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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
(PEIl)/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 pPDNA 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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Introduction



CHAPTER 1 INTRODUCTION

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 nanobiology?, nanochemistry?,
nanoelectronics®, and nanomaterials®. As the fastest growing field of nanotechnology,
various innovative nanomaterials have been widely used in biology, medicine, environment,
energy and other fields®. 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
absorption®, magnetic separation’, special conductors®, molecular sieves®, catalysts®, heat
exchange materials*' andlubricants®2. Particularly in biomedical science®®, 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

efficiency®.

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 challenges® 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 vehicles®. 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 targeting'®*’. The
passive targeting!’ 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 systems®®. 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)'°. Especially the RES uptake has been
demonstrated to be a major barrier to the delivery of macromolecular therapeutic agents?°.

-2-
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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
surface?'. 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 enzyme??, pH?® and redox reactions®*, etc.) and exogenous ones (such as light,
temperature, magnetic field and X-ray irradiation etc.)>>. 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 disease?®. 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)?’. The
disease is caused by a congenital absence of a metabolic enzyme called ADA?, 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,
2017%.

Generally speaking, the gene therapy efficiency highly relies on the delivering methods of
the therapeutics genes®. 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.
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Figure 1-1 Viral and non-viral gene delivery systems.

In this part | 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
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Figure 1-2 Transduction mechanism of a target cell using viral vectors®L.
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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 protein®L.

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 therapy*?

(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 vectors®®. 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 package®*. 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

malpractice35-3,

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

32

Adeno- Retrovirus/L|Vaccinia
Adenovirus |associated [alphavirus |Herpesvirus L .
virus entivirus virus
Genome dsDNA SSDNA SSRNA (+) |dsDNA SSRNA (+) |[dsDNA
., |Coat Naked Naked Enveloped |Enveloped Enveloped |[Enveloped
L
o g VIron 70-90nm  [18-26nm  [60-70nm  [150-200 nm  [80-130 nm  [300-450 nm
< ‘= [diameter
'g £ |Genome size 12 kb 120-200 kb [3-9 kb 130-280 kb
© p — ” P ittt
S oA e
Family Adenoviridae|Parvoviridae|Togaviridae [Herpesviridae |Retroviridae |Poxviridae
Dividing and |Dividing and |Dividing and |Dividing and - Dividing and
. Dividing
Infection non-dividing [non-dividing |non-dividing [non-dividing cells non-dividing
§ m cells cells cells cells cells
[«5)
5 & |Host genome|Non- Non- Non- r . . Non-
% Gg_interaction integrating integra_ting integrating Non |thegrat|ng Integrating integrating
S S|Transgene o ient Potential longp.qjeny  [POtential long Long lasting [Transient
(M  |expression lasting lasting
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There are several risks and barriers that are currently hampering virus vectors-based gene
therapy®’. 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 environment®,

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 treatment®®-3°, 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 sites*’. To overcome these limits,
many strategies on nanomaterial modification have been developed to improve the
performance of non-viral synthetic delivery systems* (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 functions*?. 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

-6-
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photochemistry®> 4. 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
time*,

Targeting ligands (A )

V@

Chemical compositions
ﬁ’*’ Biological
Q Liposome

//ﬁ/ Polymer
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<« "> Protein
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&  small molecules
Inorganic

Delivery vector shapes Surface chemistry
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@D Rod
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A Targeting ligands

Figure 1-3 Compositional design considerations for four representative properties(target
ligands, shapes, chemical compositions and surface chemistry) of nonviral gene delivery

systems®,
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Figure 1-4 Nanocarriers combine chemotherapy with physically destructive modalities

that induce tumor ablation (photothermal/magnetic)*®.

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 efficiency*’. 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 nanomaterials*®. 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 effect*® are the vital properties of efficient
gene delivery. Its transfection efficiencies vary widely different between the ones with
different molecular weights and different sturcture®®. Low molecular weight PEI does not
have capabilities of delivering gene. Typically 25 KD PEl 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 size®!.

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 LBP1 compresses DNA molecules compared BPEI
does®2. One of the disadvantages of using PEI is the non-degradable characteristics in

animal body that generates toxicity®. 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 weight>. The cell viability can be even reduced to less than 20%
after treatment of Lovo cells with branched PEI (25 kD, 60 pg/mL)®. 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)®®.

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 transfection®. Therefore, for non-viral
vector-mediated gene delivery, there are yet many mechanisms that require further study.

-10 -
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Figure 1-6 The illustration of proton sponge effect °’.

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 trails®®. 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
circulation®. 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

complex®.
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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 on®L,
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 aims®2. 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 recently®,

Phospholipid < ﬁ%

%
Polar hea L droohobic il %ﬁ@
ydrophobic tai
g4

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 sphingomyelin®. The phosphoglycerides are commonly used in the
preparation of liposomes, and the following brief description of phosphoglyceride is shown

in Figure 1-9%.
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Figure 1-9 The diagram shows the structuresfm of phosphatidic acid (PA),
phosphatidylinositol (P1), phosphatidylserine (PS), phosphatidylethanolamine (PE)
and phosphatidylcholine (PC) (PI, PS, PE, and PC are derived from PA)®. 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 phosphoglycerides®’. 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 stability®®,

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.

(1) 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 stability®®.
(1) 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 components®. 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 rate’®.

(1) 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 organs’t. Conventional nanoparticles with negatively charged and without any
surface modifications can be rapidly recognized and cleared by the reticuloendothelial
system (RES) in the blood stream’?. Suitable surface charge of lipid nanoparticles can
improve their serum stability and targeting capability and eventually the therapeutic
performance’. 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 systems’.

(V) 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 system?®.
(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
substance’®. To obtain optimal encapsulation efficiency, the molar ratio of liposomes and

loaded drugs needs to be adjusted during the synthesis’’.

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 uncharged’®.
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 liposomes™. 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 um. 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 SUVs®. 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).
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Figure 1-11 Classification of liposomes and their relative sizes. SUV: single unilamellar

vesicles, MLV: multilamellar vesicles, LUV: large unilamellar vesicles®!

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,

() 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.

(1) 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.

(1) 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.

(V) 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 liposomes®?. 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 PEG®.

() Thermosensitive liposomes®

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.

(1) pH-sensitive liposomes®

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.

(111) Magnetic thermosensitive liposomes®’

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 liposomes®

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 weight®,

(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 tissue®.
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 tissue®.
However, it is another challenge for those particles with diameter larger than 5 nm to cross
the capillary epithelial®®. 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 mechanisms®-°2, After passing through
epithelial layer, the carriers begin to attach cell membrane and they are internalized into
cell plasma mainly via endocytosis®. The dominant endocytosis pathways vary in different
cell lines, resulting in different intracellular processes for the nonviral vectors®. Thus the
gene transfection efficiencies differ in various cell lines, even using the same delivery
system®®. 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 cytoplasm®. It should be
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mentioned that pDNA has to be translocated in the nucleus for further transcriptions and

translations to protein®’. The main route of nanocarriers is illustrated in Figure 1-12%,
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Figure 1-12 The biologic steps of nonviral vector transportation®.
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
applications®. 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)*®-1% (Figure 1-13). Moreover, its parameters such
as wavelength, power density, and illumination time can be adjusted for precise release of
payloads from the carriers'®®. In recent years, enhanced cytoplasmic delivery of
macromoleculars by photochemical disruption of the endo/lysosomal membrane, referred
to as photochemical internalization (PCI)1%, has been actively investigated in the context
of gene delivery and pharmacotherapy'®. 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 laser'®. 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.
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Figure 1-13 Correlation between the PS absorption range and the penetration deepth of
the light through the tissue!®®
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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) %% 1%(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 %> 1, 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)'%. This
transformation changes the hydrophobicity and polarity, thus resulting in structural
disassembly of the nanocarriers!*®. 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 illumination'!, This hydrophobicity change disrupts nanomaterials containing
DNQ, which has been widely used in triggered release system®'?13 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 **-
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 photosensitiser!’>. Based on PCl-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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Endosomal
escape

Figure 1-15 A scheme for PCl itinerary of the transgene expression using photoresponsie

ternary complex*?®.

Another recent work*'® on the PCl-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 bilayerst!’. 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 PCl-assisted endosomal rupture mediates intracellular gene release and

delivery for gene transfection?t.

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 | 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 oxygen!!®, The mechanism
of PDT is shown in Figure 1-17. The excited triplet-state of PSs can be produced via Type-
| and Type-I1 processes'®®. 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 | reactions superoxide hydroxyl radicals are
produced, and singlet oxygen are formed in the Type Il reactions. These ROS molecules
can oxidize and damage most biomolecules (such as lipids, amino acids and nucleic

acids)*?°.
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Figure 1-17 Mechanism of PDT processes?.

There are many types of PSs that have been widely developed and applied in clinical
practice'?2. Among them, porfimer sodium was the first PS approved in the United States,
Canada, the European Union, Japan and South Korea in 1993-1997'%, 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 indications*?,

In my projects, | loaded liposomes with the PS verteporfin (Benzoporphyrin derivative
monoacid, BPD-MA), which belongs to the category of porphyrins'?®. 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 effect!’.
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 photodegradation'?s. However, most of

these photoresponsive moieties are activated by ultraviolet or visible light illumination*?’,
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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)!2 with less photodamage to biological tissues!?®, 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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Light
Photosensitive moieties Lipid components |Mechanisms sources |Applications|Ref
(nm)
Photopolymerizable Doxorubicin
diacetylene phospholipid EEPECZ:O&)SPE Photopolymerization|254 130
(DCS8, 9PC) Delivery
Cinnamoyl Pluronic F127 (CP|egg T 131
F127) ohosphatidylcholine Photodimerization |254 Drug release
Photosensitizer aluminum e Release of
phthalocyanine disulfonic acid %gs hotidvicholine|PC! 360 132
(AIPcS2) Phosp y fluorescein
Amino acid containing o- T uv 133
nitrobenzyl lipids Synthetic lipids Photocleavage (>320) Drug release
Azobenzene 50, |celvery. i
trimethylammonium bromide |Synthetic lipids Photo-isomerization |-~ A
436 NIH 3T3
surfactant
cells
1,1’-didodecyl-3,3,3,3’- DOPE Cytoplasmic
tetramethylindocarbocyanine Photopolymerization|550 releage 135
perchlorate (Dil) SorbPC
. : Doxorubicin
. - DSPC, DSPE- Light-absorbing : - 1136
Porphyrin-phospholipid PEG2K, cholesterol [monomer esterified 658 Sievl(l)very n
Light-absorbing Doxorubicin 3
: - ) . . {137
Porphyrin—phospholipid DSPE-PEG2k monomer esterified 665 \cilie;llévery in
DPPC. DSPE- Photothermal NIR Do?<orub|C|_n -
Hollow gold nanospheres delivery in
PEG2000-NH2 laser .
effect Vivo
Photosensitiser together with a
lipophilic NIR dye 1,1'- i Anticancer
dioctadecyl-3,3,3, 3'- E}EZ% DSPE PCI 785  |drug 139
tetramethylindotricarbocyanine Sk delivery
iodide (DiR)
Photothermal Anticancer
Indocyanine green DPPC, DSPE- 808 |drug 140
PEG2k )
effect delivery
Photothermal 656 cytosolic
Gold nanostars DOPE ' |drug 141
850 )
effect delivery
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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 interests'*?. 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 14™
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: T1 = title, Booleans: AND, OR) | Database and timespan

“TI= (light OR photo* OR "laser") AND TI= ("gene delivery" | LANGUAGE: (English)
OR "gene transfer" OR "DNA transfer" OR "DNA delivery" | AND DOCUMENT
OR "nucleic acids delivery” OR "gene transfection” OR "gene | TYPES: (Article) Timespan:
therapy"” OR "gene expression” OR "transcription” OR | 1997-2017. Indexes: SCI-
"CRISPR" OR "cas9" OR "gene editing” OR "genome | EXPANDED, SSCl,
editing" OR "TALEN" OR "ZFN" OR "gene silencing" OR | A&HCI, CPCI-S, CPCI-
"siRNA" OR "oligonucleotide” OR "gene activity" OR | SSH, BKCI-S, BKCI-SSH,
"*RNA") 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 3 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”,

2 (13

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

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

Total Publications b
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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 Fe304@ 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): 52382.
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.

Mean Silhoustte=0.3338
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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 (lipVVP)
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 PACIR antisense
oligonucleotides inside the lipVVP 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 PACIR fluorescence intensity at 24 h after light treatment. Following
the PACIR 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, | engineered the photo-triggered LPD
which incorporates verteporfin (VP) in a lipid bilayer and the complex of polyethylenimine
(PEl)/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.
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Liposomes are an effective gene and/or drug delivery system,
widely used in biomedical applications including gene therapy
and chemotherapy. Here, we designed a photo-responsive lipo-
some (lipVP) loaded with a photosensitizer verteporfin (VP).
This photosensitizer is clinically approved for photodynamic
therapy (PDT). LipVP was employed as a DNA carrier for pitu-
itary adenylyl cyclase-activating polypeptide (PACAP) receptor
1 (PACIR) gene knockdown in PC12 cells. This has been done
by incorporating PACIR antisense oligonucleotides inside the
lipVP cavity. Cells that have taken up the lipVP were exposed to
light from a UV light source. As a result of this exposure,
reactive oxygen species (ROS) were generated from VP, desta-
bilizing the endolysosomal membranes and enhancing the lipo-
somal release of antisense DNA into the cytoplasm. Endolyso-
somal escape of DNA was documented at different time points
based on quantitative analysis of colocalization between fluo-
rescently labeled DNA and end and ly The
released antisense oligonucleotides were found to silence
PACIR mRNA. The efficiency of this photo-induced gene
silencing was demonstrated by a 74% + 5% decrease in
PACIR fluorescence intensity. Following the light-induced
DNA transfer into cells, cell differentiation with exposure to
two kinds of PACAP peptides was observed to determine the
cell phenotypic change after PACIR gene knockdown.

INTRODUCTION

Gene delivery and gene therapy rely on effective exogenous nucleic
acids transfer into cells.' Due to the high transfection efficiency, viral
carriers are a commonly used method of gene delivery.”” However,
the development and application of viral carriers is hindered by a
range of limitations including toxin production, limited size of trans-
genic DNA, packaging difficulties, and the risk of recombination.’ To
overcome these limitations, synthetic non-viral gene delivery systems,
in particular, nanomaterial-based systems, have been extensively
studied and developed.”” Among these nanomaterials, liposomes,
especially including cationic lipid components, have attracted signif-
icant interests as a drug and/or gene delivery vehicle since the
1980s.""'" Up-to-date, various types of liposomes have been clinically
used to improve the efficacy and biodistribution of drugs, including
cancer therapeutics.'"'” In recent years, a number of studies reported
the application of liposomal carriers to various gene-targeting strate-

366
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gies in cancer gene therapy.”'" '® For example, Mendonga et al."”
applied transferrin receptor-targeted liposomes encapsulating anti-
sense oligodeoxynucleotides (asODNs) and small interference RNA
(siRNA) into the treatment of chronic myeloid leukemia. Wu
et al.'® demonstrated liposome-based synergetic treatment of insulin
promoter-thymidine kinase gene therapy followed by ganciclovir
pharmacotherapy, resulting in efficient ablation of the tumor size in
mice. Therefore, liposomes can serve as an efficient technique for tar-
geted gene transfer in cancer gene therapy.

Passive liposomal delivery is challenging due to biological extracel-
lular and intracellular barriers such as enzyme degradation, pH
change, and endolysosomal lysis.'” In order to overcome these
barriers and enhance the efficacy of liposome-mediated gene and/
or drug delivery, various strategies have been employed to develop
active liposomes whose bilayer can be destabilized by using external
stimuli, including temperature,'® * pH,*' ** ultrasound,'™** spe-
cific enzymes,””® magnetic field,”” > and photo irradiation
including UV light.’’** Light is especially attractive as a triggering
modality because it can be applied remotely with high spatiotem-
poral precision, while light parameters such as wavelength, power
density, and illumination time can be adjusted to control the release
platform.” In recent years, enhanced cytoplasmic delivery of macro-
molecular compounds by photochemical disruption of the endolyso-
somal membrane, referred to as photochemical internalization
(PCI),” has been actively investigated in the context of gene deliv-
ery, including siRNA, peptide nucleic acids (PNAs), and plasmid
DNA (pDNA),”” and pharmacotherapy.” ** For example, Park
et al.”’ demonstrated endolysosomal escape of the therapeutic p53
gene carried by polymer-gene complex after illumination with a
671 nm laser. Here, we used a similar strategy to deliver a gene to
silence one of the pituitary adenylyl cyclase-activating polypeptide
(PACAP) receptors.
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Figure 1. Schematic Diagram
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PACAP is a member of the vasoactive intestinal polypeptide (VIP)-
glucagon-growth hormone releasing factor-secretin superfamily,
and it has two amidated forms: PACAP-38 and PACAP-27." Broadly
expressed in nerve cells, PACAP is a pleiotropic growth factor,
affecting differentiation, proliferation, and maturation of most neural
and non-neural cell types.”' PACAP also plays a role in cancer cell
proliferation.”” It induces cell proliferation in small lung cancer cells
and neuroblastoma cells,'"*’ but it inhibits cell growth of lung cancer
and breast cancer."” "’ Additionally, PACAP is an important neuro-
peptide that plays a vital role in the regulation of hypertension.”’ The
PACAP-specific cell membrane receptors include the PAC1, vasoac-
tive intestinal peptide receptor (VPAC)1, and VPAC2. Among these
receptors, PACAP receptor 1 (PACIR) has the highest affinity for
PACAP at physiological concentrations.”” Because PC12 cells only
express PACIR, this cell line was a good model to investigate the
impact of PACIR knockdown.”* PC12 cells, a clonal cell line derived
from a pheochromocytoma of the rat adrenal medulla, were used as
the in vitro model for assessing differentiation and neurite growth
because they can be stimulated for neurite outgrowth by the nerve
growth factor (NGF).“" PACAP, acting as a neurotransmitter, also in-
duces PC12 cell differentiation, via a different signaling pathway from
NGE.™

In this study, we demonstrated PACIR gene knockdown by light-trig-
gerable liposomes and the effect of PACAP on PCI12 cell differentia-
tion following PACAP gene silencing. To prepare the liposomes,
we chose 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) as a
neutral lipid™ and 1, 2-di-(9Z-octadecenoyl)-3-trimethylammo-
nium-propane (DOTAP) as a cationic lipid. The latter can enhance

asODN

became entrapped in the endosomes and lyso-
somes.” VP was used to generate a sufficient
amount of reactive oxygen species (ROS) for
destabilization of the liposomal and endolysoso-
mal membranes under light illumination.””*
Figure 1 illustrates the mechanism on asODN
release from the endosomes and lysosomes by
ROS. In particular, we quantitatively explain
the endolysosomal escape process through sub-
cellular colocalization analysis based on the
released profiles of DNA molecules and endo-
somes and lysosomes. asODN molecules were then released from
the endolysosomal compartments into the cytoplasm and silenced
the PACIR mRNA. To examine the response of PC12 cells to PACAP
stimulation after gene silencing, we quantified the neurite outgrowth
of cells treated with PACAP-27 and PACAP-38, respectively. For
comparison, NGF was also added to the PC12 cells with the silenced
PACIR gene, and subsequent neurite outgrowth was assessed.

RESULTS

Characterization of Liposome Samples

The transmission electron microscopy (TEM) images of as-prepared
lipVP exhibit fairly spherical liposome shapes with a size around
200 nm (Figure 2A). We determined the average sizes of lipVP-
asODN complexes with different N/P ratios by the dynamic light
scattering (DLS) method, ranging from 119.6 + 0.6 nm to 121.7 +
0.3 nm (Figure 2B). The polydispersity index (PDI) values decreased
slightly from 0.204 + 0.0036 to 0.178 + 0.001 with an increased N/P
charge ratio. The PDI values of nanoparticle suspension ranging from
0.1 to 0.25 indicate a narrow size distribution, and the value higher
than 0.5 indicates a wide size distribution.”’ Therefore, our PDI values
indicated that as-prepared lipVP-asODN complexes were dispersed
homogeneously with a relatively narrow size distribution. To obtain
lipVP/asODN with an optimal N/P ratio used in this study, we con-
ducted agarose gel retardation assays. The results shown in Figure 2C
indicate that less DNA was detected with an increased N/P ratio.
When the value of N/P ratio reached 25:1, free DNA could not be de-
tected in the agarose gel. This finding suggests that the maximal
amount of DNA molecules was loaded into the liposomes at an
N/P ratio of 25:1. Additionally, the zeta potential of lipVP/asODN
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Figure 2. Characterizations of lipVP and lipVP-asODN
Complexes
(A) A representative TEM image of lipVP; inset is the lipVP
02 size distribution histogram. Scale bar, 0.1 um. (B) Average
sizes and PDI of different lipVP-asODN complexes with
different N/P ratios. The measurements of each were
conducted in triplicates, *p < 0.05, **p < 0.01 (t test)
l compared with the lipVP group. n = 3. (C) DNA agarose gel
1 electrophoresis pattern of different lipVP-asODN com-
°1  plexes at different N/P ratios. Lane 1, 10 bp DNA ladder
e only; lane 2, pure asODN only; lanes 3-7, the N/Pratio =1,
5, 10, 15, 20, and 25:1, respectively. (D) Zeta potential of
different lipVP-asODN complexes at different N/P ratios.
**p < 0.01, **p < 0.001 {t test) compared with the lipVP.
n=3.

ST

with varying N/P ratios was also measured. As shown in Figure 2D,
the zeta potential of the complexes increases with increasing N/P ra-
tio. This increasing zeta potential enhances the cellular uptake of lipo-
some-formulated DNA compared with free DNA molecules. The VP
absorption peak at 700 nm was shifted to a shorter wavelength when
loaded inside liposomes compared with VP alone (Figure S1), while
the fluorescence spectrum of VP loaded inside liposomes was not
obviously changed compared with pure VP (Figure S2). This indicates
that VP was encapsulated in the liposomes. We also estimated the
amount of VP loaded inside liposomes, which was approximately
143 + 0.36 pg/mL.

Cellular Uptake of lipVP and Release of asODN under UV Light
lllumination

Figure 53 shows the cellular uptake of lipVP with different incubation
times (0.5, 1, 2, and 3 hr). After 2 and 3 hr incubation, higher red
fluorescence signal from VP surrounding the nuclei (stained in blue
color) was observed compared with cells treated for 0.5 and 1 hr.
Therefore, we chose 2 hr incubation time in this study.

The DNA release test was first performed in test tubes with carboxy-
fluorescein (FAM)-labeled DNA molecules encapsulated in the lipVP
platform, as shown in Figure S4. FAM is a fluorescent dye that self-
quenches at high concentration.”” This allows the detection of its
release from the liposomes to the surrounding medium by moni-
toring the increase of FAM fluorescence.”’ Following light illumina-
tion, the FAM fluorescence intensity increases compared with the
control without light treatment. The extent of this decrease was found
to be related to the illumination period. However, an increase in the
fluorescence signal was not observed when the same FAM-labeled
DNA molecules were encapsulated into the liposomes without VP,
as shown in the inset of Figure S4. Our results indicate that FAM-
labeled DNA molecules were released from lipVP following light illu-
mination. However, in liposomes without VP, the DNA molecules
have not been released even when triggered by a light source. In order
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to assess whether the light-induced ROS will

damage the DNA, which is encapsulated into

the lipVP compartment, the gel retardation assay
was also carried out. As shown in Figure S5, the clear bands of DNA
released from liposomes with 2, 4, 6, and 8 min of UV illumination
can be observed, suggesting that ROS induced by light illumination
did not significantly affect the entrapped DNA.

Having confirmed the ROS generation from lipVP under light illumi-
nation in a test tube, we evaluated intracellular ROS generation by us-
ing 2', 7'-dichlorofluorescein (DCF) diacetate (DCF-DA) assay where
nonfluorescent DCF-DA can be oxidized by ROS to produce highly
fluorescent DCF. As shown in Figure S6, the fluorescence intensity
of DCF increased with light illumination time, indicating that a higher
amount of ROS was generated from lipVP. Additionally, we assessed
the in vitro DNA release profile by irradiating cells with the UV light
(365 nm, 1.25 mW/cm?). As shown in Figure 3, an enhanced green
signal from FAM was clearly observed after light illumination
compared with the control sample without light treatment, with the
maximum intensity achieved at 6 min illumination. Our results indi-
cated that the increased ROS production resulted in more damage to
endolysosomal membranes, and enhanced the release of DNA mole-
cules from the endolysosomal compartments.

Quantitative Analysis of Endolysosomal Escape of asODN after
Light lllumination

Subcellular distribution and endosomal escape of asODN from light-
triggered lipVP was analyzed by using confocal laser scanning micro-
scopy (CLSM) (Figure 4). After 1 hr incubation, FAM-labeled asODN
was internalized in cells, which was confirmed by a green signal
observed around the nucleus (Figure 4B). After 2 hr incubation, co-
localization between the green signal from fluorescent asODN and
red signal from the endosomes and lysosomes labeled by LysoTracker
was clearly observed, indicating the entrapment of lipVP-asODN
inside the endosomes and lysosomes (Figure 4C). Without light irra-
diation, some asODN molecules were able to escape from the endo-
somes and lysosomes, but most of them were still located inside the
organelles after 4 hr incubation (Figure 4D). However, following
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Figure 3. Light-Enhanced DNA Release in Cells
(A-E) CLSM images of FAM-labeled DNA release
after 2 hr incubation with lipVP-asODN and photo-
irradiation for different periods: (A} 0, (B) 1, (C) 2,
(D) 4, and (E) 8 min. (F) The amount of released DNA
molecules during photoirradiation (in relative fluores-
cence units [RFU]; **p < 0.01, ***p < 0.001 [t test];
n = 3 compared with the group without light treat-
ment). Blue color indicates the nuclei stained with
Hoechst 33342, and green color represents the FAM-
labeled DNA.
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tive correlation, 1 indicating a positive correla-
tion, and 0 standing for no correlation. As
shown in the inset table in Figure 5E, the PCC
value was 0.305 after 2 hr incubation. However,
it decreased to —0.036 after light illumination,
consistent with the asODN release from endo-

0

4 min light irradiation after 2 hr incubation, most asODN molecules
escaped outside the endosomes and lysosomes after a further 2 hr in-
cubation, which was demonstrated by the green signal from asODN
and almost no colocalization observed in Figure 4E. The light-trig-
gered escape of asODN was also confirmed by the analysis of coloc-
alization between the fluorescently labeled endosomes and lysosomes
and fluorescent asODN molecules by using Image] (Figure 5). Coloc-
alization was quantified using the Costes approach,”” Mander’s coef-
ficient,”” and Pearson’s correlation coefficient (PCC).”° Based on the
Costes approach, a white overlay of the green signal from asODN and
red signal from LysoTracker indicates the colocalization between
asODN and endosomes and lysosomes. Figures 5A-5D show the
Costes maps of Figures 5B-5E, respectively. Initially, the lipVP-
asODN complexes were internalized into the cells and most of
them had not reached the lysosomes. After 1 hr incubation, the white
area was almost negligible (Figure 5A), indicating that asODN was
not located within endolysosomal compartments. As the endocytosis
process continued, after a 2 hr incubation time, a large white area was
observed (Figure 5B), suggesting that most lipVP-asODN nanopar-
ticles were internalized into the endosomes and lysosomes. Even after
4 hr incubation, some white spots were still observed, indicating the
lipVP-asODN complexes were still entrapped in the endolysosomal
compartments (Figure 5C). However, in a scenario of light illumina-
tion, at the same time point (4 hr incubation time), almost no white
color was observed, suggesting that most lipVP-asODN molecules
were then released from endolysosomal compartments into the
cytoplasm (Figure 5D).

Based on the Costes colocalization analysis, the PCC value was also
evaluated. The PCC ranges from —1 to 1, with —1 indicating a nega-

H Dﬂmﬁm,m (miny  lysosomal compartments. For comparison pur-
poses, the control experiments were also con-
ducted where the cells were incubated only
with lipVP-asODN for 4 hr but without light
treatment. In this case, the PCC value was 0.023, which indicated

that some asODN molecules were still colocalized with lysosomes.

Furthermore, Mander’s coefficient, varying from 0 to 1, was calcu-
lated to determine the fraction of two overlapping channels. As
shown in the inset table and the stack columns in Figure 5E, M2
was only 0.385 after light illumination compared with control cells
without light illumination (M2 = 0.988), indicating that the DNA
molecules escaped from endosomes and lysosomes after light
treatment.

Additionally, the intensity correlation analysis (ICA) was also con-
ducted by using the Image] plugin, JACoP Li,*” as shown in Figure S7.
In this figure the covariance of both channels is shown as the x value,
and the intensity distribution of current channel is represented as the
y value. The pixels scattered on the left side of the x = 0 line reflect the
absence of colocalization or inversely correlated intensities, whereas
those situated on the right side of the x = 0 line represent colocaliza-
tion. These approaches present clear evidences of the dynamic pro-
cess of light-enhanced endolysosomal escape.

PAC1R Gene Interference with Light-Triggered lipVP-asODN

To evaluate the expression level of the PACIR protein following
gene interference, the fluorescence intensity of stained PACIR
protein was measured with a microplate reader. In this case, a
reduced fluorescence signal indicates higher silencing efficiency.
As shown in Figure 6, the fluorescence signal decreased to a
different extent with increased illumination time, with an approx-
imately 2.5 times decrease achieved under 4 min illumination
compared with control cells without light treatment. After 6 min
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Figure 4. Light-Enhanced Endolysosomal Escape
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(A) A time course showing the time points of transfection, photoirradiation, and CLSM imaging. (B-E} CLSM images of colocalization between the FAM-tagged DNA (green
channel) and endosomes and lysosomes (LysoTracker, red channel); (B and C) images taken after 1 hr (B) and 2 hr (C) incubation with lipVP-asODN complexes (without light
illumination); (D) images taken after 4 hr incubation with lipVP-asODN complexes (without light illumination); and (E) images taken after 4 hr incubation with lipVP-asODN and

light illumination, which was done at 2 hr incubation time.

illumination, the remaining fluorescence did not change in a statis-
tically significant fashion. These results are consistent with the
DNA release profile under UV illumination shown in Figure 3.
In addition, for comparison, free asODN molecules were delivered
into the PC12 cells and UV light was then applied to cells under the
same experimental conditions. As shown in Figure 6G, the fluores-
cence intensity of PACIR remained unchanged with increased illu-
mination time, indicating that an efficient gene knockdown was not
triggered in this situation.

Assessment of Cell Differentiation after PAC1R Gene
Interference

As the positive control of cell differentiation, a polypeptide, NGF, was
also used to treat PC12 cells after the PACIR gene knockdown. As
shown in Figure 7, for control cells without light irradiation, at day
2 after addition of NGF, the PACAP-38 and PACAP-27 cells ex-
hibited a high degree of differentiation (65% + 16%, 62% + 7%,
and 56% + 5%, respectively) with many long neurites spreading out
of the cells (Figure $7). On day 4, a higher percentage of neurite
outgrowth was observed (83% * 4%, 72% + 10%, and 66% + 11%,
respectively). For cells treated with 4 min light illumination, the
PACIR gene was silenced, but only to some extent, resulting in a
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limited effect of PACAP on cell differentiation. Only 32% + 5%
(PACAP-27-treated groups) and 31% + 9% (PACAP-38-treated
groups) of cells showed an obvious neurite outgrowth at day 4 after
PACAP treatment (Figure 7). We clarify that the siRNA molecules
against PACIR were not involved in this study. By contrast, the ac-
tion of NGF on neurite outgrowth was not significantly affected by
light illumination, with approximately 82% of cells in the NGF-
treated groups at day 4 still exhibiting a high degree of cell differen-
tiation (Figure 7). The corresponding morphologies of cell differenti-
ation after light illumination are shown in Figures S9 and S10. These
results suggested that the PACAP-dependent signaling pathway of
neurite growth was interfered with to a different extent when the
expression of receptor PACIR was inhibited by gene silencing; on
the other hand, NGF still played its role in neurite growth even
when PACIR was silenced.

Cellular Cytotoxicity Assay

A series of cell viability tests under various treatments were per-
formed to estimate the potential toxicity effect on cells. To verify
the potential light toxicity, we illuminated the cells with UV light
from 0 to 6 min. As shown in Figure 8, the cell viability was not
changed significantly compared with the controls (without the
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Figure 5. Co-localization Analysis with ImageJ

Costes’ Approach

(A), (B), (C), and (D) are Costes' maps of (B), (C), (D), and
1.0 (E), respectively, with the white pixels overlay between the

e
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UV treatment). We further assessed the toxicity of pure liposomes
and the impact of both lipVP and light irradiation simultaneously.
The liposomes at both higher (55.5 pg/mL) and lower concentra-
tion (5.55 pg/mL) did not significantly affect cell viability, even
under photoirradiation for different time periods. On the other
hand, the lipVP showed increased cytotoxicity under longer illu-
mination time. After 6 min illumination, about 19% and 17% of
cells were killed by lipVP at higher (55.5 pg/mL) and lower con-
centration (5.55 pg/mL), respectively (Figure 8). These results sug-
gested that cytotoxicity induced by both lipVP and UV exposure
could be attributed to light-triggered ROS generation from VP.
However, more than 80% of total cells were still alive in all tests,
indicating the photo-triggered liposomes (or lipVP) are relatively
biocompatible.

DISCUSSION

Non-viral gene vectors have recently attracted significant research in-
terests because of their advantages for gene therapy including low
toxicity of materials, cost-effectiveness, and ease of production and
usage, compared with the viral vectors with inherent risks for clinical
applications.”® The goal of this study was to develop a facile nano-
particle-based gene delivery system capable of being triggered with
light to enable a higher level of control of gene release and interfer-
ence. To this end, we developed a non-viral gene vector, based on en-
gineered liposomes incorporating VP inside a liposomal bilayer and
asODN inside a middle cavity. VP has a broad absorption band be-
tween 300 and 500 nm with one absorption peak at 350 nm, which
can be activated to generate ROS with a UV light source. Considering
the toxic effects of UV light on DNA molecules, we paid particular
attention to the UV wavelength and power density used in this study.
DNA easily absorbs UVB radiation (280-315 nm), compared with
UVA (315-400 nm), while the UVA band causes sunburn on human
skin.”” The UV wavelength we used falls into the UVA region, where
DNA molecules have almost no absorbance.”’ Additionally, a low-po-
wer density (1.25 mW/cm?) and limited illumination time (no longer
than 6 min) were also used to further minimize light toxicity. This is
supported by Besaratinia’s work,”" which demonstrated that UVA

4(no light) 4 (
Time post transfection (h)

irradiation with a dose of 0.50 J/cm? does not
induce significant damage to DNA. Kuluncsics’s
group”” also reported that UVA illumination
with a dose of 9.9 J/cm® caused less damage to
DNA than simulated sunlight. In our study,
the highest UV dose with 6 min irradiation
was calculated to be 0.45 J/cm?, which was lower
than the dose mentioned above. Therefore, the
safety issues related to the use of UV light in this study do not appear
to be significant.

The endocytic pathway is one of the vital mechanisms of cellular
uptake of nanoparticles. This pathway is regulated by a series of endo-
somes from early endosomes to late endosomes that mature and fuse
with the intracellular organelles, lysosomes.”” After internalization of
the delivery vehicles through the endocytic pathway, most of the ve-
hicles are entrapped in endosomes and lysosomes where the enzy-
matic degradation usually takes place, resulting in deactivation of
functional compounds before release or targeting other organelles.”'
Therefore, endolysosomal escape of the vectors-DNA complexes is
the main challenge for efficient gene transfection.”” To overcome
the issue of endolysosomal entrapment, we herein assessed the ability
of ROS for endolysosomal damage. We first evaluated ROS genera-
tion from VP triggered by light in a test tube and at a cellular level
by, respectively, conducting the FAM-labeled DNA release assay
and the DCF-DA assay. Both enhanced FAM and DCF fluorescence
was a clear indicator of light-triggered ROS production. After having
confirmed that the ROS generation can be triggered, we further char-
acterized the ROS-induced endolysosomal escape of asODN by
confocal microscopy. This escape was demonstrated by documenting
the illumination-induced change in the cells: the previously colocal-
ized green fluorescence of asODN and red signal of LysoTracker
became clearly separated after light illumination. We quantified this
effect by using three different quantitative methods: the Costes
approach, Mander’s coefficient, and PCC. Taken together, these
data demonstrated the enhanced endolysosomal escape induced
by ROS.

To assess whether ROS-induced gene release can enhance the efficacy
of gene knockdown, we evaluated the PACIR protein level after gene
silencing by comparing the effects of asODN loaded inside the lipo-
somes incorporating VP and free asODN molecules. After light trig-
gering, a decreased PACIR level was clearly observed when cells were
treated with lipVP-asODN, compared with free asODN molecules.
Such enhancement of the gene knockdown was further confirmed
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(A-F) Representative CLSM images of indirect immunofluorescence staining of PAC1R in control cells without any treatment (A) and light-treated cells with different illu-
mination times: 0 (B), 1(C), 2 (D), 4 (E), and 6 min (F). (G) The relative PAC1R fluorescence intensity measured in cells treated with free DNA molecules (black squares) and
lipVP-DNA (red circles) and light illumination. Data are presented as mean + SD. n = 3. *p < 0.05, “*p < 0.01 (t test) compared with groups treated with DNA molecules at the

same light irradiation time.

by the neurite-inducing activity of PACAP in treated PCI2 cells,
where a limited neurite outgrowth was an indicator of the response
to PACIR gene knockdown achieved by using lipVP-asODN.

PACAP-induced differentiation of PC12 cells is generally investigated
by either measuring the levels of signaling molecules involved in this
processor or inhibiting the action of PACAP and its receptor with
synthetic antagonists, including PACAP6-27 and PACAP6-38.""""
However our light-triggered liposomal delivery platform incorpo-
rating VP provided another useful strategy to interfere with
PACAP-induced cell differentiation. This method also has the poten-
tial to be applicable to studies on PACAP/PACIR-mediated signaling
pathways in the brain tissues.”® Although our liposomes were applied
to cell experiments only in this study, they will be able to be used in
in vivo applications by surface modification with polyethyleneglycol
(PEG) or cell-penetrating peptides (CCPs). PEG can dramatically
extend the circulation time of liposomes and allow conjugation of li-
posomes with targeting ligands for a specific organelle target. CCPs
will increase the delivery efficiency of gene”” or drug’ to the brain
by passing the brain-blood barrier.””

Apart from its neurotrophic action in PCI12 cells, PACAP is also
involved in many biological activities and regulations, including car-
diovascular control,"” psychiatric disorders, and stress responses.”*"'
Although the exact mechanisms of PACAP-dependent regulation
remain unclear, PACAP has the potential to be a therapeutic target
for the treatment of the above disorders. Our approach, therefore,
potentially offers another effective strategy for efficient gene therapy
by delivering light-triggered liposomes incorporating PACAP gene
and VP. It should be mentioned that our strategy has been designed

372 Molecular Therapy: Nucleic Acids Vol. 7 June 2017

to be compatible with future clinical translation. The materials used in
this study, such as VP and lipids, are clinically used in PDT treatment
of tumors.

In summary, our light-responsive delivery strategy was able to achieve
enhanced endosome and lysosome escape and the PACIR gene silencing.
Such light-triggered liposomes would be able to achieve spatiotemporal
control of gene release, potentially offering a non-viral gene delivery plat-
form for efficient gene therapy. Therapeutic agents such as siRNA or
DNA would be able to be delivered and released in a more controllable
way by taking advantage of such a vector model in combination with
light.

MATERIALS AND METHODS
This project has obtained research ethics approval from the Institu-
tional Biosafety Committee (IBC), Macquarie University.

Materials

Lipids (DOTAP: catalog no. 890890; DOPC: catalog no. 850375) were
purchased from Avanti Polar Lipids. DMEM (catalog no. 11965-092),
fetal bovine serum (FBS; catalog no. 10437-028), trypsin (catalog no.
15400054), LysoTracker (catalog no. L7528), Hoechst 33342 (catalog
no. H3570), PBS (catalog no. 10010023) solution, Hank’s balanced
salt solution (HBSS; catalog no. 14175145), 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid (HEPES; catalog no. 14185052) buffer,
and Opti-MEM (catalog no. 31985070) solution were purchased
from Thermo Fisher. Uranyl acetate (catalog no. 73943), paraformal-
dehyde (catalog no. P6148), chloroform (catalog no. 372978), Flu-
oromount aqueous mounting medium (catalog no. F4680), and 2/,
7'-dichlorofluorescein diacetate (DCF-DA) (catalog no. D6883)
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were purchased from Sigma-Aldrich. asODN with 3’ end modified by
6-carboxyfluorescein (FAM) was purchased from IDT Tech. We used
the sequence S5'TGGTGCITCCCAGCCACTAT3-6-FAM. Goat
anti-PACIR primary antibody (catalog no. sczsc-15964) and donkey
anti-goat IgG-FITC secondary antibody (catalog no. sczsc-2024) were
purchased from Santa Cruz Biotechnology. PACAP-27 (catalog no.
05-23-2151) and PACAP-38 (catalog no. 05-23-2150) were pur-
chased from Merck Millipore Pty.

Preparation of Pure Liposomes, Lipoplexes, and lipVP-DNA
Complexes

For the synthesis of pure liposomes, 500 pL of chloroform
solution containing DOTAP and DOPC with a molar ratio of 1:1
(DOTAP 2.33 mg, DOPC 2.96 mg) was evaporated under argon
gas stream, forming a thin lipid film at the bottom of a glass test
tube. The lipid film was subsequently hydrated by adding 1 mL of
HEPES buffer (40 mM [pH 7.4]) to the glass test tube, followed by
vigorous stirring until the suspension was homogenized. For prepar-
ing liposomes loaded with asODN (lipoplexes), I mL of HEPES buffer
containing asODN with varying concentration was added to the lipid
film, followed by vigorous stirring for 10 min. After 24 hr aging, the
lipoplex suspension was sonicated for 5 min, followed by extrusion 11
times in a mini-extruder (Avanti Polar Lipids) with two 1.0 mL glass
syringes at 37°C. The pore size of the polycarbonate membrane
(Avanti Polar Lipids) was 200 nm. When preparing lipVP-DNA com-
plexes, DOTAP, DOPC, and VP were mixed in 500 pL of chloroform
with a molar ratio (DOTAP:DOPC:verteporfin) of 1:0.94:0.06."” The
lipid film was formed after evaporation of organic solvent by using the
same procedure as described above. asODN molecules with varying

Figure 7. Cell Differentiation

The assessment of differentiation inPC12 cells induced by
NGF and PACAP with and without light illumination; the
control groups are cells only without any treatments. Cells
growing at least a neurite with length no less than the
cell body diameter were counted in five selective images.
‘p < 0.05, *p < 0.01 (two-way analysis of variance with
Fisher's least significant difference [LSD]). n = 5. Inset
images illustrate the PC12 cell differentiation stimulated
with NGF or PACAP peptides; white arrows indicate the
outspread neurites.

Undifferentiated cells

Cell differentiation

amounts (moles of the amine groups of cationic
polymers to those of the phosphate ones of
DNA [N/P] ratios ranging from 1:1 to 25:1)
were used to hydrate the lipid film by using
the method described above.”” The complexes
were freshly prepared before further use.

Characterization

For TEM imaging, liposome samples were pre-
pared by placing a drop of liposome suspension
onto a copper grid and air-dried, followed by
negative staining with 2% (w/v) uranyl acetate.**
The samples were then imaged under a TEM with an acceleration
voltage of 100 kV (Philips CM 10). Tmages were captured with
an Olympus Megaview G10 camera and processed with iTEM soft-
ware. The zeta potential and size distribution of liposome samples
were determined by DLS using a Zetasizer 3000HSA (Malvern Instru-
ments). Each sample was measured in triplicate after 2 min balance at
25°C, and data were collected as mean + SD. The absorption and fluo-
rescence spectra of lipV P, pure liposomes, and pure VP were measured
with a UV-VIS spectrometer (Cary 5000; Varian) and a Fluorolog-
Tau3 System (HORIBA Scientific) with 425 nm Xe lamp excitation,
respectively. To determine the encapsulation efficiency of VP loaded
inside of liposomes, we added Triton X-100 (0.1%) to as-prepared lipo-
some solution, resulting in VP release. The VP fluorescence (excitation/
emission [ex/em]: 425 nm/690 nm) was recorded on a Fluorolog-Tau-3
system and compared with the corresponding VP standard curve. For
the agarose gel (1.2%) assay of lipVP-asODN complexes with different
N/P ratios, electrophoresis was carried out at 90 V for 45 min.

2d4d

Cell Culture

The PC12 cell line was purchased from ATCC. DMEM supplemented
with 10% FBS and 1% antibiotic-antimycotic was used as the culture
medium. The cells were grown at 37°C in the humid atmosphere with
5% CO,. When cells reached about 90% confluence, they were de-
tached with trypsin and transferred into Petri dishes or well plates
for different experimental purposes. For confocal microscopy imag-
ing, glass coverslips with 12 mm diameter were placed at the bottom
of each well in a 24-well plate; cells (5 x 10*/well) were then seeded
onto the bottom of each well. For light irradiation experiments, the
cells were cultured in a well plate or glass-bottom Petri dish and
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In vitro toxicity assays of pure liposomes (Liposomes-1
and Liposomes-2), lipVP (LipVP-1 and LipVP-2), and light
illumination on PC12 cells at 24 hr after treatment. The
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compared with the control cells in each group at the same
photoirradiation time.

bated with 500 pL of the Opti-MEM solution
containing lipVP (5.55 pg/mL). After 2 hr incu-
bation at 37°C, the medium was removed and the
* cells were washed with 500 pL of 1x HBSS solu-
tion three times. A total of 200 pL of 1x HBSS
containing DCF-DA (25 uM) was subsequently
added to the cells, followed by incubation for
30 min at 37°C, while protected from light. After
incubation, the cells were illuminated by UV
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illuminated with UV light (365 nm, 1.25 mW/cm?) from a UV-LED
source (Nichia) at various time points for 1, 2, 4, and 6 min,
respectively.

Cellular Uptake of Liposomes and Endolysosomal Escape with a
Light Trigger

Before incubation with the lipVP suspension, the cells (5 x 10*/well)
were seeded onto 12 mm diameter glass coverslips placed at the bottom
of each well in a 24-well plate. After reaching 70% confluence, the cells
were incubated with 500 puL of Opti-MEM solution containing lipVP
(5.55 pg/mL) for different periods. To observe the cellular uptake of
lipVP, we washed the cells three times by using the PBS solution (1x
[pH 7.4]), fixed with 2% paraformaldehyde for 10 min at 37°C, and
stained with Hoechst 33342 (5 pg/mL) for 15 min at 37°C. For the
assessment of light-triggered endolysosomal escape of asODN mole-
cules from the liposomes, incubation with lipVP samples and light irra-
diation were sequentially carried out as per the schedule shown in Fig-
ure 4A. For the staining of endosomes and lysosomes, LysoTracker
(50 nM) was added into the cell culture medium 1 hr before the cell fix-
ation. After cell staining and fixation, each coverslip with fixed cells was
washed by the PBS solution (1x [pH 7.4]) three times and transferred
onto a glass slide with a drop of the mounting medium. The glass slide
was then imaged using a Leica SP2 CLSM system. A violet laser oper-
ating at 405 nm and an argon laser at 496 and 570 nm were used for the
excitation of VP, FAM-labeled asODN, and LysoTracker, respectively.
The fluorescence emission was measured at 700 + 25 nm for VP, 525 +
25 nm for FAM, and 590 + 10 nm for LysoTracker.

Detection of Cellular ROS Generation Using DCF-DA
The cells (5 x 10*/well) were attached to Petri dishes and incubated at
37°C for 24 hr. After removing culture medium, the cells were incu-
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light for different time periods. After light irradi-
ation, the DCF-DA solution was removed from
the cells. The cells were further imaged using a
Leica SP2 CLSM system. For comparison, the
control cells were incubated with 100 pL of the Opti-MEM solution
containing H,0, at different concentrations (1, 10, and 100 pM) for
2 hr followed by addition of DCF-DA and CLSM imaging. For the
determination of ROS, cells were cultivated in 96-well plates, instead
of Petri dishes, followed by the same procedure as described above. Af-
ter treatment, the DCF fluorescence intensity was measured using a
FLUOstar Galaxy multi-mode microplate reader (BMG LABTECH
Pty) with the 485/520 nm excitation/emission filter.

Cell Transfection and | fluorescence Staining of PAC1R

A total of 500 pL of the Opti-MEM solution containing lipVP-asODN
(charge ratio N/P = 25, with 1 ug of asODN) was added to the cells in
each well in a 24-well plate. After 2 hr incubation, the Opti-MEM me-
dium was removed and the cells were washed with PBS three times, fol-
lowed by incubation with a fresh culture medium (containing 10% FBS)
for 24 hr. The cells were subsequently fixed with 2% paraformaldehyde
for 10 min at 37°C and incubated with 0.1% Triton X-100 for another
10 min to achieve permeabilization, followed by 30 min blocking by us-
ing 5% BSA atambient temperature. The cells were then incubated with
goat anti-PACIR primary antibody (1:50 dilution in PBS) for 90 min,
followed by incubation with donkey anti-goat IgG secondary antibody
conjugated with FITC (1:100 dilution in PBS) for 30 min at 37°C. The
PACIR fluorescence intensity was measured using a microplate reader
with the 485/520 nm excitation/emission filter. The corresponding
fluorescence images were obtained using a CLSM system with excita-
tion at 496 nm and emission at 525 + 25 nm.

NGF, PACAP-27, and PACAP-38 Stimulation for Neurite
Outgrowth

After the treatment with liposomes and light irradiation, the cells
were incubated with 100 puL of the Opti-MEM medium containing
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NGF (50 ng/mL), PACAP-27 (10 nM), and PACAP-38 (10 nM),
respectively. For comparison, the control groups were treated
with same liposome samples but without light illumination. Cellular
morphology analysis was performed based on the phase-contrast mi-
croscopy images taken under a microscope (Nikon Eclipse Ts100) at
2 and 4 days following the light treatment. Quantitative analysis based
on light microscopy was used to assess the differentiation of PC12
cells.”” We chose five images in each group to count the number of
differentiated cells growing at least one neurite with length no less
than a cell body diameter and to calculate their percentage.

Cell Viability after T of Lij S |

The cells (1 x 10%/well) were seeded into 96-well plates and cultured
for 24 hr at 37°C. When cells reached 70% confluence, the previous
medium was removed and the Opti-MEM solution containing pure
liposomes and lipVP with different concentrations were, respec-
tively, added to the cells. After 2 hr of incubation with different lipo-
some samples, the cells were washed with PBS three times to re-
move unbound liposomes. A fresh medium was then added to the
cells, followed by another 24 hr incubation. For the light irradiation
alone, the cells were exposed to UV light (365 nm, 1.25 mW/cmz)
for 1, 2, 4, and 6 min, respectively. After light treatment, the fresh
medium was added to the cells for another 24 hr incubation. The
toxicity of the liposome samples and UV light in PC12 cells was as-
sessed by the MTS test (Promega), as per manufacturer’s instruc-
tions, and the results were compared with control cells without
any treatment. Cell viability was then calculated as a percentage
of the absorbance in treated cells compared with the untreated
controls.

Statistical Analysis

All quantitative data were shown as mean + SD, n > 3, and the Stu-
dent’s t test was conducted between two sets of data. All data analysis
and plotting were performed with OriginPro 8.5 software.
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Supplemental Figures
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Figure S1 Absorbance spectra of liposomes alone, lipVP-1 (5.55 pg/mL), lipVP-2 (55.5 pg/mL)

and free VP molecules.
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Figure S2 Fluorescence spectra of liposomes alone, lipVP and free VP molecules under 425 nm
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Figure S3 Cellular uptake. The confocal images of cellular uptake of lipVP in the serum-free
medium at different incubation time points: (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 3 h. White arrows

refer to the lipVP nanoparticles surrounding the cell nucleus.
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Figure S4 DNA release test. The release test of FAM labelled asODN encapsulated in lipVP and
pure liposomes (inset) after UV illumination (365nm, 1.25mW/cm?) for different time periods.

The fluorescence intensity of FAM was measured at 425nm excitation.
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Figure S5 DNA damage assay. Agarose electrophoresis of lipVP/DNA complexes under

different time of UV illumination. The below picture is the 3D version of the above.
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Figure S6 Detection of cellular ROS. (a) CLSM images of DCF fluorescence signal produced by
the cellular ROS with and without light illumination. H,O; solution with varying concentrations
was added to cells in positive control groups. Scale bar, 120 pm. (b) Quantitative assessment of
DCF fluorescence intensity after light treatment compared with the H,O, positive controls. The
amount of ROS was calculated from the fitting curve of H,O,-treated groups. LipVP generated
different amount of ROS in transfected cells after 0, 1, 2, 4 and 6 min of illumination, which was

equivalent to the amount produced with the introduction of 6.0 uM, 12.1 uM, 39.6 uM, 93.1 uM

and
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Figure S7 Intensity correlation analysis (ICA) of Figure4 a, b, ¢ and d by using imageJ JACoP.
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Figure S8 Phase contrast images of cell differentiation induced by NGF, PACAP-38 and
PACAP-27 with 2-day and 4-day treatment. Scale bars: 30 um. White arrows indicate selected

typical neurites.
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Figure S9 Phase contrast images of cell differentiation induced by NGF, PACAP-38 and
PACAP-27 after transfection with lipVP-asODN complexes and UV illumination for 1 min.

Scale bars: 30 um. White arrows indicate selected typical neurites.
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Figure S10 Phase contrast images of cell differentiation induced by NGF, PACAP-38 and

PACAP-27 after transfection with lipVP-asODN complexes and UV illumination for 4 min.

Scale bars: 30 um. White arrows indicate selected typical neurites.

Supplemental methods

To determine if generated ROS can obviously damage genes or not, we evaluated the
performance of DNA release in solution after light illumination using gel electrophoresis.In
each vial, 0.5 ug of DNA was encapsulated into the as prepared lipVP to form the lipoplexes
(lipVP/DNA at N/P ratio= 25), followed by 2, 4 and 8 min of UV illumination.
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DNA (LPD) nanovectors
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Photoresponsive endosomal escape enhances
gene delivery using liposome—polycation—DNA
(LPD) nanovectorst

Wenjie Chen, @2 Wei Deng, @** Xin Xu,® Xiang Zhao,® Jenny Nhu Vo,
Avad G. Anwer,” Thomas C. Williams,*® Haixin Cui® ¢ and Ewa M. Goldys**°

Lipid-based nanocarriers with stimuli responsiveness have been utilized as controlled release systems for
gene/drug delivery applications. In our work, by taking advantage of the high complexation capability
of polycations and the light triggered properties, we designed a novel photoresponsive liposome—
polycation—-DNA (LPD) platform. This LPD carrier incorporates verteporfin (VP) in lipid bilayers and the
complex of polyethylenimine (PEl)/plasmid DNA (pDNA) enceding EGFP (polyplex) in the central cavities
of the liposomes. The liposomes were formulated with cationic lipids, PEGylated neutral lipids and
cholesterol molecules, which improve their stability and cellular uptake in the serum-containing media.
We evaluated the nanocomplex stability by monitoring size changes over six days, and the cellular
uptake of the nanocomplex by imaging the intracellular route. We also demonstrated that light triggered
the cytoplasmic release of pDNA upon irradiation with a 690 nm LED light source. Furthermore, this
light triggered mechanism has been studied at the subcellular level. The activated release is driven
by the generation of reactive oxygen species (ROS) from VP after light illumination. These ROS oxidize
and destabilize the liposomal and endolysosomal membranes, leading to the release of pDNA into the
cytosol and subsequent gene transfer activities. Light-triggered endolysosomal escape of pDNA at different
time points was confirmed by a quantitative analysis of colocalization between pDNA and endolysosomes.
The increased expression of the reporter EGFP in human colorectal cancer 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 a
reduced cytotoxicity of the LPDs compared with the polyplexes alone. This study has thus shown that
light-triggered and biocompatible LPDs enable an improved control of efficient gene delivery, which will
be beneficial for future gene therapies.

small interfering RNA (siRNA), plasmids and other forms of
nucleic acids.”® While viral transfection remains the estab-

Gene therapies currently under development against cancer,
genetic disorders, and other diseases utilize diverse genetic
materials including antisense oligodeoxynucleotides (asODNs),
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lished method of their delivery, recently, various nanoscale
nonviral vectors have been identified to deliver these genetic
materials into cells with several advantages.* Many of these
are comparatively easy to prepare, and they have attractive
properties such as minimal immunogenicity and excellent
biocompatibility,” as well as the ability of loading long DNA
fragments.”” Besides, the enhanced permeability and retention
(EPR) effect enables these nanoscale carriers to preferentially
accumulate in tumour tissue,'” and they can also be molecularly
targeted.'™" This EPR effect can markedly reduce side-effects
towards non-cancer tissue during therapy. All these advantages
point to the possibility of nonviral carriers playing a vital role in
future clinical gene/drug delivery systems.®

Among the nanoscale nonviral gene vectors, cationic phos-
pholipids (lipoplexes), polymers (polyplexes) and lipid-polymer

J. Mater. Chem. B, 2018, 6, 5269-5281 | 5269

-71 -



CHAPTER 3

Liposome-Polycation-DNA (LPD) For Plasmid Delivery

-72-

Paper

hybrids (lipopolyplexes) have been widely developed for various
delivery strategies.'® Lipoplexes are constructed from phospho-
lipid molecules, which generally consist of hydrophobic tails
and hydrophilic heads. These molecules reassemble to form
liposomal or micellar structures able to encapsulate nucleic
acids and prevent them from degradation.'® In cationic lipo-
somal gene carriers, two main forces contribute to the lipoplex
formation. One is the elasticity forces driven by the lipid
hydrophobic moiety, the other is the electrostatic force between
the negatively charged nucleic acid cargos and the positively
charged groups in lipid molecules.'” Their relative balance may
be correlated with lipoplex morphologies and the effectiveness
of transfection.'® Moreover, the fusogenic mechanism induced
by the liposomal structure affects the cellular internalization of
liposomes within the endocytosis pathway, and it may promote
endosomal escape via membrane destabilization, resulting in
content release from the liposomes into the cytoplasm.'”'® To
achieve on-demand content release, several types of stimulus-
responsive liposomes have been designed whose bilayer can be
destabilized by physiological and external stimuli.’*>* These
triggering approaches include changes in pH,*” temperature,*'
ROS,* magnetic fields,> ultrasound® or light.*> Among these,
the light-triggering modality has attracted intense interest, due
to the precise control of different parameters of light, the
feasibility of spatiotemporal manipulation (including optical
fibre delivery directly into the body) and non-invasiveness of
light irradiation. In addition to the controllability of lipid-like
delivery systems, their stability in the physiological environment
is also crucial for in vivo applications. This can be achieved by
either the adjustment of lipid components or modification of the
liposome surface. For instance, incorporating cholesterol (Chol)
into liposomal formulations can improve resistance to liposome
aggregation in a physiological environment, protect them from
protein binding and mechanical breakage®® and prolong their
half-lives. Additionally, further surface modification with poly-
ethylene glycol (PEG) improves the uptake by forming a mono-
nuclear phagocyte system that extends their blood-circulation
time by forming “stealth liposomes”.>” Importantly, PEG groups
may facilitate conjugation with different targeting ligands
including folic acid, antibodies, and cell penetration peptides
(CCPs).2% All of these are important in in vivo applications.*
Polycation vectors such as PEI** and poly-i-lysine (PLL)*'
have been widely used for the formulation of DNA-polymer
complexes (polyplexes) for improved DNA delivery into cells.
The delivery of polyplexes into cells is facilitated by their high
cationic charge density at physiological pH.*> Although PEI has
good physical stability, is easy to manipulate and is moderately
resistant to enzymatic degradation,* its drawbacks such as high
cytotoxicity and limited transfection activity have hindered its
applications in vivo.**** They are determined by the physico-
chemical properties of PEI structures and molecular weight.
For example, branched PEI with a high molecular weight (for
example, 25 kD) shows substantial transfection activity but
suffers from greater cytotoxicity (80%, at 60 pg mL™" in Lovo
cells),*® compared with PEI of a lower molecular weight.*”° To
achieve the optimal balance between cytotoxicity and transfection

5270 | J. Mater. Chem. B, 2018, 6, 5269-5281
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efficiency, different strategies for PEI modification have been
explored, including combining the PEI/DNA complex with various
phospholipids to form LPD complexes (named lipopolyplexes).*’

The purpose of our work is to further enhance the transfec-
tion efficiency of such LPD systems by using external stimuli,
for example, light. To the best of our knowledge, few reports on
photo-responsive LPD as a gene vector have been published. To
this end, we herein developed PEGylated and light-triggered
liposomes incorporating large PEI (branched, 25 kD)/pDNA
(4.7 kbp) complexes based on our previous work.*! This photo-
responsive LPD successfully delivered gene and achieved gene
expression in the HCT116 cell line, which is considered as a
typical in vitro model to study the gene therapy of colorectal
cancer.”” The pDNA loading capability of LPD was assessed by
gel electrophoresis at different N/P molar ratios (N indicates
PEI nitrogen and P represents phosphate of pDNA). To enhance
the stability of LPD, in addition to PEGylation, Chol was also
added to the liposome formulations. The liposome stability
with different Chol contents was measured by using dynamic
light scattering (DLS) and differential scanning calorimetry
(DSC). In order to enable light triggering, we used verteprofin
(VP). VP is one of the photosensitizer drugs clinically used for
photodynamic therapy. VP can rapidly and effectively generate
reactive oxygen species (ROS) under 690 nm photoirradiation.*?
When VP is incorporated into the liposome, the ROS production
upon irradiation can destabilise the liposomal membranes.*!
We hypothesize here that after the liposomes have been endo-
cytosed by cells where they eventually localize in the endosomes
or lysosomes, the ROS can further destabilize the endolysosomal
membranes, resulting in the escape of entrapped pDNA out of
the endolysosomal compartments into the cytoplasm, in which
the released pDNA can play the role of gene expression. To
demonstrate this process of light activated release of pDNA from
the endolysosomes, subcellular tracking of endolysosomal escape
of pDNA was carried out by using confocal microscopy imaging
and quantitative analysis of colocalization. Finally, light-enhanced
transfection efficiency was examined using flow cytometry to
determine the fraction of transfected, EGFP-expressing cells for
different light illumination periods. The details of this approach
are shown in Scheme 1.

2. Experimental
2.1 Materials

Lipids (DOTAP: Catalog No. 890890 and DOPE: Catalog
No. 850375, DSPE-PEG (2000) Amine: Catalog No. 880128)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Dulbecco’s modified Eagle’s medium (DMEM: Catalog No.
11965-092), fetal bovine serum (FBS: Catalog No. 10437-028),
trypsin (Catalog No. 15400054), LysoTracker (Catalog No. L7528),
Hoechst 33342 (Catalog No. H3570), phosphate-buffered saline
(PBS: Catalog No. 10010023) and Dulbecco’s phosphate-buffered
saline (DPBS: Catalog No. 14190250) solution, Hank’s Balanced
Salt Solution (HBSS: Catalog No. 14175145), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES: Catalog No. 14185052)

This journal is © The Royal Society of Chemistry 2018
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(a) Schematic illustration of the preparation of LPD and (b) intracellular events in the course of light-triggered gene transfer: (1) polyplex

complexation, (2) drying in a vacuum, (3) hydration, (4) cellular uptake, (5) 690 nm photoirradiation, (6) endolysosomal escape, (7) vector dissociation,

(8) nuclear translocation, (9) gene transcription and (10) EGFP expression.

buffer, TAE Buffer (Tris-acetate-EDTA, 50x, Catalog No. B49)
and optiMEM (Catalog No. 31985070) solution were purchased
from Thermo Fisher (Scoresby, Vic, Australia). McCoy’s 5A
medium (product no: ATCC"™ 30-2007™) was purchased from
the ATCC. Uranyl acetate (Catalog No. 73943), paraformalde-
hyde (Catalog No. P6148), chloroform (Catalog No. 372978),
cholesterol (Catalog No. C8667), Fluoromount™ aqueous mounting
medium (Catalog No. F4680), DNase I (deoxyribonuclease I, Catalog
No. D5025), phosphotungstic acid (PTA, Catalog No. P4006) and
2/,7'-dichlorofluorescin diacetate (DCF-DA) (Catalog No. D6883)
were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).

2.2 Plasmid DNA and cell lines

The plasmid pEGFP-N1 (GenBank: U 55762.1) encoding the
enhanced green fluorescence protein, EGFP (4.7 kbp), was
obtained from the Chinese People’s Liberation Army Military
Academy of Medical Sciences (Beijing, China). It was amplified
in the E. coli DH50 strain, extracted and purified using the
Qiagen Plasmid Midi Kit. The concentration of the pEGFP-N1
solution was determined using NanoDrop 2000 (ThermoFisher,
Vic, Australia). The fluorescein labelled pDNA was prepared
using the Label IT" Nucleic Acid Labelling Reagents (Mirus Bio
LLC., WI USA) as per the manufacturer’s instructions.

The human colorectal cancer cell line HCT116 (product no:
ATCC"™ CCL-247™) was purchased from ATCC (Manassas, VA
USA). McCoy’s 5A medium supplemented with 10% FBS and
1% antibiotic-antimycotic was used to culture the HCT116
cells. DMEM supplemented with 10% FBS and 1% antibiotic—
antimycotic was used as the culture medium of the HCT116 cells.
The cells were grown at 37 “C with 5% CO, in the cell incubator.

This journal is © The Royal Society of Chemistry 2018

When the cells reached about 90% confluence, they were
detached with trypsin and transferred into Petri dishes or well
plates for different experimental purposes.

2.3 Preparation of liposomes and LPDs

Liposomes with different formulations were prepared via a
thin-film method** with some modifications. Briefly, lipid
components at different mole ratios were mixed with VP at
a fixed amount in 5 mL of chloroform in a round flask
(Scheme 1). The mixture solvent was then evaporated under
an argon gas stream using a rotary evaporator (Buchi R-300,
Flawil Switzerland) for 15 min at 50 °C. A thin lipid film formed
at the bottom of the flask and it was subsequently hydrated
with HEPES buffer (40 mM, pH 7.4) by vigorous stirring for
30 min until the suspension was homogenized. The hydrated
liposome suspension was extruded 11 times through a 200 nm
polycarbonate membrane in a mini-extruder (Avanti Polar
Lipids). The final liposome suspension was purified by using
3000 MW dialysis tubes for 24 h at 37 °C in 500 pL of DI water
prior to further use. To determine the encapsulation amount of
VP loaded inside of the liposomes, we added Triton X-100
(0.1%) to the as-prepared liposome solution, resulting in VP
release. VP fluorescence (excitation/emission: 425/690 nm) was
recorded on a Fluorolog-Tau-3 system and compared with the
corresponding VP calibration standard curve. To determine the
encapsulation efficiency of VP loaded inside of the liposomes at
different time points (6 h, 12 h, 24 h, 36 h and 48 h), dialysis
was conducted. The leaked VP was calculated compared with
the corresponding VP standard curve using a fluorophotometer
measurement.

J. Mater. Chem. B, 2018, 6, 5269-5281 | 5271
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HN buffer (150 nM NaCl and 10 mM HEPES, pH 7.4) is
the complexation buffer used for LPD formation. Polyplexes
(PEI/pDNA complexes) with different N/P ratios*® were prepared
by incubation of pDNA with different amounts of PEI solution
at 37 °C in HN buffer for 30 min. For the preparation of the
LPD, the as-prepared lipid film was hydrated with the solution
of preformed polyplexes for 30 min at room temperature. The
hydrated lipopolyplex solution was freshly prepared prior to cell
experiments and measurements.

2.4 Characterization

The zeta potential and size distribution of the liposome samples
with and without PEGylation were determined by DLS using a
Zetasizer 3000HSA (MALVERN Instruments, Worcestershire,
UK). After 2 min balance at 25 °C, each sample was measured
in triplicate and data were collected as the mean + standard
deviation (SD). The sizes of liposome suspended in different
solutions including HEPES buffer, optiMEM medium and 10%
FBS solution were also measured at different time points.

Prior to transmission electron microscopy (TEM) imaging
of the liposome samples, TEM grid specimens were prepared
using the negative staining method. Briefly, a copper grid was
placed onto a drop of 10 pL of liposome, LPD or polyplex
suspension, allowing the grid to absorb samples for 3 min,
followed by staining with 2% (w/v) phosphotungstic acid for
another 3 min. After air-drying the samples overnight, the
grid specimens were then observed using TEM (Philips CM
10) at an acceleration voltage of 100 kv. Images were captured
using an Olympus Megaview G10 camera and processed with
iTEM software.

The absorption and fluorescence spectra of liposomes and
pure VP were recorded on a UV-VIS spectrometer (Cary 5000,
Varian Inc.) and a Fluorolog-Tau-3 System (HORIBA Scientific)
with 425 nm Xe lamp excitation, respectively. To determine the
encapsulation efficiency of VP loaded inside the liposomes,
Triton X-100 (0.1%) was added to the as-prepared liposome
solution, resulting in destabilization of the liposomal structure
and VP release. VP fluorescence (Ex/Em: 425 nm/690 nm) was
recorded on a Fluorolog-Tau-3 system and its concentration
was calculated from the standard curve of free VP solution.

For the thermal stability measurement, differential scanning
calorimetry (DSC2010, TA Instruments, Delaware, US) was used
to characterize the temperature of the liposome phase transi-
tion (Ty,). Briefly, about 10 L of each sample was placed on an
aluminium pan, which was covered with an aluminium lid. The
pan was heated over a linear gradient (1 °C min™", increasing
from 25 to 100 °C) in a nitrogen environment, alongside a
reference pan containing 10 puL of HEPES buffer. The peak on
each enthalpy graph indicated the T}, of each sample (data were
acquired and exported from the Universal Analysis software).

2.5 Gel electrophoresis

To evaluate the pDNA loading ability of liposomes and deter-
mine the best N/P ratio, electrophoresis using 1% agarose gel
(w/v) in TAE (1x) buffer was conducted. The complex solution
with various N/P ratios was loaded into the agarose gel. The gel

5272 | J. Mater. Chem. B, 2018, 6, 5269-5281
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was pre-stained with SYBR Safe DNA stain before running
electrophoresis, which was carried out for 40 min at a constant
voltage of 90 V. Electrophoresis images were then visualized
using Gel Imaging U: Genius3 (Syngene, UK). The image
acquisition was done using the software GeneSys.

2.6 Enzymatic degradation assay

To assess the capability of the LPD for the protection of pDNA
from DNase I, an enzymatic digestion assay was conducted. The
LPDs with different N/P ratios were suspended in 1x DNase I
reaction buffer (10 mM Tris-HCI, 2.5 mM MgCl, and 0.5 mM
CaCl,, pH 7.6) to a final volume of 50 pL. Two units of DNase I
were then added and mixed thoroughly. The mixture solution
was incubated at 37 °C for 10 minutes, followed by gel electro-
phoresis analysis described above.

2.7 Cellular uptake of liposomes and endolysosomal escape
with light triggering

HCT116 cells (5 x 10* per well) were plated on the coverslips in
a 24-well plate and incubated overnight at 37 °C in a humidified
5% CO, atmosphere. The cells were then incubated with 500 pL
of optiMEM solution containing LPD LPDs (10 pg mL ') for
different periods. After incubation, the old media were removed
and the cells were washed three times with PBS solution
(1x, pH 7.4). For the assessment of light-triggered endolysosomal
escape of fluorescein labelled pDNA molecules, light irradiation
(690 nm, 15 mW cm ?) using a red LED light source (Fedy,
Shenzhen, China,) was carried out for 4 min after 2 h of incubation
of cells with the LPD. For endolysosome staining, LysoTracker
(50 nM in optiMEM) was added into the cell culture medium in
each well and incubated for one hour before the cells were
collected to be fixed. The cells were fixed with 2% paraform-
aldehyde (10 min, 37 °C) and stained with Hoechst 33342
(5 pg mL™") (10 min, 37 °C). After staining, each coverslip
was washed with PBS solution three times and then mounted
onto a glass slide. The glass slide was imaged using a Leica SP2
confocal laser scanning microscopy (CLSM) system. The excita-
tion wavelengths of 405 nm, 488 nm, and 543 nm were used for
the confocal imaging of VP, fluorescein labelled pDNA and
LysoTracker, respectively. Their fluorescence emission was
imaged at 460 £ 10 nm for Hoechst 33342, 525 + 25 nm for
fluorescein, 590 + 10 nm for LysoTracker and 700 + 25 nm
for VP.

2.8 Assessment of gene transfection after light illumination

HCT116 cells were seeded on a 24-well plate at a density of
1 x 10° cells per well, followed by overnight incubation. 500 pL
of optiMEM solution containing LPDs (N/P = 25) was added to
each well. After 2 h incubation, the cells were exposed to the
690 nm LED light (0.15 mW cm?) for 2 min, 4 min and 6 min,
respectively, followed by an additional one hour incubation.
The old medium was replaced by the fresh one and the cells were
incubated for another 22 h. The EGFP expression in the cells
was imaged using a CLSM system. The transfection efficiency
of different samples was measured using flow cytometry
(CytoFLEX S, Beckman Coulter, Australia). The cells were
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washed twice and harvested in DPBS buffer at a concentration
of 10° cells mL ™", followed by flow cytometry measurements of
the percentage of cells expressing EGFP.

2.9 Detection of cellular ROS generation after light
illumination

DCF-DA is a non-fluorescent molecule, which can be rapidly
oxidized by cellular ROS to the fluorescent DCF. This allows it
to be the indicator of a broad range of ROS.” In order to
quantify ROS generation upon light irradiation, the HCT116
cells (5 x 10" per well) were cultured in Petri dishes overnight.
After removing the culture medium, the cells were incubated
with 500 pL of the optiMEM solution containing LPDs (10 pg mL ).
After 2 h incubation at 37 °C, the medium was removed and
the cells were washed with 500 pL of 1x HBSS solution five
times. 200 pL of 1x HBSS containing DCF-DA (25 pM) was
subsequently added to the cells, followed by incubation for
30 min at 37 “C, while protected from light. After incubation, the
cells were illuminated by 690 nm LED light for different time
periods (2 min, 4 min and 6 min). After light irradiation, the
DCF-DA solution was removed and the cells were washed with
PBS three times, followed by imaging under a Leica SP2 CLSM
system. For comparison, the control cells were incubated with
100 pL of the optiMEM solution containing H,O, at different
concentrations (1 uM, 10 uM and 100 pM) for 2 h followed by
addition of DCF-DA and CLSM imaging. For the determination
of ROS, the cells were cultivated in 96-well plates, instead of Petri
dishes, followed by the same procedure as described above. After
treatment, the mean DCF fluorescence intensity in each group
was determined by flow cytometry.

2.10 Cell viability assays

HCT116 cells were seeded into 96-well plates (1 x 10 per well)
and cultured for 24 h at 37 °C. The old medium was then
removed and the optiMEM solution containing liposomes
(10 pg per well, encapsulating VP), lipopolyplex (10 ug per well)
and pure PEI (10 pg per well) was added to each well. After 2 h
of incubation, the cells were washed with PBS three times to
remove unbound samples. Fresh medium was then added to
the cells, followed by another 24 h incubation. For the light
irradiation alone, the cells were exposed to a 690 nm light
source (15 mW cm %) for 1 min, 2 min, 4 min and 6 min,
respectively. After light treatment, fresh medium was added to
the cells and incubated for another 24 h. The toxicity of the
liposomes, LPDs, pure PEI solution and 690 nm light in cells
was assessed using the MTS kit (Promega, WI, USA) as per the
manufacturer’s instructions. Cell viability was calculated as a
percentage of the absorbance in treated cells compared with
the untreated control cells.

2.11 Statistical analysis

All quantitative data are shown as mean + SD from at least
three parallel groups. P values were determined by Student’s
t-tests or two-way ANOVA (analysis of variance) using Prism 5
(GraphPad). *p < 0.05, **p < 0.01, ***p < 0.001 and
**x¥p < 0.0001 were thought to be statistically significant.
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3. Results and discussion
3.1 Characterization of pDNA and liposome samples

The morphology and optical properties of the pure pDNA
molecules, polyplexes and LPD samples were determined by
using spectrophotometry and TEM. A plasmid map was plotted
using Vector NT and its absorption spectrum is shown (Fig. S1a,
ESIY). The absorbance ratios between 260 nm and 280 nm
(Abs260/Abs280) and between 260 nm and 230 nm (Abs260/
Abs230) were calculated to be about 1.8 and 2.0, suggesting
high purity of the DNA molecules.*” The TEM images in Fig. 1
show the structures of liposomes loaded with VP (Fig. 1a),
pDNA (Fig. 1b), polyplexes (Fig. 1c) and LPDs (Fig. 1d). The
PEI/pDNA polyplexes (indicated by red arrows) were observed
inside the liposomes as well as on the surface of the liposomes
(Fig. 1d). In addition, the VP absorption peak at 690 nm was
slightly blue-shifted to a shorter wavelength at 685 nm when
loaded inside the liposomes compared to VP alone (Fig. 1e),
which was consistent with the reported study that found that
liposome encapsulation causes a blue shift of the loading
cargoes.*® However, the fluorescence spectrum of liposome-
formulated VP was not obviously changed compared to the
pure VP solution (Fig. 1f). These results indicated that VP was
encapsulated in the liposomes. The amount of VP loaded inside
liposomes was calculated to be approximately 112 pg mL ™.

3.2 Stability studies of liposome formulations

Size distribution and zeta potential of liposome formulations
with varying Chol content were determined by the DLS method,
as shown in Table S1 and Fig. S1b (ESI{). The mean size of
liposomes increased with increasing Chol content, up to 150 nm
for Chol levels exceeding 50%. These results are consistent with
the literature. All the PDI values of the nanoparticle suspension
are around 0.40, varying slightly between groups with different
Chol contents. These values indicate a relatively narrow size
distribution of the as-prepared LPD.>’ The zeta potential reduced
gradually with the increasing Chol%, because of an increase in
the negatively charged hydroxyl group (~-OH) on cholesterol.

Chol is a very important component in the liposomal struc-
ture that helps to control the rigidity of the lipid bilayer.”" In
order to determine the optimized Chol% for the stabilized
liposomes, DLS measurements over six days and DSC assay have
been conducted. As shown in Fig. S2a and b in the ESI, the size
and corresponding PDI of liposomes with 33% Chol were largely
unchanged over the 6 day incubation time, compared with other
Chol contents; similar results were reported earlier.> However,
because cholesterol has a very small hydrophilic head and is,
therefore, less efficient in shielding the hydrophobic interaction,
the excess addition of Chol will lead to undesired destabilization
of lipid bilayers.”* Hence, 33% Chol was chosen to formulate
liposomes for the following experiments.

In addition, the DSC heatflow diagram (Fig. S2c, ESI})
exhibits the phase transition temperature (Ty,) of each liposome
with various Chol%. In the absence of Chol, liposomes did
not show any phase change peaks. However, when the Chol
fraction reached 50%, the phase transition could be observed.
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Fig. 1 Characterization of different liposome samples. Representative TEM images of (a) liposome loaded with VP, (b) pure pDNA, (c) polyplexes and
(d) LPDs. The red arrows indicate the polyplexes. () Absorbance and (f) fluorescence spectra of pure liposomes, liposomes loaded with VP and pure VP.

This is because the higher content of cholesterol allows the
formation of an anhydrous cholesterol domain in the bilayer
structure,”® which facilitates the phase transition from the
solid-gel to a liquid crystal phase. Compared to the liposomes
having 50% Chol where the T}, was 55 °C, the liposomes with a
higher proportion of cholesterol (66.7%) exhibited a higher
T of 72 °C. The increase in Ty, confirms that the addition
of cholesterol to the liposome formulation contributes to
enhanced stabilization of the as-prepared liposomes.

To further investigate the stability of PEGylated liposomes
in the physiological environment, DLS measurements were
conducted to monitor the size changes of PEGylated and non-
PEGylated liposomes in the serum-reduced medium (optiMEM)
and serum-containing solution (10% FBS cell culture medium).
As shown in Fig. S3 (ESIY), the size of the conventional liposomes
increased by a factor of two after 6 h incubation in both the
optiMEM medium and normal cell culture medium. However,
the PEGylated liposomes showed a smaller size change com-
pared to the non-PEGylated ones under the same experimental
conditions. In addition, the change of encapsulation efficiency
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(Fig. S3c, ESIf) of VP with different dialysis times also indicated
that the PEGylated liposomes can undergo less leakage of the
loaded VP molecules compared to the non-PEGylated groups.
These findings indicate that PEGylation enhances the stability of
liposomes during 6 h incubation compared to the liposomes
without PEGylation. The optimal formulation of liposomes
with higher stability is the molar ratio of 1:1:1:1 for DOTAP,
DSPE-PEG, DOPE and Chol. In addition, VP release profiles of
liposomes with and without PEGylation also indicated that
PEGylated liposomes have higher stability compared to the
non-PEGylated ones (Fig. 3c).

3.3 DNA loading capability of LPDs measured by gel
electrophoresis

In the presence of polycations or cationic liposomes, the DNA
molecules can self-assemble into polyplexes and/or lipoplexes
due to electrostatic attraction. An ideal polycation-based gene
carrier should have the capability to load a high amount of
negatively charged DNA and facilitate cellular uptake. To deter-
mine the DNA loading capability of LPD with different N/P ratios
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used in this study, agarose gel retardation assays were con-
ducted. The naked DNA molecules without any loading vehicles
were clearly observed from the gel, however, less DNA was
detected with an increased N/P ratio (Fig. 2a). When the value
of N/P ratio reached 25:1, free DNA could not be detected in
the agarose gel lanes, indicating that the maximum amount of
DNA molecules can be loaded into the PEI/pDNA polyplexes
when the N/P ratio reached 25:1.

It is worth mentioning that the LPDs have a higher capacity
of condensing negatively charged DNA, compared with the
PEI/pDNA polyplex, which was confirmed by the fact that less
DNA migrated from the gel wells than the polyplex at the same
N/P ratio (Fig. 2a,). The condensation of DNA molecules also
contributes to the prevention of enzymatic degradation. To
demonstrate the reduced enzymatic degradation of DNA in
polyplexes and LPDs, DNase I, a strong endonuclease that non-
specifically cleaves DNA, was respectively added into pDNA,
polyplex and LPDs for the enzymolysis assay. As shown in
Fig. 2b, DNA loaded inside the LPDs at all N/P ratios was clearly
visualised in the gel wells even after the DNase I reaction, while
DNA can only be observed in the polyplex at a high N/P ratio. For
the polyplex at a low N/P ratio less than 20 and pure pDNA, there
was no clear indication of DNA after enzymatic degradation.
These results indicated that the encapsulation of polyplexes into
the liposomal cavity can significantly reduce the enzymolysis
effect on cleaving DNA molecules. Therefore, by using this LPD
structure, exogenous genetic materials can be protected against
undesired enzymatic degradation and delivered to the cells of
interest. Additionally, the zeta potential of polyplexes and LPDs
with varying N/P ratios was also measured. As shown in Fig. 2c,
the zeta potential of different complexes increases with the
increasing N/P ratio, with higher positive values for LPDs than
the polyplex group. This increased positive charge of LPDs will
facilitate their cellular uptake through an endocytosis pathway
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due to the preferential interaction between the positively charged
delivery platform and the negatively charged cell membranes.

3.4 Cellular uptake of LPDs, light-triggered ROS generation,
and pDNA release

Fig. S4 (ESIT) shows representative CLSM images of the inter-
nalized LPDs in HCT116 cells after different periods of incuba-
tion (1, 2 and 3 h). After 3 h incubation, perinuclear rings with a
red fluorescence signal from VP were clearly observed, com-
pared with the cells after 1 h and 2 h incubation. Therefore, we
chose the 3 h incubation time in this study.

Light-induced cellular ROS generation from LPDs was
evaluated by using the DCF-DA assay. In principle, the cell-
penetrable nonfluorescent DCF-DA molecules can be oxidized
by ROS molecules, resulting in the production of fluorescent
DCF. The fluorescence intensity of DCF increased with light
illumination, indicating that a higher amount of ROS was
generated from VP loaded inside LPDs than that in non-
irradiated cells (Fig. S5, ESIf). By comparing with the H,O,-
treated groups, which were considered as positive controls,’* the
DCF intensity in the cells treated with LPDs and 6 min illumina-
tion was almost equivalent to that produced by 100 uM H,0,.

Additionally, cellular pDNA release from LPDs was assessed
by irradiating cells with LED light (690 nm, 15 mW c¢m™?) for
2 and 4 min, respectively. As shown in Fig. 3, the increased
green signal from the released pDNA (labelled with fluorescein)
was clearly observed with light illumination, with the maximum
intensity being achieved at 4 min illumination, compared with
the absence of illumination. These data indicate that the
release of pDNA molecules from the endolysosomal compart-
ments can be enhanced by light irradiation. The reason could
be attributed to the photochemical damage of endolysosomal
membranes caused by increased ROS production due to light
exposure.
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Fig. 2 Gel retardation assays of polyplexes and LPDs with different N/P ratios (a) without and (b) with DNase | digestion. (c) Zeta potentials of pDNA,

PEI/pDNA and LPD with various N/P ratios. **p < 0.01.
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Fig. 3 CLSM images and 3D interactive intensity plots of fluorescein-labelled pDNA release after photoirradiation for different periods: 0, 2, and 4 min.
The merge panels represent the images merged by the blue, green and bright field channels. Scale bars = 50 pm.
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3.5 Quantitative analysis of endolysosomal escape of pDNA

I T endolysosomal escape were recorded by using CLSM and
after light illumination

analysed by the object-based colocalization of fluorescence
To further characterise the enhanced cellular release of intensity (Fig. 4), which was done by using the line profile in
PDNA from light-triggered LPDs, intracellular trafficking and Image] software. After 2 h incubation, most fluorescein labelled
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Fig. 4 CLSM images of colocalization between the endolysosomes (LysoTracker, red channel) and fluorescein-labelled pDNA (green channel) (a) after
2 hincubation, (b) after 3 h incubation and (c) after 3 h incubation and 4 min light illumination. The line profile plots indicate the intensity distribution of
green and red channels through the blue lines in the magnified view of ROl in the merged panel. The right panel presents the bight field pictures of ROI.
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pDNA was observed to be internalized in cells, which was
confirmed by the pixel intensity profile (the line profile panel
in Fig. 4). These data also show that most of the green signal
from fluorescein (pDNA) overlaps with the red signal from
Lysotracker (endolysosomes) although its intensity is lower than
the Lysotracker signal (Fig. 4a). After 3 h incubation, a stronger
overlap between the green and red signal was observed, indicating
that the entrapment of LPDs inside the endolysosomes was
enhanced after 3 h incubation, compared to 2 h incubation
(Fig. 4b). However, after a subsequent 4 min light irradiation and
another 1 h incubation, most pDNA molecules escaped the endo-
lysosomal compartments. This was confirmed by the reduced
overlap between the green and red channels, as shown in Fig. 4c.

To confirm the light-induced escape of pDNA, the colocaliza-
tion of regions of interest (ROIs) shown in Fig. 4 was further
quantified using the Costes’ approach, Mander’s coefficient and
the Pearson’s coefficient (PC) analysed by using Image]. Fig. 5a-c
show the Costes’ maps of the ROIs in Fig. 4a-c. Based on
the Costes’ approach, the colocalization between pDNA and

Paper

endolysosomes was represented by a white overlay of the red
signal from LysoTracker and the green signal from fluorescein.
A large white area was respectively observed after 2 h and 3 h
incubation, suggesting that most LPD nanoparticles were inter-
nalized into the endolysosomes (Fig. 5a and b). However, in the
presence of light illumination, green areas appeared and white
areas were significantly reduced, indicating that most LPD
nanoparticles were released from the endolysosomal compart-
ments into the cytoplasm (Fig. 5¢).

Based on the Costes’ colocalization analysis, the PC value
was also evaluated. The PC ranges from —1 to 1, with —1
indicating a negative correlation, 1 indicating a positive corre-
lation and 0 standing for no correlation. The PC value was
0.859 and 0.801 after 2 h and 3 h incubation without light
illumination, respectively, which indicated that most pDNA
molecules were colocalized with endolysosomes (Fig. 5d
and e). However, the value of PC decreased to 0.633 after light
illumination (Fig. 5f), consistent with the pDNA release from
the endolysosome compartments.
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plots of the distributions of the Pearson’s coefficients (PCs) of (a), (b) and
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(a), (b) and (c) are the Coste's maps of Fig. 4(a)-(c), respectively, showing colocalization between pDNA and endolysosomes. (d), (e) and (f) are

(c) respectively. (g) Manders' coefficient analysis and PCs. ****p < 0.0001.
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Furthermore, the Mander’s coefficient, varying from 0 to 1,
was calculated to determine the overlap fraction of the two
channels. Here, M1 is defined as the proportion of the green
signal coincident with the red signal over its total intensity and
M2 is the fraction of green signal coincident with the red one.** As
shown in Fig. 5g, M2 (indicated by green triangles) was only 44.5%
after light illumination, compared with the control cells without
light illumination (M2 = 99.6%), suggesting that more DNA
molecules escaped from the endolysosomes after light treatment.

3.6 Gene transfection under light irradiation

The CLSM images and quantitative analysis of EGFP expression
in HCT116 cells after light-triggered pDNA release are shown in
Fig. 6. When the cells were treated with LPD (N/P = 25) alone, a
slightly higher EGFP fluorescence intensity was observed, com-
pared with the PEI/DNA (N/P = 25) treated cell group (Fig. 6b, c,
and h). However, with light illumination, LPD produced
enhanced transfection efficiency. The maximum EGFP expres-
sion level was achieved after 4 min illumination (49.3 + 1.4%),
to a value of over twice that in the LPD transfected cells without

Without illumination

PEI/pDNA|
N/P=10

PEI/pDNA
N/P=25

LPD
N/P=25

Naked
pDNA
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light irradiation (20.1 + 1.3%, Fig. 6h). It should be mentioned
that compared with 2 min illumination, EGFP fluorescence
after 4 min illumination shows only a slightly increased signal
in the CLSM images (Fig. 6e and f), but its intensity changed in
a statistically significant fashion (Fig. 6h, *p < 0.5). These
results are consistent with the pDNA release profile under light
irradiation shown in Fig. 3. For comparison purposes, the cells
were also transfected with PEI/pDNA polyplexes (N/P = 10 and
pure pDNA but without light illumination). A lower EGFP
fluorescence intensity was observed in these groups, compared
with cells transfected by LPDs (Fig. 6a, ¢, and g), indicating
the limited transfection efficiency of the PEI/DNA complexes
(N/P = 10) and pure DNA molecules. Additionally, we evaluated
the EGFP fluorescence intensity in HCT116 cells transfected
with pure DNA, PEI/DNA complexes and LPDs with and
without light illumination by flow cytometry. The representative
intensity histograms are shown in Fig. S6 (ESIt). The fluores-
cence intensity of the LPD-transfected groups increased with
prolonged photoirradiation, which confirmed the enhanced
transgene efficiency of LPD by photoirradiation.

LPD N/P=25 with illumination

2 min

LPD+6min
LPD+4min
LPD+2min
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PEI/pDNA= 10
Nacked pDNA
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Fig. 6 CLSM images (a—h) of EGFP expression in HCT116 cells after 48 h transfection with and without light illumination. Scale bars = 100 pm.
(h) Transfection efficiencies of different groups. *p < 0.05 and ****p < 0.0001, compared to the LPD group without light.
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The maximum transfection efficiency achieved in this
study is comparable with previously published work where
the combination of branched PEI (BPEI)/pDNA with reduced
graphene oxide (rGO) was used to release pDNA under light
illumination.”® In this earlier work, the transfection efficiency
of PEG-BPEI-rGO/pDNA (N/P = 20) nanocomplexes in PC-3 and
NIH/3T3 cells (with 20 min irradiation at a wavelength of
808 nm and at a light irradiance of 6 W cm~2) was 2-3 times
higher compared to the nanocomplexes alone. However, the
involvement of graphene-based materials in this earlier study
requires a detailed evaluation of the toxicity of these materials
prior to clinical translation. In contrast, the liposome delivery
system used in our work has a high potential for clinical
translation due to the long and successful history of using
liposomes for encapsulating agents such as Doxorubicin for
clinical use.

3.7 Cellular cytotoxicity
and light illumination

ys of different nanocomplexes

A series of cell viability tests after the nanocomplex and light
treatments was performed to estimate the potential toxicity
effect on cells. As shown in Fig. 7, for the light treatment alone,
the cell viability did not change significantly compared to the
controls. Among the delivery systems considered in this work,
with the same concentration at 10 pg per well, PEI shows a
higher toxicity to cells, with about 32% cells being affected
when treated with PEI and illuminated for 4 min. By contrast,
the liposomes and LPDs did not affect cell viability, even under
photoirradiation for different time periods. For example, about
17% cells were killed by LPDs after 6 min illumination. This
could be a result of the light-triggered ROS generation from VP.
However, more than 80% cells were still alive in the liposome
and LPD groups, indicating that these delivery platforms are
relatively biocompatible.

In this study, PEI polyplexes still exhibited their intrinsic
cytotoxicity (around 70% cell viability under our experimental
conditions). However, the cytotoxicity was significantly reduced by
incorporating PEI/pDNA complexes into liposomes. The results
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Fig. 7 Cytotoxicity of liposomes (10 pg per well), lipopolyplex (10 pg per
well) and PEIl (10 pg per well) on HCT116 cells in combination with
photoirradiation.
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of cell viability after treatment with our lipopolyplex and light
illumination were even comparable with other liposome-PEI
hybrid vectors alone (more than 80% cell viability).>”

4. Conclusions

In summary, a photoresponsive LPD system was developed for
pDNA delivery and release in vitro. The complexation of DNA
and PEI and the formation of the LPD nanoconstruct enhanced
the loading capacity of pDNA into the liposomal vehicles.
Subsequent encapsulation of polyplexes inside the liposomes
overcame the disadvantage of the high cytotoxicity of PEI and
the photosensitizer molecules. The addition of cholesterol and
PEGylated lipids in the liposome formulation improved the stability
and biocompatibility of the nanocomplexes in the physiological
environment, which is very important for the use of light-triggered
liposomes in in vivo applications, in particular, on-demand gene
release. The VP molecules introduced into the liposome cavity
generated ROS after light illumination, enabling endolysosomal
escape of pDNA via a photochemical internalization mechanism.
This dynamic process has been demonstrated by quantitatively
analysing image-based colocalization between the nanocomplexes
and endolysosomes. After light triggering, pDNA was released
and modified the expression of encoded EGFP in HCT116 cells.
The enhancement of the EGFP fluorescence intensity by a factor
of two was achieved with the light-triggered LPD delivery system,
compared with the control group without light illumination.

In this work, a 690 nm LED (15 mW cm™?) was used as a
light source, whose maximum dosage (6 min irradiation) was
calculated to be 5.4 ] em 2. This is much lower than clinic and
in vivo doses (25-500 J cm~?) of the light source used for
activating VP in photodynamic therapy.”®° In addition, the
wavelength of 690 nm located within the “therapeutic window”
can penetrate tissues deeper (5-10 mm) with less photodamage
to biological tissues compared with visible light.*® Given these
excellent properties of this light source, we believe that this
system could be feasible for in vivo work. In addition to pDNA
used in this study, our light responsive LPD system can
efficiently deliver other nucleic acids including siRNA, micro-
RNA and larger plasmids with specific functions. These genetic
materials can be delivered in a temporally controllable way by
combining this delivery vehicle with light, thus providing the
potential for enhanced transfection efficiency and therapeutic
effect in gene therapy in vivo. Further clinical translation is also
achievable with our liposomal nanocarrier since the key agents
including lipids and VP are widely used in clinical practice.
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Supplementary material

Table S1 Average size, PDI and zeta potential of liposome formulations with different Chol%

content.
I(_[I)Fé())'?(,)é\nllE/)DSPE-PEG/S%?E/ISESBS Size oD| Zeta potential
(molar ratio) (nm) (mV)
1110 121.6%27 041%001 17509
1:1:1:1 136.1£4.7 040£0.03 14017
1:1:1:3 150.1+ 2.1 042£002 13607
1:1:1:6 1495 1.5 045+002 11905
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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%.
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encapsulation efficiency of VP (C). ***P <<0.0001.

-87-



CHAPTER 3 Liposome-Polycation-DNA (LPD) For Plasmid Delivery

1 h incubation

Nucle VP Merge

2 h incubation

c
2
-t

©
Ke)

=]

[*]
=
K
™

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 pm.
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Introduction: The depth limitation of conventional photodynamic therapy (PDT) with visible
electromagnetic radiation represents a challenge for the treatment of deep-seated tumors.
Materials and methods: To overcome this issue, we developed an X-ray-induced PDT
system where poly(lactide-co-glycolide) (PLGA) polymeric nanoparticles (NPs) incorporating
a photosensitizer (PS), verteporfin (VP), were triggered by 6 MeV X-ray radiation to generate
cytotoxic singlet oxygen. 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 our NPs with folic acid moieties enables
specific targeting of HCT116 cancer cells that overexpress the folate receptors. We carried
out physiochemical characterization of PLGA NPs, such as size distribution, zeta potential,
morphology and in vitro release of VP. Cellular uptake activity and cell-killing effect of these
NPs were also evaluated.

Results and discussion: Our results indicate that our nanoconstructs triggered by 6 MeV
X-ray radiation yield enhanced PDT efficacy compared with the radiation alone. We attributed
the X-ray-induced singlet oxygen generation from the PS, VP, to photoexcitation by Cherenkov
radiation and/or reactive oxygen species generation facilitated by energetic secondary electrons
produced in the tissue.

Conclusion: The cytotoxic effect caused by VP offers the possibility of enhancing the radiation
therapy commonly prescribed for the treatment of cancer by simultaneous PDT.

Keywords: PLGA nanoparticles, verteporfin, singlet oxygen generation, photodynamic therapy,
X-ray PDT, folic acid targeting

Introduction

Photodynamic therapy (PDT), a minimally invasive therapeutic modality, primarily used
to treat cancer, continues to attract research interest."* PDT uses two entities, a photo-
sensitizer (PS) drug and electromagnetic radiation of appropriate visible wavelength,
to generate cytotoxic reactive oxygen species (ROS) such as singlet oxygen ('0,) to
destroy cancer cells.** The limited light penetration used in the established PDT with
visible radiation allows treating only a limited range of superficial cancers such as skin
cancers.*® Selecting PSs with absorption in a longer wavelength range of ~700 nm where
tissue extinction is at its minimum (eg, Tookad®; Steba Biotech SA, Luxembourg) has
been the main strategy used so far to enhance the penetration depth light used in PDT
(up to 10 mm).®” However, the extinction coefficient in the tissue at ~700 nm and poor
water solubility and low biocompatibility of these longer wavelength PSs limit their
therapeutic efficacy as PDT agents.®” In addition, poor selectivity of PSs to tumors results
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in undesired toxicity to healthy tissues, affecting therapeutic
performance.'® Currently, the PDT for tumors located deeper
in the tissue (more than 10 mm from the skin surface) is only
possible with the aid of invasive delivery of light into tissue
by inserted optical fibers.!" To overcome these challenges,
nanoparticle (NP)-formulated PS delivery systems have been
developed, including those molecularly targeted to cancer-
specific cell membrane proteins.'>'* In addition to carrying the
PS cargo, some of these NPs may act as energy transducers for
electromagnetic radiations and generate visible light to stimu-
late the PS molecules and enable ROS generation.'"
poly(D,L-lactide-co-glycolic acid) (PLGA) polymer
is widely used in biomedical applications including drug
delivery, bioimaging and diagnostics, cancer therapeu-
tics and tissue engineering.”’ Biodegradability of PLGA
is facilitated by the hydrolysis of its ester linkages in the
presence of water, producing glycolic acid and lactic acid.
These monomers undergo various metabolic processes in
the human body under normal physiological conditions;?
owing to this property, PLGA has been clinically approved
by the US Food and Drug Administration (FDA). PLGA
can easily be formulated as a nanomaterial.”> The surface
of PLGA NPs can be modified with various molecules such
as polyethylene glycol (PEG) and chitosan.”?* These NPs
can passively accumulate in cancer tissue by virtue of the
enhanced permeability and retention (EPR) effect.**” To
enhance the efficiency of its cellular uptake, PLGA can be
further functionalized and conjugated with molecularly tar-
geting ligands for targeted drug or gene delivery.” 3! Among
these targeting moieties, folic acid (FA) is an excellent choice
because folate receptors (FRs) are overexpressed in most
cancer cells, while they are almost absent in healthy tissues.
The FR-mediated endocytosis has been reported in many
human cancer cell lines.*>>* Therefore, cellular internaliza-
tion of PS-bearing nanoparticles (NPs) conjugated with FA
can be significantly enhanced in cancer cells, compared with
healthy cells, leading to cancer-selective delivery of PS.
In addition, deeply penetrating X-ray radiation, which is
accompanied by in situ generated Cherenkov radiation and
a cascade of energetic secondary electrons, was recently
investigated by our group in the context of PS activation in
deep tissues. 7 In these studies, scintillating NPs were used
as energy transducers providing scintillation photons for the
PS molecules. Alternatively, the NPs themselves have also
been used as PS.***" However, both these approaches used
specialized inorganic materials, and the ensuing cytotoxicity
of the NP when delivered in clinically meaningful doses rep-
resented a potential limitation for future clinical utilization
of this approach.*! In contrast, in this study, we exclusively

used chemical agents (PLGA and verteporfin [VP]) that are
already clinically approved.

This study explores the therapeutic effect of a PLGA-
encapsulated PS, VP, in combination with externally applied
6 MeV X-ray radiation as well as 690 nm light illumina-
tion. VP is a clinically approved PS for the treatment of
macular degeneration with a strong absorption band near
ultraviolet (UV)-blue region and a second weak band around
700 nm.*>* The PLGA NPs with VP molecules encapsulated
within PLGA-VP are conjugated with FA. The FA conjugate
(FA-PLGA-VP) has high affinity for the FRs that are pres-
ent on the surfaces of most human tumor cells.** These
FA-conjugated PLGA NPs were activated by both 6 MeV
X-ray radiation and, for comparison, by 690 nm light irra-
diation usually used to stimulate VP. Light of a wavelength
at 690 nm can directly excite the VP molecules to produce
singlet oxygen, whereas 6 MeV X-ray radiation excites the
VP molecule either by the induced CR in the biological
media or due to the interaction of electrons with VP or both.*¢
Singlet oxygen generated during PDT was monitored using
singlet oxygen sensor green (SOSG), a chemical probe spe-
cifically designed for detecting '0,.*”* Cytotoxicity of the
FA-PLGA-VP nanoconjugates exposed to X-ray radiation
or light illumination was investigated in a colorectal cancer
cell line, HCT116. Scheme 1 illustrates the formation of
FA-PLGA-VP conjugates and their interaction with cells in
targeted PDT of cancer.

Materials and methods

Materials

PLGA (50:50; molecular weight [MW]: 30,000-60,000;
product no: P2191), poly(vinyl alcohol) (PVA; MW:
31,000-50,000; product no: 363138), dichloromethane
(DCM; product no: 270997), VP (product no: SML 0534), FA
(product no: F7876), 1-(3-(dimethylamino)-propyl)-3-ethyl
carbodiimide hydrochloride (EDC; product no: 165344),
N-hydroxysulfosuccinimide (NHS; product no: 130672),
methanol (product no: 322415) and dimethyl sulfoxide
(DMSO; product no: D2650) were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). SOSG probe (product
no: S-36002) and Live/Dead Cell Viability Kit (product no:
L3224A) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Dulbecco’s Modified Eagle’s Medium
(DMEM; product no: 11965092), fetal bovine serum (FBS;
product no: 26140079), trypsin (product no: 12604-021),
Hoechst 33345 (product no: H3570), Dulbecco’s phosphate-
buffered saline (DPBS; product no: 14190250), phosphate-
buffered saline (PBS; product no: 10010023), opti-Minimal
Essential Medium (MEM; reduced serum medium; product
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Scheme | lllustration of conjugation and PDT mechanism.

Notes: (A) Synthesis of FA-PLGA-VP conjugates. (B) FA-PLGA-VP targeting and interacting with cancer cells following X-ray radiation exposure. (i) Specific binding to
FRs overexpressed in cancer cells and cellular internalization. (i) Cellular uptake of the conjugates via the FR-mediated endocytosis pathway. (iii) Endosomal escape and

around the mitoch

dria of NPs as well as 'O -induced cell killing with X-ray-triggered PDT.

Abbreviations: FA, folic acid; FR, folate receptor; NPs, nanoparticles; PDT, photodynamic therapy; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

no: 31985062) and MitoTracker® Green FM (product no:
M7514) were purchased from Thermo Fisher Scientific.
McCoy’s 5A medium (product no: ATCC® 30-2007™)
and Eagle’s Minimum Essential Medium (EMEM; ATCC®
30-2003™) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA).

A human colorectal cancer cell line, HCT116 (product
no: ATCC*® CCL-247™), and a normal colorectal cell line,
CCD 841 CoN (product no: ATCC* CRL-1790™) were
purchased from the ATCC.

Methods

Preparation of PLGA NPs incorporating VP
(PLGA-VP) and modification with FA (FA-PLGA-VP
nanoconstruct)

In this study, we synthesized PLGA and PLGA-VP NPs by
using a solvent evaporation single emulsion method with

slight modifications.***" Briefly, 2.5 mL of PLGA solu-
tion mixed with different amounts of VP stock solution
(0 uL, 50 pL, 100 pL, 200 pL and 400 pL) was added to
30 mL of 5% (w/v) PVA. The mixture was sonicated for
1.5 min at 200 W output using a microtip probe sonicator
(Branson Digital Sonifier, S-250D; Emerson Industrial
Automation, Danbury, CT, USA) followed by evaporation of
DCM at room temperature under moderate magnetic stirring.
The solution was purified by centrifugation (7,500 rpm for
10 min) and washed with water twice. The stock solution of
the samples was prepared by suspension of NPs in 12 mL of
water. The final concentration of VP in each sample (pure
PLGA and PLGA-VP NPs; samples 1-5) was 0 uM, 4.5 uM,
15.9 uM, 26.4 uM and 39.6 uM, respectively.

The conjugation of FA with PLGA-VP NPs was con-
ducted based on a previously reported protocol with slight
modifications.” One milliliter of PLGA-VP stock solution
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was centrifuged and washed with PBS three times and
redispersed in 1 mL of PBS. Twelve milligrams of NHS
and 20 mg of EDC were added to the solution, and it was
vortexed in an orbital shaker for 1 h at 200 rpm. One hundred
microliters of PBS containing FA (50 uM) was subsequently
added to the mixture followed by shaking in an orbital shaker
(200 rpm) for another 18 h. The final product was washed
with water twice and resuspended into 1 mL of water to make
the stock solution.

Characterization of the conjugates

The size and the surface charge of different PLGA NPs were
measured using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The absorption spectra of the pure PLGA and
PLGA-VP samples were measured in Cary UV-VIS-NIR
absorption spectrophotometer (Agilent, Santa Clara, CA, USA)
by using a pair of 1 cm path length clean quartz cuvette. The
fluorescence measurements were carried out using Cary Eclipse
Spectrophotometer (Varian, Inc.) with xenon lamp excitation
at room temperature. The as-prepared samples were diluted
three times for carrying out the abovementioned measurements.
The shape of the PLGA NPs was confirmed by carrying out
transmission electron microscopy (TEM) imaging using the
Philips CM10 system (Philips Electron Optics, Eindhoven, The
Netherlands). The samples were negatively stained with uranyl
acetate to enhance PLGA contrast in TEM. The conjugation of
FA with PLGA-VP was confirmed by both absorption spectros-
copy and Fourier transform infrared (FTIR) spectroscopy.

In vitro VP release from PLGA NPs

Five hundred microliters of PLGA-VP NPs (sample 3,
with a VP concentration of 15.9 uM) was centrifuged and
redispersed in PBS with and without 10% FBS to mimic the
physiological conditions. The solution was placed in a Lyzer
tube (Midi Pur-A-Lyzer 6000 Dialysis Kit), and this tube was
placed in a 50 mL tube with 15 mL of PBS in it followed by
incubation at 37°C for different time intervals. An aliquot of
PBS was taken for the fluorescence characterization of the
released VP at different time points. The percentage of VP
release from PLGA-VP NPs was calculated as follows:

vP)

%VP release = ( x 100
(VP)

In this study, (VP) and (VP ) represent the peak fluo-
rescence emission intensities of VP in PBS and in control
sample, respectively. The control sample was prepared by

the dispersion of the PLGA-VP NPs in 15 mL of PBS and
200 puL of DMSO. The DMSO was added to dissolve the
PLGA NPs.

Singlet oxygen detection using SOSG probe

Two different sources of electromagnetic radiation were used
for singlet oxygen generation. We used a 690 nm red light-
emitting diode (LED), at the power density of 15 mW cm™
on the samples, for different exposure times. We also used a
linear accelerator (LINAC; Elekta AB, Stockholm, Sweden)
with an X-ray photon energy of 6 MeV generating various
doses of X-ray radiation. The SOSG probe was used to detect
the singlet oxygen generated in the samples. To this aim,
16 uL of SOSG (4 uM) was added to 2 mL of diluted samples
(10 times dilution from the stock solution). The emission
intensity from SOSG at 525 nm was measured after excita-
tion at 488 nm wavelength. The increase in the fluorescence
intensity is an indication of singlet oxygen generation.

Cell culture

McCoy’s SA medium was used to culture the HCT116 cells.
EMEM supplemented with 10% FBS and 1% antibiotic—
antimycotic was used as the culture medium of the CCD 841
CoN cells. The cells were grown at 37°C with 5% CO, in the
cell incubator. When cells reached about 90% confluency,
they were detached with trypsin and transferred into Petri
dishes or well plates for different experimental purposes.

Cellular uptake of PLGA-FA-VP

To perform confocal microscopy cell experiments, HCT116
cells (5 x 10%/well) were seeded in 24-well plates with glass
coverslips with 12 mm diameter placed in each well. When
the cells reached 60% confluency, the previous medium
was removed, and the reduced serum medium (opti-
MEM) solution containing PLGA NPs was added to cells,
while the same medium without additions was applied to
the control groups. After 0.5, 1 and 3 h of incubation, the
medium was removed and coverslips were washed twice
with DPBS solution (pH 7.4). Then, cells were fixed with
2% paraformaldehyde (10 min, 37°C), washed twice with
DPBS solution (pH 7.4), stained with MitoTracker” Green
FM for 15 min at 37°C (50 nM) and stained with Hoechst
33345 for 15 min at 37°C (5 pg mL™"). After all staining
procedures, each coverslip was rinsed by DPBS solution
(pH 7.4) three times and transferred onto a glass slide with
a drop of fluoromount mounting medium (Sigma-Aldrich
Co.). The glass slides were then sealed and imaged using
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a Leica SP2 confocal laser scanning microscopy system
(Leica Microsystems, Wetzlar, Germany). The excitation
wavelength of 405 nm was used for the excitation of VP
loaded inside PLGA NPs, and their fluorescence emission
was measured at 690 nm. The following imaging conditions
were used: excitation 514 nm, emission of 590 nm for the
labeled lysosomes and excitation 488 nm and emission
516 nm for the mitochondria.

FA receptor-mediated endocytosis uptake

For the observation of the FA receptor-mediated endocytosis
uptake of FA-PLGA-VP, the HCT116 cells were incubated
with NP matrix (10 times dilution in culture medium) for
0.5 h, 1 h, and 3 h at 37°C. To study the competitive effect
of free FA on the endocytosis of NPs, the HCT116 cells were
first incubated with the opti-MEM medium containing free
FA (50 pg/mL) for blocking the FRs of the cells, followed by
incubation with opti-MEM medium containing same amount
of FA-PLGA-VP at 37°C. The cells without FA incubation
served as the control group. After cell incubations with dif-
ferent treatments, cells were prepared in glass slides laser
scanning confocal microscope imaging. Both the emissions
from VP molecules in the conjugate and Hoechst 33342 were
imaged by exciting at 405 nm.

Cell viability and in vitro PDT assays

To evaluate the toxicity of two external radiation sources
(visible light and X-rays) on HCT116 and CCD 841 CoN
cells, the MTS assays were carried out. Cells (1 x 10*/well)
were seeded into 96-well plates and cultured for 24 h at
37°C. When the cells reached 70% confluency, they were
exposed to X-ray radiation at different doses followed by
another 24 h. The toxicity was assessed using the Cell
Viability Assay Kit, MTS (Promega Corporation, Fitchburg,
WI, USA) according to its protocol.

In X-ray PDT assays, HCT116 cells were divided
into four groups: control cells without any treatment,
cells incubated with PLGA NPs, cells incubated with
PLGA-VP NPs and cells incubated with FA-PLGA-VP.
Cells (1 x 104 cells/well) were seeded into 96-well plates
and cultured for 24 h at 37°C. When the cells reached
70% confluency, the old medium was removed, and then
opti-MEM solutions containing different NP samples were
added. After 4 h of incubation, the old medium was removed
and fresh serum-containing medium was added. For X-ray
radiation PDT experiments, the cells incubated with differ-
ent NP samples were, respectively, exposed to 6 MeV X-ray
radiation with different doses. After treatments, cells were

further incubated for another 24 h. The cellular cytotoxicity
of PDT was then assessed by the MTS assay (Promega
Corporation) according to its protocol.

To confirm whether PLGA-VP NP-based PDT can be
triggered with 690 nm (deep red) illumination, cytotoxicity
of NPs on HCT116 cells was evaluated by using a Live/
Dead Cell Viability Kit (product no: L3224A; Thermo Fisher
Scientific). In brief, HCT116 cells (3 x 105) were seeded in
glass bottom confocal dishes with 35 mm diameter and cul-
tured with I mL McCoy’s 5A medium. When cells grew to
about 70% confluency, the dishes were divided into groups to
undergo different treatments. Cells alone is considered as the
control group. The other three groups are cells treated with
light alone, cells treated with FA-PLGA-VP alone and cells
treated with FA-PLGA-VP and light. After all treatments,
the Live/Dead Cell Viability Kit was applied to all groups
as per its manufacturer’s instructions. Red fluorescent signal
(excitation [Ex]/emission [Em] 528/617 nm) from dead cells
and green signal (Ex/Em 494/517 nm) from live cells were
imaged using a laser scanning confocal microscope (Leica
SPM2).

Statistical analyses

All quantitative data are shown as mean = SD, n = 3. All
data analyses and plotting were performed using and plotting
were performed using Origin 8.5 software.

Results and discussion
Characterization of PLGA-VP
nanoconstructs
We have first verified the loading capability of PLGA
NPs with different concentrations of VP. This variable
loading is qualitatively indicated by varying sample color
(Figure 1A). The absorption spectra of PLGA-VP NPs, pure
PLGA and VP are shown in Figure 1B. The VP absorption
peaks from PLGA-VP samples were observed at 700 nm,
and the increased peak extinction coefficient at these peaks
confirmed an increased concentration of VP loaded into
samples 2—5 compared with PLGA alone (sample 1). Using
the absorption spectra, the final concentration of VP in each
sample (2-5) was calculated approximately to be 4.5 uM,
15.9 uM, 26.4 uM and 39.6 UM, respectively.® This load-
ing capability was also confirmed by fluorescence emission
intensity from VP in these samples at 425 nm excitation
(Figure 1C).

The TEM image of pure PLGA NPs indicates that
most of the particles were spherical in shape with a size
of ~200 nm (Figure 1D). We further investigated the size
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Figure | Characterization.

samples with 425 nm excitation. (D) TEM image of PLGA NPs (scale bar: | pm).

and zeta potential of as-prepared PLGA-VP samples using
dynamic light scattering (DLS; Table 1). The average size
of the samples (sample 1-5) obtained from DLS was around
250 nm which is larger than the size observed by the TEM.
All NPs have negative charge which slightly increased
with increasing VP loading. The polydispersity index (PDI;

International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 24.118.111.116 on 12-Aug-2018

Table 1) indicates that PLGA-VP samples are monodisperse
and not aggregated.

Table | Mean size, zeta potential and PDI of synthesized PLGA

samples

Sample Size Zeta potential PDI
number (nm) (MeV)

| 241 +4 -20+ | 0.07 +£0.03
2 241 +4 -22.6 0.4 0.08 +0.03
3 245+2 -21.8+0.3 0.03 +£0.01
4 248 +3 -20+ | 0.09 +0.02
5 252+ 4 -232+0.1 0.09 £0.01

Abbreviations: PDI, polydispersity index; PLGA, poly(D,L-lactide-co-glycolic acid).
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Notes: (A) Photographs of the synthesized PLGA NPs (sample |) and PLGA-VP NP matrix with different VP concentrations (samples 2-5 with VP concentrations of 4.5 uM,
15.9 uM, 26.4 uM and 39.6 UM, respectively) in water. (B) Absorption spectra of VP, PLGA and different PLGA-VP NP solutions. (C) Fluorescence spectra of VP in PLGA

Abbreviations: NPs, nanoparticles; PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; TEM, transmission electron microscopy; VP, verteporfin.

Singlet oxygen generation under

6 MeV X-ray radiation

We first checked the feasibility of PS molecules to generate
singlet oxygen under appropriate visible light illumination.”
SOSG was used for the detection of singlet oxygen generation.
We observed the singlet oxygen generated from all samples
(samples 1-5) under 690 nm excitation (Supplementary mate-
rials). We further evaluated the capability of PLGA samples
for singlet oxygen generation under 6 MeV X-ray radiation at
different radiation doses. Again, the same amount of SOSG as
previously described was used in all samples. As previously
indicated, the SOSG probe itself causes a small amount of
singlet oxygen generation under X-ray radiation;* this was
also observed in this study. The trend of the SOSG intensity
measured in different samples as a function of radiation dose
is shown in Figure 2A, and it is broadly similar to that for
690 nm irradiation. Singlet oxygen concentration in samples
2 and 3 increases with an increase in the concentration of
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Figure 2 Single oxygen detection.
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Notes: (A) Variation of SOSG intensity as a function of X-ray dose for different samples. (B) Comparison between the percentage increase in SOSG intensity of PLGA and
PLGA-VP in the selected sample (sample 3). Inset shows the increase in fluorescence of SOSG for different radiation doses for PLGA-VP NPs (sample 3).
Abbreviations: NPs, nanoparticles; PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; VP, verteporfin.

VP compared with the control (sample 1). Surprisingly, the
amount of singlet oxygen was found to decrease for samples 4
and 5 under the same experimental conditions. This suggests
concentration quenching of singlet oxygen generation, which
is similar to well-established concentration quenching of
fluorescence.** Figure 2B demonstrates that the percentage
increase in SOSG intensity measured in sample 3 is much
higher compared with sample 1 with increasing X-ray dose.
The inset shows the SOSG fluorescence spectra of sample 3
for different radiation doses. In our previous study,” we
reported that VP molecules themselves can generate singlet
oxygen under different radiation doses at 6 MeV. This X-ray-
induced singlet oxygen generation from VP molecules may
be due to Cherenkov radiation and/or generation of energetic
electron by the 6 MeV X-ray radiation, which then produce a
cascade of ROS. Earlier reports confirm that 6 MeV LINAC
can generate CR in biological media.** CR is electromag-
netic radiation produced when charged particles move in a
dielectric medium with a speed greater than phase velocity
of light.* The featureless spectrum of CR spans the entire
UV-visible region and beyond, and it fully overlaps with the
strong absorption band of VP in the UV-blue region. This
CR enables direct excitation of VP molecules and singlet
oxygen generation from PLGA-VP samples. Simultaneously,
the secondary electrons generated by the X-ray photons may
directly interact with the available oxygen and generate
ROS,** which may then react with VP. Direct interaction
of these secondary electrons with the VP molecules is also
possible. We ruled out the potential influence of ambient

light which was negligible in our X-ray PDT experiments
(Supplementary materials).

Formation of FA-PLGA-VP nanoconstructs
To specifically target cancer cells with the NPs and enhance
the uptake activity of the particle by the cancer cells,
PLGA-VP (sample 3) was conjugated with FA moieties.
We checked the stability of PLGA-VP NPs in biological
conditions before performing the FA conjugation. The results
indicate that these NPs were highly stable in the PBS con-
taining 10% FBS for >50 h (Supplementary materials). The
conjugation of NPs with FA was confirmed by the visible
absorption spectra of the conjugates, where the absorption
peaks of both VP and FA were observed (Figure 3A). The
absorption feature at 270 nm in FA-PLGA-VP corresponded
to the peak of pure FA at 280 nm with the spectral shift
attributed to the underlying slope in the FA-PLGA-VP
spectrum. This conjugation was additionally verified by the
FTIR spectra as shown in Figure 3B. A detailed analysis of
FTIR peaks for FA, PLGA and FA-PLGA-VP is provided
in the “Supplementary materials” section.

Cellular uptake of FA-PLGA-VP
nanoconstructs and colocalization
between nanoconstructs and different
cell organelles

To achieve the increased cellular uptake of NPs and target
the FRs overexpressed in HCT116 cells, the PLGA-VP NPs
were conjugated with FA using the EDC-NHS reaction.
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Figure 3 Confirmation of conjugation of FA with the PLGA-VP nanoconstructs using (A) absorption spectra (insets highlight the FA and VP peaks in FA-PLGA-VP sample)

and (B) FTIR spectra.
Note: All graphs in the spectra are scaled for distinguishing the peaks.

Abbreviations: FA, folic acid; FTIR, Fourier transform infrared; PLGA, poly(D,L-lactide-co-glycolide); VP, verteporfin.

Figure 4 shows the confocal microscopy images of the uptake
of FA-PLGA-VP conjugates by HCT116 cells at different
incubation times. The uptake was monitored under two dif-
ferent conditions with and without FA blocking. As shown
in Figure 4A, without the blocking of FRs, the red signal
from VP was clearly observed after 1 h incubation with the
conjugates. After 3 h incubation, most of nanoconstructs
were taken up by cells, significantly increasing the red signal.
We also evaluated the targeting property of the FA-PLGA-VP
construct by blocking the FR overexpressed by HCT116 cells
before incubation with conjugates. In this study, free FA

A Bright-field Hoechst Overlay

0.5h

1.0h

molecules were used to block the FRs.”” Figure 4B shows
red fluorescence from VP molecules after 0.5 h,  hand 3 h
of incubation. Even after 3 h of incubation, the red signal
from VP was much weaker (Figure 4B) compared with the
signal without blocking (Figure 4A). These results indicate
that FA-PLGA-VP conjugates were taken up by HCT116
cells via the FR-mediated endocytosis pathway.
Mitochondria are the main organelles implicated in
cancer cell killing in antitumor PS therapy.”**' To maximize
the efficiency of PDT, the PSs should be spatially local-
ized within the short (20 nm) diffusion distance of ROS in

B Bright-field Hoechst Overlay

05h

10h

30h

Figure 4 Confocal fluorescence images of cellular uptake of HCT116 cells with FA-PLGA-VP under (A) normal condition (B) with FR blocking.
Notes: Blue fluorescence, nuclei stained with Hoechst 33345; red fluorescence, emission of VP under 405 nm excitation. All images were taken with 20x magnification.
Abbreviations: FA, folic acid; FR, folate receptor; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.
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Figure 5 Confocal imaging of colocalization of FA-PLGA-VP in HCT116 cells.
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Notes: Green fluorescence, MitoTracker; red fluorescence, emission of VP under 405 nm excitation. All images were taken with 40x magnification.

Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.

biological media.®* This proximity is shown in Figure 5,
where the red signal from VP almost overlaps with the
green signal from the MitoTracker, indicating that most of
the released VPs were located at the mitochondria after 3 h
of incubation.

We further quantitatively analyzed such colocalization by

using the ImagelJ software (https://imagej.en.softonic.com).

As shown in Figure 6, the white/gray areas in the Costes
map indicate the overlay of pixels of green color from the
MitoTracker and red color from VP. A small number of white
spots were observed after 0.5 h of incubation, indicating that
some NPs were localized in the mitochondria. However, the
white signal was significantly enhanced after 3 h of incuba-
tion, which means that most of the NPs were colocalized
with the mitochondria.

These results were also confirmed by a scatter plot (middle
panel) and cytofluorogram (Figure 6, right side panel). An
increase in Pearson value and Manders coefficient indicates
a good correlation between the MitoTracker fluorescence
and VP fluorescence.®*** In addition to mitochondria, the
colocalization between FA-PLGA-VP and another organelle,
lysosomes, was also documented and analyzed (Supplemen-
tary materials). The Pearson correlation coefficient (PCC) for

the lysosomes for 3 h of incubation (0.443) is much smaller
than that obtained from colocalization between the NPs and
mitochondria (0.7), which again confirms the localization of
VP in the mitochondria rather than in lysosomes. This sug-
gested that most of the NPs have escaped from the lysosomal
compartments and eventually reached the mitochondria
where they responded to photosensitization following irra-
diation. These results are in good agreement with previously
published results for cellular localization of VP.636¢

Cellular PDT with X-ray radiation
As discussed earlier, based on the singlet oxygen generation
capability of PLGA-VP samples with different VP concentra-
tions, we selected sample 3 for further surface conjugation
with FA and cellular PDT using X-ray radiation in HCT116
cells prior to X-ray-triggered PDT; the viability of HCT116
and colon epithelial cells (CCD 841 CoN) incubated with
PLGA, PLGA-VP and FA-PLGA-VP was evaluated
(Supplementary materials). We also demonstrated the PDT
effect on HCT116 cells incubated with FA-PLGA-VP under
690 nm irradiation (Supplementary materials).

Of particular interest, in this study, the results of cell
viability in HCT116 and CCD 841 CoN cells are exposed to
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Figure 6 Image correlation analysis with Image] Costes map, scatter plot and cytofluorogram for the images as shown in Figure 5.
Notes: M| and M2 represent the Manders correlation coefficients. All images were taken with 40x magnification.

Abbreviation: PCC, Pearson’s correlation coefficient.

our conjugates in combination (Figure 7A); CCD 841 CoN cells
were not visibly affected by X-ray radiation (>96%), while
the viability of HCT116 cells was reduced with different doses
with a decrease of 78% at 4 Gy radiation. The reduced viability
of HCT116 cells under radiation may be due to their higher
degree of dysregulation than normal cells and/or to different
cell types. Figure 7B shows the viability of cancer cells after
treatment with NPs and radiation. By comparing Figure 7A
and B, it can be seen that the 4 Gy radiation alone can kill 22%
of the cancer cells, whereas 67% of the cells were killed by
a combination of radiation and FA-PLGA-VP constructs in
these cells. This supports our hypothesis that X-ray-mediated
PDT can enhance the cell-killing effect by exciting the PS
drug encapsulated in the NPs compared with radiation alone.
The likely mechanism for the singlet oxygen generation in

this X-ray PDT is explained in the “Introduction” section as
well as in the “Singlet oxygen generation under 6 MeV X-ray
radiation” section. In addition, there is a possibility of lower
energy electrons to interact with the biomolecules, including
DNA.“ This kind of interaction can disrupt the DNA structure
causing cell death.®® Radiosensitizing effects of this type were
reported for other porphyrin-type compounds such as photofrin
I1 (PII), (hematoporphyrin) dimethyl ether (HPde) and hemato-
porphyrin derivative (HPD) in various cancer cell lines.*”
Our results of cell viability post PDT were comparable
with earlier published study in X-ray and Cherenkov-medi-
ated PDT. These earlier studies included our own study on
CeF, NP conjugated with VP, where NP acted as an energy
transducer for X-ray radiation and generated visible radiation
to activate the PS to generate ROS.* In this study, we were
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able to kill 30% of Panc-1 cells with a 6 MeV X-ray with 6 Gy
of radiation. In another study, >60% human glioblastoma
cells (US7MG) were killed with PDT by using silica NPs
incorporating SrA1204:Eu* and the PS MC540 under 1.5 Gy
of X-ray radiation.*” These values are comparable with our
current study where >65% of the cells were killed by FA-
PLGA-VP nanoconjugate under 4 Gy dose of 6 MeV X-ray
radiation. By comparison, 80% breast cancer cells (4T 1) were
damaged by the use of a radionuclide zirconium-89 (20 uCi,
909 keV, half-life: 78.4 h) and 20 uM chlorin e6 PS.** A
similar study on Cherenkov-assisted radiotherapy on human
fibrosarcoma (HT 1080) cells with TiO,-Tf nanoconstructs
was reported using '*F (0.2 mCi/0.1 mL, 633 keV, half-life:
1.83 h) and *Cu radionuclides (0.5 mCi/0.1 mL, 574 keV,
half-life: 12.7 h).*” In both these cases, a significant cell kill-
ing (>75%) was achieved. While these NP systems may be
novel from a materials science perspective, their potential
for translation to clinical use is currently unclear due to the
lack of rigorous evaluation of their toxicity. Unlike previous
study reported by other groups, our PLGA NPs and VP have
been approved by FDA and are widely used in the clinical
practice. Therefore, our results described in this study lay the
foundations for a safe treatment modality, which is suitable
for rapid translation to the clinic.

Conclusion

We have developed PLGA-VP NPs for efficient singlet
oxygen generation by 6 MeV X-ray radiation. The success-
ful conjugation of FA with the surface of PLGA-VP NPs
enhanced cellular uptake, which was confirmed by confocal
microscopy images and colocalization analysis between

NPs and mitochondria. Such NPs also demonstrated high
stability by monitoring the VP release profile during certain
time period. In vitro PDT assays suggest that the conjugates
effectively kill HCT116 cells in the presence 6 MeV X-ray
radiation. In X-ray radiation, the 6 MeV X-ray radiation from
LINAC produces energetic secondary electrons and Cheren-
kov radiation in the samples, which in turn excite the VP
molecules. Therefore, a stronger cytotoxic effect was observed
as a result of combined radiation therapy with PDT. This
X-ray-triggered PDT concept in combination with targeting
ability of FA-PLGA-VP nanoconstructs offers a potential for
treating deep-seated tumors with additionally enhanced cancer
cell selectivity and reduced side effects to normal cells.
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Singlet oxygen generation at

690 nm irradiation

In this study, we exposed poly(D,L-lactide-co-glycolic
acid) (PLGA) nanoparticles (NPs) incorporating verteporfin
(VP; samples 1-5 with VP concentrations of 0 uM, 4.5 uM,
15.9 uM, 26.4 uM and 39.6 puM, respectively) to a 690 nm
light-emitting diode (LED; 15 mW cm™) and used singlet
oxygen sensor green (SOSG) for the detection of the generated
singlet oxygen. A very weak SOSG fluorescence (maximum at
525 nm at 488 nm excitation) was observed in all samples prior
to illumination in agreement with earlier reports. Figure S1A
shows increased SOSG fluorescence signals at 525 nm as a
function of irradiation time for different samples verifying sin-
glet oxygen generation. The variation of SOSG fluorescence
in sample 1 was not clearly observed compared with other
samples (samples 2-5), which indicates that pure PLGA does
not affect the singlet oxygen generation rate. Among these
samples, sample 3 showed the most efficient singlet oxygen
generation, and this sample was selected for further folic acid
(FA) conjugation and cellular photodynamic therapy (PDT)
investigations. Figure S1B shows the percentage increase in
SOSG intensity in sample 3 as a function of light exposure time,
which was significantly higher compared with sample 1 (pure
PLGA). The inset shows the fluorescence spectra of SOSG
measured from sample 3 for different irradiation times.
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Figure S| Singlet oxygen detection.

Singlet oxygen generation from VP
molecules under 6 MeV X-ray radiation
Figure S2A shows the variation of SOSG intensity as a
function of radiation dose in the pure SOSG solution and a
mixture of SOSG with VP. SOSG alone shows a variation
in its intensity with different radiation doses. The intensity
variation of SOSG in VP solution is much higher than the
SOSG alone. It means that VP is generating singlet oxygen
in the presence of radiation. To further confirm that ambient
light is not influenced by the measurements, we evaluated
singlet oxygen generation from SOSG alone and a mixture
of SOSG and VP by exposing samples to 5 Gy radiation in
the presence and absence of aluminum (Al) foil. We wrapped
the samples with Al foil to keep the samples away from the
external ultraviolet (UV) and blue light. Figure S2B shows
the SOSG intensity variation under these conditions. With Al
foil protection, less singlet oxygen was generated from both
SOSG and the mixture sample compared with the scenario
in the absence of Al foil. These results indicate that the
ambient light does not have any influence on singlet oxygen
generation from VP.

In vitro VP release from PLGA-VP NPs

We evaluated the in vitro VP release from PLGA-VP
NPs under physiological conditions. Figure S3 shows the
percentage release of VP from NPs in biological media
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Notes: (A) Variation of SOSG intensity as a function of 690 nm light irradiation exposure time for different samples. (B) Comparison between the percentage increase in
SOSG intensity of PLGA and the optimized PLGA-VP sample (sample 3). Inset shows the florescence spectra of SOSG for different exposure times used in these plots for
PLGA-VP sample (excitation wavelength of 488 nm). Samples |-5 are PLGA NPs with VP concentrations of 0 uM, 4.5 uM, 15.9 uM, 26.4 UM and 39.6 UM, respectively.
Abbreviations: PLGA, poly(D,L-lactide-co-glycolic acid); SOSG, singlet oxygen sensor green; VP, verteporfin.
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of Al foil. The applied radiation dose is 5 Gy.
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(phosphate-buffered saline, PBS) with and without the
presence of fetal bovine serum (FBS). Very little amount
of VP was released with >95% of VP being trapped
inside PLGA NPs even after 50 h. In addition, no burst
release was observed during early hours of incubation.
We attributed this stability to the hydrophobic nature of
the VP molecules, which allowed the drug to stay inside
the PLGA matrix rather than leaking to the surrounding
environment. These results indicate that the as-prepared
PLGA-VP sample (sample 3) is highly stable in biological
conditions.
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Figure S3 Percentage release of VP molecules from PLGA-VP sample as a function
of time under different serum conditions (FBS 0% and FBS 10%).

Note: Data are shown for sample 3.

Abbreviations: FBS, fetal bovine serum; PLGA, poly(D,L-lactide-co-glycolic acid);
VP, verteporfin.

FA conjugation

Figure S4 shows the Fourier transform infrared (FTIR) spec-
tra of VP, FA, PLGA and PLGA-VP-FA nanoconstruct. The
characteristic peaks of both FA and PLGA are highlighted.'?
They were also observed in the spectra of FA-PLGA-VP
nanoconstructs with a slight shift compared with pure PLGA
and FA (Figure S4). The FTIR peaks in pure FA (3,324 cm™,
2,923 cm™, 1,603 cm™ and 1,189 cm™) were also observed
in FA-PLGA-VP albeit with a slight shift (3,329 cm™',
2,942 cm™ 1,600 cm™ and 1,265 cm™).

Colocalization between nanoconstructs
and lysosomes

Figure S5 shows the confocal images of colocalization between
FA-PLGA-VP nanoconstructs and lysosomes in HCT116
cells. Lysosomes were labeled with LysoTracker™ Red
DND-99, product number L7528; Thermo Fisher Scientific,
Waltham, MA, USA. To differentiate the color between VP
and Lysotracker, the VP fluorescence is shown with artificial
green color. Three image analysis methods were conducted
to determine the correlation between the red and green color
images as shown in Figure S5, and the analysis results are dem-
onstrated in Figure S6. As shown in Figure S6, the correlation
was reduced as the incubation time was increased, which was
confirmed by both the Pearson and Manders coefficients.

Cytotoxicity of NPs on HCT 116 and
CCD 841 CoN cells

Figure S7 shows the cellular viability after incubation with
different NP samples with the same concentration of PLGA.
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Figure S5 Colocalization of confocal imaging of FA-PLGA-VP in HCT 16 cells.

Notes: Red fluorescence, Lysotracker; green fluorescence, emission of VP under 405 nm excitation. Image colors were modified to distinguish Lysotracker from the

VP emission. All images were taken with 40x magnification.
Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid); VP, verteporfin.
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Figure S6 Colocalization of image correlation analysis with Image] Costes map, scatter plot and cytofluorogram for the images as shown in Figure S2.
Notes: M| and M2 represent the Manders correlation coefficients. All images were taken with 40x magnification.

Abbreviation: PCC, Pearson’s correlation coefficient.

The viability of both CCD 841 CoN and HCT116 cells was
not visibly affected after treatment with >95% viability in
all cell samples. Hence, we chose this concentration of NP
samples for PDT experiments in this study.

B Normal cells M Cancer cells

120

100 I I l

Control PLGA PLGA-VP
Samples

% cell viability
& 8 8

N}
o

—

o

FA-PLGA-VP

Figure S7 Viability of normal epithelial (CCD 841 CoN) and cancer cells (HCT116)
toward PLGA, PLGA-VP and FA-PLGA-VP samples.
Abbreviations: FA, folic acid; PLGA, poly(D,L-lactide-co-glycolic acid);VP, verteporfin.

PDT with 690 nm irradiation

This section demonstrated the PDT effect on colorectal cancer
cell incubated with FA-PLGA-VP under 690 nm irradiation.
Figure S8 shows the image of HCT116 cells with different
treatments. The PDT effects were analyzed using the live/
dead cell kit by differentially staining live and dead cells. The
live cells are characterized by their ability to convert non-
fluorescent calcein acetoxymethyl ester to fluorescent (green)
calcein.? This calcein remains in the cytoplasm, and its fluo-
rescence can be imaged in laser scanning confocal micros-
copy at 494 nm excitation. On the other hand, dead cells are
permeable, enabling access of ethidium homodimer-1 to the
nuclei. Nuclei-bound ethidium homodimer-1 is fluorescent
(red) at 528 nm excitation. Figure S8 shows that almost all
cells are alive in control cells as well as cells exposed to
light. Most of the cells are alive in the FA-PLGA-VP-treated
sample, even though there is a red signal from dead cells in
the FA-PLGA-VP-treated cells. The FA-PLGA-VP sample
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treated with 690 nm light shows that most of the cells are dead
after 10 min of irradiation. This is due to the fact that FA in
the FA-PLGA-VP increased cellular uptake of NPs, whereas

690 nm irradiation triggered the VP in the mitochondria,

thereby inducing a stronger cell-killing effect.
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Controlled gene and drug release from a liposomal
delivery platform triggered by X-ray radiation

Wei Deng'’, Wenjie Chen', Sandhya Clement’, Anna Guller® 237, Zhenjun Zhao?,
Alexander Engel*>© & Ewa M. Goldys"’

Liposomes have been well established as an effective drug delivery system, due to simplicity
of their preparation and unique characteristics. However conventional liposomes are unsui-
table for the on-demand content release, which limits their therapeutic utility. Here we report
X-ray-triggerable liposomes incorporating gold nanoparticles and photosensitizer verteporfin.
The 6 MeV X-ray radiation induces verteporfin to produce singlet oxygen, which destabilises
the liposomal membrane and causes the release of cargos from the liposomal cavity. This
triggering strategy is demonstrated by the efficiency of gene silencing in vitro and increased
effectiveness of chemotherapy in vivo. Our work indicates the feasibility of a combinatorial
treatment and possible synergistic effects in the course of standard radiotherapy combined
with chemotherapy delivered via X-ray-triggered liposomes. Importantly, our X-ray-mediated
liposome release strategy offers prospects for deep tissue photodynamic therapy, by
removing its depth limitation.

TARC Centre of Excellence for Nanoscale Biophotonics, Faculty of Science and Engineering, Macquarie University, North Ryde, 2109 New South Wales,
Australia. 2Faculty of Medicine and Health Sciences, Macquarie University, North Ryde, 2109 NSW, Australia. 3 Sechenov University, Moscow, 119992,
Russia. 4 Sydney Medical School, University of Sydney, Sydney, 2050 NSW, Australia. > Department of Colorectal Surgery, Royal North Shore Hospital, St
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designs for gene and drug delivery is currently one of the

key focus areas in nanomedicine. Although viral carriers
have been traditionally used as a gene/drug delivery method"?,
their application is hindered by a range of limitations including
immunogenicity, limited size of transgenic materials, packaging
difficulties and the risk of recombination®. Furthermore, viral
carriers do not offer any temporal control over transfection
which, once introduced, cannot be deliberately stopped*. To
overcome these limitations, synthetic nanomaterial-based systems
have been extensively studied and developed. Among these
nanomaterials, liposomes have been well established as an effec-
tive drug delivery system, due to simplicity of their preparation
and unique characteristics™®. Liposomes consist of an aqueous
core surrounded by a lipid bilayer similar to cell membranes,
which facilitates cellular uptake of liposomes. The lipids forming
liposomes are amphipathic, thus allowing the encapsulation of
both hydrophobic and hydrophilic molecules or (and) colloidal
particles’. Liposomes are usually biocompatible and biodegrad-
able, which makes them suitable for clinical applications™®.

However conventional liposomes, for example, commercial
lipofectamine 2000, are unsuitable for the on-demand content
release, which limits their therapeutic utility, although they pos-
sess high efficiency of delivery. By contrast, triggerable liposomes
are able to release genes/drugs in a more controlled manner,
usually much faster and, depending on triggering modality, also
to a specific area, and these properties contribute to their
potentially greater clinical success. Several strategies have been
previously employed to design responsive liposomes whose
bilayer could be destabilised by using physiological and external
stimuli. The triggering approaches previously reported include
changes in pH (typical in cancer)®!?, externally delivered heat, for
example via alternating magnetic field or infrared light'2,
enzymes'>'* and non-thermal effects caused by light
irradiation!>1®, These approaches have certain limitations, in
particular triggering of light-sensitive liposomes by visible light is
limited by its relatively shallow (few mm) penetration of light into
biological tissues'”. As a result of this modest penetration depth,
visible light can not activate photosensitizers (PS) located deeply
in the body and generate sufficient amount of singlet oxygen
(!0,) or other reactive oxygen species (ROS) to release the
liposome cargo required for the therapeutic effects's. With its
excellent tissue penetration depth, X-ray radiation explored in
this work for liposome triggering offers an alternative approach to
yield both spatial targeting (such as to a tumour site) via standard
radiotherapy approaches such as the Gamma-knife!® and trig-
gered release of encapsulated contents from the liposomes once
they are located at the target site. Importantly, the X-ray liposome
triggering can be used concurrently with radiation therapy, a
common treatment modality in cancer.

Herein we design X-ray triggered liposomes by co-embedding
photosensitizers and gold nanoparticles (3-5nm) inside a lipid
bilayer. Gold is chosen in this work as, due to its high atomic
number, it strongly interacts with X-ray radiation as shown, for
example, by gold nano&)article-induced radiation enhancement
inside biological tissue’’-22. Although in our design the photo-
sensitisers are the primary source of reactive oxygen species
(ROS) to oxidise unsaturated lipids and destabilise liposomal
membranes, gold nanoparticles exposed to X-rays also generate
some level of ROS?*. More complex effects are also possible; for
example, secondary electrons produced during the interaction of
X-rays with gold nanoparticles may transfer from gold to a
photosensitizer and lead to PS-induced generation of 1O, or other
ROS?*"26. As a photosensitizer we choose verteporfin (VP),
clinically approved for photodynamic therapy (PDT) of age-
related macular degeneration?”?. 1,2-dioleoyl-sn-glycero-3-

The development and application of various nanomaterial

phosphocholine (DOPC) and 1, 2-di-(9Z-octadecenoyl)-3-tri-
methylammonium-propane (DOTAP) are chosen as lipid com-
ponents in the liposome formulation because DOPC can load
highly hydrophobic molecules and DOTAP can facilitate cellular
uptake due to its positive charge?’. The 'O, generation from
different liposome samples and destabilization of the lipid bilayer
by 'O, under 365 nm LED illumination with different time points
(2, 4, 6, 8 and 10 min) and X-ray radiation with different dosage
(1, 2 and 4 Gy) are assessed by using singlet oxygen green sensor
(SOSG) and calcein release assays, respectively. SOSG is a com-
monly used and highly sgeciﬁc fluorescence probe for the
detection of 'O, generation®. It is identified to be fluorescein
covalently bound with an anthracene moiety®!. Calcein is a
fluorescent dye that self-quenches at high concentration®>33
which makes it possible to detect its release from the liposomes to
the surrounding environment by monitoring the increase in
calcein fluorescence intensity upon X-ray radiation®*3°. Addi-
tionally, 'O, quantum yield under UV light illumination and the
number of 10, generated as a result of X-ray radiation are also
calculated based on experimental data’®7. Triggered release of
the liposome cargo by X-rays is verified by (a) demonstrating the
efficiency of X-ray triggered gene silencing in vitro and (b) the
increased effectiveness of chemotherapy in vivo (Fig.1). For gene
silencing, an antisense oligonucleotide complementary to a spe-
cific pituitary adenylate cyclase-activating polypeptide (PACAP)
receptor, PACIR, is encapsulated inside the liposomes. Following
the liposome take-up by rat PC12 cells, the X-ray radiation at a
dose of 4Gy is applied. As a result of exposure to ionising
radiation, the 'O, generated in a lipid bilayer destabilises the
liposomes, leading to the release of antisense oligonucleotides.
This antisense nucleotide is then able to prevent the translation of
the PACIR mRNA by blocking the translation initiation complex.
Gene knockdown is monitored by observing a decrease in the
fluorescence intensity from indirect immunofluorescence staining

Gene silencing

Targeted liposomes loaded with Vi” and gold in a lipid
bilayer would release gene or drug under X-ray radiation

Fig. 1 The schematic illustration of gene silencing and cancer cell-killing by
X-ray-triggered liposomes. This liposomal delivery platform incorporates
verteporfin (VP) and gold nanoparticles. Two types of cargos, antisense
oligonucleotide and Doxorubicin, are respectively entrapped inside a
liposomal middle cavity for demonstration of in vitro gene release and

in vivo drug delivery
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of PACIR in cells after X-ray irradiation. For X-ray-triggered
chemotherapy, an antitumour drug, doxorubicin (Dox), is loaded
into the liposomes. The liposomes are taken up by human col-
orectal cancer HCT 116 cells and X-rays applied. In vivo anti-
tumour effect is evaluated by monitoring tumour development
and body weight of mice bearing colorectal cancer xenografts and
by conducting histological analysis of tumour tissues after the
treatments.

Results

10, generation tests by using light and X-rays respectively. The
generation of singlet oxygen is a key factor in the oxidation of
unsaturated lipids, resulting in the disruption of the liposome
structure?®. 10, generation was confirmed by using SOSG and
monitoring the enhancement of fluorescence intensity at 488 nm
excitation. 'O, reacts with SOSG to produce endoperoxides
which have a strong fluorescence signal at 525 nm for 488 nm
excitation, while it has weak fluorescence in the absence of '0,.
The SOSG fluorescence intensity enhancement as a function of
light illumination time and X-ray dose, respectively, is plotted in
Fig. 2. Figure 2a shows that the liposomes loaded with gold
nanoparticles and VP generate more singlet oxygen than the
other samples, with an increase of about 102% after 10 min
illumination. Singlet oxygen quantum yield (SOQY) from this
sample (liposomes loaded with gold nanoparticles and VP) is
calculated to be 0.75+0.18 (mean value + standard deviation),
indicating an enhancement factor of 1.42 compared with the

NATURE C
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liposomes loaded with VP alone. The details of this calculation
are explained in Supplementary Note 2. We attribute this
enhancement of !0, generation from VP to near-field enhance-
ment of electromagnetic field induced by gold nanoparticles®®3?,
However such enhancement was dependent on one of experi-
mental factors, the distance between gold and photosensitisers. In
this study the distance between gold nanoparticles and VP
molecules was not controllable under the current condition
because both were randomly loaded in the liposomal bilayer, with
some molecules less than optimally placed in terms of the dis-
tance for optimal enhancement of singlet oxygen generation. This
may partially contribute to the singlet oxygen generation
enhancement limited within a certain range as observed in this
study. In particular, the interaction between gold and photo-
sensitisers would not contribute to the singlet oxygen generation
when they are extremely close®®*!,

Similarly, the enhancement of 'O, generation was observed in
liposomes loaded with gold nanoparticles and VP in our X-ray
radiation experiments as well, but to a lesser extent. As shown in
Fig. 2b, liposomes doped with gold nanoparticles and VP
molecules generate the highest amount of '0,, with a percentage
increase of approximately 79% under X-ray radiation with 4 Gy,
while liposomes containing gold nanoparticles alone and the
sample containing VP alone produced a limited amount of '0,,
with a percentage increase of approximately 48% and 40%,
respectively, under the same experimental conditions. We
calculated the number of singlet oxygen generated from
liposomes loaded with VP and gold nanoparticles under X-ray

ONS | (2018)9:2713| DOI: 10.1038/541467-018-05118-3 | www.nature.com/naturecommunications 3
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Fig. 3 Cellular uptake activity of liposomes in rat PC12 cells. a-c¢ Representative confocal laser scanning microscopy images of PC12 cells incubated with
liposome nanoparticles (25uM) for 1, 4 and 10 h, respectively. Scale bar is 20 um

radiation with 4Gy, to be 7250 per a single liposome. The
calculation is provided in Supplementary Note 3. The observed
enhancement of X-ray induced 'O, generation in the presence of
gold nanoparticles can be explained by the following mechanism.
Gold is a heavy metal element strongly interacting with X-rays,
which leads to a significant increase of energy dﬁposition in
biological tissues when irradiated with such rays**~*4. Therefore
gold nanoparticles are well-known radiosensitizers able to
amplify the radiation doses in tumour tissue*>~*7. In addition,
gold nanoparticles can selectively scatter and (or) absorb the high
energy X-ray radiation?’-??, leading to enhanced energy transfer
from X-ray to photosensitizers. With such contribution, the VP
molecules in the presence of gold nanoparticles are able to
interact more strongly with ionising radiation than the VP on its
own, causing enhanced 'O, generation.

Calcein release assays under two external stimuli. Having
confirmed the 'O, generation from VP entrapped inside lipo-
somes using two stimulating modalities, we attempted to evaluate
the liposome content release by using a calcein release assay,
which is based on the principle of fluorescence self-
quenching®*°. Figure 2c,d shows the proportion of calcein
release from different liposome samples under UV illumination
and X-ray exposure, respectively. The amount of calcein released
from liposomes doped with both gold nanoparticles and VP
reaches a maximum of 44% after 10 min light illumination
(Fig. 2c) and 19% after X-ray radiation with 4 Gy (Fig. 2d),
respectively. However, lower leakage is observed in the controls
(liposomes doped with VP alone), with only 31 and 13% of cal-
cein being released at the same experimental conditions. Similarly
to our results of the 'O, generation, our findings show that
introduction of gold nanoparticles inside liposomes contributes to
increased release of entrapped calcein, compared with samples

4 NATURE COMMU!

containing VP molecules only, under both UV illumination and
X-ray radiation.

Cellular uptake of liposomes in PC12 cells. In order to inves-
tigate the cellular uptake of liposomes, the PC12 cells were treated
with liposomes for 1h, 4h and 10 h. As shown in Fig. 3, higher
red fluorescence signal from VP was observed after 4-h incuba-
tion compared with cells treated for 1 h. Detailed characterisation
of the cellular uptake of liposomes after 4 h incubation with PC12
cells is provided in the Supplementary Fig. 6. In addition, green
fluorescence from fluorescein amidite (FAM)-labelled oligonu-
cleotide is also clearly observed after 4h incubation (Supple-
mentary Fig. 7). After 10 h incubation with liposomes, cells were
surrounded by large red clusters, indicating a large amount of
liposomes loaded with VP were internalised by cells. However,
some clusters were also observed in other regions due to non-
specific binding (Fig. 3). Therefore, we chose 4 h incubation time
for PCI12 cells. Based on the concentration of fluorescently
labelled lipid internalised by cells, we estimated that 2550 + 89
liposomes were internalised by each PC12 cell. The number of
gold nanoparticles per liposome is estimated to be 156 + 24 on the
basis of the ICP-MS data. Therefore, the number of gold nano-
particles internalised by each PC12 cell is estimated to be 3.98 x
10° in this study. The detailed calculation of the number of
liposome per cell and the number of gold nanoparticles per
liposome is provided in Supplementary Note 4.

Cellular uptake of folate-conjugated liposomes. The folate
receptor (FR) is significantly expressed in many types of cancer
cells while its expression in most normal tissues is generally
low””. Folic acid (FA) has a very high affinity for the FRs with a
minimal effect on its binding ability even after conjugation with
other nanomaterials. Therefore FA can significantly enhance the

ATIONS | (2018)9:2713 | DOL: 10.1038/541467-018-05118-3 | www.nature.com/naturecommunications
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Fig. 4 Cellular uptake of folate-conjugated liposomes in HCT 116 cells and CCD 841 CoN cells. a, b Representative confocal laser scanning microscopy
images of incubated (a) HCT 116 cells and (b) CCD 841 CoN cells with folate-conjugate liposomes (25 pM) for 1h. Scale bar is 75 pm

capability of nanoparticle-based delivery systems to target cancer
cells2, In this study, we modified the liposome surface with
folate and determined the average number of the folate molecules
per liposome (estimated to be approximately 480) based on the
total amount of folate and liposomes in the sample. To evaluate
the targeting specificity of the folate-targeted liposomes to
tumour cells, the uptake activity of liposomes by colorectal cancer
HCT 116 cells, was compared to the uptake by normal human
colonic cell line, CCD 841 CoN. As shown in Fig. 4a, cancer cells
treated with folate-conjugated liposome nanoparticles clearly
exhibited red signal from VP in the cytoplasm after 1h incuba-
tion. By contrast, the level of liposome uptake by CCD 841 CoN
cells is shown to be fairly low under the same experimental
conditions (Fig. 4b). These results indicated that FA- induced
specific binding to the folate receptor expressed on HCT 116 cell
surface resulted in a higher internalisation rate of targeted lipo-
somes, compared to the normal CCD 841 CoN cells.

X-ray triggered in vitro gene silencing and chemotherapy. We
further applied the liposomes loaded with antisense oligonu-
cleotide to carry out the PACIR gene knockdown by delivering
the liposomes to PC12 cells and applying 4 Gy of X-ray radiation.
The fluorescently labelled PACIR expressed by PC12 cells was
imaged by using confocal microscopy at various time points. For
comparison, the cells treated with liposomes alone, but without
triggering were also imaged using the same imaging conditions.
As shown in Fig. 5a, decreased fluorescence in cell samples was
clearly observed 24 h after X-ray exposure, indicating that the
antisense oligonucleotide released from liposomes effectively
knocked down the PACIR gene expression. For cells treated with
liposomes alone, a decreased PACIR fluorescence signal was also
observed at 24 h after treatment, but the decrease was less pro-
nounced compared to cells treated with X-ray radiation (Fig. 5b).
We quantitatively analysed the PACIR inhibition at different
time points based on cellular fluorescence images. After 24 h since
X-ray exposure the density of PACIR decreased by about 45%,
while the level of PACIR in cells which were not exposed to X-
rays but received the liposomes with antisense oligonucleotides
decreased by only 30% (Fig. 5c¢, d).

In addition to the demonstration of gene silencing by using X-
ray-triggered liposomes, we also investigated the in vitro cell-

NATURE COMMUNICA

killing effect of the liposomes loaded with varying amounts of
antitumour drugs, Dox and etoposide (ETP), in HCT 116 cells. A
series of drug-dilution assays presented in Supplementary
Figure 8a reveals that 50% cell-killing (ICso) was achieved at
1.6 uM of Dox encapsulated in the liposomes (LipoDox) and
triggered by X-ray radiation. However, the LipoDox alone,
without X-ray triggering but with same Dox concentration of 1.6
uM killed only about 10% of cancer cells (Supplementary Fig. 8b).
This illustrates, not unexpectedly, that the efficacy of LipoDox for
cell killing was higher with X-ray radiation, compared with
LipoDox only. The results of our X-ray-triggered LipoDox
treatment described here indicates that a combination of X-ray-
triggered chemo- and radiotherapy with the same X-rays appears
to produce an enhanced effect and it yields improved efficacy of
cancer cell-killing. It should be mentioned that simultaneous
chemo- and radiotherapy may result in the development of
cardiotoxicity, whose incidence is associated with different
factors, including the type of antitumour drugs®>. Therefore, we
evaluated the cell-killing effect of a second chemotherapy drug,
ETP, in combination with X-ray radiation. ETP is associated with
reduced incidence of cardiotoxicity, compared with Dox>*. As
shown in Supplementary Fig. 8c, higher cytotoxicity of LipoETP
in HCT 116 cells was observed at 24 h after X-ray radiation of 4
Gy, compared with LipoETP alone.

Toxicity assays of liposomes and X-ray exposure. We first
assessed the toxicity of liposomes doped with gold nanoparticles
and VP. Compared with the control group, no significant change
was observed in the viability of PC12 cells treated with liposome
concentrations up to 50 uM, higher than those used for gene and
drug delivery in our study (Supplementary Fig. 9a). The
liposome-formulated Dox designed in this study should also have
minimal toxicity effect on normal cells without X-ray-triggering.
To verify this, we examined the toxicity of LipoDox on CCD 841
CoN cells by varying Dox concentration. As shown in Supple-
mentary Fig. 9b, we did not observe a noticeable reduction in cell
survival (up to 14% cell death) at 24 h after incubation with
liliosome—formulated Dox samples (Dox concentration: 3 ug mL
~!and 2 yg mL™!), suggesting that under in vitro conditions, our
LipoDox samples with these two Dox concentrations are likely
not to affect the viability of CCD 841 CoN cells.
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Fig. 5 In vitro gene silencing by X-ray triggered liposomes loaded with antisense oligonucleotide. a, b Representative confocal images of indirect
immunofluorescence staining of PACIR at different time points after cells were treated with (a) X-ray-triggered liposomes and (b) liposomes alone. The

concentration of liposomes incubated with cells was 25 uM. Scale bar was 75

um. Boxplots in ¢, d show quantitative assessment of PACIR gene silencing

induced by antisense oligonucleotide released from liposomes at different time points (¢) with and (d) without X-ray radiation. Decreased PACIR
fluorescence intensity was expressed as percentage of the control. The box is bounded by the first and third quartile with a horizontal line at the median

and whiskers extend to 1.5 times the interquartile range. The mean value was
group

1t is well known that radiolysis of water molecules as a result of
X-ray radiation damages DNA molecules by producing toxic
radicals. Although cells attempt to repair the damage, complete
repair may not be possible at higher doses®®. The surviving cells
may suffer residual DNA damage, potentially contributing to
adverse long-term health effects. In this study we assessed the X-
ray-induced damage in both cultured cells and genetic materials.
In cell experiments, the MTS test did not reveal a clear decrease in
survival of PC12 cells, HCT 116 cells and CCD 841 CoN cells at
24 h and 48 h after X-ray exposure (Supplementary Fig. 9c). With
regard to the X-ray effects on genes, the DNA gel electrophoresis
did not show obvious dispersion of DNA bands after X-ray
radiation compared to the control, indicating that X-ray radiation
with our applied dosage did not cause obvious damage to the
DNA molecules (Supplementary Fig. 9d).

In addition, we also checked the effect of the singlet oxygen on
genetic material by irradiating a mixture solution of oligonucleo-
tides and VP with X-ray. As shown in Supplementary Fig. 9d,
there was no clear oligonucleotide damage observed compared
with the control. Singlet oxygen is the primary cytotoxic agent
responsible for photobiological activity involved in the PDT
technique. It can damage cells by reacting with many biomole-
cules, including amino acids, nucleic acids and unsaturated fatty
acids that have double bonds as well as sulphur-containing amino
acids®®7. Short lifetime of singlet oxygen prevents it from
travelling larger distances, therefore it mainly causes localised’s,
near the photosensitizer molecule where it was generated. In this
study, singlet oxygen generated from VP loaded in a lipid bilayer

analysed using the t test (n=5). *** P<0.001, compared with the control

mainly destabilises the unsaturated lipids and consequently
induces drug release. This reaction with lipids consumes singlet
oxygen radicals®. Therefore, adverse effect of singlet oxygen on
oligonucleotides will be minimised.

Therapeutic effect of X-ray-triggered liposomes in vivo. To
determine the efficacy of X-ray-triggered liposomes in vivo, we
detected their ability to control tumour growth in a xenograft
mouse model bearing HCT 1116 cells. Based on the in vitro work,
4 Gy was chosen for irradiation on mice. The sizes of tumours in
mice treated with different conditions are presented in Fig. 6a.
PBS-, liposome- and X-ray-treated tumours respectively increased
3.0-fold, 2.9-fold, and 3.4-fold during the study period (two weeks
post treatment), indicating that these treatments failed to delay
tumour progression. By contrast, in the group treated with X-ray-
triggered liposomes the tumour sizes gradually shrunk over this
period, with 74% reduction in tumour volume compared to the
PBS control group. The size of tumours in mice exposed to dif-
ferent treatments were also photographed and presented in
Supplementary Fig. 10a. This figure shows that tumours in mice
treated with X-ray-triggered liposomes grew more slowly in
comparison with PBS control, X-ray radiation alone, and lipo-
somes alone. In addition, no mortality was observed during
14 days after treatment with X-ray-triggered liposomes, and no
weight loss of treated mice was observed compared to the control,
suggesting that this combined technique is well tolerated by mice
under the present conditions (Fig. 6b). Histological analysis was
also performed to further verify the tumour response to the
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triggered LipoDox-treated group

treatments. All tumours were found to be localised sub-
cutaneously and surrounded by a thin capsule of connective tis-
sue. No tumour invasion into the capsule tissue was observed.
The tumours had a mixed histological structure, with various
spatial combinations of viable, paranecrotic and necrotic tumour
tissues (Fig.6¢c). In general, viable tissues were localized mainly at
the periphery of the tumours or near the blood vessels, while the
non-viable elements were found more centrally, implying the
contribution of intrinsic tumour hypoxia and the oxidative stress
induced by the experimental treatments to the suppression of
tumour growth. The mean percentage of necrotised tumour tis-
sues showed statistically significant differences between the stu-
died groups, with the maximal tumour necrosis being achieved
when treated with X-ray triggered LipoDox (Fig. 6d). These
findings further confirmed that this strategy can achieve better
therapeutic effect compared with individual modality treatment.
More detailed histological analysis for each treatment (PBS-, X-
ray-, LipoDox-, and X-ray-triggered LipoDox-treated) is provided
in Supplementary Note 6.

Discussion
X-ray radiation, as an external liposome triggering modality, was
employed to activate a liposomal gene/drug delivery system in
this study. Our X-ray- triggerable liposomes were designed by
encapsulating a photosensitizer, VP, and gold nanoparticles in a
liposomal bilayer. When these liposomes were exposed to X-rays,
enhanced 'O, generation from VP was achieved due to the
interaction between gold nanoparticles with incident X-rays. This
10, oxidises unsaturated lipids and destabilises the membrane,
allowing the release of entrapped cargos from the liposomes. We
demonstrated that this release strategy has the capacity for
in vitro gene knockdown and enhanced cancer cell-killing efficacy
by releasing two kinds of cargos, antisense oligonucleotide against
PACIR gene and an antitumour drug (Dox) upon X-ray radia-
tion. In animal experiments, X-ray-triggered liposomes were
demonstrated to control colorectal tumour growth more effec-
tively than other individual modality treatment conditions.
X-rays and other forms of ionising radiation are used to
diagnose and treat medical conditions and are known to
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contribute to DNA mutations that may lead to dose-dependent
and stochastic toxic effects. Compared with light, however, X-rays
with the suitable energy can easily penetrate the human body,
activating gene/drug release in deep tissues once the X-ray-
triggered liposomes reach their target. This feature will open
many opportunities for biomedical research and clinical medi-
cine, from triggered gene therapies and chemotherapy, through to
enhanced PDT which currently suffers from limited penetration
depth of illumination light (usually in the UV and visible region).

Additionally, the strategy described here has been designed to
be compatible with future clinical translation. The materials and
approaches used in this study, such as VP, lipids, Dox, and X-
rays, are clinically used in treatment of tumours. Although gold
nanoparticles used in this study have not yet been approved by
the regulatory agencies, their size is compatible with the
requirements of renal clearance®. In this way, long-term nano-
particle toxicity is likely to be minimised if not eliminated.
Moreover, the ease of conjugation of targeting ligands to lipo-
some surface with approgriate linkers, for example, lipid-
polyethylene glycol (PEG)®!, would be an added advantage
when applied to the targeted therapy, in particular for tumour
treatment. From a clinical point of view, it would be beneficial to
have access to this multimodality treatment, given our evidence of
better therapeutic effect (or, potentially, equal therapeutic effect)
at diminished toxicity in the case when single modality treatment
options alone can only produce desired therapeutic effects at a
significant cost of short- and long-term toxicity.

Methods

Preparation of liposomes loaded with gold and VP. 350 uL of DOTAP (Avanti
Polar Lipids, no. 890890 P) dissolved in chloroform (100 mg mL ™", Sigma-Aldrich,
no. 288306-1 L) was mixed with 370 pL of DOPC (Avanti Polar Lipids, no. 850375
P) dissolved in chloroform (100 mg mL™"), followed by addition of 40 uL of gold
nanoparticle suspension (Nanocomposix, Inc) and 50 pL of VP (Sigma-Aldrich, no.
SML0534-5MG) dissolved in dimethyl sulfoxide (DMSO, 2.3 mg mL~ L, Sigma-
Aldrich, no. 472301-500 ML). For the synthesis of empty liposomes, VP and gold
nanoparticles were omitted in the mixture solution. The mixture was diluted to 1.0
mL in total volume using chloroform and vortexed gently for 10 min. Chloroform
was evaporated off with a stream of Argon and the remaining DMSO was eva-
porated under freeze-drying, which was carried out in a freeze dryer (Alpha 1-4
LDplus, John Morris Scientific Pty Ltd). The lipid film was hydrated by adding 1.0
mL of DI water to a glass test tube, followed by vigorous stirring until the sus-
pension was homogenised. The hydrated lipid suspension was left overnight to
allow the maximal swelling of liposomes. The suspension was then extruded eleven
times in an extruder (Avanti Polar Lipids, Inc) with two 1.0 mL glass syringes. The
pore size of the polycarbonate membrane (Avanti Polar Lipids, Inc) was 200 nm.
The resulting suspension was stored at 4 °C under argon. For encapsulation of
calcein inside liposomes, 1.0 mL calcein solution (100 mM, Sigma-Aldrich, no.
C0875-5G) was used as lipid hydration solution, instead of DI water. For encap-
sulation of oligonucleotides, 1.0 mL PBS (pH 7.4) solution containing antisense
oligonucleotide (10 uM, 5'-TGGTGCTTCCCAGCCACTAT-3') with 3’ FAM
labelling against PACIR gene (Integrated DNA Technologies Pte. Ltd.) was used to
hydrate lipid film, followed by the hydration procedure described above. In order
to remove calcein and oligonucleotides present in the supernatant after hydration,
liposomes were then centrifuged at 14000xg for 10 min by using Pall Nanosep
centrifugal devices (Sigma-Aldrich) as per manufacturer’s instructions.

Synthesis of LipoDox. The encapsulation of doxorubicin inside of liposomes was
conducted as per a published protocol, using a gradient exchange method with
minor modifications®?. 1 mL ammonium sulphate (250 mM, Sigma-Aldrich, no.
A4418-100G) was added to the glass test tube where the lipid film was produced
after evaporation of organic solvent, followed by the hydration procedure described
above. Free ammonium sulphate was removed by dialysis in the PBS solution (pH
7.4) with buffer exchange repeated four times. The Dox solution (10 mgmL~",
Sigma-Aldrich, no. D1515-10MG) was quently added to hydrated liposome
suspension with a drug to lipid mass ratio of 1:10, followed by incubation at 60 °C
for 1 h. Unloaded Dox was removed by dialysis in PBS solution (pH 7.4) with four
time buffer exchange.

Preparation of i ing ETP. Lip incorporating ETP, VP
and gold nanoparticles were prepared by thin film hydration with some mod-

ifications. Briefly, 100 uL of DOTAP (50 mg mL~in chloroform) was mixed with
54 uL of DOPC (100 mg mL ™! in chloroform), followed by addition of 6 pL of gold

incorp

nanoparticle suspension, 7 L of VP (2.3 mgmL~! in DMSO) and 83.5 uL of ETP
(Sigma-Aldrich, no. E1383-25MG, 1 mg mL ™! in chloroform and ethanol (1:1 V/
V)). After evaporation of organic solvent, the lipid film was hydrated with 1 mL

PBS (pH 7.4). The hydration and extrusion procedure was the same as described
above. The unloaded etoposide was removed by dialysis in the PBS solution (pH
7.4) with buffer exchange repeated four times.

ion of folat . d 1

P Folate-c d liposomes were
prepared by postinsertion of DSPE-PEG2000-Folate micelles into preformed
liposomes with slight modifications®>®%. In brief, 1 mg DSPE-PEG2000-folate
(Avanti Polar Lipids, no. 880124) was dissolved in 320 pL. DMSO, followed by
hydration with 3.1 mL of distilled water, producing 100 pM micelle suspension.
The suspension was then dialysed three times in a 10000 MWCO dialysis tubing
against 1 L water to remove DMSO. After this, 40 pL of micelles were added to 1
mL of the preformed liposome suspension in i Iphate (250 mM) and
heated at 60 °C for 1h to produce folate-tethered liposomes. Leaked ammonium
sulphate and unincorporated micelles were removed by dialysis. To determine the
folate content conjugated with liposomes, bare liposomes was used in conjugation
procedure instead of VP-loaded liposomes. After preparation, the folate amount
was determined by measuring the UV absorbance at 285 nm after lysing liposomes
with 0.1% Triton X-100 and comparing with a standard curve of folic acid with the
known concentration.

Characterisation of liposomes. The extinction spectra of liposomes loaded with
gold nanoparticles and VP, VP alone and gold nanoparticles alone were measured
using a spectrophotometer (Cary 5000 UV-Vis-NIR, Varian Inc.). Size distribution
and zeta potentials of liposomes were measured with a Zetasizer Nano Series from
Malvern Instruments. The morphology of liposomes was documented using
Transmission Electron Microscopy (TEM). For TEM imaging, the liposome
samples were prepared by placing a drop of suspension onto a copper grid and air-
dried, following negative staining with one drop of 2% aqueous Uranyl Acetate for
contrast enhancement. The air-dried samples were then imaged using a PHILIPS
CM 10 system at an accelerating voltage of 100 KV. Images were captured with an
Olympus Megaview G10 camera and iTEM software. To determine the encapsu-
lation efficiency of oligonucleotides, Dox and etoposide loaded inside of liposomes,
Triton X-100 (0.1%, Sigma-Aldrich, no. T8787-50ML) was added to as-prepared
liposome solution, resulting in the gene/drug release. The FAM fluorescence from
oligonucleotides (Ex/Em: 494 nm/520 nm) and Dox fluorescence (Ex/Em 485/590
nm) was recorded on a Fluorolog-Tau-3 system (Jobin Yvon-Horiba, US) and
compared with the corresponding oligonucleotide and Dox standard curves,
respectively. The epotoside amount was determined by measuring the UV absor-
bance at 285 nm under Cary UV-VIS-NIR absorption spectrophotometer (Varian
Incl.) and comparing with the epotoside standard curve.

10, generation tests with light and X-ray triggering. For light illumination, a
365 nm LED was used to illuminate the samples. 16 uL of SOSG (0.5 mM, Thermo
Fisher Scientific Inc, no. $36002) was mixed with 3 mL of liposome suspension and
the mixture was then placed in a cuvette, followed by illumination under a 365 nm
LED (2.5 mW cm ™2, irradiation for 10 min). After illumination, the SOSG fluor-
escence at 525 nm upon 488 nm excitation was recorded using a fluorescence
spectrophotometer. For X-ray radiation, a linear accelerator (6 MeV LINAC, Elekta
AB, Sweden) was used to deliver different doses (1 Gy, 2 Gy and 4 Gy) to the
samples. 96-well plates with 200 uL of liposome suspension and 2 pL of SOSG (0.5
mM) in each well were exposed to X-ray radiation. The irradiation of samples was
carried out using 6 MeV X-ray photons from the anterior and posterior directed
radiation fields. After irradiation, the SOSG fluorescence was recorded using a
microplate reader (PHERAstar FS system, BMG LABTECH, Germany).

Calcein release assay with light and X-ray irradiation. Liposomes loaded with
calcein were separated from free calcein molecules by using Pall Nanosep® cen-
trifugal devices (Sigma-Aldrich) equilibrated with 10 mM Tris/HCL. They were
then activated by light illumination and ionizing radiation, respectively. The
experiment process was the same as described in the 'O, generation test, apart
from the omission of SOSG. The induced release and subsequent dilution of the
calcein previously contained in the liposomes, leading to an increase of calcein
fluorescence®>%, The calcein fluorescence signal was recorded at 510 nm upon
excitation at 485 nm. The percentage of calcein release (R.(%)) at various illumi-
nation time points or X-ray dosage was calculated as follows:

Fyg — F
t(d) 0 % 100%
Fpux — Fy

‘max

R(%) =

(1)

where F, and F, respectively indicate the fluorescence intensity of calcein at various
illumination time points and without illumination. F,,, refers to the total fluor-
escence intensity of calcein after the disruption of liposomes by adding 0.1% Triton
X-100. For X-ray radiation, Fy is the fluorescence intensity of calcein at various
radiation doses, d.
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Serum and pH stability studies of PEGylated liposomes. 200 uL LipoDox
samples with and without PEG modification were respectively diluted in PBS (pH
7.4) containing foetal bovine serum (FBS) with different concentrations (0%, 10%,
25 and 50%). All samples were dialyzed in Slide-A-Lyzer MINI dialysis devices
(Thermo Fisher Scientific). These devices were then kept in 50 mL centrifuge tubes
with 10 mL PBS at 37 °C for 48 h. At various time points (Oh, 2h, 4h, 18 h, 24h
and 48 h), an aliquot of PBS was taken for the fluorescence characterisation of the
released Dox. The total Dox fluorescence was measured by disrupting liposomes
with 0.1% Triton X-100, The percentage of Dox release at various time points was
calculated by using the same formula as that applied to the calcein release assays. In
our pH-triggered drug release studies, 200 uL. Dox-loaded PEGylated liposome
suspension was incubated with PBS (containing 10% FBS) with pH respectively
adjusted to 7.4 (control), 6.0 and 5.0, followed by the same dialysis procedure and
fluorescence measurement described above.

Cell pr and i diati of cells. Rat PC12 cells,
human colon adenocarcinoma HCT 116 cells and normal human colon epithelial
cells (CCD 841 CoN) were purchased from the American Type Culture Collection.
PC12 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM); HCT
116 cells were cultured in McCoy's 5 A (modified) medium; CCD 841 CoN cells
were cultured in Eagle’s Minimum Essential Medium (EMEM). All culture media
were supplemented with 10% foetal bovine serum and 1% antibiotic-antimycotic.
The flasks were maintained in a 37 °C incubator with 5% CO, humidified air. The
cells were detached with trypsin and transferred at appropriate dilutions into 96-
well plates for cell viability assays or glass-bottom petri dishes for cell imaging. For
X-ray radiation experiments, the cells were radiated by using the same accelerator
as described in the 'O, generation test.

Imaging and analysis of cellular uptake of liposomes. The PC12 cells

(3% 10* mL™!) were attached to glass-bottom petri dishes and incubated at 37 °C
for 24 h. After removing the culture medium, the cells were incubated with lipo-
some suspension (25 pM) in culture medium supplemented with 10% FBS for 1 h,
4h and 10 h. The cells were then washed with PBS (1 x, PH 7.4) three times to
remove free liposomes. To assess the uptake of liposome nanoparticles, the cells
were fixed with 2.5% paraformaldehyde for 10 min at room temperature, washed
twice with PBS (1 x, PH 7.4) and stained with Hoechst 33342 (5 ugml™") for 10
min at room temperature before imaging. The cells were imaged using a Leica SP2
confocal laser scanning microscopy system. A violet laser at 405 nm and an argon
laser at 496 nm were used for the excitation of VP and FAM-labelled oligonu-
cleotide entrapped inside liposomes, respectively. The imaging of uptake activity of
FA-targeted liposomes into HCT 116 cells and CCD 841CoN cells were also
conducted as mentioned above.

For quantitative analysis, fluorescently labelled DOTAP (Avanti Polar Lipids,
no. 810890 P), was employed, instead of standard DOTAP in order to prepare
fluorescent liposomes. PC12 cells (1 x 10* mL~") were cultured in petri dishes at
37°C for 24 h. After removing the old culture medium, 1 mL of a fresh medium
containing 10 uL of fluorescently labelled liposomes (0.5 mgmL~") was added to
the petri dishes and the cells were incubated at 37 °C for a further 4 h. After
incubation, the cells were washed with fresh medium three times to remove free
liposomes, detached with trypsin from the petri dishes and counted using a cell
counter (Countess II FL automated cell counter from Thermo Scientific). 100 pL
NaOH (1 M) and 100 L Triton X-100 (1% v/v) were subsequently added to 800 uL
of cell suspension. The cells were lysed at R.T. for 2 h with constant shaking. After
cell lysis, fluorescence (Ex/Em: 460/535 nm) was recorded on a Fluorolog-Tau-3
system and compared with the standard curve of free fluorescent DOTAP solution.
A detailed calculation of the number of liposomes per cell is described in
Supplementary Note 4.

Indirect immunofluorescence staining of PACIR. The PC12 cells were fixed with
2.5% paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 for
another 10 min at room temperature, followed by blocking with 5% bovine serum
albumin for 30 min. The cells were then incubated with goat anti-PACIR primary
antibody (1:50 dilution, Santa Cruz Biotechnology, no. sc-15964) for 90 min and
donkey anti goat IgG secondary antibody (1:100 dilution, Santa Cruz Bio-
technology, no. sc-2024) conjugated to FITC for 30 min at room temperature.

Cytotoxicity assays of X-ray-triggered LipoDox and LipoETP. The in vitro
antitumour effect of X-ray-triggered LipoDox and LipoETP was evaluated using
the MTS test. Before treatment, the HCT 116 cells (2 x 10* mL™!) were grown on
96-well plates in the culture medium with 10% FBS for 24 h. After removing the old
medium, the cells were respectively incubated with a series of LipoDox and
LipoETP samples diluted in the culture medium with 10% FBS for 4 h. After
incubation, the old medium was removed and a fresh medium was added to cells,
followed by X-ray radiation with 4 Gy. The cytotoxicity of X-ray-triggered LipoDox
and LipoETP on HCT 116 cells at various time points (0h, 2h, 4h and 24 h) was
determined by the MTS test (Promega Co., WI, USA, no. G3582) according to
manufacturer’s instructions and compared with control cells without any treat-
ment. Cell viability was then calculated as a percentage of the absorbance of the
untreated control sample. The latter was set to 100%. For comparison purposes, the

viability of cells treated with LipoDox alone was also evaluated in the same
experimental conditions.

Toxicity assays of LipoDox and X-ray on cells and gene. The PC12, HCT 116
and CCD 841 CoN cells (1-4 x 10*mL™!) were, respectively, grown on 96-well
plates in a culture medium with 10% FBS for 24 h. For liposome and LipoDox
treatment experiments, the PC12 cells and CCD 841 CoN cells were, respectively,
incubated with different liposome and LipoDox samples for 4 h, followed by
incubation in a fresh medium for further 24 h. For the X-ray exposure experiments
on cells, all three types of cells were radiated with 4 Gy, followed by incubation in a
fresh medium for further 24 and 48 h. Cell viability was assessed by using the same
method as described above, For X-ray treatment of pure DNA molecules and
mixture of DNA and verteporfin, 50 pL of antisense oligonucleotide solution (10
pgmL~") and 50 uL of mixture solution (10 pg mL~! DNA and 32 pgmL ™" ver-
teporfin) was respectively exposed to X-ray radiation with different dosages (1, 2
and 4 Gy). After treatment, the gel electrophoresis was carried out in 1.2 % agarose
gel in Tris-acetate-EDTA (TAE) buffer at 95V for 45 min. The gel was stained with
SYBR Safe DNA Gel Stain (Thermo Fisher) and photographed under UV light
using a Bio-Rad imaging system.

In vivo antitumour efficacy by X-ray-triggered drug release. All procedures
were carried out with the approval from Macquarie University Animal Ethics
Committee (animal ethics approval No, 2017/001). 6-7 weeks old BALB/c nu/nu
female mice (The Animal Resources Centre, Perth, Australia) were injected sub-
cutaneously with 5x 10° HCT 116 cells, suspended in 100 ul McCoy’s 5 A (mod-
ified) medium without FBS, to the flank. Tumours were measured every two days
with a caliper and volume (V) was calculated by using the following formula:

V=m/6xLx W? (2)
where L and W are the length (large diameter) and width (short diameter) of the
tumour. When tumour volume reached approximately 100 mm?, mice were ran-
domly divided into 4 groups (n =4 per group) for different treatments: Group A
treated PBS via intratumour injection (20 pL); Group B treated with liposome
suspension via intratumour injection (20 pL, 10 mgkg™", approximately 10 uM
gold nanoparticles and 20 pM VP used for each mouse); Group C treated with X-
ray radiation (4 Gy, single fraction) and Group D treated with liposome suspension
via intratumour injection (20 pL, 10 mg kg”) and X-ray radiation (4 Gy, single
fraction). Mice were then maintained for additional 2 weeks. Body weight and
tumour volume were measured every other day. After two weeks, mice were
sacrificed and tumours were removed, photographed and fixed with 10% neutral-
buffered formalin for histological analysis. Tumour tissues were cryosectioned into
serial sections of 6 pm in thickness and stained with haematoxylin and eosin
(H&E) following conventional protocol. The histological preparations were
examined using an upright research microscope Axio Imager 72 (Zeiss, Germany)
equipped with dry-air EC Plan-Neofluar (5 x /NA0.16; 10 x /NA0.30; 20 x /NA0.50
Ph) and oil-immersion a Plan Apochromat (100x/NA1.46 oil) objectives (Zeiss,
Germany). Images were recorded using a digital video camera AxioCam
(1388x1040, Zeiss, Germany) in a single-frame and stitching modes.

Data availability. The relevant data generated and (or) analysed in the current
study are available from the correspending author upon reasonable request.
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Supplementary Note 1: Characterization of liposome nanocomposites

Supplementary Fig.la illustrates typical TEM images of liposomes containing gold
nanoparticles and VP. Gold nanoparticle clusters were easily observed due to the higher
electron density of metal gold compared with the pure liposomes (Supplementary Fig.1b).
The average size of liposomes was about 165 nm determined by dynamic light scattering and
the zeta potential was 37.3 + 4 mV (Supplementary Fig.1c). Supplementary Fig.1d shows the
absorption spectra of different liposome samples, where characteristic absorption peaks from
both gold nanoparticles and VP were observed. We also estimated the encapsulation

efficiency of oligonucleotide, Dox and epotoside loaded inside of liposomes, found to be

approximately 37.5%, 44% and 77%, respectively.
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——— Gold nanoparticles
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Supplementary Figure 1 Characterisation of liposomes incorporating VP and gold
nanoparticles. a and b TEM images of liposomes incorporating gold nanoparticles and pure
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liposomes. Black arrows indicated gold nanoparticles loaded inside liposomes. c¢ Size
distribution determined by dynamic light scattering. d Absorption spectra of liposomes, pure
VP and pure gold nanoparticles. The inset shows an enlargement of absorption spectrum of
liposomes incorporating VP and gold between 350-600 nm.
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Supplementary Note 2: Determination of Singlet oxygen quantum yield from liposomes
loaded with VP and gold nanoparticles after illumination at 365 nm wavelength

The singlet oxygen quantum yield (¢) is the ratio of the number of photons absorbed by a
photosensitizer (PS) molecule to the number of singlet oxygen generated. The reference
method is the most commonly used approach for calculating ¢ !. The singlet oxygen
quantum yield of a PS (¢@ps) can be calculated based on a reference PS with a known

quantum yield (@ggr) using the equation 2,

TpS
- (1-Tps)
Pps = QPREF TREF 1
(1-TReF)

where 7ps and rRgp are the reaction rates of the fluorescent detection probe with singlet
oxygen generated from PS and reference PS respectively. Tps and Tggr represent the
transmittance of the PS and the reference PS at the illumination wavelength.

In this case, we determine the singlet oxygen quantum yield ¢ of liposomes loaded with VP
and gold nanoparticles at 365 nm by taking ¢ of VP alone as the reference PS (0.53+0.06) 2,
Supplementary Figure 2a shows the variation of SOSG intensity at 525nm as a function of
UV illumination time for liposomes loaded VP alone and liposomes loaded with VP and gold
nanoparticles. Their absorption spectra of these nanocomposites are shown in Supplementary
Figure 2b. The transmittance value at 365 nm is calculated from absorbance of VP alone and
liposomes loaded with VP and gold nanoparticles based on their absorption spectra. Using the
equation 1 with the reaction rate and absorbance value obtained from Supplementary Fig.2,
the singlet oxygen quantum yield ¢ of liposomes loaded with VP and gold nanoparticles
obtained in this work was estimated as 0.75+0.18. This result shows that there is an
enhancement in the quantum yield value of liposomes loaded with VP and gold nanoparticles

by a factor of 1.42 compared with liposomes loaded with VP alone. This enhancement is
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tentatively attributed to the electric field enhancement around the gold nanoparticles present

in gold-loaded liposomes.
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Supplementary Figure 2 Quantification of '0, generation under UV illumination for
liposomes loaded with VP and gold nanoparticles and liposomes loaded with VP alone. a
SOSG intensity as a function of UV illumination time. b Absorption spectra of these samples.
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Supplementary Note 3: Quantification of singlet oxygen from liposomes loaded with VP
and gold nanoparticles under X-ray radiation

To quantify the number of singlet oxygen generated from liposomes loaded with VP and gold
nanopaticles under X-ray radiation for a particular dose, we established a relation between the
number of singlet oxygen molecules generated by X-ray radiation and the intensity of SOSG
fluorescence, in a way similar to our previous publication 3,

We first calculated the number of UV photons absorbed (N,,,,(t)) by liposomes loaded with

VP alone as a function of time using the equation:

Nuv(t)zg*F*t 2

where P is the optical power detected on the surface of the sample, E is the energy of 365 nm
photons and t is the time of illumination. F is the absorption factor and is calculated from the
absorption spectra of the sample. This N,,(t) is plotted against time as shown in
Supplementary Fig. 3a. From the known singlet oxygen quantum yield ¢ of VP mentioned
above and Ny, (t) from Supplementary Fig. 3a, we calculated the number of singlet oxygen
generated corresponding to each UV photons absorbed. If we compare this number with the
SOSG intensity in Supplementary Fig. 2a, we will obtain a conversion factor which gives the

calibration of the SOSG signal with respect to the number of singlet oxygen generated.
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Supplementary Figure 3 Quantification of singlet oxygen from liposomes under light
illumination. a Number of UV photons absorbed by liposomes loaded with VP alone as a
function of time. b Number of singlet oxygen generated versus number of UV photons
absorbed.

Supplementary Fig. 4a shows the SOSG intensity as a function of X-ray dose applied to
liposomes loaded with VP and gold nanoparticles. By using the conversion factor estimated
above, we now calculate the number of singlet oxygen generated corresponding to each X-ray
dose. In this case, the number of singlet oxygen generated from liposomes loaded with VP
and gold nanoparticles for 4 Gy is ~ 2.9 x 10", By dividing the number of liposomes in this
sample, we estimate the number of singlet oxygen generated from each liposome, which is
about 7250. In this case, we took into account of the fact that SOSG shows some background

fluorescence due to the presence of endoperoxides generated before the exposure to X-ray

radiation.
a b
550 “ < 1x10"° A
2
©
5 500} 8 1x10"
© [
> : 5 :
G 450 - 8 9x10" A
1) <
o
o 400 3 8x10"1
(%2} [=]
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300 I n L L = =

6x10" : - - ;
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X-ray Dose (Gy) v ' % 2 4 .

X-ray Dose (Gy)
Supplementary Figure 4 Quantification of singlet oxygen from liposomes under X-ray
radiation. a SOSG intensity as a function of X-ray Dose for liposomes loaded with VP and
gold nanoparticles. b Number of singlet oxygen generated corresponding to each X-ray
dosage.
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Supplementary Note 4: Calculation of the number of liposomes per cell and the number
of gold nanoparticles per liposome

We first calculate the number of lipid molecules in each liposome as per the equation %

d d
an(5)%+ 4n[>—h]?
Ntot = [ 2 2 ]

a

where d is the diameter of a liposome, h indicates the thickness of a liposomal bilayer that
was calculated as 4.7 nm for our lipid formulation S anda represents the average lipid head
group area, whose value is calculated according to a = a; N; + a, N, + az N3 + ---, where
N is the molar fraction of each lipid component and a is 70A for DOTAP © and 72.4 A for
DOPC 7 in our study.

The number of liposome for a known concentration of lipids is estimated by using the

equation:

Niipo = E\il:ii]:olzg
where [lipid] is the lipid concentration, N,is the Avogadro number (6.023x10% mol L™) and
N¢o¢ 1s the total number of lipids per liposome.

The cell number is counted before incubation with liposomes. The total number of liposome
is calculated based on Equation 3 and 4 after cell lysis and average number of liposomes
taken up by each cell is obtained by dividing the total number of liposomes with the cell

number.

For the number of gold nanoparticles per liposome, we first calculate the total number of gold

atom (Ng¢or) in our liposome sample based on ICP-MS analysis and equation 5:

[Au3t]xV

Natom = TR X Ny 5
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where [Au3*] is the concentration of Au (III), V stands for the sample volume, M indicates
the atomic weight of gold and N,is the Avogadro number (6.023x10% mol L™).
The average number of gold atoms per gold nanoparticle (U) is also calculated by using the

following equation B,
2 D
U= 3 XX (;)3 6

Where D refers to the diameter of gold nanoparticle and a is the edge of a unit cell whose
value was 4.0786 A. Therefore the number of gold nanoparticles (Nggq) in a liposome

sample is calculated based on the equation:

— Natom
Ngold = U 7

Finally the number of gold nanoparticles per liposome (N) is estimated as per the equation:

Ngold
N = =22< 8
Nlipo
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Supplementary Note 5: Serum and pH stability studies of PEGylated liposomes

For serum stability studies, the cumulative percentage of Dox released from liposomes with
and without PEG modification is shown in Supplementary Fig.5a and 5b. Different amounts
of Dox were released from conventional liposomes during 48 hr incubation, with the total
amount being more than 30% and 50% at 48 hr when incubated in PBS with 10% and 50%
FBS (Supplementary Fig.5a). However, the Dox release profile shown in Supplementary
Fig.5b indicated that the release rates were reduced in the PEGylated liposomes, compared
with liposomes without PEGylation. Liposomes still retained more than 90% and 80% of
their initial drug content at 48 hr incubated in PBS with 10% and 50% FBS, indicating that
PEG chains on the liposome surface would contribute to improved its stability in the blood
circulation. Considering that decreased pH is a major feature of tumour tissue and, in
principle, it may affect liposome stability and drug release from the liposomes. We also
assessed Dox release triggered by different values of pH (Supplementary Fig.5c). These
PEGylated liposomes showed a similar Dox release profile at different buffer pH values (7.4,
6.0 and 5.0). The overall amount of released Dox was less than 10% for 48 hr incubation
even at pH 5.0. These findings suggested that the liposome formulation prepared in this study
was largely unaffected by the decreased pH value. This indicates no stability change of
liposomes in the tumour microenvironment before the application of light or X-ray to the

tumour site.
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Supplementary Figure 5 Serum and pH stability studies of PEGylated liposomes. a-b The
percentage of released Dox from (a) conventional liposomes and (b) PEGylated liposomes
after O hr, 2 hr, 4 hr, 18 hr, 24 hr and 48 hr incubation in PBS (pH 7.4) containing FBS with
various concentrations. ¢ The percentage of released Dox from PEGylated liposome samples
incubated in PBS (pH 7.4, 6.0 and 5.0) containing 10% FBS. Error bars show standard
deviation from three measurements.
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Supplementary Figure

fz*

Supplementary Figure 6 Orthogonal views (XY, XZ and YZ) of cellular uptake of liposomes
loaded with verteporfin after 4-h incubation with PC12 cells. The X-Y plane image was
obtained at the centre of the Z-stack.

Nuclei stained with FITC-labelled DIC image of cells
Hoechst 33342 oligonucleotides

Supplementary Figure 7 Confocal laser scanning microscopy images of PC12 cells incubated
with liposome nanoparticles (25 uM) loaded with fluorescent oligonucleotides for 4 hr. Scale
bar is 75 pm.
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Supplementary Figure 8 X-ray triggered in vitro chemotherapy. a-b Cell-killing effect of
LipoDox on HCT 116 (a) with and (b) without X-ray radiation of 4 Gy at various time points
(0 hr, 2 hr, 4 hr and 24 hr). The concentration of Dox was 6, 20, 60 and 180 ng per well. ¢
Cell-killing effect of LipoETP on HCT 116 at 24 hours after X-ray radiation of 4 Gy. The
concentration of ETP was 33, 100, 300 and 900 ng per well. The box is bounded by the first
and third quartile with a horizontal line at the median and whiskers extend to 1.5 times
the interquartile range.
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Supplementary Figure 9 In vitro toxicity assessment of liposome samples and X-ray radiation
on cells and oligonucleotide. a Cell viability of PC12 cells at 24 hr and 48 hr after treatment
with liposomes incorporating VP (Lipo-VP) and gold nanoparticles (Lipo-VP-gold). b
Viability of CCD 841 CoN cells at 24 hr after treatment with liposome-formulated Dox. ¢
Toxicity of X-ray of 4 Gy on PC12, HCT 116 and CCD 841 CoN cells at 24 hr and 48 hr
after treatment. The box is bounded by the first and third quartile with a horizontal line at the
median and whiskers extend to 1.5 times the interquartile range. d Agarose gel
electrophoreses of antisense oligonucleotide (10 pg mL") and mixture of oligonucleotide and
VP (10 pg mL"oligonucleotide and 32 pg mL'verteporfin) after X-ray exposure with
different dosage. From left to right lane: control sample without treatment, 1 Gy, 2 Gy and 4
Gy.
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Supplementary Note 6: Histological analysis of tumour tissues after each treatment

Supplementary Fig.10a demonstrates the histological images of tumour tissue under different
treatment conditions. In the PBS-treated group, the internal region of the tumours mainly
consisted of non-viable tumour residuals (about 1/3 of the whole volume of the lesion), while
the outer part was formed by viable tumour cells. In the LipoDox-treated group, the viable
tumour tissue formed a thinner outer rim (up to 0.5 mm below the capsule), but, in contrast to
the PBS-treated group, it protruded towards the inner region as elongated cords and alternated
with the necrotic and paranecrotic sites. The volume of non-viable tumour tissue in LipoDox
group was about 60-70%. In the X-ray treated group, the difference between the outer and
inner regions was less pronounced compared with other groups, and bigger fragments of
viable tumour tissue of solid structure were surrounded by non-viable tumour tissue residuals.
Finally, in the group treated by X-ray triggered LipoDox, the structure of the tumour
resembles that observed in the LipoDox group, but with a significant reduction of the relative
volume of viable tumour tissue. In particular, the outer rim of viable tumour tissue is much
thinner (only 100-300 um in thickness), and the amount of the viable tumour tissue spreading
into the internal part of the tumour is significantly less than in any other experimental groups.
In contrast to all other groups, the necrotic tumour tissue was visible even in the subcapsular

zone. The average volume of necrotic tissue in the tumours was about more than 80%.
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Supplementary Figure 10 In vivo antitumour effect by X-ray triggered LipoDox. a
Representative histological images of tumour tissues after various treatments. H & E staining.
The scale bar is 100 pm. b Photographs of tumours isolated at the endpoint.
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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 PACIR 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 imaging'. 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 PSs® (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 imaging®®.

A . | .' | l I I
tissue
= porphyrin penetration

«=e= chlorin depth
——bacteriochlorin

*111”

300 400 500 600 700 800
wavelength (nm)

Figure 6-1 Structure and absorption spectra of tetrapyrrole photosensitizers: porphyrins (A),
chlorins (B) and bacteriochlorins (C)?.

(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) therapeutics®®.
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 efficacy®.
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 modification®.
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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) froma 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 cell'”

. 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.

Matching genomic

sequence Guide RNA

Lotied

m
Donor DNA === Repair )/

Gene therapy Q Targeted genome editing

P o

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
sequence'!. Most recently, researchers reengineered the CRISPR/Cas9 system of Streptococcus
pyogenes to function in mammalian cells as a transcription factor'?. 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 domain'®. 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 cells’, liver'* and human cells for gene correction'®. 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 transfection’.

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 irradiation'®.
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.

(1) Cas9:sgRNA /I‘*gh; \.\ \\
M, e @O Plasmid DNA /'%\ma tation \
cQ? Cholesterol

Targeting
ligand

<

\
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e M
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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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