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ABSTRACT 

The water solubility of drug molecules plays an important role in consideration of 

formulation development to treat a wide range of diseases. In this project, two kinds of 

drug delivery systems, cyclodextrins and liposomes, were developed for insoluble drug 

delivery to treat Alzheimer’s disease (AD) and colorectal cancer (CRC), respectively.  

 

AD is an irreversible neurodegenerative disorder associated with the accumulation of 

amyloid-beta (Aβ) fibrils. Approximately 10% of people aged 65 and above have AD. 

Crocetin (CRT) is an active compound isolated from the fruits of gardenia (Gardenia 

jasminoides Ellis) and the stigmas of saffron (Crocus sativus L.). It has been reported 

to show various neuroprotective activities. However, poor water solubility and 

bioavailability are the major obstacles in developing pharmaceutical formulations of 

CRT. To address the issues, CRT liposomal formulations and CRT-cyclodextrin 

inclusion complexes were developed and evaluated. CRT-cyclodextrin inclusion 

complexes significantly increased the water solubility of CRT from the range μg/mL to 

mg/mL. The CRT-γ-cyclodextrin inclusion complex (1:3 molar ratio of CRT/γ-

cyclodextrin) was chosen for further studies as it showed the highest encapsulation 

efficiency (94.73 ± 0.86%). The formulation had no toxicity to neuronal cells nor AD 

model cells within the experimental concentration range (0.625 to 100 μM of CRT). It 

could downregulate the expression of C-terminus fragments and decrease both 

intracellular and extracellular levels of Aβ, which are hallmarks of AD. It also showed 

dose-dependent neuroprotective and antioxidant effects against H2O2-induced cell 

death. Pharmacokinetics and biodistribution studies showed that this CRT-γ-

cyclodextrin inclusion complex was suitable for intravenous administration. The 
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formulation significantly increased the bioavailability of CRT and facilitated CRT 

crossing the blood-brain barrier to enter the brain.  

 

Similar to AD, CRC is increasingly prevalent with aging populations. Approximately 

60% of CRC patients are aged 70 and above. Halofuginone (HF) is an active 

pharmaceutical ingredient (API) originated from Chinese quinine (Dichroa febrifuga 

Lour.) and artesunate (ART) is a semi-synthetic derivative of artemisinin (ATS) 

extracted from annual wormwood (Artemisia annua L.). Both APIs show anticancer 

activities by inhibiting the growth of CRC. However, low aqueous stability limits their 

applications. Liposome formulation with surface functionalization by CPP2 cell-

penetrating peptide was developed to deliver HF and ART for targeted CRC therapy. 

CPP2 is a peptide that can selectively penetrate colon cancer cells. The liposomal drug 

formulations had uniform particle size (about 100 nm), high encapsulation efficiency 

(over 80%) and good stability upon 14 days of storage. In cellular uptake study, CPP2-

modified liposome showed stronger permeability and selectivity to colon cancer lines 

without inducing lysosomal degradation. CPP2 surface-modified liposomal drugs 

demonstrated greater anticancer activities than free form of drugs or conventional 

liposomal drugs. Combinations of HF and ART formulations notably decreased cancer 

cell viability as compared to single formulation alone, which indicated that HF and 

ART formulations exhibited synergistic anticancer effects at specific ratios. 

 

To conclude, the drug delivery systems, cyclodextrins and peptide-modified liposomes, 

which were developed for AD and CRC treatment, successfully improved the aqueous 

solubility of insoluble APIs extracted from Chinese medicinal plants.   
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CHAPTER 1– Introduction: Background and 

Literature Review 

 

1.1 Importance of water solubility of drugs 

The water solubility of drug molecules is an important criterion in consideration of the 

development of formulations to treat a wide range of diseases. It was estimated that 

around 90% of the drug candidates and about 40% of approved drugs are slightly 

soluble or insoluble in water [1]. Generally, bioavailability and pharmacokinetic 

profiles are highly related to the water solubility, dissolution rate, and permeability of 

drug molecules [2]. For absorption, a drug has to be present in the aqueous form at the 

targeted site. Poor solubility and slow dissolution rate in the gastrointestinal fluids of 

drugs always result in low bioavailability after oral administration [3]. It is difficult for 

drugs with poor water solubility to reach an effective concentration in systemic 

circulation to achieve therapeutic effects [4]. Biopharmaceutics classification system 

(BCS) is a system used to classify drugs into four categories based on their aqueous 

solubility and intestinal permeability (Table 1-1). For class I drugs, they are usually 

suitable for oral administration in the simple solid dosage form. The applications of 

class II drugs are restricted by the solubility and dissolution rate. Therefore, different 

formulation approaches are developed for this class of compounds to enhance water 

solubility. In the case of class III drugs, permeability is improved by modifying the drug 

solid with absorption enhancers. For class IV drugs, they are formulated by combining 

the usage of the current solubility enhancement approaches for class II drugs and 

absorption enhancers for class III drugs [2, 5].  
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Table 1-1. Biopharmaceutical Classification System (BCS) characterization of 

drugs based on solubility and permeability measures [5]. 

Class Water solubility Permeability Formulation approaches 

I High High Simple oral dosage form 

II Low High 
Particle size reduction, chemical 

modification, solid dispersion 

III High Low Adding absorption enhancers 

IV Low Low 
Combining approaches for class II and 

class III drugs 

 

1.2 Water solubility enhancement technologies 

Various technologies including particle size reduction, chemical modification, 

cyclodextrin inclusion, and liposome encapsulation have been developed to address the 

low water solubility and bioavailability problems by modifying the physicochemical 

and biopharmaceutical properties of the molecules. In the following sections, several 

approaches for water solubility enhancement will be summarized. 

 

1.2.1 Particle size reduction techniques 

Conventional particle size reduction aims to enhance the dissolution rate by increasing 

the surface area of particles [6]. During the process, the chemical nature of the drug 

does not need to be modified. Therefore, it is regarded as a safe and convenient method. 

Particle size can be decreased by antisolvent precipitation, milling, and high-pressure 

homogenization. According to a previous study, the dissolution rate of particles 

increases sharply when the particle size is under 1 μm [6, 7]. As a result, the particle 
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size is usually controlled within the sub-micro or nanometer range based on theoretical 

considerations. Approaches for size reduction can be divided into bottom-up and top-

down techniques, which can be applied independently or in combination [8]. The 

bottom-up methods start with the drug molecules dissolved in a solvent, followed by 

changing the condition of the solution to induce precipitation or crystallization of 

resized drug particles [8, 9]. Meanwhile, top-down approaches start with large particles; 

particle size is reduced by different technologies such as wet milling or high-pressure 

homogenization which is regarded as more efficient [8-10].  

 

1.2.1.1 Antisolvent precipitation 

In the antisolvent precipitation method, a high concentration of drug solution is mixed 

with an antisolvent (that is, a solvent in which the drug has low solubility), the solubility 

of drug molecules in the co-solvent system will be decreased and it will lead to 

supersaturation, from which drug molecules will precipitate or crystalize [11]. The 

choice of the solvent system determines the particle size and particle size distribution. 

The solvents should be mildly miscible to obtain small particles with narrow size 

distribution; otherwise, non-uniform particles will be formed [6]. This is an easy 

method to reduce the particle size. Sometimes, spray-drying can be carried out to 

remove the trace amount of solvent contained in the recovered product; however, there 

is a possibility that spray-drying will change the crystal form of the particles [12]. The 

change of crystal form can affect the stability, solubility and pharmacokinetics of 

molecules. Generally, the thermodynamically most stable crystalline form is always 

preferred to develop into the final dosage product. However, the stable crystal form 

may not have high solubility and dissolution rate, particularly for water-insoluble 
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compounds. As a result, metastable forms such as the amorphous phase have been 

utilized for water solubility enhancement [13]. The use of supercritical fluids is another 

option to control the particle size as it possesses the properties of liquid and gas 

simultaneously. By adjusting the pressure and temperature, the dissolution behaviors 

can be controlled according to the application requirements [6, 14]. In general, CO2 is 

the most frequently used supercritical solvent. Due to its low toxicity, it is regarded as 

safe by the Food and Drug Administration (FDA) in pharmaceutical processing such as 

water solubility enhancement and drug delivery applications [15]. Other supercritical 

solvents include water, acetone, CO2/ethanol mixture, nitrous oxide, etc. 

 

1.2.1.2 Air jet milling 

Air jet milling accelerates the particles to a high speed by employing high-pressure air 

stream to cause collisions between particles or between particles and the walls of the 

milling chamber. This technique can reduce the particle size from less than 10 μm to 

100 μm by the shear force [16]. Drugs can be milled solitary or co-milled with suitable 

excipients depending on the therapeutic needs. Fine particle size with narrow size 

distribution can be produced by longer milling durations. This method is suitable for 

heat-sensitive drugs, it is free of contamination, and it is easy to scale up for large 

quantity production [17].  

 

1.2.1.3 Ball milling 

Ball milling is another milling method for particle size reduction. Firstly, the machine 

is filled with a grinding medium, normally balls and rods, which are made from ceramic, 

silicon nitride, steel, etc. Then, the material being milled is added into the vessel. The 
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vessel can rotate and vibrate at different speeds and frequencies. Similar to the air jet 

milling, in ball milling, particles are broken down by the shear force of collisions 

between particles or between particles and the milling medium. Milling intensity is 

determined by the quantities and properties of the grinding medium and starting 

material [16]. Besides size reduction, ball milling technology can prepare amorphous 

solids when excipients are mixed with drugs to form drug-excipient mixtures or when 

two different drugs are mixed to form drug-drug co-amorphous mixtures [17-19]. 

Particles in the amorphous state are more soluble than in the crystalline form [20]. 

Therefore, the dissolution of the insoluble drug can be improved by ball milling. Ball 

milling is not easy to scale up, heat is generated during the process. External jacketing 

can help to carry out heat removal and promote the working time of the machine.  

 

1.2.1.4 High-pressure homogenization 

High-pressure homogenization (HPH) is employed for the preparation of 

nanosuspensions. Usually, drug particles have to be pretreated for micronization by 

another procedure such as air jet milling or ball milling. Nanonization is achieved by 

high energy cycling. Briefly, a drug suspension is repeatedly passed through a narrow 

gap at a high flow rate along with high pressure above 1000 bars. Under this condition, 

the liquid boils, and gas bubbles are formed. It generates a strong shearing effect for 

the breakdown of the drug microparticles [16, 21]. The outcome of the breakdown is 

determined by the pressure, the number of cycles, flow rate and properties of the drug. 

For softer particles, particle sizes within the range of 200 to 300 nm can be achieved 

[22]. The “soft” and “hard” classification is based on the nature of the particles. “Hard 

particles” maintain original shape and size during all the process, while the size and 
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shape of “soft particles” are relatively easy to be changed under various conditions such 

as variation of pH, temperature, and pressure [22]. High-pressure homogenization can 

overcome some of the disadvantages of conventional size reduction method such as 

polymorphic transformations and contamination [23]. Therefore, it is also suitable for 

continuous processing. Furthermore, liquid dispersion medium or non-aqueous media 

such as supercritical CO2 can be used during comminution, which broadens the 

applications of high-pressure homogenization. 

 

1.2.2 Solid dispersion 

Due to high lattice energy, solids in stable crystal form are not easy to dissolve as 

compared to the disordered amorphous form. Solid dispersion is another mean for water 

solubility enhancement. It aims to disperse hydrophobic drug molecules in hydrophilic 

carriers to form amorphous matrices or crystalline matrices [24, 25]. The carriers can 

solubilize the drug and keep the whole system in a metastable state for a certain period 

of the time under supersaturation conditions. Therefore, precipitation, aggregation, and 

nucleation can be prevented [26, 27]. However, the amorphous form of solids is 

unstable due to the excess of enthalpy, entropy, and free energy, and this means that the 

solids can convert from amorphous form to the stable crystalline form easily [28]. 

Different types of materials such as acids, sugars, polymeric ingredients, surfactants, 

dendrimers, etc. are employed as the carriers. These materials are necessary 

pharmacologically inert with low toxicity. Also, strong bonding formation between 

drug molecules and carriers should be avoided. Usually, solid dispersion can be 

achieved by spray-drying, hot-melt extrusion, and co-precipitation according to the 

properties of drugs. For drugs soluble in a volatile solvent, spray drying can be applied; 
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hot-melt extrusion is suitable for drugs with a moderate melting point while co-

precipitation applies to drugs with a high melting point and low solubility in an organic 

solvent. Meanwhile, other technologies for improving the aqueous stability of the 

amorphous forms are still being developed [29].  

 

1.2.3 Chemical modification 

It is less common to improve the water solubility of a drug by chemical modifications, 

but it is very useful in the case of drug molecules that can be easily converted to a salt 

form [3]. Synthesis of prodrugs or analogues can also be considered when the prototype 

exhibits undesired properties [30]. The structure of therapeutic molecules can be 

modified to adjust their physical and chemical properties, as well as their 

pharmacokinetics and pharmacodynamics parameters. However, the synthesis of drug 

analogues is full of uncertainties because the activity site(s) responsible for therapeutic 

effects and the properties of different functional groups have to be well studied. 

Moreover, the synthesis usually requires several steps, and sample loss is accumulated 

in each step [31].  

 

1.2.3.1 Salt formation and pH adjustment 

A drug in salt form can have improved physicochemical properties as compared to its 

original form such as stability and water solubility, usually with no loss of the 

therapeutic effects of the drug [32]. The process of salt formation involves the attraction 

of ionic intermolecular forces between counterion pairs and the parent drug. Therefore, 

it is important to select the appropriate counterion. Low molecular weight counterions 

are usually preferred as they do not have a significant impact on the dose required [33]. 
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In many cases, insoluble drug molecules show pH-dependent solubility and dissolution 

behavior. Counterions also play a role in pH modification when the salt is dissolved in 

water. A good counterion can adjust the pH of the solution close to the value at which 

drug molecules have the highest solubility. For example, aspirin is incorporated with 

sodium bicarbonate and citric acid to yield a soluble salt product, Aspro, which can 

achieve therapeutic effects faster than the original drug [34]. However, the common ion 

effect should be taken into account when screening counterions, because this effect 

influences the absorption and dissolution rate in different microenvironments [35].  

 

1.2.4 Cyclodextrin complexation 

 

Figure 1-1 Chemical structure of different cyclodextrins 

Cyclodextrins (CDs) are cyclic oligosaccharides that have a cage-like supramolecular 

structure. The inner cavity of CDs can hold lipophilic molecules and form water-soluble 

guest/host complexes without forming covalent bonds. The binding force of hydrogen 

bonds, hydrophobic interactions , and van der Waals interactions are responsible for the 

complex formation [36, 37]. According to the number of glucopyranose units, natural 

CDs can be divided into three major types: α-, β- and γ- CDs (Figure 1-1). The number 
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of glucopyranose units is 6, 7, and 8, respectively. The water solubility of β-CD is 

relatively low as compared to natural α- and γ-CD (Table 1-2). Therefore, CD 

derivatives like hydroxypropyl-β-CDs and sulphobutylether-β-CD are synthesized to 

enhance the water solubility and other functions of natural CDs. Some of the CD 

derivatives are listed in Table 1-3. Water solubility, bioavailability and stability of 

payloads will be increased after insertion into the CDs. Theoretically, the upper limit 

of the solubility of the inclusion complex in water should be close to that of the CD 

alone [38]. Methods to prepare CD inclusion complexes will be described. 

 

Table 1-2 Properties of natural cyclodextrins [36]. 

Properties α-CD  β-CD  γ-CD 

Number of glucopyranose units 6 7 8 

Molecular weight (g/mol) 972 1135 1297 

Solubility in water at 25 ℃ (g/L) 145 18.5 232 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3 

Cavity volume (Å3) 174 262 427 
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Table 1-3 Examples of cyclodextrin derivatives [37]. 

Derivatives Substituent 
Molecular weight 

(g/mol) 

Solubility in water 

at 25 ℃ (g/L) 

Hydroxypropyl-α-CD 
(HPαCD) 

-CH2-CHOH-CH3 1180 ≥ 600 

Hydroxypropyl-β-CD 
(HPβCD) 

-CH2-CHOH-CH3 1400 ≥ 600 

Hydroxypropyl-γ-CD 
(HPγCD) 

-CH2-CHOH-CH3 1576 ≥ 500 

Randomly Methyl-β-CD 
(MβCD) 

-CH3 
Depends on the no. 

of CH3 
≥ 500 

Sulphobutylether-β-CD 
(SBEβCD) 

-(CH2)4SO2-Na+ 2163 ≥ 500 

 

1.2.4.1 Co-precipitation 

First, a high concentration of cyclodextrin water solution is prepared. Then, the drug is 

added slowly to the cyclodextrin solution. The solution can be heated if the drug is 

thermally stable. The solubility of the inclusion complex in water will be exceeded 

during the reaction process, as a result, a precipitate of inclusion complex is formed. 

After reaction is complete, the solution should be cooled to allow inclusion complex to 

precipitate out. The precipitate can be collected after separation by filtration or 

centrifugation [36]. The use of additives can affect the formation of the inclusion 

complex. For example, adding surfactants can reduce the complex formation while 

adding ethanol can facilitate the complexation. The method is appropriate for laboratory 

preparation but not easy to scale-up. A large amount of water and energy for heating 

has to be applied for large-scale production. [36, 37, 39].  
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1.2.4.2 Kneading method 

This method does not require dissolving CDs in water. Only a small amount of water 

is needed to form a CD paste and CD is saturated in the aqueous phase. The drug is 

mixed with the paste by a mortar or pestle. Inclusion complexes will form in the 

aqueous phase and precipitate out during kneading. The mixing time depends on the 

properties of drug molecules, and heat can facilitate the complexation. However, 

overheating will destabilize the formation of inclusion complex. The kneaded mixture 

is then dried and collected by centrifugation or filtration. Sometimes, a hard mass rather 

than a fine powder is formed after kneading. By milling the hard mass, the powder can 

be obtained. Due to the small amount of water used, this method is suitable to prepare 

inclusion complexes on a large scale. Overall, it is a simple and cost-effective 

preparation process [36, 40].  

 

1.2.4.3 Microwave irradiation  

This is a novel method involving the use of a microwave oven. First, the CDs are 

dissolved in water and the drug is dissolved in an organic solvent in a specific molar 

ratio. The mixture is then treated with microwave irradiation for a reaction. After the 

reaction is complete, the precipitate is washed with a small amount of appropriate 

solvent to remove the residual drugs. After filtration and dried, the inclusion complex 

can be obtained. This method is suitable for large scale preparation with short reaction 

time and high product yield [41].  
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1.2.4.4 Drying of inclusion complexes 

Inclusion complexes are very stable when dried. Complexes can be dried by several 

methods such as spray drying or freeze-drying. For volatile guests or complexes with 

good solubility, lyophilization can be employed [42]. It is important to pay attention 

not to destroy the inclusion complex when drying.  

 

1.2.4.5 Release of guest molecules from inclusion complexes 

When the inclusion complexes are dissolved in water, guest molecules held by the CDs 

will be substituted by water molecules present in solution and released from the CDs. 

Finally, an equilibrium will be reached between the free guest molecules, free CDs, and 

the inclusion complexes. When storing inclusion complex dried solids, moisture should 

be avoided as water molecules in the air can replace the guest molecules. [36]. 

 

1.2.5 Liposome encapsulation 

Liposomes are spherical vesicles consisting of one or more phospholipid bilayers. They 

have an aqueous core that can be used to encapsulate hydrophilic molecules, and they 

have a lipid bilayer that can trap lipophilic particles. Therefore, a wide range of moieties 

can be loaded onto liposomes for aqueous solubility and bioavailability improvement 

[43]. In some cases, liposome encapsulation can decrease toxicity and increase the 

therapeutic efficacy of drug molecules [44]. Generally, the particle size of liposomes is 

30 nm to several μm. Depending on the composition of the formulations, properties 

such as the size, zeta potential and rigidity of the liposomes can be controlled [43]. The 

surface of the liposomes can be modified for different purposes. Polyethylene glycol 

(PEG) polymer chains can be conjugated with liposomes to form PEGylated liposomes, 
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which can improve the pharmacokinetics and pharmacodynamics of the biomolecules 

[45]. Specific targeting actions of liposomes can be achieved by conjugating suitable 

targeting vectors such as antibodies, cell-penetrating peptides, etc. (Figure 1-2). Cell 

membranes are usually composed of phospholipid bilayers similar to liposomes. In 

some cases, biological membranes of erythrocytes, platelets, cancer cells and bacterium 

are employed to fuse with the lipid bilayer of liposomes for drug delivery [46, 47]. In 

recent years, many liposomal drug delivery systems (DDS) have been established to 

treat a variety of diseases such as cancer, infections and neurodegenerative diseases 

[48]. 

 

 

Figure 1-2 Composition of liposomes. (A) Conventional liposomes; (B) PEGylated 

liposomes with polyethylene-glycol (PEG) modification; (C) Multifunctional 

liposomes. 
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1.2.5.1 Classification of liposomes 

Liposomes can be classified according to their size and the number of lipid bilayers. 

The vesicle size plays a major role in determining the circulation half-life while the 

number of bilayers is highly related to the amount of drug encapsulated by the 

liposomes [49]. Liposomes have been categorized into multilamellar vesicles (MLV) 

and unilamellar vesicles. Unilamellar vesicles are divided into giant unilamellar 

vesicles (GUV), large unilamellar vesicles (LUV) and small unilamellar vesicles (SUV) 

by their size (Figure 1-3). 

 

Figure 1-3 Classification of liposomes according to the size and number of lipid 

bilayers (size not to scale). 

 

1.2.5.2 Functionalized liposomes 

The surface of liposomes can be decorated with numerous targeting vectors such as 

cell-penetrating peptides, antibodies and aptamers, to maximize their utilities. Off-

target effects can be avoided by this approach. Receptors with overexpression are used 

as a binding target for ligand-conjugated liposomes; while immunotherapy can be 

achieved by docking antigens with antibody-conjugated immunoliposomes [50]. Some 

advanced liposomal formulations have more than one function. For example, 
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theranostic liposomes loaded with drug moieties and diagnostic agents for cancer 

therapy have been developed, which can be used to monitor the cancer targeting and 

pharmacokinetics of liposomal formulations, and to record the therapeutic efficacy of 

the drug from imaging technique [51, 52]. Dual peptide-modified liposomes can also 

be prepared to enhance the targeting ability of liposomal systems to attain better 

therapeutic results [53, 54].  

 

1.2.5.3 Freeze-dried liposomes 

Stability during long term storage is always a problem of liposomes. To solve the issue, 

liposomes can be lyophilized to obtain dry powders. During the freeze-drying process, 

lyoprotectants such as sucrose, trehalose and mannitol, can protect the liposomes. A 

good quality dry liposome powder can be rehydrated in water easily without affecting 

the drug encapsulation efficiency. This strategy is worth exploring for further 

development of liposomal formulations [55, 56].  

 

1.2.6 Solid lipid nanoparticles 

Solid lipid nanoparticles (SLNs) are particulate colloidal carriers with particle size 

between 50 nm to 1000 nm. Usually, SLNs consist of a solid phase lipid and a surfactant 

with a drug adsorbed on the surface or embedded in the matrix; the solid lipid acts as a 

dispersed phase while the surfactant acts as an emulsifier [57]. SLN sometimes is used 

as an alternative to liposomes. The properties such as particle size and drug loading 

efficiency of SLNs are determined by their composition. SLNs can also be employed 

to improve solubility and pharmaceutics performance [58, 59]. The preparation of SLNs 

does not require the use of organic solvents; therefore, SLNs are safe and have low 
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biotoxicity. However, long term storage of SLNs may cause an increase in particle size, 

gelation of particles and undesired drug release [60].  

 

1.2.7 Polymeric micelles 

Polymeric micelles are another type of carrier which can be used to enhance solubility 

of drug. Micelles are formed by amphiphilic block copolymers, which have a 

hydrophilic core surrounded by a hydrophilic corona with a particle size around 100 

nm. Therefore, micelles can encapsulate lipophilic drugs in the core to improve water 

solubility [61]. The formation of micelles involves two forces: attractive force is 

responsible for molecule association, and the repulsive force prevents the assembly of 

micelles to form a large structure [62, 63]. The shape of micelles is not necessarily 

spherical. It can be changed from spherical to rod-shaped according to the ions and 

charge present in the solution. Therefore, besides the composition, intermolecular 

forces and electrostatic interactions are also important for micelle properties and 

functions [64, 65]. Micelles are widely applied in the pharmaceutical industry for drug 

delivery. Their advantages include targeted delivery, protection of the drug from 

oxidation and metabolism, controlled release, and encapsulation of more than one drug 

at the same time [66, 67]. However, they are not very stable in the blood, and there are 

not many other choices for appropriate copolymers [68].  
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Table 1-4 Advantages and disadvantages of different technologies to improve 

aqueous solubility of drug. 

Technique Advantages Disadvantages Ref. 

Antisolvent 
precipitation 

Simple; low cost 

Toxicity of solvents; a 
trace amount of solvent 

trapping in the recovered 
products 

6, 11-13 

Air jet milling 

Suitable for heat-sensitive 
drugs; free of 

contamination; easy to 
scale up 

High cost for gas 
compression 

16, 17 

Ball milling 
Produce fine powders; wide 

applications; suitable for 
abrasive materials 

Long milling time; change 
of crystal form; 

contamination of product 
may occur if the balls are 

cracked during milling 

16-20 

High-pressure 
homogenization 

Free of contamination; 
wide applications; avoid 

polymorphic 
transformations 

Pretreatment to obtain 
micro-sized drug particles; 

require of suspension 
formation 

16, 21-23 

Solid dispersion 

Results in particles with 
reduced particle size; many 

choices of drug carriers 
according to the need 

Unstable; amorphous drug 
forms may convert to 

crystalline forms during 
storage 

24-29 

Prodrug 
Enable drug targeting; 
change the undesired 

properties of prototype 

Not suitable for all 
molecules; samples loss 

during synthesis 
30, 31 

Salt formation 

Improve physicochemical 
properties without 

changing pharmacological 
features 

Conversion of salts to free 
acid and base forms due to 

storage or pH effects 
32-35 

Cyclodextrin 
complexation 

Improves stability, water 
solubility and 

bioavailability of the drug; 
stable after dried 

Complexation is related to 
the chemical and 

geometrical properties of 
drug molecule; low 

complexation efficiencies 

36-42 
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Liposome 
encapsulation 

Formulation flexibilities; 
targeted delivery; improve 

aqueous solubility, and 
bioavailability; reduce the 

toxicity of the drug 

Not good for long term 
storage; relatively high 

cost 
43-56 

Solid lipid 
nanoparticles 

Formulation flexibilities; 
improve solubility, and 

bioavailability; no 
biotoxicity 

Low drug-loading 
efficiency; unpredictable 

gelation 
57-60 

Polymeric micelles 

Targeting delivery; 
protection of the drug from 
oxidation and metabolism; 

controlled release 

Not very stable in the 
blood; not many choices 

for appropriate copolymers 
61-68 

 

1.3 Objectives of the study 

Herbs used in traditional Chinese Medicine are good natural resources for drug 

discovery. It has already been reported that a wide range of active pharmaceutical 

ingredients (APIs) extracted from Chinese medicinal plants showed therapeutic 

efficacy in treating various diseases including cancer and neurodegenerative diseases, 

which are still tricky diseases to treat [69-72]. However, similar to new chemical 

entities (NCEs) developed in the pharmaceutical industry, APIs from herbal drugs are 

also facing the problem of low solubility [73]. Therefore, both novel and conventional 

particle technologies can be utilized to provide a solution.  

 

In the above sections, different approaches for solubility enhancement were 

summarized. Solubility is a key issue that affects the formulation development of a 

therapeutic agent, as well as its therapeutic efficacy and bioavailability. The 

formulation can facilitate the dissolution of the drug and modify any undesired 
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properties. Based on the application requirements, different dosage forms can be 

considered. There is no universal strategy that can be applied to all drugs. To overcome 

the disadvantages of each technique, combinations of methods can be adopted. Up to 

now, the use of drug delivery systems such as cyclodextrins and liposomes is more 

favorable than conventional particle technologies because of higher efficiency, better 

uniformly sized products, and multifunctional flexibilities.  

 

This project aimed to develop drug delivery systems for insoluble APIs extracted from 

Chinese medicinal plants to treat Alzheimer’s disease (AD) and colorectal cancer 

(CRC), which are increasingly prevalent with aging populations. Firstly, formulations 

were designed for single compound according to their applications and 

physicochemical properties. Secondly, characterization was carried out to evaluate the 

quality of formulations. Thirdly, therapeutic efficacy, bioavailability and permeability 

of the formulations were evaluated and compared to free from of drugs.  
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CHAPTER 2–Preparation and Characterization of 

Crocetin Formulations for Alzheimer’s Disease 

Treatment 

 

2.1 Introduction 

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder associated with 

the accumulation of amyloid-beta (Aβ) tangles and intracellular neurofibrillary tangles 

in the brain [74]. It is estimated that 5.8 million people in the US have AD, of whom 

5.5 million are aged 65 years or older. AD is the sixth leading cause of death in the US. 

The mortality rate has increased by 89% since 2010 [75]. So far, the FDA has approved 

five prescription drugs to treat AD. They are Aricept® (donepezil), Exelon® 

(rivastigmine), Namenda® (memantine), Namzaric® (memantine and donepezil) and 

Razadyne® (galantamine). However, these approved drugs can only relieve symptoms, 

slow the progress of the disease temporarily, none of them can cure or stop the 

progression of the disease [75, 76]. Furthermore, the efficiency of the drugs varies from 

person to person and from stage to stage, and the drugs are always accompanied by side 

effects such as nausea, diarrhea and vomiting [77]. At the same time, failures in clinical 

trials for the treatment of AD happen frequently. In some cases, trials employing small 

molecules or those using immunotherapies were unable to show a significant difference 

between drug and placebo; some revealed unpredictable toxicity [78]. If the situation 

of treating AD is not improved, the number of patients may keep rising and the whole 

world will bear a heavy cost burden of AD [75]. Therefore, the need to develop safe, 

effective drugs for AD therapy becomes increasingly urgent.  
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The origin of AD is still not fully understood. Research suggests that signs associated 

with AD can be found in the brain 20 or more years before the onset of symptoms [75, 

79, 80]. It may be possible that the initial changes in the brain can be recovered. When 

the changes are no longer reversible, symptoms gradually become apparent [81]. First, 

cognitive decline happens and then memory loss develops. In the most serious cases, 

basic daily functions are affected. Several hypotheses have been proposed to explain 

the cause of AD, and the most popular is the amyloid hypothesis. 

The amyloid hypothesis suggests that the pathogenesis of AD is due to the extracellular 

accumulation and aggregation of Aβ peptides in the brain [82, 83]. Aβ is generated 

because of the cleavage of the trans-membrane amyloid precursor protein (APP) by β-

secretase to yield C-terminus fragments CTF-α and CTF-β; the CTF-β is subsequently 

cleaved by γ-secretase to produce Aβ. The accretion of Aβ peptides leads to a series of 

neurotoxic issues [84, 85]. It leads to loss of mitochondrial function. By localizing 

mitochondrial membranes and blocking the transport of proteins to mitochondria, it 

results in mitochondrial damage [86]. Moreover, Aβ peptides react with metal ions in 

the brain to produce reactive oxygen species (ROS) and increase oxidative stress [87]. 

Aβ peptides can also disrupt calcium homeostasis by changing the concentration of 

calcium ions. Furthermore, Aβ peptides can trigger unregulated flux of calcium through 

the plasma membrane [88, 89]. At the same time, microglia release inflammatory 

mediators such as inflammatory cytokines and chemokines to cause neuroinflammation 

due to the microglia activation by Aβ peptides [90]. The relationship between Aβ 

peptides and neurotoxic issues is not unidirectional as they trigger each other in a 

positive feedback loop. Production of Aβ peptides leads to neurotoxic responses, while 

such responses impede the metabolism of APP and result in the accumulation of Aβ 
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peptides [87-92]. According to the Aβ hypothesis, the pathogenesis of AD is due to an 

imbalance in the production and clearance of Aβ peptides in the brain. Based on this 

theory, the most direct strategy is to reduce the Aβ peptides production and clear the 

Aβ peptides out of the brain. Therefore, Aβ peptides and the pathway of generating Aβ 

peptides can be the targets for the development of novel therapeutic candidates. 

In traditional herbal medicine, several plants have been used to treat the symptoms of 

neurodegenerative diseases [93, 94]. Crocetin (CRT) is an active compound isolated 

from the fruits of gardenia (Gardenia jasminoides Ellis) and the stigmas of saffron 

(Crocus sativus L.) [95]. Various neuroprotective activities of CRT have been reported. 

CRT shows the ability to inhibit Aβ fibril formation, destabilize pre-formed Aβ fibrils 

and improve Aβ degradation in vitro [96]. CRT in the micromolar level significantly 

degrades Aβ in monocytes from sporadic AD patients with moderate symptoms by 

upregulating the lysosomal protease cathepsin B [97]. A recent study has reported that 

CRT suppresses the amyloidogenic pathway by reducing the β- and γ-secretases in 

neuronal cells. And CRT also suppresses the GSK3β and ERK1/2 kinases expression 

to reduce the total tau and tau phosphorylation [98]. Furthermore, CRT can reduce the 

production of various neurotoxic molecules by neurons and protect neuronal cells 

against cell death caused by these neurotoxic substances. For example, CRT protects 

murine hippocampal cells from Aβ-induced neurotoxicity and reduces the production 

of reactive oxygen species (ROS) caused by Aβ [99]. CRT also inhibits 

lipopolysaccharide (LPS)-induced nitric oxide (NO) released from rat brain microglial 

cells and reduces the production of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-

1β) and ROS simulated by LPS [100]. In an animal study, CRT has been proven to 

improve learning and memory of AD transgenic mice model by reducing Aβ in various 
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brain areas and attenuating the level of inflammatory cytokines in plasma [101]. The 

mentioned properties of CRT indicate that it may be a potentially useful candidate for 

AD treatment.  

In terms of its chemical structure (Figure 2-1), CRT contains two carboxylic acid 

groups at each end of a polyene chain. However, CRT is insoluble in water in the 

physiological range (0.0056 g/L); it can only slightly dissolve in pyridine, dimethyl 

sulfoxide or aqueous alkali solutions at pH above 9 [102]. Poor water solubility restricts 

the therapeutic applications of CRT. Therefore, there is a need to develop a water-

soluble CRT formulation to improve the bioavailability and maximize the therapeutic 

effectiveness of CRT to treat AD.  

 

Figure 2-1 Structure of Crocetin 

Different strategies to improve the water solubility of CRT were reported. Wang et al 

synthesized CRT derivatives by conjugating CRT with ethylamine and 4-

fluorbenzylamine, respectively. The solubility of these synthesized derivatives in water 

was determined to be 24.20 ± 0.003 μg/mL and 15.20 ± 0.002 μg/mL, respectively. The 

significant improvement was due to the increase of hydrophilicity and hydrogen bond 

formation [103]. The water solubility of CRT can also be improved by employing drug 

delivery systems (DDS). Soltani et al encapsulated CRT into dendrimer for water 

solubility enhancement. Alkyl-modified poly (propylene) imine dendrimers (PPI) and 
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poly (amidoamine) dendrimers (PAMAM) were employed as the drug carriers. CRT 

showed a sustained-release manner in these formulations. The water solubility and 

antitumor activity of CRT was also enhanced [104]. Ghahestani et al developed a CRT-

loaded polymeric nanoparticles to improve the water solubility and therapeutic efficacy 

of CRT. Poly(lactic-co-glycolic acid) (PLGA) was utilized to encapsulate CRT and 

polyvinyl alcohol (PVA) was added as a surfactant. The optimal drug/polymer ratio 

was determined to be 1:20, with the use of dichloromethane as an organic solvent and 

5% PVA as aqueous phase. The particle size of nanoparticles was about 288 ± 4.22 nm 

and encapsulation efficiency was about 97.20% [105]. A micelle solution was prepared 

by Asai et al to increase the water solubility of CRT for oral administration in mice 

model. The micellar phase composition of the duodenal content of human subjects after 

a fat-rich meal was simulated by the formulation. And the concentration of CRT 

containing in the micelle solution was about 0.2 mM (65.68 μg/mL) [106].  

According to previous studies conducted by other researchers, employing DDSs is a 

feasible way to enhance the water solubility of CRT. However, it still has room for 

improvement. So far, no CRT formulation which can be administered via intravenous 

injection has already been developed. The intake of CRT is mainly via oral 

administration or intraperitoneal injection in suspension form [106-108]. As a result, 

large dose is always required to achieve effective concentration. To improve the current 

situation, the water solubility of CRT has to be further enhanced. CRT formulations 

composed of other DDSs such as liposomes and cyclodextrins may be alternatives to 

address the issue.  
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In this chapter, the formulation development of CRT will be carried out by employing 

the following DDSs: liposomes and cyclodextrins. The physicochemical properties of 

CRT formulations, such as particle size and encapsulation efficiency, will be 

investigated and optimized.  

 

2.2 Materials and methods 

2.2.1 Materials  

Crocetin was received from Jinan University (Guanzhou, China). Dimethyl sulfoxide, 

sodium hydroxide, γ-CD, and hydrochloric acid were purchased from Sigma-Aldrich 

(Saint Louis, MO, USA). Hydroxypropyl-β-CD (HPBCD) was purchased from 

International Lab-USA (South San Francisco, CA, USA). 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) and 1,2-dioleoyl-3-trimethylammonium-propane (chloride 

salt) (DOTAP) were purchased from Avanti-Polar Lipids Inc. (Alabaster, AL, USA). 

Methanol, chloroform and ethanol were purchased from VWR Chemicals 

(Leicestershire, UK). Acetonitrile was purchased from Duksan Pure Chemicals 

(Gyeonggi-do, Korea). All chemicals and reagents were of analytical grade.  

 

2.2.2 Experimental procedures 

2.2.2.1 UV absorption spectrum of CRT 

The stock solution was prepared by dissolving CRT in 0.05 M of NaOH solution at the 

concentration of CRT about 100 μg/mL. The working standard solutions were prepared 

by serial dilutions of the stock solution by using 0.05 M of NaOH solution. For UV 

spectrum measurement, the spectrum was obtained by scanning in the range of 190-500 

nm using a UV spectrophotometer (Agilent, Santa Clara, CA). 
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2.2.2.2 Solubility of CRT 

The solubility of CRT in water was determined at room temperature by the saturation 

shake-flask method [109]. Briefly, 1 mg of CRT was added into 1 mL of deionized (DI) 

water. The suspension solutions were shaken at 25 ℃ for 24 hr and then centrifuged at 

10000 rpm for 10 minutes. The supernatant was withdrawn and filtered for 

concentration determination by UPLC.  

 

For UPLC analysis, the stock solution was prepared by dissolving CRT in dimethyl 

sulfoxide/methanol co-solvent (1:4 V/V) at the concentration of CRT about 100 μg/mL. 

The working standard solutions were prepared by serial dilutions of the stock solution 

by using the mentioned co-solvent. A Waters Acquity ultra-performance liquid 

chromatography (UPLC) system was used with an ACQUITY UPLC BEH Shield RP 

18 column (1.7 μm, 2.1mm x 100 mm, Waters). The injection volume was 2 μL and the 

detection wavelength was 420 nm. The column temperature was 40 °C. Mobile phase 

was water with 0.1% formic acid and acetonitrile with 0.1% formic acid in ratio (V:V) 

from 35:65 to 5:95 (0 to 7 mins); 5:95 to 35:65 (7 to 8 mins); 35:65 (8 to 10 mins). The 

flow rate was 0.3 mL/min.   

 

2.2.2.3 Preparation of CRT Formulations 

2.2.2.3.1 Preparation of CRT liposomes 

Liposomes were prepared by the thin-film hydration method [110]. Conventional CRT 

liposome (CRT-lip) was composed of lipids and CRT in different mass ratios as follows: 
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Table 2-1. Different formulations of conventional crocetin liposomes 

 Lip-1 Lip-2 Lip-3 Lip-4 Lip-5 Lip-6 

CRT 1 mg 1 mg 1 mg 1 mg 1 mg 1 mg 

DSPC 40 mg 80 mg 100 mg N/A N/A N/A 

DOTAP N/A N/A N/A 40 mg 80 mg 100 mg 

  

Briefly, the components were dissolved in a co-solvent system of chloroform and 

methanol (3:1 v/v). Then rotary evaporation was carried out at 65 ℃ to dry the organic 

solvent and form a thin film on the wall of a round-bottom flask. The thin lipid film 

layer was hydrated with 10 mL of PBS at 65 ℃ for 1 hr. Then the liposomal suspension 

was extruded through a LIPEXTM Extruder (Northern Lipids, Vancouver, Canada) by 

nitrogen gas with 200 nm (10 times) pore-size polycarbonate filters (Millipore Co., 

Bedford, MA).  

 

2.2.2.3.2 Characterization of CRT liposomes  

The average particle size and polydispersity index (PDI) of the liposomes were 

determined by Delsa Nano-HC Particle Analyzer (Beckman Coulter, CA, USA). 

Encapsulation efficiency (EE%) was determined by the ultrafiltration method [111]. 

First, 20 μL of drug-loaded liposomes before extrusion and after extrusion were lysed 

with 980 μL of methanol. Second, 400 μL of liposome suspensions after extrusion were 

added to the sample reservoir of Microcon centrifugal filter (Nominal Molecular 

Weight Limit: 10 kDa) and centrifuged at 15000 rpm for 15 mins at 4°C to obtain the 

unencapsulated drugs. The amount of unencapsulated CRT and the total amount of CRT 
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in liposomes was determined by UPLC as described in section 2.2.2.2. The EE% was 

calculated by using the below equation: 

EE% = 
!"#$%&	#(	&#&)*	+,$-	.	!"#$%&	#(		$%/%0)12$*)&/+	+,$-

!"#$%&	#(	&#&)*	+,$- 		Í 100% 

 

 2.2.2.3.3 Preparation of CRT-CD inclusion complexes 

First, 5.0 mg of CRT was dissolved in 0.5 mL of 0.1 M of sodium hydroxide solution, 

and different weight of CDs were dissolved in 0.2 mL of purified water as follows: 

 

Table 2-2. Different formulations of CRT-CD inclusion complexes 

 CRT-HPBCD CRT-γ-CD 

CRT 5 mg 5 mg 5 mg 5 mg 5 mg 5 mg 

HPBCD 20.12 mg 40.24 mg 60.35 mg N/A N/A N/A 

γ-CD N/A N/A N/A 19.75 mg 39.50 mg 59.25 mg 

CRT:CD 

(Molar ratio) 
1:1 1:2 1:3 1:1 1:2 1:3 

 

The CRT solution was added dropwise to the aqueous CD solutions. The mixed solution 

was treated by ultrasonic homogenizer (Model 3000, Biologics Inc., NC, USA) for 4 hr 

for encapsulation. After the reaction was completed, the solution was neutralized by 0.1 

M of hydrochloric acid, and the pH of the solution was adjusted to 7.4. Then the solution 

emulsion was extruded through a 0.2 μm pore-sized polycarbonate membrane 

(Millipore Co., Bedford, MA, USA) for filtration. CRT concentration in solution was 

diluted by 0.1 M of sodium hydroxide solution and determined by UV 

spectrophotometer (Agilent, Santa Clara, CA, USA) at 420 nm. The encapsulation 
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efficiency of CRT was calculated from the following formula: (Amount of encapsulated 

CRT/Amount of total CRT added) × 100%.  

 

2.2.2.3.4 Characterization of CRT-γ-CD inclusion complex 

Successful preparation of the CRT-γ-CD inclusion complex was confirmed by infrared 

spectrometer and differential scanning calorimetry (PerkinElmer, Waltham, MA, USA) 

as previously described [112]. Briefly, for IR analysis, the pellets were prepared by 

grinding 1 to 2 mg of sample and 200 mg of potassium bromide by using a pestle. 

Fourier Transform Infrared Spectroscopy (FTIR) spectra of the samples were obtained 

in the range of 450-4000 cm-1. The resolution was 4 cm-1. For Differential scanning 

calorimetry (DSC) analysis, about 5 mg of samples were weighed and placed in 

aluminum pans with pinhole lids, followed by heating at a rate of 10°C/min in the 

temperature range of 60 °C to 320 °C. The measurements were carried out under dry 

nitrogen at the flow rate of 50 mL/min. An empty aluminum pan was used as reference.  

 

2.2.2.4 Statistical analysis 

All data are presented as mean ± SD unless specified otherwise. All statistical analyses 

were performed using GraphPad Prism 6.0 software.  
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2.3 Results 

2.3.1 UV spectrum of CRT 

The representative UV spectrum of CRT was shown in Figure 2-2. There are 

absorption peaks at 420 nm and 445 nm. The maximum absorbance occurred at a 

wavelength of 420 nm. Therefore, it was chosen for quantitative analysis. 

 

Figure 2-2 UV spectrum of CRT dissolved in 0.05 M of sodium hydroxide. 

 

2.3.2 Solubility of CRT 

At 25 °C, 1 mg of CRT could not dissolve in 1 ml of distilled water. Precipitation was 

observed after shaking overnight. The water solubility of CRT at 25 °C was determined 

to be 1.33 ± 0.02 μg/mL, which was close to the value (1.238 ± 0.001 μg/mL) 

determined by Wang et al [103].  
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2.3.3 Characterization of CRT liposomes: particle size, polydispersity index and 

encapsulation efficiency 

A) 

 
 

B) 

 

Figure 2-3 Representative particle size distribution profile of A) CRT liposomes 

composed of DSPC; B) CRT liposomes composed of DOTAP.  
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Due to the low solubility of CRT in a variety of solvents, the thin-film hydration method 

was chosen to prepare the CRT liposomes. Conventional CRT liposomes were 

successfully obtained. Mean particle size and polydispersity index (PDI) of liposomes, 

encapsulation efficiency, and CRT concentration in the liposome solutions were 

determined and the data are shown in Table 2-3. The average diameter of the 

formulations was from 148.6 nm to 174.7 nm, with PDI below 0.15, which implied that 

the liposome formulations had a uniform particle size distribution (Figure 2-3). 

Different ratios of DSPC or DOTAP were used to optimize the liposomal formulations. 

Results showed that liposomes composed of DSPC showed larger particle size as 

compared to liposomes composed of DOTAP. In the case of DSPC liposomes, 

encapsulation efficiencies were low, which were only around 15% to 20%. 

Encapsulation efficiencies were greatly improved when DOTAP was employed instead 

of DSPC. The most possible reason might be due to the positive charge carried by the 

DOTAP. DOTAP is a cationic lipid and DSPC is electrically neutral. The cations may 

show stronger attractive interactions with the ionized form of CRT molecules. As a 

result, encapsulation efficiencies were improved. Raising the lipid/drug ratio slightly 

improved the encapsulation efficiency also. However, when the lipid/drug ratio was 

raised to 100:1, the liposome solutions became vaguely viscous because of the high 

percentage of lipid content. In general, the water solubility of CRT in liposomal 

formulations was significantly promoted as compared to the free form; but the water 

solubility of CRT in liposomal formulations did not show obvious improvement as 

compared to the micelle solution (65.68 μg/mL) reported by Asai et al [106].  
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Table 2-3 Characterization of conventional CRT liposomal formulations (n=3). 

Lipids 
Lipid/drug 

mass ratio 

Particle size 

(nm) 

Polydispersity 

Index 

Encapsulation 

Efficiency (%) 

The concentration 

of CRT (μg/mL) 

DSPC 

40:1 164.8 ± 0.9 0.138 ± 0.018 16.15 ± 1.58 % 19.13 ± 1.71  

80:1 174.4 ± 0.9 0.123 ± 0.016 20.92 ± 0.78% 22.39 ± 0.70 

100:1 174.7 ± 2.4 0.142 ± 0.029 19.53 ± 0.59 % 20.90 ± 0.56 

DOTAP 

40:1 151.6 ± 2.0 0.141 ± 0.024 65.08 ± 3.70 % 68.01 ± 1.85  

80:1 150.3 ± 1.7 0.141 ± 0.028 67.18 ± 1.79% 68.97 ± 2.50 

100:1 148.6 ± 1.5 0.132 ± 0.010 72.08 ± 1.72 % 75.24 ± 4.52  

 

2.3.4 Characterization of CRT-CD inclusion complexes 

 

Figure 2-4 UV spectrum of CRT in inclusion complex dissolved by water. 

 

CRT-CD inclusion complexes were successfully obtained. The final solutions after 

filtration were clear in red color. To confirm if the complexation or pH value of solution 

would affect the UV absorption of CRT, small amount of inclusion complex aqueous 
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solution was diluted by different solvents 500 times for UV determination. It was 

proven that there were no shifts in the UV absorption peaks of CRT after the formation 

of inclusion complexes (Figure 2-4). Furthermore, it was also proved that the pH value 

of the solution would not affect the UV absorption of CRT. The results are listed in 

Table 2-4. 

 

Table 2-4 Effect of pH value of solutions on UV absorption of CRT (n=3) 

The solvent used to dilute 

inclusion complex 

Calculated CRT concentration containing in 

inclusion complex (μg/mL) 

0.1 M NaOH 1829.35 ± 0.28 

0.005 M NaOH 1803.69 ± 0.28 

Water 1829.40 ± 3.03 

 

The above results indicated that UV spectroscopy is suitable for determining the 

concentration of CRT containing in the inclusion complexes. Therefore, encapsulation 

efficiencies were determined and calculated, and the data are shown in Table 2-5.  

 

Table 2-5 Characterization of CRT-CD inclusion complexes (n=3). 

 Encapsulation efficiency (%) 

CRT 5 mg 5 mg 5 mg 

CRT:CD 

(Molar ratio) 
1:1 1:2 1:3 

HPBCD 24.95 ± 0.67 % 41.24 ± 1.16% 83.95 ± 0.66% 

γ-CD 25.80 ± 0.72 % 56.36 ± 1.09% 94.73 ± 0.86% 
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According to the table, it can be seen that increase in CD ratio significantly enhanced 

the encapsulation efficiency. In each CRT/CD ratio, the encapsulation efficiency of γ-

CD was higher than that of HPBCD. It may due to the cavity size: γ-CD series have the 

largest cavity size as compared to the α- and β-CD series. Therefore, the CRT-γ-CD 

inclusion complex (1:3 molar ratio of CRT/CD) was chosen for further study. The water 

solubility of CRT in inclusion complexes was largely promoted as compared to the free 

form or other dosage forms including liposomes and micelles. The concentration of 

CRT in inclusion complex solution was determined to be higher than 4 mg/mL.  

 

2.3.5 IR spectrum of CRT-γ-CD inclusion complex 

FTIR is a very useful tool to confirm the existence of both guest and host molecules in 

the inclusion complex. IR spectra (Figure 2-5) of CRT, γ-CD, physical mixture of CRT 

and γ-CD, and CRT-γ-CD inclusion complex (1:3 molar ratio of CRT/γ-CD) were 

obtained and compared. As seen in the figure, the spectra of the physical mixture (c) 

and the inclusion complex (d) differed in certain aspects. For the physical mixture (c), 

the characteristic peaks were a combination of peaks from CRT (a) and γ-CD single 

compound (b). In contrast, the spectrum of the inclusion complex (d) looked almost 

identical to the spectrum of γ-CD (b) in the region of approximately 900-1200 cm-1. 

However, in (d) some of the characteristic peaks from CRT could not be seen. The lack 

of signature peaks of CRT indicates that the inclusion complex was successfully formed. 

Consistent with these spectra, the properties of the physical mixture and inclusion 

complex were different. In the spectrum of CRT, the peak at 1658 cm-1 corresponds to 

the C=O stretching of two carboxylic groups in CRT, while the peak at 1577 cm-1 

should be related to C=C stretching in the carbon chain of CRT. When comparing peaks 
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in the spectrum of the inclusion complex, it can be seen that the wavenumber of the 

peaks was shifted. The wavenumbers of C=O stretching and of C=C stretching were 

shifted to 1637 and 1542 cm-1, respectively. The decrease in the frequency between the 

inclusion complex and its included molecule (CRT) is due to the changes in the 

microenvironment of the guest and host, indicating interactions happened between γ-

CD and CRT at the positions of C=O and C=C groups. The complexation involves the 

formation of hydrogen bonding between the heteroatom of CRT and the primary 

hydroxyl group at the edge of the γ-CD cavity and the presence of van der Waals forces 

between CRT and γ-CD molecules [113]. These will induce a decrease in the value of 

the absorption of stretching and bending vibration modes [113, 114]. As the IR pellets 

were prepared in solid form, the hydrophobic or ionic interactions between the host and 

guest molecules cannot be seen if there is any. Thus, the FTIR spectra provide evidence 

of the successful formation of the CRT-γ-CD inclusion complex.  
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Figure 2-5 IR spectra of a) CRT, b) γ-CD, c) physical mixture (1:3 molar ratio of 

CRT/γ-CD) and d) inclusion complex (1:3 molar ratio of CRT/γ-CD). 

 

2.3.6 DSC diagram of CRT-γ-CD inclusion complex 

To determine the solid-state of the inclusion complex, DSC analysis was also performed. 

In Figure 2-6, it can be seen that the melting point of CRT (a) was determined to be 

285 °C, which was close to the reference value (285-287 °C). CRT decomposed as it 

melted. In the graph of γ-CD (b), the peak appearing at around 100°C might be due to 

water molecules trapped in γ-CD, which evaporated at that temperature. The 

decomposition temperature of γ-CD was close to 300 °C. The graph of the physical 

mixture (c) shows the combination of peaks of CRT and γ-CD single compound. In the 

graph of the inclusion complex (d), the melting peak of CRT has disappeared, showing 



 38 

that the solid was amorphous. This is further evidence that CRT had been inserted into 

γ-CD to form the inclusion complex.  

 

Figure 2-6 DSC diagram of a) CRT, b) γ-CD, c) physical mixture (1:3 molar ratio 

of CRT/γ-CD) and d) inclusion complex (1:3 molar ratio of CRT/γ-CD). 

 

2.4 Discussion 

In this chapter, different formulations including liposomes and CD inclusion complexes 

to improve the water solubility of CRT were successfully developed and evaluated. For 

conventional CRT liposomes, electrically neutral and cationic lipids were employed  

for formulation preparation. Experimental results found that the encapsulation 

efficiencies of cationic liposomes were about 3-fold stronger than that of liposomes 

without carrying electronic charge. It implied that the induction of positively charged 

materials may facilitate the encapsulation of CRT into DDSs. Although the water 
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solubility of CRT was enhanced, it did not show obvious improvement as compared to 

micelles solution reported by others. CRT-CD inclusion complexes were prepared as 

alternatives. Complexation of CRT significantly increased the solubility more than 

2000-fold as compared to the free form. γ-CD series showed higher encapsulation 

efficiencies than the HPBCD series as γ-CD has the largest cavity size to encapsulate 

CRT. By using 1:3 as the drug to CD molar ratio, the encapsulation efficiency was the 

highest among all the ratios. γ-CD series are reported to be less toxic towards the blood-

brain barrier than the α- and β-CD series, which has to be considered when developing 

a formulation to treat AD [36, 115]. Also, a trace amount of organic solvents may 

induce toxicity to neuronal cells. By using our method, preparation of the inclusion 

complex did not require the use of organic solvents, thereby avoiding the toxicity 

typically associated with such solvents. Moreover, our method seems to be cost-

effective and feasible for large-scale industrial production in the future. Therefore, the 

CRT-γ-CD inclusion complex (1:3 molar ratio of CRT/γ-CD) was chosen for further 

studies. 

 

It was reported that CDs could serve as drug carriers to increase the solubility of a drug 

and they can act as therapeutic agents to treat AD due to their lipid extraction ability 

[116]. CDs also showed neuron protective effects by reducing Aβ production and 

enhancing clearance mechanisms both in a cell model and a transgenic mouse model of 

AD [117]. Based on the above rationale, encapsulating CRT into CDs should not only 

improve its water solubility, but also facilitate the neuroprotection properties of CRT 

to treat AD. After confirming successful preparation of inclusion complexes, in vitro 

experiments will be carried out to determine the therapeutic effects of inclusion 



 40 

complex CRT-γ-CD to treat AD and in vivo experiments will be performed for 

pharmacokinetics and bio-distribution study of CRT in the next chapter.  

 

2.5 Conclusion 

This chapter describes different strategies to enhance the water solubility of CRT by 

employing DDSs such as liposomes and cyclodextrins. The properties of the developed 

formulations were evaluated. All the formulations showed the ability to enhance the 

solubility of CRT. Formulations were optimized and compared with formulations 

reported by others. Based on the results, CRT-CD inclusion complexes significantly 

increase the water solubility of CRT from the range μg/mL to mg/mL. Among the CD 

inclusion complexes, the CRT-γ-CD inclusion complex (1:3 molar ratio of CRT/γ-CD) 

was chosen for further studies as it showed the highest encapsulation efficiency. 
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CHAPTER 3–Studies of Crocetin Formulations to 

Treat Alzheimer’s Disease 
 

3.1 Introduction 

In the last chapter, the CRT-γ-CD inclusion complex was developed to improve the 

water solubility of CRT for Alzheimer’s disease (AD) treatment. In vitro experiments 

will be carried out to evaluate the toxicity and therapeutic effects of the CRT-γ-CD 

inclusion complex to treat AD in the first part of this chapter. To achieve successful 

treatment of AD in vivo, the role of the blood-brain barrier (BBB) has to be considered. 

The BBB is a specialized structural, physiological and biochemical barrier; it serves as 

the first interface between the changeable environment of blood and the extracellular 

fluid in the central nervous system (CNS) [118]. The BBB regulates the homeostasis of 

the nervous system by strictly controlling the movement of small molecules or 

macromolecules from the blood to the brain. It only permits selective transport of 

molecules that are essential for brain function. In detail, more than 98% of small 

molecule drugs, and almost 100% of large molecule drugs are precluded from drug 

delivery to the brain [119]. Water-soluble molecules in the blood are prevented from 

entering the CNS and lipid-soluble molecules are reduced by the function of enzymes 

or efflux pumps [120]. These properties of the BBB make the CNS one of the most 

complicated microenvironments of the body and limit the development of novel drugs 

for CNS diseases.  
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The BBB is mainly formed by brain endothelial cells and its basement membrane, with 

the presence of cell-cell junctions to keep the integrity of the brain microvasculature. 

The tight junctions preclude the paracellular transport of movement of most of the 

molecules and ions. Therefore, the transport of most of the molecules between the 

vascular system and the brain is mainly through transcellular transport [121, 122]. And 

some molecules can pass through the BBB via carrier-mediated, adsorptive-mediated 

or receptor-mediated transportation [123-127]. Figure 3-1 summarizes different 

pathways for BBB penetration.  

 

 

Figure 3-1 Various pathways for BBB penetration [31]. 

 

The structure and the functions of the BBB are known much better than before. On the 

one hand, the BBB serves as a physical barrier that can protect the CNS from exogenous 

substances. On the other hand, the BBB serves as a transport system, delivering 

chemicals to the CNS. In AD therapy, most of the compounds showing therapeutic 

efficacy are lipophilic molecules with low water solubility. These molecules tend to be 
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substrates for P-glycoprotein (ABCB1) and/or breast cancer resistance protein 

(BCRP/ABCG2), which means that uptake through the BBB is restricted by the P-

glycoprotein and BCRP efflux [119, 128].  

 

Cyclodextrin (CD) is one of the choices to overcome the BBB. CDs can act as drug 

carriers to increase the permeability of lipophilic drugs into the brain parenchyma [129]. 

Co-incubation of various β-CDs with doxorubicin for BBB penetration was performed 

on an in vitro model. Rame-β-CD and Crysme-β-CD increased the transport of 

doxorubicin by factors of 2- and 3.7-fold, respectively. CD cannot penetrate the BBB. 

The increase was due to the cholesterol extraction property of CDs and thus led to a 

modulation of the P-glycoprotein activity [130]. A polymeric nanoparticle composed 

of β-CD and poly(β-amino ester) segments was developed for doxorubicin drug 

delivery across the BBB. Bovine and human brain microvascular endothelial cell 

monolayers were constructed as in vitro BBB models. Results showed that the delivery 

system did not affect the integrity of the in vitro BBB models [131]. Therefore, it is 

hypothesized that encapsulating CRT into CDs should not only improve its water 

solubility but also its bioavailability and the drug delivery to the brain.  

 

After evaluation of the toxicity and therapeutic effects of CRT-γ-CD inclusion complex 

to treat AD model cells, in the second part of this chapter, the pharmacokinetics and 

bio-distribution study of CRT-γ-CD after intravenous administration will be performed 

and studied in normal SD rats.  

 

 



 44 

3.2 Materials and methods 

3.2.1 Materials 

Dimethyl sulfoxide, sodium dodecyl sulfate (SDS), heparin sodium, hydrogen peroxide 

and sodium chloride were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased 

from Invitrogen (Waltham, MA, USA). Methanol was purchased from VWR 

Chemicals (Leicestershire, UK). All chemicals and reagents were of analytical grade.  

 

3.2.2 Cell culture 

Mouse neuroblastoma N2a cells and Chinese hamster ovary cells stably transfected 

with human APP751 bearing the V717F mutation (7PA2 cells) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX supplemented with 

10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Thermo 

Fisher Scientific, Waltham, USA) (and 200 μg/mL G418 for 7PA2 cells) at 37°C in a 

humidified incubator with a 5% CO2 atmosphere. Human neuroblastoma SH-SY5Y 

cells were cultured in DMEM/F12 (Thermo Fisher Scientific, Waltham, USA) with 

10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in 

a humidified incubator with a 5% CO2 atmosphere. 

 

3.2.3 Animals 

SD rats were purchased from the Laboratory Animal Services Centre, The Chinese 

University of Hong Kong and acclimatized for 7 days after arrival. All experimental 

protocols and procedures of animal study were approved and done according to the 

guidelines of the Committee on the Use of Human & Animal Subjects in Teaching & 
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Research of Hong Kong Baptist University and the Health Department of the Hong 

Kong Special Administrative Region.  

 

3.2.4 Experimental procedures 

3.2.4.1 Cytotoxicity studies of CRT formulations 

The cytotoxicity of free form of CRT (dissolved in 0.1M of NaOH solution at 1 mg/mL) 

and CRT-γ-CD inclusion complex (aqueous solution) against SH-SY5Y, N2a, and 

7PA2 cells was evaluated by MTT assay. SH-SY5Y, N2a and 7PA2 cells were seeded 

onto 96-well plates with 1 x 104 cells per well. After 24 hr of incubation, the cell culture 

medium was replaced with fresh medium containing different formulations at CRT 

concentrations ranging from 1 to 100 µM and cells were incubated for another 24 hr. 

Then 20 µL of MTT solution (5 mg/mL in PBS) was added to each well, and cells were 

further incubated for 4 hr at 37 °C. Then the medium was removed and 100 µL of 

DMSO was added to each well to dissolve the formazan crystals formed by the living 

cells. Untreated cells in complete cell culture medium were used as control. The 

absorbance was measured by Benchmark Plus Microplate Reader at 570 nm. Cell 

viability (%) was calculated as Atreated/Acontrol × 100%, where, Atreated and Acontrol 

represented the absorbance of cells treated with different formulations and blank culture 

medium, respectively. 

 

3.2.4.2 Western blot analysis 

7PA2 cells were seeded onto 6-well plates with 1 × 106 cells per well in full DMEM 

medium. After 24 hr of incubation, the cell culture medium was replaced with DMEM 

medium containing different formulations at CRT concentration of 10 µM and cells 
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were incubated for another 24 hr. Control (γ-CD or NaOH control) and untreated 

cultures were tested in parallel. For cell homogenate preparation, cells were washed 

with phosphate buffer solution (PBS) and solubilized in ice-cold RIPA buffer (20 mM 

Tris, pH 7.4, 150 mM NaCl, 1% triton-X, 0.5% sodium deoxycholate, EDTA), protease 

inhibitor cocktails (EMD chemical Inc, Gibbstown, NJ, USA). 30 µg of the cell lysates 

was separated on 10% SDS-PAGE gel for detection of full-length APP and β-actin or 

50 µg of the cell lysates was separated on 15% SDS-PAGE gel for detection of CTF-! 

and CTF-β, respectively. Then, the proteins were transferred to the PVDF membrane 

(GE Healthcare, Piscataway, NJ, USA). After blocking with 5% skim milk, the blotted 

membranes were probed overnight at 4°C. Primary antibodies used for Western blot 

were Anti-beta amyloid polyclonal CT695 (which recognizes the carboxyl terminus of 

APP and CTFs; 1:3000) and β-actin (as an internal reference control, 1:3000). 

Antibodies were purchased from Thermo Fisher Scientific (Waltham, USA). 

 

3.2.4.3 Determination of Aβ1-40 and Aβ1-42 level by ELISA 

The levels of extracellular and intracellular Aβ1-40 and Aβ1-42 were determined by using 

an ELISA assay kit (Genetimes Technology Inc., Shanghai, China). Briefly, 7PA2 cells 

were seeded onto 6-well plates with 1 × 106 cells per well in serum-free DMEM 

medium. After 24 hr of incubation, the cell culture medium was replaced with serum-

free DMEM medium containing different formulations at CRT concentration 10 µM, 

and cells were incubated for another 24 hr. Control (γ-CD or NaOH control) and 

untreated cultures were tested in parallel. Then conditioned media were collected for 

ELISA analysis to measure the extracellular Aβ1-40 and Aβ1-42.  
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Cells were lysed for intracellular Aβ1-40 and Aβ1-42 determination, as previously reported 

with slight modifications [132]. Cells were harvested using 0.5 mL of 0.25% trypsin. 

An equal volume of full DMEM medium was added to quench the further reaction. 

Then each cell solution was centrifuged at 1000 rpm for 5 min. The supernatant was 

discarded. Then each pellet was resuspended in 0.5 mL of PBS twice for washing. 100 

µL of 1% SDS was added to the cell pellets to lyse the cells. After being briefly 

sonicated, the clear solution was centrifuged at 15,000 rpm at 4°C for 15 mins. The 

supernatant was collected and diluted with PBS 10 times before the ELISA assay.  

 

3.2.4.4 Protective effect of crocetin against H2O2-induced cell death 

SH-SY5Y cells were seeded onto 96-well plates with 1 x 104 cells per well. After 48 hr 

of incubation, the cell culture medium was replaced with fresh medium containing 

different formulations at CRT concentrations ranging from 2 to 100 µM (100 µL) and 

fresh medium containing 720 µM or 1600 µM of H2O2 (100 µL), and cells were 

incubated for another 3 hr. Then 20 µL of MTT solution (5 mg/mL in PBS) was added 

to each well and cells were further incubated for 4 hr at 37 °C. Then the medium was 

removed and 100 µL of DMSO was added to each well to dissolve the formazan crystals 

formed by the living cells. Untreated cells in complete cell culture medium were used 

as control. The absorbance was measured by Benchmark Plus Microplate Reader at 570 

nm. Cell viability (%) was calculated as Atreated/Acontrol × 100%, where Atreated and Acontrol 

represented the absorbance of cells treated with different formulations and blank culture 

medium, respectively. 
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3.2.4.5 Pharmacokinetics study of CRT 

18 healthy SD rats weighing about 400 g each were divided into 3 groups randomly. 

CRT-γ-CD inclusion complex was administered via intravenous injection at the tail 

vein or via intraperitoneal injection with a dose of 5 mg of CRT/kg body weight. CRT 

normal saline suspension was administered via intraperitoneal injection with a dose of 

5 mg of CRT/kg body weight. 0.3 mL of blood samples were collected from the tails 

of the rats at predetermined time points (0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24 hr). 

0.1% of the heparin solution was used to rinse the sample collectors to prevent blood 

clotting. The blood samples were centrifuged immediately at 15,000 rpm at 4°C for 15 

mins. The supernatant layer of plasma was then separated and stored at -20°C until 

analysis. The rats were kept awake in this PK study, and water was provided during the 

blood collection process to complement water after blood loss. CRT in plasma was 

extracted with dimethyl sulfoxide/methanol co-solvent (1:4 V/V) system, and the 

concentration of CRT was determined by ultra-performance liquid chromatography 

(UPLC, ACQUITY UPLC System, Waters, Milford, MA) using an ACQUITY UPLC 

BEH Shield RP 18 column (1.7 μm, 2.1mm x 100 mm, Waters) with detection 

wavelength at 420 nm. The injection volume was 2 μL. The column temperature was 

40 °C. Mobile phase was water with 0.1% formic acid and acetonitrile with 0.1% formic 

acid in ratio (V:V) from 35:65 to 5:95 (0 to 7 mins); 5:95 to 35:65 (7 to 8 mins); 35:65 

(8 to 10 mins). The flow rate was 0.3 ml/min. The data were analyzed using 

pharmacokinetic software PKsolver, and the pharmacokinetic parameters were 

calculated using the non-compartment model [133]. 
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3.2.4.6 Bio-distribution study of CRT 

30 healthy SD rats weighing about 400 g each were divided into 6 groups randomly. 

CRT-γ-CD inclusion complex was administered at a dose of 5 mg of CRT/kg body 

weight to 5 groups of rats via intravenous injection at the tail vein and to 1 group of rats 

via intraperitoneal injection. 4 groups of rats administered via intravenous injection 

were sacrificed at each predetermined time points (0.0833, 1, 2, or 4 hr after 

administration) to collect the brain, heart, lung, liver, kidneys, and spleen. 10 rats in the 

remaining 2 groups were sacrificed 0.5 hr after administration to collect the brain, heart, 

lung, liver, kidneys, spleen, intestine, and stomach. The tissues were ground to obtain 

tissue homogenates by using an Ultra-Turrax disperser (IKA, Germany). CRT in 

homogenates was extracted with a dimethyl sulfoxide/methanol co-solvent (1:4 V/V) 

system. 1 mL of solvent was added to 1 g of organ homogenate for extraction. Blood 

was also collected to determine the concentration of CRT in plasma. The CRT 

concentrations in plasma and tissue homogenates were monitored by UPLC as above 

described.  

 

3.2.4.7 Statistical analysis 

All data are presented as mean ± SD unless specified otherwise. All statistical analyses 

were performed using GraphPad Prism 6.0 software. The statistical significance of the 

data was assessed using Student’s t-tests or one-way analysis of variance. A p<0.05 

was considered to be significant (denoted by *), and a p<0.01 was considered as highly 

significant (denoted by **).  
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3.3 Results 

3.3.1 CRT formulations showed no toxicity toward neuronal cells and Alzheimer’s 

disease model cells 

The effect of CRT formulations and its components on the viability of normal neuronal 

cells and APP overexpressed cells were evaluated by MTT assay. Normal 

neuroblastoma cells N2a, SH-SY5Y cells and APP overexpressed cells 7PA2 were 

chosen. From the results (Figure 3-2), CRT-γ-CD with CRT concentrations from 1.25 

to 100 µM did not show significant cytotoxic activity toward all cell lines. The viability 

of cell lines treated with CRT dissolved in NaOH was above 80%. Dose-dependent 

cytotoxicity of CRT dissolved in NaOH in both cell lines was observed. The amount of 

γ-CD contained in the inclusion complex and the amount of sodium hydroxide used to 

dissolve CRT did not significantly affect the viability of the cells. For the observations 

of CRT (dissolved in NaOH) treatment group, it may be related to the solubility of CRT. 

CRT was dissolved by 0.1 M of NaOH and diluted by medium to achieve desired 

concentration. During incubation, CO2 in the atmosphere of the incubator could 

dissolve in the medium to form carboxylic acid and neutralize the NaOH. Due to the 

decrease of pH, part of the CRT would precipitate from the solution and attached at the 

wall or bottom of the wells. After MTT treatment, formazan crystals were dissolved by 

DMSO. Meanwhile, trace amount of CRT solids could also be dissolved by DMSO. 

CRT dissolved in DMSO would yield a yellow solution. As a result, the color of CRT 

might affect the measurement of absorbances of formazan solution. Therefore, a dose-

dependent effect might show. These results suggested that both CRT and CRT-γ-CD 

were suitable for in vitro study, when using these cell lines and low concentration range 

of CRT to prevent precipitation.   
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(A) 

 

(B) 

 

(C) 

 

Figure 3-2 Effect of CRT formulations on cell viability in A) 7PA2 cells, B) N2a 

cells and C) SH-SY5Y cells. (n=3) *p<0.05 compared with control. 
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3.3.2 Modulation of APP and CTFs expression 

To evaluate the therapeutic efficacy of CRT to treat AD, the effect of CRT on the levels 

of APP and CTFs were assessed. As shown by Western analysis in Figure 3-3, full-

length APP (FL-APP) was still overexpressed in 7PA2 cells after treatment, but 

treatment with CRT or CRT-γ-CD could downregulate the expression of CTF-α and 

CTF-β in a certain extend. The change of CTFs level after treatment with CRT-γ-CD 

treatment was greater than that of CRT. The levels of CTF-α and CTF-β decreased to 

76.12% ± 9.39% and 65.41% ± 9.75% in the CRT-γ-CD treatment group; while 77.67% 

± 12.53% and 71.48% ± 16.34% of CTF-α and CTF-β were remained after being treated 

with CRT, as compared to control group. This data suggests that CRT and its inclusion 

complex was able to decrease the levels of CTF-α and CTF-β in 7PA2 cells at 10 µM. 
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(A) 

 

(B) 

 

Figure 3-3 Western blot results of APP expression in 7PA2 cells after treatment 

with CRT formulations. A) Immunoblotting detection of FL-APP and CTFs, with 

actin as the internal standard. FL-APP and actin were cropped from the same gel 

while CTFs were cropped from another gel as described in experimental 

procedures. B) Diagrammatic presentation of the protein/actin ratio. (n=3) 

*p<0.05 compared with control; **p<0.01 compared with control. 

 

CTF-α
CTF-β

0

20

40

60

80

100

120

C
TF

s 
(%

 C
on

tr
ol

)

Control
CRT-γ-CD 
CRT**

* **



 54 

3.3.3 Modulation of Aβ levels in 7PA2 cells by CRT 

In the amyloidogenic pathway, CTF-β is cleaved by γ-secretase to produce Aβ. As the 

level of CTF-β in 7PA2 cells was reduced by CRT and its inclusion complex, the levels 

of intracellular and extracellular Aβ were then evaluated quantitatively by ELISA assay. 

Figure 3-4 provides evidence that CRT-γ-CD could reduce both the Aβ1-40 and Aβ1-42 

levels in 7PA2 cells. After treating 7PA2 cells with 10 µM of CRT-γ-CD inclusion 

complex, the total amount of intracellular Aβ1-40 and Aβ1-42 dropped from to 1252.67 ± 

73.73 pg to 1019.46 ± 18.06 pg (81.38 ± 1.44% of the control group) and from 220.65 

± 24.42 pg to 148.56 ± 9.49 pg (66.57 ± 4.30% of the control group) respectively. 

Extracellular levels of Aβ1-40 and Aβ1-42 were also reduced from 2030.04 ± 129.60 pg 

to 1514.11 ± 100.39 pg (74.59 ± 4.95% of the control group) and from 471.29 ± 41.28 

pg to 322.13 ± 24.97 pg (68.35 ± 5.30% of the control group), respectively. When 

comparing the effects of CRT-γ-CD and CRT on the levels of Aβ, the ability of CRT 

alone to inhibit the production of Aβ was not as obvious as that of the inclusion complex. 

These findings prove that the CRT-γ-CD inclusion complex was able to downregulate 

CTFs expression and lower the Aβ level, which are pathological hallmarks of AD. 
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(A) 

 

 

(B) 

 

Figure 3-4 Quantitative amount of A) Aβ1-40 and B) Aβ1-42 in 7PA2 cells after 

treating with CRT formulations. (n=3) *p<0.05 compared with control; **p<0.01 

compared with control. 
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3.3.4 Protective effect of CRT against H2O2-induced cell death 

Exposure of SH-SY5Y cells to various concentrations of CRT (1 to 50 µM) alone for 

24 hr did not alter their viability. However, 3 hr exposure of cells to 360 µM or 800 µM 

of H2O2 induced significant cell death, and cell viability fell to almost 50% or 20% of 

control, respectively. Co-incubation of cells with various concentrations of CRT and 

800 µM of H2O2 did not drastically affect cell viability. As demonstrated in Figure 3-

5, CRT dose-dependently prevented cell death due to H2O2 treatment from CRT 

concentrations of 12.5 µM to 50 µM when the concentration of H2O2 was 360 µM. The 

cell viability was improved from 48.93 ± 1.59% to 77.01 ± 0.58% when cells were 

treated with 50 µM of CRT-γ-CD. There was no significant difference between CRT-

γ-CD and the CRT treatment groups. These results showed the effectiveness of CRT in 

preventing H2O2-induced toxicity in neuronal cells. 
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(A) 

 

(B) 

 

Figure 3-5 Cell viability of SH-SY5Y cells after co-incubation A) 360 µM of H2O2 

(IC50) or B) 800 µM of H2O2 (IC80) with CRT formulations. (n=3) *p<0.05 

compared with control.  
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3.3.5 Pharmacokinetics study of CRT 

CRT concentrations in plasma at different time points were obtained. The average drug 

concentration-time curves of CRT in SD rats are shown in Figure 3-6. The main 

pharmacokinetic parameters are shown in Table 3-1. From the table, it can be seen that 

CRT concentration in plasma peaked immediately after intravenous injection. The peak 

concentration (Cmax) was 17.903 ± 4.772 μg/mL. Intravenous injection of CRT-γ-CD 

inclusion complex had the largest area under the curve (AUC0-∞), which was 21.991 ± 

4.613 μg·h-1·mL-1. For intraperitoneal injection of CRT-γ-CD inclusion complex and 

CRT normal saline suspension, the Tmax were all at around 0.5 hr. However, there were 

large differences between Cmax and AUC0-∞. Cmax of inclusion complex solution was 

determined to be 10.528 ± 2.358 μg/mL while it was 0.272 ± 0.052 μg/mL for CRT 

suspension, and the area under the curve (AUC0-∞) was determined to be 11.767 ± 2.138 

μg·h-1·mL-1 and 0.963 ± 0.278 μg·h-1·m L-1, respectively, indicating that the absorption 

of CRT-γ-CD in SD rats was much greater than that of CRT normal saline suspension. 

The above results indicate that the bioavailability of CRT was greatly improved when 

it was administered in inclusion complex form. 
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(A) 

 

(B) 

 

(C) 

 

Figure 3-6 Concentration-time curve of CRT pharmacokinetic profile in SD rats 

via A) IV injection of CRT-γ-CD inclusion complex; B) IP injection of CRT-γ-

CD inclusion complex; C) IP injection of CRT normal saline suspension at a dose 

of 5 mg of CRT/kg body weight. (n=6) 
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Table 3-1 Pharmacokinetic parameters of CRT delivered via different 

administration routes in SD rat (n=6). 

PK parameters 
IV injection of 

CRT-γ-CD 
inclusion complex 

IP injection of 
CRT-γ-CD 

inclusion complex 

IP injection of 
CRT normal saline 

suspension 

T1/2 (h) 2.663 ± 1.346 0.679 ± 0.162** 2.730 ± 0.752 

Tmax (h) 0.083 ± 0.000** 0.292± 0.228 0.500 ± 0.000 

Cmax (μg/mL) 17.903 ± 5.188** 10.460 ± 1.172** 0.240 ± 0.144 

AUC0-t  
(μg·h-1·mL-1) 

21.461 ± 4.459** 12.169 ± 1.387** 0.801 ± 0.434 

AUC0-∞  

(μg·h-1·mL-1) 
22.105 ± 4.751** 12.211 ± 1.378** 0.935 ± 0.441 

(T1/2: half-life; Tmax: time to reach highest plasma concentration; Cmax: peak plasma 

concentration; AUC: Area under the curve; *p<0.05 compared with suspension; 

**p<0.01 compared with suspension) 
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3.3.6 Bio-distribution study of CRT 

 

Figure 3-7 Bio-distribution profiles of CRT in different tissues after IV or IP 

administration of CRT-γ-CD at a dose of 5 mg of CRT/kg body weight for 0.5 hr 

in SD rats. (n=5) *p<0.05; **p<0.01. 

 

By comparing the CRT distribution in organs via intravenous injection and 

intraperitoneal injection of CRT-γ-CD inclusion complex after 0.5 hr (Figure 3-7), the 

amount of CRT in different organs showed no significant difference between the two 

administration routes, except in the large intestine and stomach. CRT could cross the 

blood-brain barrier and enter the brain after injection by both methods. According to 

the pharmacokinetics results in section 3.3.6, intravenous injection showed greater 

bioavailability than intraperitoneal administration. Therefore, the distribution profiles 

of CRT in the main organs via intravenous injection of CRT-γ-CD inclusion complex 

were further studied. Figure 3-8 and Figure 3-9 showed the distribution of CRT in 

various tissues at five dosing points. It was found that the concentration of the drug in 

each tissue reached its maximum at 0.833 h, and there was almost no drug residue at 4 
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hr. Together, these results indicate that CRT could distribute to various tissues in the 

body including the brain immediately, and was subsequently metabolized relatively 

quickly. 

 

 
Figure 3-8 Concentration-time curve of CRT distributed in the brain of SD rats 

after IV administration of CRT-γ-CD at a dose of 5 mg of CRT/kg body weight. 

(n=5) 

 
Figure 3-9 Concentration-time curve of CRT distributed in different organs after 

IV administration of CRT-γ-CD at a dose of 5 mg of CRT/kg body weight in SD 

rats. (n=5) 
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3.4 Discussion 

In this chapter, the safety of the active pharmaceutical ingredient, excipients and 

inclusion complex were evaluated. In the toxicity study, it was proven that CRT, γ-CD, 

and the CRT-γ-CD inclusion complex were not toxic to neuronal cells nor to AD model 

cells within the range of experimental concentrations. 

 

To evaluate the therapeutic efficiency of CRT formulations, in vitro study firstly 

focused on their ability to regulate the expression of some proteins in AD model cells. 

CRT and CRT-γ-CD inclusion complex could significantly downregulate the 

expression of CTFs as compared to the control group. It can be explained by another 

study that CRT could downregulate the expression of β-secretase (BACE1), which is 

responsible for the cleavage of the FL-APP and the production of CTFs [98]. Due to 

the decrease of CTFs, it will affect the production of Aβ. ELISA assay was performed 

to qualitatively determine the amount of Aβ1-40 and Aβ1-42. In our study, the CRT-γ-CD 

inclusion complex could significantly decrease both intracellular and extracellular 

levels of Aβ. These decreases can be explained by previous observations [98]. The 

production of Aβ from CTFs is regulated by γ-secretase which includes PSEN1 and 

PSEN2 as catalytic components. CRT, apparently, significantly suppressed the levels 

of both PSEN1 and PSEN2 [98]. At the same time, our results are in agreement with 

previous works in which CRT was shown to inhibit the formation of Aβ fibrils and 

promote Aβ degradation [96, 97]. These findings indicate that the reduction of 

intracellular Aβ levels should be related to the increase of CRT-induced Aβ degradation 

[97]. Similar to another report, the CRT-γ-CD inclusion complex also achieved its 

therapeutics effects without affecting cell viability [112]. Moreover, molecules with 
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similar structure to CRT were also found to inhibit Aβ aggregation [134]. Therefore, it 

can be assumed that CRT-γ-CD inclusion may be a potential formulation for AD 

therapy. Notably, the therapeutic effect of the CRT-γ-CD inclusion complex was 

stronger than that of CRT. It can be explained as follows: CRT was dissolved by 0.1 M 

of NaOH to yield a 1 mg/mL solution. After diluting the drug solution with medium 

and incubating it for 24 hr, the pH of the medium was decreased because of CO2 in the 

atmosphere of the incubator dissolved in the medium to form carboxylic acid and 

neutralized the NaOH. As a result, CRT would precipitate from the solution. Thus, 

placing CRT solution in the incubator for a long time would weaken the effect of CRT 

to treat AD. 

 

Because oxidative stress and ROS also contribute to the pathology of AD, the 

antioxidant activities of CRT and CRT-γ-CD inclusion complex were also evaluated 

[135-137]. Former studies found that CRT was able to protect mouse hippocampal-

derived Ht22 cells from Aβ1-42-induced ROS formation [99]. CRT could also protect 

SH-SY5Y cells against cellular apoptosis by reducing ROS production and decreasing 

caspase-3 activation [102]. Our results showed that both CRT and CRT-γ-CD inclusion 

complex could protect SH-SY5Y cells from H2O2-induced neurotoxicity in a dose-

dependent manner when SH-SY5Y cells were treated with 360 μM of H2O2 (IC50). The 

antioxidative activities of CRT might be due to the double bonds and methyl groups on 

its polyene chain [138]. This provides additional information about the structure and 

formation of the CRT-γ-CD inclusion complex. The interactions of CRT and γ-CD 

mainly happen between the carboxylic groups of CRT and the hydroxyl groups of γ-

CD.  
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In pharmacokinetics study, the pH of the formulation must be adjusted to the 

physiological range to be suitable for intravenous injection. During the preparation of 

the inclusion complex, sodium chloride was produced as a byproduct when HCl was 

used to neutralize the NaOH present in the solution (from pH 12.5 to pH 7.4). The 

sodium chloride was not further removed from the inclusion complex solutions as its 

percentage was less than 0.9% in solution. In this situation, the ion concentration or 

osmotic pressure of the solution would not be too high for intravenous injection. In our 

study, intravenous injection of CRT-γ-CD inclusion complex showed better absorption 

than the intraperitoneal injection of CRT formulations. In previous reports, when a 

micelle solution containing CRT (40 nmol) was orally administered to mice, CRT was 

absorbed into the blood circulation rapidly and reached its highest plasma concentration 

(49 ng/mL) at about 0.5 hr [106]. Sonali et al. determined the highest plasma 

concentration of CRT (about 10 μg/mL) to occur approximately 2 hr after oral 

administration of a CRT dose of 50 mg/kg. Data on intravenous administration was also 

provided; however, the method for preparing the CRT solution was not described [139]. 

CRT has also been orally administered to humans. The subjects received CRT or 

saffron tea, and the maximum CRT concentration was observed after 2 hr to 4.8 hr, the 

concentrations of CRT detected in the blood were ranging from 100.9 to 279.7 ng/mL 

[140, 141]. Compared to previous results, either intravenous administration or 

intraperitoneal injection of CRT-γ-CD inclusion complex could significantly reduce the 

dose of CRT needed to achieve a higher plasma concentration, and shorten the time to 

reach peak concentration. 
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In the bio-distribution study, the distribution profiles of CRT-γ-CD inclusion complex 

in tissues 0.5 hr after intravenous injection and after intraperitoneal injection were 

compared. The concentration of CRT in most of the tissues basically did not show 

significant difference, when comparing the two administration routes. However, for 

intravenous injection, CRT levels in the large intestine and stomach were significantly 

lower than those after intraperitoneal injection. A possible reason is that CRT was 

absorbed via intestinal cells through a passive diffusion during an intraperitoneal 

injection [142]. Therefore, it was quickly distributed to the stomach, large intestine, and 

small intestine. CRT is a lipophilic molecule and the walls of large intestine and 

stomach are thick. Therefore, CRT might tend to accumulate in the walls of these two 

organs. As a result, higher concentrations of CRT were determined in stomach and large 

intestine after intraperitoneal injection. 

 

CRT can bind to albumin in blood plasma by occupying fatty acid-binding sites so that 

CRT can be distributed into different tissues [143, 144]. CRT was reported to be able 

to penetrate the BBB in vitro and in vivo [145, 146]. CRT could serve as a substrate for 

the P-glycoprotein efflux pump and penetrate the BBB slowly by using the transcellular 

diffusion pathway [145]. 90 mins after oral administration of CRT at a dose of 100 

mg/kg body weight, about 2.43 nmol/g (equal to 798 ng/g) of CRT was determined in 

the brain [146]. In our study, CRT was also detected in the brain; the highest 

concentration of CRT, i.e., about 200 ng/g of the brain, was determined after 

intravenous administration at a dose of 5 mg of CRT/kg body weight. Our results show 

that the use of γ-CD facilitates the transport of CRT across the BBB to reach the brain 

with efficiency higher (approximately 5 times) than previously reported [146]. 
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3.5 Conclusion 

In this chapter, the safety of the active pharmaceutical ingredient, excipients and 

inclusion complex was evaluated. The formulation has no toxicity to neuronal cells nor 

AD model cells within a certain concentration range. An in vitro evaluation of its 

therapeutic efficacy to treat AD showed that CRT-γ-CD inclusion complex could 

significantly downregulate the expression of CTFs and decrease both intracellular and 

extracellular levels of Aβ, which are hallmarks of AD. Besides, the CRT-γ-CD 

inclusion complex was shown to protect SH-SY5Y cells from H2O2-induced 

neurotoxicity in a dose-dependent manner. Results suggest that the CRT-γ-CD 

inclusion complex may be a potential formulation for AD treatment. Pharmacokinetic 

parameters and bio-distribution profiles of CRT were obtained. It was demonstrated 

that the formulation was suitable for intravenous injection. After injection, CRT 

penetrated the BBB and localized inside the brain parenchyma. These results provide 

meaningful information for pharmaceutical research on CD-based drug delivery 

systems. The results in Chapter 2 and Chapter 3 demonstrate that the γ-CD inclusion 

complex formulation can enhance the water solubility and bioavailability of CRT. It 

also provides hints for the general development of γ-CD-based drug delivery systems 

by modifying the chemical structure of γ-CD to deliver other drugs across the BBB 

with higher efficiency for AD treatment. It should engender research on γ-CDs with 

other drugs that have so far not been explored due to their insolubility or inability to 

cross the BBB. 
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CHAPTER 4–Preparation and Characterization of 

CPP2 modified-Liposomal Formulations Loaded with 

Halofuginone or Artesunate for Targeted Colorectal 

Cancer Treatment 

 

4.1 Introduction 

Similar to Alzheimer’s disease (AD), colorectal cancer (CRC) is a disease which 

prevalently occurs in the elderly. Approximately 4.2% to 4.6% of populations will be 

diagnosed CRC in their lifetime. And people aged above 50 account for 88% of the 

number of patients [147]. The 5-year survival rates of rectal cancer and colon cancer 

are 67% and 64%, respectively [148]. Current treatment methods for CRC include 

surgery, radiation therapy, chemotherapy, target therapy, and immunotherapy. 

Chemotherapy is the predominant treatment due to its ability to prolong the overall 

survival time. Up to now, more than 30 drugs have been approved by FDA for CRC 

therapy and most of them are chemotherapeutic agents [149, 150]. However, 

conventional chemotherapy has drawbacks including low response, unpredictable side 

effects, drug resistance and non-specific distribution [151, 152]. Therefore, other 

approaches with high drug efficacy and minimal side effects are desired to refine the 

present chemotherapy.  

 

4.1.1 Halofuginone and its applications in colorectal cancer therapy 

Some of the anticancer agents under development are extracted from natural herbs. In 

traditional herbal medicine, several plants have also been used to treat the symptoms of 



 69 

CRC [93, 94]. Halofuginone (HF) is a synthetic halogenated derivative of febrifugine 

(Figure 4-1), a quinazoline-type alkaloid originally isolated from the plant Dichroa 

febrifuga Lour [153].  

 

(A) (B) 

 

  
 

Figure 4-1 Structure of (A) febrifugine, (B) halofuginone. 

 

In recent years, HF has been increasingly investigated for its anticancer activities. It has 

been reported that HF inhibits the growth of various cancer, including, glioma [154], 

hepatocellular cancer [155], colorectal cancer [156], etc. Studies have demonstrated 

that HF kills the cancer cells by inhibiting angiogenesis, arresting tumor cell cycle, 

inducing apoptosis, regulating protein expression and the activities of signaling 

pathways [154-156]. These findings suggest that HF may be a good candidate for CRC 

therapy. However, the clinical application of HF for cancer treatment is limited at this 

moment. A phase I clinical trial of HF was carried out in patients with advanced solid 

tumors. HF was administered orally. The 'acute' maximum tolerated dose (MTD) was 

reached at 3.5 mg/day, with dose-limiting toxicities (DLT) including nausea, vomiting, 

and fatigue. Some patients experienced bleeding complications. Therefore, the 

suggested dose for chronic administration was 0.5mg/day with the use of antagonists to 
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control DLT [157]. The results of this clinical study imply that HF formulations with 

sustained-release manner may be able to achieve therapeutic plasma concentration and 

avoid DLT. However, to our best knowledge, the formulation development of HF for 

CRC treatment has not been reported. Most of the preclinical and clinical studies made 

use of HF directly without any specific modifications to its structure to utilize its 

biological functions. Thus, it is desired to design the formulation of HF to maximize its 

therapeutic efficacy against CRC.  

 

4.1.2 Artesunate and its applications in colorectal cancer therapy 

Artesunate (ART) is a semi-synthetic derivative of artemisinin (ATS), an active 

pharmaceutic ingredient extracted from annual wormwood (Artemisia annua L.) 

(Figure 4-2). ART is sometimes used as an alternative to ATS due to its better oral 

bioavailability and fewer adverse effects [158]. 

(A) (B) 

  

Figure 4-2 Structure of (A) artemisinin, (B) artesunate. 

 

ATS and ART are medications approved by the FDA for malaria treatment [159]. 

During the past years, efforts have also been made by different researchers to evaluate 

the ability of ATS and ART to inhibit the growth of various cancer cells. The anti-
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cancer activity of ART was evaluated by using 55 cell lines. ART showed the strongest 

inhibition on leukemia and colon cancer cell lines. And it also showed antitumor 

activity towards melanomas, breast, ovarian, prostate, renal cancer, and central nervous 

system cell lines [160]. It has been reported that ART can inhibit cancer cells growth 

and angiogenesis, trigger apoptosis, and also regulating signaling pathways [161, 162]. 

Therefore, ART may be another potential candidate for cancer chemotherapy. Although 

ART is slightly soluble in water, poor stability in aqueous solutions at neutral or acidic 

pH restricted its pharmaceutical applications. Based on this situation, various strategies 

have been proposed to solve the problem. ART was loaded into liposomes by Jin et al 

to extend the half-life of drug for human hepatocellular carcinoma cancer treatment. 

The antitumor effect of ART was improved when encapsulated by the liposomes [163]. 

Tran et al. incorporate ART in a chitosan-coated lipid hybrid nano colloidal system 

against breast cancer. Results suggested that activity and physical stability of ART was 

significantly improved [164]. Kim et al intercalated ART molecules into hydrophilic 

zinc basic salt to increase aqueous solubility and enhance chemical stability under an 

acidic condition of ART. Results showed that ART was stabilized via electrostatic 

interactions and no chemical degradation was observed [165]. From the results reported 

by other researchers, equipping ART into drug delivery vehicle like liposomes may be 

a good choice to improve the aqueous solubility, stability, and bioavailability of ART. 

 

4.1.3 Cell-penetrating peptides for surface functionalization of liposomes in cancer 

therapy 

To achieve sustained release of HF, improve the water solubility and aqueous stability 

of ART, employing liposomes as drug carriers may be a feasible strategy. Conventional 
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liposomes tend to accumulate into the tumor due to the enhanced permeability and 

retention (EPR) effect. However, conventional liposomes are always lack of specificity 

or fail to penetrate deeply into the tumor [166]. At the same time, traditional 

chemotherapeutic agents usually exhibit weak accumulation and penetration in tumor 

sites [167]. Therefore, liposomes with active targeting ability are preferred to deliver a 

payload to the tumor site. Advantages of active targeting liposomes include fewer off-

target effects and stronger penetration into tumor so that the systematic toxicity caused 

by the chemotherapeutic drugs can be reduced. As the pathology and biology of CRC 

is learnt more than before, liposomal formulations with strong specificity to the tumor 

can be designed. By modifying the surface of liposomes with targeting ligands such as 

monoclonal antibodies, cell-penetrating peptides (CPPs), and proteins, active targeting 

liposomes can be obtained [53, 54, 168-171]. Liposomes modified with CPPs can 

deliver cytosolic drug efficiently [172]. CPPs are short amphipathic or cationic peptides 

with 10 to 27 amino acid residues [173]. Certain CPPs such as TAT and synB vectors 

can cross cell membranes without the aid of a receptor by binding to the negatively 

charged cell membrane strongly through non-specific electrostatic interactions [174, 

175]. Some CPPs such as T7 and T12 peptides can bind to the transferrin receptors that 

are overexpressed in cancer cells [176, 177]. 

 

CPP2 peptide is a tumor lineage-homing artificial 15-amino acid peptide with sequence 

of DSLKSYWYLQKFSWR which was identified by Kondo E, et al. It was obtained 

by screening of a random peptide library constructed using messenger RNA display 

technology. It has shown a strong ability to penetrate a series of colon adenocarcinoma 

cell lines such as LoVo, HCT 116, and SW480, without any significant uptake by the 
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other tumor cell lines [178]. CPP2 can selectively penetrate primary colon cancer cells 

3 to 15 times greater than other commonly used CPP, TAT. Moreover, CPP2 showed 

no toxicity and poor penetration to normal fibroblasts and other primary cancer cell 

lines. The in vivo investigation matched the in vitro observations, which made CPP2 a 

potential and attractive peptide for targeted delivery of drugs to treat colon cancer, 

although its mechanism remains unknown. Wang L, et al employed CPP2 to conjugate 

with an antitumor peptide, p16MIS. The fusion peptide showed a higher anti-tumor 

effect to in vitro colon cancer cell lines and prolonged the lifespan of tumor-bearing 

mice as compared to the single antitumor peptide, p16MIS, while CPP2 did not induce 

toxicity to both cells and animal models. [179]. Properties of CPP2 make it engage in 

active tumor targeting. Up to now, there is no report on the use of CPP2 for liposome 

surface modification.  

 

In this chapter, the development of a stable HF or ART loaded-liposomal formulation 

decorated with CPP2 peptide is described, as a universal selectively targeted DDS that 

can be employed for CRC treatment in the future. First, various types of HF or ART 

loaded liposomes such as CPP2-targeted liposomes with different peptide densities i.e. 

1%, 2%, and 3%, and non-targeted liposomes were successfully formulated. After the 

successful preparation of CPP2-modified liposomes, particle size, polydispersity, 

encapsulation efficiency, stability, and selectively penetration ability of the liposomal 

formulation were evaluated.  
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4.2 Materials and methods 

4.2.1 Materials  

Soybean-lecithin (SPC) was purchased from Avanti-Polar Lipids Inc. (Alabaster, AL, 

USA). DSPE-PEG-Maleimide (SUNBRIGHTDSPE-0.20MA) was purchased from 

NOF Co. Ltd. (Tokyo, Japan). CPP2 peptide with a cysteine-modified terminal with 

over 98% purity was synthesized by and purchased from Genscript Inc (Piscataway 

Township, NJ, USA). Coumarin 6 (cou6), L-cysteine, and dimethyl sulfoxide (DMSO) 

were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Hoechst 33342 and the 

fluorescent LysoTracker Red DND-99 were purchased from Molecular Probes Inc. 

(Eugene, OR). Chloroform, ethanol, and methanol were purchased from VWR 

Chemicals (Leicestershire, UK). All chemicals and reagents were of analytical grade.  

 

4.2.2 Cell culture 

Human colon cancer cell lines, HTC 116 cell, and SW 620 human Caucasian colon 

adenocarcinoma cell line were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with GlutaMAX supplemented with 10% fetal bovine serum, 100 U/mL 

penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, USA) at 

37°C in a humidified incubator with a 5% CO2 atmosphere.  

 

4.2.3 Experimental procedures 

4.2.3.1 Solubility of HF and ART 

The solubility of HF and ART in water was determined at room temperature by the 

saturation shake-flask method. Briefly, 1 mg of HF or ART was added into 1 mL of 

deionized (DI) water. The suspension solutions were shaken at 25 ℃ for 24 hrs and 



 75 

then centrifuged at 10000 rpm for 10 minutes. The supernatant was withdrawn and 

filtered for concentration determination by UPLC.  

 

The stock solution was prepared by dissolving HF or ART in methanol at the 

concentration of molecules about 100 μg/mL. The working standard solutions were 

prepared by serial dilutions of the stock solution by using methanol. For UPLC analysis 

of HF, a Waters Acquity ultra-performance liquid chromatography (UPLC) system was 

used with an ACQUITY UPLC BEH Shield RP 18 column (1.7 μm, 2.1mm x 100 mm, 

Waters). The injection volume was 2 μL and the detection wavelength was 243 nm. 

The column temperature was 40 °C. Mobile phase was water with 0.1% formic acid 

and acetonitrile with 0.1% formic acid in ratio (V:V) from 95:5 to 35:65 (0 to 13 mins); 

35:65 to 95:5 (13 to 14 mins); 95:5 (14 to 15 mins). The flow rate was 0.3 mL/min.  

 

ART in liposomes was determined by LC-MS using an ACQUITY UPLC BEH Shield 

RP 18 column (1.7 μm, 2.1mm x 100 mm, Waters) with detection m/Z at 407. The 

injection volume was 2 μL. The column temperature was 40 °C. Mobile phase was 

water with 0.1% formic acid and acetonitrile with 0.1% formic acid in ratio (V:V) from 

95:5 to 25:75 (0 to 6 mins); 25:75 to 0:100 (6 to 9 mins); 0:100 (9 to 12 mins); 0:100 

to 95:5 (12 to 12.1 mins); 95:5 (12.1 to 15 mins). The flow rate was 0.3 mL/min. 

 

4.2.3.2 Synthesis of DSPE-PEG 2000-CPP2 

Cell-penetrating peptide CPP2 was conjugated to a modified lipid linker for liposome 

surface modification. The synthesis was performed as previously reported with slight 

modifications [180]. Briefly, 15 mg of DSPE-PEG 2000-Mal was dissolved in 200 µL 
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of ethanol and dried to form a thin lipid film. Then, the lipid film was hydrated by 1 

mL of purified water at 55 ℃ for 30 mins to form a micelle. 10 mg of cysteine-modified 

CPP2 was dissolved in 1 mL of purified water and added dropwise to the micelle 

solution with gentle agitation at room temperature. The reaction was incubated for 48 

hr with stirring at room temperature under nitrogen protection. After that, 1 mg of L-

cysteine was added to the reaction mixture for another 4 hr to capture the unreacted 

maleimide. Then, the resulting mixed solution was dialyzed against distilled water for 

72 hr with a molecular weight cutoff (MWCO) of 3.5 kDa. The solution was then 

lyophilized and stored at -20 ℃. The conjugation was confirmed by matrix-assisted 

laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometer (Autoflex 

III; Bruker Daltonics Inc., Billerica, MA). The percentage yield was calculated by using 

the below equation: 

EE% = 
34/	)0&$)*	)"#$#%&	#(	5678.789	:;;.<77:	#=&)>%/+

34/#,/&>0)*	)"#$%&	#(	5678.789	:;;;.<77:		)(&/,	&4/	,/)0&>#%		Í 100% 

 

4.2.3.3 Preparation of HF liposomes and ART liposomes 

Liposomes were prepared by the thin-film hydration method [110]. Conventional HF 

liposome (HF-lip) was composed of SPC and HF and CPP2 surface-modified HF 

liposome (CPP2-HF-lip) was composed of SPC, DSPE-PEG 2000-CPP2, and HF in 

different molar ratios. Conventional ART liposome (ART-lip) was composed of SPC 

and ART and CPP2 surface-modified ART liposome was composed of SPC, DSPE-

PEG 2000-CPP2, and ART in different molar ratios. Details are listed in Table 4-1. 
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Table 4-1. Different formulations of HF or ART liposomes 

 Conventional liposomes CPP2-modified liposomes 

Drug 1 mg 1 mg 1 mg 1 mg 1 mg 1 mg 

SPC 20 mg 40 mg 60 mg 39.6 mg 39.2 mg 38.8 mg 

DSPE-PEG 

2000-CPP2 
N/A N/A N/A 0.4 mg 0.8 mg 1.2 mg 

Molar ratio of  

SPC:HF: 

DSPE-PEG 

2000-CPP2 

12.8:1:0 25.6:1:0 38.4:1:0 25.3:1:0.04 25.1:1:0.08 24.8:1:0.12 

Molar ratio of  

SPC:ART: 

DSPE-PEG 

2000-CPP2 

9.9:1:0 19.8:1:0 29.7:1:0 19.6:1:0.03 19.4:1:0.06 19.2:1:0.09 

 

Briefly, the components were dissolved in a co-solvent system of chloroform and 

methanol (3:1 v/v). Rotary evaporation was carried out at 55 ℃ to dry the organic 

solvent and form a thin film on the wall of the round-bottom flask. The thin lipid film 

layer was hydrated with 5 mL of purified water at 55 ℃ for 1 hr. Then the liposomal 

suspension was extruded through a LIPEXTM Extruder (NorthernLipids, Vancouver, 

Canada) by nitrogen gas, first with 200 nm (5 times) and finally with 100 nm (10 times) 

pore-size polycarbonate filters (Millipore Co., Bedford, MA).  

 

4.2.3.4 Characterization of liposomes: particle size, polydispersity index, and 

stability 

The average particle size and polydispersity index (PDI) of the liposomes were 

determined by Delsa Nano-HC Particle Analyzer (Beckman Coulter, CA, USA). 
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Encapsulation efficiency (EE%) was determined by the ultrafiltration method [111]. 

First, 20 μL of drug-loaded liposomes before extrusion and after extrusion were lysed 

with 980 μL of methanol. Second, 400 μL of liposome suspensions after extrusion were 

added to the sample reservoir of Microcon centrifugal filter (Nominal Molecular 

Weight Limit: 10 kDa) and centrifuged at 15000 rpm for 15 mins at 4°C to obtain the 

unencapsulated drugs. The amount of unencapsulated HF and the total amount of HF 

in liposomes were determined by UPLC as described in section 4.2.3.1. The amount of 

unencapsulated ART and the total amount of ART in liposomes were determined by 

LC-MS as described in section 4.2.3.1. The EE% was calculated by using the below 

equation: 

EE% = 
!"#$%&	#(	&#&)*	+,$-	.	!"#$%&	#(		$%/%0)12$*)&/+	+,$-

!"#$%&	#(	&#&)*	+,$- 		Í 100% 

For the stability test of the liposome formulations, liposome formulations were stored 

at 4 °C, and the particle size and PDI were measured at predetermined time points. 

 

4.2.3.5 Preparation of coumarin 6 liposomes for cellular uptake study 

The preparation procedures of coumarin 6 liposomes were the same as section 4.2.3.3. 

Conventional coumarin 6 liposome (Cou6-lip) was composed of SPC and coumarin 6 

and CPP2 surface-modified coumarin 6 liposome (CPP2-Cou6-lip) was composed of 

SPC, DSPE-PEG 2000-CPP2 and coumarin 6. The formulations of liposomes were as 

follows: 
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Table 4-2. Different formulations of coumarin 6 liposomes 

 Conventional liposomes CPP2-modified liposomes 

Coumarin 6 1 mg 1 mg 

SPC 40 mg 39.6 mg 

DSPE-PEG 2000-CPP2 N/A 0.4 mg 

 

4.2.3.6 Cellular uptake study of CPP2-modified liposomes (qualitative) 

A fluorescence microscope was employed to observe the internalization of the 

liposomal formulations. HCT 116 cells and SW 620 cells were seeded onto 6-well 

plates with 1 x 105 cells per well. After 24 hr of incubation, the cell culture medium 

was replaced with full medium containing free Cou6 (dissolved in methanol at 

concentration 1 mg/mL in advance), Cou6-lip, CPP2-Cou6-lip at Cou6 (green 

fluorescence) concentration of 0.1 μg/mL. Then the cells were further incubated at 37 

°C for 3 hr. After that, the cells were washed and incubated with full medium containing 

100 nM LysoTracker Red (red fluorescence) at 37 °C for 30 mins to label the lysosomes. 

The cells were then washed with cold PBS for three times followed by staining with 

4% paraformaldehyde PBS solution at 37 °C for 20 mins. The cells were washed again 

with cold PBS for three times and incubated with Hoechst 33342 (blue fluorescence) at 

5 μg/mL in the full medium at 37 °C for 10 mins to stain the cell nuclei. Finally, the 

cells were washed with cold PBS and observed under a fluorescence microscope.  
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4.2.3.7 Cellular uptake study of CPP2-modified liposomes (quantitative) 

The cells were incubated as described in 4.2.3.4. After incubated with various Cou6 

formulations, the cells were washed with cold PBS three times, and then detached by 

trypsin. Then the cell suspensions were centrifuged at 1000 rpm for 5 min. Trypsin 

solution was discarded and replaced by 0.5 mL of PBS for resuspension. Finally, the 

fluorescence intensity of the cells was measured by the FACSCanto flow cytometer 

(Becton-Dickinson, NJ, USA) with the acquisition of 10,000 counts.  

 

4.2.3.8 Statistical analysis 

All data are presented as mean ± SD unless specified otherwise. All statistical analyses 

were performed using GraphPad Prism 6.0 software. The statistical significance of the 

data was assessed using Student’s t-tests or one-way analysis of variance. A p<0.05 

was considered to be significant (denoted by *), and a p<0.01 was considered as highly 

significant (denoted by **).  

 

4.3 Results and discussion 

4.3.1 Solubility of HF and ART 

At 25 °C, more than 1 mg of HF could completely dissolve in 1 mL of distilled water. 

Precipitation was not observed after shaking overnight. The water solubility of HF at 

25 °C was determined to be over 1.18 ± 0.15 mg/mL. However, 1 mg of ART was not 

able to dissolve in 1 ml of distilled water. And precipitation was observed after shaking 

overnight. The water solubility of ART at 25 °C was determined to be 67.84 ± 3.60  

μg/mL. 
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4.3.2 Synthesis of DSPE-PEG 2000-CPP2 

The synthesis was achieved by the thio-maleimide “click” reaction. In this reaction, at 

pH between 6.5 and 7.5, the maleimide group on the lipid reacts specifically with the 

sulfhydryl groups of the cysteine-modified CPP2 to form a stable thioether linkage 

(Figure 4-3) [181].  

 

Figure 4-3 Schematic diagram of the conjugation of DSPE-PEG 2000-CPP2. 

 

The conjugation can be confirmed by MALDI-TOF-MS analysis. Figure 4-2 shows the 

mass-charge ratio of major peaks of DSPE-PEG 2000-Mal and cysteine-modified CPP2, 

which were 3034.480 and 2111.045 (theoretical value 2110.40), respectively. A right 

shift in the major peak for DSPE-PEG 2000-CPP2 was observed at around 4962.313. 

It was close to the theoretical value 5145.525, which indicated successful conjugation 

CPP2 with the lipid. The percentage yield of the reaction was over 90%.  
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(A) 

 

(B) 

 

(C) 

 

Figure 4-4 MALDI-TOF mass spectra of the A) Cysteine-modified CPP2, B) 

DSPE-PEG 2000-Mal and C) DSPE-PEG 2000-CPP2. 
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4.3.3 Characterization of HF and ART liposomes: particle size, polydispersity 

index and stability 

(A)  

 

(B)  

 

Figure 4-5 Representative particle size distribution profiles of (A) conventional 

liposomes; (B) CPP2-modifed liposomes. 
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Conventional liposomes and CPP2 surface-modified liposomes of HF or ART were 

successfully prepared by the thin-film hydration method. Mean particle size and 

polydispersity-index (PDI) of conventional liposomes and CPP2-surface modified 

liposomes were determined by the particle analyzer (Figure 4-5), and the data are 

shown in Table 4-3 and Table 4-4. The average diameter of the formulation was about 

100 nm, with PDI below 0.2, which implied that the liposome formulations had uniform 

particle size distribution. Liposomes with good uniformity have been reported to show 

better therapeutic performance [182].  

Table 4-3 Characterization of HF liposome formulations (n=3). 

 Conventional liposomes CPP2-modified liposomes 

HF 1 mg 1 mg 1 mg 1 mg 1 mg 1 mg 

SPC 20 mg 40 mg 60 mg 39.6 mg 39.2 mg 38.8 mg 

DSPE-PEG 

2000-CPP2 
N/A N/A N/A 0.4 mg 0.8 mg 1.2 mg 

Mean Particle 

Size (nm) 
96.57±1.2 98.8±1.3 97.9±1.2 102.8±2.6 102.6±1.2 106.7±1.6 

Polydispersity 

Index 
0.086±0.009 0.087±0.018 0.078±0.003 0.073±0.040 0.094±0.008 0.096±0.017 

Encapsulation 

Efficiency (%) 
77.80±0.81% 82.15±0.55% 82.08±1.79% 82.57±0.63% 79.12±1.61% 78.28±1.27% 
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Table 4-4 Characterization of ART liposome formulations (n=3). 

 Conventional liposomes CPP2-modified liposomes 

ART 1 mg 1 mg 1 mg 1 mg 1 mg 1 mg 

SPC 20 mg 40 mg 60 mg 39.6 mg 39.2 mg 38.8 mg 

DSPE-PEG 

2000-CPP2 
N/A N/A N/A 0.4 mg 0.8 mg 1.2 mg 

Mean Particle 

Size (nm) 
102.1±1.4 106.4±1.7 105.5±0.8 96.6±1.3 102.9±1.4 103.89±3.33 

Polydispersity 

Index 
0.087±0.009 0.067±0.050 0.105±0.028 0.082±0.029 0.090±0.021 0.141±0.034 

Encapsulation 

Efficiency (%) 
83.67±1.07% 95.54±1.08% 95.65±1.22% 94.30±1.10% 92.88±1.84% 87.92±1.27% 

 

For HF-lip, encapsulation efficiencies of HF-lip significantly increased when the 

lipid/drug mass ratio increased from 20:1to 40:1, which were 77.80 ± 0.81% and 82.15 

± 0.55%, respectively. When the lipid/drug mass ratio increased from 40:1 and 60:1, 

the EE did not increase significantly. The EE for lipid/drug mass ratio 60:1 was 

determined to be 82.08 ± 1.79%. A similar phenomenon was observed in the case of 

ART-lip. The EEs ART liposomes composed of different lipid/drug mass ratio were 

determined to be 83.67 ± 1.07% (20:1), 95.54 ± 1.08% (40:1), and 95.65 ± 1.22% (60:1), 

respectively. From the results of conventional liposomal formulations, it can be 

concluded that liposomes composed of a 40:1 lipid/drug mass ratio showed the 

optimum EE. Therefore, this ratio was chosen for CPP2-modified liposomes 

preparation. For CPP2-modified liposomes, the particle size slightly increased when 

the percentage of DSPE-PEG 2000-CPP2 containing in the liposomes increased. 
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Highest EEs were achieved when 1% of DSPE-PEG 2000-CPP2 was contained in the 

liposomal formulations. The EEs of 1% CPP2-modified HF liposomes and 1% CPP2-

modified ART liposomes were determined to be 82.57 ± 0.63% and 94.30±1.10%, 

respectively. When the percentage of DSPE-PEG 2000-CPP2 increased to 2% and 3%, 

the EEs were slightly decreased in both cases. In general, the encapsulation efficiencies 

of ART liposomes were higher than that of HF. It was because ART is more lipophilic 

than HF (The water solubility of ART is lower than that of HF). Upon 14 days of storage 

at 4 °C, no aggregation was observed in conventional liposomal formulations and 1% 

DSPE-PEG 2000-CPP2-modified liposomal formulations, which indicated good 

stability of liposomal formulations. However, aggregation was observed in 2% or 3% 

DSPE-PEG 2000-CPP2-modified liposomal formulations after overnight storage. As a 

result, 1% DSPE-PEG 2000-CPP2-modified liposomal formulations were chosen for 

further study. Particle size change of liposomal formulations composed of 40:1 

lipid/drug mass ratio and 1% DSPE-PEG 2000-CPP2-modified liposomal formulations 

upon storage at 4 °C for 14 days were shown in Figure 4-4. All the formulations did 

not show significant variation in particle size, which indicated good stability of the 

formulated liposomes. 
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Figure 4-6. Particle size change of HF-lip, ART-lip, 1% CPP2-HF-lip, and 1% 

CPP2-ART-lip at 4 °C for 14 days. (n=3) 

 

4.3.4 Cellular uptake study of CPP2-modified liposomes 

Cellular uptake study of liposome formulation was performed on HCT 116 cells and 

SW 620 cells. After incubation with free coumarin-6 or liposomal coumarin-6, the 

fluorescence intensity was observed under a fluorescence microscope (Figure 4-7 and 

Figure 4-8) and measured by flow cytometer (Figure 4-9).  
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Figure 4-7. Cellular uptake of Cou6, Cou6-lip, and 1% CPP2-Cou6-lip in HTC 

116 cells as shown by fluorescence microscope. The scale bar represents 100 μm.  

Figure 4-8. Cellular uptake of free Cou6, Cou6-lip, and 1% CPP2-Cou6-lip in SW 

620 cells as shown by fluorescence microscope. The scale bar represents 100 μm.  
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(A) (B) 

  

Figure 4-9. Quantitative analysis of free Cou6, Cou6-lip, and 1% CPP2-Cou6-

lip uptake in (A) HCT 116 cells and (B) SW 620 cells by flow cytometry.  

From the results, CPP2 significantly enhanced the internalization of liposomes in two 

different colon cancer lines. As compared to conventional liposomes, CPP2-liposomes 

showed approximately 10-fold stronger ability to penetrate cancer cells. Meanwhile, 

CPP2 showed better selectivity in HCT 116 cells than in SW 620 cells, the result is in 

agreement with previous studies [178, 179]. Hoechst 33342 (blue fluorescence) was 

used as a dye to observe the nuclei of HCT 116 cells and SW 620 cells while 

LysoTracker Red was employed to visualize the lysosomes in the cells. Low red 

fluorescence intensity indicated that both conventional and peptide-modified liposomes 

can avoid lysosomal degradation. These results are also consistent with previous reports 

[169, 183, 184]. 
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4.4. Discussion 

Liposomal formulations of HF and ART were successfully prepared for enhancing 

water stability of payloads, and penetrating into colon cancer cells. The compositions 

of liposomal formulations were optimized. Liposomes composed of 40:1 lipid/drug 

mass ratio showed the highest encapsulation efficiencies as compared to other ratios 

and 1% DSPE-PEG 2000-CPP2-modified liposomal formulations exhibited the best 

stability upon storage as compared to formulations containing higher ligand density 

(2% and 3%). The ligand density in the liposomes is an important criteria when 

designing formulations for targeted drug delivery. If the density of ligand is too high, it 

will affect the particle size, encapsulation efficiency, as well as the stability of the 

system. Aggregation may be observed upon storage. It will also lead to a higher cost if 

the ligand density is beyond a feasible range [185]. To our knowledge, this is the first 

time using CPP2 as a ligand to modify the surface of a DDS including liposome for 

CRC treatment. Results of the cellular uptake study showed that CPP2-lip can 

specifically promote the penetration ability of liposomes into colon cells. When the 

CPP2-modified liposomal formulation is administered in vivo, it may help to reduce 

non-specific distribution to healthy tissues.  

 

4.5 Conclusion 

In this chapter, liposome formulations with surface decorated with cell-penetrating 

peptides were developed to encapsulate HF or ART for CRC treatment. The liposomes 

had particle size around 100 nm with a narrow polydispersity index, which indicated 

the particle sizes of liposome formulations were highly uniform. The compositions of 

liposomal formulations were optimized, which had good stability when stored at 
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temperatures under 4°C storage for 14 days. In the cellular uptake study, CPP2-

modified liposomes showed a stronger ability to penetrate colon cancer lines than 

conventional liposomes. The CPP2-modified liposomes also revealed better sensitivity 

towards HCT 116 cells than SW 620 cells. Furthermore, both liposomal formulations 

did not induce lysosomal degradation. Therefore, these results suggest that the 

developed liposomal formulations can be employed to enhance the solubility, water 

stability, and penetration ability of HF and ART for targeted delivery to treat CRC in 

the future.  
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CHAPTER 5–In vitro Study of Anticancer Activity of 

Halofuginone-Artesunate Formulations on Colon 

Cancer Cells 

 

5.1 Introduction 

The occurrence of cancer is believed to be related to a complex series of deregulated 

signaling pathways that affect various tissues in a complicated mechanism 

simultaneously [186-188]. At this moment, most anti-cancer drugs are designed to 

target a single pathway or protein. This may be one of the reasons for failure in cancer 

treatment [189, 190]. As more is learnt about the pathology and biology of cancer, 

combination therapy has become popular. In this therapy, certain signaling cascades are 

manipulated or multiple pathways targeted. Thus, the drawbacks of conventional 

chemotherapy such as drug resistance or adverse effects can be overcome [191-193]. It 

has been reported that synergistic effects are exhibited if some anticancer drugs or genes 

are used in combination. Such combinations could reduce the dose required and thus 

reduce the toxicity caused by the drugs [194]. The potential improvements in 

therapeutic performance make combination therapy feasible. Up to now, FDA has 

already approved some drug combinations used for CRC treatment [150]. Examples 

include: CAPOX (Capecitabine + Oxaliplatin), FOLFIRI (Leucovorin Calcium + 

Fluorouracil + Irinotecan Hydrochloride), FOLFIRI-BEVACIZUMAB (Leucovorin 

Calcium + Fluorouracil + Irinotecan Hydrochloride + Bevacizumab), FOLFOX 

(Leucovorin Calcium + Fluorouracil + Oxaliplatin), FU-LV (Fluorouracil + Leucovorin 

Calcium), etc.  
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Traditional Chinese Medicine (TCM) has been practiced for millennia. Herbal 

prescriptions are always used to treat different diseases. Generally, a prescription 

formula contains multiple herbs, minerals, and/or animal products; it works by targeting 

multiple aspects of the disease, or condition, at the same time according to the theory 

of TCM. In the past years, major active pharmaceutical ingredients (APIs) have been 

identified from different herbs. Studies proved that the combinations of main APIs in a 

prescription show similar or better therapeutic effects as compared to the whole herbs 

[195-198]. Huanghuahao (Artemisia annua L.) and Changshan (Dichroa febrifuga 

Lour.) are a pair of drugs that are always used together as a medical treatment for 

diseases, including cancer. Both APIs extracted in these two plants have been reported 

to show anti-cancer effects on different types of cancer [199-204]. Research has found 

that halofuginone (HF) and artemisinin (ATS) showed synergistic effects on inhibiting 

the growth of colon cancer cells by upregulating p21Cip1 and p27Kip1 cooperatively [205]. 

It is curious to investigate whether artesunate (ART) can exhibit synergistic effects with 

HF because ART shows stronger anti-cancer activity than ATS [158, 203, 204, 206]. 

Using ART instead of ATS may improve the therapeutic results. 

 

Traditionally, HF and ATS are administered orally in aqueous solution form (Chinese 

medicine decoction). The amount of drugs being absorbed depends on their water 

solubility because APIs in the plants are extracted by water. However, both HF and 

ATS or ART have poor stability in aqueous solutions, which may affect their 

therapeutic efficacies in pharmaceutical applications. It is believed that improving the 

water solubility and stability of the drug molecules would promote the therapeutic 

efficacies. The mentioned problem can be solved by employing liposomes as smart 
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drug delivery vehicles. In Chapter 4, conventional liposomes or cell-penetrating 

peptide, CPP2-surface-decorated liposomes have been developed to encapsulate HF or 

ART for targeting colon cells line. The optimized formulations exhibit good stability 

and strong targeting ability to penetrate colon cancer cells.  

 

In this chapter, we are reporting for the first time of the use of the HF-ART combination 

and their liposomal formulations combination to treat colon cancer cells. The 

combination effects of liposomal drug formulations in different concentrations were 

evaluated on colon cancer cell lines in vitro. The results were analyzed by the Chou-

Talalay Method, which is one of the most commonly employed means to investigate 

and determine the synergistic interactions between two or more drugs [207]. Finally, 

the therapeutic effects of free drugs and liposomal drugs for colon cancer treatment are 

compared and discussed. This study provides an insight into the therapeutic potential 

of using HF and ART formulations as a combination for CRC therapy. 

 

5.2 Materials and methods  

5.2.1 Materials 

Soybean-lecithin (SPC) was purchased from Avanti-Polar Lipids Inc. (Alabaster, AL, 

USA). DSPE-PEG 2000-CPP2 was synthesized as described in Chapter 4. Dimethyl 

sulfoxide (DMSO) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased 

from Invitrogen (Waltham, MA, USA). Chloroform, ethanol, and methanol were 

purchased from VWR Chemicals (Leicestershire, UK). All chemicals and reagents 

were of analytical grade.  
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5.2.2 Cell culture 

Human colon cancer cell lines, HTC 116 cell, and SW 620 human Caucasian colon 

adenocarcinoma cell line were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with GlutaMAX supplemented with 10% fetal bovine serum, 100 U/mL 

penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, USA) at 

37°C in a humidified incubator with a 5% CO2 atmosphere. 

 

5.2.3 Experimental procedures 

5.2.3.1 Cytotoxicity study of HF and ART formulations by MTT assay 

The cytotoxicity of the free form of HF and ART (dissolved in DMSO at 5 mg/mL 

separately) and liposomal drug formulations against HCT 116 cells and SW 620 was 

evaluated by MTT assay. The cells were seeded onto 96-well plates with 5 x 103 cells 

per well. After 24 hr of incubation, the cell culture medium was replaced with fresh 

medium containing different formulations at HF concentrations ranging from 5 to 80 

nM or ART concertation ranging from 5 to 80 µM and the cells were incubated for 

another 24 hr. Then 20 µL of MTT solution (5 mg/mL in PBS) was added to each well, 

and the cells were further incubated for 4 hr at 37 °C. Then the medium was removed 

and 100 µL of DMSO was added to each well to dissolve the formazan crystals formed 

by the living cells. Untreated cells in complete cell culture medium were used as control. 

The absorbance was measured by Benchmark Plus Microplate Reader at 570 nm. Cell 

viability (%) was calculated as Atreated/Acontrol × 100%, where, Atreated and Acontrol 

represented the absorbance of cells treated with different formulations and blank culture 

medium, respectively. 
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5.2.3.2 Combination effect of HF and ART formulations to treat colon cancer 

HCT 116 and SW 620 cells were seeded onto 96-well plates with 5 x 103 cells per well 

for 24 hr before treatment. The cell culture medium was then replaced and treated with 

HF formulations (5 nM to 80 nM) and ART formulations (5 μM to 80 μM) in different 

combinations. The cells were then incubated for another 24 hr. Then 20 µL of MTT 

solution (5 mg/mL in PBS) was added to each well, and the cells were further incubated 

for 4 hr at 37 °C. Then the medium was removed and 100 µL of DMSO was added to 

each well to dissolve the formazan crystals formed by the living cells. The absorbance 

was measured by Benchmark Plus Microplate Reader at 570 nm and cell viability (%) 

was calculated. The combination index was calculated by the CalcuSyn program to 

evaluate the synergistic effects [207]. 

 

5.2.3.3 Statistical analysis 

All data are presented as mean ± SD unless specified otherwise. All statistical analyses 

were performed using GraphPad Prism 6.0 software. The statistical significance of the 

data was assessed using Student’s t-tests or one-way analysis of variance. A p<0.05 

was considered to be significant (denoted by *), and a p<0.01 was considered as highly 

significant (denoted by **). 

 

5.3 Results and discussion 

5.3.1 Cytotoxicity study of HF and ART formulations by MTT assay 

In vitro cytotoxicity of HF formulations and ART formulations to treat colon cancer 

cells were studied by MTT assay. The results are shown in Figure 5-1 and Figure 5-2. 

All formulations showed a dose-dependent effect on the viability of the cells. CPP2-
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modified liposomes showed the strongest inhibition effect among free drugs and 

liposomal drugs, while non-functionalized liposomal drugs showed stronger 

cytotoxicity than free form of drugs. The IC50 values of treating HCT 116 cells have 

been calculated. They are 126.95 nM, 79.91 nM, 5.32 nM, in free form of HF, HF-lip, 

CPP2-HF-lip, and 83.43 μM, 42.45 μM, and 14.28 μM in free form of ART, ART-lip, 

and CPP2-ART-lip, respectively. The differences in cytotoxicity can be attributed to 

the use of liposomes, which improves the water solubility and stability of drugs and 

results in better therapeutic performance [208]. The incorporation of CPP2 peptide can 

enhance penetration of liposomes into cancer cells and thus incurs a greater cytotoxic 

effect, as reported previously [177-178]. As compared to the results in different cell 

lines, the HCT 116 cell line was more sensitive than SW 620 towards the HF or ART 

treatment. The IC50 values of treating SW620 cells have been determined to be 253.1 

nM, 83.77 nM, 17.71 nM, in free form of HF, HF-lip, CPP2-HF-lip, and 53.13 μM, 

27.08 μM and 7.52 μM in free form of ART, ART-lip and CPP2-ART-lip, respectively. 

This observation was also consistent with a previous study [205].  
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(A)  

 

(B)  

 

Figure 5-1 Inhibition effects of (A) HF formulations and (B) ART formulations 

on the viability of HCT 116 cells. (n=3) 
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(A)  

 

(B)  

 

Figure 5-2 Inhibition effects of (A) HF formulations and (B) ART formulations on 

the viability of SW 620 cells. (n=3) 
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5.3.2 Combination effect of HF and ART formulations to treat colon cancer 

To evaluate the synergistic effect, colon cancer cell lines were treated with different 

concentrations of HF formulations and ART formulations simultaneously, in a variety 

of combinations [209]. The results were entered into the CalcuSyn program for 

combination index (CI) calculation. According to Chou-Talalay method, CI=1 indicates 

an additive effect, CI < 1 indicates synergism, and CI > 1 indicates antagonism in drug 

combinations [210, 211]. The experimental results are shown in Figure 5-3 and Figure 

5-4 while the calculated CI values are listed in Table 5-1 and Table 5-2.  

 

 

Figure 5-3 Effect of HF-ART combination on the viability of HCT 116 cells. (n=3) 
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Figure 5-4 Effect of HF-ART combination on the viability of SW 620 cells. (n=3) 
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Table 5-1 Combination indexes of HF-ART combination on HCT 116 cells 

analyzed by the CalcuSyn program. 

HF (nM) ART (μM) 
Cell Viability Combination Index 

Free Lip CPP2-Lip Free Lip CPP2-Lip 

5 5 70.6% 58.1% 45.5% 0.976 0.257 1.042 

5 10 69.8% 57.2% 37.7% 1.044 0.413 0.883 

5 20 63.3% 45.0% 27.9% 0.813 0.485 0.790 

5 40 48.1% 33.5% 8.7% 0.575 0.605 0.291 

5 80 43.6% 27.5% 4.5% 0.888 0.922 0.268 

10 5 65.5% 54.0% 41.0% 1.046 0.297 1.299 

10 10 62.4% 52.1% 33.1% 0.878 0.415 0.948 

10 20 59.8% 40.4% 24.4% 0.899 0.457 0.762 

10 40 45.0% 31.7% 8.0% 0.559 0.594 0.275 

10 80 42.4% 23.3% 4.2% 0.890 0.785 0.253 

5 5 71.1% 60.2% 44.8% 1.023 0.279 1.002 

10 5 61.5% 56.6% 37.3% 0.709 0.326 1.008 

20 5 59.7% 33.8% 21.8% 1.103 0.207 0.512 

40 5 51.9% 20.1% 19.9% 1.005 0.177 0.755 

80 5 45.2% 16.0% 15.9% 1.024 0.243 0.890 

5 10 64.4% 55.4% 41.1% 0.644 0.387 1.078 

10 10 58.5% 41.6% 34.3% 0.634 0.285 1.031 

20 10 56.2% 26.0% 18.4% 0.881 0.199 0.451 

40 10 47.5% 16.2% 16.6% 0.728 0.170 0.597 

80 10 38.8% 12.7% 11.7% 0.595 0.212 0.535 
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Table 5-2 Combination indexes of HF-ART combination on SW 620 cells analyzed 

by the CalcuSyn program. 

HF (nM) ART (μM) 
Cell Viability Combination Index 

Free Lip CPP2-Lip Free Lip CPP2-Lip 

5 5 68.0% 57.7% 57.1% 0.442 0.785 1.296 

5 10 65.1% 51.4% 41.1% 0.663 0.830 0.913 

5 20 62.4% 45.8% 21.0% 1.053 0.963 0.423 

5 40 55.5% 36.1% 17.9% 1.297 0.779 0.587 

5 80 37.5% 26.6% 9.1% 0.795 0.586 0.371 

10 5 66.2% 55.9% 51.7% 0.459 0.807 1.268 

10 10 60.0% 49.6% 33.3% 0.523 0.801 0.704 

10 20 57.0% 42.6% 18.5% 0.781 0.784 0.393 

10 40 54.6% 35.7% 15.5% 1.262 0.786 0.503 

10 80 36.8% 26.3% 6.1% 0.778 0.585 0.216 

5 5 88.1% 54.7% 58.4% 3.033 0.612 1.393 

10 5 85.9% 51.4% 54.4% 2.486 0.564 1.460 

20 5 75.1% 46.3% 43.1% 1.079 0.521 1.221 

40 5 70.1% 41.8% 28.0% 1.086 0.587 0.935 

80 5 60.6% 37.8% 15.1% 1.034 0.769 0.708 

5 10 86.3% 50.0% 52.2% 4.506 0.736 1.684 

10 10 74.7% 47.4% 48.1% 1.466 0.667 1.596 

20 10 75.3% 41.8% 36.6% 1.767 0.530 1.153 

40 10 64.0% 37.5% 21.3% 1.037 0.534 0.708 

80 10 56.7% 31.3% 12.4% 1.019 0.528 0.588 
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Among the calculated results, some of the drug combinations showed synergistic 

effects. For the free form of drugs, 5 nM of HF along with 40 μM of ART to treat HCT 

116 cells exhibited the lowest CI value (0.575), indicating the strongest synergistic 

effect. For conventional liposomal formulations of HF or ART, 40 nM of HF along 

with 5 μM of ART exhibited the lowest CI value (0.177) in HCT 116 cells. While for 

CPP2-modified liposomal formulations, the lowest CI value (0.253) was obtained when 

treated HCT116 cells with 10 nM of HF along with 80 μM of ART. 

 

For the results of SW 620 cells, more than half of the combinations of the free form of 

the drug showed antagonism. However, 5 nM of HF along with 5 μM of ART to treat 

cells exhibited the lowest CI value (0.442) in a group of free drugs. The lowest CI value 

was 0.521 when treated SW 620 cells with 20 nM of HF and 5 μM of ART conventional 

liposomal formulations; meanwhile, the lowest CI value for combinations of CPP2-

modified liposomal formulations was 0.216 when treating the cancer cells with 10 nM 

of HF and 80 μM of ART. 

 

By comparing the results of drug formulations treating two cancer cell lines, the 

treatment with 10 nM of HF and 80 μM of ART exhibited the lowest CI values in both 

cell lines in the groups of CPP2-modified liposomal formulations, which implied that  

CPP2-modified liposomal drugs in this specific ratio may exhibit most stable manner 

to kill the cancer cells. The lowest cell viabilities were observed in these treatment 

groups, which were 4.2% in the HCT 116 cell line and 6.1% in SW 620 cell line, 

respectively.  
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It is interesting to see that there was no antagonism effect in any conventional liposomal 

drug treatment groups in both cell lines. On the contrary, antagonism appeared 

frequently especially in SW 620 cell lines when treated with the free form of drugs. 

One possible reason may be due to the improvement in water solubility and aqueous 

stability. Free drugs might precipitate out from the medium during incubation. 

Encapsulating the drugs into liposomes solved the problem greatly. However, 

antagonism can also be observed in CPP2-modified liposomal formulation treatment 

groups. The possible reason may be due to the presence of cell-penetrating peptides, 

CPP2. 1% of CPP2 was chosen for liposomal formulations. During the preparation of 

liposomal formulations, the DSPE-PEG 2000-CPP2 might not distribute evenly in each 

liposomal particle. Also, the penetration mechanism of CPP2 and interaction between 

cancer cells are still not clear at this moment. Investigation on penetration behaviors of 

CPP2 may help to answer the question.  

 

In this study, HF and ART were encapsulated into liposomes separately due to the 

differences in therapeutic range. HF exhibits antitumor activity in nanomolar levels 

while ART exhibits antitumor activity in micromolar levels. It is easier to control the 

drug concentration in formulations and the ratio of drug combinations when the 

liposomal formulations were prepared separately. In the future, co-encapsulation of HF 

and ART in one liposomal formulation should be carried out. This would help to study 

the combined effects of HF and ART, and also the interactions between drugs and cells 

more deeply.  
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5.4 Conclusion 

In this chapter, anticancer activities of HF and ART formulations were investigated in 

HCT 116 cells and SW 620 cells. CPP2 surface-modified liposomes demonstrated the 

greatest cytotoxicity as compared to the free form of drugs or the conventional 

liposomes. The combinations of formulations significantly decreased cell viability as 

compared to single formulation alone in a specific ratio of drug concentrations. CI 

values were calculated to evaluate the pharmacologic drug interactions. Results 

indicated that HF and ART formulations exhibited synergistic anticancer effects at 

specific ratios. 
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CHAPTER 6–Conclusion and Future Perspective 

 

6.1 General Conclusion 

Water solubility is an important factor that affects the formulation development of a 

therapeutic agent. There is no universal strategy to improve water solubility and 

dissolution profiles for all drugs. Both novel and conventional particle technologies can 

be applied to provide a solution. In this project, two kinds of drug delivery systems 

(DDS), cyclodextrins, and liposomes were employed to improve the dissolution profile 

of active pharmaceutical ingredients originated from traditional herbal medicine to treat 

geriatric diseases including Alzheimer’s disease (AD) and colorectal cancer (CRC). 

 

6.1.1 Crocetin formulations for Alzheimer’s disease treatment 

Crocetin (CRT), an active compound is known to show neuroprotective activities. CRT 

can inhibit amyloid β (Aβ) fibril formation, destabilize pre-formed Aβ fibrils and 

improve Aβ degradation. It can suppress the amyloidogenic pathway and reduce the 

total tau and tau phosphorylation, which are associated with the pathogenesis of AD 

[93-100]. Furthermore, CRT can protect neuronal cells from various neurotoxic events. 

In the animal study, CRT has been proven to improve learning and memory of AD 

transgenic mice model [101]. The mentioned properties of CRT indicate that it may be 

a potentially useful candidate for AD treatment. However, poor water solubility 

(determined to be 1.33 ± 0.02 μg/mL in this project) restricts the therapeutic 

applications of CRT. To overcome the problem, different CRT formulations were 

developed by employing liposomes and cyclodextrins (CDs) as drug delivery carriers.   

 



 108 

Firstly, CRT liposomes composed of electrically neutral (SPC) or cationic lipids 

(DOTAP) were successfully formulated. The average diameter of the formulations was 

from 148.6 nm to 174.7 nm, with PDI below 0.15, which implied that the liposome 

formulations had uniform particle size distribution. Different ratios of DSPC and 

DOTAP were used to optimize the liposomal formulations. Results showed that 

liposomes composed of DSPC showed larger particle size as compared to liposomes 

composed of DOTAP. In the case of DSPC liposomes, encapsulation efficiency was 

low, which was only around 15% to 20%. Encapsulation efficiencies were greatly 

improved (3 folds) when DOTAP was employed instead of SPC. However, the water 

solubility of CRT in liposomal formulations did not show significant improvement as 

compared to the micelle solution (65.68 μg/mL) reported by Asai et al [106]. Therefore, 

HPBCD and γ-CD were employed to encapsulate CRT for inclusion complex formation 

as alternatives. Complexation of CRT significantly increased the water solubility of 

CRT from μg/mL to mg/mL. γ-CD series showed higher encapsulation efficiencies than 

the HPBCD series as γ-CD has larger cavity size than HPBCD to encapsulate CRT. By 

preparing for the inclusion complex in 1:3 drug to γ-CD molar ratio, encapsulation 

efficiency over 94% was achieved. And also, γ-CD series are less toxic towards the 

blood-brain barrier than α- and β-CD series, which has to be considered when 

developing a formulation to treat AD [36, 115]. Therefore, the CRT-γ-CD inclusion 

complex with a 1:3 molar ratio of CRT/γ-CD was chosen for further study on treating 

AD.  

 

Preparation of the inclusion complex did not require the use of organic solvents, thereby 

avoiding the toxicity typically associated with such solvents. The complex did not show 
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significant toxicities to neuronal cells within the range of 0.625 μM to 100 μM of CRT 

concentrations. CRT-γ-CD exhibited the ability to downregulate the expression of C-

terminus fragments and reduce both intracellular and extracellular levels of Aβ. It also 

protected neuronal cells from H2O2-induced cytotoxicity. In a pharmacokinetic study, 

the encapsulation of CRT by γ-CD altered the pharmacokinetic parameters of CRT. In 

the bio-distribution study, it was proven that the developed formulation was suitable 

for intravenous injection or intraperitoneal injection in normal SD rats. After IP or IV 

administration of the CRT-γ-CD inclusion complex, CRT penetrated the BBB and 

localized inside the brain. These results suggest that γ-CD is suitable for delivering 

insoluble drugs for AD treatment. It also provided hints for the development of 

functionalized γ-CD-based DDSs to achieve better therapeutic efficiency.  

 

6.1.2 Future perspective of CRT-γ-CD inclusion complex for Alzheimer’s disease 

treatment 

In the future, the therapeutic effects of γ-CD-CRT should be evaluated in the triple-

transgenic AD (3xTg-AD) mice model in vivo. The mice model steadily expresses three 

mutant genes: amyloid precursor protein, presenilin and tau. At 18 months old, the 

histological, and behavioral signs of AD are exhibited in the mice model [212]. The 

open-field test can be performed. The marginal area is selected as being within 10 cm 

from the walls. Each mouse will be placed at a corner randomly and allowed to move 

freely for 5 min. Different behaviors including walking distance, velocity, activity time, 

and the duration spent on designated areas will be recorded and analyzed by tracking 

system [213]. 
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The Morris water maze (MWM) test should also be conducted to test the spatial 

learning and memory ability of mice. The mice have to be trained to remember the 

platform area in a pool. Spatial learning of mice model can be evaluated via repeated 

trials and reference memory can be investigated by the behavior of searching the 

platform area when the platform is absent. With modifications to the testing conditions, 

different forms of learning and memory can be assessed. MWM is ideal for different 

animal models and the performance in the MWM can be used to evaluate the 

therapeutic effects of the drug [214]. After the animal behavioral experiments, the mice 

should be sacrificed to collect the brain tissues. The brain should be separated into the 

right hemisphere and left hemisphere for biochemical study and frozen sectioning, 

respectively. Then, immunohistochemical staining, image analysis of Aβ plaques and 

quantification of Aβ species can be carried out. The levels of total human Tau, APP and 

BACE1 can also be studied by western blotting [215]. Furthermore, in vivo toxicity 

study should be carried out. The highest dosage and limited dosage level should be 

selected based on the results of in vitro and in vivo experiments. Body weight changes 

and all abnormal clinical signs should be recorded. Unpredicted dead animals should 

be investigated immediately. All survived animals should be subjected to terminal 

necropsy. Different organs should be collected to be studied and analyzed [216].  

 

6.1.3 Halofuginone/Artesunate formulations for colorectal cancer treatment  

Halofuginone (HF) is a derivative of febrifugine, which has been increasingly 

investigated for its anticancer activities. HF inhibits the growth of various cancers, 

including colorectal cancer (CRC). HF exhibits antitumor activity in CRC cells by 

inhibiting angiogenesis, arresting tumor cell cycle, inducing apoptosis, regulating 
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protein expression and the activities of signaling pathways [154-156]. However, the 

clinical application of HF for cancer treatment is limited at this moment. So far, most 

of the preclinical and clinical studies made use of HF directly without any specific 

modifications to its physicochemical properties and biological functions. Thus, it is 

desired to design the formulation of HF to maximize its therapeutic efficacy against 

CRC.  

 

Artesunate (ART) is a semi-synthetic derivative of artemisinin (ATS), which has been 

approved by the FDA for malaria treatment. During the past years, the anticancer 

activity of ART has been extensively studied and evaluated. It has been reported that 

ART showed the strongest inhibition on leukemia and colon cancer cell lines. ART can 

inhibit cancer cell growth and angiogenesis, trigger apoptosis, and also regulating 

signaling pathways [160-162]. ART is slightly soluble in water, but the poor stability 

in aqueous solutions restricts its pharmaceutical applications.  

 

To address the issues of HF and ART, liposomal formulations with CPP2 peptide 

(sequence: DSLKSYWYLQKFSWR) surface-functionalized was developed for colon 

cancer therapy. HF and ART were encapsulated by the liposomes for water solubility 

and aqueous stability enhancement and targeted drug delivery. The particle sizes of 

conventional liposomes and CPP2 surface-modified liposomes of HF or ART were 

about 100 nm, with PDI below 0.2, which implied that the liposome formulations had 

uniform particle size distribution. In general, the encapsulation efficiencies of ART 

liposomes were higher than that of HF. Upon 14 days of storage at 4 °C, no aggregation 

was observed in conventional liposomal formulations and 1% DSPE-PEG 2000-CPP2-
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modified liposomal formulations, which indicated good stability of liposomal 

formulations. However, aggregation was observed in 2% or 3% DSPE-PEG 2000-

CPP2-modified liposomal formulations after overnight storage. As a result, 1% DSPE-

PEG 2000-CPP2-modified liposomal formulations were chosen for further study. In the 

cellular uptake study, CPP2-modified liposomes showed the strongest permeability and 

selectivity to colon cancer cell lines (HCT 116 cells and SW 620 cells) without inducing 

lysosomal degradation. Anticancer activities of HF and ART formulations were 

investigated in colon cancer cell lines. CPP2-modified formulations exhibited the 

strongest inhibition effects on the cancer cell lines. The combination effects of HF and 

ART were determined and calculated based on the Chou-Talalay method. Synergetic 

anti-cancer effects were observed when cancer cell lines were treated with HF and ART 

formulations in specific ratios.  

 

6.1.4 Future Perspective of HF/ART liposomal formulations for colorectal cancer 

treatment 

In this project, only in vitro study was carried out. In the future, in vivo study should be 

conducted. First, pharmacokinetic studies of HF or ART formulations can be performed 

in rats or mice model. Drug formulations can be administered via intravenous injection. 

By analyzing the drug concentration in plasma at different time points after 

administration, pharmacokinetic profiles of different formulations can be obtained. 

 

Biodistribution study can be performed by application of fluorescent imaging using an 

IVIS Lumina-XR system to investigate the biodistribution behavior and the targeting 

ability of CPP2-modified liposomes in colon tumor-bearing BALB/c nude-mice. 
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Moreover, mice can be sacrificed after administration at predetermined time points to 

collect the tissues such as the brain, heart, liver, spleen, lung, kidneys and tumor for ex-

vivo fluorescent imaging since it can prove that whether the CPP2-modified liposomes 

have accumulated in the tumor sites [53]. After that, tissue homogenates can be 

prepared for the extraction of drug molecules. The drug concentration in different 

tissues can be determined by UPLC or LC-MS. It will give a full image of the 

biodistribution profiles of drugs (HF or ART) as well as the drug delivery carrier, 

liposomes.   

 

Then, in vivo therapeutic efficacy should be evaluated in colon tumor-bearing BALB/c 

nude mice. Single HF or ART formulations and a combination of HF and ART 

formulations should be administered to study the combination of anticancer activity in 

vivo. Body weight changes and the number of dead mice should be recorded. All 

survived animals should be subjected to terminal necropsy. Different organs and tumor 

should be collected to study and analyze [53].  
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