposomes 

3.2.2.1 Synthesis of DSPE-PEG-BR2 

Cell-penetrating peptide BR2 with a sequence of RAGLQFPVGRLLRRLLR was 

used to investigate its penetrability in human HCC cells. It was conjugated to a 

modified lipid linker (DSPE-PEG2000-maleimide) before its conjugation to 

liposomes.  

DSPE-PEG2000-BR2 was synthesized according to previous description [170] 

with slight modification (Figure 3-1A). Briefly, cysteine-modified BR2 (14.5 mg) 

was dissolved in 4mL of HEPES buffer (20 mM HEPES, 10 mM EDTA-2Na, pH 

6.5). Dried lipid film of 20mg DSPE-PEG2000-Mal was hydrated in the HEPES 

buffer (1ml) and added dropwise to BR2 peptide solution with gentle agitation at 

room temperature. After 48 h of stirring under nitrogen protection, the resulting 

solution was incubated with L-cysteine (10 times the molar ratio to maleimide 

residue) for another 4 h to react with any remaining maleimide group. The excess 

peptides and L-cysteine were removed by dialyzing the reaction mixture with a 

molecular weight cut-off (MWCO) of 3500 Spectra dialysis bag against distilled 

water for 48 h. The solution was lyophilized and stored at -20 
o
C.  

Successful formation of DSPE-PEG2000-BR2 was identified using a 

matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 

spectrometer (Autoflex III; Bruker Daltonics Inc., Billerica, Massachusetts, USA).  
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3.2.2.2 Preparation of BR2 modified liposomes 

  PEGylated liposomes (Lp) prepared in this study were composed of 

SPC:DSPE-PEG2000 with a molar ratio of 96:4. For preparation of BR2-modified 

liposomes with attached ligands (BR2-Lp), a part of DSPE-PEG2000 (2% mol) was 

replaced with DSPE-PEG2000-BR2 conjugated in the last step. Liposomes were 

prepared by ethanol injection method followed by extrusion. The anticancer drug 

CTD was firstly dissolved in absolute ethanol, Then the amounts of  lipids (132 

mg of SPC, 10 mg of DSPE-PEG2000, 18 mg of DSPE-PEG2000-BR2) were 

accurately weighed added them to the CTD solution to make an ethanol mixture. 

Then, the mixture was quickly injected into 5 ml of PBS (pH 7.4) for hydration and 

stirred at room temperature for 40 min. After that, the suspension was extruded 

through an extruder equipped with a 0.2-pore sized and 0.1-pore sized 

polycarbonate membrane for once and five times, respectively. After the sequential 

extrusion, the liposomes were obtained and stored at 4 
o
C for the following 

experiments. 

  The coumarin-6 or DiR labeled liposomal solutions were prepared for different 

experiment purposes by the same protocol used for CTD-encapsulated liposomes 

just by replacement of the CTD with courmarin-6 or DiR, respectively. The cou-6 

labeled liposomes were used for the in vitro cellular associated studies, and the 

DiR-labeled liposomes were used for the in vivo biodistribution study of the 

liposomes in mice.   
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3.2.2.3 Optimization of BR2 molar ratios for modification 

  The optimal BR2 molar ratio for modification was determined by investigating 

the effect of BR2 peptide density on cellular uptake. Firstly, the cou6-encapsulated 

BR2 peptide-modified liposomes (BR2-Lp/cou6) were prepared at different peptide 

densities (molar ratios of 0%, 0.5% and 2%). Then, the HepG2 cells were incubated 

with different liposomal formulations with a cou 6 concentration of 0.1 μg/mL at 37 

o
C for 3 h. After the incubation period, cells were collected, washed thrice, and then 

centrifuged and resuspended with PBS and directly detected by using a 

FACSCalibur flow cytometer (Becton Dickinson, CA, USA).  

3.2.2.4 Particle size characterization 

  Mean particle size and PDI of each liposomal formulation was assessed using the 

Delsa Nano HC Particle Analyzer (Beckman Coulter, USA). Briefly, 0.1 ml 

liposome suspension was diluted to 1ml with buffer, and then put into a polystyrene 

latex cell, and measured with a refractive index of 1.3333 and viscosity value 

(0.9998cP) at 20 °C.  

3.2.2.5 Serum stability 

  The serum stability characteristics of these two types of liposomes (Lp/CTD, 

BR2-Lp/CTD) with CTD concentration of 10 μM were investigated. The particle 

size was characterized as an indicator and the liposomal formulations were 

dispersed in 50% FBS based on literature [171]. Briefly, each liposome formulation 

was mixed together with equal volume of FBS at 37 
o
C with moderate shaking at 30 
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rpm for 0, 1, 2, 4, 8 and 24 h incubation. Then 100 μl of the samples was pipetted 

out, diluted with 900 μl PBS, and the mixture was then transferred to a cuvette for 

particle size determination.  

3.2.2.6 In vitro drug release 

  Drug release behaviors of CTD from liposomes in vitro were performed by a 

dynamic dialysis technique as previously described [120]. First, we put 1 ml of 

liposome solution entrapped CTD or free CTD solution into a dialysis bag (MWCO 

12000-16000) and tightened the both ends of the bag with cotton thread. The 

dialysis bag was then fully immersed in the wide mouth packer bottles containing 5 

mL of PBS (pH 7.4) as release medium. Then these assemblies were put into a 

shaker with 50 rpm shaking at 37 ± 0.2 °C to mimic the in vivo conditions. At 

predetermined intervals, the release medium (0.2 ml) was collected for analysis and 

the 0.2 ml of fresh medium was added subsequently. The samples were analyzed by 

GC-MS after extraction with ethyl acetate. The cumulative release rate (%) was 

calculated as following: 

Cumulative release rate (%) =
cnv0 + ∑ civi

n−1
i=0

W
 × 100% 

  where Cn is the CTD drug concentration in the release medium at each time point, 

V0 is the total volume of the release medium, Ci and Vi is the drug concentration in 

the release medium at time i and the volume of the withdrawn medium, respectively. 

W is the total CTD drug content at the initial time. 
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3.2.3 In vitro evaluation of BR2-modified liposomes on monolayer HepG2 

3.2.3.1 Cytotoxicity studies 

  The cytotoxicity of CTD-loaded Lp, BR2-Lp and free CTD against HepG2 and 

Miha cells was determined by the MTT method. HepG2 and Miha cells were plated 

in flat-bottom 96-well plates at a cell density of 8 × 10
3
 cells/well in a final volume 

of 200 μl DMEM medium, and incubated overnight at 37 ºC in a 5% CO2 incubator 

for cell attachment. Aliquots of free CTD, liposomal CTD or BR2-modified 

liposomal CTD in growth medium were added to each well to replace the old 

medium for different 24 h treatment. The CTD concentrations ranged from 10-100 

μM. After the exposure period, 20 μL of MTT at a concentration of 5 mg/mL was 

added to each well. The plates were incubated for another 4 h at 37 ºC in a 5% CO2 

incubator. Then, the growth medium was completely removed and 100 μL of 

DMSO was added and agitated for 15 min to dissolve the MTT precipitants in dark. 

The absorbance of each well was measured using the Benchmark Plus Microplate 

Reader (Bio-rad Laboratories) at 570 nm wavelength. Determination of percent of 

cell viability (%) was carried out using the following formula:  

Cell viability (%) =
𝐴𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

  Where, Acontrol represented the absorbance of control cells; Atreatment represented 

the absorbance of cells treated with different formulations. The results represented 

as the average of three independent experiments done over multiple days. 
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3.2.3.2 Cellular uptake of liposomes  

Cellular uptake of Lp/cou6 and BR2-Lp/cou6 by both HepG2 and Miha cells was 

investigated by qualitative fluorescence imaging and quantitative flow cytometry. 

For fluorescent microscopy, 110
5 

cells/well were incubated with cou 6-labeled 

different liposomes for 3 h at cou 6 concentration of 0.1 μg/ml at 37 
o
C. The cells 

were then washed with PBS thrice, followed by cell fixation with 4% PFA for 20 

min and nucleus staining with Hoechst 33342 (5 μg/mL) for another 10min. After 

that, the cells were subjected to a fluorescence microscope for images. For flow 

cytometry analysis, 510
5 

per well were plated in a 6-well plate and incubated with 

cou6-labeled BR2-modified (BR2-Lp/cou6) and non-modified (Lp/cou6) liposomes 

for 3 h at 37 
o
C. For both, the final concentration of cou6 was 0.1μg/ml. Probe-free 

culture medium was used as a blank control. After 3h incubation, the culture 

medium containing liposomes was removed, and cells were washed at least 3 times 

with cold PBS. Then the cells were harvested using 0.5 ml 0.25% trypsin and 

centrifuged at 1,000 rpm for 5 min. The supernatant was discarded, and pellets were 

re-suspended in 0.5 ml of PBS. The cellular uptake of fluorescence was analyzed on 

a flow cytometer equipped with 488 nm laser and 530/30 band pass filters for 

emission measurements, and the data were analyzed using flowing software 

(version 2.5.1.; P. Terhu).  
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3.2.3.3 Internalization of BR2-Lp in HepG2 cells 

The intracellular distribution of the BR2-modified liposomes was detected by a 

fluorescent microscope. Typically, 110
5
 of HepG2 cells/well were cultured on 

glass-bottom dishes containing complete medium for 24 h until total adhesion was 

achieved. Then, aliquots of BR2-Lp/cou6 at 0.1 μg/ml cou6 in cell growth medium 

were added and cells were incubated at 37 
o
C for 0.5 h and 3 h. To track the cellular 

internalization and endosomal release of liposomes, cells were washed and cultured 

with 100 nM LysoTracker Red in complete medium for 30 min at 37 
o
C to label 

endosome/lysosomes. The cells were washed with cold PBS twice followed by 

fixation with 4% PFA for 20 min and cell nuclei staining with Hoechst 33342 (5 

μg/mL) for staining for another 10 min. Finally, the cells were imaged using a 

fluorescence microscope. 

3.2.4 In vitro evaluation of BR2-modified liposomes on 3D HepG2 

3.2.4.1 Establishment of 3D HepG2 tumor spheroid 

  HepG2 tumor spheroids were established by hanging drop method as described 

[172] with some modification. 110
3
 HepG2 cells in 200 μl complete culture 

medium were seeded onto a 96-well plate pre-coated with 80 μl 2% (w/v) agarose 

in FBS-free DMEM medium and incubated at 37 
o
C. Spheroids were monitored 

under an inverted phase contrast microscope. The spheroids were ready to use after 

7 days. We selected the uniform and compact tumor spheroids only for the 

follow-up studies. 
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3.2.4.2 Tumor spheroid penetration study 

To detect the penetration properties of BR2-modified liposomes, in vitro 3D 

tumor spheroids were developed as described above. Tumor spheroids were 

incubated with Lp/cou6, BR2-Lp/cou6 (0.5 μg/ml cou6) for 20 h and rinsed with 

cold PBS thrice followed by tumor spheroid fixation with 4% PFA at room 

temperature for 20 min, then the spheroids were transferred to a glass-bottom 

confocal dish and the fluorescent intensity of different depths of tumor spheroids 

was observed with a confocal laser scanning microscope (CLSM) (Leica TCS SP8, 

Germany). The scanning of tumor spheroids proceeded from the top to the 

equatorial plane of the spheroids in order to obtain Z-stack images at 8 μm intervals 

with a 10x objective. Afterwards, the fluorescent intensity of images was quantified 

using Image-J software with Fiji package (NIH, version 1.51d). 

3.2.4.3 Tumor spheroid inhibition study 

The growth inhibition of tumor spheroids was then investigated by analyzing 

relative spheroid volume changes and by MTT assay. Briefly, tumor spheroids of 

about 500 μm diameter were incubated with free CTD, Lp/CTD, BR2-Lp/CTD at a 

concentration of 10 μM CTD. The spheroids were then cultured for an additional 5 

days. The spheroids were regularly imaged at 5x using an inverted phase 

microscope. The grey levels of tumor spheroids were processed by Image-J 

software with Fiji package to extract quantitative data [173]. The length and width 

of each tumor spheroid were recorded and the volume was calculated as: 
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V=πlengthwidth
2
/6. The change of tumor spheroid volume was calculated as the 

following formula: R=Vi/V0100%, where Vi is the tumor spheroid volume after 

treatment and V0 is the tumor spheroid volume before treatment [165]. Volume 

curves were drawn to compare the effect of different treatments.  

Cellular viability of tumor spheroids was determined after drug treatment for 5 

days. Six spheroids in each group were treated with 5 mg/ml of MTT and incubated 

for additional 4 h at 37 
o
C followed by dissolving with DMSO for 15 min. Then the 

cells were measured with Benchmark Plus Microplate Reader at 570 nm. The 

PBS-treated spheroids were taken as control to calculate cell viability. 

3.2.5 In vivo evaluation of BR2-modified liposomes 

3.2.5.1 Animals and subcutaneous HCC model 

Balb/c nude male mice (4-5 weeks, 18–20 g) were purchased from Laboratory 

Animal Services Center, The Chinese University of Hong Kong and acclimatized 

for 7 days after arrival. Nude mice were housed in individually ventilated cages 

(IVC cages) of isolated ventilation to avoid microbial contamination. All 

experimental procedures were done according to guidelines of the Committee on 

the Use of Human & Animal Subjects in Teaching & Research of Hong Kong 

Baptist University and the Health Department of the Hong Kong Special 

Administrative Region. Subcutaneous tumor model was established by inoculating 

approximately 5.0×10
6
 cells/100 μL HepG2 human HCC cells subcutaneously into 

the right flank of the nude mice [150]. 
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3.2.5.2 In vivo real-time fluorescence imaging 

The tumor targeting efficacy of BR2-modified liposomes were evaluated in the 

HepG2 tumor bearing xenograft mice. When tumor volume reached 150-200 mm
3
, 

mice were intravenously injected with free DiR, DiR labeled liposomes (Lp/DiR) 

and BR2-modified liposomes (BR2-Lp/DiR) at a single dose of 2.0 mg DiR /kg 

body weight, respectively. At predetermined post-administration time points, mice 

were anesthetized with i.p. injection of 5% chloral hydrate at 100 μl/20 g dose. 

Fluorescence of injected DiR was visualized at lateral position using an IVIS 

Spectrum system (Caliper, Hopking, MA, USA). At 48h after injection, the mice 

were sacrificed by cervical dislocation. Tumors and vital organs such as liver, 

kidneys, spleen, lung and heart were collected for ex vivo imaging. Fluorescent 

images of each sample were analyzed by Living Image software (Caliper, Hopking, 

MA, USA). 

3.2.5.3 In vivo anticancer efficacy 

   In vivo anticancer activity of the BR2-modified liposomes was evaluated on the 

subcutaneous HepG2 tumor-bearing nude mice. Tumor volume was measured by 

Vernier Calipers. When the tumor volume reached 50~100 mm
3 

(assigned as day 0), 

tumor-bearing mice were randomly divided into four groups (n = 5), the control that 

received saline, the free CTD, Lp/CTD and the BR2-Lp/CTD (0.35 mg/kg) via tail 

vein injection at a 3 day interval six times during the experiment. The body weight 

and tumor size were monitored every 3 days. The volume of the tumor was 
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calculated using the equation: V = (length × width
2
)/2. Body weight change ratio 

(%) was calculated by the following formulate: (Wi-W0)/W0, where Wi was defined 

as the body weight at day i, W0 was defined as the body weight at day 0 with the 

initial treatment. 

3.2.6 Statistics analysis 

All data are shown as means ± standard deviation (SD) unless specified 

otherwise. All statistical analyses were performed using Sigma Plot version 11.0 

(Systat Software, Inc.). Statistical analyses were performed using a two-tailed t-test 

or two-way ANOVA. A P-value < 0.05 was considered to be significant (denoted by 

*), and a P-value < 0.01 was considered as highly significant (denoted by **). 
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3.3  Results and Discussion 

3.3.1 BR2-modified liposomes preparation and characterization 

3.3.1.1 Successful synthesis of DSPE-PEG-BR2 

As shown in Figure 3-1A, DSPE-PEG2000-BR2 was synthesized via the thiol-ene 

“click” reaction of maleimide group with the sulfhydryl group of the BR2 peptide 

[174]. First, MALDI-TOF-MS analysis showed that the peak of DSPE-PEG2000-Mal 

was right-shifted after conjugation (Figure 3-1B and C). Second, the major peak at 

2982.396 (Figure 3-1B) showing mass charge ratios of DSPE-PEG2000-Mal and the 

peak at 5011.756 (Figure 3-1C) showing mass charge ratios of DSPE-PEG2000-BR2 

verified that the mean Mw of DSPE-PEG2000-BR2 was approximately 5011, close 

to the theoretical calculated mean Mw (5068.496) of the corresponding product. 

These numbers indicate that the BR2 peptide was successfully conjugated to the 

DSPE-PEG2000-Mal group. In Figure 3-1C there is no peak between 2000-3000 

mass charge ratios, indicating that most of the BR2 peptide was conjugated to the 

DSPE-PGE2000-Mal group. The conjugation yield was as high as (91.2±4.4) %.
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Figure 3-1 Schematic illustration of BR2 conjugation and MS of DSPE-PEG-BR2 

(A) Schematic diagram of conjugation of DSPE-PEG2000-BR2. (B) MALDI-TOF/TOF mass spectra of the DSPE-PEG2000-Mal and (C) the synthesized 

DSPE-PEG2000-BR2. 
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3.3.1.2 2% BR2 molar ratio for liposomes modification 

  Surface-modification such as the density of ligands of liposomes is a crucial 

factor greatly influencing their interaction with targeted cells. Therefore, when 

preparing BR2 peptide-modified liposomes, it was necessary to screen the basic 

BR2 ratio in liposome constructs for further experiments. In this study, liposomes 

with varying BR2 peptide density of 0, 0.5 and 2 % were prepared and 

fluorescence intensity of these liposomes after the various BR2-modified 

liposomes treatment in HepG2 cells was analyzed. As shown in Figure 3-2, for 

HepG2 cells, as the BR2 density increased, cellular uptake was enhanced, such 

that when the BR2 peptide density was 0.5 % there was no significant increase of 

uptake compared to Lp/cou6 group (P>0.05), but a significant increase of uptake 

at 2 % BR2 (P=0.036) compared with Lp/cou6 group. Hence, the 2 % BR2 molar 

ratio was selected for the following experiments. 
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Figure 3-2 Effect of BR2 peptide densities on the cellular uptake of cou6-labeled 

BR2-modifed liposomes. 

Liposomes were incubated with HepG2 cells after for 3 h at 37 
o
C. The density of BR2 

peptide was varied from 0 to 2 % of the total lipid. The auto-fluorescence of the cells was 

applied as control. Data presented as the mean ± SD. *P < 0.05 when compared to 

Lp/cou6 group. 
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3.3.1.3 Particle size of BR2-modified liposomes 

The average particle size for BR2-modified liposomes with Cou 6, CTD 

encapsulation was around 120nm, and had good uniformity with the PDI less than 

0.250 (Figure 3-3, Table 3-1). The liposome with such an uniformity has been 

reported to endow the liposomal delivery system for better therapeutic effect by 

utilizing the EPR in vivo [175]. Compared with unmodified liposomes, BR2 

modification had no significant change on particle size for Cou 6 or CTD loaded 

liposomes. 

 

Figure 3-3 Particle size of (A) Lp/CTD and (B) BR2-Lp/CTD. 

 

Table 3-1 Characterization of the BR2-modified and unmodified liposomes with CTD and 

coumarin 6 encapsulation (mean ± SD). 

Liposome Type Liposome component (molar ratio) 
Particle size 

(nm) 
PDI 

Lp/Cou6 SPC/DSPE-PEG2000 (96:4) 101.5±0.6 0.093±0.000 

Lp/CTD SPC/DSPE-PEG2000 (96:4) 116.1±4.2 0.131±0.040 

BR2-Lp/CTD SPC/DSPE-PEG2000/DSPE-PEG2000-BR2 (96:2:2) 114.1±0.5 0.230±0.019 

BR2-Lp/Cou6 
SPC/DSPE-PEG2000/DSPE-PEG2000-BR2 

(96:2.0:2.0) 
122.0±2.9 0.243±0.013 
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3.3.1.4 Serum stability and sustained drug release 

  The liposome preparations were co-incubated with 50% FBS, which mimics 

physiological conditions in order to assess its expected stability in living tissue. 

Particle size, as an indicator of liposomal stability, did not change over 24h in the 

presence of serum (Figure 3-4A), showing that the liposomes did not aggregate 

and that PEGylation stabilized the liposomes. A sustained drug release for 

extended periods of the cytotoxic anticancer drug is a critical issue to be 

addressed for drug delivery systems. The in vitro CTD release study was 

performed to examine the drug release property of liposomes after encapsulation 

(Figure 3-4B). Compared to the rapid release of free CTD, both Lp/CTD and 

BR2-Lp/CTD exhibited similar and sustained release manners, and no burst initial 

release was observed. 
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Figure 3-4 Stability and in vitro drug release characterization of BR2-modified liposomes. 

(A) The variations in particle size of Lp/CTD and BR2-Lp/CTD follow the incubation 

time at 37 
o
C. The initial CTD concentration was 10 μM in different liposomes and equal 

volume of FBS was added. (B) The CTD release profile of free CTD, Lp/CTD and 

BR2-Lp/CTD in PBS over 48 h (n = 3, mean ± SD). 
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3.3.2 In vitro evaluation of BR2-modified liposomes on monolayer HepG2 

3.3.2.1 Cytotoxicity studies 

To evaluate the cytotoxicity of BR2-modified liposomes and to study the 

specific penetration of BR2 to cancerous cells instead of normal cells, HepG2 

cells and the normal liver cells Miha were chosen. Free CTD, Lp/CTD and 

BR2-Lp/CTD were incubated with cells at CTD concentrations of 10-100 μM for 

24 h, after which cell viability was evaluated by MTT assay. Compared to free 

CTD, Lp/CTD and BR2-Lp/CTD were more toxic to both HepG2 and Miha cells 

(Figure 3-5A and B). For HepG2 cells, BR2-Lp/CTD showed an enhanced 

cytotoxic activity compared with Lp/CTD. This difference can be attributed to 

BR2-modification, which improved the ability of liposomes to penetrate cells. 

Thus, the incorporation of the BR2 penetrating peptide played an important role in 

enhancing cytotoxicity. Indeed, BR2-Lp/CTD showed significantly higher 

cytotoxic effects on cancerous HepG2 cells than on normal Miha cells at lower 

CTD concentration (Figure 3-5C), as expected. While at higher CTD 

concentration, they showed similar cytotoxicity without significant difference due 

to the high drug concentration triggered toxicity. 
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Figure 3-5 The cytotoxicity of various CTD formulations by MTT assay. 

  The cytotoxicity of various CTD formulations toward (A) HepG2 and (B) normal 

hepatocytes Miha cells by MTT assay, indicating the enhanced cytotoxicity of 

BR2-modified liposomes than that without modification. * indicates P < 0.05 for 

BR2-Lp/CTD sample and Lp/CTD treatment groups. (C) The cytotoxicity of 

BR2-Lp/CTD formulations toward HepG2 and Miha cells by MTT assay, indicating the 

tumorous cell specific penetrating properties of BR2-modified liposomes. * indicates P < 

0.05 and ** indicates P < 0.01. 
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Moreover, we evaluated the cytotoxicity of blank liposomes to determine if 

liposomes themselves caused any cytotoxicity (Figure 3-5A and B). The results 

indicated that blank liposomes had little toxic effect on either HepG2 or Miha 

cells. Hence, the enhanced cytotoxicity of BR2-Lp/CTD was most likely due to 

CTD internalized into cells.  

  In addition, the morphologies of the treated cells agreed with MTT results 

(Figure 3-6). Most of the HepG2 cells attached and spread well on the cell culture 

plate in the control and the blank Lp groups, while after incubation with 10 μM 

CTD concentration for 24 h, all the cells detached and shrank to spheres in the 

Lp/CTD and BR2-Lp/CTD groups. Most importantly, BR2-Lp/CTD induced 

almost complete destruction of the cancer cells as evidenced by the presence of 

fragmented nuclei. The results indicated that the blank Lp had no cytotoxicity, 

while it was the BR2-Lp/CTD that destroyed HepG2.  

 

Figure 3-6 The morphologies of HepG2 and Miha cells after incubated with CTD 

formulations at 10 μM for 24 h. 
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3.3.2.2 Different cellular uptake of BR2-Lp in vitro 

The cellular uptake of Lp/cou6 and BR2-Lp/cou6 in both HepG2 and Miha 

cells after 3h incubation was determined either by fluorescent imaging or flow 

cytometry. From the qualitative results shown in Figure 3-7A, liposomes were 

internalized into the cytoplasm and they were clustered around the nuclei in Lp 

treated HepG2 cells, where cou6 was detected with green fluorescence and the 

cellular nuclei were detected with blue fluorescence, having been stained with 

Hoechst 33342. This contrasted with BR2-Lp-treated HepG2 cells in which most 

liposomes had penetrated into the nuclei. However, Miha cells treated with Lp or 

BR2-Lp showed the liposomes had penetrated only into the cytoplasm. This result 

indicated that the BR2 peptide enabled liposomes to penetrate deep into tumor 

cells reaching the nuclei but not into the nuclei of normal cells. 

As seen in Figure 3-7B, BR2-Lp-treated HepG2 cells had stronger fluorescent 

intensity than that in Miha cells (P < 0.05), once again indicating that 

BR2-modified liposomes penetrated more deeply into HepG2 cancer cells than 

into normal cells. 
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Figure 3-7 Cellular uptake of BR2-Lp/cou 6 by fluorescent microscopy and flow 

cytometry. 

(A) Cellular uptake of coumarin-6 labeled Lp and BR2-Lp by HepG2 cells and normal 

hepatocytes Miha cells. Both cells were treated with Lp and BR2-Lp at 0.1 μg/ml cou6 

for 3 h at 37 
o
C, respectively. (B) Mean fluorescence intensity of cells after incubation 

with BR2-Lp/cou6 for 3 h at 37 
o
C by flow cytometry. The data presented as the mean ± 

SD, n = 3. *P < 0.05. 
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3.3.2.3 Cellular internalization of BR2-Lp in HepG2 cell 

In order to demonstrate the cellular internalization of BR2-modified liposomes 

in HepG2 cells, the cou6-labeled BR2-Lp was imaged by fluorescent microscope 

after cells were incubated at 37 
o
C for 0.5 h and 3 h. As shown in Figure 3-8, after 

0.5 h, cou6-labeled BR2-Lp was mostly dispersed in the cytoplasm or localized 

around the nucleus. After 3h, most liposomes were distributed around the 

cytoplasm and had even penetrated into the nuclei. Overall cellular uptake 

increased as the incubation time increased from 0.5 h to 3 h.  

To confirm co-localization with the lysosomes, the cellular acidic 

lysosome/endosome was stained with LysoTracker Red (Figure 3-8). Although 

there was some overlap of lysosomes and liposomes (shown in yellow color, a 

combination of red and green fluorescence), most of the internalized BR2-Lp was 

present in the cytoplasm, but not in lysosome vesicles. This is probably due to 

some BR2 escaped from lysosome entrapment in line with a previous report [68]. 
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Figure 3-8 Intracellular distribution of cou6-labeled liposomes with BR2 modification. 

HepG2 cells were incubated with cou6-loaded BR2-Lp at 0.1 μg/ml Cou6 concentration 

for 0.5 h and 3 h incubation. BR2-Lp was represented in green fluorescence. Cell nuclei 

and endosomes/lysosomes were counterstained with Hoechst 33342 (blue) and 

LysoTracker Red (red), respectively. 

 

3.3.3 In vitro evaluation of BR2-modified liposomes on 3D HepG2 

3.3.3.1 HepG2 3D tumor spheroid formation 

  As seen in the image of HepG2 tumor spheroid growth in Figure 3-9, tumor 

spheroids had been formed by day 4, and grew larger and denser with time. The 

tumor spheroids in day 7 were used in the subsequent experiments. 

 

Figure 3-9 Formation of HepG2 tumor spheroids. 

Representative phase-contrast images at different time-points with a 5 objective. 
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3.3.3.2 Tumor spheroid penetration 

The ability of different liposomes to penetrate HepG2 tumor spheroids was 

observed by confocal microscope. After incubation with liposomes, different 

layers of HepG2 tumor spheroids were scanned and imaged (Figure 3-10A). In the 

unmodified liposome (Lp) group, fluorescence was mainly distributed in the core 

of the HepG2 spheroids from 64 μm to the top, with less found in the periphery. In 

contrast, in the BR2-modified liposome group, fluorescence was obviously 

distributed in the cores of HepG2 tumor spheroids from 88 μm to the top, and the 

fluorescence was still clear at 144 μm. Using the Z-stack plot, the fluorescence of 

each experimental liposome group was quantified as a function against spheroid 

depth (Figure 3-10B). The profile clearly displays the increased penetration of 

BR2-Lp into the spheroids. In addition, the cumulative fluorescence from the 

spheroids was quantified from slice 8 μm to 144 μm (Figure 3-10C). This clearly 

indicates that the conjugation with BR2 peptide enhanced liposomes ability to 

penetrate HepG2 tumor spheroids, while Lp without modification was unable to 

penetrate into the tumor spheroids. 
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Figure 3-10 Evaluation of the penetrability of BR2-modified liposomes on HepG2 tumor 

spheroids by confocal microscopy. 

(A) Confocal microscope images with an 8 μm interval between consecutive slides of 

HepG2 tumor spheroids after incubation with plain liposome and BR2-modified liposome 

with 0.5 μg/ml cou6 encapsulated for 20 h. The scale bar represents 100 μm. (B) 

Corrected integrated pixel density as an indicator of Cou6 fluorescent intensity was 

quantified in the core area of each slice of the spheroid with increasing depth into the 

spheroid. (C) The cumulative fluorescence of sections (8 μm-144 μm) of two 

formulations as quantified using Fiji data analysis software. 
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3.3.3.3 Tumor spheroids inhibition 

The cytotoxicity of blank Lp, free CTD, Lp/CTD and BR2-Lp/CTD at 10 μM 

CTD concentration delivered to 3D tumor spheroids was then investigated using a 

growth inhibition assay (Figure 3-11). Figure 3-11A represents the tumor spheroid 

morphology changes after treatment with different formulations. Treatments with 

Lp/CTD and BR2-Lp/CTD both inhibited spheroid growth for 5 days as compared 

to blank Lp and free CTD group. In Lp/CTD and BR2-Lp/CTD groups, the tumor 

spheroids showed cells loosening and breaking up, especially on the perimeter and 

more obviously in the BR2-Lp/CTD group. The morphology examination of the 

spheroids showed cells very loosely gathered in comparison to the control 

spheroids. The well-defined spherical rim was lost as the incubation time 

increased. Figure 3-11B shows the grey levels of tumor spheroids in different 

groups.  From this Figure it can be seen that, at Day 5, the mean densities of 

tumor spheroids in the blank Lp group were slightly increased, while they were 

hardly changed in the free CTD group. In contrast, the mean density dropped 

dramatically in the BR2-Lp/CTD group which could be due to the cytotoxicity of 

BR2-Lp/CTD. 

Figure 3-11C shows the changes in tumor spheroid volume. During different 

treatments for 5 days, the average volume of the control group increased gradually, 

while BR2-Lp/CTD at 10 μM CTD concentration treated group decreased in 

comparison to the other groups. Delayed cytotoxic responses from the 
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BR2-Lp/CTD and Lp/CTD groups at Day 1 were observed, possibly resulting 

from the controlled CTD release profile. Figure 3-11D shows tumor spheroid 

preservation after treatment such that half of tumor spheroids in BR2-Lp/CTD 

group were destroyed. Figure 3-11E represents the cell viability data of spheroids 

treated with different formulations. As shown in this figure, blank liposomes had 

no apparent cytotoxic effect on the spheroids, consistent with the results in 

monolayer experiments. This data taken together indicates that free CTD and 

Lp/CTD alone have a little cytotoxic effect on HepG2 spheroids at 10 μM, but 

that BR2-Lp/CTD has a much stronger and an earlier cytotoxicity. Viability values 

of spheroids treated with Lp/CTD and BR2-Lp/CTD at 10 μM of CTD 

concentration were 82.4±7.7% and 73.8±7.4%, respectively, which was 

significantly lower than the viability values of free CTD and blank Lp groups (P < 

0.01). This reduced cell viability in Lp/CTD and BR2-Lp/CTD groups suggests 

that liposome encapsulation enhanced the cellular uptake and penetration into the 

spheroids of the drug.  
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Figure 3-11 Tumor spheroids growth inhibition by BR2-modified liposomes. 

 (A) Representative optical images of HepG2 tumor spheroids after exposure to a 

concentration of 10 μM CTD of different formulations. The scale bar represents 500 μm. 

(B) The mean grey levels of tumor spheroids in different groups were quantified by 

Image-J software with Fiji package. (C) Time-related volume of HepG2 tumor spheroids 

after treatment with different formulations at the same dose (10 μM CTD concentration) 

from 1 to 5 days. **P<0.01. (D) HepG2 tumor spheroids preservation after 5-day 

treatment with different formulations. (E) Cell viability of the various formulations 

against HepG2 spheroids. 
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3.3.4 In vivo evaluation of BR2-modified liposomes 

3.3.4.1 In vivo targeting efficiency and biodistribution  

Figure 3-12A showed the in vivo real-time distribution and tumor accumulation 

ability of BR2-modified liposomes in subcutaneous HepG2 tumor bearing mice. 

The fluorescence accumulation was perspicuously found in tumors of liposomal 

DiR treated groups since 4 h post injection, and the signals became much stronger 

from 8 h to 48 h. In contrast, the fluorescence of free DiR treated mice was 

invisible at the tumor site. As for BR2-Lp/DiR, the fluorescence displayed lower 

than Lp/DiR group in the first 10 h, but it displayed a sustained and elevated 

intensity thereafter. Apart from the tumor sites, liposomes were also distributed in 

the reticuloendothelial system (spleen, liver, lung), but most importantly, the 

whole-body distribution of BR2-Lp/DiR was reduced subsequently compared to 

Lp/DiR groups, indicating that BR2-Lp/DiR moved to target tumor sites hence 

reduced nonspecific systemic distribution. Ex vivo images of harvested organs 

(Figure 3-12B) also confirmed that BR2 conjugation led to much more 

accumulation of liposomes in tumor sites, and showed a significant difference of 

BR2-modified liposomes among the groups (P < 0.05) (Figure 3-12C).  
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Figure 3-12 BR2 conjugation facilitates liposomes accumulation and enhances the 

anticancer efficacy in subcutaneous HepG2 xenograft tumor in nude mice. 

(A) In vivo fluorescence images of HepG2 tumor (150-200 mm
3
) bearing mice at 

different time points after single intravenous injection of different DiR formulations at 

dose of 2.0 mg/kg. At 4, 8, 10, 24 and 48 h after injection, mice with in vivo DiR 

fluorescence were imaged by IVIS Spectrum system. (B) After 48 h injection, the mice 

were sacrificed, and the tumors and vital organs were harvested and placed on a black 

paper for ex vivo imaging. (C) Average fluorescence signals of ex vivo tumors and organs 

after DiR treatment for 48 h. *P < 0.05.  
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3.3.4.2 In vivo anticancer efficacy 

  The in vivo anticancer efficacy of BR2-modified liposomes encapsulated with 

CTD was evaluated in HepG2 xenograft tumor bearing nude mice in comparison 

with saline injection as the control. As shown in Figure 3-13A, the tumor volume 

at the end of the experiment was larger in saline and free CTD groups and they 

were smaller in Lp/CTD and BR2-Lp/CTD groups. In Figure 3-13B, the saline 

groups displayed a faster tumor growth over the whole period of experiment. 

Meanwhile, groups treated with free CTD, Lp/CTD and BR2-Lp/CTD showed 

various tumor growth inhibitions compared to the control group. Most importantly, 

the tumor volume in BR2-Lp/CTD was smaller than that of free CTD treated mice. 

As an indicator for the systemic toxicity, the body weight of mice was similar in 

all groups (Figure 3-13C), indicating that the drug modification did no increase 

the toxicity to the body. Altogether, the in vivo results demonstrate that the 

modified drug preparation has a stronger anticancer effect without increasing 

toxicity to the body. 
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Figure 3-13 Tumor volume and body weight profiles of subcutaneous HCC mice treated 

with BR2-modified liposomes with CTD encapsulation. 

(A) Representative subcutaneous HCC tumor bearing mice after different formulations 

treatment at day 18. (B)Anticancer effect on HepG2-tumor xenograft treated with 

BR2-Lp/DiR. Tumor volume changes after intravenous injection of saline, free CTD, 

Lp/CTD and BR2-Lp/CTD at a dose of CTD 0.35 mg/kg for a total of six injections with 

3 days interval. (C) Body weight changes profile of tumor-bearing mice after treatment. 

Arrows indicate the drug administration time. 
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3.4  Discussion 

This is the first report for BR2 peptide incorporated into nanocarrier liposome 

for cancer treatment. The results in our study showed an improved BR2-Lp/CTD 

cytotoxicity on cancerous cells compared to unmodified liposomes. BR2-Lp had a 

pronounced cytotoxic effect on HepG2 cells, as displayed both in MTT assays and 

images of cellular morphology. Associated cellular studies further verified the 

specific efficacy of BR2-Lp’s ability to penetrate HepG2 cells. This 

BR2-functionalized liposome showed higher cytotoxicity and enhanced 

internalization to HepG2 cells as compared to normal Miha cells. This can be 

attributed to different cellular membrane structures in the two types of cells, as 

mentioned before [68]. It could also be due to the ability of the BR2 peptide to 

bind specifically to gangliosides, which were increasingly expressed in the tumor 

tissues as compared to normal tissues [176, 177]. 

Based on a recent report of the tumor-specific uptake of BR2 [68], we used this 

peptide as a targeting moiety to facilitate delivery of CTD liposomes in order to 

achieve selective targeting to tumor cells in HCC monolayer and tumor spheroid 

model. BR2 is known for its efficient ability to penetrate cancer cells based on its 

specific electrostatic interaction with negatively charged gangliosides on the 

cancer cell plasma membrane [68, 74]. As gangliosides are overexpressed in HCC 

but little expressed in normal hepatocytes [73], conjugating the BR2 peptide to the 

liposomal surface could be expected to promote penetration of the drug into HCC 
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cancer cells. 

It has been reported that CPP-modified liposomal delivery systems enter cells 

mostly via endocytosis, subsequently delivering transported cargo to the 

endosomes or lysosomes [165], but these endosomes/lysosomes may degrade 

[178]. This degradation results in a lower therapeutic potential as the site of CTD 

action then becomes cellular nuclei rather than lysosomes [111]. By using the 

LysoTracker probe to track acidic organelles like lysosomes, our study revealed 

that most of the BR2-Lp that entered cells was not colocalized with lysosomes. 

Bypassing conventional endocytosis in order to escape lysosomal degradation is 

beneficial for intracellular drug delivery. These results clearly show that BR2-Lp 

can be an effective and long-lasting drug delivery vehicle. 

As the positive results of monolayer cell culturing might not be enough to 

confirm tumor penetrating capability as drugs circulating in the blood have 

difficulty penetrating most solid tumor masses [179], tumor spheroids have been 

proposed as favorable yet simple models for evaluation of targeted delivery and 

tumor chemotherapy in vivo [180]. Multicellular tumor spheroids resemble solid 

tumors in terms of the structural and microenvironmental heterogeneity; therefore, 

the behavior of nanocarrier in spheroids is likely to reflect its behavior in real 

tumors [171, 181]. Hence, in our present study, we developed a HepG2 tumor 

spheroid model to verify the enhanced penetration efficacy and tumor growth 

inhibition of BR2-Lp on tumor spheroids. In this work, we found that BR2-Lp 
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penetrated roughly 1.4-fold deeper than unmodified liposomes into tumor 

spheroids. This result was further supported by greater mean fluorescent intensity 

for the BR2-Lp group at different slices as compared to the unmodified liposome 

group. 

 In this study, the ability of BR2-Lp/CTD to inhibit the growth of HepG2 

tumor spheroids was seen most efficiently in images showing tumor volume 

changes. The improved efficacy of BR2-Lp in penetrating tumor cells might result 

from the enhanced and more specific penetration and sustained release of CTD 

molecules. The improved efficacy of BR2-Lp in hindering the proliferation of 

HepG2 monolayer cells might be due to the same reasons.  

In vivo biodistribution results in our study further demonstrated the selective 

accumulation of BR2-Lp in the cancer. This could be attributable to, firstly, 

liposomes being PEGylated that facilitates the long-term circulation in blood 

compared to free DiR and therefore more chance to access to target tumor. 

Secondly, both liposomes with a particle size around 100 nm are in favor of 

accumulating into tumor sites based on EPR effects in a time-dependent manner. 

Moreover, BR2 cancer cell peptides are most likely in favor of the liposomes to 

penetrate and accumulate in the tumor. Furthermore, the enhanced tumor 

cell-penetrating ability of BR2 could also be related to the lipid-mediated 

macropinocytosis of interaction with gangliosides that is overexpressed in HCC 

but little expressed in normal hepatocytes [68, 73, 74]. 
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The biodistribution of Lp and BR2-Lp results indicate that both passive and 

active tumor-targeting mechanisms were involved in DiR accumulation within 

tumors, where the passive targeting is most likely attributable to the EPR effect of 

liposomes and active targeting achieved by BR2 conjugation to liposomes. The 

accumulation of DiR in tumors was considerably increased after the attachment of 

BR2 onto liposome surface. This evidence suggested that BR2 modification could 

facilitate the accumulation of liposomes in tumor sites.  

The further in vivo anticancer efficacy was shown in the subcutaneous tumor 

bearing mice, and the results showed a lower tumor volume of BR2-Lp/CTD than 

the other three groups, indicating the enhanced anticancer effects of the 

preparation when CTD is encapsulated into BR2-modified liposomes.   
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3.5  General conclusion 

In this study, we developed the liposomal CTD with BR2 penetrating peptide. 

The characterizations of the BR2-modified liposomal CTD were nano-sized 

particle around 110 nm, stability in FBS solution for 24 h, high drug entrapped 

efficiency, and controlled drug release. All these characteristics made the 

BR2-modified liposome as an ideal drug delivery system. The tumor-penetration 

of liposomal CTD was improved by BR2 penetrating peptide. The in vitro and in 

vivo studies both demonstrated that the BR2-modified liposomal delivery system 

is a preferable and feasible option for anticancer therapy. In particular, our results 

in vitro as well as in vivo clearly demonstrate that (1) BR2-modified liposomes 

loaded with CTD work as a drug carrier and display specific and better anticancer 

activity against HepG2 cells, and (2) the modified liposomes loaded with CTD 

have superior penetration, enhanced cellular internalization and improved 

cytotoxicity against HepG2 tumor spheroids and xenograft tumor.   
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CHAPTER 4                                                                   

Dual-functionalized Liposomes with BR2 Peptide and CA 

IX Antibody for Targeted Treatment of HCC 
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4.1  Introduction  

  Extensive researches have been performed with immunoliposomes targeting 

system for cancer treatment in vitro and in vivo, demonstrating that 

immunoliposomes binding selectively to antigen-specific target cells to deliver 

therapeutic compounds to the cells [182]. Nevertheless, new challenges have 

occurred from these immunoliposomes design, such as liposomes internalization 

into the tumour cells, restricted diffusion and penetration through the tumour 

tissue, non-specific binding by serum proteins, and translation from pre-clinical 

animal models to clinical studies [95]. Moreover, the identified ligands for 

anticancer treatment do not embrace all cancer types to date, HCC in particular. 

  In our previous study (Chapter 3), the improved penetrability of BR2-modified 

liposomes have been demonstrated. Owing to the fact that specific ligand 

mediated endocytosis pathway was often saturated, the intracellular delivery was 

nevertheless limited with only one specific ligand modification [171]. The 

addition of another ligand is hopefully expected to improve cellular delivery of 

the liposomes. On this basis, we herewith proposed to establish a 

dual-functionalized liposomal delivery system with peptide and antibody 

modification. The concept of our dual-functionalized liposomes is to make use of 

the different ligands functioning specifically, penetrating and targeting in this 

context, in order to ensure liposomes to specifically penetrate into the intracellular 

part and particularly target cancer cells with special receptors. 
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  In recent years, carbonic anhydrase IX (CA ΙΧ), a cell surface antigen protein 

has been found overexpressed in many solid tumors but not in their corresponding 

normal tissues. These kinds of tumor specific antigens have attracted much 

attention from researchers as a potential candidate for antigen-targeted anticancer 

drug delivery [95]. In the present study, we investigated the potential anticancer 

use of the two ligands modified liposomes by combining BR2 and CA IX 

antibody (Ab) to PEGylated liposome surface. This more efficient targetability of 

actively targeted liposomes (DF-Lp) was designed with improved penetrability by 

BR2 and enhanced targetability by anti-CA IX Ab modification. Anti-CA IX Ab is 

for the active and specific targeting to the tumor sites, followed by BR2-induced 

liposomes penetration into cancer cells cytoplasm. Previous studies have 

demonstrated that CA IX is overexpressed by cancer cells although its expression 

is lower in HCC than in other cancers [94, 95, 183]. This part of the study aims to 

make use of this cancer feature for active targeting for a more tailored approach to 

treat HCC. In addition, this part of study would be carried out for orthotopic HCC 

HepG2 tumor model instead of subcutaneous HCC xenograft. 
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4.2  Experimental details 

4.2.1 Materials  

  Soybean lecithin (SPC) was purchased from Shanghai Tai Wei Chemical 

Company (Shanghai, China). DSPE-PEG2000 was bought from Avanti Polar Lipids 

(Alabaster, AL). DSPE-PEG-Mal (SUNBRIGHTDSPE-020MA) and NBD-DPPE 

(COATSOME FE-6060NB) was purchased from NOF Co. Ltd. (Tokyo, Japan).. 

BR2 peptide, cys-RAGLQFPVGRLLRRLLR, was provided by SciLight 

Biotechnology (Beijing, China). Cantharidin (CTD) was obtained from Chengdu 

Biopurify Phytochemicals Ltd (Sichuan, China). The rabbit monoclonal anti-CA 

IX Ab targeting the N-terminal region of the antigen protein that is exposed to the 

extracellular side was purchased from Abcam (Cambridge, UK). D-luciferin was 

purchased from Onwon Inc., Hong Kong. LysoTracker Red DND-99 and Hoechst 

33342 were bought from Molecular Probes Inc. (Eugene, OR). All other reagents 

are purchased from Sigma otherwise it was specified. 

  The human HCC cell line HepG2 cells were incubated as in Chapter 2 in 

DMEM at 37 
o
C in a humidified incubator. To track the transplanted cells in vivo, 

HepG2-red-Fluc cells were bought from PerkinElmer (Waltham, MA, USA) and 

the cells were transfected with firefly luciferase gene from Luciola Italica 

(Red-FLuc), and maintained in Eagle’s MEM (ATCC) containing 10 % FBS at 

37 °C incubator. 
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   Male BALB/c athymic (nu/nu) nude mice (5–7 weeks old; weight, 17–20 g) 

were bought from Tin Hang Technology Limited (Hong Kong) and housed under 

pathogen-free conditions, fed standard food, and given free access to sterilized 

water. Mice were acclimatized for 7 days after arrival. All experimental 

procedures were done according to guidelines of the Committee on the Use of 

Human & Animal Subjects in Teaching & Research of Hong Kong Baptist 

University and the Health Department of the Hong Kong Special Administrative 

Region. 

4.2.2 Preparation and characterization of different liposomes  

4.2.2.1 Synthesis of DSPE-PEG-BR2 

  BR2 with a cysteine was conjugated to the distal end of the 

DSPE-PEG-maleimide group via the thiol-ene click reaction according to our 

previous protocol [184] in Chapter 3. Successful formation of DSPE-PEG-BR2 

was identified using a MALDI-TOF-MS (Autoflex III; Bruker Daltonics Inc., 

Billerica, MA). 

4.2.2.2 Synthesis of DSPE-PEG-CA IX 

 Firstly, the activated half anti-CA IX antibody (Ab) was produced by DTT for 

conjugation to the DSPE-PEG-Mal group using the sulfhydryl reactive chemistry 

at room temperature for 90 min [101] (Figure 4-1A). Then, 5 times volume ethyl 

acetate was added to the mixture to extract DTT for 3 times. The DSPE-PEG-Mal 



 

117 

 

micelles were prepared by a dried lipid film-hydration method by hydration of 

DSPE-PEG-MAL in PBS (pH 6.6, 0.01M EDTA) with heating at 65 
o
C for 30 min. 

The reduced Ab was conjugated to DSPE-PEG-Mal micelles at a molar ratio of 

1:366 by incubation at 4
o
C with gentle agitation overnight [101]. The successful 

reduction and the conjugation to DSPE-PEG-Mal were mixed with sample 

loading buffer, loaded onto a non-reducing sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and confirmed by the 

Coomassie blue staining. 

4.2.2.3 Different liposomes preparation 

  The preparation of all the liposomes followed a general protocol as ethanol 

injection method followed by repeated extrusion through various Nuclepore 

membranes. The details of the BR2-modified liposomes (BR2-Lp) preparation 

were as in our previous Chapter 3. Briefly, SPC, DSPE-PEG, DSPE-PEG-BR2 

was dissolved along with CTD in ethanol before injected into the PBS for 

hydration at room temperature. Following 40 min stirring, the suspension was 

extruded through a 0.2-μm pore size filter once, a 0.1-μm pore-sized filter 5 times, 

then 0.08-μm pore sized filter for 5 times as well.  

For the anti-CA IX-Ab modified liposomes (CA IX-Lp) and dual-functionalized 

liposomes (DF-Lp) were prepared by post insertion of half-anti-CA IX Ab 

conjugated-micelles to the PEGylated or BR2-modified liposomes according to 
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the translocation of DSPE-PEG-CA IX micelle in exchange with liposomal 

bilayers [185]. Thus, the anti-CA IX Ab ligand will be presented at the outer 

surface of the liposomes and maintain its binding capacity [186, 187]. Typically, 

pre-formed liposomes and DSPE-PEG-CA IX micelle were co-incubated for 2h at 

60 
o
C water bath. Free Ab or micelles were then removed by gel filtration on a 

Sepharose CL-4B column (GE Healthcare) [101]. To provide control values, the 

same thermal treatments were applied to other liposome suspensions such as 

without bi-functional ligands or only with BR2-peptide modification. 

To confirm the conjugation of the anti-CA IX Ab to DSPE-PEG-Mal micelles 

and liposomes surface, SDS-PAGE electrophoresis was performed by mixing 3 µl 

of Ab samples after each chemical step with 3 µl of lithium dodecyl sulfate 

sample buffer (Life Technologies, UK). 4 µl samples were then loaded onto each 

lane of 10 % SDS-PAGE. The gels run at 200 V in running buffer for 35 min. 

Then the gels were stained with Coomassie Brilliant Blue R-250 Dye for 1h.  

  In the formulations, based on different experiment purpose, the different 

fluorescent liposomes were prepared with NBD-DPPE-fluorescent lipid, or DiR 

fluorescent dye labeling. NBD-DPPE-labeled liposomes for in vitro studies were 

prepared by substitution of partial lipids by NBD-DPPE lipid [101] (Figure 4-1E). 

The DiR-labeled liposomes in vivo studies were prepared as above, with the 

fluorescent dye being dissolved in ethanol for in vivo targeting experiment. 
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4.2.2.4 Particle size characterization of liposomes 

  As size is an important parameter in the delivery of the encapsulated molecules. 

The analysis of the particle size of liposomes was assessed in this by the Delsa 

Nano HC particle analyzer. A one-tenth (1/10) dilution of liposomes suspension 

was made with PBS buffer, and then put into the cuvette, and measured at 20 
o
C.  

4.2.3 In vitro cell proliferation study 

  In vitro cell proliferation assay was conducted by bioluminescence monitoring 

and MTT assay. Briefly, 8 x 10
3
 HepG2-RED-Fluc cells/well were dispensed into 

a black 96-well plate (Corning, USA) in triplicates in six groups (control, free 

CTD, Lp/CTD, BR2-Lp/CTD, CA IX-Lp/CTD, DF-Lp/CTD). Next day, 50 μl of 

150 μg/ml D-luciferin substrate was added prior to measurement. The 

bioluminescence light output was captured using the IVIS Spectrum system 

(Caliper, Hopking, MA, USA). The exposure time was set to auto and readings 

were quantified using the LivingImage v4.4 software. The light output was 

represented in terms of average radiance (photons/seconds/cm2/steradian). For 

MTT-based cell viability assay, HepG2-RED-Fluc cells were seeded in a 

transparent 96-well plate with 8 x 10
3
 cells/well. After allowing 24 h for cell 

attachment, different preparation solutions were diluted appropriately in fresh 

medium and added to cells for co-incubation for 24 h and 48 h, then 20 μl of 5 

mg/ml MTT was added for additional 4h incubation, followed by adding 100 μl of 
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DMSO and subjected to microplate reader at 570 nm.   

4.2.4 Cellular internalization by confocal fluorescent microscopy 

  Cellular internalization of different liposomes on HepG2 cells were analyzed by 

a confocal microscope. Briefly, for the cellular internalization study, HepG2 cells 

were cultured on glass-bottom dishes. Then, fresh medium containing different 

NBD-DPPE labeled liposomes were added and cells were incubated at 37 
o
C for 

another 3 h. Then, the cells were washed with PBS thrice, fixed with 4% PFA for 

additional 20 min, stained with Hoechst 33342 (5 μg/mL) for 10 min, and imaged 

by a Leica TCS SP8 confocal laser scanning microscopy (CLSM). To track the 

internalization and endosomal release of liposomes, cells were treated with 

NBD-DPPE labeled DF-Lp for 0.5 h and 3 h. Then, the old medium was replaced 

with 100 nM LysoTracker Red in complete medium for additional 0.5 h 

incubation at 37 
o
C to stain endosome/lysosome. With the same protocol 

mentioned above, the cells were washed, fixed, stained and imaged using the 

CLSM. 
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4.2.5 Specific cell-associated binding study of DF-Lp in vitro 

4.2.5.1 Induction of CA IX antigen expression in vitro 

   HepG2 cells (1x10
6
) were incubated either under standard culture condition (5% 

CO2 at 37°C for normoxia) or under hypoxic condition (constituting of O2, CO2, 

and N2 with 1%, 5% and 94%, respectively, at 37 °C for hypoxia induction) with a 

chamber. The CA IX expressed in hypoxia or normoxia incubated HepG2 cells 

were then detected by using western blot. Briefly, cells were lysed in 

radioimmunoprecipitation assay (RIPA) buffer containing 100x 

protease/phosphatase inhibitor cocktail at 10ul/ml and 100x EDTA for 5min on ice. 

The cells were collected and resolved by a 10% SDS-PAGE resolving gel at 200 

volts. Following gel electrophoresis, stacking gel was removed from the 

separating gel. Then the PVD membrane was firstly soaked with methanol prior to 

use for transfer protein. Following that, the membrane bound with transferred 

protein was blocked in blocking buffer with 5% nonfat dry milk, 10% TBS-T, 0.1% 

Tween 20, for 1h at RT with agitation and then incubated with 0.11 mg/mL Rb 

mAb to CA IX or 0.04 mg/mL GAPDH (sc-25778, rabbit polyclonal IgG, Santa 

Cruz Biotechnology) diluted in 5% non-fat milk in TBS-T overnight at 4 °C. Then 

the membrane was washed for 3 times with 5 min each. Following that, the 

membranes were incubated with goat anti-rabbit IgG-HRP in 5% non-fat milk in 

TBS-T for 1 h, protein bands were visualized with the enhanced 

chemiluminescence reagents. GAPDH in this study was used as loading control. 
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4.2.5.2 Cellular binding studies on DF-Lp 

  To evaluate the specific cellular binding properties of dual-functionalized 

liposomes (DF-Lp), HepG2 cells with CA IX-positive as well as CA IX-negative 

expression was used to estimate the fluorescence by CLSM. 5×10
5
 HepG2 

cells/well were seeded into glass-bottom dishes and incubated under hypoxic and 

normoxic conditions to generate CA IX-positive and CA IX-negative cells, 

respectively. Then cells were washed with DPBS and exposed to 

dual-functionalized NBD-DPPE-labeled liposomes (DF-Lp) for 3 h. Subsequently, 

cells were washed and fixed using 4% PFA for 20min, stained with Hoechst 

33342 for another 10 min followed by washing before to CLSM.  

4.2.5.3 Competition assay of DF-Lp 

  1x10
5
 HepG2 cells were seeded in six-well plates and incubated under hypoxia 

overnight in complete medium for competing assay. Cells were then incubated in 

serum-free medium for 30 min, blocked with 5% bovine serum albumin (BSA) 

diluted with serum-free medium for 30 min at 37 °C, then pre-incubated with an 

excess of anti-CA IX primary antibody (1:50) for 15 min in serum-free medium. 

After washing with PBS, cells were incubated with NBD-DPPE labeled DF-Lp 

for 30 min at 37 °C, then fixed for 20min in 4% cold PFA and stained with 

Hoechst 33342 (5 μg/mL) for cell nuclei staining for another 10 min. Liposome 

binding was visualized by a fluorescence microscope. 
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4.2.6 In vivo anticancer efficacy of DF-Lp evaluation 

4.2.6.1 Luciferase activity of the transfected HepG2-Red-FLuc cells 

  In order to establish an orthtopic HCC model, the luciferase-transfected 

HepG2-RED-Fluc cells were obtained and the luciferase activities were 

determined. Briefly, a series diluted transfected HepG2 cells were seeded into a 

black 96-well plate, followed by adding 100 μL of a D-luciferin solution (15 

mg/mL). Then the cells bioluminescence was recorded using an IVIS Spectrum 

imaging system. Regions-of-interest (ROI) were manually drawn over each well, 

and then the average radiance was drawn against the cell numbers. 

4.2.6.2 Establishment of orthotopic HCC models 

  Orthotopic HepG2 tumor model was established by direct intrahepatic injection 

of HepG2-RED-FLuc cells according to the literature with a slight modification 

[188]. Briefly, mice were anesthetized intraperitoneal injection (i.p.) with 5% 

chloral hydrate (120μl/20g body weight) during the surgical procedure. After fully 

anesthetization, the mice were positioned in supine on the procedure table. Then, a 

small transverse incision below the sternum was made through the abdominal skin 

and muscle layer. A portion of the liver was exposed by applying gentle pressure 

on the abdomen.  

  Directly before injection, HepG2-Red-FLuc cells were suspended the in DPBS 

containing 50% Matrigel in a small tube to increase the viscosity of the injected 
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cell suspension. The cell/Matrigel suspension about 1x10
6
 cells in 40 μl were 

slowly injected into the hepatic lobe using a small 1-ml syringes with 29-gauge 

needles. The cells were injected at a 30-degree angle into the liver, so that a 

transparent bleb of the injection could be seen through the liver capsule. After 

injection, light pressure was applied for 1 min to prevent any leakage and bleeding. 

The abdominal incision was then closed with a 5-0 suture [189]. After tumor cell 

inoculation, animals were kept in a warm pad for full recovery. 

4.2.6.3 In vivo accumulation of DiR-labeled DF-Lp 

  The in vivo biodistribution of DF-Lp was conducted on orthotopic HCC models 

with DiR as a far-near red fluorescent dye labelling. After check the nude mice 

with tumor by IVIS imaging after D-luciferin i.p. injection, a single dose 

DF-Lp/DiR was i.v. injected via the tail vein at DiR dose of 2 mg/kg. Then the 

fluorescent images of mice were taken with the IVIS spectrum system at 4 h and 

24 h after DF-Lp/DiR administration, and the ROIs value of the liver part of the 

mice were drawn using the LivingImage v4.4 software. 

4.2.6.4 In vivo anticancer efficacy of the DF-Lp/CTD 

  HepG2-RED-FLuc cells bearing nude mice were allocated into five treatment 

groups (n=5 mice in each group). Treatment starts from 7
th

 day after tumor cell 

inoculation with the following five preparations respectively, saline, CTD solution, 

BR2-Lp/CTD, CA IX-Lp/CTD and DF-Lp/CTD. All the preparations were 
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administrated via the tail vein injection every 3 days for a total of 4 doses, and the 

tumors were monitored by IVIS imaging systems every 6 days with D-luciferin i.p. 

injection. The CTD at a dose of 0.4 mg/kg was administrated. The body weights 

of mice were recorded every 6 days as a systemic drug toxicity indicator. 

4.2.7 Statistical analysis 

  The experimental data were presented as the mean ± standard deviation (SD) 

for in vitro and mean ± standard error of mean (SEM) for in vivo data. The 

significance of the data was analyzed using GraphPad Prism 6.01 with ANOVA. 

The differences were considered as statically significant when the P-value was 

less than 0.05. 
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4.3  Results and discussion 

4.3.1 Preparation and characterization of dual-functionalized liposomes 

(DF-Lp) 

  The dual-functionalized liposomal delivery system (DF-Lp) in our present 

study was developed with post-insertion approach based on the translocation of 

DSPE-PEG-CA IX micellar lipids in exchange with liposomal bilayers [185] 

(Figure 4-1A). Firstly, the-SH group of activated BR2 peptide was coupled to the 

maleimide group of DSPE-PEG-Mal lipid and the successful synthesis was 

verified with a right-shifted peak appeared in the mass spectra by 

MALDI-TOF-MS analysis (Figure 4-1B). Subsequently, the BR2-modified 

liposomes were prepared by ethanol injection method for the following 

conjugation. Then, the intact anti-CA IX Ab was chemically reduced with DTT 

solution at a concentration of 1mM to expose the thiol group for maleimide group 

reaction. The successful reduction was confirmed as showing a half molecular 

weight of 75 kD when compared to whole antibody with a molecular weight of 

approximately 150 kD in Coomassie blue staining SDS-PAGE (Figure 4-1C). 

Then, the reduced anti-CA IX Ab was immediately incubated with 

DSPE-PEG-Mal micelle overnight at 4 
o
C to form the anti-CA IX Ab conjugated 

DSPE-PEG lipid. The resultant was then confirmed with upper-shifted molecular 

weight compared to the half-antibody on SDS-PAGE (Figure 4-1C). Finally, the 

DF-Lp was obtained by conducting the post-insertion method in which the 
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anti-CA IX Ab conjugated micelles were incubated with the pre-formed liposomes 

at 60 
o
C for 2 h. In this way, the Ab ligand would be presented at the outer surface 

of the liposomes and maintain its binding capacity [186, 187]. Afterwards, free 

anti-CA IX Ab and micelle were removed by Sepharose CL-4B column. The 

DF-Lp was appeared to be homogenous suspensions with good dispersion (Figure 

4-1D and E). As shown in Table 4-1, the average particle size and PDI of DF-Lp 

was 98.3±1.8 nm and 0.256±0.003, respectively. This particle size result indicated 

that the ligands had been conjugated to the liposomal surface as there was a slight 

increase when compared to the single-ligand modified liposomes. The DF-Lp with 

such particle size could facilitate the passive accumulation due to the EPR effects 

of rapid grown tumor vasculature [175].  

Table 4-1 Characterization of different liposome formulations (mean ± SD). 

Liposome Type Liposome component (molar ratio) 
Particle size 

(nm) 
PDI 

BR2-Lp/CTD 
SPC/DSPE-PEG2000/DSPE-PEG2000-BR2 

(96:2.0:2.0) 
92.4±1.2 0.261±0.022 

CA IX-Lp/CTD 
SPC/DSPE-PEG2000/DSPE-PEG-Mal 

(95.8:3.8:0.4) 
75.7±1.5 0.135±0.006 

DF-Lp/CTD 
SPC/DSPE-PEG2000/DSPE-PEG2000-BR2

/DSPE-PEG-Mal (95.2:1.9:2.0:0.87) 
98.3±1.8 0.256±0.003 
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Figure 4-1 Preparation and characterization of the dual-functionalized liposomes 

(DF-Lp). 

(A) Schematic illustrations of the preparation of the CTD encapsulated DF-Lp. (B) 

MALDI-TOF/TOF mass spectra of the DSPE-PEG-BR2. (C) SDS-PAGE analysis of the 

reduced antibody, the antibody conjugated liposomes by Coomassie blue staining. (D) 

The particle size and distribution of DF-Lp. (E) Appearance of DF-Lp with CTD 

encapsulated, NBD-DPPE-labeled and DiR labeled.   
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4.3.2 In vitro evaluation of the DF-Lp 

4.3.2.1 Enhanced anti-proliferative effects of DF-Lp 

  Anti-proliferative effects of the tested liposomes in vitro were evaluated on 

HepG2-RED-Fluc cells using bioluminescence and MTT assay. As shown in 

Figure 4-2, the inhibition properties of DF-Lp/CTD showed both in the 

bioluminescence and MTT results in a dose- and time-dependent change on the 

HepG2-RED-Fluc cells. Besides, DF-Lp/CTD showed more significant inhibition 

on cell viability than the free CTD group (P < 0.01), which might be due to the 

enhanced solubility of the drug after liposomal encapsulation. Moreover, 

compared to the BR2-Lp/CTD and CA IX-Lp/CTD, DF-Lp/CTD at low 

concentration showed more cytotoxicity to HepG2-red-Fluc cells (P < 0.01), 

which should be attributable to the improved targeting efficacy of the bi-ligands 

modified liposomes. These results indicated the potent anticancer effects of this 

DF-Lp/CTD in vitro.  
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Figure 4-2 Cell viability of HepG2-RED-Fluc cells determined by MTT and 

bioluminescent intensity. 

(A) Cell viability of different CTD formulation treated HepG2-RED-Fluc cells by 

bioluminescent intensity. (B) MTT assay on the HepG2-RED-Fluc cells after different 

formulations treatment. **P < 0.01, ***P < 0.001. 
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4.3.2.2 Internalization of NBD-DPPE labeled DF-Lp 

  To assess the drug delivery capacity of DF-Lp into HepG2 cells, we conducted 

the cellular internalization study. By comparison of three different formulations, 

the translocation into cellular cytoplasm for DF-Lp was prominently higher than 

the rest groups (Figure 4-3), suggesting a higher drug delivery capacity of DF-Lp. 

 

 

Figure 4-3 Cellular uptakes of NBD-DPPE labeled BR2-Lp, CA IX-Lp and DF-Lp on 

HepG2 cells for 3 h incubation detected by confocal microscopy. Scale bar = 25 μm.  
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4.3.2.3 Colocalization of DF-Lp by confocal microscopy 

  As it was reported that endocytosis mediated by receptors usually led to 

endosome formation [190], and it could be possible for the drug to be deactivated 

in the endosomes. Thus, it is essential for a DDS to escape endosomes in order for 

the drug to be therapeutically active in the cytoplasm [191]. As a previous report 

proved that BR2 peptide could successfully bypass endosomes/lysosomes and 

transfer into the cytosol [68, 184], in our study the colocalization of DF-Lp with 

endosomes/lysosomes was detected with endosomes/lysosomes stained by 

LysoTracker Red DND-99 to estimate the endosome escaping ability of the 

liposomes. As shown in Figure 4-4, green fluorescence represented NBD-DPPE 

labeled DF-Lp, and the red fluorescence represented the endosomes/lysosomes. 

For initial 0.5 h incubation of the DF-Lp with HepG2 cells, only a few DF-Lp 

entered the cells and almost entirely localized in endosomes/lysosomes (points by 

white arrow), while extending the incubation time to 3 h, only a small amount of 

liposomes trapped in endosomes/lysosomes, and large area of green fluorescence 

was seen diffusing in the cytoplasm. The results demonstrated that DF-Lp had the 

ability to escape endosomes degradation, in line with our results in Chapter 3 

proved that BR2 peptide could successfully bypass endosomes/lysosomes and 

transfer into the cytosol. Our study indicated that DF-Lp could be a good carrier 

for therapeutic agent delivery. 
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Figure 4-4 Colocalization of NBD-DPPE labeled dual-modified liposomes (DF-Lp, green) 

and endosomes/lysosomes (red). Nuclei were stained with Hoechst 33342 (blue). Scale 

bar = 25 μm. 
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4.3.3 Specific cell binding of DF-Lp to CA IX positive cells 

   To investigate the specific cell association of DF-Lp to target CA 

IX-positively expressed cells, we incubated the HepG2 cells under different 

oxygen supply condition. CA IX receptors were expressed at high levels in 

hypoxic HepG2 cells using western blot, but much lower in normoxic HepG2 

cells (Figure 4-5A). Next, we used these two cell lines to assess the specific 

binding properties of DF-Lp since anti-CA IX Ab was incorporated for specific 

affinity. We incubated the NBD-DPPE-labeled DF-Lp for 3 h and evaluated the 

binding efficacy by CLSM. As shown in Figure 4-5B, when it was incubated with 

CA IX negatively expressed HepG2 cells, DF-Lp showed little intracellular 

fluorescence, whereas the fluorescence within the CA IX positively expressed 

HepG2 cells were in a large amount. Furthermore, to address the specificity of 

DF-Lp for CA IX receptors, we performed a competition assay on CA IX 

positively expressed HepG2 cells. As shown in Figure 4-5C, when an excess 

amount of anti-CA IX Ab was added to compete with DF-Lp, the intracellular 

fluorescence within CA IX positively expressed cells was decreased into a 

minimal amount. These results demonstrated an excellent cell-specific efficacy of 

DF-Lp and also suggested that the anti-CA IX Ab, with specific biding to CA IX 

receptors on the HCC cells, is effectively driving the endocytosis of DF-Lp.  
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Figure 4-5 Specific binding of DF-Lp to CA IX-overexpressed HepG2 cells and the 

competition assay in vitro. 

(A) Western blot analysis of CA IX expression in hypoxic and normoxic HepG2 cells. (B) 

Confocal microscopy images of CA IX positive HepG2 under hypoxia and CA IX 

negative HepG2 under normoxia cells after treatment with DF-Lp formulation. Scale bar 

= 50μm. (C) In vitro competition assay to detect targeting of CA IX by DF-Lp in hypoxic 

HepG2 cells. Cells were pre-incubated with (+) or without (-) anti-CA IX Ab for 15 min 

and then incubated with DF-Lp for 30 min. Liposomes are shown by green fluorescence 

of NBD-DPPE by fluorescent microscopy. Scale bar = 100 μm. 
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4.3.4 In vivo anticancer effects of DF-Lp on orthotopic HCC mice 

4.3.4.1 Establishment of orthotopic HCC model 

  The orthotopic model with luciferase expressing HCC cells provides a great 

advancement in terms of clinical relevance [192]. It allows the detection of tumor 

growth in the body be easily conducted via the IVIS Lumina system. In this study, 

the luciferase activities of HepG2-RED-Fluc cells were examined in vitro first. As 

shown in Figure 4-6A and B, the luciferase expression in HepG2-RED-Fluc was 

clearly seen in a cell number dependent manner. Their bioluminescence detected 

by the imaging system was positively correlated well with increasing cell numbers. 

The larger the cell number, the higher the bioluminescence, suggesting that it is 

appropriate to use the bioluminescence intensity in vivo to indicate the tumor size. 

  Having demonstrated that in vitro delivery of the dual-functionalized liposomes 

(DF-Lp) could produce pronounced anticancer effects, we further evaluate the 

efficacy of these liposomes induced anticancer potential in vivo. After intrahepatic 

injection of the cells, the successful inoculation of cells could be seen as a clear 

bleb on the liver (Figure 4-6C). The successful establishment of orthotopic HCC 

model was further demonstrated by IVIS after intraperitoneal injection of 

D-luciferin (150 mg/kg), which was taken to capture the visible light photograph 

and luminescent image (Figure 4-6D). The liver specimen of the same mouse was 

also examined (Figure 4-6E). These results indicated that this orthotopic HCC 
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mice model was feasible to be used in the following experiments. 

 

Figure 4-6 Orthotopic HCC model establishment and in vivo tumor accumulation of 

DF-Lp. 

  (A) In vitro imaging analysis of luciferase activity of HepG2-red-Fluc cells. (B) The 

photon flux plot as a function of increasing number of HepG2-red-Fluc cells obtained 

from IVIS as calculating the ROI of each well (n=3). (C) HCC orthotopic model was 

developed by intrahepatic injection of HepG2-red-Fluc transfected cells with a surgical 

incision. (I) Nude mouse was anesthetized. (II) A transverse skin incision and (III) muscle 

layer incision on the upper abdomen under the sternum. (IV) Injection of cells slowly at a 

30-degree angle into the lobe of the liver. (V) A transparent bleb could be seen (pointed 

by a blue arrow). (VI) Relocation of the liver with a moist sterile cotton swab. (VII) 

Closure of muscle layer and (VIII) the skin. (D) IVIS bioluminescent images of 

orthotopic HCC nude mice treated with DF-Lp/DiR after 4h and 24h by i.p. injection of 

150mg/kg D-luciferin. (E) Liver specimen with HCC being pointed by a blue arrow and 

the yellow circle. (F) Representative in vivo imaging of the HCC orthotopic mice bearing 

luciferase expressing tumors derived from HepG2-red-Fluc cells following i.v. injection 

of DF-Lp/DiR.  
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4.3.4.2 In vivo tumor accumulation of DF-Lp 

  Administration of DF-liposomes for long-time circulation and specific 

accumulation into the tumor site is necessary for drug delivery [62]. Herein, the 

fluorescent dye DiR was used to label the DF-Lp, and long-circulation and 

specific accumulation of the DF-Lp was evaluated by observing the red 

fluorescence in mice and the increasing fluorescence intensity at the liver part 

with IVIS imaging system at 4 h and 24 h post-injection. The fluorescence images 

in Figure 4-6F revealed the distribution of DiR-labeled DF-Lp while 

bioluminescent images indicated the tumor location. The fluorescence from 

DiR-labeled DF-Lp was detectable in the liver at 4h after injection. An increase of 

fluorescence signals in the liver parts was also observed, most likely a reflection 

of the accumulation of liposomes. Liposomes also remained visible after 24 h 

injection, demonstrating the prolonged retention of liposomes in tumors. These 

findings revealed that our liposomal delivery system can achieve long-circulating 

time and targeted delivery to HCC tissue by intravenous administration, indicating 

that our dual-functionalized liposomal system is a suitable nanocarrier for 

chemotherapeutic drug delivery. 
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4.3.4.3 In vivo anticancer effect of DF-Lp on orthotopic HCC mice 

  To evaluate whether the DF-Lp/CTD could deliver CTD to the tumor site to 

inhibit the HCC tumor growth, we used an orthotopic HCC mice model that 

expresses luciferase (Figure 4-7). Since the natural HCC was developed from the 

liver hepatocytes [193], this orthotopic HCC model is better for evaluation on the 

anticancer efficacy of our dual-functionalized liposomal CTD. Different 

CTD-formulations were administrated intravenously for four doses. The tumor 

size was shown as the luciferase expression detecting by IVIS Imaging system at 

a six-day interval, as shown in Figure 4-7A. In Figure 4-7B, the representative 

images show that while the bioluminescence intensity was continuously increased 

at the tumor sites in saline group, it was obviously low in the DF-Lp/CTD treated 

group. To further quantify the bioluminescence in all groups, the ROI value of 

each mice in each group (n = 5) was drawn against the time (Figure 6C), where 

the saline treated mice had a sharp elevated bioluminescence, while the free CTD 

and liposomal CTD systems treated mice showed much lower bioluminescence. 

Among all the CTD-formulations, the DF-Lp/CTD exhibited the greatest efficacy 

on tumor growth, showing significant low bioluminescence signal intensity 

compared to the saline control group (P = 0.046). At day 24, the DF-Lp/CTD 

showed reduction of the tumor luminescence around 8 fold vis-à-vis saline and 

free CTD treated mice (Figure 4-7C). Thus, the low luminescence in DF-Lp/CTD 

treated group suggested the effects were specific to CTD delivery by DF-Lp. 
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  In term of the toxicity of the different formulations in this study, the body 

weight of all drug treated groups hardly dropped during the treatment, and there 

was no obvious differences among the groups, implying that all the CTD-loaded 

liposomes had no increased systemic toxicity (Figure 4-7D). 

 

Figure 4-7 In vivo anticancer efficacy of DF-Lp/CTD on HepG2-red-Fluc orthotopic 

HCC tumors. 

(A) Scheme of HepG2-red-Fluc tumor inoculation and treatment. (B) Representative live 

IVIS images of HepG2-red-Fluc cell-bearing tumors with administration of D-luciferin 

with saline treated mice served as a control. (C) ROI of the tumors for the quantitative 

luminescence of mice (n = 5). Line graph of luminescence represents mean ± SEM. 

Arrows indicate drug administration time. *P < 0.05. (D) Body weight profiles of mice in 

different groups (n = 5, mean ± SEM). 
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4.4  General conclusion 

  Dual-functionalized liposomes (DF-Lp) targeting HCC were successfully 

constructed by incorporation of BR2 and anti-CA IX Ab onto PEGylated 

liposomes surface, where BR2 was used for better penetration into cancer cells, 

anti-CA IX Ab for actively targeting to tumor and PEG-lipid for prolonged 

circulation. Through in vitro cell viability study, we have demonstrated that this 

newly designed DF-Lp had a higher cell growth inhibition on HepG2 cells than 

the other tested formulations. In vitro cellular internalization of the NBD-DPPE 

labeled this liposome suggested that the DF-Lp had a higher intracellular 

internalization than the other single ligand modified liposomes. Besides, from the 

colocalization results of both liposomes and the lysosomes/endosomes, the DF-Lp 

appeared to be able to avoid the degradation of endosomes/liposomes, showing it 

as a potentially good drug carrier. In comparison of the CA IX-positive and 

negative expressed HepG2 cells, we have revealed that the DF-Lp had a specific 

binding property to CA IX positive cells. A low cellular binding when competed 

with excess antibodies also indicated that the specific binding of the DF-Lp might 

come from the CA IX receptor-mediated intracellular endocytosis. In addition, the 

long-time circulation in vivo of the DF-Lp could be seen in the biodistribution 

imaging, which again provided strong evidence on the promise of this DF-Lp in 

delivering for HCC treatment. More importantly, the in vivo anticancer efficacy of 

this DF-Lp/CTD in orthotopic HCC models showed an enhanced tumor growth 
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inhibition than other treatments. These results are encouraging to show that this 

DF-Lp/CTD might be potential liposomal delivery system, justifying further 

developing for clinical use on HCC patients after proper trail and critical 

evaluation. 
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CHAPTER 5                                                                                                                                                        

Overall Conclusion and Future Prospects  
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5.1  Overall conclusion for the study 

   The main objective of this project was to develop a targeted liposome delivery 

system for the anticancer drug, CTD, to selectively deliver this drug to the HCC 

solid tumor. The long-term goal of this project is to develop a liposomal therapy 

for treating HCC in a clinical setting. 

  Towards this goal, the augmented anticancer effects of CTD with liposomes 

encapsulation were demonstrated both in vitro and in vivo first (Chapter 2). By 

comparison of the free CTD and its liposomal formulation, the liposomal CTD 

showed high anti-proliferative effects by MTT assay, pronounced cell cycle arrest 

and apoptosis induction by apoptosis study and morphological observation, and 

also an enhanced tumor growth inhibition in subcutaneous HepG2 cell bearing 

nude mice. These encouraging results of liposomal CTD were believed to be 

contributed to the 1) improved drug solubility by liposomal encapsulation; 2) 

enhanced drug internalization into cells by efficient liposome fusion or 

endocytosis rather than free drug diffusion; 3) passive-targeting of liposomal CTD 

due to the PEGylation of liposomes. 

  In the second part of this study (Chapter 3), we further designed a cancer 

cell-specific penetrating liposomes with BR2 cancer cell-specific penetrating 

peptide modification of the liposomes surface loaded with the anticancer drug 

CTD to create a system targeting HCC cells more efficiently and effectively. The 
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basic starting point of designing this peptide-modified liposome was to solve the 

problems of (a) inability of liposomes to penetrate into cytoplasm, and (b) 

non-specific penetration of peptide-modified liposomes. Firstly, the BR2 was 

conjugated to the DSPE-PEG-Mal groups followed by dissolving this lipid 

together with SPC, DSPE-PGE and drugs in ethanol for injection to form 

liposomes. With physical characterization of liposomes, the BR2-modified 

liposomes showed particle size of 100-130 nm that was suitable for passive 

targeting, homogenous status with a narrow PDI value, stability within the tested 

time points as there was no change of particles size, and a controlled drug release 

profile, indicating that this BR2 modified liposomes could be physically suitable 

for drug delivery.  

   The in vitro cytotoxicity assay comparing the loaded liposomes’ effects on 

HepG2 and the control Miha cells showed that CTD-loaded liposomes had a 

stronger anticancer effect after BR2 modification (Chapter 3). By comparison the 

BR2-modified liposomes effects on the two cell lines, cancer cells (HepG2) and 

normal hepatocytes (Miha), the results showed that BR2 can endow the liposomes 

with a cancer cell specific-anticancer effect which might be due to the specific 

penetrating effect of BR2. The cellular uptake results of HepG2 and Miha cells 

further confirmed the superior ability of BR2-modified liposomes to penetrate 

cancer cells. The colocalization study revealed that BR2-modified liposomes 

could enter tumor cells and subsequently release drugs. A higher efficiency of 
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delivery by BR2 liposomes as compared to unmodified liposomes was evident by 

evaluation of the HepG2 3D tumor spheroids penetration and inhibition. The 

biodistribution studies and anticancer efficacy results in vivo showed the 

significant accumulation of BR2-modified liposomes into tumor sites and an 

enhanced tumor inhibition. These results indicated that both passive and active 

tumor-targeting mechanisms were involved in reagent accumulation within tumors 

after encapsulated into BR2-modified liposomes, where the passive targeting is 

most likely attributable to the EPR effect of liposomes and active targeting 

achieved by BR2 conjugation to liposomes. In conclusion, BR2-modified 

liposomes could improve the anticancer potency of drugs for HCC. 

  Subsequent investigation of dual-functionalized liposomes in the third part of 

this study (Chapter 4) elucidated the potential of the targeting liposomal delivery 

system by bi-ligand modification. The one specific ligand-mediated endocytosis 

might be not enough due to the saturation condition. Therefore, we modified 

BR2-liposomes surface with anti-CA IX Ab cancer targeting ligand for most 

specific and effective CTD delivery to HCC. We have demonstrated in this study 

the rational design and synthesis of this dual-functionalized liposome delivery 

system (DF-Lp). Through in vitro cell viability by MTT and bioluminescence, the 

significantly improved anti-proliferative effects of CTD with DF-Lp 

encapsulation were shown. The DF-Lp showed enhanced binding ability to 

HepG2 CA IX positive cells, indicating the specific-receptor mediated 
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endocytosis, thus the dual ligand-modified liposomes loading CTD possessed a 

better anti-proliferation and also greater superiority in cellular uptake than the 

one-ligand modified liposomes. Moreover, this DF-Lp entered HepG2 cells 

partially via receptor-mediated endocytosis, which led to the delivery of the cargo 

to the endosomes. However, efficient uptake does not necessarily result in 

efficient drug anticancer effects because the endocytosed drug needs to escape 

from the endosome to produce its effects in the cellular cytoplasm or nucleus. In 

the study, the early phase of uptake (0.5 h) of DF-Lp was by endosome, but 3 h 

later the DF-Lp showed successful escape from the endosomes, which is 

beneficial for intracellular drug release. The dual-functionalized liposomes also 

showed long-time circulation and targeting in HepG2 xenografted orthotopic 

tumors and strong anticancer efficacy in vivo. The improved anticancer effect of 

the dual-ligand mediated delivery liposomal delivery system is mainly due to the 

PEG long chain, the BR2 peptide and anti-CA IX antibody on the liposome 

surface. Their modification not only help liposomes prevent serum opsonization 

and abolish the non-specific RES uptake, but also help combine with gangliosides 

and CA IX antigen, both of which are overexpressed in HCC but little expressed 

in normal hepatocytes. The data indicated that the dual ligand-modified liposomes 

provide a most effective targeting delivery of CTD into HepG2 cells and 

inhibition of tumor growth in orthotopic HCC model. 
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  In conclusion, data from this study provide concrete evidence in support of 

feasibility of dual-functionalized liposomal delivery system for CTD delivery to 

the HCC site. This targeted delivery system could potentially increase the 

anticancer activity as well as the therapeutic utility of the drug compared to its 

free formulation. The dual-functionalized liposomes can be fine-tuned to achieve 

precise therapy to the HCC patients who have positive expression of CA IX. 
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5.2  Prospective for future studies 

  We believe that several challenges still lay ahead. One important thing is the 

multidrug resistance, which is a major problem that interrupts chemotherapeutic 

agent efficacy. Besides, HCC is known as a largely chemoresistant cancer that can 

evade the effects of chemotherapy as described in the literature review part. In 

future studies, the multidrug resistance could be overcome by the liposome 

co-delivery of anticancer drug (e.g. CTD) and simultaneously delivery of 

suppressors of resistance or other substrate of multidrug resistance related protein 

inhibitors. 

  Based on the literature, several agents besides CTD could be encapsulated into 

liposomes for multidrug resistance, such as  

a). Survivin that is highly expressed in a wide range of solid cancer including 

HCC, and is highly involved in cancer progression and treatment of resistance 

[194]; 

b). Drug efflux transporters, such as Pgp, BCRP, mediated MDR is reported to be 

major factors related to the chemoresistance in HCC [195]. Therefore, one 

promising approach to overcome the MDR in HCC could be to reverse the drug 

efflux by simultaneously incorporating both therapeutic drug and 

chemosensitizing agent into same liposomes.  

  Another challenge is the long-term storage of liposome formulations that also 

countered during the course of the study. The hydrolysis or oxidation of the 
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phospholipid molecules like the SPC used in this study could cause drug leakage 

from the liposomes and the liposome fusion and aggregation resulting to altering 

the vesicle size [196]. This could largely affect the stability and the long-term 

storage of the liposomes. Therefore, to study the suitable conditions to improve 

the long-term stability of liposome is of great importance. According to the 

studies, there were two mainly used methods for storage of liposomes, the 

freezing and the freeze drying [196]. However, both of these procedures might 

strongly affect liposomes stability: the former one has mechanical stress that 

might cause damage of the liposomal membranes by ice crystal formation during 

freezing. The latter one has a steep increase in the concentration of the solute that 

might induce a chemical destruction of the liposomes during freezing and 

dehydration [197]. Therefore, in the following studies, it will be more valuable to 

actively seek a good way to improve the long-term storage of liposomes.  

  Moreover, there are several aspects of this project should be improved in the 

future study.  

  For the formulations, 1) as the CA IX antibody was employed in this study for 

specific targeting, surface presented numbers of CA IX antibody should be 

detected; 2) The amount of intracellular delivery of the CTD can be quantified by 

such as the cellular distribution of the drug;  

  For the in vivo studies, 1) Since the bias of the in vivo treatment results showed 

a little larger, the numbers of nude mice used in this study could be increased; 2) 
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Since the Aidi Injection has been commercially used on the market in China that 

including CTD as one active content, the Aidi Injection is better to be used as one 

control by comparing to the DF-Lp/CTD group; 3) Since the safety of the 

liposomal formulation is an important issue when translating the liposomal 

formulation into clinical use, the systemic toxicity of the DF-Lp carrier should be 

evaluated with more indicators, such as using liposomal blank control, observing 

the white blood cell count etc.  
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