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Abstract 

Gene delivery via the nonviral route (i.e., transfection) has emerged in recent decades for 

biomedical applications, which provids a promising approach for elucidating gene function, 

genetic engineering and gene therapy for cancer and genetic diseases. The success of 

nonviral gene delivery highly relies on the development of efficient and biocompatible 

delivery vectors. Among these synthetic nanoscale vectors, liposomes and polymeric 

nanomaterials are excellent candidates due to the advantages of safety, easy production, 

minimal immunotoxicity and high transfection efficiency. It can be envisioned that once 

these nanocarriers have reached their desired sites, the kinetics and extent of gene release 

from nanocarriers plays a significant role in the therapeutic performance. The targeting 

capability of gene delivery systems can also be considered as another important determinant 

of efficacy of gene action and overall treatment outcome. Therefore, development of 

triggerable gene delivery systems for on-demand gene release is the subject of current and 

future considerations to achieve better therapeutic index of gene therapy. My PhD research 

is mainly focused on development of lipid-based nanocarriers where the payload release can 

be activated by irradiation from visible light or X-ray. By using these two triggering 

modalities, therapeutic effect from loaded gene and/or drug was enhanced significantly, 

compared with traditional liposome delivery systems.  

My first project focuses on gene silencing in rat PC12 cells by light-triggered liposomes. 

These liposomes composed of cationic and neutral lipids and a photosensitiser were utilized 

in asODN delivery for gene silencing. Gene silencing efficiency of the pituitary adenylyl 

cyclase-activating peptide (PACAP) receptor 1 (PAC1R) was enhanced by almost 40% 

under light irradiation compared to the non-irradiated groups. In order to assess this light-

activated gene release process, the subcellular analysis was conducted through imaging-

based quantitation. Endo/lysosomal escape of antisense oligonucleotides was documented at 

different time points based on quantitative analysis of colocalization between fluorescently 

labelled DNA and endo/lysosomes. This work laid a foundation for further development of 

more complicated liposome delivery systems. 
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In the second project, further modifications of these liposomes were made to deliver the 

larger DNA fractions, plasmid DNA (pDNA) expressing the enhanced green fluorescent 

protein (EGFP). Cholesterol with appropriate amount was incorporated into liposomal 

structure to enhance the liposome stability in physiological environment. In addition, high 

complexation ability of polycation molecules with the DNA molecules was also taken 

advantage, the designed liposome-polycation-DNA (LPD) nanocomplexes, which 

incorporate verteporfin (VP) in a lipid bilayer and the complex of polyethylenimine 

(PEI)/plasmid DNA (pDNA) encoding EGFP (polyplex) in the central cavity of the liposome. 

The nanocomplexes were demonstrated to obtain the light triggered release of pDNA from 

the liposomes upon irradiation with a near-infrared (NIR) light-emitting diode (LED) light 

source. The release mechanism is driven by reactive oxygen species (ROS) oxidization via 

the photochemical reaction from the PS, leading to the release of pDNA into the cytosol and 

subsequent gene transfer. Light-triggered endolysosomal escape of pDNA at different time 

points was confirmed by quantitative analysis of colocalization between pDNA and 

endolysosomes. The efficiency of this photo-induced gene transfection was demonstrated to 

be more than double compared to non-irradiated controls. Additionally, we observed reduced 

cytotoxicity of the LPD nanocomplexes compared with the polyplexes alone. We have thus 

shown that light-triggered and biocompatible LPD nanocomplexes enable improved control 

of gene delivery which will be beneficial for future gene therapies.  

The third part discussed my main contributions to the following work on the drug/gene 

delivery platforms developed by introducing verteporfin and/or gold nanoparticles into 

PLGA polymers or the liposomal bilayer:  

(1) Photodynamic therapy (PDT) by using X-ray triggered Poly (D, L-lactide-co-glycolide) 

(PLGA) polymer nanoconstructs (equal authorship contribution): A dual PDT system was 

developed that can be triggered by both red light at 690 nm and X-ray radiation. PLGA 

nanoparticles conjugated with folic acid (FA) and incorporating verteporfin, can generate 

cytotoxic singlet oxygen for cell killing effects and allowed for specific targeting to the 

HCT116 cancer cells which overexpress the folate receptors (FRs).  

(2) In vitro and in vivo enhanced gene knockdown and antitumour effect by using the X-ray 

triggered liposomes (second authorship contribution): The same X-ray triggered liposomes 

loaded with a chemotherapy drug, doxorubicin killed human colorectal cancer cells more 

effectively than in the absence of X-ray triggering. They have been further demonstrated 
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better antitumor effect in the colorectal cancer in vivo, which indicates the feasibility of a 

synergistic effect in the course of standard radiotherapy combined with chemotherapy 

delivered via X-ray triggered liposomes.  

The future work on liposome-mediated clustered regularly interspaced short palindromic 

repeats (CRISPR)-associated protein-9 nuclease (Cas9) delivery system is summarized in 

the last chapter. In this study, the light-triggered liposomal gene editing systems will be 

investigated in human cells and zebrafish embryos. 

In summary, my PhD work is structured as a thesis by publication. The chapters are 

presented in the form of published peer-reviewed journal papers. 

Key words: lipid-based nanovectors; gene transfection; nonviral gene delivery; drug 

delivery system; light induced delivery; photochemical internalization; drug delivery; 

photodynamic therapy; controlled release. 
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1.1 Nanotechnology and nanomedicine 

Nanotechnology is one of the new important technologies for promoting global 

technological innovation in the 21st century. There are many new emerging fields 

associated with nanoscience and nanotechnology, such as nanobiology1, nanochemistry2, 

nanoelectronics3, and nanomaterials4. As the fastest growing field of nanotechnology, 

various innovative nanomaterials have been widely used in biology, medicine, environment, 

energy and other fields5. Due to the special nature of nanomaterials that many traditional 

bulky materials do not have, they have been applied to diverse areas such as light heat 

absorption6, magnetic separation7, special conductors8, molecular sieves9, catalysts10, heat 

exchange materials11 andlubricants12. Particularly in biomedical science13, the advent of 

nanotechnology has presented its huge potential to renovate the traditional diagnosis and 

treatment methods, which will greatly improve the diagnostic accuracy and therapeutic 

efficiency14.  

This thesis will mainly focus on the nanoscale gene/drug delivery systems based on the 

light-triggerable lipid and polymeric nanoparticles. These smart systems can help to 

address current challenges15 of traditional drug/gene delivery systems in biomedical 

applications, including: 

(1) Improvement of the stability of loaded therapeutic agents. Nano-sized drug carriers can 

protect the cargos from external environment by loading them into delivery vehicles15. This 

feature can be achieved by adjusting physico-chemical properties such as nanomaterial size, 

the surface charge, components and the nature of the payload. 

(2) Enhancement of targeting ability of delivery systems by conjugation of nanoparticle 

surface with targeting molecules. Targeting delivery is a very important feature in nano-

based delivery systems, which can be divided into passive and active targeting16-17. The 

passive targeting17 mainly focuses on tumour blood vessels where nanoparticles have high 

permeability, leading to the retention of delivery systems at targeted tumour sites.  This 

targeting activity is based on enhanced permeability and retention (EPR) effect of 

nanoparticle systems18. However, several factors affect the EPR effect of nanoparticles, 

such as a lack of targeting ligand, the surface properties of carrier systems and the scavenger 

receptors in the reticuloendothelial system (RES)19. Especially the RES uptake has been 

demonstrated to be a major barrier to the delivery of macromolecular therapeutic agents20. 
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Hence, in order to overcome these limits, active targeting strategies have been extensively 

developed where targeting ligands were attached to the nanoparticle surface by various 

binding methods. In addition, to prolong plasma half-life of delivery systems when used in 

in vivo applications, polyethylene glycol (PEG) polymer was also attached to nanoparticle 

surface21. Compared with passive targeting, active targeting is a more desirable strategy 

because it can facilitate cellular uptake of nanoparticles by cells themselves. In one of my 

main contributed work, we conjugated PLGA nanoconstruct drug delivery system with the 

folic acid molecules (a targeting ligand to folate receptor) to achieve targeted photodynamic 

therapy (PDT) on killing colorectal cancer cells. 

(3) Controllable drug release. Nanoparticle delivery systems can release payloads in a more 

controllable way by using various stimulus strategies, achieving on-demand drug/gene 

release and enhancing therapeutic effect. These strategies include endogenous stimuli (such 

as enzyme22, pH23 and redox reactions24, etc.) and exogenous ones (such as light, 

temperature, magnetic field and X-ray irradiation etc.)25. Among various approaches, the 

light-mediated triggering method has shown great potential and feasibility for on-demand 

release purpose. My PhD study is mainly focused on light-triggered liposome gene delivery 

systems, which is discussed in Chapter 2 and 3. In addition, the X-ray irradiation induced 

gene or drug release systems have also been investigated for in vitro and in vivo cancer 

treatment, which are shown in Chapter 4 and 5. 

1.2 Viral vectors for gene therapy applications  

Gene therapy is a treatment based on the transgenetic technique where the foreign gene 

materials were introduced into the targeted cells to correct or compensate the gene defects 

and abnormalities caused by the disease26. In May 2016, Europe Commission approved the 

gene therapy drug Strimlevis for GlaxoSmithKline (GSK), which is used to treat adenosine 

deaminase-deficient severe congenital immunodeficiency syndrome (ADA-SCID)27. The 

disease is caused by a congenital absence of a metabolic enzyme called ADA28, which leads 

to a serious immune system defect. The function of Strimlevis is to extract the 

hematopoietic stem cells from the patient and introduce the ADA gene into the patient. 

Although the treatment is expensive ($660,000), the company guarantees that it will not be 

paid if the disease cannot be cured. To date the US Food and Drug Administration has 
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already approved 15 gene therapy products since the first one was approved in October 18, 

201729.  

Generally speaking, the gene therapy efficiency highly relies on the delivering methods of 

the therapeutics genes30. There are various viral and non-viral vectors applied for gene 

therapy and other applications, some representative examples are shown in the Figure 1-1.  

 

Figure 1-1 Viral and non-viral gene delivery systems. 

 

In this part I mainly discuss viral vectors. Figure 1-2 illustrates the basic route of viral 

vectors used in gene therapy. In specific, the virus particle loaded with therapeutic DNA 

sequences attaches to and then enters a cell via receptor mediation process. The packaged  

 

Figure 1-2 Transduction mechanism of a target cell using viral vectors31. 
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genome of virus can be integrated into the host genome or persist as an isolated episome, 

followed by transcription of the gene for mRNA and expression of protein31. 

Retroviruses, adenoviruses and adeno-associated viruses (AAVs) are the main viral vectors 

that have been well characterized and widely used in the provision of viral gene therapy32 

(Table 1-1). Retroviral vectors specifically introduce the exogenous DNA into target cells 

that do not undergo cell division, such as muscle cells or neurons, by reversing transcription 

replication, e.g., lentiviral vectors and a subclass of retroviral vectors33. The adenovirus 

vector only carries viral double-stranded DNA, rather than incorporating it into the host 

cell genome, making it suitable for applications that require transient protein expression. 

The AAV vector is a small and simple package34. It can transduce both non-dividing cells 

and split cells, making it a relatively safe and useful carrier for human gene therapy. 

Although AAV is non-pathogenic, and proven to be effective in gene delivery, for its long-

term effects on safety, further investigation still needs to be done to avoid medical 

malpractice35-36.   

Table 1-1 Particle characteristics and gene therapy properties of various Viral gene vectors 

32. 

  Adenovirus 

Adeno-

associated 

virus 

alphavirus Herpesvirus  
Retrovirus/L

entivirus 

Vaccinia 

virus 

P
a
rt

ic
le

 

ch
a
ra

ct
er

is
ti

cs
 

Genome dsDNA ssDNA ssRNA (+) dsDNA ssRNA (+) dsDNA 

Coat Naked Naked Enveloped  Enveloped Enveloped Enveloped 

Virion 

diameter 
70-90 nm 18-26 nm 60 -70 nm 150-200 nm 80-130 nm 300-450 nm 

Genome size 39-38 kb 5 kb 12 kb 120-200 kb 3-9 kb 130-280 kb 

 

      
 Family Adenoviridae Parvoviridae  Togaviridae Herpesviridae Retroviridae Poxviridae 

G
en

e 
th

er
a

p
y

 

p
ro

p
er

ti
es

 

Infection 

Dividing and 

non-dividing 

cells 

Dividing and 

non-dividing 

cells 

Dividing and 

non-dividing 

cells 

Dividing and 

non-dividing 

cells 

Dividing 

cells 

Dividing and 

non-dividing 

cells 

Host genome 

interaction 

Non-

integrating 

Non-

integrating 

Non-

integrating 
Non-integrating Integrating  

Non-

integrating 

Transgene 

expression 
Transient  

Potential long 

lasting 
Transient 

Potential long 

lasting 
 Long lasting  Transient 

Packaging 

capacity 
7.5 kb 4.5 kb 7.5 kb >30 kb 8 kb 25 kb 
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There are several risks and barriers that are currently hampering virus vectors-based gene 

therapy37. First, viruses can usually infect more than one type of cells so they would 

transduce not only diseased cells but also the healthy cells. In addition, viruses would 

probably incur the wrong insert of the foreign therapeutic gene, resulting in harmful 

mutations to the host genome DNA or even diseased disorders. What’s more, there is the 

possibility of randomness of transduction to many types of cell by viruses. In such cases 

the unintentional introduction of the foreign genes would occur to the reproductive cells, 

leading to undesired genetic changes that may be passed onto the next generation. Other 

concerns include the possibility of the overexpression of the introduced genes, the 

undesired immune response to the virus carriers and the potential transmission of virus 

between patients, other individuals and the environment36.  

1.3 Nanomaterials used for nucleic acids and drug delivery 

1.3.1  Nanoscale drug/gene delivery systems (DDS) 

In recent years, nano-based drug/gene delivery systems with various structures and 

functions have been widely developed and applied into medical fields. Compared with viral 

vectors, these nanoparticle-base delivery systems are non-immunogenic, biocompatible, 

easy to produce and flexible for surface modification. They have demonstrated excellent 

performance in nanomedicine, in particular disease treatment38-39. Many existing drugs, 

genetic materials (including DNA, mRNA, siRNA etc.) and biologically active molecules 

(such as proteins and antibodies) have been incorporated into the appropriate nanoscale 

carriers. Although traditional nanomaterials as a delivery platform have shown great 

promise in the treatment of cancer and other diseases, they are still facing complex 

challenges when used in clinical applications, such as inadequate curative efficiency, less 

control of the content release and difficult access to target sites40. To overcome these limits, 

many strategies on nanomaterial modification have been developed to improve the 

performance of non-viral synthetic delivery systems41 (see Figure 1-3). These nanoscale 

carriers can be engineered to have the capabilities for controlled drug/gene release, lesions-

specific targeting and other desired functions42. For example, to meet the requirement of 

controllable cargo release, many stimulus-responsive systems have been designed where 

active molecules are incorporated into nanomaterials to achieve the on-demand payload 

release (Figure 1-4). These stimuli include pH change, temperature, physical fields, or 
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photochemistry25, 43. Among these approaches, photo-responsive methods for on-off 

response and even for reversible switch have attracted extensive interests due to the precise 

control of light parameters such as illumination wavelength, power density and illumination 

time44. 

 

Figure 1-3 Compositional design considerations for four representative properties(target 

ligands, shapes, chemical compositions and surface chemistry) of nonviral gene delivery 

systems45. 
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Figure 1-4 Nanocarriers combine chemotherapy with physically destructive modalities 

that induce tumor ablation (photothermal/magnetic)46. 

 

 

These nanoscale delivery systems are broadly classified into inorganic particles, lipid-, 

polymer- and peptide-based nanoparticles. In this chapter, I will mainly discuss on 

polymer- and lipid-based systems that are the focus of my PhD work. 

1.3.2 Cationic polymers for gene delivery 

Cationic polymers can bind to DNA at physiological pH to form the polymer/DNA 

complexes, termed as polypolex that can condense the DNA molecules into small particles, 

facilitating the entry into the target cells. Adding polycations such as polyethylenimine 

(PEI), poly-L-lysine (PLL) and protamine, as a copolymer into liposome components can 

significantly increase in vitro and in vivo transfection efficiency47. Cationic polymers can 

enhance cellular uptake by endocytosis, however their transfection efficiencies and 

cytotoxicity are quite different. 
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Figure 1-5 Non-viral gene vectors using sythetic lipid and polymer nanomaterials48. Two 

main classes of non-viral nanoparticles are made from cationic materials: lipids (a) and 

polymers (b).  

1.3.2.1 PEI 

PEI is the mostly studied and efficient polymer gene vector. The capacity of PEI to 

condense DNA molecules and its proton sponge effect49 are the vital properties of efficient 

gene delivery. Its transfection efficiencies vary widely different between the ones with 

different molecular weights and different sturcture50. Low molecular weight PEI does not 

have capabilities of delivering gene. Typically 25 KD PEI is utilized as a potent copolymer 

for gene transfection. Many factors affect the gene transfer capacity of PEI complexes, such 

as: molecular weight, degree of branching, zeta potential and particle size51.  

Linear and branched PEI (BPEI) have high in vitro transfection efficiency and moderate in 

vitro efficiency. Linear PEI (LPEI) has lower cytotoxicity than BPEI. Compared to 

BPEI/DNA, LPEI/DNA complex has higher gene transfection efficiency. This could be 

contributed to the less compactness that LBPI compresses DNA molecules compared BPEI 

does52. One of the disadvantages of using PEI is the non-degradable characteristics in 

animal body that generates toxicity53. The cytotoxicity and transfection efficiency of PEI 
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are also determined by the physicochemical properties of structures and molecular weight. 

For example, branched PEI with a high molecular weight (for example, 25 kD) shows 

favourable transfection activity but suffers from the greater cytotoxicity, compared with 

PEI of lower molecular weight54. The cell viability can be even reduced to less than 20% 

after treatment of Lovo cells with branched PEI (25 kD, 60 µg/mL)55. In order to achieve 

the optimal balance between cytotoxicity and transfection efficiency, various strategies for 

PEI modification have been explored, such as combination of PEI/DNA complex with 

various phospholipids to form the LPD complexes (named as lipopolyplexes)56. 

The "proton sponge effect" is used to explain the gene delivery mechanism of cationic 

polymer, especially PEI and its derivatives. The vast majority of amino groups on PEI can 

not be fully protonated under physiological conditions, while in the endosomes where pH 

is below 6.0, it can be protonated. Protons entering the endosomes carry chloride ions and 

increase the osmotic pressure causing the vesicles to burst and rupture. Interestingly, 

neither lipids nor other cationic polymers (such as PLL, histidine and chitosan) can lead to 

vesicle rupture, but they can still achieve gene transfection57. Therefore, for non-viral 

vector-mediated gene delivery, there are yet many mechanisms that require further study.  
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Figure 1-6 The illustration of proton sponge effect 57. 

 

1.3.2.2 Poly (L-lysine) (PLL) 

Poly-L-lysine was the first cationic polymer to be used for gene transfer and was the one 

of the first cationic polymers to be used in clinic trails58. It is a linear peptide with lysine as 

a repeat unit, its biodegradable feature make it has advantages in vivo application. However, 

the PLL complexes are prone to bind with hemoglobin and then to be cleared in the 

circulation59. In fact, PLL’s transfection efficiency is usually low without modification. In 

addition, successful transfection by using PLL usually needs  combination with other 

endocytosis enhancer such as chloroquine to reduce lysosomal degradation of the 

complex60.  
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1.3.3 Lipid nanoparticles for gene delivery 

1.3.3.1 The structure of liposomes and phospholipid molecules  

Nano organic delivery systems are constructed from different types of chemical materials 

including chitosan and its derivatives, poly lactic acid and its derivatives, liposomes, 

sodium alginate, collagen, cyclodextrins, amino acid polymers, hyaluronic acid and so on61. 

Among them, liposomes are an excellent candidate of the active nanoscale delivery systems 

due to their unique amphiphilic structure. The specific application of this kind of system 

depends on the different liposome formulations. In brief, liposomes are vesicles assembled 

from phospholipid bilayer membranes, simultaneously wrapping the drug or other 

molecules for the delivery aims62. Figure 1-7 shows the basic rout of making liposomes 

through the molecular reassembly between amphiphilic phospholipids that are the main 

components. Liposome preparation technologies are well demonstrated and easy to achieve 

large-scale products, which enable liposomes to be applicable to various fields such as 

pharmacy, immunomodulation, biotechnology, genetic medicine and genetic engineering. 

Many liposomes applied in drug formulations have been approved by FDA and more are 

undergoing clinical trials recently63. 

 

Figure 1-7 Liposome preparation by molecular reassembling. 

 

Liposomes are mainly composed of phospholipids and cholesterol. Figure 1-8 is a 

schematic diagram of phospholipids where the molecule contains a hydrophilic phosphate 

ester group and lipophilic fatty acid chain, enabling them a category of excellent 

amphiphilic molecules. Based on the main structure of phospholipids, they are divided into 

phosphoglycerides and sphingomyelin64. The phosphoglycerides are commonly used in the 

preparation of liposomes, and the following brief description of phosphoglyceride is shown 

in Figure 1-965.  
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Figure 1-8 Schematic illustration of phospholipid molecule66. 

 

 

Figure 1-9 The diagram shows the structures of phosphatidic acid (PA), 

phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE) 

and phosphatidylcholine (PC) (PI, PS, PE, and PC  are derived from PA)65. The 

hydrophilic head groups (H, inositol, serine, ethanolamine and choline) that are 

attached to the basic phospholipid structure are shown in red.  
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Figure 1-10 The illustration of thin-film preparation of liposome used in this thesis. 

 

The structure of phosphoglycerides has glycerol-3-phosphate as a backbone and the 

glycerol molecules as the other part. Those two hydroxyl groups are easily esterified by 

fatty acids, forming a variety of phosphoglycerides67. In this way the phosphate groups can 

have a variety of structures of small molecule compounds. Cholesterol is another important 

component of liposomes. Though it does not form a liposomal membrane structure, 

cholesterol has the effect to regulate membrane fluidity, known as liposome fluidity buffer, 

which is vital for improvement of the liposome stability68. 

1.3.3.2 Evaluation of the physical and chemical properties of liposomes 

To effectively employ liposomes to deliver gene/drug, it’s necessary to evaluate 

physicochemical properties including membrane fluidity, the surface charge, phase 

transition temperature, size distribution and so on.  

(I) Mobility of liposome membranes  

Mobility of membranes is an important physical entity of liposomes.  The easier mobility 

of the membrane indicates the less structural stability and the faster drug release. Addition 

of cholesterol molecules usually reduce the fluidity of the liposome membrane when the 

temperature overpasses its phase transition temperature (Tm), thus improving the stability68.  

(II) Phase transition temperature 

Orderly arrangement of hydrophobic chains in the liposomal bilayer can be turned to the 

disorderly arrangement when the temperature is increased, causing a series of property 

changes. The values of Tm that induces phase changes are determined by the types of 

phospholipid components69. These liposomal membranes are composed of two or more 

phospholipids, each of which has a specific Tm value. Different phospholipids can coexist 
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with different phases at a certain temperature. At a certain Tm temprature, the fluidity of 

the liposomal membrane increases, enabling the encapsulated cargoes be released at the 

maximum rate70. 

(III) Electrical properties of the liposomal surface 

Liposomal surface charge usually affects many properties of liposomes including the 

entrapment efficiency, drug loading, targeting ability to the specific sites, stability in 

targeted organs71. Conventional nanoparticles with negatively charged and without any 

surface modifications can be rapidly recognized and cleared by the reticuloendothelial 

system (RES) in the blood stream72. Suitable surface charge of lipid nanoparticles can 

improve their serum stability and targeting capability and eventually the therapeutic 

performance73. For example, positively charged liposomes have higher binding preference 

to the nucleic acids owing to the strong electrostatic force. They can also have better 

interaction with the negatively charged biomembrane (eg. cell membrane), thus enhancing 

the uptake activity of these delivery systems74. 

(IV) Particle size  

The size range of liposomes is relatively wide, from 20-80 nm in single-layer vesicle 

liposomes to multi-layer liposomes with a few microns. The application of liposomes varies 

somehow depending on different particle size. For example, liposomes with the diameter 

around 100 nm are commonly used in intravenous injections, whereas micron-sized 

liposomes are commonly used for oral administration or epidermis drug delivery system75.   

(V) Drug loading rate and encapsulation efficiency 

The drug-loading rate refers to as the weight percentage of the drug contained in the 

liposome.  The entrapment efficiency refers to as the amount of the entrapped drug 

substance76. To obtain optimal encapsulation efficiency, the molar ratio of liposomes and 

loaded drugs needs to be adjusted during the synthesis77.  

1.3.3.3 Liposome classification 

Based on the surface charges, liposomes are divided into neutral liposomes, negative 

liposomes and electropositive lipids. Neutral liposomes are consisted of lipid lecithin or 

other neutral phospholipids, therefore the surface of the liposomes are uncharged78. 

Negatively charged liposomes incorporated acidic phospholipids such as 

phosphatidylserine in lipids. These two kinds of liposomes can reduce the non-specific 

adsorption during drug delivery process, thus allowing longer circulation time when used 

in in vivo applications, compared with positively charged liposomes79. However, 
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electropositive liposomes containing positively charged lipids, can enhance the cellular 

uptake by interacting with negatively charged cell membrane. This enables their 

applicability for enhanced gene delivery and therapy. 

Based on the structure and size, liposomes can be divided into small unilamellar liposome 

vesicle (SUVs) with the particle size of about 10 ~ 80nm, large unilamellar vesicles (LUVs) 

with particle size 100 ~ 1000 nm between the single-layer vesicles and multilamellar 

vesicle (MLVs) containing multiple bilayer with particle size ranging from 1 to 5 μm. When 

liposomes are used as drug carriers, each layer can in principle encapsulate hydrophobic 

drug molecules.  The water-soluble drug can be encapsulated in the mid cavity of the vesicle. 

Generally speaking, LUVs can encapsulate the drug whose size is more than 10 times than 

that loaded inside SUVs80. In addition, SUVs can be obtained after filtration of LUVs, 

which is considered as one of the special properties of liposomes that are superior to the 

general microcapsules as drug carriers (see Figure 1-11). 

   

 

Figure 1-11 Classification of liposomes and their relative sizes. SUV: single unilamellar 

vesicles, MLV: multilamellar vesicles, LUV: large unilamellar vesicles81 

 

1.3.3.4 Preparation methods  

The preparation methods include thin film dispersion method, reverse phase evaporation 

method, ultrasonic dispersion method, freeze-dried method and injection method 82. 

(I) Film dispersion method  

This method is mainly used for preparation of MLV liposomes. The phospholipids and 

cholesterol or other hydrophobic components are first dissolved in chloroform (or other 
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organic solvents) and then chloroform is evaporated using a rotary evaporator or under the 

inert gas stream to form a thin film laying on the inner wall of the flask. Subsequently, 

water-soluble drugs or other compounds in the hydrate buffer will be added to the dried 

lipid film, followed by constant stirring for liposome hydration.  

(II) Reverse phase evaporation method 

This method is mainly used to the prepare SUVs. The specific process is described as 

follows. Phospholipids are dissolved in an organic solvent such as chloroform, followed by 

addition of an aqueous solution of the drug for short-term sonication until a stable oil-in-

water emulsion is formed. Evaporation under reduced pressure is conducted to remove the 

organic solvent. After reaching the colloidal state, the residue is purified by gel 

chromatography to remove the unencapsulated drugs. 

(III) Ultrasonic dispersion method 

This method is also mainly used for the preparation of SUVs. Briefly, the water-soluble 

molecules are dissolved in phosphate buffer and phospholipids, cholesterol or other fat-

soluble drugs are dissolved in organic solvents. After that they were mixed together to form 

the microemulsion. The organic solvent is then removed by stirring and the residual 

solution is sonicated to form liposomes. The final product is obtained after separation and 

suspension in phosphorus acid salt buffer. 

(IV) Injection method 

Phospholipids, cholesterol (or other lipids) and fat-soluble drugs are co-dissolved in 

organic solvents (ether is generally used). The mixed solution is then passed through the 

syringe slowly into the phosphate buffer (which can contain water-soluble drugs) and 

heated to 50 degree, followed by constant stirring until the organic solvent was evaporated. 

The liposome suspension is then passed through the high-pressure homogenizer for twice, 

forming the SUVs with a small number of MLVs, with the majority of particle size of 2 

microns or less.  

(5) Some active liposomes (exclusive of light-triggered liposomes) 

Liposomes can be divided into conventional and active types based on their properties and 

applications. Compared with conventional liposomes, active liposomes have more 

functions and improved therapeutic effects. They can be engineered to release payloads 

under certain triggering modality, such as thermosensitive liposomes, pH-sensitive 

liposomes, magnetic liposomes and photosensitive liposomes83. I will discuss more about 

photosensitive liposomes in Part 4. Liposomes can also be designed to avoid the clearance 
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from the blood stream before reaching the target sites. Such liposomes were named “stealth 

liposomes”, which is usually modified by polymers of PEG84.  

(I) Thermosensitive liposomes85  

Thermosensitive liposomes possess the dual advantages of both temperature-activated 

release and hyperthermia effect when utilized for combination of chemotherapy and 

thermotherapy. The basic process can be understood as follows. At normal body 

temperature, the liposome membrane structure is closely arranged at the gelatinous state, 

therefore the loaded hydrophilic drugs hardly spread outside the liposomal entrapment. 

When the liposomes reach the targeted organ, the mobility of phospholipid molecules will 

be strengthened at the local high temperature. This movement turned the original 

arrangement of neat and dense gelatinous phospholipid bilayers into the loosely chaotic 

liquid crystal states, thus resulting in leakage of the encapsulated molecules for further 

therapeutic activities.  

(II) pH-sensitive liposomes86   

After the pH-sensitive liposomes are endocytosed and entrapped into the endosomes, under 

the acidic microenvironment with lower pH value, they become instable and begin to 

release the loaded drugs or genetic materials. Because of this unique property, it is possible 

to release the contents outside the endo/lysosomal compartments into cytosol before 

enzymatic degradations, thus improving the cytosolic bifunctional effects of genes and 

drugs. In addition, there may be acidification phenomenon in areas of ischemia, 

inflammation, infection and in certain tumor tissues, therefore it is of great clinical value 

for the pH-sensitive liposomes to function at pH ranging from 7.4 to 6.5. 

(III) Magnetic thermosensitive liposomes87  

There is another kind of novel gene/drug delivery system developed in recent years. They 

can simultaneously play the chemotherapeutic role in a magnetically enhanced manner. 

The whole carrier system can accumulate at the targeted tissue under the driven force of 

externally applied magnetic field during the blood circulation. In addition they can release 

the loaded drugs under the thermal effect to achieve targeted thermal chemotherapy. The 

triggering mechanism can be attributed as follows. Under the stimulation of an external 

magnetic field, the lipids are heated above a certain temperature, resulting in destabilization 

of liposomal structure and payload leakage.  

(IV) Stealth liposomes88  

Traditional liposomes usually consist of phospholipid and cholesterol molecules without 

further modification, therefore their dwell time in the blood circulation is relatively short. 
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This is because most of them tend to be absorbed by the reticuloendothelial system before 

reaching the target site. Stealth liposomes are usually modified with PEG or polyacryloyl 

amines. Such modifications are prone to form three-dimensional flexible hydrophilic 

structures so that the liposomes cannot be easily identified. Therefore they are 

advantageous in extending the circulation time of liposomes and reduce the retention of 

drugs in the liver and spleen, which has been tremendously studied recently. It should be 

mentioned that circulation time of stealth liposomes in the blood stream usually depends 

on PEG molecular weight84.  

(V) Light responsive liposomes 

These are discussed in the next section.  

1.3.4 The transportation process and cellular uptake of the nanocarrier delivery 

system in human body 

Synthetic nanocarriers in principle is able to transport genetic materials to the target sites. 

However there are some barriers and challenges during the transportation and cellular 

uptake of nanocarriers when used in in vivo applications. After administration of the 

nanocarriers, they are more likely to be cleared by albumin and taken up by macrophages 

during the circulation before entering the blood vessel associated with the targeted tissue89. 

Therefore higher stability of these carriers in the physiological environment is usually 

required to avoid undesired clearance from the human body. After reaching the blood vessel, 

the carriers need to pass through the epithelial tissue and enter the targeted tissue90. 

However, it is another challenge for those particles with diameter larger than 5 nm to cross 

the capillary epithelial89. Therefore it is crucial to understand the cellular uptake mechanism 

especially in the epithelial cells, where the caveolin-mediated endocytosis (CvME) 

pathway is one of the most important endocytosis mechanisms91-92. After passing through 

epithelial layer, the carriers begin to attach cell membrane and they are internalized into 

cell plasma mainly via endocytosis93. The dominant endocytosis pathways vary in different 

cell lines, resulting in different intracellular processes for the nonviral vectors94. Thus the 

gene transfection efficiencies differ in various cell lines, even using the same delivery 

system95. After internalized into the cytoplasm and then entrapped into the endolysosomal 

compartments, carriers eventually escape from the endosomes or lysosomes, followed by 

the release of genetic materials from the carriers into the cytoplasm96. It should be 
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mentioned that pDNA has to be translocated in the nucleus for further transcriptions and 

translations to protein97. The main route of nanocarriers is illustrated in Figure 1-1298. 

 

Figure 1-12 The biologic steps of nonviral vector transportation98. 

1.4 Light-induced release from synthetic nanocarrier delivery systems 

In addition to the extracellular and paracellular barriers that the non-viral vectors encounter 

during their circulation, some intracellular issues including endosomal escape and on-

demand release of genes need to be considered and addressed when used in vivo 

applications99. Specifically, scicentists have been focusing on  the following questions: (1) 

What stretagies can be employed to facilitate the endolysosomal escape and nuclear 

translocation of the loaded genes? and (2) how to achieve on-demand and precise release 

of genetic materails to enhance their biological functions? 
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1.4.1  Light triggered delivery systems 

In order to address these abovementioned problems,  stimulus-triggering delivery systems 

have been designed, with several strategies being developed for modulating the 

intracellular release of genes at specific timing and location. We have disscussed other 

triggering modalities in Part 3, thus we will mainly focus on light triggering startegies in 

the following sections. Photolytic or photoresponsive triggers attracted extensive attention 

due to unique properties of light. First it can control the gene release in a non-inovasive 

manner. In addtion, visible light at an appropriate wavelength can  penetrate the skin and 

tisse to a certain depth (up to 10 mm)100-101 (Figure 1-13). Moreover,  its parameters such 

as wavelength, power density, and illumination time can be adjusted for precise release of 

payloads from the carriers102. In recent years,  enhanced cytoplasmic delivery of 

macromoleculars by photochemical disruption of the endo/lysosomal membrane, referred 

to as photochemical internalization (PCI)103, has been actively investigated in the context 

of gene delivery and pharmacotherapy104. For example, Park et al. demonstrated 

endo/lysosomal escape of the therapeutic p53 gene carried by polymer/gene complex after 

illumination with a 671 nm laser105. However, they did not quantitatively explain the 

endo/lysosomal escape process. By contrast, our study investigates such process through 

analysis of subcellular colocalization between the released DNA molecules and 

endo/lysosomes. The related work will be discussed in chapter 2.  

 

Figure 1-13 Correlation between the PS absorption range and the penetration deepth of 

the light through the tissue106 
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1.4.2  Mechanisms and applications of photo-induced gene release 

Mechanisms of photo-induced gene release are generally attributed to the  conversion of 

the electromagnetic radiation from light to other forms of energy by active molecues loaded 

inside nanocarriers (or attached to the surface) 102, 107(Figure 1-14a). 

The main mechanisms include PCI process, photocrosslinking, photosensitization-induced 

oxidation,  photothermal effects by gold nanoparticles, polymer backbone photo-

degradation and photo de-crosslinking 102, 108. In the PCI process, the energy from a single 

photon of UV/visible light can induce photochemical reactions, which have been widely 

employed to design photo-responsive nanometerials (Figure 1-14b). For example, under 

the illumination with a certain wavelength, photochromic groups such as spiropyran and 

azobenzenes can reversibly transform between their isomers (photoisomerization)109. This 

transformation changes the hydrophobicity and polarity, thus resulting in structural 

disassembly of the nanocarriers110. In addition, some photochromic groups can be activated 

to remove the designed moieties of ‘caging groups or linkages’ by light trigger. For 

example, the hydrophobic 2-diazo-1,2-naphthoquinone (DNQ) group can form a 

hydrophilic 3-indenecarboxylic acid group via a Wolff rearrangement mechanism induced 

under UV illumination111. This hydrophobicity change disrupts nanomaterials containing 

DNQ, which has been widely used in triggered release system112-113. In addition, the 

reversible inter-molecular crosslinking (photocrosslinking) induced by light, such as 

cycloaddition,  can cause the shrinkage or disruption of the chemical structures, leading to 

a change of the uniformity of building blocks in nanocarriers and the release payloads 113-

114.  
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 Figure 1-14 Mechanisms of phototriggered drug delivery. (a) Mechanisms of 

photoresponsiveness for nanoparticle targeting and drug release. (b) Selected chemical 

groups used for photochemical reactions, such as photocleavage, photoisomerization, 

photo-induced rearrangement, and photocrosslinking. 

Light-triggered polymeric nanomaterial can be used in various applications including gene 

delivery and antitumour drug delivery. A classic study of light-induced gene transfer is 

shown in Figure 1-15 where the plasmid DNA was enveloped in a dendrimer carrier 

embedded with the photosensitiser115. Based on PCI-mediated photo triggering strategy, 

the ternary complex was designed to control the carrier internalization by the endocytosis, 

destabilise the endosomal membrane and release the polyplexes to the cytoplasm.  
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Figure 1-15 A scheme for PCI itinerary of the transgene expression using photoresponsie 

ternary complex115.  

 

Another recent work116 on the PCI-induced gene release was reported that a star-shaped 

helical polypeptide with PS-embedding was used for enhanced gene release in melanoma-

bearing mice. In this study (Figure 1-16), a PS molecule, 5, 10, 15, 20-Tetrakis-(4-

aminophenyl) porphyrin (TAPP) was incorporated in the polypeptide, initiating the ring-

opening polymerization (ROP) of N-carboxyanhydride (NCA) and enhancing the gene 

release under 661 nm laser irradiation. In my PhD work, light-triggered liposome systems 

were designed in which verteporfin was loaded inside the liposomal bilayers117. Verteporfin 

can be activated to generate ROS under light illumination at 360 nm or 690 nm wavelength. 

The generated ROS molecules further induce damages to the liposomal structure and 

endolysosome membranes stability by oxidizing lipids, leading to enhanced gene release 

and silencing. 
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Figure 1-16 PCI-assisted endosomal rupture mediates intracellular gene release and 

delivery for gene transfection116. 

 

1.4.3  PDT 

Photosensitiser molecules are a key factor during PCI-mediated gene release process that 

investigated in my PhD study. Therefore in this section I will discuss in more details about 

PSs and PDT which is also based on PSs. PS molecules are widely used as PDT drugs to 

treat diseases with light illumination. They can absorb energy from light and generate ROS 

molecules, leading to serious cell damage and tissue necrosis. PDT is a new disease 

treatment based on the interaction of light, photosensitizers and oxygen118. The mechanism 

of PDT is shown in Figure 1-17. The excited triplet-state of PSs can be produced via Type-

I and Type-II processes119. After the PS absorbs light, the electron shifts from a low-energy 

non-excited singlet state to a singlet state with high energy. This excited state loses energy 

by internal conversion (non-radiative decay) or by emitting a photon (fluorescence). The 

process, known as intersystem crossing, leads to a long-lived excited triplet state. In the 

presence of oxygen molecules, in Type I reactions superoxide hydroxyl radicals are 

produced, and singlet oxygen are formed in the Type II reactions. These ROS molecules 

can oxidize and damage most biomolecules (such as lipids, amino acids and nucleic 

acids)120.  
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Figure 1-17 Mechanism of PDT processes121.  

 

There are many types of PSs that have been widely developed and applied in clinical 

practice122. Among them, porfimer sodium was the first PS approved in the United States, 

Canada, the European Union, Japan and South Korea in 1993-1997123. PDT has become 

widespread with the successful development of new PDT drugs and the improvement of 

laser technology. Many PSs have been approved by regulatory agencies for 

commercialization or clinical trials. Most PSs investigated so far possess the tetrapyrrole 

structures, such as chlorins, porphyrins, bacteriochlorin, phthalocyanines and their 

derivatives. In addition to these macrocycles, hypericin, hypocrellin A, rose bengal and 

methylene blue are also common PSs used in clinical trials for different indications124.  

In my projects, I loaded liposomes with the PS verteporfin (Benzoporphyrin derivative 

monoacid, BPD-MA), which belongs to the category of porphyrins125. It is a FDA approved 

PDT drug that has been used for the treatment of macular degeneration. After light 

illumination at 360 nm or 690 nm, verteporfin generated the sufficient amount of ROS for 

destabilization of the liposomal structure and endo/lysosomal membranes, leading to 

enhanced gene release and silencing effect117.  

1.5 Light-triggered liposomes for drug/gene delivery 

Photo irradiation can act as a viable strategy for external control payloads release from 

liposomes. This can be realized by destabilizing the stability of the lipid bilayers via photo-

induced polymerization, photoisomerization and photodegradation126. However, most of 

these photoresponsive moieties are activated by ultraviolet or visible light illumination127, 

https://en.wikipedia.org/wiki/Macular_degeneration
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which restricts their applications due to limited tissue penetration of UV light source. 

Recently, NIR light was applied to trigger the on-demand cargo release from liposomes. 

NIR light is more suitable to biomedical applications as it penetrates tissues deeper (up to 

10 mm)128 with less photodamage to biological tissues129, compared with UV and visible 

light. Table 1-2 summarized the examples of light inducible liposomal delivery systems. 

Although numerous NIR light responsive drug delivery carriers were reported in the past 

years, the incorporation of NIR responsive molecules into liposomes for nucleic acids 

delivery was seldom reported. 

Table 1-2  The list of the light inducible liposome delivery systems 
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Photosensitive moieties Lipid components Mechanisms 

Light 

sources 

(nm)  

Applications Ref 

Photopolymerizable 

diacetylene phospholipid 

(DC8, 9PC) 

DPPC, DSPE-

PEG2000 
Photopolymerization 254  

Doxorubicin 

Delivery  

130 

Cinnamoyl Pluronic F127 (CP 

F127) 

egg 

phosphatidylcholine 
Photodimerization  254  Drug release 131 

Photosensitizer aluminum 

phthalocyanine disulfonic acid 

(AlPcS2) 

egg 

phosphotidylcholine 
PCI 360  

Release of  

fluorescein 

132 

Amino acid containing o-

nitrobenzyl lipids 
Synthetic lipids Photocleavage 

UV 

(>320) 
Drug release 133 

Azobenzene 

trimethylammonium bromide 

surfactant 

Synthetic lipids Photo-isomerization 
350, 

436 

EGFP gene 

delivery in 

NIH 3T3 

cells 

134 

1,1’-didodecyl-3,3,3,3’-

tetramethylindocarbocyanine 

perchlorate (DiI) 

DOPE 

SorbPC  

Photopolymerization 550  
Cytoplasmic 

release  
135 

Porphyrin–phospholipid 
DSPC, DSPE-

PEG2K, cholesterol 

Light-absorbing 

monomer esterified 
658  

Doxorubicin 

delivery in 

vivo 

136 

Porphyrin–phospholipid DSPE-PEG2k 
Light-absorbing 

monomer esterified 
665  

Doxorubicin 

delivery in 

vivo 

137 

Hollow gold nanospheres 
DPPC, DSPE-

PEG2000-NH2 

Photothermal 

effect 

NIR 

laser 

Doxorubicin 

delivery in 

vivo 

138 

Photosensitiser together with a 

lipophilic NIR dye 1,1'-

dioctadecyl-3,3,3′, 3'-

tetramethylindotricarbocyanine 

iodide (DiR) 

DPPC, DSPE-

mPEG5k 
PCI 785  

Anticancer 

drug 

delivery 

139 

Indocyanine green 
DPPC, DSPE-

PEG2k 

Photothermal 

effect 

808  

Anticancer 

drug 

delivery 

140 

Gold nanostars DOPE 

Photothermal 

effect 

656, 

850  

cytosolic 

drug 

delivery 

141 
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1.6 Data Visualization of literature citation analysis on light-triggered gene release 

strategy by Citespace 

CiteSpace is a freely available application for visualizing and analysing trends and patterns 

of the literatures in a certain field. It is a powerful tool for researchers to review the study 

topics and analyse the current trend  of the fields of their interests142.  More details and 

instructions can be found at http://cluster.cis.drexel.edu/~cchen/citespace/. Herein we 

mainly focused on the research topic of “light/laser related gene activities”. Data (up to 14th 

December 2017) from Web of Science (WOS) delivered 2660 hits of research articles.  In 

order to obtain comprehensive records, we used the advanced searching language in the 

WOS database system (Table 1-3). 

Table 1-3 Searching language used in the WOS database on the topics of “light/laser 

related gene activities” 

Search language (Field Tags: TI = title, Booleans: AND, OR) Database and timespan 

“TI= (light OR photo* OR "laser") AND TI= ("gene delivery" 

OR "gene transfer" OR "DNA transfer" OR "DNA delivery" 

OR "nucleic acids delivery" OR "gene transfection" OR "gene 

therapy" OR "gene expression" OR "transcription" OR 

"CRISPR" OR "cas9" OR "gene editing" OR "genome 

editing" OR "TALEN" OR "ZFN" OR "gene silencing" OR 

"siRNA" OR "oligonucleotide" OR "gene activity" OR 

"*RNA" ) 

LANGUAGE: (English) 

AND DOCUMENT 

TYPES: (Article) Timespan: 

1997-2017. Indexes: SCI-

EXPANDED, SSCI, 

A&HCI, CPCI-S, CPCI-

SSH, BKCI-S, BKCI-SSH, 

ESCI, CCR-EXPANDED, 

 

From the journal citation report shown in Figure 1-18, we can see a tremendous increase 

of citations in this research area. Table 1-4 shows the top 10 most cited articles (2007-2017, 

citation times are recorded from WOS), where the latest paper on the light-inducible 

CRISPR-Cas9 system published in 2015 143 has already attracted 135 citations within two 

years only. This indicates a research trend of the combination between the photo-induced 

systems and the cutting edge genome editing techniques.  

Through simulation of records from WOS via the CiteSpace, Figure 1-19 further visualized 

the research topics within this field. Each big blue-coloured cluster represents a research 

keyword and the numerical order of the clusters implies the popularity of studies conducted 
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by scientists during these ten years. We can clearly find out that the topics of “microRNA”, 

“gene therapy”, “photochemical internalisation” and “photodynamic therapy” are highly 

relevant to this field and have been widely explored by researchers. 

Figure 1-18 Journal citation report diagram.  

 

Table 1-4 Top 10 most cited articles (2007-2017, citations are computed from WOS) 

 Citations Year Article 

1 191 2014 Lin, Li-Sen, et al. "Multifunctional Fe3O4@ polydopamine core–shell 

nanocomposites for intracellular mRNA detection and imaging-guided 

photothermal therapy." ACS nano 8.4 (2014): 3876-3883. 
2 189 2010 Barbatti, Mario, et al. "Relaxation mechanisms of UV-photoexcited DNA and 

RNA nucleobases." Proceedings of the National Academy of Sciences 107.50 

(2010): 21453-21458. 
3 183 2011 Zhang, Yang, et al. "A highly efficient rice green tissue protoplast system for 

transient gene expression and studying light/chloroplast-related 

processes." Plant methods 7.1 (2011): 30. 
4 180 2012 Wang, Xue, Xianjun Chen, and Yi Yang. "Spatiotemporal control of gene 

expression by a light-switchable transgene system." Nature methods 9.3 

(2012): 266-269. 
5 160 2013 Feng, Liangzhu, et al. "Polyethylene glycol and polyethylenimine dual‐

functionalized nano‐graphene oxide for photothermally enhanced gene 

delivery." Small 9.11 (2013): 1989-1997. 
6 160 2012 Msanne, Joseph, et al. "Metabolic and gene expression changes triggered by 

nitrogen deprivation in the photoautotrophically grown microalgae 

Chlamydomonas reinhardtii and Coccomyxa sp. C-169." Phytochemistry 75 

(2012): 50-59. 
7 150 2013 Lee, Jae Myung, et al. "Switchable gene expression in Escherichia coli using 

a miniaturized photobioreactor." PloS one 8.1 (2013): e52382. 
8 143 2012 Akhavan, O., M. Choobtashani, and E. Ghaderi. "Protein degradation and 

RNA efflux of viruses photocatalyzed by graphene–tungsten oxide composite 

under visible light irradiation." The Journal of Physical Chemistry C 116.17 

(2012): 9653-9659. 
9 136 2012 Huschka, Ryan, et al. "Gene silencing by gold nanoshell-mediated delivery 

and laser-triggered release of antisense oligonucleotide and siRNA." Acs 

Nano 6.9 (2012): 7681-7691. 
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10 135 2015 Polstein, Lauren R., and Charles A. Gersbach. "A light-inducible CRISPR-

Cas9 system for control of endogenous gene activation." Nature chemical 

biology 11.3 (2015): 198-200. 

 

Figure 1-19 The research hotspots on the light regulated gene activities visualized by 

CiteSpace.  

1.7 Thesis aims and outline  

Based on the comprehensive literature review about the research topics on liposomes and 

light induced gene/drug transfer, it is hypothesized that traditional liposome mediated 

gene/drug delivery could be improved significantly and accurately using a light responsive 

manner. The aims of my PhD study are to (1) design and demonstrate the gene silencing 

effect from light-triggered liposome systems, (2) enhance the cancer cell killing effect of 

PDT by using polymers loaded with photosensitiers and (3) demonstrate in vivo therapeutic 

effect of chemotherapy induced by X-ray triggered liposomes. Chapter 1 is mainly focused 

on literature review associated with my PhD work. Chapter 2, 3, 4 and 5 presented my main 

work in the format of published journal papers or online in press version. Chapter 6 is 

focused on the ongoing and future work. The detailed thesis outline was described as 

follows:  
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Chapter 2 is my first work published in the journal of Molecular Therapy – Nuclei Acids. 

It reports the successful construction and application of a light-trriggerable liposome (lipVP) 

loaded with a photosensitizer verteporfin (VP). Such liposomes were employed as a DNA 

carrier for pituitary adenylyl cyclase-activating peptide (PACAP) receptor 1 (PAC1R) gene 

knockdown in PC12 cells. This has been done by incorporating PAC1R antisense 

oligonucleotides inside the lipVP cavity. PC12 cells which have taken up the lipVP gene 

delivery system were exposed to a UV light source at 360 nm wavelength. As a result of 

this exposure, reactive oxygen species (ROS) were generated from VP, destabilising the 

endo/lysosomal membranes and enhancing the liposomal release of antisense DNA into the 

cytoplasm. Endo/lysosomal escape of DNA was documented at different time points based 

on quantitative analysis of colocalization between fluorescently labelled DNA and 

endo/lysosomes. The antisense oligonucleotides thus released were found to silence 

PAC1R mRNA. The efficiency of this photo-induced gene silencing was demonstrated by 

a 74±5% decrease in PAC1R fluorescence intensity at 24 h after light treatment. Following 

the PAC1R gene knockdown, cell differentiation after exposure to two kinds of PACAP 

proteins was determined by counting cells exhibiting neurite outgrowth on day 4 after 

PACAP-38 and PACAP-27 treatment. These two treatments induced cell differentiation in 

31±9% and 32±5% of cells treated with PACAP-38 and PACAP-27, respectively. 

Work in Chapter 3 further demonstrated EGFP gene transfection efficiency by using the 

stable and photoresponsive liposome-polycation-DNA (LPD) nanocomplexes in cancer 

cells via endolysosomal escape. The first-author manuscript is now published online by 

Journal of Materials Chemistry B. In this work, I engineered the photo-triggered LPD 

which incorporates verteporfin (VP) in a lipid bilayer and the complex of polyethylenimine 

(PEI)/plasmid DNA (pDNA) encoding EGFP (polyplex) in the central cavity of the 

liposome. The liposome was formulated with cationic lipid (DOTAP), PEGylated neutral 

lipid and cholesterol molecules, which improved liposome stability and cellular uptake in 

the cell media containing serum. We evaluated the nanocomplex stability by monitoring 

their size over six days, and assessed the nanocomplex cellular uptake by HCT116 cells 

under a confocal microscope. We also demonstrated the light-triggered pDNA release from 

the liposomes upon irradiation with a 690 nm LED light source. The release process was 

driven by the generation of reactive oxygen species (ROS) from VP after light illumination. 

These ROS oxidized and destabilized the liposomal and endolysosomal membranes, 

leading to the release of pDNA into the cytosol and subsequent gene transfer. Light-
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triggered endolysosomal escape of pDNA at different time points was confirmed by 

quantitative analysis of colocalization between pDNA and endolysosomes. The increased 

expression of the reporter EGFP in HCT116 cells was also quantified after light 

illumination at various time points. The efficiency of this photo-induced gene transfection 

was demonstrated to be more than double compared to non-irradiated controls. 

Additionally, we observed reduced cytotoxicity of the LPD nanocomplexes compared with 

the polyplexes alone.  

Work in Chapter 4 explores another external triggering strategy by employing X-ray 

triggered PLGA polymers to PDT for deep tumour treatment. The manuscript is now 

published by International Journal of Nanomedicine. In this work, we engineered a poly 

(D, L-lactide-co-glycolide) (PLGA) polymer drug delivery system for dual triggering 

modalities. Verteporfin loaded inside PLGA matrix can be activated to generate cytotoxic 

singlet oxygen under both red light at 690 nm and 6 MeV X-ray radiation at 4Gy. The X-

ray radiation used in this study allows this system to break through the PDT depth barrier, 

due to excellent penetration of 6 MeV X-ray radiation through biological tissue. In addition, 

the conjugation of the nanoparticles with folic acid moieties has enabled specific targeting 

of HCT116 cancer cells which overexpress the folate receptors.  

Chapter 5 is the published paper in Nature Communication on X-ray triggered liposomal 

drug/gene release for enhanced antitumour effect, in which I contributed most of the animal 

and DNA work. The X-ray triggerable liposomes were developed by introducing gold 

nanoparticles and photosensitizer verteporfin inside the liposomal bilayer. The singlet 

oxygen generated from verteporfin destabilised the liposomal membrane, causing the 

release of cargos (gene silencing agents and/or drugs) from the liposomal cavity, under 

6MeV X-ray radiation at 4 Gy. This was demonstrated by X-ray triggered PAC1R gene 

knockdown in rat PC12 cells. The same X-ray triggered liposomes loaded with a 

chemotherapy drug, doxorubicin killed human colorectal cancer HCT 116 cells more 

effectively than in the absence of X-ray triggering. Furthermore, such technique was 

demonstrated to control the colorectal cancer in vivo, which indicates the feasibility of a 

synergistic effect in the course of standard radiotherapy X-rays combined with 

chemotherapy delivered via X-ray triggered liposomes. My contributed work mainly 

includes in vivo antitumour effect by X-ray triggered liposomes.  
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Chapter 6 summarises the key novelties and outcomes of this thesis, and also envisions 

the future prospects of photo-induced gene delivery technology for development of 

advanced gene editing system in vitro and in vivo. 

 

 

 

 

 

Reference  

1. Xia, T.; Rome, L.; Nel, A. Nanobiology: particles slip cell security. Nature materials 

2008, 7 (7), 519-520. 

2. Levy, L.; Sahoo, Y.; Kim, K.-S.; Bergey, E. J.; Prasad, P. N. Nanochemistry: synthesis 

and characterization of multifunctional nanoclinics for biological applications. Chemistry 

of Materials 2002, 14 (9), 3715-3721. 

3. Lu, W.; Lieber, C. M. Nanoelectronics from the bottom up. Nature materials 2007, 6 

(11), 841-850. 

4. Kelkar, A. D.; Herr, D. J.; Ryan, J. G. Nanoscience and Nanoengineering: Advances and 

Applications, CRC Press: 2014. 

5. Lieber, C. M. Nanoscale science and technology: building a big future from small things. 

MRS bulletin 2003, 28 (7), 486-491. 

6. Hayat, T.; Waqas, M.; Khan, M. I.; Alsaedi, A. Analysis of thixotropic nanomaterial in 

a doubly stratified medium considering magnetic field effects. International Journal of 

Heat and Mass Transfer 2016, 102, 1123-1129. 

7. Rossi, L. M.; Costa, N. J.; Silva, F. P.; Wojcieszak, R. Magnetic nanomaterials in 

catalysis: advanced catalysts for magnetic separation and beyond. Green Chemistry 2014, 

16 (6), 2906-2933. 

8. Kamyshny, A.; Magdassi, S. Conductive nanomaterials for printed electronics. Small 

2014, 10 (17), 3515-3535. 

9. Shen, X. F.; Ding, Y. S.; Liu, J.; Cai, J.; Laubernds, K.; Zerger, R. P.; Vasiliev, A.; 

Aindow, M.; Suib, S. L. Control of Nanometer‐Scale Tunnel Sizes of Porous Manganese 

Oxide Octahedral Molecular Sieve Nanomaterials. Advanced Materials 2005, 17 (7), 805-

809. 

10. Ding, W.; Li, L.; Xiong, K.; Wang, Y.; Li, W.; Nie, Y.; Chen, S.; Qi, X.; Wei, Z. Shape 

fixing via salt recrystallization: a morphology-controlled approach to convert 

nanostructured polymer to carbon nanomaterial as a highly active catalyst for oxygen 

reduction reaction. Journal of the American Chemical Society 2015, 137 (16), 5414-5420. 

11. Marquis, F.; Chibante, L. Improving the heat transfer of nanofluids and nanolubricants 

with carbon nanotubes. Jom 2005, 57 (12), 32-43. 

12. Rapoport, L.; Fleischer, N.; Tenne, R. Fullerene‐like WS2 nanoparticles: Superior 

lubricants for harsh conditions. Advanced Materials 2003, 15 (7‐8), 651-655. 



君子食无求饱，居无求安，敏于事而慎于言，就有道而正焉，可谓好学也已----孔子（Confucius） 

- 35 - 

 

13. Xia, Y. Nanomaterials at work in biomedical research. Nature materials 2008, 7 (10), 

758-760. 

14. Rizzo, L. Y.; Theek, B.; Storm, G.; Kiessling, F.; Lammers, T. Recent progress in 

nanomedicine: therapeutic, diagnostic and theranostic applications. Current opinion in 

biotechnology 2013, 24 (6), 1159-1166. 

15. Chiappetta, D. A.; Sosnik, A. Poly (ethylene oxide)–poly (propylene oxide) block 

copolymer micelles as drug delivery agents: improved hydrosolubility, stability and 

bioavailability of drugs. European Journal of Pharmaceutics and Biopharmaceutics 2007, 

66 (3), 303-317. 

16. Torchilin, V. P. Passive and active drug targeting: drug delivery to tumors as an 

example. In Drug delivery; Springer: 2010; pp 3-53. 

17. Danhier, F.; Feron, O.; Préat, V. To exploit the tumor microenvironment: passive and 

active tumor targeting of nanocarriers for anti-cancer drug delivery. Journal of Controlled 

Release 2010, 148 (2), 135-146. 

18. Kobayashi, H.; Choyke, P. L. Super enhanced permeability and retention (SUPR) 

effects in tumors following near infrared photoimmunotherapy. Nanoscale 2016, 8 (25), 

12504-12509. 

19. Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: unique features of tumor blood 

vessels for drug delivery, factors involved, and limitations and augmentation of the effect. 

Advanced drug delivery reviews 2011, 63 (3), 136-151. 

20. von Roemeling, C.; Jiang, W.; Chan, C. K.; Weissman, I. L.; Kim, B. Y. Breaking down 

the barriers to precision cancer nanomedicine. Trends in biotechnology 2017, 35 (2), 159-

171. 

21. Zhang, L.; Gu, F.; Chan, J.; Wang, A.; Langer, R.; Farokhzad, O. Nanoparticles in 

medicine: therapeutic applications and developments. Clinical pharmacology & 

therapeutics 2008, 83 (5), 761-769. 

22. Thornton, P. D.; Mart, R. J.; Ulijn, R. V. Enzyme‐Responsive Polymer Hydrogel 

Particles for Controlled Release. Advanced Materials 2007, 19 (9), 1252-1256. 

23. Yao, Y.; Wang, Y.; Huang, F. Synthesis of various supramolecular hybrid 

nanostructures based on pillar [6] arene modified gold nanoparticles/nanorods and their 

application in pH-and NIR-triggered controlled release. Chemical Science 2014, 5 (11), 

4312-4316. 

24. Lee, B. Y.; Li, Z.; Clemens, D. L.; Dillon, B. J.; Hwang, A. A.; Zink, J. I.; Horwitz, M. 

A. Redox‐Triggered Release of Moxifloxacin from Mesoporous Silica Nanoparticles 

Functionalized with Disulfide Snap‐ Tops Enhances Efficacy Against Pneumonic 

Tularemia in Mice. Small 2016, 12 (27), 3690-3702. 

25. Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-responsive nanocarriers for drug delivery. 

Nature materials 2013, 12 (11), 991-1003. 

26. Naldini, L. Gene therapy returns to centre stage. Nature 2015, 526 (7573), 351-360. 

27. Sessa, M.; Lorioli, L.; Fumagalli, F.; Acquati, S.; Redaelli, D.; Baldoli, C.; Canale, S.; 

Lopez, I. D.; Morena, F.; Calabria, A. Lentiviral haemopoietic stem-cell gene therapy in 

early-onset metachromatic leukodystrophy: an ad-hoc analysis of a non-randomised, open-

label, phase 1/2 trial. The Lancet 2016, 388 (10043), 476-487. 

28. Gaspar, H. B.; Buckland, K.; Carbonaro, D. A.; Shaw, K.; Barman, P.; Davila, A.; 

Gilmour, K. C.; Booth, C.; Terrazs, D.; Cornetta, K. C-8. Immunological and Metabolic 

Correction After Lentiviral Vector Gene Therapy for ADA Deficiency. Molecular Therapy 

2015, 23, S102-S103. 

29. Approved Cellular and Gene Therapy Products. 

https://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedPr

oducts/default.htm. 

https://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/default.htm
https://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/default.htm


CHAPTER 1                                                                                                  INTRODUCTION                                                                                                   

- 36 - 

 

30. Jin, L.; Zeng, X.; Liu, M.; Deng, Y.; He, N. Current progress in gene delivery 

technology based on chemical methods and nano-carriers. Theranostics 2014, 4 (3), 240. 

31. Kay, M. A.; Glorioso, J. C.; Naldini, L. Viral vectors for gene therapy: the art of turning 

infectious agents into vehicles of therapeutics. Nature medicine 2001, 7 (1), 33-40. 

32. Viral Vectors. http://www.genetherapynet.com/viral-vectors.html. 

33. Naldini, L.; Trono, D.; Verma, I. M. Lentiviral vectors, two decades later. Science 2016, 

353 (6304), 1101-1102. 

34. Kotterman, M. A.; Schaffer, D. V. Engineering adeno-associated viruses for clinical 

gene therapy. Nature Reviews Genetics 2014, 15 (7), 445-451. 

35. Wu, Z.; Asokan, A.; Samulski, R. J. Adeno-associated virus serotypes: vector toolkit 

for human gene therapy. Molecular therapy 2006, 14 (3), 316-327. 

36. Kotterman, M. A.; Chalberg, T. W.; Schaffer, D. V. Viral vectors for gene therapy: 

translational and clinical outlook. Annual review of biomedical engineering 2015, 17, 63-

89. 

37. Yin, H.; Kanasty, R. L.; Eltoukhy, A. A.; Vegas, A. J.; Dorkin, J. R.; Anderson, D. G. 

Non-viral vectors for gene-based therapy. Nature Reviews Genetics 2014, 15 (8), 541-555. 

38. Li, Y.; Lin, T.-y.; Luo, Y.; Liu, Q.; Xiao, W.; Guo, W.; Lac, D.; Zhang, H.; Feng, C.; 

Wachsmann-Hogiu, S. A smart and versatile theranostic nanomedicine platform based on 

nanoporphyrin. Nature communications 2014, 5. 

39. Contreras-Ruiz, L.; Zorzi, G.; Hileeto, D.; Lopez-Garcia, A.; Calonge, M.; Seijo, B.; 

Sanchez, A.; Diebold, Y. A nanomedicine to treat ocular surface inflammation: 

performance on an experimental dry eye murine model. Gene therapy 2013, 20 (5), 467-

477. 

40. Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.; Langer, R. Nanocarriers 

as an emerging platform for cancer therapy. Nature nanotechnology 2007, 2 (12), 751-760. 

41. Nasongkla, N.; Bey, E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J. S.; Chin, S.-F.; Sherry, 

A. D.; Boothman, D. A.; Gao, J. Multifunctional polymeric micelles as cancer-targeted, 

MRI-ultrasensitive drug delivery systems. Nano letters 2006, 6 (11), 2427-2430. 

42. Ferrari, M. Cancer nanotechnology: opportunities and challenges. Nature Reviews 

Cancer 2005, 5 (3), 161-171. 

43. Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. A review of stimuli-responsive 

nanocarriers for drug and gene delivery. Journal of controlled release 2008, 126 (3), 187-

204. 

44. Yuan, Y.; Zhang, C. J.; Liu, B. A Photoactivatable AIE Polymer for Light‐Controlled 

Gene Delivery: Concurrent Endo/Lysosomal Escape and DNA Unpacking. Angewandte 

Chemie International Edition 2015, 54 (39), 11419-11423. 

45. Hill, A. B.; Chen, M.; Chen, C.-K.; Pfeifer, B. A.; Jones, C. H. Overcoming gene-

delivery hurdles: physiological considerations for nonviral vectors. Trends in 

biotechnology 2016, 34 (2), 91-105. 

46. Kemp, J. A.; Shim, M. S.; Heo, C. Y.; Kwon, Y. J. “Combo” nanomedicine: Co-

delivery of multi-modal therapeutics for efficient, targeted, and safe cancer therapy. 

Advanced drug delivery reviews 2016, 98, 3-18. 

47. Chen, J.; Yu, Z.; Chen, H.; Gao, J.; Liang, W. Transfection efficiency and intracellular 

fate of polycation liposomes combined with protamine. Biomaterials 2011, 32 (5), 1412-

1418. 

48. Yin, H.; Kauffman, K. J.; Anderson, D. G. Delivery technologies for genome editing. 

Nature Reviews Drug Discovery 2017. 

49. Benjaminsen, R. V.; Mattebjerg, M. A.; Henriksen, J. R.; Moghimi, S. M.; Andresen, 

T. L. The possible “proton sponge” effect of polyethylenimine (PEI) does not include 

change in lysosomal pH. Molecular Therapy 2013, 21 (1), 149-157. 

http://www.genetherapynet.com/viral-vectors.html


君子食无求饱，居无求安，敏于事而慎于言，就有道而正焉，可谓好学也已----孔子（Confucius） 

- 37 - 

 

50. Werth, S.; Urban-Klein, B.; Dai, L.; Höbel, S.; Grzelinski, M.; Bakowsky, U.; 

Czubayko, F.; Aigner, A. A low molecular weight fraction of polyethylenimine (PEI) 

displays increased transfection efficiency of DNA and siRNA in fresh or lyophilized 

complexes. Journal of controlled release 2006, 112 (2), 257-270. 

51. Deng, R.; Yue, Y.; Jin, F.; Chen, Y.; Kung, H.-F.; Lin, M. C.; Wu, C. Revisit the 

complexation of PEI and DNA—How to make low cytotoxic and highly efficient PEI gene 

transfection non-viral vectors with a controllable chain length and structure? Journal of 

Controlled Release 2009, 140 (1), 40-46. 

52. Wiseman, J.; Goddard, C.; McLelland, D.; Colledge, W. A comparison of linear and 

branched polyethylenimine (PEI) with DCChol/DOPE liposomes for gene delivery to 

epithelial cells in vitro and in vivo. Gene therapy 2003, 10 (19), 1654-1662. 

53. Luten, J.; Van Steenis, J.; Van Someren, R.; Kemmink, J.; Schuurmans-Nieuwenbroek, 

N.; Koning, G.; Crommelin, D.; Van Nostrum, C.; Hennink, W. Water-soluble 

biodegradable cationic polyphosphazenes for gene delivery. Journal of controlled release 

2003, 89 (3), 483-497. 

54. Zheng, M.; Zhong, Y.; Meng, F.; Peng, R.; Zhong, Z. Lipoic acid modified low 

molecular weight polyethylenimine mediates nontoxic and highly potent in vitro gene 

transfection. Molecular pharmaceutics 2011, 8 (6), 2434-2443. 

55. Zhan, Z.; Zhang, X.; Huang, J.; Huang, Y.; Huang, Z.; Pan, X.; Quan, G.; Liu, H.; Wang, 

L. Improved Gene Transfer with Functionalized Hollow Mesoporous Silica Nanoparticles 

of Reduced Cytotoxicity. Materials 2017, 10 (7), 731. 

56. Hirko, A.; Tang, F.; Hughes, J. A. Cationic lipid vectors for plasmid DNA delivery. 

Current medicinal chemistry 2003, 10 (14), 1185-1193. 

57. Nel, A. E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E. M.; Somasundaran, P.; Klaessig, 

F.; Castranova, V.; Thompson, M. Understanding biophysicochemical interactions at the 

nano–bio interface. Nature materials 2009, 8 (7), 543-557. 

58. Lv, H.; Zhang, S.; Wang, B.; Cui, S.; Yan, J. Toxicity of cationic lipids and cationic 

polymers in gene delivery. Journal of Controlled Release 2006, 114 (1), 100-109. 

59. Wagner, E.; Zenke, M.; Cotten, M.; Beug, H.; Birnstiel, M. L. Transferrin-polycation 

conjugates as carriers for DNA uptake into cells. Proceedings of the National Academy of 

Sciences 1990, 87 (9), 3410-3414. 

60. Ward, C. M.; Read, M. L.; Seymour, L. W. Systemic circulation of poly (L-

lysine)/DNA vectors is influenced by polycation molecular weight and type of DNA: 

differential circulation in mice and rats and the implications for human gene therapy. Blood 

2001, 97 (8), 2221-2229. 

61. Park, T. G.; Jeong, J. H.; Kim, S. W. Current status of polymeric gene delivery systems. 

Advanced drug delivery reviews 2006, 58 (4), 467-486. 

62. Yingchoncharoen, P.; Kalinowski, D. S.; Richardson, D. R. Lipid-based drug delivery 

systems in cancer therapy: what is available and what is yet to come. Pharmacological 

reviews 2016, 68 (3), 701-787. 

63. Dawidczyk, C. M.; Kim, C.; Park, J. H.; Russell, L. M.; Lee, K. H.; Pomper, M. G.; 

Searson, P. C. State-of-the-art in design rules for drug delivery platforms: lessons learned 

from FDA-approved nanomedicines. Journal of Controlled Release 2014, 187, 133-144. 

64. Brown, R. E. Sphingolipid organization in biomembranes: what physical studies of 

model membranes reveal. Journal of cell science 1998, 111 (1), 1-9. 

65. Henry, S. A.; Kohlwein, S. D.; Carman, G. M. Metabolism and regulation of 

glycerolipids in the yeast Saccharomyces cerevisiae. Genetics 2012, 190 (2), 317-349. 

66. Lipids. https://www.khanacademy.org/science/biology/macromolecules/lipids/a/lipids. 

67. Watts, A. Membrane structure and dynamics. Current opinion in cell biology 1989, 1 

(4), 691-700. 

https://www.khanacademy.org/science/biology/macromolecules/lipids/a/lipids


CHAPTER 1                                                                                                  INTRODUCTION                                                                                                   

- 38 - 

 

68. Coderch, L.; Fonollosa, J.; De Pera, M.; Estelrich, J.; De La Maza, A.; Parra, J. 

Influence of cholesterol on liposome fluidity by EPR: relationship with percutaneous 

absorption. Journal of Controlled Release 2000, 68 (1), 85-95. 

69. Jing, Y.; Trefna, H.; Persson, M.; Kasemo, B.; Svedhem, S. Formation of supported 

lipid bilayers on silica: relation to lipid phase transition temperature and liposome size. Soft 

Matter 2014, 10 (1), 187-195. 

70. Mangiarotti, A.; Caruso, B.; Wilke, N. Phase coexistence in films composed of DLPC 

and DPPC: a comparison between different model membrane systems. Biochimica et 

Biophysica Acta (BBA)-Biomembranes 2014, 1838 (7), 1823-1831. 

71. Pérez-Herrero, E.; Fernández-Medarde, A. Advanced targeted therapies in cancer: drug 

nanocarriers, the future of chemotherapy. European journal of pharmaceutics and 

biopharmaceutics 2015, 93, 52-79. 

72. Rao, L.; Xu, J.-H.; Cai, B.; Liu, H.; Li, M.; Jia, Y.; Xiao, L.; Guo, S.-S.; Liu, W.; Zhao, 

X.-Z. Synthetic nanoparticles camouflaged with biomimetic erythrocyte membranes for 

reduced reticuloendothelial system uptake. Nanotechnology 2016, 27 (8), 085106. 

73. Kraft, J. C.; Freeling, J. P.; Wang, Z.; Ho, R. J. Emerging research and clinical 

development trends of liposome and lipid nanoparticle drug delivery systems. Journal of 

pharmaceutical sciences 2014, 103 (1), 29-52. 

74. Kabilova, T. O.; Shmendel, E. V.; Gladkikh, D. V.; Chernolovskaya, E. L.; Markov, O. 

V.; Morozova, N. G.; Maslov, M. A.; Zenkova, M. A. Targeted delivery of nucleic acids 

into xenograft tumors mediated by novel folate-equipped liposomes. European Journal of 

Pharmaceutics and Biopharmaceutics 2018, 123, 59-70. 

75. Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S. W.; Zarghami, N.; 

Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki, K. Liposome: classification, 

preparation, and applications. Nanoscale research letters 2013, 8 (1), 102. 

76. Nii, T.; Ishii, F. Encapsulation efficiency of water-soluble and insoluble drugs in 

liposomes prepared by the microencapsulation vesicle method. International journal of 

pharmaceutics 2005, 298 (1), 198-205. 

77. Hattrem, M. N.; Kristiansen, K. A.; Aachmann, F. L.; Dille, M. J.; Draget, K. I. 

Ibuprofen-in-cyclodextrin-in-W/O/W emulsion–Improving the initial and long-term 

encapsulation efficiency of a model active ingredient. International journal of 

pharmaceutics 2015, 487 (1), 1-7. 

78. Imran, M.; Revol-Junelles, A.-M.; Paris, C.; Guedon, E.; Linder, M.; Desobry, S. 

Liposomal nanodelivery systems using soy and marine lecithin to encapsulate food 

biopreservative nisin. LWT-Food Science and Technology 2015, 62 (1), 341-349. 

79. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S. Y.; Sood, A. K.; Hua, S. Advances 

and challenges of liposome assisted drug delivery. Frontiers in pharmacology 2015, 6. 

80. Khuller, G.; Kapur, M.; Sharma, S. Liposome technology for drug delivery against 

mycobacterial infections. Current pharmaceutical design 2004, 10 (26), 3263-3274. 

81. Periyasamy, P. C.; Leijten, J. C.; Dijkstra, P. J.; Karperien, M.; Post, J. N. 

Nanomaterials for the local and targeted delivery of osteoarthritis drugs. Journal of 

nanomaterials 2012, 2012, 5. 

82. Szoka Jr, F.; Papahadjopoulos, D. Comparative properties and methods of preparation 

of lipid vesicles (liposomes). Annual review of biophysics and bioengineering 1980, 9 (1), 

467-508. 

83. Movahedi, F.; Hu, R. G.; Becker, D. L.; Xu, C. Stimuli-responsive liposomes for the 

delivery of nucleic acid therapeutics. Nanomedicine: Nanotechnology, Biology and 

Medicine 2015, 11 (6), 1575-1584. 



君子食无求饱，居无求安，敏于事而慎于言，就有道而正焉，可谓好学也已----孔子（Confucius） 

- 39 - 

 

84. Immordino, M. L.; Dosio, F.; Cattel, L. Stealth liposomes: review of the basic science, 

rationale, and clinical applications, existing and potential. International journal of 

nanomedicine 2006, 1 (3), 297. 

85. Kneidl, B.; Peller, M.; Winter, G.; Lindner, L. H.; Hossann, M. Thermosensitive 

liposomal drug delivery systems: state of the art review. International journal of 

nanomedicine 2014, 9, 4387. 

86. Zhao, Y.; Ren, W.; Zhong, T.; Zhang, S.; Huang, D.; Guo, Y.; Yao, X.; Wang, C.; 

Zhang, W.-Q.; Zhang, X. Tumor-specific pH-responsive peptide-modified pH-sensitive 

liposomes containing doxorubicin for enhancing glioma targeting and anti-tumor activity. 

Journal of Controlled Release 2016, 222, 56-66. 

87. Pradhan, P.; Giri, J.; Rieken, F.; Koch, C.; Mykhaylyk, O.; Döblinger, M.; Banerjee, 

R.; Bahadur, D.; Plank, C. Targeted temperature sensitive magnetic liposomes for thermo-

chemotherapy. Journal of Controlled Release 2010, 142 (1), 108-121. 

88. Moghimi, S. M.; Szebeni, J. Stealth liposomes and long circulating nanoparticles: 

critical issues in pharmacokinetics, opsonization and protein-binding properties. Progress 

in lipid research 2003, 42 (6), 463-478. 

89. Whitehead, K. A.; Langer, R.; Anderson, D. G. Knocking down barriers: advances in 

siRNA delivery. Nature reviews Drug discovery 2009, 8 (2), 129-138. 

90. Jevprasesphant, R.; Penny, J.; Attwood, D.; D'emanuele, A. Transport of dendrimer 

nanocarriers through epithelial cells via the transcellular route. Journal of controlled 

release 2004, 97 (2), 259-267. 

91. Wang, Z.; Tiruppathi, C.; Minshall, R. D.; Malik, A. B. Size and dynamics of caveolae 

studied using nanoparticles in living endothelial cells. ACS nano 2009, 3 (12), 4110-4116. 

92. Petros, R. A.; DeSimone, J. M. Strategies in the design of nanoparticles for therapeutic 

applications. Nature reviews Drug discovery 2010, 9 (8), 615-627. 

93. Harush-Frenkel, O.; Debotton, N.; Benita, S.; Altschuler, Y. Targeting of nanoparticles 

to the clathrin-mediated endocytic pathway. Biochemical and biophysical research 

communications 2007, 353 (1), 26-32. 

94. Iversen, T.-G.; Skotland, T.; Sandvig, K. Endocytosis and intracellular transport of 

nanoparticles: present knowledge and need for future studies. Nano Today 2011, 6 (2), 176-

185. 

95. Yamano, S.; Dai, J.; Moursi, A. M. Comparison of transfection efficiency of nonviral 

gene transfer reagents. Molecular biotechnology 2010, 46 (3), 287-300. 

96. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming 

biological barriers to drug delivery. Nature biotechnology 2015, 33 (9), 941-951. 

97. Lechardeur, D.; Verkman, A.; Lukacs, G. L. Intracellular routing of plasmid DNA 

during non-viral gene transfer. Advanced drug delivery reviews 2005, 57 (5), 755-767. 

98. Xiang, S.; Zhang, X. Cellular uptake mechanism of non-viral gene delivery and means 

for improving transfection efficiency. In Gene Therapy-Tools and Potential Applications; 

InTech: 2013. 

99. Sauer, A. M.; Schlossbauer, A.; Ruthardt, N.; Cauda, V.; Bein, T.; Bräuchle, C. Role 
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Supplementary material 

Table S1 Average size, PDI and zeta potential of liposome formulations with different Chol% 

content. 

Liposome formulations 

(DOTAP/DSPE-PEG/DOPE/Chol) 

(molar ratio) 

Size 

(nm) 
PDI 

Zeta potential 

(mV) 

1:1:1:0 121.6 ± 2.7 0.41 ± 0.01 17.5 ± 0.9 

1:1:1:1 136.1 ± 4.7 0.40 ± 0.03 14.0 ± 1.7 

1:1:1:3 150.1 ± 2.1 0.42 ± 0.02 13.6 ± 0.7 

1:1:1:6 149.5 ±1.5 0.45 ± 0.02 11.9 ± 0.5 
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a. 

 

b. 

 

1:1:1:0 

 

1:1:1:1 

 

1:1:1:3 

 

1:1:1:6 

 

Figure S1 (a) Plasmid map of pEGFP-N1 (left) and absorbance spectra of the pDNA (right). 

(b) The size distribution of liposomes with different formulations (molar ratio of 

DOTAP/DSPE-PEG/DOPE/Chol) 
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Figure S2 Size changes (a) and PDI changes (b) of liposomes with different Chol% in 6 days. 

(c) DSC heatflow diagram of liposomes with different Chol%. 

  



路漫漫其修远兮，吾将上下而求索。                                       ----屈原（Qu Yuan）                                                                     

- 87 - 

 

  

 

 

 

 

 

Figure S3 The size change of PEGylated and non-PEGylated liposomes at different time points 

after incubation with optiMEM (A) serum-contained culture medium (B) change of 

encapsulation efficiency of VP (C). ***P＜0.0001.  

C 
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Figure S4. CLSM images of cellular uptake of lipopolyplexes loaded with VP molecules (red 

colour) at different incubation time points. The merge panel represent the images merged by 

the blue, red and bright field channels. Scale bars = 100 µm. 
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Figure S5. Cellular ROS detection from VP after light illumination. CLSM images of DCF 

fluorescence signal after cellular ROS generation with and without light illumination and 

quantitative assessment of DCF fluorescence intensity. Scale bars = 100µm. ***p <0.001 and 

****p <0.0001 compared to the only cells group.  
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Figure S6 Representative flow cytometry histograms of EGFP intensity in HCT 116 cells 

transfected by pure pDNA, polyplexes at varying PEI/pDNA levels and LPDs with and without 

light illuminations. 
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CHAPTER 6 Conclusions and perspectives 

6.1 Conclusions  

The main aim of this thesis was to develop the light-triggered liposomal or polymeric 

nanocarriers for enhanced gene and drug delivery. It has been achieved using our synthetic lipid 

nanoparticles. Results demonstrated that light irradiation can significantly enhance the 

efficiency of gene transfection. This will facilitate the applications of (NIR) light irradiation 

for activated delivery vehicles due to its less phototoxicity and deep penetration in biological 

tissues. The enhanced endolysosomal escape of DNA molecules after light illumination was 

investigated by quantitative analysis of colocalisation between fluorescently labelled DNA 

molecules and endolysosomes. Enhanced PAC1R silencing and EGFP gene expression was 

respectively achieved by using two types of light-triggered liposomal delivery systems in rat 

PC12 cells and HCT116 human colorectal cancer cells. In addition, I was also involved in other 

work on X-ray triggered polymer and liposome delivery systems. The results have indicated 

the feasibility and therapeutic effect of these active nanocarriers for gene silencing and 

antitumour applications, extending their utility to treatments on deep-seated tumours. Further 

clinical translation is also achievable with our active nanocarrier since the key agents including 

lipids, polymers and photosensitiser are widely used in clinical practice.  

6.2 Perspectives  

Although many commercial gene/drug delivery systems based on cationic lipids and/or 

polymers have been well established, the customized functions of liposomes with particular 

aims such as specific targeting are still required for in vivo applications. When coming to in 

vivo applications, light activated lipid and/or polymeric nano DDSs can be further improved 

from the following aspects: 

(1) NIR light triggering for liposome activation 

Compared to the UV and visible light that used in this work, NIR light ranging from 700 to 

900 nm has been adopted as the ideal light sources for in clinical applications due to its deeper 

penetration and less background for imaging1. In my PhD work, red (~690 nm) and UV (~350 

nm) light sources were used to trigger the verteporfin molecules for PDT or photochemical 

internalization for enhanced endosomal escape. In addition, X-ray irradiation was also used for 

activation of photosensitisers due to its excellent tissue penetrating ability. When considering 
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complicated operation and expensive cost of the X-ray facility, NIR light from the various 

commercial laser diodes can be another alternative. In this case, other PSs2 (Figure 6-1) 

activated by NIR light irradiation can be incorporated to the nanocarrier systems to achieve 

NIR triggering purpose. This will enable photoactivation of PS even located in deep tissues as 

well as background-free live imaging3-5.  

 

Figure 6-1 Structure and absorption spectra of tetrapyrrole photosensitizers: porphyrins (A), 

chlorins (B) and bacteriochlorins (C)2. 

(2) Development of capability for large genes and proteins 

The developed light-triggered liposomal delivery systems also hold the potential to load and 

deliver other exogenous biomacromolecules including RNA molecules, large DNA fragments 

and proteins. This will be achieved by engineering various lipid components. Efficient delivery 

of various RNAs including sgRNA and larger pDNA remains a key challenge in the 

development of gene silencing, genome editing and RNA interference (RNAi) therapeutics6-8. 

Therefore the light activated nanosystmes developed in this work will have a potential for the 

better release efficiency of these genetic materials. 

Current approaches of protein delivery generally face some challenges including low tolerance 

for serum, instability and immunogenicity, poor endosomal escape and limited in vivo efficacy9. 

However, the light-triggered liposome delivery systems may offer a better solution to overcome 

these issues. In particularly, lipid-based delivery of genome editing enzymes and transcription 

activators has become an efficient approach that mediates genome modification9.   
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6.3 Future work on light-triggered liposomal delivery systems 

Recently, a new tool based on a bacterial CRISPR (clustered regularly interspaced short 

palindromic repeats)-associated protein-9 nuclease (Cas9) from a bacterium, S. 

thermophiles, has generated significant excitement and inspiration. This CRISPR/Cas9 system 

is an adaptive immune response system present in some prokaryotic cells, in which the Cas9 

endonuclease is used by the CRISPR system to recognize and destroy foreign DNA entering 

into the cell10. To perform this task, Cas9 makes use of a short guide sequence of RNA (sgRNA), 

which targets the endonuclease to a particular sequence, and facilitates the gene modification 

(Figure 6-2). With such versatile guide sequences, Cas9/sgRNA complexes now can be 

constructed to target almost any gene. In addition, this gene silencing tool can completely 

knock out gene expression with minimal off-target effects, compared to the RNAi technique. 

Figure 6-2 The scheme of different applications of targeted genome editing by using 

CRISP/Cas9 systems. 

Genome engineering technologies have enabled activation or repression of endogenous genes 

in mammalian cells using synthetic transcription factors that can be targeted to almost any DNA 

sequence11. Most recently, researchers reengineered the CRISPR/Cas9 system of Streptococcus 

pyogenes to function in mammalian cells as a transcription factor12. Thus, targeting the 

CRISPR/Cas9 system to new DNA sequences requires alteration of the short gRNA sequence 

only and does not involve reengineering a protein DNA-binding domain13. The simplicity of 

this system has enabled its rapid development as a tool for many diverse applications in biology. 

However a major roadblock to achieve the therapeutic potential of the CRISPR/Cas9 system is 

the lack of a safe and effective in vivo delivery method. Therefore, development of controllable 
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nanostructures as a delivery system of CRISPR/Cas9 will be very important for the safe and 

effective applications of gene editing.  

Several studies of cationic lipid-based delivery of CRISPR/Cas9 delivery systems have already 

been reported for in vivo application. Theses includes the genome modification into the mouse 

inner ear cells9, liver14 and human cells for gene correction15. For example, cationic lipid-

mediated delivery of unmodified Cas9:sgRNA nuclease complexes resulted in up to 80% 

genome modification and higher specificity compared to DNA transfection9.  

Recently optically regulated CRISPR gene editing has been reported to use the photo-caging 

effect that the nucleic acids with inactivated groups turn to function upon UV light irradiation16. 

However, to the best of my knowledge, the CRISPR/Cas release by using the light-induced 

nonviral vectors has seldom been studied. Based on my PhD work on light-triggered liposomal 

delivery systems, external light activation may offer another option to remotely control 

CRISPR gene editing in vivo. Figure 6-3 illustrates my future work on genome editing by using 

light-activated liposomes. For comparison purpose, two kinds of agents will be delivered into 

the cells by the liposomes. One is the plasmid which express Cas9 nuclease and also transcript 

the sgRNA sequences; the other is the sgRNA and Cas9 complexes. This light-triggered 

liposomal gene editing system will be demonstrated in human cells HEK293 and zebrafish 

embryo with further phenotypic and molecular identification. 

 

 

Figure 6-3 The schematic illustration of future work on the light-activated liposomes for 

controllable CRSPR/Cas9 delivery and release. 
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