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ABSTRACT
Lung cancer accounted for 28% of all cancer related deaths in Hong Kong and
has been the leading cause of cancer death worldwide. Non-small cell lung cancer
(NSCLC) is the most common lung cancer (85%) and has been linked to poor
prognosis with 5-year survival rates of only 15%. Low accumulation and lack of
efficient penetration of therapeutic agents in the tumor site, and severe adverse
effects are the main obstacles in efficient lung cancer chemotherapy.
Triptolide (TPL), a diterpenoid triepoxide, was first isolated from the Chinese
medicinal plant Tripterygium wilfordii Hook F. It had attracted extensive attention
for its anti-tumor effect. However, its therapeutic potential has been limited by the
poor water solubility (0.017 mg/mL) and strong toxicity with LD50 of 0.8 mg/kg.
To improve the therapeutic effects and facilitate the application of TPL in lung
cancer therapy, we developed different ligands-modified TPL-loaded liposomal
formulations for lung cancer specific delivery.
Antibody-decorated liposomes can facilitate the precise delivery of
chemotherapeutic drugs to the lung by targeting a recognition factor present on
the surface of lung tumor cells. Carbonic anhydrase IX (CA IX), an enzyme
overexpressed on the surface of lung cancer cells with a restricted expression in
normal lungs, is used as the target for NSCLC therapy. In the present study,
anti-CA IX antibody-modified TPL-loaded liposomes was developed. CA
IX-directed liposomes exhibited 1.7-fold enhancement in internalization effects
and 2-fold higher cytotoxicity in CA IX-positive human non-small cell lung
cancer cell line A549. In vivo, CA IX-directed liposomes confined the delivery
specifically to the lung and resided up to 96 h, which further showed enhanced
therapeutic efficiency in orthotopic lung tumor bearing mice.
CPP33 is a tumor lineage-homing cell-penetrating peptide reported to be
highly permeable into human lung cancer cell. Here, we utilized CPP33 for
translocation of TPL-liposomal formulation into lung tumor cells. In vitro,
CPP33-TPL-lip significantly improved apoptotic feature on A549 cells than
non-modified liposomes. CPP33-lip specifically promoted the penetration ability
of liposomes on A549 rather than human lung fibroblast cells (MRC-5), showing
prominent cell selectivity. Furthermore, CPP33-lip showed superior penetrating
ability on 3D tumor spheroids compared to non-modified liposomes.
A dual-ligand TPL-loaded liposomes (dl-TPL-lip) via conjugation of anti-CA
IX antibody (targeting module) and CPP33 (trans-membrane module) was
further developed to improve the therapeutic efficacy of NSCLC. The dl-TPL-lip
showed superior penetrating ability and inhibiting effect on 3D tumor spheroids
and significantly enhanced TPL anti-cancer efficacy following pulmonary
administration in orthotopic lung cancer nude mice. The encapsulation of TPL in
liposomes reduced the exposure of TPL in systemic circulation, which is
demonstrated by pharmacokinetic study in rat plasma by endotracheal
ii

administration. Further anti-cancer effect study showed that dl-TPL-lip exhibited
the greatest efficacy compared to TPL solution, non-modified TPL-loaded
liposomes, anti-CA IX Ab or CPP33 single ligand-modified liposomes.
In summary, the findings of this study establish promising TPL delivery
systems for targeted therapy of lung cancer. Current research focusing on drug
delivery systems provides an insight into targeted and safe delivery of TPL in
preclinical setting.
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CHAPTER 1 Introduction

1

1.1 Current status of cancer therapy
At present, cancer is still the leading cause of death in worldwide, which
accounts for 13% of all deaths (approximately 8.2 million people) [1]. It has
constituted an enormous burden on society in developed countries. Unfortunately,
the unhealthy lifestyle of modern society such as smoking and physical inactivity,
the environmental pollution associated with urbanization and economic
development will make the situation even worse. In the next 2 decades, the
number of cancer patients is expected to ascend to about 14 million [1].
Among the cancer-related mortality, nearly one in five is responsible for lung
cancer with 1.59 million deaths each year [2]. Most lung cancer deaths are due to
non-small cell lung cancer (NSCLC), which accounts for 85–90% of all lung
cancer deaths and has been linked to poor prognosis with 5-year survival levels off
at 5–15% [3]. Thus, it is desirable to seek more efficient strategy to prolong the
survival time of lung cancer patients and improve their life quality.
Similarly to other cancers, surgical resection is the first treatment strategy for
lung cancer. However, substantial numbers of patients diagnosed at an advanced
stage or with concomitant medical disease. Patients with these clinical factors are
often unsuitable and preclude the use of surgical procedures [4, 5]. Even after
successful surgical resection, the recurrence rate in 5 years is as high as 90% [6].
Alternatively, as a novel clinical strategy emerged in last decade, stereotactic
ablative radiotherapy (SBRT) has shown its treatment outcomes for medically
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inoperable patients in early stage [7]. Unfortunately, it has been reported that the
high biologic doses delivery has led to a high currency of benign post-treatment
fibrosis in patients within 2 years [8].
Therefore, chemotherapy remains the essential strategy for lung cancer
treatment. However, many current or potential anti-cancer drugs deemed less
than useful due to the non-ideal properties, including poor water solubility,
irritation, instability, rapid clearance, and non-selectivity [9]. On the other hand,
only as little as 5%-10% of the chemotherapeutic agents could accumulate in the
tumor as that in normal tissue [10]. Thus, cancer patients often suffer from low
counts of blood cells, stomach irritation and hair loss after receiving
conventional chemotherapy. The dose-dependent side effects and patient’s
intolerability often result in cessation of treatment at present [11]. In addition,
high doses administration of the anti-cancer drugs is usually restricted by their
poor water soluble nature as the majority of the chemotherapeutics are
hydrophobic [12]. Hence, it is desirable to seek new therapeutic approaches with
high drug efficacy and minimized side effects.

1.2 Triptolide and its application in lung cancer therapy
While approximately half of currently available anticancer agents are extracted
from natural herbs, traditional Chinese medicine provides an effective option for
cancer therapy. Tripterygium wilfordii Hook F is one of the most promising
choices. It is commonly known as lei gong teng and mainly grows in southern
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China, including Hunan, Yunnan, Zhejiang, Fujian and Taiwan. It has been
recorded as a medicine in “Dian Nan Ben Cao” by Mao Lan as early as 1476
[13]. Its water decoction or other forms has been used for centuries to treat
rheumatoid arthritis, psoriasis and ankylosing spondylitis.
The above clarified clinical therapeutic effects of Tripterygium wilfordii Hook
F spurred the isolatioin of its bioactive principles. Triptolide (TPL), a diterpenoid
triepoxide compound, is one of the most principal ingredient isolated from the
roots of Tripterygium wilfordii Hook F [14, 15] (Figure 1-1). In recent years,
considerable experience with TPL is increasingly demonstrating the potential
candidate for anti-cancer therapeutic agent [16-18]. TPL displays apparent
anti-cancer activities in various cancer cells, including lung, colon, breast, brain,
prostate, ovary and kidney [13, 19-22]. Studies has demonstrated that TPL
possessed superior anti-cancer effects compared to some of the conventional
anti-cancer drugs, i,e, toxol, cisplatin, mitomycin and Adriamycin [23-25]. It
could kill variety kinds of NSCLC cell lines by inducing cell-cycle arrest and
apoptosis [26]. These observations suggest that TPL may be a potentially useful
anti-cancer drug of lung cancer.
However, the application of TPL in the clinic is delayed by its poor solubility in
water (0.017mg/mL) and high toxicity (LD50, 0.8mg/kg) especially associated
with liver damaging such as hepatomegaly, hepatic injury and elevation of the
serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), and
superoxide dismutase (SOD) [27, 28], which might be attributed to their
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accumulation in liver. TPL is a hydrophobic drug with a logP of 1.328 [29]. For a
long time, enormous efforts have been made in producing new derivatives of
TPL to improve its solubility. Most of the derivatives are focusing on the
C-14-hydroxyl group, C5, 6- position, epoxide groups and the lactone ring of
TPL and so far, only 14-succinyl TPL sodium salt PG490-88 (7) is accessed to
Phase I clinical trial [30, 31]. However, it was found that this derivative was
enzymatically converted into TPL once in vivo, and retained most of toxicities of
TPL [30].
Thus, it is desirable to seek new strategies to widen TPL therapeutic window
and facilitate it to be highly effective against human NSCLC. One of such
promising approach is equipping it in the smart drug delivery vehicle like
liposomes, which can encapsulate the hydrophobic drug in bilayer region and
achieve targeted drug delivery.

Figure 1-1. Chemical structure of triptolide.

1.3 Aerosolized chemotherapy for lung cancer
Since only very little partial of the active drug could be delivered to lung
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tumor site after systemic administration (<5%) [32], aerosol delivery has
attracted much attention in recent years for lung cancer therapy. The large
absorptive surface area of alveolar allows rapid systemic absorption for aerosol
deposition [33]. Aerosol delivery is a noninvasive“needle-free” way to deliver
the active drug directly to the lung, which can avoid first-pass metabolism of the
drug in the liver [34]. It offers the advantage of possibility of high drug
concentration in the lung and fewer unfavorable side effects on other organs [35].
Recent studies have demonstrated that aerosol administration of anti-cancer
agents including doxorubicin, cisplatin and paclitaxel is more effective than
intravenous administration in metastatic or primary lung cancer animal models
[36-39]. After aerosol delivery, the concentrations of active drugs were found to
be higher and the clearance of drugs was slower from the lungs [40].
Despite the advantages, only few traditional anti-cancer drugs were ready
adopted for aerosol delivery. One of the potential explanations is that the small
molecule drugs exhibit a short residence time due to the efficient clearance
mechanism of lung [41]. The other major challenge for the application of
pulmonary route is pulmonary toxicity. Inhalation of cytotoxic drugs may cause
transient high local drug concentration and lead to toxicity to normal lung tissue
[42]. Therefore, liposomal formulation has attracted more attention in pulmonary
delivery for its sustained release and low toxicity properties [35, 39, 43].

1.4 Liposomes as a targeted drug delivery system (TDDS)
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The term “targeted drug delivery” used in drug delivery is distinct from
“targeted therapy”. “Targeted therapy”, frequently used in drug discovery, refers
to specific interaction between a drug and its receptor, then blocks the growth and
aggression of tumor by interfering with specific molecules [44]. On the other
hand, “targeted drug delivery” is a designed approach intended to achieve
predominant drug amassing within a target zone [45]. There are four key
requirements for effective targeted drug delivery: retain, evade, target and release.
Firstly, active drug in certain type of delivery vehicle reaches targeted sites of the
body with sufficient residence after the circulation, then it is retained within
targeted sites by specific characteristics, following with drug release at the
intended site within a time [46].
Among the developing TDDS, liposomes have been recognized as one of the
most useful drug vehicles in clinical [47]. Described first in the 1960s by
Bangham and understood as a potential delivery vehicle in the early 1970s [48],
the liposomes has since become crucial to nanomedicine study and clinical
practices. Liposomes are composed of phospholipids, which self-enclose to form
spheres of lipid bilayers and an aqueous core within the bilayers [49] (Figure 1-2).
Hydrophilic drugs can be entrapped in the liposome’s aqueous compartments,
while hydrophobic compounds can be incorporated into the bilayer region.
Liposomes provide several advantages

including low immunogenicity,

biocompatibility, low toxicity, and versatility that can be modified with ligands to
control their biological activities. However, since the conventional liposomes are
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rapidly recognized and uptake by macrophages and plasma proteins resulting in
rapid clearance from the circulation, the application of liposomes as a systemic
drug delivery system has been seriously limited in a long period. An important
breakthrough in the long-circulating liposomes occurred in the early 1990s.
Hydrophilic polymers like polyethylene glycol (PEG) were introduced to the
surface of liposomes, which provided a steric boundary to the liposomes and
prevented the plasma proteins binding and reticulo endothelium system (RES)
uptake [49]. PEG coated liposomes of a 100-200 nm size range were found to be
efficient for tumor delivery since they offer long circulation time, increased
stability, increased tumor accumulation and decreased systemic toxicity [50].
To date, the liposomal-based drug has been developed to preferentially
accumulate into the tumor interstitial space owing to the enhanced permeability
and retention (EPR) effect. While at the same time, substantial accumulation also
occurred in the liver and spleen with only < 5% of the total administered
formulation is actually delivered to the intended target site [51]. The basis for the
EPR effect is the abnormal architecture of tumor blood vessels. Unlike normal
vessels, tumor vessels are dilated and tortuous, resulting in some avascular
spaces of various sizes [52]. Unfortunately, the large fenestrations at endothelial
cell borders and loose pericyte attachments of rapidly growing tumor blood
vessels can only allow liposomes to passively exit the circulation within solid
tumors. Moreover, the permeability and porosity of tumor vessels varies with the
type and stage of tumors [53]. Hence, the effect of passive targeting may not be
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feasible in all tumors.
Ideally, as an optimally drug carrier for cancer therapy, it should be stable in
the circulation to deliver the anti-cancer agents to the tumor site, have good
penetrance into tumor cells and retention within the tumor site so that controlled
drug release occurs within a therapeutic window [54]. However, the fact is that
current clinical use of liposomal-based therapies does not exhibit specific drug
targeting at cellular level [55], target specificity remains as the biggest challenge
in anti-cancer drug delivery research.
To enhance the targeting of liposomes to specific cells or tissues, antibody-, cell
penetrating peptide (CPP)- or other ligand- mediated targeting of anti-cancer
therapeutics has attracted much attention in recent years. Unlike normal tissue,
the average velocity of red blood cells in tumor vessels is magnitude lower,
leaving poorly perfused or un-perfused regions [56, 57]. These un-perfused
regions lead to an abnormal micro-environment of tumor, including low oxygen
pressure, low pH and necrotic tissue. To adapt the abnormal micro-environment,
a spectrum of cellular responses including genes and proteins changes was
induced [58]. At present, a number of proteins such as αt p & αt p &sent, a
number and EphA5 have been reported as tumor-related receptors [59] .
Therefore, researchers in the field of cancer therapy have moved their focus to
utilize these unique receptors. Take EphA5, an overexpressed receptor in human
NSCLC for example, Staquicini et al. demonstrated that anti-EphA5 antibody
sensitized lung tumor to radiotherapy and significantly prolonged survival of
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lung cancer xenografts [60]. In addition, the specific delivery of drugs to cancer
cells is allowed by specific binding to antigens or receptors that are either
uniquely expressed or overexpressed on the cancer cells relative to normal
tissues via the surface modification of nanoparticles. Immunoliposomes is a type
of targeted liposomes being modified with monoclonal antibodies, antibody
fragments (fragment antigen-binding, Fab’s), single-chain variable fragment
(scFv), or peptide structures on the bilayer surface, which can release drugs near
the target tissue and drugs may diffuse through plasma membrane to produce their
effects [61] (Figure 1-2). In this respect, the targeting ligand should distinguish
the target cells from the normal cells. Either the receptor/antigen should be
exclusively expressed on the targeted tissue or the target should have relatively
high expression as compared to the normal cells. Also, the antigen or receptor
should be unshed or downregulated in order to achieve effective binding [62].
In fact, it is only a part of the whole story of successful drug targeting by just
delivering the drug carriers to the target cells [63]. Besides systemic targeting,
internalization of liposomes into tumor cells also has considerable impact on
therapeutic efficacy of anti-cancer drugs. The choice of targeting ligand is crucial
to the success of targeting delivery. The degrees of receptor expression, binding
affinity of the ligand and internalization property are all the important
considerations govern the choice. Previously, Goren D et al. developed
anti-erbB-2-conjugated liposomes that showed highly selective binding to
erbB-2-overexpressing

cells

[64].

However,
10

this

doxorubicin

loaded

anti-erbB-2-conjugated liposomes failed to show enhancement of cytotoxicity
against erbB-2-overexpressing cells over plain liposomes, suggesting inefficient
internalization of the liposomes. Consequently, the targeted and non-targeted
liposomes showed similarly therapeutic effects in tumor bearing nude mice. This
highlights the importance of the internalization of liposomes during the design of
the active targeting immunoliposomes. Therefore, researchers have moved their
efforts to develop multifunctional liposomes in order to further enhance tumor
site drug accumulation as well as internalization [65]. A well designed
multifunctional carrier with an “active” targeted drug delivery approach is usually
based on one or more functional groups on the carrier's surface. In view of that,
antibody (like carbonic anhydrase IX) and cell penetrating peptide, which can be
used to decorate on liposomes surface as potential functional groups, have
attracted our interest.
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Figure 1-2. Different liposome types based on lamellarity and size. A portion of a typical
lipid bilayer with multifunctional surface modifications (size not to scale).

1.5 Carbonic anhydrase IX as a target for cancer therapy
Hypoxia is a salient feature of many types of solid tumors with strong effects on
cancer progression [66]. Carbonic anhydrase IX (CA IX) is a hypoxia-inducible
enzyme, which is controlled via the hypoxia-inducible factor (HIF). It is one of the
carbonic anhydrase isoforms from a family of zinc metalloenzymes, and functions
as an important component of pH-regulating machinery that is activated in
response to hypoxia. CA IX consists of a short intracellular tail (IC), a single-pass
transmembrane region (TM) and a large ectodomain (ECD). ECD contains two
parts, one is the N-terminal proteoglycan-like region (PG), which is absent from
the other CAs, and the other is the central catalytic domain. It plays a major role
in helping maintain a moderately intracellular pH for tumor cell growth and
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survival, while at the same time it generates a markedly acidic extracellular
environment facilitating tumor cell invasiveness [67]. In the metabolon, CA IX
catalyzes the reversible hydration of pericellular carbon dioxide (CO2) to
bicarbonate (HCO3-) and protons (H+) (CO2 + H2O ↔ HCO3- + H+), which have
been expected to contribute to cellular alkalinization, promote cell survival and
growth through intracellular pH maintenance (Figure 1-3a). An increasingly
acidic extracellular micro-environment results in the death of non-tumor cells and
accelerates degradation of the extracellular matrix, thereby promoting the invasion
and proliferation of acid-resistant cancer cells.
CA IX is expressed in different types of cancers including the lung [68-70],
kidney [71], colon [72] and breast [73] (Table 1-1). In contrast, it has a restricted
expression pattern in normal tissue, confined to the basolateral surface of gastric,
intestinal, and gallbladder epithelia [74]. Besides that, CA IX is a transmembrane
protein with an extracellular N-terminal active site [75], allowing efficient
targeting by antibodies or small molecule inhibitors. Furthermore, it has been
reported that CA IX mRNA was expressed in 100% NSCLC [76]. Therefore, these
unique features of CA IX have made it a promising target for lung cancer therapy.
Throughout the last decades, two major therapeutic strategies for targeting CA
IX: small molecule inhibitors and monoclonal antibodies are attracting
considerable attention (Figure 1-3b). A large number of effective CA IX
inhibitors were developed over the last 15 years, most of them are
sulfonamide-based compounds [77]. These compounds show their inhibitory
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activity by binding to the zinc ion within CA IX active site [78], which can
perturb pH control and then compromise the survival of tumor cells. One of the
most advanced CA IX inhibitors reported up to now for the treatment of solid
tumor is SLC-0111, and it is the only CA IX inhibitor currently in Phase I
clinical trial [79]. The ‘off-target’ effect, potent allergic reaction and myotoxicity
problem has been an arduous challenge, and thus made CA IX inhibitors difficult
to be applied in clinic [80]. Apart from the development of CA IX inhibitors, CA
IX specific monoclonal antibodies (mAbs) with high binding affinity and
specificity are attracting more interest in clinic. cG250 is recently produced by
WILEX AG (Germany), which goes to phase III trials for the treatment of clear
cell renal cell carcinoma. It can elicit an anti-tumor response due to
antibody-mediated cell cytotoxicity [81]. Unfortunately, it failed to improve the
disease free survival rate. These mAbs exploit the specifically inhibitory
property to CA IX, and they were used as therapeutic agents themselves.
However, there are concerns over the mAbs due to the high immunogenicity [82].
To reduce the immunogenicity and enhance the anti-cancer effects, chemical
conjugation of mAbs with drugs were studied in recent years. The antibody-drug
conjugates consist of a small number of drugs (typically 1-8 molecules of drug
per mAb) directly conjugated via labile linkers to mAb [83]. The possible drug
inactivation and sometimes problematic drug release after uptake of the
conjugates by cancer cells has presented a challenge to the development of these
antibody-drug conjugates.
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Alternatively, the incorporation of anti-CA IX antibody onto liposomes
represents a promising route to enhance the therapeutic output. The engineered
immunoliposomes firstly accumulate in tumor tissue due to the preferential
extravasation from tumor vessels by passive targeting. Then, active targeting is
achieved by recognizing and selectively binding to the extracellular domain of
CA IX enzyme which is overexpressed on tumor cells. Subsequently, the
immunolipsomes internalize into tumor cells which resulting in intracellular drug
release for optimal drug action and direct cell killing (Figure 1-4). In comparison
to the above CA IX targeting strategies, CA IX-directed immunoliposomes avoid
the difficult problems of immunogenicity, immunoconjugate stability and exploit
the exponentially greater capacity of drug loading (104 molecules of drug per
immunoliposomes).
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Table 1-1 Expression of CA IX in cancer patients [84]
Cancer

CA IX Expression

Breast

30% of 740 cases

Cervix

82% of 221 cases

Clear cell renal cell carcinoma

99% of 186 cases

Colorectal

49% of 80 cases

Endometrial

89% of 92 cases

Gastric

48% of 42 cases

Liver

30% of 69 cases

Lung

82% of 175 cases

Ovarian

18% of 205 cases

Oral cavity

43% of 80 cases

Figure 1-3. Schematic illustration of CA IX and the major therapeutic strategies for
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targeting CA IX. (a) CA IX domain composition and metabolon; IC, intracellular tail; TM,
transmembrane region; CA, catalytic domain;PG, proteoglycan-like domain; BT,
bicarbonate transporter; (b) Outline of therapeutic strategies for targeting CA IX.

Figure 1-4. Schematic illustration of the proposed delivery mechanism for CA IX-targeted
immunoliposomes in solid tumors.

1.6 Cell-penetrating peptides (CPPs) as a ligand for targeted drug
delivery
Although

antibody-directed

immunoliposomes

can

actively

transport

associated drugs into the targeted cells via receptor-mediated endocytosis, the
cell-entry by this mechanism is often limited by insufficient escape from the
endosomal compartment. Eventually, these trapped therapeutics in the
endosomes would be degraded by lysosomal entry and enzymatic degradation
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[85]. First described in the late 80’s, cell penetrating peptides (CPPs) are
recognized as a class of short peptides (5~40 amino acids) that can penetrate the
plasma membrane of many, if not all, mammalian cells [86, 87]. These agents
with properties of macromolecule carriers were found to be enhancers of cellular
entry by several different mechanisms. Although the mechanisms underlying the
internalization of CPPs is debated, researchers have proposed three main
possibilities (Figure 1-5): 1) direct penetration by electrostatic interactions and
hydrogen bonding; 2) energy-dependent macropinocytosis; 3) endocytosis
mediated translocation [88]. By covalent or noncovalent attachment, CPPs can
transport large, biologically active molecules (including plasmid DNA, siRNA,
oligonucleotide, peptides, proteins and liposomes) into mammalian cells [86, 87].
And it is reported that CPP-mediated intracellular delivery of nanoparticles can
proceed via energy-dependent micropinocytosis with subsequent enhanced
escape from the endosome [89]. Furthermore, CPPs are also known for their low
cytotoxicity, their ability to taken up by a variety of cell types and not restricted by
the size of the cargo [87]. These advantages of CPPs made them being potential
ligands for cancer therapy. Typically, the CPPs including TAT, R8, RGD have
demonstrated their enhanced penetration into tumor cells and more effective
intracellular delivery of therapeutic agents [90-92]. However, the non-selectivity
of CPPs has hampered their application in clinic.
To overcome the non-selectivity of CPPs, in recent years, many studies have
been working toward the identification of selectively tumor lineage-homing
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cell-penetrating peptides (TCPPs). A research group from Japan [93] has
identified 10 TCPPs by screening of a random peptide library constructed using
mRNA display technology, in which each TCPP targets different tumor cell types.
Among them, CPP33 (with a sequence of RLWMRWYSPRTRAYG) was
reported to be highly permeable in human lung cancer cell line A549, which
warranted a potential application in anti-cancer drug delivery system. It has been
reported that the CPP33 linked nanoparticles could not only specifically target to
A549 cells and enhance the cytotoxicity of docetaxel in vitro, but also
significantly improve the anti-tumor effect of A549 xenografts in vivo [94].

Figure 1-5. Intracellular mechanisms of cell entry for cell penetrating peptides.
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1.7 Scope and objectives of the study
1.7.1 Scope of the study
With the morbidity of lung cancer increasing, there is a critical need to explore
more efficient drugs and strategies to improve the therapeutic efficacy. TPL
provide a great potential for lung cancer treatment by inducing cell apoptosis,
inhibiting cell proliferation and inhibiting tumor metastasis. However, its
application in lung cancer therapy is limited by its poor water solubility and high
toxicity. Liposomal drug delivery system particularly offers the advantage of
reducing toxic side effects while encapsulating the hydrophobic drug like TPL in
the bilayer region. To date, the liposomal-based drug has been developed to
preferentially accumulate into the tumor interstitial space owing to the EPR
effect. While at the same time, substantial accumulation also occurred in the liver
and spleen. To enhance the targeting and penetration of liposomes to specific
cells or tissues, antibody- and cell penetrating peptide (CPP)- mediated targeting
of anti-cancer therapeutics has attracted our interest. By surface modifications
with target-specific ligands, the liposomes may achieve accurate and efficient
delivery of the anticancer drug like TPL to the right place then to do the right
job.
Based on the above rationale, for enhancing the target delivery of TPL, we
utilize the unique features of CA IX along with the anti-cancer properties of TPL
to develop an anti-CA IX antibody decorated TPL-loaded liposomes (CA
IX-TPL-lip). At present, the in vitro and in vivo efficacy using anti-CA IX
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antibody modified TPL-loaded liposomes for lung cancer therapy have not been
performed. Therefore, the CA IX-TPL-lip is developed and its therapeutic
efficiency in orthotopic lung cancer bearing nude mice is investigated via
pulmonary administration.
Secondly, we explore the utility of CPP33, conjugated to the surface of
TPL-loaded liposomes, for enhancing the penetration of TPL into lung cancer
cells.

To our knowledge, this is the first time using CPP33 as a ligand to

modified the surface of TPL-loaded liposomes. Whether this CPP33-lip can
specifically promote the penetration ability of liposomes into lung cancer cells
rather than human lung fibroblast cells are examined. The penetrating ability of
CPP33-lip on 3D tumor spheroids is also determined.
Furthermore, studies demonstrated a dual modification of liposomes, by
co-conjugating CPP and ligand transferrin onto the surface, significantly enhanced
the cellular uptake, transfection, and transport of liposomes across the blood-brain
barrier [95], and improved therapeutic efficacy of anti-cancer drug in brain cancer
models in vitro and in vivo [96]. Moreover, dual-ligand nanoparticles
co-conjugated with angiopep-2 and activatable CPP has been developed to
achieve glioma-targeting delivery systemically [97]. This study showed that the
dual-ligand nanoparticles exhibited a favorable anti-glioma effect and targeted
gliomas efficiently. Overall, the above findings provide a positive platform for the
development of dual-ligand nanoparticles drug delivery system. A dual-ligand
liposomes (dl-lip) for targeted-delivery of chemotherapeutics to lung cancer has
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yet to be identified. This raises our group’s interest to co-conjugate both the
anti-CA IX Ab and CPP33 onto the surface of TPL-loaded liposomes (dl-TPL-lip).
Whether this novel formulation, dl-TPL-lip, can simultaneously improve the
tumor-specific targeting and increase tumor cell penetration of TPL, and in turn
enhance the therapeutic efficacy of TPL in lung cancer has not been previously
explored and are the premise of the current study.
Frame work of the thesis is summarized in Figure 1-6:

Figure 1-6. Frame work of the thesis.
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1.7.2 Objectives of the study
 To develop and determine target-specificity and therapeutic effects of CA
IX-targeted TPL liposomes in vitro and in vivo;
 To develop and evaluate penetrating ability and therapeutic effects of
CPP33-modified TPL liposomes in vitro;
 To develop and examine target-specificity and therapeutic effects of dual
ligand-modified TPL liposomes in vitro and in vivo.
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CHAPTER 2
In vitro study of triptolide-loaded liposomes
decorated with anti-carbonic anhydrase IX antibody
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2.1 Introduction
Lung cancer is one of the most common lethal malignancies worldwide with
1.59 million deaths each year [98]. Although the treatment of lung cancer has
vastly progressed during the last 50 years, the survival rate remains low [99].
NSCLC is the most common lung cancer (85%) and has been linked to poor
prognosis with 5-year survival rates of only 15% [100]. Low accumulation of
therapeutic agents in tumor sites, and fear of high-dose treatment due to toxicity
with severe adverse effects are the main obstacles in efficient lung cancer therapy.
We hypothesize that the efficiency of lung cancer therapy will be substantially
enhanced by delivering chemotherapeutic agents directly to the lung targeting
specific receptors.

Receptors on cancer cells can recognize biological ligands or antibodies on the
liposomal surface, allowing for the selective and precise delivery of drugs to the
proposed site without disturbing normal cells [101-103]. Thus, identifying
specific receptors or antigens restricted to cancer cells is essential. Carbonic
anhydrase IX (CA IX) is a hypoxia-inducible enzyme controlled via the
hypoxia-inducible factor (HIF) [104]. Hypoxia is a salient feature of many types
of solid tumors, as a core cellular response to this microenviromental stress, CA IX
is overexpressed in different types of cancers including cancers of the lung [105,
106], kidney [107], colon [108], and breast [109]. It has been reported that CA IX
mRNA was expressed in 100% of NSCLC [76]. In contrast, it has a restricted
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expression pattern in normal tissue [74]. In addition, localization of the N-terminal
active site of CA IX on the tumor cell surface allows efficient targeting by
antibodies or small molecule inhibitors [110]. These unique features of CA IX
have made it a promising target for lung cancer therapy.

CA IX has been known as a potential cancer treatment target, by using CA IX
inhibitors and monoclonal antibody based drugs. Most of the CA IX inhibitors
are sulfonamide-based compounds and so far, only SLC-0111 is accessed to
Phase I clinical trial for the treatment of solid tumor [111]. The ‘off-target’ effect,
potent allergic reaction and myotoxicity problem of CA IX inhibitors has been an
arduous challenge for successful clinical application [112]. It is worth noting that
CA IX specific monoclonal antibodies (mAbs) with high binding affinity and
specificity are the predominant agent in clinical development. As the most
extensively studied mAb, cG250

demonstrates antibody-mediated

cell

cytotoxicity, positive impact on disease burden and good tolerance in Phase I and
II trials [113]. But, it failed to show a significant improvement of disease free
survival rate in Phase III trials for the treatment of clear cell renal cell carcinoma
[81]. Moreover, no successful study for the treatment of lung cancer is reported
using anti-CA IX antibody. Apart from using CA IX inhibitors and mAbs based
drugs for anti-cancer treatment, we used anti-CA IX antibody as a targeting
ligand onto surface of liposome to deliver therapeutic payloads. This approach
facilitates the targeted delivery to the tumor site and further enhances the
therapeutic response of the drugs.
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Triptolide (TPL) is an active drug against NSCLC [114, 115]. It is isolated from
the Chinese herb Tripterygium wilfordii Hook F [116]. Previous experiments have
shown that TPL is not only cytotoxic to lung cancer cells but also sensitizes them
to chemotherapy in vitro [117, 118]. However, its therapeutic potential has been
limited by the poor water solubility (0.017 mg/mL) and high toxicity (LD 50, 0.8
mg/kg) [13, 119] . Thus, it is desirable to explore strategies for facilitating TPL
targeting to human NSCLC.
Based on the above rationale, we utilize the unique features of CA IX along
with the anti-cancer properties of TPL for developing a promising therapeutic
formulation of NSCLC. In this study, we modified liposomal surfaces with
anti-CA IX antibody and encapsulated TPL for lung cancer therapy. Various in
vitro parameters of CA IX-TPL-Lips including particle size, drug encapsulation
efficiency, drug release, stability, cellular uptake efficiency and cytotoxicity were
explored.

2.2 Materials
Triptolide was purchased from Chengdu Biopurify Phytochemicals Ltd.
(Sichuan, China). Soybean phosphatidylcholine (SPC) was supplied by Taiwei
Pharmaceutical

Co,

Ltd

(Shanghai,

China).

1,

2-distearoyl-sn

-glycero-3-phosphoethanolamine- N- [methoxy (poly-ethylene glycol)-2000]
(ammonium salt) (DSPE-PEG2000) was obtained from Avanti Polar Lipids, Inc.
(Alabaster,AL).

N-[(3-maleimide-1-oxopropyl)
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aminopropylpolyethylene-glycol-carbamyl]distearoylphosphatidyl-ethanolamine
(DSPE-PEG-MAL)and1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7nitro-2-1,3- benzoxadiazol-4-yl) [Triethylamine salt] (NBD-DPPE) were
purchased from NOF America Corporation (White Plains, NY). The mouse
monoclonal anti-CA IX antibody was purchased from USBiological life Sciences.
FITC-conjugated goat anti-mouse secondary antibody was purchased from
Molecular Probes®, Life Technologies. LysoTracker® Red DND-99, Hoechst
33342 and Pierce BCA Protein Assay Kit were supplied by Thermo Fisher
Scientific (Rockford, IL). Acetonitrile of HPLC grade and ethyl acetate were
obtained

from

Anaqua

Chemicals

Supply

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

(Houston,

bromide

(MTT)

TX).
was

supplied by Invitrogen.

2.3 Methods
2.3.1 Preparation of liposomal TPL
TPL-loaded liposomes (TPL-Lips) were prepared by the ethanol injection
method [120]. Briefly, lipids containing SPC (360 mg) and DSPE-PEG2000 (40 mg)
with or without TPL (4 mg) (at a lipid-to-drug weight ratio of 100:1) were
dissolved in 0.5 mL of ethanol as organic phase and mixed thoroughly. The
mixture was rapidly injected into 5 mL phosphate buffered saline (PBS, pH 7.4)
under magnetic stirring at 60°C for 1 h using a syringe needle. The obtained
suspension was further passed once through a 0.2 μm pore size polycarbonate
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membrane and then five times through a 0.1 μm pore size membrane (Whatman,
Maidstone, Kent, UK) under nitrogen gas using an extruder (Northern Lipids Inc.,
Burnaby, BC, Canada) to remove unincorporated drug aggregates and generate
unilamellar vesicles of low polydispersity. NBD-DPPE liposomes were prepared
as above, but with fluorescent dye instead of TPL.
2.3.2 Incorporation of anti-CA IX antibody into preformed liposomes
Immunoliposomes were developed using the post-insertion technique with
slight modification [120-122]. In brief, DSPE-PEG-MAL micelles were formed
by hydrating the dried lipid film containing DSPE-PEG-MAL in PBS (pH 6.6,
0.01 M EDTA) at a concentration of 6 mM with heating at 65°C for 30 min. The
anti-CA IX antibody (MN, CA IX, 214274, USBiological life Sciences) was
thiolated at the hinge region by reacting with the reducing agent [123]. The
monoclonal anti-CA IX antibody was reduced with DTT (0.5 mM) at room
temperature for 90 min in the presence of EDTA (10 mM) to obtain half antibody
with a free sulfhydryl group [124]. The reducing agents from the reduced
antibody

mixture

were

immediately

removed

by

ethyl

acetate

extraction. Subsequently, coupling of the antibody to the preformed micelles was
carried out at a molar ratio of 1:60 by incubation at 4°C with gentle agitation
overnight. To prepare CA IX-TPL-Lips, antibody-conjugated micelles were
incubated with preformed TPL-Lips (DSPE-PEG-MAL: SPC molar ratio of 1:82)
at 60°C for 2 h. In parallel, unmodified micelles were incubated with preformed
TPL-Lips to obtain the non-targeted liposomes (non-targeted TPL-Lips).
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Sepharose CL-4B gel filtration was used to remove the unincorporated
liposomes.
2.3.3 The characterization of liposomes
The generation of half-antibodies by reducing agent was determined with
accurate mass quadrupole time-of-flight mass spectrometer (UPLC Q-TOF MS)
and SDS-PAGE electrophoresis.The conditions for UPLC Q-TOF MS is as
following:
Solvent Name A: 0.1% Formic acid in water;
Solvent Name B: 0.1% Formic acid in acetonitrile.
Table 2-1 Gradient Table of UPLC Q-TOF MS condition
Time (min)

Flow rate

%A

%B

Initial

0.350

90.0

10.0

3.00

0.350

80.0

20.0

13.00

0.350

20.0

80.0

16.00

0.350

20.0

80.0

16.10

0.350

90.0

10.0

19.00

0.350

90.0

10.0

The conjugation of the reduced anti-CA IX antibody to DSPE-PEG-MAL
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micelles

(DSPE-PEG-MAL-CA

IX)

and

the

incorporation

of

the

DSPE-PEG-MAL-CA IX into liposomes (CA IX-TPL-Lips) were checked by
reducing SDS-PAGE electrophoresis followed by Coomassie staining.
After separation by Sepharose CL-4B, the particle size and distribution of the
incorporated liposomes were determined by a Delsa Nano HC Particle Analyzer
(Beckman Coulter, Brea, CA). For the measurement of entrapment efficiency
(EE %), samples of the liposomal TPL preparations were taken and the
unentrapped TPL was removed using the Amicon Ultra-0.5 centrifugal filter (10K
cutoff) by centrifugation (10000 rpm, 15 min). The concentration of the
unentrapped TPL in the filtrate was quantified by ultra-performance liquid
chromatography (UPLC, ACQUITY UPLC System, Waters, Milford, MA) using
an ACQUITY UPLC BEH Shield RP18 column (1.7 μm, 2.1 mm ×100 mm,
Waters) with UV detection at 230 nm. To determine the total amount of TPL in
liposomes, 20 μL of the liposomes was ruptured with 980 μL of methanol. The
injection volume was 2 μL, and the mobile phase consisted of water and
acetonitrile containing 0.1% formic acid in a ratio of 70:30 (V:V) at a flow rate of
0.3 mL/min. EE (%) was calculated using the following Equation (1-1):
EE(%) =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑡𝑟𝑖𝑝𝑡𝑜𝑙𝑖𝑑𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑖𝑝𝑡𝑜𝑙𝑖𝑑𝑒 𝑢𝑠𝑒𝑑

× 100%

(1-1)

In vitro TPL release study was performed using the dialysis method. PBS (pH
7.4) was used as the release media. 1 mL of CA IX-TPL-Lips, non-targeted
TPL-Lips or free TPL solution (0.05 mg/mL) were placed into dialysis tubes
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(MWCO 12-14kDa) and tightly sealed. The dialysis tubes were immersed in 10
mL of PBS (pH 7.4) and incubated at 37°C with gently shaking for 96 h. At
predetermined time intervals, 100 μL release media was sampled and refilled with
the same amount of fresh medium. The concentration of TPL was then determined
by UPLC.
In addition, the stability of CA IX-TPL-Lips at 4°C was monitored by
measuring the change in particle size and organoleptic features, such as
aggregation and precipitation.
2.3.4 Expression of CA IX by A549 cells
A549 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with GlutaMAX supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 μg/mL streptomycin. The expression of CA IX in A549 cells was
investigated under a normoxic or hypoxic condition [121]: A549 cells were
exposed to normoxia (humidified air with 5% CO2) or hypoxia (in a Modular
Incubator Chamber purged with 1% O2, 5% CO2 and balance N2) at 37°C for 20 h,
followed by CA IX detection using immunofluorescence analysis [125]. A549
cells were fixed with 4% cold paraformaldehyde for 15 min after incubation for 24
h under normoxic or hypoxic condition. Cells were washed three times with DPBS
and blocked with 10% bovine serum albumin for 1 h at room temperature, then
incubated with primary mouse monoclonal anti-CA IX antibody (20 μg/mL)
overnight at 4°C. Cells were washed three times followed by incubation with
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FITC-conjugated goat anti-mouse secondary antibody for 1 h at room temperature.
A549 cells under normoxic or hypoxic condition, only treated with
FITC-conjugated goat anti-mouse secondary antibody served as controls to avoid
interference of cell auto-fluorescence. Nuclei were stained with Hoechst 33342 for
15 min after washing three times with DPBS. Cells were observed using a
confocal laser scanning microscope (CLSM; Leica TCS SP8, Leica Microsystems
Ltd.).
2.3.5 Cellular uptake of CA IX-Lips
The cellular uptake of CA IX-Lips and non-targeted Lips after 4 h treatment
was examined by CLSM. A549 cells were seeded at a density of 1×10 5 onto a
glass bottom dish, and grown overnight followed by incubation in normoxia or
hypoxia for 24 h. Thereafter, the medium was replaced with serum-free medium
and the cells were incubated with NBD-DPPE labeled CA IX-Lips or non-targeted
Lips at a final NBD-DPPE concentration of 4 μg/mL for 4 h at 37°C. 30 min
before the treatment ended, LysoTracker Red was added to the cells at a final
concentration of 50 nM. Cells were subsequently washed three times and fixed
with 4% paraformaldehyde. The cells were washed three times with DPBS and
treated with 2.5 μg/mL of Hoechst 33342 for 15 min at 37°C to stain nuclei.
Finally, the cells were washed three times with DPBS and visualized by CLSM.
For the quantitative study, A549 cells were seeded in 6-well plates at a density
of 7.5×105 cells per well and cultured for 24 h under normoxia or hypoxia.
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Different formulations of NBD-DPPE-labeled liposomes were added to the
plates as described above. After 4 h incubation, the cells were
three times with

cold DPBS

washed

followed by trypsin treatment, and finally

resuspended in 0.5 mL DPBS. The fluorescent intensity of the treated cells was
determined using a FACSCanto flow cytometer (Becton Dickinson), acquiring
10,000 events per histogram.
2.3.6 In vitro cytotoxicity assay
MTT assay was used to evaluate the anti-cancer effects of CA IX-TPL-Lips,
non-targeted TPL-Lips and free TPL solution in CA IX-positive and CA
IX-negative A549 cells. The cells were seeded in a 96-well multiwell plate at a
density of 4×103 cells per well and allowed to grow overnight. CA IX-positive
and CA IX-negative cells were generated by parallel treatments with hypoxia
and normoxia as described above. After 20 h, the medium was removed and the
wells were washed twice with PBS. The cells were then incubated with various
concentrations of TPL formulations and blank vesicles at 37°C for 1 h. After
removal of the unbound liposomes or free TPL, the cells were washed with PBS
and then incubated with fresh medium at 37°C for an additional 48 h. Next, 20
μL of MTT solution (5 mg/mL in PBS) was added to each well and incubated
for another 4 h at 37°C. Finally, MTT in medium was removed and 100 μL/well
of DMSO was added to dissolve the formazan crystals. The absorbance was
measured at 570 nm using a Benchmark Plus Microplate Reader (Bio-rad
Laboratories).
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2.3.7 Statistical analysis
Data were expressed as mean ± standard deviation (SD), unless specified
otherwise. Statistical analyses were performed using one-way repeated
measures ANOVA with Student-Newman-Keuls test with Sigmaplot Software.

2.4 Results and discussion
2.4.1 Preparation and characterization of liposomal TPL
Firstly, the antibodies were treated with the reducing agent dithiothreitol (DTT)
at a mild condition to generate half-antibodies containing a free thiol group [124,
126, 127] adequate for the formation of thioether with DSPE-PEG-maleimide
(DSPE-PEG-MAL).

Subsequently,

we

prepared

CA

IX-TPL-Lips

by

incorporating antibody-conjugated micelles into TPL-Lips (Figure 2-1). The
antibody we used in this study is a kind of immunoglobulin G (IgG), which
contains two heavy chains and two light chains with intact molecular weight
about 150 kDa [126]. After the reduction, half-antibody with a molecular mass
around 75 kDa was generated, which contained an intact antigen binding site
(heavy-light chain). The generated half-antibodies were verified with ultra-high
performance liquid chromatograph with UPLC Q-TOF MS (Figure 2-2) and
SDS-PAGE electrophoresis followed by Coomassie staining (Figure 2-3). The
conjugation of reduced anti-CA IX antibody with DSPE-PEG-MAL micelles
(DSPE-PEG-MAL-CA IX) and the successful preparation of CA IX-Lips were
also confirmed by SDS-PAGE electrophoresis, demonstrated by the upper shift of
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the band due to the change in molecular weight (Figure 2-3). Protein smears
observed in the lane of DSPE-PEG-MAL-CA IX and CA IX-TPL-Lips were
probably due to the lipid content in the sample, which decreased the
electrophoretic mobility of antibody chains [128]. Incorporated liposomes were
separated by Sepharose CL-4B gel filtration chromatography. A total of 16
fractions (1mL per fraction) were eluted from the gel column and were examined
by UPLC and SDS-PAGE. The immunoliposomes were eluted in Fraction 2-4 and
were identified by the turbid appearance and the particle size distribution of
liposome, the presence of encapsulated TPL detected by UPLC and the expression
of active bands of anti-CA IX antibody by western blotting (Figure 2-4a and
Figure 2-4b). As exhibited the strongest signal of anti-CA IX antibody and with a
moderate concentration of TPL, Fraction 3 was used for the follow-up experiment
as the preparation of CA IX-directed TPL liposomes.
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Figure 2-1. Illustration of the preparation of CA IX-TPL-Lips (size not to scale).

37

Figure 2-2. UPLC Q-TOF MS spectra of (a) Anti-CA IX antibody and (b) Reduced
anti-CA IX antibody.
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Figure 2-3. SDS-PAGE gel was stained with Coomassie Brilliant Blue R250 to visualize the
Ab. Reducing SDS-PAGE electrophoresis of lane 1: molecular weight size marker, lane 2:
Anti-CA IX antibody (Ab), lane 3: Reduced anti-CA IX antibody (Ab), lane 4:
DSPE-PEG-MAL-Ab, lane 5: Non-targeted TPL-Lips and lane 6: CA IX-TPL-Lips.

Figure 2-4. (a) TPL analysis of the eluted fractions using UPLC by Sepharose CL-4B gel
filtration; (b) SDS-PAGE analysis of anti-CA IX antibody in the eluted fractions; Fraction 2-4
indicated that the anti-CA IX antibody was successfully incorporated to the surface of
liposomes, whereas Fraction 5-8 represented the unincorporated liposomes separated by
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Sepharose CL-4B gel filtration.

Particle size, polydispersity index, and entrapment efficiency of the prepared
liposomal TPL are presented in Table 2-2. After incorporation of the
antibody-conjugated micelles, the particle size increased significantly compared
to non-targeted TPL-Lips, from 127.2±4.93 nm to 160.1±0.9 nm (p< 0.001),
suggesting the presence of antibody molecules on the surface of liposomes. CA
IX-TPL-Lips showed homogenous polydispersity index values and particle size
distribution (Figure 2-5).
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Table 2-2 Characteristics of liposomal TPL.

Formulation

Particle size

Polydispersity

EE

Non-targeted

127.2±
(nm) 4.9

0.107±
index 0.047

85.6±
2.1
(%)

TPL-Lips
CA
IX-TPL-Lips

160.1±0.9***

0.175±0.010

92.1±1.8

Note: ***, p < 0.001 when compared with the non-targeted TPL-Lips group; Data were expressed as
mean ±standard deviation (SD).

Figure 2-5. Representative particle size distribution of CA IX-TPL-Lips.

The cumulative release profile of TPL from CA IX-Lips in vitro is shown in
Figure 2-6. Both non-targeted TPL-Lips and CA IX-TPL-Lips revealed similar
release kinetics, which reduced the release speed within a time. Initially, the
un-entrapped TPL in liposomal formulations resulted in a slight rapid release
profile. And then, the TPL which incorporated in the bilayer region was released
to the medium. The total cumulative release of non-targeted TPL-Lips and CA
IX-TPL-Lips was approximately 37% and 25% within 96 h, respectively. The
approximately stable release profile after 24 h revealed that the liposomes turned
to stable in such condition. The similar release results of liposomal formulations
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revealed that the decoration with anti-CA IX antibody do not remarkably influence
the release profile of the liposomes.

Figure 2-6. In vitro release profile of TPL formulations in PBS (pH 7.4).

Furthermore, the CA IX-TPL-Lips were stable with no significant change in
particle size and organoleptic features, such as aggregation and precipitation in 14
days (Figure 2-7).

Figure 2-7. Stability of CA IX-TPL-Lips at 4°C evaluated by measuring the change in particle
size (n=3).
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2.4.2 Cellular uptake of CA IX-Lips
Hypoxia is a salient feature of many types of solid tumors due to the increased
metabolic production, impaired removal of CO2 and the abnormal vasculature
microvasculature [67, 129]. Since CA IX is a hypoxia-inducible enzyme
controlled by HIF, we cultured the cells under hypoxic conditions to mimic the in
vivo microenvironment of solid tumors. Firstly, we confirmed that CA IX was
expressed at high levels on the cell membrane of A549 cells after 20 h incubation
under hypoxia (CA IX-positive), while no expression was seen under normoxia
(CA IX-negative) (Figure 2-8). We applied hypoxic conditions to induce the
expression of CA IX in A549 cells for the following in vitro experiment at cellular
level.

Figure 2-8. Expression of CA IX on cell membranes detected with FITC-conjugated goat
anti-mouse secondary antibody (green) by CLSM. The control cells were not pretreated with
primary monoclonal anti-CA IX antibody, but only treated with FITC-conjugated secondary
antibody; Nuclei were stained with Hoechst 33342 (blue); Bright field (BF). Scale bars, 50
μm.
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The cellular uptake of non-targeted Lips and CA IX-Lips in both CA
IX-positive and –negative A549 cells after 4 h incubation was determined by
CLSM. As shown in Figure 2-9, liposomes were clustered around the membranes
in non-targeted Lips treated CA IX-positive A549 cells, where NBD-DPPE was
detected with green fluorescence, the cellular acidic lysosome/endosome was
detected with red fluorescence, and cellular nuclei were detected with blue
fluorescence. Compared to non-targeted Lips, more liposomes were bound with
the cells and even penetrated into the nuclei in CA IX-Lips-treated CA
IX-positive A549 cells. However, CA IX-negative cells treated with non-targeted
Lips or CA IX-Lips showed the liposomes had almost the same binding efficacy.
This result indicated that the anti-CA IX antibody modification enhances the
binding and internalization of liposomes to CA IX-positive cancer cells than to
CA IX-negative cells.

Figure 2-9. Cellular uptake study by CLSM image of CA IX-negative and CA IX-positive
A549 cells after treatment with NBD-DPPE labeled CA IX-Lips and non-targeted liposomes
for 4 h; Scale bars, 10 μm.
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We

made

quantitative

measurements

of

the

cellular

uptake

of

NBD-DPPE-labeled liposomal formulations using flow cytometry. CA
IX-positive A549 cells treated with CA IX-Lips showed a prominent right shift in
the cytometric analysis compared to the non-targeted Lips, suggesting enhanced
cellular uptake of the CA IX-Lips (Figure 2-10a). The intracellular mean
fluorescence intensity of CA IX-Lips was significantly increased in CA
IX-positive cells (p<0.001; Figure 2-10b). However, there was no significant
difference between CA IX-decorated and non-targeted liposomes in CA
IX-negative cells. This result was consistent with the result from the qualitative
study. Thus, CA IX-Lips had a greater targeting efficacy to CA IX-overexpressing
cells than unmodified liposomes.

Figure 2-10. Quantitative analysis of NBD-DPPE-labeled liposomes uptake (a) by flow
cytometry; (b) mean fluorescence intensity of NBD-DPPE-labeled liposomes after 4 h
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treatment; control cells were untreated. Data are presented as mean ±SD (n=3), *** indicates
p<0.001.

2.4.3 In vitro cytotoxicity of CA IX-TPL-Lips
We then evaluated the in vitro efficiency of CA IX-TPL-Lips using an MTT
assay. Following the induction of CA IX by hypoxia, the cell viability of CA
IX-Lips treated group was significantly reduced compared to both non-targeted
Lips group and free TPL group at TPL concentrations from 6.25 μM to 50 μM
(Figure 2-11). For CA IX-positive cells, CA IX-Lips and non-targeted TPL-Lips
both demonstrated a lower IC50 (14.67 μM and 29.09 μM) than the free TPL group
(44.64 μM). Furthermore, the IC50 of CA IX-TPL-Lips was much lower than that
of non-targeted TPL-Lips, which may be attributed to the improved targeting
efficacy of the CA IX modification. However, we found no significant differences
in cell viabilities of CA IX-negative cells when treated with the CA IX-decorated
and non-targeted liposomal formulations at different concentrations, suggesting
that the CA IX ligand played a key role in enhanced cytotoxicity in vitro.

Figure 2-11. In vitro cytotoxicity of free TPL, non-targeted TPL-Lips and CA IX-TPL-Lips
against CA IX-positive and CA IX-negative A549 cells assessed by MTT assay. Data are
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presented as mean ±SD (n=3). *, p<0.05 compared with free TPL group; #, p<0.05 compared
with non-targeted TPL-Lips group.

2.5 Conclusion
In the present study, a TPL-loaded, CA IX-decorated liposomes for drug
delivery targeted at NSCLC with advantages in uniform particle size distribution
and sustained released property was successfully developed. This work
demonstrated that anti-CA IX antibody conjugated to liposomes could
significantly increase cellular uptake to enhance the cytotoxicity of TPL in CA
IX-positive cancer cells. These results also provide basis for the further in vivo
study of CA IX-TPL-lip in lung cancer models.
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CHAPTER 3
In vivo study of triptolide-loaded liposomes
decorated with anti-carbonic anhydrase IX antibody
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3.1 Introduction
Recent studies have shown that CA IX is being detected in the body fluid of
lung cancer patients due to ectodomain shedding [130]. The targeting
accumulation of immune-therapeutics in tumor site will be impacted by the
non-effective binding in the circulation. To view of that, pulmonary
administration provides the possibility of regional drug delivery to the lung,
which leads to the high drug concentration to the tumor site comparatively to the
blood and further enhances the targeting efficacy.
Many studies of lung cancer therapeutics have relied on ectopic tumor models,
generated by subcutaneous inoculation of human lung cancer cells into easily
accessible body parts in mice. Organ microenvironment can in fact modulate the
phenotype and sensitivity to chemotherapeutics of cancer cells [131, 132].
Orthotopic models in which tumors grow in the microenvironment of lung tissues，
thus provide more clinically relevant systems for the identification of novel
anti-cancer drugs [133].
Therefore, in this chapter, we modified TPL-liposomal surfaces with anti-CA
IX antibody for delivery via pulmonary route for lung cancer therapy. The
bio-distribution and therapeutic effect of CA IX-Lips were also examined in
animal models carrying orthotopic lung tumors by endotracheal administration.
This study provides insight into targeted and sustained delivery of a toxic drug
through CA IX-Lips via the pulmonary route for lung cancer therapy.

49

3.2 Cells and animals
The luciferase-expressing A549 cells (A549-Red-FLuc) were purchased from
Shanghai Genomics (Shanghai, China). Male BALB/c nu/nu mice (7-8 weeks old)
were obtained from the Laboratory Animal Services Center, the University of
Hong Kong. All animal experiments were conducted according to the guidelines
of the Committee on the use of Human and Animal Subjects in Teaching and
Research of Hong Kong Baptist University and were approved by the Health
Department of Hong Kong Special Administrative Region. Anesthesia was
performed with an intraperitoneal injection of chloral hydrate at a dose of 300
mg/kg before experiments.

3.3 Methods
3.3.1 Establishment of orthotopic lung tumor models.
Mice were implanted with A549 cells using the technique previously reported
by Onn et al [133]. A549 cell suspensions (1×107 cells/mL) were prepared in
Matrigel Matrix (4.35 mg/mL) (BD Biosciences, San Jose, CA). The mice (7-8
weeks) were anesthetized and placed in the right lateral decubitus position. 1 mL
syringes with 29- gauge needles were used to inject 1 × 106 cells percutaneously
into the right lateral thorax, at the lateral dorsal axillary line, about 1.5 cm above
the lower rib line just below the inferior border of the scapula. On day 56 after
tumor cell implantation,

three

mice

were

sacrificed

and

lung

tumor

tissue was collected. Protein was extracted from tumor tissues using RIPA
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buffer with the Halt Protease and Phosphatase Inhibitor Cocktail. CA IX
expression in tumor extract samples was confirmed by Western blot.
3.3.2 Bio-distribution of CA IX-Lips
The bio-distribution and tumor-targeting properties of CA IX-Lips in
A549-Red-FLuc orthotopic lung cancer BALB/c nude mice were investigated
using an IVIS Lumina XR system (Caliper LifeSciences). A CA IX-decorated DiR
liposomes suspension was administered directly via pulmonary delivery. For
endotracheal administration, the mouse was firstly anesthetized with 5% of
chloral hydrate at a dose of 300 mg/kg by intraperitoneal injection. Then the
mice were placed in a neck vertical position. The tongue of mouse was gently
pulled out with tweezes. A small transparent tube was inserted under the tongue
to the trachea of mouse. The treatment formulations were sprayed to the trachea
using Microsprayer® Aerosolizer Pulmonary Aerosol kit for Mouse Model
PAK-MSA (Penn-Century, Inc. Wyndmoor, PA19038 USA). The distribution
behavior in the nude mouse was monitored at different time points after
endotracheal administration using an in vivo imaging system.
3.3.3 In vivo anti-cancer efficacy
Orthotopic implantation of A549-Red-FLuc cells was performed in nude mice
as described above. 14 days after tumor cell injection (day 14), mice were
randomized into treatment and control groups (5 mice in each group). The
treatment groups were given CA IX-TPL-Lips, non-targeted TPL-Lips and free
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TPL solution at a dose of 0.15 mg/kg [134] once every 3-4 days for a total of 8
times via pulmonary delivery, while the control group received saline with the
same conditions. To prepare free TPL solution, a TPL stock solution in ethanol
was firstly TPL prepared. 2 mg of TPL was dissolved with 2 mL of ethanol by
heating at 60°C till the TPL was thoroughly dissolved. Then, this TPL stock
solution was diluted with saline to 0.1 mg/mL. The concentration of all TPL
preparations was determined by UPLC before administration. Tumor growth was
assessed by bioluminescence imaging once a week. D-luciferin substrate (Regis
Technologies, Inc., Morton Grove, IL) was injected intraperitoneally at a dose of
150 mg/kg under anesthesia. Bioluminescence signals emitted from the implanted
orthotopic A549-Red-FLuc tumors were measured 15 min later using the IVIS
Lumina XR system. Body weight was monitored weekly throughout the study.
The number of dead animals was recorded every day to create the survival curve.
All left mice were sacrificed at day 90. Lungs and livers were collected and
applied for hematoxylin and eosin (HE) staining.
3.3.4 Statistical analysis
The survival analysis was evaluated by the Kaplan-Meier method with
GraphPad Prism 5 Software, followed by the log rank test for comparisons.

3.4 Results and discussion
3.4.1 Establishment of orthotopic lung tumor models
In this study, we demonstrated the therapeutic benefit of CA IX-decorated
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immunoliposomal TPL by using a mouse model of orthotopic NSCLC tumors.
Here，the orthotopic mouse model of human NSCLC was developed by injecting
A549 cells percutaneously into the thorax of the mouse. The implantation
technique used in this study was simple and reproducible, with an operative
mortality rate of only 4%. Matrigel was used as an anchor to fix the tumor cells at
the site of injection and prevent unwanted cell spread. Figure 3-1a shows a
representative solitary tumor mass observed within the lung 56 days after tumor
cell implantation. CA IX expression due to hypoxic environment within the tumor
was confirmed in excised tumor tissue samples (Figure 3-1b). This mouse model
can provide a clinically relevant system for studying the therapeutic efficacy of
TPL delivered by CA IX-Lips.

Figure 3-1. Establishment of orthotopic NSCLC tumor models. (a) Representative solitary
tumor surrounded by normal lung tissue that was observed 56 days after intrathoracic
injection of A549 cells; (b), Western blot detection of CA IX in A549 lung tumor xenografts
collected from three individual mice (M1, M2, and M3). GAPDH was used as the loading
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control.

3.4.2 Bio-distribution of CA IX-Lips
Delivery route plays an important role in the treatment of NSCLC. Direct
delivery of chemotherapeutics to the lung could provide a better accumulation of
active ingredients in the lung and low systemic side effects [135]. In order to
maximize exposure of lung tumor tissues to the drug and minimize the toxicity to
normal organ tissue, as demonstrated in Figure 3-2, the mice were treated with
different TPL formulations by endotracheal administration. The successful
establishment of A549-Red-FLuc orthotopic lung cancer in the mouse was
checked by bioluminescence imaging using the IVIS® Lumina XR system (Figure
3-3a) before the bio-distribution study. Subsequently, the bio-distribution behavior
of CA IX-Lips was investigated in the mouse by endotracheal administration.
Figure 3-3b demonstrates that the CA IX-decorated DiR liposomes were only
concentrated in the lung, and could even be seen at 96 h. This result could support
the potential application of CA IX-decorated immunoliposomes as a sustained
delivery system targeted at lung cancer site.
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Figure 3-2. Illustration for endotracheal administration. (a) Microsprayer® Aerosolizer
Pulmonary Aerosol kit for Mouse Model PAK-MSA; (b) Endotracheal administration to the
nude mouse.

Figure 3-3. Bio-distribution behavior of CA IX-Lips. (a) Bioluminescence imaging of
A549-Red-FLuc orthotopic tumor-bearing mouse; (b) Fluorescence imaging of CA IX-Lips
DiR liposomes bio-distribution behavior in A549-Red-FLuc orthotopic tumor-bearing mouse
at different time points after endotracheal administration.
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3.4.3 In vivo anti-cancer efficacy
Since TPL release from CA IX-Lips could be sustained for up to 96 h in vitro,
and liposomes could be observed for up to 96 h in the bio-distribution study in
vivo, the tumor-bearing mice were treated with TPL formulations twice a week.
In the study, we monitored the variation in bioluminescence signals of the tumor
and body weight to evaluate the anti-cancer efficacy of different TPL formulations
in mice with orthotopic lung tumors (Figure 3-4a). Figure 3-4b shows
representative serial images of each group throughout the experimental period
from day 14 to day 42 (4 days after the last dose of treatment). The group receiving
CA IX-TPL-Lips exhibited the strongest tumor growth inhibition after 8 treatment
doses compared to non-targeted TPL-Lips, free TPL and the saline groups. A
change in body weight of tumor-bearing mice during treatment has often been
used as a marker of toxicity. In the present study, no significant variations were
observed in all treatment groups relative to the control group, indicating no
apparent systemic toxicity of TPL formulations in pulmonary delivery (Figure
3-5). This result also demonstrates that pulmonary delivery of an anti-cancer drug
can be a very well-tolerated strategy.
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Figure 3-4. Anti-cancer effects of CA IX-TPL-Lips in mice with orthotopic lung tumors. (a)
Treatment schedule of TPL formulations in orthotopic A549-Red-FLuc tumor-bearing
BALB/c nude mice; (b) Representative serial images of bioluminescence change in mice
during treatment with different formulations of TPL including CA IX-TPL-Lips, non-targeted
TPL-Lips, free TPL solution and saline as a control (n = 5) using the IVIS® Lumina XR
system.
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Figure 3-5. Body weights of mice receiving TPL formulations endotracheally.

The lifespan of CA IX-TPL-Lips treated mice was significantly prolonged
(p=0.002 compared with control) (Figure 3-6) with a median survival time of up to
90 days, twice longer than that of the control group. Although non-targeted
TPL-Lips could prolong the median survival time from 45 days to 71 days, we
found no significant difference between the saline group and non-targeted
TPL-Lips group.

Figure 3-6.

Survival

curve

of

mice

with
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orthotopic

lung

tumors

following

administration of TPL formulations. *p<0.05, compared with saline.

Representative histopathology samples are shown in Figure 3-7. In saline treated
mice, tumors in the lung were composed of large cells with eosinophilic cytoplasm.
We observed the typical features of tumor cells with large and irregular nuclei. The
group receiving free TPL displayed highly condensed nuclei and peri-bronchial
accumulation of chronic inflammatory cells. In the group treated with
non-targeted liposomal TPL, small tumors appeared and were composed primarily
of loose aggregates of large cells with foamy cytoplasm. Mice treated with CA
IX-TPL-Lips presented lower density of tumor cells compared to the other groups.
Tumors in the lungs of these animals were small and loosely organized and
showed abundant foamy cytoplasm. In addition, because nanoparticles are
generally taken up by the liver due to fenestrated endothelia and heavy blood flow
in the systemic circulation [136, 137], the use of TPL could result in serious
adverse events mainly associated with the liver, such as hepatomegaly and hepatic
injury [138]. We also studied histopathological changes of the liver in the present
study. Only the free TPL caused slight damage to livers and no obvious
hepatotoxicity was discovered in the liposome groups. This result demonstrates
that pulmonary delivery decreases the toxicity of TPL to the liver.
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Figure 3-7. Histological staining of organs following pulmonary administration of TPL
formulations. Scale bars, 100 μm.

The enhanced anti-cancer effect of the liposomal groups was mainly ascribed to
the fact that the liposomes could offer prolonged time and sustained release of
anti-cancer agents in the lung by pulmonary administration. By surface
modification of liposomes with targeting ligands that bind specifically to these
overexpressed receptors at tumor site and simultaneously administrated via
pulmonary route, chemotherapeutic drugs can be delivered to the lung tumor sites
and then released to the targeted cells. The anti-CA IX antibody on the liposomes
could mediate the targeting of cancer cells by specific interaction with CA IX on
the tumor cell surface, and thus improve tumor exposure to the cytotoxic drug.
Results from the present study suggest the application of CA IX-TPL-Lips via
pulmonary delivery for effective therapy of NSCLC.

3.5 Conclusion
In vivo studies showed that anti-CA IX antibody-decorated liposomal TPL not
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only suppressed tumor growth more efficiently than other non-targeted TPL
formulations by pulmonary delivery, but also maximally extended the survival
time of mice with orthotopic lung tumors. In summary, CA IX-Lips for TPL
delivery via pulmonary route showed significant improvement in NSCLC therapy.
Preclinical studies on a larger number of animal models for anti-cancer effect and
comparison with intravenous administration are warranted. This work provides an
insight for the development of active targeting liposome via pulmonary delivery to
lung cancer treatment and the application of CA IX as a target antigen.
Disclosure
The work of this chapter has been published in an open access journal: Scientific Reports.
This work is licensed under the Creative Commons Attribution 4.0 International License.
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CHAPTER 4
Study of CPP33-TPL-liposomes on 2D lung tumor
cells and 3D tumor spheroids
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4.1 Introduction
First discovered in 1988, cell-penetrating peptides (CPPs) has been known as
a promising tool for drug delivery due to the ability to carry a variety of cargo
molecules (e.g. plasmid DNA, siRNA, therapeutic proteins, oligonucleotides and
nanoparticles) into cells [139]. They are capable for crossing the cell membrane
in a nontoxic manner and are considered highly efficient and safe, thus,
providing new avenues for medical research. However, its application is usually
impeded due to their undesirable characteristic of non-specificity. This lack of
selectivity increases the risk of drug-induced toxic effect on normal tissues [85].
To overcome the problem posed by conventional CPPs, researchers have come
up with plenty of strategies. One approach is mRNA display technology to obtain
novel CPPs that possessed both cell-penetrating property and specific cell
selectivity [140]. A novel 15 amino-acid-long tumor lineage-homing
cell-penetrating peptide with a sequence of RLWMRWYSPRTRAYG (CPP33) is
synthesized by Kondo et al. group using this technology, which could
specifically permeate human NSCLC A549 cells [93]. CPP33 noninvasively
targets NSCLC with minimizing transduction into normal tissues. This uniquely
permeation of CPP33 made it a potentially useful ligand for developing
peptide-based targeting drug delivery system.
Typically, the in vitro screening for novel anti-cancer drugs and formulations
mainly relied on cytotoxicity assays using monolayer cancer cell lines (2D cells).
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However, results from such platforms often are very different from clinical trials.
From the drug delivery perspective, conventional 2D cell cultures are not capable
of mimicking the complexing physiological barriers of clinical tumors.
Compared to traditional monolayer culture system, the cells in multicellular
spheroids (3D spheroids) are more closely similar those in vivo situation [141].
3D culture conditions in the spheroids contain many of the characteristics of
natural tissue including the production of an extracellular matrix, a core region of
hypoxic and necrotic, which is demonstrated to provide a major barrier to
traditional drugs and nanoparticles penetration in solid tumors (Figure 4-1).
Here, a tumor lineage-homing peptide CPP33 was incorporated into liposomes
to create a novel drug delivery system that ensures improved drug uptake, as
well as their selectivity and controlled release. In this study, triptolide (TPL), an
active drug against NSCLC, was used as the anti-cancer drug. The anti-cancer
effect of CPP33-modified TPL-liposomes (CPP33-TPL-lip) is yet to be
established. We investigated various in vitro parameters of CPP33-TPL-lip
including particle size, drug encapsulation efficiency, and its therapeutic
efficiency in both 2D and 3D NSCLC cell models.
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Figure 4-1. Brightfield image of 3D tumor spheroids with pathophysiological gradients
schematically reported. Scale bars, 750 μm.

4.2 Materials
Triptolide was supplied by Chengdu Biopurify Phytochemicals Ltd. (Sichuan,
China). CPP33 peptide with a terminal cysteine (Cys-CPP33) was synthesized by
Scilight Biotechnology (Beijing, China). Soybean phosphatidylcholine (SPC)
was purchased from Taiwei Pharmaceutical Co, Ltd (Shanghai, China). 1,
2-distearoyl-sn -glycero-3-phosphoethanolamine- N- [methoxy (poly-ethylene
glycol)-2000] (ammonium salt) (DSPE-PEG2000) was purchased from Avanti
Polar

Lipids,

Inc.

(Alabaster,

AL).

N-[(3-maleimide-1-oxopropyl)

aminopropylpolyethylene-glycol-carbamyl] distearoylphosphatidyl-ethanolamine
(DSPE-PEG-MAL)

and

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadia
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zol-4-yl) [Triethylamine salt] (NBD-DPPE) were purchased from NOF America
Corporation

(White

Plains,

Paraformaldehyde

were

NY).

Dimethyl

purchased

sulfoxide

(DMSO)

from

Sigma-Aldrich.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT)

and

was

supplied by Invitrogen.

4.3 Methods
4.3.1 Synthesis of DSPE-PEG-MAL-CPP33 conjugate
DSPE-PEG-MAL-CPP33 conjugate was synthesized by coupling the thiol
group

of

cysteine-modified

CPP33

with

the

maleimide

group

of

DSPE-PEG2000-MAL [142]. Briefly, 20 mg of DSPE-PEG2000-MAL was
dissolved in HEPES buffer (20 mM HEPES, 10 mM EDTA-2Na, pH 6.5), and
then cysteine-modified CPP33 (14.1 mg, 35.6 μmol) dissolved in 20% of
acetonitrile was added into the DSPE-PEG2000-MAL solution. The reaction was
continued for 48 h with gently stirred at room temperature under nitrogen
protection. Then, the reaction mixture was incubated with L-cysteine (10 times
the molar ratio to maleimide residues) for another 4 h to cap unreacted
maleimide group. The resulting product was dialyzed against distilled water for
48 h (MWCO 3500 Da). At last, the purified conjugate was obtained after
lyophilization and stored at -20°C. The conjugation of CPP33 with
DSPE-PEG2000-MAL was

authenticated using a matrix

assisted laser

desorption/ionization-time of flight mass spectrometer (MALDI-TOF MS,
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Bruker Daltonics, Germany).
4.3.2 Preparation and characterization of liposomes
Various liposomal formulations were prepared using an ethanol injection
method followed by membrane extrusion [121]. CPP33-liposomes (CPP33-lip)
with three different CPP33 molar ratio were prepared from SPC, DSPE-PEG2000,
and DSPE-PEG2000-MAL-CPP33 at 97:3:1, 97:3:2 and 97:3:3 at molar ratio,
respectively. SPC and DSPE-PEG2000 were added at a ratio of 97:3 for
non-modified liposomes (lip). For liposomes loaded with TPL, TPL was
dissolved with the lipid (lipid:drug= 100:1, w/w) in 0.1 mL of ethanol as organic
phase and mixed thoroughly. The mixture was rapidly injected into 2 mL
phosphate buffered saline (PBS, pH 7.4) under stirring at 60°C for 1 h using a
syringe needle. The suspension was obtained and extruded through
polycarbonate membrane (LIPEXTM Extruder, Northern Lipid Inc., Canada) with
pore sizes of 200 nm for 3 times, 100 nm for 3 times and then 80 nm for 5 times.
To determine the binding and penetration of liposomes with A549 cells,
NBD-DPPE was added to initial ethanol solution at a concentration of 1 mol% of
all lipids followed with the same procedures as above.
4.3.3 The characterization of liposomes
Delsa Nano HC Particle Analyzer (Beckman Coulter, Brea, CA) was used to
determine the particle size and distribution of CPP33-TPL-lip and non-modified
liposomes. The entrapment efficiency (EE %) of the liposomal TPL preparations
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were determined by ultra-filtration method using the Amicon Ultra-0.5
centrifugal filter (10K cutoff) by centrifugation (10000 rpm, 15 min). And the
concentration of TPL was examined by UPLC under the same condition as 2.3.3.
4.3.4 Apoptosis assay
The apoptosis activity induced by CPP33-TPL-lip with different CPP33 ratio
(1%, 2% 3% molar ratio) and non-modified liposomes was determined in A549
cells after 4 h treatment (TPL concentration 100 μM). After removal of the
unbound liposomes, the cells were washed with PBS and then incubated with
fresh medium at 37°C for an additional 20 h followed by Annexin V-FITC/PI
double staining. After treatment, cells were harvested, washed with cold PBS
twice times and suspended in 500 μL binding buffer. Then, 5 μL of Annexin
V-FITC and 5 μL of PI were added to the cell suspensions. After 15 min
incubation in the dark, the double stained cells were immediately analyzed by
FACScan flow cyctometry with 10,000 events per histogram.
4.3.5 Cellular uptake study
A549 cells, a human non-small cell lung cancer cell line and MRC-5, a human
lung fibroblast cell line were seeded to confocal dish and allowed to incubate for
24 h at a density of 1×105 cells per well. Then, cells were incubated with
NBD-DPPE labeled CPP33-lip and lip (final NBD-DPPE concentration 4 μg/mL)
for 4 h at 37°C. LysoTracker Red was added to stain the lysosomes of the cells
and incubated for 30 min before the treatment end (50 nM). The cells were
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washed three times with PBS, followed by fixation with 4% paraformaldehyde
for 15 min. The nuclei were stained with Hoechst 33342 (2.5 μg/mL) for 15 min
at 37°C. Finally, the cells were washed another three times with PBS and
visualized by CLSM.
4.3.6 Formation of A549 tumor spheroids
A549 tumor spheroids were firstly prepared as follows [143]:

a 96-well plate

was pre-coated with 2% (w/v) low melting point agarose in serum free DMEM
medium; After cooling to solidify the agarose coating, 1×103 A549 cells were
seeded into each well and incubated for 7 days to form spheroids.
4.3.7 Penetration into 3D tumor spheroids
For penetrating study, the uniform and compacted spheroids after 7 days’
incubation were transferred to a confocal dish and incubated with NBD-DPPE
labeled CPP33-lip or non-modified liposomes for 4 h at 37°C, then the spheroids
were washed with cold PBS. After fixation with 4% paraformaldehyde for 15
min, the spheroids were washed and scanned began from the top to the equatorial
plane to obtain the Z-stack images by CLSM.

4.4 Results and discussion
4.4.1 Synthesis of DSPE-PEG-MAL-CPP33 conjugate
The synthesis of DSPE-PEG-MAL-CPP33 conjugate was illustrated in Figure
4-2. As shown in Figure 4-2, DSPE-PEG-MAL-CPP33 was synthesized via the
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thiol-ene “click” reaction of the maleimide group with the sulfhydryl group of
CPP33. The successful synthesis of DSPE-PEG-MAL-CPP33 was validated by
MALDI-TOF MS, as the major peak showed at 5042.349 mass-charge ratio. The
molecular

shifts

for

CPP33

(MW

2103.238)

and

the

final

DSPE-PEG-MAL-CPP33 conjugate confirms the result, which was in
accordance with the theoretical calculated MW (Figure 4-3).

Figure 4-2. Schematic of synthesis of DSPE-PEG-MAL-CPP33 conjugate.
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Figure 4-3. MALDI-TOF-MS spectra of (a) CPP33, (b) DSPE-PEG2000-MAL and (c) the
final DSPE-PEG-MAL-CPP33 conjugate.

4.4.2 Preparation and characterization of CPP33-TPL-lip
CPP33-TPL-lip with different molar ratio of CPP33 and non-modified
TPL-liposomes were fabricated via ethanol injection method (Figure 4-4). As
shown in Table 4-1, the mean diameter of all TPL liposomal formulation was
about 80-120 nm, and the PDI was in a range of 0.06-0.28, suggesting an
acceptable particle size distribution. The EE% was in a range of 80.3%-87.3%.
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As the ratio of CPP33 increased, the particle size of TPL liposomal formulations
slightly increased with the EE% of TPL slightly declined, indicating the presence
of CPP33 on the surface of the liposomes. A representative particle size
distribution of CPP33-TPL-lip was shown in Figure 4-5a. It is reported that
particles less than 200 nm are easily extravasated the leaky tumor vasculature
[144], thus, the size of the developed liposomal formulations ranging from
80-120 nm were favorably accumulated at tumor site via EPR effect. In addition,
no apparent organoleptic change such as aggregation and precipitation was
visualized after stored at 4°C for 35 days (Figure 4-5b).

Figure 4-4. Illustration of the preparation of CPP33-TPL-lip (size not to scale).
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Figure 4-5. (a) Representative particle size distribution of CPP33-TPL-lip; (b) photograph of
CPP33-TPL-lip after stored at 4°C for 35 days.

Table 4-1 Characteristics of TPL-lip and CPP33-TPL-lip with 1%, 2% and 3% CPP33 molar
ratio.

Formulation

Mean diameter (nm)

Polydispersity

Encapsulation efficiency (%)

TPL-lip

87.4±1.6

0.066±0.019

87.3±2.8

1% CPP33-TPL-lip

96.4±0.7

0.111±0.024

86.6±1.7

2% CPP33-TPL-lip

106.5±2.8

0.175±0.042

84.4±3.2

3% CPP33-TPL-lip

123.8±4.3

0.280±0.051

80.3±2.1

4.4.3 Apoptosis assay
We investigated the level of the apoptosis in A549 cells after treatment of
CPP33-TPL-lip with different molar ratio of CPP33 and non-modified
TPL-liposomes. Annexin V is a Ca2+-dependent phospholipid-binding protein
with high affinity for phosphatidylserine (PS). In early apoptotic cells, the PS of
membrane phospholipid is translocated from the inner to the outer leaflet of the
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plasma membrane, which allows Annexin V to bind. PI was used as a vital dye to
distinguish the cells with damaged membrane. In late apoptotic cells, PI can
permeate into the cells and stain the nuclei. Figure 4-6 showed the representative
dot plots of the double stained cell populations. It was clear that the
CPP33-modified liposomes significantly improved apoptotic feature on A549
cells than non-modified liposomes. This result demonstrates that CPP33 plays an
important role in enhancing TPL efficacy. However, there was no significant
difference when peptide density increased. This result indicated that 1% CPP33
modification is enough for cell penetrating, the penetrating efficacy of
CPP33-TPL-lip are not capable increased with CPP33 density. Thus,
CPP33-TPL-lip with 1% molar ratio of CPP33 was chose for the following
study.

Figure 4-6. The apoptosis assay on A549 cells after treatment with TPL liposomal
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formulations.

4.4.4 Cellular uptake study
The cellular uptake effect of CPP33 modification on liposomes was
investigated in both A549 cells and MRC-5 cells using CLSM (Figure 4-7). The
results showed that the translocation into cellular cytoplasm for CPP33-lip in
A549 cells was remarkably higher than non-modified liposomes. This should be
owing to presentation of CPP33 on the liposomal surface, which promoted its
cellular entry. However, the uptake behavior in MRC-5 cells showed no
significant difference, which indicates CPP33 modification unable to facilitate
the intracellular delivery of liposomes in this normal cell line. These results
demonstrate that CPP33 could specifically promote the penetration ability of
liposomes on A549 rather than MRC-5 cells, showing prominent cell selectivity.
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Figure 4-7. Cellular uptake study by CLSM imaging. (a) NBD-DPPE labeled CPP33-lip and
non-modified liposomes (lip) uptake by A549 cells for 4 h; Scale bars, 10 μm; (b)
NBD-DPPE labeled CPP33-lip and non-modified liposomes (lip) uptake by MRC-5 cells for
4 h; Scale bars, 50 μm.

4.4.5 Formation of A549 tumor spheroids
The hanging drop method was used to prepare the 3D tumor spheroids of
A549 cells. As days increased the tumor spheroids showed bigger and denser
(Figure 4-8). At day 7, an external proliferating zone, an internal quiescent zone
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and a necrotic core resembling the cellular heterogeneity of in vivo solid tumor
were observed. Thus, the tumor spheroids in day 7 were selected and be used in
the following study.

Figure 4-8. The representative image of

monitoring the formation of A549 tumor

spheroids. Scale bars, 750 μm.

4.4.5 Penetration into 3D tumor spheroids
The penetration ability of a drug delivery system into tumor masses is the
govern factor to achieve effective chemotherapy responses in cancer therapy.
Therefore, NBD-DPPE labeled CPP33-lip and non-modified liposomes were
incubated with 3D tumor spheroids consisted of A549 cells to evaluated the
penetration capability into tumor masses. The distribution of the formulations
throughout the spheroids were visualized by CLSM (Figure 4-9). The CPP33-lip
group demonstrated remarkably stronger fluorescent intensity throughout the
tumor spheroids than non-modified liposomes, suggesting the CPP33-modified
liposomes possessed an excellent ability to penetrate deeper into the solid tumor.
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Figure 4-9. Confocal microscope image of 3D tumor spheroids of A549 cells after
incubation with NBD-DPPE-labeled CPP33-lip and non-modified liposome (lip) for 4 h.
Scale bar is 250 μm.

4.5 Conclusion
A tumor-lineage-homing peptide CPP33 modified liposomal drug delivery
system (CPP33-TPL-lip) was successfully prepared in this study. The
CPP33-TPL-lip composed of 1% CPP33 displayed the optimal efficacy in
inducing apoptotic feature of NSCLC cells, which showed tunable size (96.4±0.7
nm) and high encapsulation efficiency (86.1±1.7%). Moreover, cellular uptake
study in A549 cells and human lung fibroblast cells (MRC-5) reveals that
CPP33-modification can selectively increase the penetrating ability of liposomes
to lung tumor cells, while shows no effect to normal cells. The superior
penetrating

ability on

3D

tumor

spheroids

was

also

observed

for

CPP33-modified liposomes. The result indicates CPP33 modification can
increase the penetrating ability of liposomes leading higher cellular uptake and
internalization of drug. CPP33-lip provided us with a new perspective on
developing targeted drug delivery system, where anti-cancer drug delivery can
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be selectively increased into lung tumor cells. In view of this, CPP33-TPL-lip
designed here holds great potential as highly efficient anti-cancer drug delivery
system for lung cancer therapy.

79

CHAPTER 5
Study of anti-CA IX antibody and CPP33
dual-ligand TPL-liposomes on 2D lung tumor cells
and 3D tumor spheroids
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5.1 Introduction
To be the most effective anti-cancer drug, it must specific reaches the tumor
site in a sufficient concentration, and penetrates into the tumor cells to exert a
therapeutic effect. Site-specific delivery and efficient penetration of the
anti-cancer drugs into tumors are two crucial factors for the success of cancer
chemotherapy [145]. Although conventional liposomes have enhanced tumor
delivery and decreased side effects, they can only accumulate passively in the
tumor area via enhanced permeability and retention (EPR) effect [146].
Recently, active targeted liposomes modified with antibodies or other ligands
have attracted researchers’ great interest. They display improved anti-cancer
therapeutic efficacy by specifically binding with the over-expressed receptor of
tumor cells. However, these developed active targeted liposomes still remain at
preclinical level. The dynamic and heterogeneous property of tumor cells, lack of
deep penetration into tumor due to the binding-site barrier are the major
challenges for their clinical application [147]. Therefore, the development of a
dual-ligand delivery platform to insure both the targeting accumulation and
penetration is considered to be a potential strategy for more effectively targeted
treatment of cancers.
The poor vascular organization and extra consumption in oxygen of solid
tumors lead to low oxygen tension of the tumor microenviroment [148]. The core
cellular response to hypoxia is the activation of hypoxia-inducible factor (HIF),
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which results in the expression of carbonic anhydrase IX (CA IX) on tumor cell
surface [149]. CA IX is reported aberrantly expressed in various tumors
including the lung [68-70], kidney [71], colon [72], breast [73], whereas its
expression in normal tissue is restricted. Thus, CA IX has been identified as an
attractive target for anti-cancer therapy [67]. Recently, CA IX-targeted
immunoliposomes has been developed by our group and shown improved
therapeutic effect of anti-cancer drugs in lung cancer mice models. However,
whether the therapeutic index can be further improved by adding another ligand
to enhance the penetration of this CA IX-targeting immunoliposomes have
attracted our interest. Furthermore, dual-ligand liposomes targeting on the same
cells for lung cancer therapy have not been investigated, which is also the
premise of this study.
The penetration of liposomes into the inner parts of tumor is a govern factor
for efficient delivery of anti-cancer drugs to cancer cells. However, the
hydrophobic nature of cellular membranes often protects cells from an influx of
exogenous molecules, including bioactive molecules such as proteins and
oligonucleotides. A novel tumor lineage-homing cell-penetrating peptide with a
sequence of RLWMRWYSPRTRAYG (CPP33) is synthesized using mRNA
display technology [93]. This CPP33 have the ability to penetrate the cell
membrane of human NSCLC A549 cells, while minimizing the transduction into
normal tissue. Modification of liposomes with CPP33 is supposed to facilitate
the delivery of cargo molecules into the NSCLC cells [150].
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Therefore, we designed anti-CA IX antibody and CPP33 dual-ligand
liposomes to efficiently deliver triptolide (TPL) to NSCLC. Anti-CA IX antibody
and CPP33 were supposed to be conjugated with DSPE-PEG2000-maleimide first,
and then modified onto the liposomal surface to achieve active targeting. The
dual-ligand liposomes were expected to enhance the specific-targeting efficacy
via antibody-antigen binding and increase the penetration ability into lung tumor
cells via CPP33 simultaneously. The TPL was selected as the anti-cancer drug.
The characteristics of dual-ligand TPL-liposomes (dl-TPL-lip) including particle
size, entrapment efficiency and drug release property were carried out. The
effects of dl-TPL-lip on NSCLC cells were evaluated by wound healing and
apoptosis assay. Moreover, the penetrating ability and inhibition efficacy of
dl-TPL-lip were further investigated using 3D tumor spheroids.

5.2 Materials
The mouse monoclonal anti-CA IX antibody was purchased from USBiological
life Sciences. CPP33 peptide with a terminal cysteine (Cys-CPP33) was
synthesized by Scilight Biotechnology (Beijing, China). Triptolide was supplied
by

Chengdu

Biopurify

Phytochemicals

Ltd.

(Sichuan,

China).

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadia
zol-4-yl) [Triethylamine salt] (NBD-DPPE) and N-[(3-maleimide-1-oxopropyl)
aminopropylpolyethylene-glycol-carbamyl] distearoylphosphatidyl-ethanolamine
(DSPE-PEG-MAL) were purchased from NOF America Corporation (White
Plains, NY).
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5.3 Methods
5.3.1 Preparation of dl-TPL-lip
Firstly, DSPE-PEG-MAL-CPP33 conjugate was synthesized as described in
4.3.1. Then, CPP33-modified TPL-loaded liposomes (CPP33-TPL-lip) with lipid
composition

of

SPC:DSPE-PEG2000:DSPE-PEG2000-MAL-CPP33

(97:3:1,

mol/mol) and TPL-loaded liposomes (TPL-lip) with lipid composition of
SPC:DSPE-PEG2000 (97:3, mol/mol), were prepared by ethanol injection method
followed by extrusion [121]. Briefly, all lipid and TPL was dissolved thoroughly
with ethanol and subsequently injected into 2 mL phosphate buffered saline (PBS,
pH 7.4) under stirring at 60°C for 1 h using a syringe needle. Finally, the
dispersion was pass through LIPEXTM Extruder using polycarbonate filter with a
pore sizes of 200 nm for 3 times, 100 nm for 3 times and then 80 nm for 5 times.
Dl-TPL-lip and CA IX-modified TPL-loaded liposomes (CA IX-TPL-lip) were
developed using the post-insertion technique as described in 2.3.2. In brief, the
DSPE-PEG-MAL micelles were prepared by film hydration method at the
concentration of 6 mM. The anti-CA IX antibody (MN, CA IX, 214274,
USBiological life Sciences) was thiolated at the hinge region by DTT (0.5 mM) at
room temperature for 90 min in the presence of EDTA (10 mM) [124].
Subsequently, the obtained half antibody with a free sulfhydryl group was
coupled with DSPE-PEG-MAL micelles at a molar ratio of 1:60 by incubation at
4°C with gentle agitation overnight. Finally, to prepare dl-TPL-lip and CA
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IX-TPL-lip, CA IX-conjugated micelles were incubated with preformed
CPP33-TPL-lip and TPL-lip at 60°C for 2 h, respectively. The unincorporated
liposomes were removed by Sepharose CL-4B gel column. The same procedures
were followed to prepare NBD-DPPE labeled liposomes, except the TPL was
substituted by NBD-DPPE (1% molar ratio).
5.3.2 Characterization of dl-TPL-lip
Size and polydispersity index (PDI) of liposomes were determined with Delsa
Nano HC Particle Analyzer (Beckman Coulter, Brea, CA). The ultrafiltration
technique was used to separate the unencapsulated TPL from the liposomal
formulations. A total of 250 μL diluted various TPL liposomal formulations was
placed in the upper chamber of the Amicon Ultra-0.5 centrifugal filter (10K
cutoff) and was centrifuged at 10000 rpm for 15 min. The amount of
unencapulated TPL in the ultra-filtrate was determined with ultra-performance
liquid chromatography (UPLC, ACQUITY UPLC System, Waters, Milford, MA)
with UV detection at 230 nm. The mobile phase, consisted of water and
acetonitrile in a ratio of 70:30 (V:V), was loaded onto an ACQUITY UPLC BEH
Shield RP18 column (1.7 μm, 2.1 mm ×100 mm, Waters) at a flow rate of 0.3
mL/min. The liposomes were diluted and disrupted with 50 fold methanol to
obtain total amount of TPL in liposomes. The calculate equation for entrapment
efficiency (EE %) of TPL is as following:

EE(%) =

𝑊𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 − 𝑊𝑢𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔
× 100%
𝑊𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔
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Where Wtotal

drug

and Wunencapsulated

drug

are the total amount of TPL and the

unencapsulated TPL, respectively.
5.3.3 In vitro drug release study
For the in vitro release study, dialysis method was used. Briefly, 1 mL of
dl-TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip, TPL-lip and free TPL solution (0.05
mg/mL) was placed into dialysis tubes with a molecular cutoff of MWCO
12-14kDa and dialyzed in 10 mL of PBS (pH 7.4) at 37°C. At predetermined time
intervals, 100 μL of release medium was taken out and replaced with equal
volume of fresh medium. The concentration of TPL in release medium was then
determined by UPLC.
5.3.4 Wound healing assay
For monolayer cells study, A549 cells were exposed to hypoxia (in a Modular
Incubator Chamber purged with 1% O2, 5% CO2 and balance N2) at 37°C to induce
the CA IX expression (CA IX-positive cells).
For wound healing assay, 5×105 of A549 cells were seeded and cultured in
12-well plate until 90% confluence under hypoxia [151]. The confluent cells
were wounded with a 10-μL pipette tip to get two cell islands. The cells were
washed twice with PBS to remove the debris, then incubated with blank medium
(as control), free TPL, TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip, dl-TPL-lip at a
concentration of 100 μM TPL for 4 h, respectively. After 4 h treatment, the cells
were washed with PBS and then incubated with fresh medium at 37°C for an
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additional 68 h. Photographs of the in vitro wounds were taken at the beginning
(0 h) and 72 h with a microscope (Leica DMI3000 B, Germany).
5.3.5 In vitro apoptosis assay
Apoptosis of A549 cells was determined using an Annexin V-FITC Apoptosis
Detection Kit I (BD PharmingenTM). Briefly, 5×105 of A549 cells/well were
seeded into 6-well plate and allowed to grow 24 h under hypoxia. Free TPL,
TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip, dl-TPL-lip was added to each well
with 100 μM of TPL and incubated for 4 h. Cells incubated with fresh culture
medium was performed as control. The cells were washed with PBS to remove
the unbound drugs and then incubated with fresh medium at 37°C for an
additional 20 h. Cells were collected and

washed with cold PBS twice times

followed by suspending in 500 μL binding buffer. Then, 5 μL of Annexin V-FITC
and 5 μL of PI were added to the cell suspensions. After 15 min incubation in the
dark, the double stained cells were immediately analyzed by FACScan flow
cyctometry.
5.3.6 Penetration in 3D tumor spheroids
To prepare 3D tumor spheroids, A549 cells (1×103 cells/well) were seeded in 2%
(w/v) low melting point agarose coated 96-well plate [143]. After 7 days, the
uniform and compacted spheroids were selected for the following study. CA IX
expression of tumor spheroids was checked by immunofluorescence. Briefly,
A549 tumor spheroids were fixed with 4% cold paraformaldehyde for 15 min.
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After three times of washing with PBS, the spheroids were blocked with 10%
bovine serum albumin for 1 h at room temperature. The tumor spheroids were
exposed to primary mouse monoclonal anti-CA IX antibody (20 μg/mL) overnight
at 4°C. The spheroids were washed three times followed by incubation with
FITC-conjugated goat anti-mouse secondary antibody for 1 h at room temperature.
Tumor spheroid only treated with FITC-conjugated goat anti-mouse secondary
antibody, was served as control.
For uptake study, the 3D tumor spheroids were transferred to a confocal dish
and incubated with NBD-DPPE labeled CPP33-lip, CA IX-lip, dl-lip and lip at a
final NBD-DPPE concentration of 4 μg/mL, respectively. The NBD-DPPE
concentration in different liposomal preparations was determined by Perkin
Elmer EnVision Multilabel Reader 2014 (Excitation wavelength: 485 nm;
Emissioin wavelength: 535 nm).

After incubation for 4 h at 37°C, the spheroids

were rinsed twice with cold PBS and were fixed with 4% paraformaldehyde for
15 min. Z-stack images of spheroids from the top to 100 μm were collected using
CLSM.
5.3.7 3D tumor spheroids inhibition
Cell viability of the spheroids was determined after 4 days treatment of
7-day-old spheroids. Free TPL, TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip,
dl-TPL-lip was added to each well with 100 μM of TPL and incubated for 4 days.
The morphology of the spheroids were observed using a microscope (Leica
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DMI3000 B, Germany) before MTT assay. Then, MTT solution (20 μL, 5
mg/mL in PBS) was added to each well followed by gentle mixing to disrupt the
spheroids. After 4 h incubation, the medium was removed and 100 μL/ well of
DMSO was added to dissolve the formazan by shaking for 15 min. The
absorbance was measured with a microplate reader (Bio-rad Laboratories) at a
wavelength of 570 nm.

5.4 Results and discussion
5.4.1 Preparation and characterization of dl-TPL-lip
Dl-TPL-lip were fabricated via ethanol injection followed by post-insertion
method (Figure 5-1). As listed in Table 5-1, the mean diameter of all TPL
liposomal formulation ranged from 87.4 to 137.6 nm, and the PDI was in a range
of 0.07-0.17, which is a favorably particle size distribution to take advantage of
EPR effect for tumor therapy [144]. The EE% was in a range of 86.3%-92.3%,
suggesting that TPL was well loaded in liposome. The representative particle size
distribution of TPL liposomal formulations was shown in Figure 5-2.
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Figure 5-1. Illustration of the preparation of dl-TPL-lip (size not to scale).
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Table 5-1 Characteristics of TPL-lip, CPP33-TPL-lip, CA IX-TPL-lip and dl-TPL-lip.

Formulation

Mean diameter (nm)

Polydispersity

Encapsulation efficiency (%)

TPL-lip

87.4±1.6

0.066±0.019

87.7±2.4

CPP33-TPL-lip

96.4±0.7

0.111±0.024

86.7±1.2

CA IX-TPL-lip

113.1±4.5

0.160±0.017

92.3±2.7

dl-TPL-lip

137.6±0.8

0.173±0.010

86.3±1.9

Figure 5-2. Size distribution of different TPL liposomal formulations.

5.4.2 In vitro drug release study
Compared with the rapid release profile of Free TPL, the in vitro release rate
of TPL from TPL-lip, CPP33-TPL-lip, CA IX-TPL-lip and dl-TPL-lip displayed
a slowly release manner without burst release (Figure 5-3). The similar release
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profiles of four liposomal formulations demonstrate that modification with
CPP33 and anti-CA IX antibody do not remarkably influence the release kinetics
of the liposomes. This result is consistent with the drug release result in Chapter
2 of section 2.4.1. In addition, this relatively slow and stable release from the
liposomes may prevent a rapid leakage during the delivery process and ensure
efficient accumulation of TPL in the tumor sites, which benefits for tumor
therapy [152].

Figure 5-3. The TPL release profiles of Free TPL, TPL-lip, CPP33-TPL-lip, CA IX-TPL-lip
and dl-TPL-lip in PBS (pH 7.4) over 96 h (n=3, mean±SD).

5.4.3 Wound healing study
In normoxic condition, there is no expression of CA IX on tumor cell
membrane due to sufficient application of oxygen for cell growth. Thus, hypoxia
condition is applied to mimic the microenvironment of solid tumor to induce the
expression of CA IX (CA IX-positive cells) for the following study [121].
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The wound healing study was carried out to investigate the inhibition ability of
dl-TPL-lip on cell motility and metastasis. After a wound has been scratched
artificially in a cell monolayer, A549 cells was allowed to repair for 72 h at 37°C
for control group. As shown in Figure 5-4, The CA IX-positive A549 cells
showed efficiently proliferated and migrated into the damaged area in control
group. In contrast, all the TPL formulations tremendously depressed the wound
healing and migratory activities of CA IX-positive A549 cells, while the
dl-TPL-lip resulted in the most inhibitory effects in CA IX-positive A549 cells as
compared to all other treatment. This result might attribute to the modification of
the dual-ligand, which could enhance the binding and penetration of liposomes
in CA IX-expressed tumor cells.

Figure 5-4. In vitro wound healing(scratch assay) of CA IX-positive A549 cells in serum
free medium were treated with Free TPL, TPL-lip, CPP33-TPL-lip, CA IX-TPL-lip and
dl-TPL-lip (TPL concentration 100 μM), scale bar is 250 μm.

5.4.4 In vitro apoptosis assay
To verify the result, we investigated the level of the apoptosis in cells after
treatment of TPL formulations. Annexin V-PI staining was used to characterize
the apoptosis feature of cells, in which Annexin V-FITC binds with the
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phosphatidylserine of early apoptotic cells and PI stains the nuclei of late
apoptotic cells. As shown in Figure 5-5, dl-TPL-lip exhibited the strongest effect
on inducing apoptosis of CA IX-positive A549 cells compared to single ligand
modified liposomes with anti-CA IX antibody or CPP33. This result indicates
that the simultaneous modification with CPP33 and anti-CA IX antibody on
liposomes could enhance the apoptotic effect of TPL .

Figure 5-5. The apoptosis assay on CA IX-positive A549 cells after treatment with Free TPL,
TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip and dl-TPL-lip by flow cytometry.

5.4.5 Penetration in 3D tumor spheroids
In vitro 3D tumor spheroids have become the most effective models to
qualitatively and quantitatively assess drug penetration. Compared to traditional
monolayer culture system, the 3D tumor spheroids are more closely similar those
in vivo situation [141]. 3D culture conditions in the spheroids contain many of
the characteristics of natural tissue including a core region of hypoxic, necrotic
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and the production of an extracellular matrix, which demonstrated to provide a
major barrier to traditional drugs and nanoparticles penetration in solid tumors.
Therefore, 3D tumor spheroids models were established to evaluate the
penetration ability of dl-lip. Firstly, the expression of CA IX on the spheroids
was confirmed by immunofluorescence (Figure 5-6). Then, the uptake study was
further carried out in 3D tumor spheroids. Obviously, the deeper penetration for
dl-lip in different layer of the spheroids is observed compared to non-modified
liposomes, CA IX-lip and CPP33-lip (Figure 5-7). This fact suggests that
dual-ligand modification can enhance the penetration of the liposomes in the
spheroids.

Figure 5-6. Expression of CA IX in A549 3D tumor spheroids. Confocal images of CA IX
expression, detected with FITC-conjugated goat anti-mouse secondary antibody (green); The
control A549 tumor spheroids were not pretreated with primary monoclonal anti-CA IX
antibody, but only treated with FITC-conjugated secondary antibody. Scale bars, 250 μm.
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Figure 5-7. (a) Penetration of NBD-DPPE-labeled lip, CA IX-lip, CPP33-lip and dl-lip
throughout A549 3D tumor spheroids by CLSM using Z-stacking imaging with 20 μm
intervals. Scale bars, 250μm; (b) Mean fluorescence intensity and (c) Cumulative
fluorescence of sections (0-100 μm) of NBD-DPPE-labeled lip, CA IX-lip, CPP33-lip and
dl-lip throughout A549 3D tumor spheroids calculated by the analyze tools in Fiji.

5.4.7 3D tumor spheroids inhibition
To further evaluate the inhibition ability of TPL liposomal formulations in 3D
tumor spheroids, spheroids with homogeneous volume and shape were exposed
to TPL-lip, CA IX-TPL-lip, CPP33-TPL-lip and dl-TPL-lip for 4 days. As shown
in Figure 5-8a, a well-defined spheroid rim and compact structure of control
spheroid was observed.

In contrast, an evident collapse of the spheroids

architecture with more shedding was visualized in dl-TPL-lip in comparison to
other treatment group, which might be explained by the enhanced binding,
penetration and consequent cytotoxicity of TPL to the peripheral cell layers. In
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agreement of the results from brightfield microscope analysis, dl-TPL-lip
induced significant higher cytotoxicity compared with other TPL liposomal
formulations by MTT assay (Figure 5-8b), which showed low variability of
15.24%. This result reveals that dual-ligands modification with anti-CA IX
antibody and CPP33 on the surface of liposomes endow great potential for lung
cancer therapy.

Figure 5-8. Inhibition study in 3D tumor spheroid models. (a) Representative brightfield
images and (b) Cell viability of spheroids after treated with TPL-lip, CA IX-TPL-lip,
CPP33-TPL-lip and dl-TPL-lip for 4 days with TPL concentration of 100 μM (mean ±SD,
n=10). Scale bars, 750μm; ***, p<0.001.

5.5 Conclusion
In summary, anti-CA IX antibody and CPP33 dual-ligand TPL-loaded
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liposomes with uniform size (137.6±0.8) and high encapsulation efficiency
(86.3±1.9%) have been successfully developed in this study. The dl-TPL-lip
showed a sustained release in pH 7.4 PBS. The dl-TPL-lip could inhibit cellular
proliferation and migration into the damaged area and enhance cellular apoptosis
of TPL. The penetration in 3D tumor spheroids showed that dl-lip have much
better penetrating ability than non-modified liposomes and single-ligand
modified liposomes. Moreover, the superior inhibit effect on 3D tumor spheroids
were also observed for dl-TPL-lip. Therefore, the proof-of-concept demonstrated
that, the simultaneous modification of TPL-loaded liposomes with anti-CA IX
antibody and CPP33 leads to increase therapeutic effects in vitro and endow
great potential for lung cancer therapy in vivo.
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CHAPTER 6
In vivo study of anti-CA IX antibody and CPP33
dual-ligand TPL-liposomes
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6.1 Introduction
In recent years, the pharmacokinetic advantage, anti-tumor effect and the
reduced systemically side effects of pulmonary administration have been
demonstrated by several proof-of-principle studies in animal models of metastatic
or primary lung cancer compared to intravenous administration [39, 153, 154].
Pulmonary delivery of anti-cancer drugs could provide a better exposure of active
ingredients in the lung and minimize adverse effects on healthy organs by limiting
drug concentration in the blood [35].
However, the short residence time of small molecule drugs due to the efficient
clearance mechanisms in lung, has becoming the major challenge for the
application of pulmonary route [41]. Moreover, inhalation of cytotoxic drugs may
cause transient high local drug concentration and lead to toxicity to normal lung
tissue [42]. In light of this, whether the sustained release properties of liposomes
can overcome this limitation has attracted researchers’ interest. Although several
liposomal formulations already show promising therapeutic value in clinical
applications or are undergoing clinical trials for cancer therapy by intravenous
administration [155], the effects by pulmonary delivery still need more
investigations. In addition, surface modification of liposomes with ligand such as
monoclonal antibody and CPP is regarded as an effective strategy to further
facilitate enhanced accumulation of chemotherapeutic at the tumor site.
Simultaneously targeting specific antigens or receptors confined to cancerous
cells with drug delivery carriers will increase the accumulation of the drug in lung
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cancer cells and enhance its lethality for cancerous cells without disturbing normal
lung tissue.
In order to determine the in vivo behavior of anti-CA IX antibody and CPP33
dual-ligand TPL-loaded liposomes (dl-TPL-lip) and proof of our hypothesis, the
pharmacokinetic and pharmacodynamics studies were performed via pulmonary
route. The pharmacokinetic parameters of dl-TPL-lip were evaluated using
Sprague Dawley rats by endotracheal administration. The therapeutic effect of
dl-TPL-lip was further explored in orthotopic lung tumor-bearing nude mice via
pulmonary delivery. The objective of this study was developing an active
targeting and sustained releasing pulmonary delivery system of TPL for lung
cancer therapy.

6.2 Cells and animals
The luciferase-expressing A549 cells (A549-Red-FLuc) were purchased from
PerkinElmer, Inc. Male Sprague Dawley rats (250±20 g) were obtained from
Laboratory Animal Services Center, the Chinese University of Hong Kong. Male
BALB/c nu/nu mice (7-8 weeks old) were supplied by Tian Hang Technology
Limited. All animal experiments involving were approved by the Health
Department of Hong Kong Special Administrative Region and conducted
according to the guidelines of the Committee on the use of Human and Animal
Subjects in Teaching and Research of Hong Kong Baptist University.

6.3 Methods
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6.3.1 Pharmacokinetics study of dl-TPL-lip after pulmonary administration to
rats
Sprague-Dawley (SD) rats were divided randomly into five groups (n=4 per
group). Rats were fasted for 12 h before the experiment, but allowed water ad
libitum. Free TPL, TPL-lip, CPP33-TPL-lip, CA IX-TPL-lip and dl-TPL-lip
were administered directly via pulmonary delivery using a Microsprayer
Aerosolizer Pulmonary Aerosol Kit for Mouse Model PAK-MSA (Penn-Century,
Inc. Wyndmoor, PA19038 USA) at a dose of 0.5mg/kg. 0.4 mL of blood samples
were obtained before dosing and the designated time points (0.083, 0.5, 1, 2, 4, 6,
8, 12 h). The samples were collected into heparinized tube from the suborbital
vein and were centrifuged for 10 min at 4000 rpm. The plasma was stored at
-20°C until analysis.
6.3.2 Analytical method for pharmacokinetics study
Hydrocortisone was added (50 μL, 200 ng/mL) as an internal standard (IS) to
0.2 mL of plasma. The samples were mixed, and extracted with ethyl acetate
(750 μL) followed by vortexing for 4min and centrifuge for 10min at 8000 rpm.
The upper organic phase was carefully transferred and evaporated to dryness in
vacuum. The residues were dissolved in 100μL methanol. Centrifuged at
4000rpm for 10 min, then the supernatant was collected and injected into the
Agilent 1290 Ultra High Performance Liquid Chromatograph with Agilent 6460
Triple Quadrupole Mass Spectrometer system (UHPLC-QQQ MS/MS). And
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before the sample analysis, the analytical method used in this study was
validated in terms of linearity, specificity, recovery, accuracy and precision
according the guidance of Bio-analytical Methods Validation Workshop white
paper.
Chromatography conditions: Waters Acquity BEH C18 (2.1×50 mm); Mobile
phase 0.1% formic acid in water: 0.1% formic acid in acetonitrile =80:20 v/v;
Flow rate 0.35 mL/min; Running time 10 min.
Mass Spectrometer conditions: Ion Source Agilent Jet Stream electro spray
ionization (AJS ESI); Positive mode; Gas Temperature 300°C; Gas flow rate 8
L/min; Nebulizer 40 psi; SheathGasHeater 350°C; SheathGasFlow 8 L/min;
Capillary 3500 V; VCharging 1000 V.
6.3.3 Signal detection of different A549-Red-Fluc cell number
A549-Red-Fluc cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMAX supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 μg/mL streptomycin. The cells were seeded at a density of
1×106 into a T75 flask, and grown for 2 days. Thereafter, the cells were
trypsinized and collected. Pelleted the cells by centrifuging at 1000 rpm for 5
min and remove the old medium. Washed and resuspended the cells with PBS.
100 μL of various numbers of cells (0, 1.562, 3.125, 6.25, 12.5, 25, 50, 100 ×104)
were transferred into a black 96-well plate. For luciferase expression, 100 μL of
D-luciferin was added into each well. The luminescence signal was determined
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by the IVIS Lumina XR system (Caliper Life Sciences).
6.3.4 Establishment of orthotopic lung tumor models
An orthotopic lung tumor-bearing mice model was established as previously
reported. Briefly, the male BALB/c nu/nu mice (7-8 weeks) were anesthetized
with 5% of chloral hydrate and 100 μL of A549-Red-FLuc cells (2×106 cells)
solution in Matrigel (1:1) were injected to percutaneously into the right lateral
thorax using 1 mL syringe with 29-gauge needle. On day 7 after tumor cell
inoculation, bioluminescence signals were measured using the IVIS Lumina XR
system to check the successful establishment of orthotopic mice model of lung
cancer. D-luciferin substrate (i.p., 150 mg/kg in 0.9% saline solution) was
injected 15 min before bioluminescence imaging. One day 19 after tumor cell
inoculation, the mouse was sacrificed and lungs were immediately resected to
further check the establishment of lung cancer model.
6.3.5 Anti-tumor effect of dl-TPL-lip in orthotopic mice model of lung cancer
On day 7 following the tumor cells inoculation, the orthothopic lung
tumor-bearing mice (n=30) were imaged and grouped into 6 treatment groups
based on equivalent bioluminescence signal intensity: Free TPL, TPL-lip, CA
IX-TPL-lip, CPP33-TPL-lip dl-TPL-lip and a control group with saline. Five
treatment groups received their respective TPL formulation every three days for
four times via pulmonary delivery at 0.3 mg/kg. Tumor growth was monitored
weekly by bioluminescence imaging before, during, and after the TPL treatment.
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Body weight of the mice was recorded weekly during the course of the study. At
the conclusion of the study, mice were sacrificed, and lungs were immediately
resected and photographed.
6.3.6 Data analysis
The

TPL

pharmacokinetic

parameters

in

mice

after

endotracheal

administration were calculated and summarized by DAS 2.1.1. Statistical
analyses for anti-cancer effect study were evaluated by two-way ANOVA with
Bonferroni posttests using GraphPad Prism 6.

6.4 Results and discussion
6.4.1 UHPLC-QQQ MS/MS method validation for pharmacokinetic study
Firstly, optimization of mass spectrometry was initiated by automatic tuning of
the instrument. As the mass spectra shown in Figure 6-1, selected reaction
monitoring of m/z 361.2→115 for TPL, m/z 363.2→121 for hydrocortisone (IS) ,
which showed the strongest counts, was used for quantification with the
optimized parameters. Thus, multi reaction monitoring (MRM) scan mode was
performed in the following quantification analysis.
The method validation was conducted before the sample analysis. The
specificity of the established method was assessed by comparing the
chromatograms of blank plasma, blank plasma with TPL, blank plasma with IS,
and plasma after endotracheal administration. As shown in Figure 6-2, there were
no significant interference at or near the peaks of TPL and IS in rat plasma,
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suggesting a high selectivity of the method. The calibration curve in rat plasma
was linear over the ranges 10-2500 ng/mL in rat plasma (y=0.375035x +
0.025498, R2=0.9946). The lower limit of quantification (LLOQ) for TPL was 1
ng/mL. The extraction recoveries were higher than 90%, accuracy and precision
both intra-day and inter-day were less than 10%, which were sufficient for the
biological analysis of TPL (Table 6-1). Therefore, the established method was
applied to the analysis of rat plasma samples.

Figure 6-1. Mass spectra of (a) TPL and (b) IS (Hydrocortisone).
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Figure 6-2. Representative MRM chromatograms of TPL (Ⅰ) and IS (Ⅱ). (a) blank plasma,
(b) blank plasma spiked with TPL and IS, (c) plasma sample after endotracheal
adiminstration of 5 min with a dose of 0.5 mg/kg.

Table 6-1. Extraction recovery, accuracy and precision data of TPL in plasma
(n=5).
Accuracy (RE%)
Concentration
(ng/mL)

Precision (RSD%)

Extraction recovery%
Intra-day

Inter-day

Intra-day

Inter-day

(mean±SD)

20

96.07±5.61

0.73

0.25

9.55

5.61

313

95.16±6.52

0.58

0.47

8.33

7.82

2500

94.72±3.17

0.70

0.55

9.90

8.33

6.4.2 Pharmacokinetics study of dl-TPL-lip after pulmonary administration to
rats
The pharmacokinetic profiles of TPL from TPL solution and liposomal
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formulations were compared by determining the concentration of TPL in rat
plasma after a single endotracheal administration at 0.5 mg/kg. The main
pharmacokinetic parameters were analyzed by DAS 2.1.1. As described in Figure
6-3 and Table 6-2,

a 3-fold higher maximum concentration (Cmax) of TPL

were detected in Free TPL after endotracheal administration compared to other
liposomal TPL. No significant differences were shown in the liposomal
formulations. Since our previous bio-distribution study of CA IX-Lips via
endotracheal administration showed specific localization of the liposomes in
lung [156], this altered pharmacokinetic behaviors could be resulting from the
ability of the liposomal formulations to retain the encapsulated TPL in the lung
after endotracheal administration [135, 157, 158], which is desired for lung
cancer therapy. The low Cmax in liposomal TPL implies the low exposure of
TPL in systemic circulation, which is favorably for reducing the unwanted side
effects. On contrary, free TPL is rapidly accessed to the systemic circulation,
which could quickly redistribute to other organs.

Figure 6-3. Plasma concentrations of TPL in normal Sprague Dawley rats endotracheal
administrated with different TPL formulations at TPL dose of 0.5 mg/kg (n=4, mean±SD).
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Table 6-2. The pharmacokinetic parameters of different TPL formulations after endotracheal
administration (0.5mg/kg) in mice (n=4).

Parameters

Free TPL

CA

CPP33-TPL-

IX-TPL-lip

lip

TPL-lip

dl-TPL-lip

AUC(0-t)
185.9±36.5

84.3±10.6

126.0±12.2

68.3±27.4

131.5±10.5

224.9±63.8

228.7±67.7

191.8±89.8

125.0±76.2

244.5±63.0

t1/2

3.0±0.5

9.7±5.7

6.4±4.0

7.7±9.7

10.0±6.6

Tmax (h)

0.083

0.083

0.083

0.083

0.083

Cmax (μg/L)

188.2±42.7

32.6±9.4

46.3±12.0

57.7±32.2

41.6±16.4

(μg/L*h)
AUC(0-∞)
(μg/L*h)

6.4.3 Signal detection of different A549-Red-Fluc cell number
In this study, we used a firefly luciferase gene transduced cell line
(A549-Red-Fluc) to quantitively monitor tumor growth in the nude mice. To
confirm that the radiance of cells could be used to characterize the tumor growth,
the relationship of cell number with radiance were firstly determined before
inoculating into the mice. As shown in Figure 6-4, the average radiance increases
with cell number in a linear relationship (R2=0.9955), which warranted its
application in vivo.
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Figure 6-4. The relationship of cell number with radiance intensity by the IVIS Lumina XR
system.

6.4.4 Establishment of orthotopic lung tumor models
As illustrated in Figure 6-5, the luciferase transfected human lung tumor cell
A549 were intrathoracic injected to create an orthotopic lung tumor bearing
model. The deposition of tumor in mice was confirmed using an IVIS imaging
system and visualized by dissection. The observed result demonstrated that the
solid tumor was induced in the lung and showed no metastasis to other organ.

Figure 6-5. Establishment of orthotopic lung tumor model. (a) A549-Red-Fluc cells mixed
with Matrigel were intrathoracic injected into the lungs of nude mice; (b) Bioluminescence
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image of mouse on day 7 after tumor inoculation; (c) Solitary tumor in lung of the mouse
was observed on day 19 after tumor inoculation; (d) Lung resected from the mouse on day
19 after tumor inoculation.

6.4.5 Anti-tumor effect of dl-TPL-lip in orthotopic mice model of lung cancer
On day 7 of tumor inoculation, the presence of A549-Red-Fluc cells in the
lungs of mice was confirmed and then the mice were grouped based on the
bioluminescence signal. The tumor progress and body weights of mice were
monitored. On day 31, the tumor burden of control group increased ~6 fold,
while the free TPL, TPL-lip and CA IX-TPL-lip increased ~3 fold,
CPP33-TPL-lip increased ~2 fold, and dl-TPL-lip increased only ~ 1 fold (Figure
6-6a). In the present study, no significant difference of body weights change was
observed between different treatment group and control, indicating no obvious
systemic toxicity of TPL formulations at the dose of 0.3 mg/kg via endotracheal
administration

(Figure

6-6b).

Figure

6-6c

shows

the

representative

bioluminescence images and the dissected lungs of each group at the end day of
study. The dl-TPL-lip exhibited the highest anti-cancer effect compared to
non-modified liposomes and single ligand-modified liposomes. This result
suggested that dual-ligand modification with anti-CA IX Ab and CPP33 on
liposomes owned distinct advantages over single modification, which could
enhanced the anti-cancer effect by the increased targeting and internalization of
TPL-loaded liposomes simultaneously.
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Figure 6-6. Dl-TPL-lip reduces the tumor burden in orthotopic lung tumor bearing mice. (a)
Changes in tumor burden monitored by the IVIS Lumina XR system (n=5, mean±SEM);
Arrows indicate time of administration (on day 7, 13, 19, 25); **P<0.01, ***P<0.001,
compared with saline; (b) Changes in body weight of orthotopic lung tumor bearing mice. (c)
Representative bioluminescent images of the mice at day 31 after tumor inoculation; The
scale for biluminescent images is depicted on the left; Corresponding images of lung tissue
at day 31 after injection of cells are placed on the right.

6.5 Conclusion
In the present study, the pharmacokinetic profiles of TPL liposomal
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formulations after endotracheal administration were evaluated and compared to
TPL solution. Dl-TPL-lip and other TPL liposomal formulations all exhibited a
lower drug concentration in plasma comparing with TPL solution, which
suggested a lower drug exposure in systemic circulation. This result
demonstrated that encapsulation of TPL in liposomes altered the distribution
behavior of TPL. In the anti-cancer effect study, dl-TPL-lip showed the strongest
anti-cancer response without obvious systemic toxicity. This suggested
dual-ligand modification with anti-CA IX Ab and CPP33 on TPL-loaded
liposomes improved the delivery efficiency of TPL. The study potentially
provides a promising dual-ligand modified liposomal vehicle for local and
targeting delivery of anti-cancer drugs for the treatment of lung cancer.
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CHAPTER 7
General conclusion and future prospects

114

7.1 General conclusion
Although the anti-cancer effect of TPL has received extensive attention in
recent years, unfavorable toxicity towards hepatic, hematopoietic, urogenital,
reproductive systems and the poor water solubility has hindered its clinical
application for cancer therapy [159, 160]. To overcome these issues, we
developed different TPL-loaded liposomal formulations with compositions close
to lung surfactant, active targeting property and sustained release attribute for
lung cancer specific delivery.
Firstly, we explored the utility of anti-CA IX antibody, conjugated to the
surface of TPL-loaded liposomes, to promote TPL therapeutic effects for lung
cancer. CA IX is an enzyme expressed on the surface of lung cancer cells with a
restricted expression in normal lungs. We used the specific binding affinity of
anti-CA IX antibody with CA IX antigen to actively targeted deliver TPL to lung
cancer site. A TPL-loaded, CA IX-decorated liposomes with advantages of
uniform particle size distribution and sustained released property was
successfully developed. It was found that the CA IX-TPL-Lips significantly
improved the cellular uptake efficiency in CA IX-positive human non-small cell
lung cancer cells (A549), resulting in the efficient cell killing compared with free
TPL and non-targeted TPL-Lips.
Pulmonary delivery of cytotoxic drug to the lungs can increase the localized
concentration of the therapeutic agent in lung, simultaneously targeting
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cancerous cells with drug delivery carriers would selectively liberate the drug to
lung tumor site [154]. In addition, pulmonary administration of the TPL
liposomal formulations can offer prolonged and controlled exposure of TPL to
lung. In the current study, CA IX-Lips via pulmonary delivery showed specificity
and a sustained release property resided up to 96 h in the lung, both of which
improved the efficiency of TPL formulations in restraining tumor growth and
significantly prolonged the lifespan of mice with orthotopic lung tumors. The
results suggest that CA IX-decorated liposomes can potentially be used as an
effective therapeutic strategy to deliver TPL for lung cancer therapy.
Secondly, we explored the utility of CPP33, conjugated to the surface of
TPL-loaded liposomes, to enhance the penetration of TPL into lung cancer cells.
CPP33 is a tumor lineage-homing cell-penetrating peptide, which reported
specifically penetrate into human lung cancer cell line. CPP33-modified
liposomal drug delivery system (CPP33-TPL-lip) with homogenous size
distribution (96.4±0.7 nm) and high encapsulation efficiency (86.1±1.7%) was
successfully prepared in this study. The selectively penetration ability of
CPP33-lip was confirmed by cellular uptake study in A549 cells and human lung
fibroblast cells (MRC-5). Compared to traditional monolayer culture system, the
cells in multicellular spheroids (3D spheroids) are more closely similar those in
vivo situation. 3D culture conditions in the spheroids have been reported a more
efficient screening-platform for nanoparticles due to the characteristics of natural
tissue including the production of an extracellular matrix, a core region of
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hypoxic and necrotic. Therefore, 3D tumor spheroids model were established to
investigate the penetration ability of CPP33-lip. The superior penetrating ability
on 3D tumor spheroids was observed for CPP33-lip compared to non-modified
liposomes. The data demonstrate that CPP33-TPL-lip designed here holds great
potential as highly efficient TPL delivery system by enhancing the penetration of
TPL into lung tumor cells.
Thirdly, in order to further improve the therapeutic efficacy of TPL against
lung cancer, anti-CA IX antibody and CPP33 dual-ligand TPL-loaded liposomes
(dl-TPL-lip) was fabricated. In this study, we combined the advantage of
targeting carbonic anhydrase IX (CA IX) confined to cancerous cells to increase
the accumulation at tumor sites and tumor homing cell penetrating peptide
(CPP33) to promote the penetration of the drug loaded liposomes into lung
cancer cells. The dl-TPL-lip displayed the optimal efficacy in inducing apoptotic
feature of NSCLC cells, which showed tunable size (137.6±0.8 nm), high
encapsulation efficiency (86.3±2.6) and sustained release. The superior
penetrating ability and inhibiting effect on 3D tumor spheroids were also
observed for dl-TPL-lip.
The pharmacokinetic study of the in rat via endotracheal administration
demonstrated that encapsulation of TPL in liposomes altered the distribution
behavior of TPL, which reduced the exposure of TPL in systemic circulation. In
the anti-cancer effect study, dl-TPL-lip exhibited the strongest anti-cancer
response without obvious systemic toxicity. This suggested that dual-ligand
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modification with anti-CA IX Ab and CPP33 on TPL-loaded liposomes
improved the delivery efficiency of TPL. This dual-ligand modified liposomal
vehicle provides a novel system for local and targeting delivery of anti-cancer
drugs in the field of lung cancer therapy.
In summary, the developed TPL liposomal delivery systems in this study
showed benefits for therapeutically effect of lung cancer. These data strongly
advocate the application of this traditional Chinese medicine TPL in lung cancer
therapy. In addition, the improved therapeutic efficacy in this study provides
insights for the development of active targeting liposomes via pulmonary
delivery in lung cancer treatment. Furthermore, the results of this work have
shown that anti-CA IX antibody and CPP33 hold great potential as targeting
ligand in lung cancer therapy.

7.2 Future prospects
One of the major limitations in the potential application of liposomal drug
delivery system is its physical and chemical instabilities in aqueous dispersions
for long-term storage, especially for liposomal formulations of labile
biomacromolecules such as proteins and peptides [161, 162]. In long-term
storage, hydrolysis and oxidation of phospholipids often results in encapsulated
solute leakage and liposome aggregation [163]. It is generally necessary to use
the aqueous liposomal formulations within the first few months of preparation. It
has demonstrated that liposomal products have better physical and chemical
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stability in solid state, and proteins are more stable in solid form than in liquid
form [164, 165]. Hence, storage CA IX and CPP conjugated liposomes in solid
dosage form may be preferred to ensure the long-term stability.
Currently, lyophilization is the most commonly used strategy to dehydration of
liposomal formulations. In clinical, some commercial liposomal products are
also provided as a lyophilized powder. The shelf-life of liposomal formulation is
extended by preserving it in dried form as a lyophilized cake, which can be
reconstituted with water prior to administration. Since the process of
lyophilization may lead to membrane damage of liposomes, a suitable
lyoprotectant is needed to avoid drug leakage and maintain the same particle size
distribution [166].
A variety of lyoprotectants, including sucrose, glucose, saccharose, dextrose
and inulin have been shown their ability to protect liposomes against fusing and
leakage during dehydration/rehydration of liposomes [164, 167, 168]. To
minimize the disruption of the liposomal structure and denaturation of proteins
and peptides, the suitable lyoprotectant should be chosen according to the
liposomal formulations. The optimal ratio of lyoprotectant and other proper
lyophilization parameters also should be investigated. Therefore, future work
may focus on optimization of lyophilize parameters study and long-term storage
stability studies of formulations to prepare easy handling pharmaceutical
formulations (shipping and storage) with commercially practicable shelf life.
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