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Preface

Drug side-effects or adverse drug reactions especially in anticancer therapy, are severe
problems that have caused public attention. It has been reported that serious drug-side eftects
are estimated to be one of the major causes of death in the United States, leading to over
100,000 deaths per year. This issue has also resulted in many cases of drug withdrawal in the
early period of their reaching the market. In order to overcome these disadvantages, many
efforts have been made to reverse this awkward situation in drug R&D. One of the successful
strategies is the drug carrier design with ‘smart’ system to prevent the drug from directly
attaching to the organs and control the drug release under specific conditions or at target site.
For example, the bilayer structural liposome, which is capable to encapsulate or carry nearly
any kind of drug, can be functionalized with stimuli-sensitive lipids or moieties, thus the drug
release is selective and efficient.

However, there is an important issue that has hindered the further application of most of
the nanoparticle-based drug delivery systems. It is the low cellular uptake efficiency and
subsequently inadequate dosage at target site after the administration of nanoparticles.
Therefore, there is a need for more efficient drug carrier design with enhanced cellular uptake.

Recently, cellular thiols have got a lot of attention for their promoting role on enhanced
cellular uptake of a series of thiol-reactive compounds, nanoparticles and peptides. Due to the
extensive and considerable existence of thiols on cell surface, this enhanced effect has great
potential on biological and pharmaceutical applications. Nevertheless, the mechanism of
thiol-mediated enhanced cellular uptake is still not clear yet. That whether it is independent
from the conventional endocytosis or it just facilitates the regular internalization routes,
requires thorough investigation.

In this research, the author utilized this novel strategy on the design of a ‘smart’
liposome to obtain an advanced drug delivery system both in vitro and in vivo. Maleimide,
which is a thiol-reactive compound, was applied as the key factor of the enhanced cellular
uptake. Through this study, the author reveals a successful example of the application of
maleimide on liposomal drug carrier in anticancer therapy, and further discusses about the
mechanisms of the maleimide-mediated enhanced cellular uptake effect. It is promising that
the thorny issue that has hampered the development of nano-sized drug carrier can be

conquered by this novel technique.

Tianshu Li
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1.1.  Introduction

1.1.1. Overview

Liposome is a spherical vesicle which is composed of natural or synthesized amphiphilic
lipids to form a bilayer structure. It is one the most commonly used and well investigated
carrier for drug delivery. [1] Water-soluble and water-insoluble low molecular weight drugs,
DNA, RNA, magnetic particles, ligands, stimuli-sensitive lipids or moieties, and coated lipids
such as polyethylene glycol (PEG) can be encapsulated or embedded in the bilayer of

liposomes. (Fig.1-1)

A Water-soluble drugs ~ ~™ giRNA
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@ Stimuli-sensitive trigger Y Ligand: protein, peptide

Fig. 1-1. Structural illustration of liposome designs.
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Fig. 1-2. (Left) Illustration of EPR effect; (Right) Chemical structure of doxorubicin (DOX).

Due to its nano-scale size range (usually 50 to 300 nm in diameter), liposomes can
extravasate from tumor blood vessels and accumulate in tumors, infarcted or inflamed regions
instead of normal tissues via the enhanced permeability and retention (EPR) effect (Fig.1-2).
[2] Well known examples of liposome preparations include Doxil® and Caelyx”™, which are
doxorubicin (DOX) delivery systems in clinical use for anticancer therapy such as ovarian

cancer, breast cancer, lung cancer, bladder cancer, multiple myeloma, leukemia, and et al.
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Unfortunately, however, rapid clearance of liposomes from the blood circulation by the
mononuclear phagocyte system (MPS)* often reduces the drug concentration at the target site
to the level much below its effective range. Therefore, a new generation of so called
‘long-circulating liposomes’ has been developed. [3] These ‘long-circulating liposomes’
include protective polymer chains (e.g., PEG) that modify the outer surface of the liposomes

to shield them from opsonization, and subsequently slow down their clearance by MPS.

Notes: *Mononuclear phagocyte system (MPS) composes of phagocytic cells mainly located
in the reticular connective tissue in lymph nodes and the spleen, which belong to the immune

system. It also contains the Kupffer cells of the liver and tissue histiocytes.

Over the past few decades, stimuli-sensitive liposomes have attracted a great deal of
attention due to the requirement for controllable drug delivery and release systems. [4] For
example, pH-responsive GGLG-liposomes, which is an amino acid-based zwitterionic
liposome containing 1,5-dihexadecyl N,N-diglutamyl-lysyl-L-glutamate (Fig.1-3) developed
in our laboratory, exhibit enhanced drug release from endosomes by comparison with
conventional DPPC-liposomes. [5] As such, pH-responsive GGLG-liposomes display
enhanced potency during anticancer therapy. In addition to pH, [5, 6] liposome delivery
systems sensitive to other environmental stimuli such as temperature, [7] magnetic fields, [8]
redox potential, [9, 10] light, [11, 12] ultrasound [13, 14] or shear [15] have also been
developed. The more recent trends in liposome technology might also include the multiple
functionalization of liposomes. [16] Strategies such as the conjugation of liposomal surfaces
with antibodies or ligands, which increase their selectivity to a specific target, are also widely
utilized in the design of functional liposomes. [17-19] However, most of these liposomal
modifications are both complicated and expensive. Hence, there is a need for a simple and

efficient design method for improved liposomal delivery systems.
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Fig. 1-3. Chemical structure of lipid (Ieft) GIu2C,g and (right) GGLG.

1.1.2.  Preparation of liposomes

1.1.2.1. Classification of liposomes

According to the method of liposome preparation or the number of bilayers contained in the
liposome, or the size distribution, there are several classifications and definitions of liposomes
(Fig.1-4). [20] By the preparation methods, liposomes can be classified to reverse-phase
evaporation vesicles (REV), French press vesicle (FPV), and ether injection vesicles (EIV).
Based on the number of bilayer, liposomes can be described as unilamellar vesicles (ULV) or
multilamellar vesicles (MLV). When unilamellar liposomes are expressed by their size, they

can be defined as small unilamellar vesicles (SUV) or large unilamellar vesicles (LUV).
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Fig. 1-4. (Left) Illustration of vesicles structures with respect to the shape, size and number of
bilayers; SUV, small unilamellar vesicle; LUV; large unilamellar vesicle; MLV, multilamellar vesicle;
OVYV, oligovesicular vesicle; (Right) Illustration of structure transitions from unilamellar vesicles to

multilamellar vesicles, and further to planar bilayers by increasing the lipid concentration. [21]
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The transition of ULV to MLV was observed by Regev as shown in Fig.1-4 (right). [22]
By comparison to ULV, MLV are usually found in a more concentrated system, while ULV

are usually formed in a relatively diluted surfactant solution.

1.1.2.2.  Preparation methods

Generally, one key step of the preparation of liposomes is the hydration of homogenously
mixed lipids. In order to mix the lipids homogenously, all the lipid was first dissolved in
organic solvent (e.g., CHCl3), which is subsequently removed by evaporation. Then the mixed
lipid was dissolved in ~BuOH, following freeze drying to get a homogenous mixture in a
round bottom flask. After the hydration of the mixed lipids in aqueous buffer/drug solution,
bilayer structure can be formed/drugs can be encapsulated in a MLV. The size and drug
encapsulation efficiency can be controlled by the rate of hydration and stirring speed. Using
this method, the drug encapsulation efficiency is always as low as 10-20%.

Another method for MLV preparation is to mix a two phase systems vigorously, which
consists of equal volumes of ether dissolved lipids and an aqueous phase. And then remove
the organic (e.g., ether) phase by ventilating nitrogen over the mixture. This technique can
receive an increased drug encapsulation efficiency of around 40%, but the disadvantage is that
a large amount of organic solvent will be left in the liposome solution, which is not suitable
for the further biological and pharmaceutical applications of the liposomes.

Technically, because of the high lipid/drug ratio, less volume for drug encapsulating and
low drug release efficiency, MLV is not a preferred vesicle to delivery drugs. Therefore, ULV
is more practically employed in liposome researches and clinical applications. Especially,
ULV with a diameter less than 500 nm is more often used biologically and pharmaceutically
for the increased cellular uptake efficiency in comparison to larger particles.

The preparation of SUV is similar with that of MLV, but needs external energy to reduce

the vesicle size and layer such as heat, pressure or sonication. Sonicator can be a bath type or
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probe type instruments. For the probe type, unfortunately, the shedding of metal particles in
the solution leads to the contamination of liposomes, which is an inevitable problem that has
limited the application. On the contrary, the bath type has the advantage of contamination-free,
however, the ultrasonic energy is much lower than the probe type and the heat produced
during the bath sonication also has to be considered.

Regarding to the drug encapsulation efficiency, LUV, which has a diameter of more than
50 nm is capable of providing larger volume for drug encapsulating than SUV.  On the other
hand, LUV formation is more economic of lipids usage to carry drugs. Thus it is more
commonly used in drug delivery system, which is also preferred in this study for advanced
drug delivery.

LUV can be produced from MLV by subsequent extrusion through small size
polycarbonate membranes (e.g., 800 nm, 400 nm, 200 nm, 100 nm and 50 nm) under high
pressure of nitrogen gas using an extruder.

The encapsulation of drugs in liposomes using pH-gradient method is practical to a
variety of drugs. For example, daunorubicin, doxorubicin, epirubicin, mitoxanthrone,
vinblastine, chlorpromazine, dibucaine, lidocaine, quinidine, dopamine, serotonin,
imipramine, diphenhydramine, quinine, and chloroquine. These organic drugs can become
water-soluble by being prepared into hydrochloride salt form, which are stable in acidic
aqueous solution. Hence, the formation of pH gradient across the liposome bilayer is a key
process for drug encapsulation. In order to create the pH difference (inside acidic), LUV was
first prepared in acidic solution, following the exchange of the exterior solution with neutral
buffer. The hydrochloride salts of the drugs were then incubated with the liposomes solution
in neutral pH at the transition temperature of the liposomes, so that the drugs can more easily
penetrate the liposome bilayer to form a stable hydrophilic phase inside the liposomes. The
pH-gradient loading is an efficient method for encapsulating water soluble drugs (usually

with a more than 90% of the encapsulation efficiency) and practical in scale-up scheme.

-7-
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1.1.3.  Characterization of liposomes

1.1.3.1.  Size distribution

The average diameter and size distribution of liposomes are important parameters that
contribute to the stability, drug encapsulation efficiency, cellular uptake efficiency and
pathway and so on. Dynamic light scattering is always used for the measurement of liposome
size when particles are suspended in a solution. Through illumination by light, the scatters
light of the particle provide a refraction index which reflects the particle size and can be

varied from the suspending solvent.

1.1.3.2.  Drug encapsulation efficiency

The proportion of drugs encapsulated in the liposomes can be evaluated after the purification
by column chromatography or ultracentrifugation to separate the ‘free’ drugs that have not
been entrapped in liposomes from the drug encapsulating liposomes. The data shows the
percentage of encapsulating drugs comparing with the original drug concentration used in the

initial stage of drug encapsulation.

1.1.3.3.  Drug-lipid ratio
The drug-lipid ratio reflects the encapsulation potency of liposomes. LUV often exhibits
higher drug-lipid ratio than SUV due to its larger cavity for drug carrying. The ratio is

expressed as the total weight of drug to that of lipids which compose liposomes.

1.1.3.4. Stability

The stability or dispersibility of liposomes is a major consideration that is involved in all steps
of the production and administration. On one hand, the aggregation of liposomes results in an
increased size which will lead reduced cellular uptake efficiency and accelerated

destabilization of liposomes. Therefore, liposomes are preferred to be stored at low
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temperature such as 4 °C to retard the aggregation. Moreover, the components of stock
solution, pH, and ionic strength might also influence the stability of liposomes. It has been
reported that the lipid peroxidation and hydrolysis are two main routes of degradation.
Strategies such as removing heavy metals by adding EDTA and protecting liposomes from
light, are beneficial to lipid preservation.

On the other hand, drug leakage rate is also an important factor to evaluate the stability
of liposomes. For those drugs that are unstable in aqueous solution, freeze drying-thaw or

lyophilization-reconstitution is recommended to preserve the liposomes before administration.

1.1.3.5. Stimuli-sensitivity

‘Smart’ design of liposomes includes the insertion of stimuli-sensitive lipids or moieties into
liposomes, which trigger drug release in specific milieu. For instance, lipid that is sensitive to
pH, temperature, redox potential, magnetic field, or light. To evaluate the pH-sensitivity of
these liposomes, the characterization of zeta potential is often employed, which reflects the

electric potential of nanoparticle surface.

1.2.  Preparation of maleimide-modified liposomes

1.2.1. Methods and materials

The following reagents were purchased: maleimide-PEGsyy-carboxyl-NHS from NOF
Corporation (Tokyo, Japan); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) and cholesterol from Nippon Fine
Chemicals (Osaka, Japan); doxorubicin hydrochloride from Sigma-Aldrich (St Louis, MO);
XenoLight DiR from Caliper Life Sciences (Hopkinton, MA); and NBD-PE lipid from Avanti
Polar Lipids Inc. (Alabaster, Alabama). 1,5-dioctadecyl L-glutamate (Glu2Cis),
PEGs000-Glu2Ci3,  PEGsgo-DSPE,  1,5-dihexadecyl N, N-diglutamyl-lysyl-L-glutamate

(GGLG) and maleimide-PEGs0-Glu2C;g (Figure 1) were synthesized in our laboratory using
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previously published methods [5, 23].
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Fig. 1-5. Chemical structure of Mal-PEGsgp0-Glu2Cisg.

1.2.2. Preparation

M-GGLG-liposomes were prepared from GGLG, cholesterol, PEGsyy-DSPE,
maleimide-PEGsgpo-Glu2Cg at a molar ratio of 5:5:0.03:0.03, stirring at room temperature (rt)
for 2-4 hr in a citrate solution (pH 2.2) according to the referenced method. [5] For
preparation of GGLG-liposomes, the lipid PEGs0-Glu2Cis was wused instead of
maleimide-PEGs00-Glu2C;g with the molar ratio of 5:5:0.03:0.03. After hydration and
extrusion (Picture 1-1), the liposome dispersion was subject to ultracentrifugation at 49,000
rpm for 30 min. The supernatant was then removed and the pellet was re-dispersed in DPBS
for further characterization. Doxorubicin (DOX), a potent anticancer drug, has a limited
clinical application due to its severe side effects, such as myelosuppression, cardiotoxicity and
gastrointestinal toxicity. [24, 25] We utilized the liposomes as a carrier of DOX to protect the
drug from rapid metabolism and reduce its side effects by enhancing selectivity for tumor
tissues. For the preparation of DOX-encapsulating liposomes, a liposome suspension
([lipid]=3 mg/mL, 1 mL) and a DOX solution (300 pg/mL, 1 mL) were pre-heated at 60°C for
15 min and then mixed at 60°C for a further 15 min. The resulting mixed solution was
allowed to cool to rt overnight and the DOX-encapsulated liposomes were separated from free
DOX by gel filtration chromatography using a Sephadex G-25 column. The lipid
concentration of the liposomes was calculated from the concentration of cholesterol using a
Cholesterol kit from WAKO Pure Chemical Industries, Ltd (Osaka, Japan) according to the

manufacturer’s instructions. The concentration of DOX encapsulated in the liposomes was
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calculated from fluorescent measurements after solubilization of the DOX-liposomes in 0.5%

Triton X-100 solution (excitation wavelength, 485 nm; emission wavelength, 590 nm).

Mixed lipids dispersed in CHCly  Added with r-BuOH Added with citric acid

Ultracentrifugation and

Stirring for 3 hr redispersed in PB buffer /
—_——.
C:% EJ + K} Doxorubicin
@
Mixed with Dox \ Size
at 60 *C Purification Characterization Concentration
Zeta potential
Encapsulation efficiency

0

N

NH,
Water-soluble O»OH DOX Inside
~0 o oH g7 *HO

"."'.lfater-insqubIe’(\/| +OH
Liposome

G oH g0 membrane ®a O Outside

e
O‘O‘ %o 70
® 9

O OH

Hydrated

lipids \'

Picture 1-1. Illustration of the preparation of liposome and pH-gradient loading of DOX.

1.3.  Characterization of maleimide-modified liposomes

1.3.1. Methods

1.3.1.1.  Size distribution of the liposomes

The dispersion of liposomes (2 puL) containing 3 mg/mL of total lipids was diluted in DPBS (1

mL). The mean particle diameter was measured in a disposable plastic cuvette using a
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dynamic light scattering spectrophotometer (N4 PLUS Submicro Particle Size Analyzer,

Beckman-Coulter, Fullerton, FL). All measurements were performed in triplicate.

1.3.1.2.  Stability of liposomal DOX

The stability of DOX-liposomes was evaluated by the DOX leakage from liposomes in saline
at 37 °C. After column purification and ultracentrifugation, GGLG-DOX- and
M-GGLG-DOX-liposomes (fc [DOX]=15 pg/mL) were dispersed in saline (5mL) and
incubated at 37 °C for 1, 4, 24, 48, 168 and 720 hr. At each time point, 0.5 mL of a solution of
DOX-liposomes was drawn and subject to ultrafilteration at 14,000 g for 20 min using an
Amicon Ultra-100k tube according to the manufacture’s instruction. The leakage rate of DOX
was calculated using the eq showed below:

% Rate of DOX leakage = [DOX]jcaked/[ DOX initial X 100%

1.3.1.3. Zeta potential of the liposomes

Zeta potentials of the liposomes at various pH values were calculated with a Zetasizer
(Zetasizer4, Malvern, UK). The liposome dispersion in acetic acid-sodium acetate buffers (pH
3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0) or disodium hydrogen phosphate-sodium dihydrogen
phosphate buffer (pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.0) was loaded in a capillary cell mounted on the

apparatus and measured in triplicate at 37 °C.

1.3.2.  Results

1.3.2.1.  Size distribution and dispersibility of the liposomes

The size of liposome is an important factor for its physical and biological properties, such as
stability, cellular uptake pathway, and metabolism in vivo. Nanoparticles, with a mean
diameter around 200 nm, are thought to have a similar mechanism of cellular uptake. [26]

As shown in Table 1-1, similar size distributions of M-GGLG- and GGLG-liposomes
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were observed, and the mean diameters were around 160-190 nm before and after
encapsulation of DOX. Therefore, it was suggested that the particle size would not result in
significant change in physical or biological functions of maleimide-modified liposomes.
Moreover, M-GGLG-liposomes were as stable as the GGLG-liposomes during storage (ie,
4°C in refrigerator). Specifically, after two months storage at 4°C, no aggregation of the
liposomes was detected by measuring the size distribution (Table 1-2). Furthermore, the drug
encapsulation efficiency of M-GGLG-DOX-liposomes was as high as 95%, and the leakage
ratio of DOX at 37°C one month after drug encapsulation was around 10%, which was
slightly lower than that of GGLG-DOX-liposomes (Fig.1-6). Thus, we judged the
M-GGLG-DOX-liposomes to be sufficiently stable to conduct further in vitro and in vivo

measurements.

Table 1-1. Size and characteristics of empty liposomes and DOX-encapsulating liposomes. The
composition of GGLG-liposome was GGLG/cholesterol/PEGsg00-DSPE/PEGsn00-Glu2C,s whereas that
of M-GGLG-liposome was GGLG/cholesterol/PEGsn00-DSPE/ Mal-PEGsg0-Glu2C;5 at a molar ratio

0f 5:5:0.03:0.03 in DPBS at room temperature (n=3)

DOX-lipid Encapsulation efficiency

Samples Size (nm)
[ng/mg] [70]
GGLG-liposome 167.5 £56.03 - -
GGLG-DOX-liposome 175.9 £53.40 94.2 93.3
M-GGLG-liposome 178.6 £68.79 - -
M-GGLG-DOX-liposome 188.6 +66.41 99.2 95.0

Notes: M-GGLG-liposomes showed similar size distribution, ratio of DOX-lipid and
drug-encapsulation efficiency with GGLG-liposomes.

Abbreviations: GGLG, pH sensitive lipid 1,5-dihexadecyl N, N-diglutamyl-lysyl-L-glutamate; DOX,
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anticancer drug doxorubicin; Mal/M, maleimide moiety

Table 1-2. Size distribution of GGLG- and M-GGLG-liposomes after preparation for 30 days storage

at 4 °C. (n=3)

Time (d) GGLG-liposome M-GGLG-liposome

30 167.9+£72.3 173.7 £81.33

1.3.2.2.  Stability of liposomal DOX

As shown in Fig. 1-6, the drug leakage of both GGLG-DOX- and M-GGLG-DOX-liposomes
was around 5% within 100 hr storage at 37 °C in saline, which indicated the liposomal DOX
was relatively stable for short time (i.e., 4 days) incubation. Then the leakage started to
accelerate, however, the final leakage rate after one month incubation was only around 15%
for GGLG-DOX-liposomes and 10% for M-GGLG-DOX-liposomes. This result suggested
that the pH-gradient loading of DOX was efficient and stable, and under physiological
conditions (i.e., saline solution at 37 °C), drug release from GGLG- and M-GGLG-liposomes

could not be triggered non-specifically.
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Fig. 1-6. Stability of GGLG-DOX- and M-GGLG-DOX-liposomes in saline at 37 °C. Errors mean

SEM. (n=3).
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1.3.2.3.  Zeta potential of the liposomes
As we reported previously, the GGLG-liposomes are pH-sensitive owing to the presence of
zwitterionic lipid GGLG on the liposomal surface. [5]

Zeta potentials of GGLG- and M-GGLG-liposomes increased from negative to positive
by decreasing pH value from 9.0 to 3.0 (Fig.1-7). The amount of maleimide in the
M-GGLG-liposomes was so low (0.3 mol%) that the zeta potential of M-GGLG-liposomes
showed similar values to those of GGLG-liposomes at various pHs, and M-GGLG-liposomes

were still sensitive to pH change.

0 - X AGGLG
) oM-GGLG
10 - . % A
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Zeta potential (mV)

2 4 6 8 10
pH
Fig. 1-7. Zeta potentials of GGLG- and M-GGLG liposomes under various pH values at 37 °C. Errors

mean SEM. (n=5).

The zeta potentials of both GGLG- and M-GGLG-liposomes became 0 at around pH 5.5,
in which condition the aggregation/self-fusion of these liposomes accelerated the most due to
the disappearance of the electrostatic repulsion on liposome surfaces. The increasing ratios of
the mean diameter of GGLG-liposomes at pH 5.5 were 1.58, 2.09 and 2.35 by comparison to
those at physiological pH after preservation at 4 °C for 0.5 hr, 6 hr and 12 hr, respectively.
Likewise, the increasing ratios of the mean diameter of M-GGLG-liposomes at the same

condition showed above were 1.34, 1.64 and 1.88, respectively.
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1.4.  Summary

Maleimide-modified liposome (M-GGLG-liposome) was prepared and characterized for its
size distribution, drug encapsulation efficiency, drug-lipid ratio, stability, drug leakage rate
and pH-sensitivity. The results suggested that with a small amount (0.3 mol%) of
maleimide-modification, the physical properties shown above were not influenced
significantly, thus physical indexes would not be the key factors that lead a differentiated

biological behavior between maleimide-modified and non-modified liposomes.
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2.1.  Introduction

The interaction of nanoparticles with cells is well known to be greatly affected by particle size,
shape and surface chemistry. These characteristics also influence the intracellular trafficking
and biodistribution of nanoparticles. [1-3] However, little is known about the interdependent
relationship that these factors have with the biological and pharmaceutical behaviors of
nanoparticles. For example, nonspherical particles as large as 3 um can be internalized into
HeLa cells by using several diverse mechanisms of endocytosis; and rod-like particles can
show a remarkable superiority on internalization rates. [4] Moreover, nanoparticles with a
diameter as large as 500 nm can be internalized by cells via an energy-dependent process.
When the diameter is less than 200 nm, the cellular internalization involves clathrin-coated
pits. Following the size increasing, the mechanism shifts to caveolae-mediated endocytic
pathway, which becomes a predominant intracellular trafficking pathway for the nanoparticles
with a diameter of 500 nm. With the increasing size (e.g., > 500 nm) of nanoparticles, the
intracellular delivery to lysosomes is no longer apparent. [2]

However, it is ambiguous to define the relationship between the nanoparticle size and
cellular uptake efficiency, since the cellular uptake efficiency is also related to the cell species
and the components of the nanoparticle. For example, a golden particle can show highest
cellular uptake efficiency with a size of 50 nm by comparison to the ones with a diameter of
14 nm and 74 nm. [5] While in a biodegradable polylactic polyglycolic acid (50:50)
co-polymer system, gastrointestinal uptake of the particles performs a significantly decreasing
efficiency by increasing the size of the particle (i.e., 100 nm, 500 nm, 1pm, and 10 pm). [6]

In this research, spherical shaped GGLG-liposome and M-GGLG-liposome were
prepared with a uniform size distribution and same lipid composition except for the
maleimide modification on M-GGLG-liposomes. Therefore, it is expected that only surface

chemistry would influence the intracellular trafficking and biodistribution of the liposomes.
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2.2.  Study of the cellular uptake properties of maleimide-modified liposomes

2.2.1. Methods

2.2.1.1. Cell culture

HeLa, HCC1954 and MDA-MB-468 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. The cells were grown at 37°C in an atmosphere containing 5% CO;

and passaged by trypsinization with 0.1% trypsin-EDTA.

2.2.1.2.  Cellular uptake of liposomes

To quantify the concentration of liposomes internalized in the cells, NBD-PE lipids were
homogeneously inserted into liposomes during the preparation of the lipid mixture using a
molar ratio of 2%. A standard fluorescence curve for each type of liposome was made to
calculate the concentration of liposomes.

Cells were seeded in 24-well cell culture plates (5x10* cells/well) and incubated in an
atmosphere of 5% CO; at 37°C for 24 hr. Then the medium in the cell culture dish was
exchanged with 500 pL of fresh DMEM (pH 8.3, 7.8 and 6.6, respectively) containing 72
pg/mL NBD-liposomes in the presence of 10% FBS. Upon incubation at 37°C for 2 hr, the
cells were washed twice with PBS and 350 pL of 0.5% Triton X-100 buffer was added. The
amount of liposomes in the cells was fluorometrically determined from the lysate using a
fluorescence spectrometer (excitation wavelength, 485 nm; emission wavelength, 590 nm).
The protein concentration of the lysate was determined by a standard protein assay (660 nm
Pierce Protein Assay, Pierce Biotechnology, Rockford, IL). The cellular uptake efficiency of

the liposomes was expressed as lipid-pug per cellular protein-mg.

-21 -



Chapter 2

2.2.1.3.  Confocal laser scanning microscopic observation of cellular internalization of
DOX-liposomes

HeLa cells (1x105 cells/well) were seeded in a 35-mm cell glass bottom dish and incubated in
an atmosphere of 5% CO2 at 37°C for 24 hr. After removing the medium, fresh DMEM
medium containing DOX-liposomes ([DOX]=150 pg/mL) was added to the dish and
incubated for 5 min. The cells were then washed three times with DPBS and observed under a

confocal laser scanning microscope (FV1000, Olympus, Japan).

2.2.2.  Results

The surface charge of nanoparticles is an important factor in terms of their cellular
internalization. Positively charged nanoparticles have a tendency to attach themselves to the
negatively charged cell membrane. For HCC1954 and MDA-MB-468 cells, GGLG- and
M-GGLG-liposomes showed the highest cellular uptake efficiencies at pH 6.6 rather than pH
7.8 or 8.3 (Fig.2-1A). The surfaces of the M-GGLG and GGLG-liposomes were less
negatively charged at pH 6.6 than at the higher pH values (Fig.1-7). Thus, the liposomes were
more likely to attach to the cell surface and be internalized by cells at the lower pH (ie, pH
6.6). It should be noted that the M-GGLG-liposomes showed significantly increased cellular

uptake efficiencies over the GGLG-liposomes in all three cell lines and pH conditions tested.
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Fig. 2-1. Cellular internalization of liposomes. (A) Cellular uptake efficiency of M-GGLG- and
GGLG-liposomes for 2 hr incubation in HeLa, HCC1954, and MDA-MB-468 cells at various pH
medium. (B) Time dependence of cellular uptake efficiency of GGLG- and M-GGLG-liposomes in
different initial concentrations in HeLa cells at pH 7.8. (n=4). Errors mean SEM. *p <0.05, **p <0.01.
(C) Confocal microscopic observation of rapid cellular uptake of M-GGLG-DOX- and
GGLG-DOX-liposomes ([DOX]=150 pg/mL) after 5 min incubation with HeLa, HCC1954 and

MDA-MB-468 cells. No morphological change of cells was confirmed after short-time incubation
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with M-GGLG-DOX- and GGLG-DOX-liposomes.
Notes: Both empty and DOX-encapsulating M-GGLG-liposome showed significantly increased

cellular uptake efficiency by comparison with that of GGLG-liposome.

The internalization of liposomes occurred as soon as the liposomes were attached to the
cell surface. For example, M-GGLG-liposomes exhibited a rapid cellular internalization
within a short time of attaching to the cell surface (Fig.2-1C), which then continued for at
least 8 hr (Fig.2-1B). By contrast, the cellular internalization of GGLG-liposomes was much

lower, reaching a maximum after 2 hr.

2.3.  Study of the intracellular drug release properties of drug encapsulated liposomes
Doxorubicin (DOX) is a broadly used anticancer drug, which is an anthracycline antibiotic,
closely related to the natural product daunomycin. It is commonly used in the treatment of a
wide range of cancers, including hematological malignancies, various types of carcinoma, and
soft tissue sarcomas. Like all anthracyclines, it works by intercalating DNA (Fig.2-2A), and
may lead the most serious adverse effect of life-threatening damage such as myelosuppression,
cardiotoxicity, and gastrointestinal toxicity. [7, 8] Therefore, the liposomal formulation for
DOX delivery is extremely needed for the controlled drug release to reduce the side effect.
There is another issue subsequently emerged however, that the efficient intracellular drug
release after liposome trafficking into the target tissue or cells. One of the obstacles is the
destablization and metabolism of the cargos by the degradative enzymes lysosomes such as
lipase, carbohydrates, proteases, and nucleases in. For most of the nanoparticles, endocytosis
is a main pathway for the intracellular trafficking. Others include penetration, membrane
fusion and destabilization and so on. Thus, efficient escape of liposomes and/or drug release
from lysosomes is a key factor that determines the intracellular drug delivery efficiency of

liposomal delivery system, which needs to be well investigated for further application.
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2.3.1. Methods

2.3.1.1. Intracellular drug delivery of DOX-liposomes

HeLa cells (1x10° cells/well) were seeded in a 35-mm cell glass bottom dish and incubated in
an atmosphere of 5% CO; at 37°C for 48 hr. After removing the medium, fresh DMEM
medium containing DOX-liposomes ([DOX]=100 pg/mL) was added to the dish and
incubated for 8 hr. The cells were then washed three times with DPBS and fixed with 4%
formalin solution at room temperature for 20 min. The fluorescent intensity of DOX was
measured through a confocal laser scanning microscope (FV1000, Olympus, Japan). The
intracellular drug release efficiency was calculated by calculating the total fluorescent
intensity of DOX internalized in the whole cell and DOX released into the nucleus. The ratio
of [DOX] released into the nucleus was expressed as the percentage of

[DOX]nucleus/[DOX]cell.

2.3.1.2.  Cytotoxicity of DOX-liposomes

HeLa, HCC1954 and MDA-MB-468 cells were seeded in 96-well cell culture plates (1x10*
cells/well) and incubated in an atmosphere of 5% CO, at 37°C for 24 hr. Then the medium in
the cell culture dish was exchanged with 100 puL fresh DMEM containing the DOX-liposomes
([DOX] = 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0 pg/mL) in the presence of 10% FBS. After
incubation at 37°C for 24 hr, the cells were washed twice with DPBS and 100 pL of fresh
DMEM medium was then added. The cells were then incubated for a further 24 hr. Cell
viability was tested using a WST-8 assay kit (Cell Counting Kit-8, Dojindo Molecular
Technologies, Inc, Osaka, Japan), according to the manufacturer’s instructions. After adding
10 uL WST-8 to each well followed by a 2 hr incubation, the absorbance of each sample was
measured at a wavelength of 450 nm using a microplate reader (Benchmark Plus, Bio-Rad).
The cell viability was calculated using following eq:

% Cell viability= (Abs[cells+liposome+WST]c-Abs[cells])/(Abs[cells+tWST]-Abs[cells])
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x100%

2.3.2. Results

2.3.2.1. Intracellular drug delivery of DOX-liposomes

In my experiments, the intracellular drug release of DOX-liposomes was evaluated by
calculating the DOX concentration in nucleus, which is the final subcellular location for DOX
to exert its cytotoxicity through Confocal Microscopic observation. The results were
expressed as the average proportion of [DOX] in nucleus to that in the whole cell after 8 hr
incubation of DOX-liposomes in HeLa cells. The number of samples was 70 cells for each

experimental group.
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Fig. 2-2. (A) The cytotoxic mechanism of DOX and confocal microscopic observation of subcellular
distribution of DOX delivered by M-GGLG-liposomes; (B) Rate of [DOX] in nucleus after incubation
of DOX-liposomes with HeLa cells at 37 °C for 8 hr. The drug release efficiency was calculated by
measuring the total fluorescent intensity of DOX internalized in the whole cell and DOX released into
the nucleus using Confocal Microscopy. The ratio of [DOX] released into the nucleus was expressed

as the percentage of [DOX]nucleus/[DOX]cell. Errors mean SEM. n=70. **p <0.01.

As shown in Fig.2-2B, the nuclear distribution of DOX exhibited a slightly but
significantly increase for M-GGLG-DOX-liposomes by comparison with that of

GGLG-DOX-liposomes. It was suggested again that the maleimide-modification of liposomes
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did not influence the pH-sensitivity of liposomes under subcellular milieu, and the drug
release from lysosome to nucleus was not impeded. Interestingly, the slight increasing of the
intracellular delivery efficiency of M-GGLG-DOX-liposomes also indicated a more potent
membrane fusion capability with endosomes/lysosomes by the maleimide-modification of

liposome.

2.3.2.2.  Cytotoxicity of DOX-liposomes

Doxorubicin is a low molecular weight compound that enters the cell nucleus, intercalates
into the DNA and thereby triggers apoptosis. Thus, the drug delivery efficiency of
DOX-liposomes could be evaluated in terms of cytotoxicity caused by the release of DOX
from the liposomes into the cytosol and ultimately the nucleus. As shown in Fig.2-3, the
cytotoxicity of M-GGLG-DOX-liposomes was significantly higher than that of
GGLG-DOX-liposomes in all the cell lines tested. The ICsy of GGLG-DOX-liposomes was
estimated to be >18.4 uM (10 pg/mL), while that of M-GGLG-DOX-liposomes was
approximately 9.2 uM (5 pg/mL) for HeLa and HCC1954 cells, and 1.84 uM (1 pg/mL) for

MDA-MB-468 cells.

HelLa HCC1954 MDA-MB-468
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Fig. 2-3. Cytotoxicity of DOX-liposomes for 24 hr incubation with HeLa, HCC1954 and

MDA-MB-468 cells at 37 °C. Errors mean SD. (n=4). **p <0.01.
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Notes: Empty liposomes of both M-GGLG- and GGLG-liposomes were biocompatible at all
experimental concentrations which were applied for drug delivery. The significant increased
cytotoxicity of DOX-encapsulating M-GGLG-liposomes revealed an advanced in vitro drug delivery

by maleimide-modification.

2.4.  Study of the biocompatibility properties of maleimide-modified liposomes

2.4.1. Methods

HeLa, HCC1954, MDA-MB-468 and COS-7 cells were seeded in 96-well cell culture plates
(1x10" cells/well) and incubated in an atmosphere of 5% CO, at 37°C for 24 hr. Then the
medium in the cell culture dish was exchanged with 100 puL fresh DMEM containing empty
liposomes (0.72, 7.2, 72, 720 and 1440 mg/L) in the presence of 10% FBS or NEM (1 nM, 10
nM, 100 nM, 1 uM, 10 uM, 20 uM, 50 uM, 100 uM and 1 mM) in the absence of FBS. After
incubation at 37°C for 24 hr, the cells were washed twice with DPBS and 100 pL of fresh
DMEM medium was then added. The cells were then incubated for a further 24 hr. Cell
viability was tested using a WST-8 assay kit (Cell Counting Kit-8, Dojindo Molecular
Technologies, Inc, Osaka, Japan), according to the manufacturer’s instructions. After adding
10 uL WST-8 to each well followed by a 2 hr incubation, the absorbance of each sample was
measured at a wavelength of 450 nm using a microplate reader (Benchmark Plus, Bio-Rad).
The cell viability was calculated using the following eq:

% Cell viability= (Abs[cells+liposome+WST]-Abs[cells])/(Abs[cells+WST]-Abs[cells])

x100%

2.4.2. Results
2.4.2.1. Biocompatibility of empty liposomes
The cytotoxicity of empty liposomes was observed after a relatively long (i.e., 48 hr)

incubation period with the cells (Fig.2-4). The IC;( of empty liposomes was estimated to be
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720, 200 and 730 mg/L for GGLG-liposomes, and 1000, 500 and 600 mg/L for
M-GGLG-liposomes in HelLa, HCC1954 and MDA-MB-468 cells, respectively. The
maximum concentration of the lipids used in the cytotoxicity experiments of DOX-liposomes
was around 100 mg/L (calculated by [DOX] and DOX-lipid rate), which was much lower than
the IC;( values of empty liposomes (shown above). Therefore, in the cytotoxicity experiments
of DOX-liposomes, liposomes alone did not lead to cell death in vitro after 24 h incubation,

suggesting the observed cytotoxicity was caused by the encapsulated DOX.

Hela HCC1954 MDA-MB-468
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Fig. 2-4. Cytotoxicity of empty liposomes for 48 hr incubation with HelLa, HCC1954 and
MDA-MB-468 cells at 37 °C. Errors mean SD. (n=4). **p <0.01.

Notes: Empty liposomes of both M-GGLG- and GGLG-liposomes were biocompatible at all
experimental concentrations which were applied for drug delivery. The significant increased
cytotoxicity of DOX-encapsulating M-GGLG-liposomes revealed an advanced drug delivery by

maleimide-modification.
2.4.2.2.  Cytotoxicity of NEM

As shown in Fig.2-5, no significant cytotoxicity of N-ethylmaleimide (NEM) was confirmed

within the concentration of 1.25 mg/L (10 uM) in HeLa, HCC1954 and MDA-MB-468 cells.
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Fig. 2-5. Cell viability of (square) HeLa, (circle) HCC1954, and (triangle) MDA-MB-468 cells after

incubation with N-ethylmaleimide (NEM) for 24 hr at 37 °C. Errors mean SD (n=4).

Table 2-1. ICsy, of NEM in HeLa, HCC1954 and MDA-MB-468 cell lines for 24 hr incubation. The

cytotoxicity was tested by Cell Counting Kit-8 according to the manufacturer’s instruction.

Cell lines HeLa HCC1954 MDA-MB-468

ICs) (mg/L) 6.8 3.7 3.5

2.5.  Discussion and summary

The surface structure of the liposome is an important factor that influences their physical and
biological properties such as stimuli-sensitivity, stability, cellular uptake efficiency, drug
release rate and biodegradation rate. Maleimide is a thiol-reactive moiety that rapidly,
covalently and specifically conjugates with the thiol group of cysteine residues. Thus, surface
modification with maleimide-PEG provides the liposomes with reactive sites to the cell
membrane thiols. We reasoned such a modification might strengthen the association of
liposomes with the cell surface. This concept was introduced into the design of liposomes
with the expectation of enhanced cellular uptake. [9]

Maleimide-modification at a level of 0.3 mol% of total lipids in the liposomes did not

-30 -



Chapter 2

affect their physical characteristics such as size, drug encapsulation efficiency (Table 1-1),
stability (Table 1-2), drug leakage rate (Fig.1-6) and pH-sensitivity (Fig.1-7). Therefore,
M-GGLG-liposomes exhibit a similar pH-responsive characteristic upon cellular uptake
(Fig.2-1A) and drug release in vitro (Fig.2-2) to that of pH-responsive GGLG-liposomes. If
we consider that the liposomes are composed of 68.2% GGLG lipid and 4.2% PEG of total
lipid weight, 0.3 mol% of maleimide moiety represents only 0.05% of total lipid weight. Thus,
it is not surprising that our maleimide modification did not influence the physical properties

of the liposomes to any significant extent.

M-GGLG-liposome

Cell surface

Picture 2-1. Illustration of estimated interaction of M-GGLG-liposome and cell surface thiols.

Nonetheless, the maleimide moiety furnished the liposomes with new biological
properties and/or functions. The maleimide moiety on the outer surface of the
M-GGLG-liposomes could recognize and conjugate with thiol groups on the cell surface
(Picture 2-1). The more rapid and increased duration of cellular uptake observed for the
M-GGLG-liposomes (Fig.2-1) implied that the conjugation of maleimide moieties to the cell
surface thiols facilitated their cellular internalization. Given that liposomes with a mean size
of 100 to 200 nm enter cells mainly via clathrin- and/or caveolae-mediated endocytosis, [10]
it is possible the thiol-reactive maleimide moiety strengthens the recognition and/or
interaction between liposomes and coat proteins on the plasma membrane. It is also

hypothesized that the thiol-mediated cellular uptake is independent from conventional
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endocytosis. Some other factors such as PDI (protein disulfide isomerase) might also be
involved in this movement.

The intracellular DOX release efficiency by M-GGLG-liposomes delivery was slightly
but significantly increased in comparison with that by GGLG-liposomes (Fig.2-2B). Thus, it
was suggested that maleimide-modification of liposomes has no influence on the subcellular
membrane fusion ability. In other words, maleimide-modification did not weaken the fusion
ability of M-GGLG-DOX-liposomes with lysosomes, and encapsulating DOX could release
into the cytosol and ultimately locate in nucleus as efficiently as non-modified
GGLG-DOX-liposomes.

The drug delivery efficiency of DOX-liposomes can be evaluated as the cytotoxicity of
DOX-liposomes. First, to estimate the safety of the maleimide moiety applied on
M-GGLG-liposomes, the cytotoxicity of empty M-GGLG-liposomes was investigated.
Cytotoxicity was only observed after incubation for 48 hr at extremely high concentrations of
total lipid i.e., more than 1000, 500 and 600 mg/L for HeLa, HCC1954 and MDA-MB-468
cells, respectively (Fig.2-4). These findings were similar to those obtained for
GGLG-liposomes. The concentration of total lipid used for the experiments of cellular uptake
efficiency and cytotoxicity of DOX-liposomes were 72 mg/L and 100 mg/L for no more than
24 hr incubation in vitro. Hence, we considered the biocompatibilities of GGLG- and
M-GGLG-liposomes were sufficiently high in all the cell lines tested to evaluate their
biological functions in vitro. Furthermore, the concentration of the maleimide moiety on
M-GGLG-liposomes used in the studies of tumor growth inhibition and biodistribution were
1.25 mg/L and 41.7 ng/L, respectively. Both these concentrations were within the safe
concentration limit of N-ethylmaleimide for cells (Fig.2-5 and Table 2-1). We therefore
concluded that the modification of liposomes using 0.3 mol% of maleimide moiety on
M-GGLG-liposomes was also biocompatible in vivo. Moreover, the increased cytotoxicity of

DOX-liposomes in vitro (Fig.2-3) was a result of enhanced cellular uptake (Fig.2-1) and
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efficient drug (DOX) release of the M-GGLG-DOX-liposomes (Fig. 2-2). Our experiments
show that the maleimide moiety did not contribute to the observed cytotoxicity of the
modified liposomes and M-GGLG-DOX-liposomes are more efficient to deliver anticancer

drugs in vitro.
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3.1. Introduction

3.1.1. Overview

Chapter 3

During the past two decades, clinically application of liposomal drug delivery system has

been investigated for the treatment of a variety of cancers and sarcomas showed in Table 3-1.

Table 3-1. Approved and emerging liposomal drug delivery system [1]

Product name

. Composition Stealth Application Trial phase
(active agent)
DaunoXome” .
. DSPC/CHOL No Kaposi’s sarcoma Approved
(daunorubicin)
DOXIL"/Caelyx”™ SoyHPC/CHOL/ ,
. Yes Kaposi’s sarcoma Approved
(doxorubicin) DSPE-PEG
Myocet"/Evacet” .
. EPC/CHOL No Metastatic breast cancer | Approved
(doxorubicin)
) ) SoyHPC/CHOL/ Head and neck cancer;
SPI-007 (cisplatin) Yes Phase I/11
DSPE-PEG Lung cancer
Lipoplatin™
] ] SoyPC/DPPG/CHOL Yes Several cancer type Phase II/111
(cisplatin)
S-CKD602
(camptothecin - Yes Several cancer type Phase I
analogue)
Aroplatin
o DMPC/DMPG No Colorectal cancer Phase 11
(oxaliplatin analogue)
DOPC/DPPG/CHOL/ Lymphomatous
Depocyt o No o Approved
triolein meningitis
LEP-ETU o Ovarian, breast and lung
. DOPE/CHOL/cardiolipon No Phase I
(paclitaxel) cancer
Leukemia, breast,
LEM-ETU D .
] DOPE/CHOL/cardiolipin No stomach, liver and Phase |
(mitoxantrone) .
ovarian cancer
LE-SN38 (irinotecan) DOPE/CHOL/cardiolipin No Advanced cancer Phase [
MBT-0206 DOPE/DO-trimethyl- Anti-angiogenic
. ) No . Phase I
(paclitaxel) ammoniumpropane properties; Breast cancer
OSI-211 Ovarian cancer; Head and
SoyHPC/CHOL No Phase 11
(lurtotecan) neck cancer
Marqibo® . ) Non-Hodgkin’s
o DSPPC/CHOL/sphingosine No Phase II/111
(vincristine) lymphoma
® Advanced renal cell
Atragen . .
DMPC, and soybean oil No carcinoma; Acute Phase I/I1

(t-retinoic acid)

pro-myelocytic leukemia
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INX-0125 o Breast, colon and lung Preclinical
. ) DSPPC/CHOL/sphigosine No
(vinorelbine) cancer Phase I
INX-0076 (topotecan) | DSPPC/CHOL/sphigosine No Advanced cancer Preclinical
Liposomal-
. ® DSPC/DSPG/Tween No Breast cancer Phase 11
Annamycin

. ® Fungal infections in
Ambisome

(amphotericin) SoyHPC/DSPPC/CHOL No immune-co.mpromised Approved
patients
Nyotran® Fungal infections in
(nistatin) DMPC/DMPG/CHOL No immune-compromised Phase II/111
patients

Most of the liposomal drug delivery system is applied by intravenous (iv) injection.
However, the iv injection of liposomes in blood circulation may challenge the stability and
fast metabolism of liposomes by mononuclear phagocyte system (MPS) mainly in liver,
spleen and lymph nodes. Another concern is the side effect of drug encapsulating liposomes
after circulating in the whole body. The accumulation of liposomes and subsequently drug
release at the normal organs might lead severe damage to the normal tissue and cause pain or
even death of patients. Therefore, proper drug carrier design and administration method are
important issues to investigate the clinical application of liposomal drug delivery system.

On the other hand, subcutaneous (sc) administration of PEGylated liposomes appears to
be important to target the lymph nodes for administration of antitumor, antibacterial, and
antiviral drugs. This administration route is able to achieve sustained drug release in vivo and
reduce/eliminate the drugs in blood circulatory system. The lymphatic targeting is thought to
be beneficial to suppress tumor metastasis since the tumor cells tend to penetrate the
lymphatic capillaries to spread in the circulatory system and migrate to other tissues/organs. It
has also been reported that sc administration of liposomes can be employed in the field of
vaccination and rheumatism, with the aim to form a local drug depot locally and prolong the

release of antigens. [2, 3]
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3.1.2. EPR effect

It was first reported by Prof. Hiroshi Maeda [4] that the tumor vascular permeability is higher
than that of normal tissue vascular, which facilitates nanoparticles to penetrate the tumor
vessel instead of normal vessel to get an increased retention at tumor site, known as enhanced
permeation and retention (EPR) effect. [5]

Most solid tumors have been reported to have elevated levels of vascular permeability
factors such as bradykinin, nitric oxide (NO), and peroxynitrite (ONOQ"). [6-9] Proteinaceous
vascular permeability factor (VPF), identified to vascular endothelial growth factor (VEGF),
is also actively produced in tumor tissue, whose effect is probably indirectly mediated by
extensive production of NO. [10] Besides solid tumor, enhanced vascular permeability can
also be observed in granuloma and inflammatory and infected tissues, with resultant
extravasation of plasma proteins as well as macromolecules and lipid particles into the

interstitial space and clearance via the lymphatic system. [11-14]

3.1.3. Intravenous administration

The route of administration of liposomes apparently influenced the distribution, metabolism,
and elimination of drugs. Thus, the pharmacodynamics and tissue damage (side effect) can be
diverse by different administration routes. Intravenous (iv) injection is mostly applied for a
series of drugs clinically for the thoroughly circulation in blood and drug delivery in the
whole body. However, nanoparticles such as liposomes can quickly bind to opsonin proteins
in the blood serum which leads the rapid clearance from the mononuclear phagocytic system
(MPS) after intravenous (iv) injection. [15] Therefore, a new generation of so called
‘long-circulating liposomes’ has been developed. [16] These ‘long-circulating liposomes’
include protective polymer chains (eg, PEG) that modify the outer surface of the liposomes to
shield them from opsonization, and subsequently slow down their clearance by MPS and

increase the blood circulation time. Unfortunately, this PEGylation effect is still limited for
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clinical application. Usually only about 5% of the administrated nanoparticles remains to
circulate in the blood after iv injection for 12 hr, whereas the majority is eliminated within a
few hours by liver, spleen and other organs. [17] There is no doubt that PEGlyation is
beneficial in most of the iv cases, but the mechanism is still not fully understood. Therefore,
the EPR effect of nanoparticles for drug delivery to solid tumor is not always very effective to

exert pharmacodynamic effect.

3.1.4. Local administration

By comparison to intravenous (iv) administration, local injection such as subcutaneous (sc),
intradermal (id), intraperitoneal (ip) and intramuscular (im) injections, of a high concentration
of antineoplastic agents is considered as a relatively effective therapeutic method due to the
partial absorption of injected drugs by lymphatic capillaries and subsequently delivery to
regional lymph nodes. However, it should be noted that most of the antineoplastic agents have
vesicant properties, and tissue damage such as necrosis can be caused. Thus, local
administration of the free drug is not feasible. [18] Liposome has a bilayer structure which
can separate drugs from directly contact with interstitial tissues and release drug “smartly”,
therefore, it is often used to encapsulate antineoplastic agents in order to protect surrounding
tissue from the cytotoxic effects of the drugs after local injection.

The nanoparticle with a diameter of less than 100 nm, is suggested to enter blood
circulation after sc injection, while with a diameter of more than 100 nm, it is retained and
destabilized locally and subsequently flow into lymphatic capillaries and metabolized by
macrophages at regional lymph nodes. Thus, the side effect or tissue damage resulted from sc
injection of larger liposome encapsulating drug can be eliminated in comparison to that by iv
injection.

The anatomical site of injection, liposome composition, size and dosage and surface

modification, can significantly or slightly influence the lymphatic uptake of liposomes.
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[19-21] Generally speaking, following the increasing of the particle size, the lymphatic uptake
of nanoparticles becomes slower and the retention at local site becomes longer. Furthermore,
saturation of lymphatic uptake and lymph node localization does not occur over a large
liposomal lipid dose range, illustrating the efficient performance of lymph nodes in capturing

sc administered particles.

3.2, Study of the tumor growth inhibition of drug encapsulating liposomes

3.2.1. Methods

The antitumor effects of DOX-liposomes were evaluated by using tumor-bearing mice
(Picture 3-1). HCC1954 cells (5x10°) in 50 pL DPBS were mixed with 50 pL BD Matrigel™
on ice, and then subcutaneously injected into the flank of female BALB/c nu/nu mice (5
weeks old, 17-19 g) purchased from Sankyo Labo Service Corp. (Tokyo, Japan). The mice
were fed and housed under standard conditions with free access to water and food. In order to
distinguish the subtle differences of antitumor effects among various DOX-liposomes, the
injection amount, times and frequency were limited. After confirming that the tumor size had
increased to 250 mm’, 2 mg DOX/kg was subcutaneously administered twice around the

tumor tissue with a two week interval between treatments.

Cell culture Breast tumor implantation Injection of liposomal DOX
s TN
— ’ = FHE i
C = % L _i’_ﬁ\: -
S = - Ay
HCC1954 ( ~ == ( =~

Picture 3-1. Construction of breast cancer model using nude mice.

DPPC-DOX-liposome was applied as a positive control and saline was used as a
negative control. The tumor volume (V) was measured and calculated using the eq. below:

V (mm’)= LW?%/2
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where L and W indicated the long and short diameters of the tumor tissue, respectively. All
the animal experiments were supervised and approved by the local ethical committee of

Waseda University

3.2.2. Results

The tumor growth inhibition by DPPC-DOX-, GGLG-DOX- and M-GGLG-DOX-liposomes
was evaluated against breast cancer using nude mice. As shown in Fig.3-1, the
M-GGLG-DOX-liposomes  exhibited an  enhanced  antitumor  effect  over
GGLG-DOX-liposomes throughout the observation period. In the early stage of tumor growth,
the DPPC-DOX-liposomes exerted a relatively strong antitumor activity within a short period
after s.c. injections. However, this inhibition of tumor growth was not maintained and the
tumor restarted to grow after the second administration of drug. By comparison, the
M-GGLG-DOX-liposomes elicited a slightly weaker inhibition of tumor growth than the
DPPC-DOX-liposomes in the early stage of treatment. However, the anticancer effect of
M-GGLG-DOX-liposomes was more sustained and became more potent than that of
DPPC-DOX-liposomes after the final administration. Moreover, the inhibition of tumor
growth continued for a further 20 days without any additional injection of
M-GGLG-DOX-liposomes, and no increase in tumor volume was observed. Our results
suggested that the inhibition of tumor growth by M-GGLG-DOX-liposomes was delayed but
more prolonged than that brought about by an equivalent treatment with

DPPC-DOX-liposomes.
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Fig. 3-1. Tumor growth inhibition by sc injection of DOX-liposomes around breast cancer tissues.
Arrows indicated the injection dates. Errors mean SEM. n=4. *p <0.05, **p <0.01.

Abbreviations: sc, subcutaneous; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine.

3.3.  Study of the biodistribution of maleimide-modified liposomes

3.3.1. Methods

To visualize the biodistribution and measure the removal rate of liposomes at the injection site,
fluorescent liposomes were prepared by adding XenoLight DiR (1,1’-dioctadecyltetramethyl
indotricarbocyanine iodide) to the mixed lipids at a molar ratio of 1% of the lipid mixture.
The fluorescent liposomes of GGLG or M-GGLG (16 pg) in a volume of 200 uL were
injected subcutaneously or intravenously across the longer diameter of the tumor. The
biodistribution of liposomes was observed using an IVIS Imaging System (Caliper
Lifesciences). The proportion of remaining liposomes at the injection site was expressed as
the ratio of residual fluorescence efficiency, calculated using the eq. below:

% Ratio of residual fluorescence efficiency = [total fluorescence efficiency]; /[total

fluorescence efficiency]i x 100%
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3.3.2. Results
After sc injection, the liposomes with a mean diameter of more than 100 nm were mostly

accumulated at the injection site (shown in Fig.3-2A), following the recognition and

metabolism by the local lymph nodes. [20]
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Fig. 3-2. (A) IVIS observation of the biodistribution of DiR-liposomes after s.c. injection around

breast cancer tissue. (B) The ratio of residual liposomes at injection site post injection. Errors mean

SEM. n=2. **p <0.01.
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Notes: M-GGLG-liposomes showed a significant enhanced retention after sc injection for 5 days.
Abbreviations: IVIS, in vivo imaging system; DiR, 1,1’-dioctadecyltetramethyl indotricarbocyanine

iodide

Within 24 hr after injection, the concentration of DPPC- and GGLG-liposomes sharply
decreased with more than half of the liposomes eliminated at the local site. Subsequently, the
decomposition of DPPC- and GGLG-liposomes slowed down, and finally, almost 90% of the
liposomes were eliminated at the 5™ day post injection (Fig.3-2B). By contrast,
M-GGLG-liposomes exhibited a significantly slower clearance rate over the entire period i.e.,
>30% of liposomes were retained five days after sc injection. Our results suggest that
M-GGLG-liposomes are retained for much longer at the injection site by comparison with

DPPC- and GGLG-liposomes.

0 hr 2 hr

Ty
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Fig. 3-3. Biodistribution of M-GGLG-liposomes after intravenous injection for 2 hr. The organs
showed in the plate are (left) liver and (right) tumor after sacrificing the same mouse in the same

period.

For most of the nanoparticle, the fast clearance from MPS in the main digestive organs
such as liver and spleen after blood circulation is inevitable, which lead to an extremely low

concentration of administrated agents at target site, e.g., solid tumor site. As showed in
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Fig.3-3, after iv injection of M-GGLG-liposomes for 2 hr in blood circulation, nearly 90% of
the M-GGLG-liposomes were accumulated in the liver or spleen. Although the liposomes can
retain at tumor site via the EPR effect, the amount is always not high enough to exert

pharmacodynamic effect.

3.4.  Summary

By contrast to iv injection (Fig.3-3), sc injection can prevent the liposomes with a mean
diameter of above 100 nm from entering the blood circulation directly (Fig.3-2A) and thereby
reduce the side effect on normal organs and avoid the rapid clearance of liposomes by MPS in
the liver and spleen. Therefore, we considered sc injection as a proper usage of
M-GGLG-liposomes to study the in vivo effect. Upon sc injection around the tumor site,
liposomes directly diffuse into a limited interstitial area and are either taken up by the tumor
tissues or pass through a system of lymphatic vessels to arrive at one or more lymph nodes,
and then are taken up and degraded by macrophages via phagocytosis. [21] Shortly after sc
injection of liposomes, the concentration of liposomes in the subcutaneous tissues was high,
leading to a high rate of degradation by lymph nodes. Gradually, the liposomes were
assimilated and the concentration decreased, resulting in a decrease in the degradation rate.
Although the clearance of DPPC- and GGLG-liposomes occurred via logarithmic elimination
(Fig.3-2B), the M-GGLG-liposomes exhibited a more complicated and slower mode of
degradation. Because the lipid composition of M-GGLG- and GGLG-liposomes was the same
and the size distribution and other physical properties were similar (Table 1-1), thus only
maleimide-moiety was considered as a key factor that resulted in the different biological

properties of M-GGLG-liposomes.
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Picture 3-2. Schematic of the estimated in vivo interactions of liposomes with surrounding tissues and
interstitial fluid. Green vesicles, M-GGLG-liposomes; Blue vesicles, GGLG-liposomes; Orange

particles, interstitial fluid proteins/factors; Red dots (inside liposomes), DOX.

It is hypothesized that due to the high reactivity of maleimide to thiols on cysteines, after
sc injection around breast tumor, M-GGLG-liposomes could conjugate with thiols on tumor
and interstitial tissue (mainly adipose tissue) surface, and/or proteins in the interstitial fluid
such as albumin, transferrin and globulin (Picture 3-2). In the first case, maleimides
immobilize the liposomes to the tissues at the injection site and consequently decrease the
absorption of liposomes from lymphatic drainage system. In the second case,
maleimide-conjugation with proteins lead to an increase on particle size, which is not
beneficial for the liposomes to pass through the interstitium and permeate into the lymphatic
capillaries. [22] Therefore, the conjugation of maleimide moiety on the liposome surface
might prevent liposomes from lymphatic absorption and destabilization, which resulted in an
extended subcutaneous retention of the M-GGLG-liposomes at the injection site. Hence, the
extended inhibition of tumor growth elicited by M-GGLG-DOX-liposomes (Fig.3-1) appears
to be due to the high retention rate of liposomes around tumor tissue as well as the subsequent

enhanced cellular uptake and efficient drug release.
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4.1. Introduction

4.1.1. Overview

Cell membranes are the protective frontiers of cytoplasm and organelles against surrounding
stressful milieus. They play a key role in the compartmentalization of cellular chemistry
through specific accumulation of proteins on the surfaces (e.g., increasing the affinity of
protein to protein interactions) or by the formation of diffusion barriers between their lumina
and the cytoplasm. Plasma membrane participates in the exocytosis of secretory proteins and
other cellular metabolites, and the endocytosis of exogenous nutrients or cargos. They control
and regulate the intracellular trafficking and drug release behavior of nanoparticle-based drug

carriers.

Specifically
absorption Non-specifically

absorption
Membrane

exchange

@ﬁ\v

Membrane fusion

Endocytosis

Picture 4-1. Illustration of the mechanisms of intracellular drug release from nanoparticles.[1]

As shown in Picuture 4-1, the mechanisms of intracellular trafficking and drug release of
nanoparticle-based drug carrier are varied from specifically or non-specifically absorption,
membrane exchange, membrane fusion to endocytosis.[1] The trafficking can be
energy-dependent or independent. However, it should be noted that for most of the
nanoparticles with a diameter of more than 50 nm such as liposomes, active transportation

(i.e., endocytosis) is a main intracellular trafficking pathway. Therefore, both efficient
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endocytosis and subsequently drug release from lysosomes are important issues to increase
the in vitro drug delivery efficiency of liposomes.

Endocytosis is a process of reproduction of internal membranes from the plasma
membrane lipid bilayer during the cellular internalization of extracellular fluid together with
plasma membrane lipids and integral proteins. Endocytic mechanisms control the composition
of lipid and protein on the plasma membrane and thereby determine the interaction of cells
with extracellular environments. It can be considered the morphological opposite of
exocytosis, which describes the fusion of entirely internal membranes with the plasma
membrane, and during which specific chemicals are expelled to the extracellular milieus and
transport lipids and proteins are exported to the plasma membrane.

The endocytosis is manipulated by cellular proteins on the plasma membrane which
make the achievement of precise regulation of the interactions between the cell and its
environment. For example, during the endocytosis of transmembrane receptors, long-term
sensitivity of cells to their specific ligands can be simultaneously regulated. Moreover,
endocytosis does not simply regulate cellular interactions with the external milieu passively,
but also the regulations of endocytosis tend to relate to some seemingly disparate processes
such as cell migration, mitosis and antigen presentation. Therefore, it is becoming quite
obvious that endocytosis plays important roles in the regulation of a series of intracellular
signaling cascades [2]. Additionally, pathogens often employ endocytic pathways to mediate
their intracellular internalization [3]. Unfortunately, although the endocytic structures of the
cargoes are well studied, the specific mechanisms which are employed by the cargoes in the

endocytic processes are less known yet.

4.1.2.  Classification of the mechanisms of endocytosis
Up to now, many mechanisms of endocytosis has been revealed according to the proteins

involved and/or the morphology during the endocytosis. Some of the putative mechanisms of
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endocytosis have been shown as below (Fig.4-1). However, there are still some mechanisms

left to be further investigated.

Caveolae-mediated
endocytosis

Clathrin-mediated
endocytosis

CLIC/GEEC-type
endocylosis

IL2R endocytic
pathway

Arfo-dependent
endocytosis

Circular dorsal

ruffles m»*&}

Flotillin-
denpendent
endocytosis

Phagocyiosis

Macropinocytosis

Fig. 4-1. Illustrations of putative endocytic pathways by the implicated protein and morphology.[4]
The pictures show the transmission and scanning electron micrographs (TEM and SEM) and
fluorescence micrographs of endocytic membrane structures that are considered to be involved in
theses endocytic events, including clathrin-mediated endocytosis [5], caveolae-type endocytosis [6],
CLIC/GEEC-type endocytosis [7, 8], the flotillin-dependent endocytosis [9], phagocytosis,
macropinocytosis [10], circular dorsal ruffles [11], and entosis [12]. A summary of each endocytic

pathway has been categorized in Table 4-1.

Table 4-1. The putative classifications of endocytosis and morphological and molecular characteristics

of each of the endocytic pathways. [4]
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Implicated

cargos

Small

G-protein

Dynamin

implicated

Other proteins

implicated

dependence
Clathrin, AP2,
RTKs, GPCRs, epsin, SNX9,
Clathrin- ) transferring Rab5, Arf6 Well synaptojanin,
) Vesicular . . .
mediated receptors, implicated established actin,
anthrax toxin amphiphysin, plus
many others
. CTxB, SV40, .
Caveolae- Vesicular/ . Some Caveolins, PTRF,
. ) GPI-linked Unclear . )
mediated tubulovesicular . evidence src, PKC, actin
proteins
Fluid phase
markers, ARHGAPI10,
Tubular/ .
CLIC/GEEC ik CTxB, Cdc42, Arfl Not as yet actin, GRAFI,
ring li
8 e GPI-linked other GRAFs
proteins
IL2RB, FCeRI,
IL2Rp ) Kir3.4, .
Vesicular? i RhoA, Racl | Implicated PAK1, PAK2
pathway yc-cytokine
receptor
MHC class I
Arf6 Vesicular/ proteins, CD59,
Arf6 Not as yet Unclear as yet
dependent tubular carboxy-
peptidase E
Flotillin ) CTxB, CD59, Implicated L
Vesicular Unclear Flotillin 1 and 2
dependent proteoglycans but unclear
Actin, IQGAP1,
Pathogens, . .
. . Arf6/cdc42/ ) amphiphysinl,
Phagocytosis Cargo shaped apoptotic Implicated )
racl/rhoA Rho kinase,
remnants ) i
adhesion proteins
. Actin, PAK1,
Macro- . Fluid phase
) ) Highly ruffled Racl Not as yet PI3K, Ras, Src,
pinocytosis markers, RTKs
HDAC6
Circular dorsal . Fluid phase . . .
Highly ruffled Unclear Implicated Cortactin, actin
ruffles markers, RTKs
. Matrix- Adherens
Entosis Cell shaped . RhoA Not as yet i )
deligated cells junctions

Abbreviations: CLIC, clathrin-independent carrier; MHC, major histocompatibility complex; GEEC, GPI-AP

enriched early endosomal compartment; GPI, glycosylphosphatidylinositol; GPCRs, G protein—coupled
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receptors; RTK, receptor tyrosine kinase.

There are three endocytic pathways that have been extensively investigated. The first
pathway includes the assembly of clathrin, a specific coat protein located on the internal
surface of the plasma membrane, to form a clathrin-coated pit. Besides clathrin, a number of
adaptor and accessory molecules are also involved in this pawthay to controll the assembly
and maturation of the coated pits. For example, an already known adaptor protein (AP)2
complex, is indispensible for cargo molecules to link clathrin in the initial step, and
amphiphysin and dynamin guanosine triphosphatase (GTPase) are responsible for the
regulation of vesicle invagination during the conversion of membrane in the later step. [13,
14] Receptor-mediated endocytosis depends highly on this pathway. The second pathway
describes the invagination of cholesterol-enriched microdomains within the plasma membrane
through a coat protein, so-called caveolin, the structures of which are usually referred to
caveolae or lipid rafts. [15] Caveolae-mediated endocytosis serves the internalization of
glycosylphosphatidylinositol (GPI)-anchored proteins and intracellular cholesterol trafficking.
Cholera toxin entry is also facilitated by this pathway. The molecular mechanisms may
include tyrosine kinase signaling and dynamin activity of the plasma membrane. The third
major internalization pathway is the formation of large F-actin-coated vacuoles that paticipate
in the cellular uptake of either solid particles (phagosome) or liquid (macropinosomes) from
the extracellular milieus. [16-18] Macropinocytosis can be induced universally in many cell
types on stimulation with mitogens and growth factors. Comparingly, phagocytosis is a
characteristic of particular cells, for example leukocytes. Nevertheless, both macropinocytosis
and phagocytosis are initiated by the dynamic changes of cortical actin, and are controlled by

intracellular protein machinery that regulates actin polymerization.
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4.1.3. Inhibitors of endocytosis

The most well investigated and important endocytic routes include clathrin-mediated
endocytosis (CME), caveolae-mediated endocytosis and macropinocytosis. For the inhibition
of these endocytic routes, inhibitors are often used. For example, chlorpromazine (CPZ) for
the inhibition of clathrin-mediated endocytosis, Nystatin (Nys) and methyl-B-cyclodextrin
(MBCD) for the inhibition of caveolae-dependent endocytosis, and cytochalasin D (Cyto D)
and wortmannin (Wort) for the inhibition of macropinocytosis.

CPZ is a cationic amphiphilic agent which is considered to inhibit the conformation of
clathrin-coated pit on the plasma membrane into invaginated vesicles. [19] Nystatin is
polyene antibiotics which readily interact with cholesterol in mimic and biological
membranes to interfere the cholesterol-rich membrane domains. MBCD is a cyclic oligomer
of glucopyranoside which reversibly deplete the steroid away from the plasma membrane to
suppress the cholesterol-dependent endocytic process. [20] It is often used to determine
whether endocytosis is dependent on the integrity of lipid rafts/caveolae. Cyto D is a cell
permeable alkaloid which i1s a potent inhibitor of actin polymerization, including
actin-dependent phagocytosis and macropinocytosis. Wort is an inhibitor of phosphoinositide
3-kinase (PI3K), which is a key enzyme related to the metabolism of phosphoinositide. It is
used to block constitutive or stimulated macropinocytosis and phagocytosis in macrophages,

fibroblasts, and epithelial cells. [21-24]

4.2.  Study of the influence of conventional endocytosis inhibitors on the cellular uptake of
maleimide-modified liposomes

4.2.1. Methods

4.2.1.1. Cell culture

HeLa, HCC1954, MDA-MB-468 and COS-7 cells were maintained in Dulbecco’s Modified

Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
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penicillin-streptomycin. The cells were grown at 37 °C in an atmosphere containing 5% CO,

and passaged by trypsinization with 0.1% trypsin-EDTA.

4.2.1.2.  Study for the endocytic mechanism of liposomes

Cells were seeded in 24-well plates (5.0x10" cells/well) and incubated in an atmosphere of
5% CO;at 37 °C for 24 hr. Then the medium in the cell culture dish was exchanged with 400
pL fresh complete DMEM containing 72 pg/mL Rho-liposomes. Upon incubation at 37 °C for
2 hr, the cells were washed once with DPBS containing 20 U/mL heparin sulfate and twice
with DPBS, then added with 200 pL of 0.5% Triton X-100 buffer to lyse cells. For
endocytosis inhibition groups, cells were pre-incubated with one of the following inhibitors:
10 pg/mL chlorpromazine (CPZ) as an inhibitor of clathrin-mediated endocytosis, 10 pg/mL
Nystatin (Nys) and 1 mM methyl-B-cyclodextrin (MBCD) as inhibitors of caveolae-dependent
endocytosis, 10 pug/mL cytochalasin D (Cyto D) and 20 uM wortmannin (Wort) as inhibitors
of macropinocytosis for 30 min at 37 °C under a 5% CO; atmosphere. For the comprehensive
inhibition of the above endocytic pathways, a mixture of 4 ug/mL CPZ, 4 ug/mL Nys, 0.4
mM MBCD, 4 pg/mL Cyto D and 5 pM Wort in DMEM was applied for 30 min
pre-incubation at 37 °C under a 5% CO, atmosphere. The relative cellular uptake efficiency
was calculated using the following formula:

% Relative cellular uptake efficiency = [Cellular uptake efficiencylinnibitory group/[Cellular

uptake efficiency]control group X 100%

4.2.1.3. Confocal laser scanning microscopic observation of subcellular distribution of
liposomes after cellular internalization

Cells were seeded in 6-well glass plates (1.0x10° cells/well) and incubated in an atmosphere
of 5% CO;at 37 °C for 24 hr. Culture medium was exchanged with fresh DMEM medium

containing 100 pM Rho-M-GGLG- or Rho-GGLG-liposomes for 30 min incubation. Then
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cells were washed once by DPBS containing 20 U/mL heparin sulfate and twice by DPBS,
and then added with 50 nM LysoTracker® Green DND-26 (Molecular probes®, Life
Technologies Corp., Eugene, OR) for a further 30 min incubation. Finally, cells were washed
three times by DPBS, added with transparent DMEM medium, and observed under confocal

laser scanning microscope (FV1000, Olympus, Japan).

4.2.2.  Results

4.2.2.1.  Study for the endocytic mechanism of liposomes

Well known endocytic pathway includes clathrin-mediacted endocytosis (CME),
caveolae-dependent endocytosis and macropinocytosis. Herein, we utilized chlorpromazine
(CPZ) to inhibit CME, Nystatin (Nys) and methyl-B-cyclodextrin (MBCD) to inhibit
caveolae-dependent endocytosis, and cytochalasin D (Cyto D) and wortmannin (Wort) to
inhibit macropinocytosis.

As shown in Fig.4-2, the cellular endocytic pathway of liposomes can be varied
according to the species of the cells and liposomes. For GGLG-liposomes, the endocytic rate
of was reduced to around 50% by each of the inhibitors applied in HeLa, MDA-MB-468 and
COS-7 cells, indicating that the endocytic pathways in the above cell lines includes CME,
caveolae-dependent endocytosis and macropinocytosis. In HCC1954 cells, the endocytosis of
GGLG-liposomes was mainly caveolae-dependent, with an inhibition of cellular uptake by
Nys and MBCD around 50%. By comparison, the cellular uptake of M-GGLG-liposomes by
CPZ and/or Nys in HeLa, HCC1954 and COS-7 cells only showed a slight inhibition, with the
inhibitory rates ranging from 10% to 25% in the above cell lines. No inhibition of cellular
uptake of M-GGLG-liposome’s by MBCD, Cyto D or Wort was confirmed in all the cell lines
tested. On the contrary, the cellular uptake of M-GGLG-liposomes was stimulated by MBCD,

Cyto D and Wort in HeLa, MDA-MB-468 and COS-7 cells.
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Fig. 4-2. Influence of endocytosis inhibitors on cellular uptake of M-GGLG- and GGLG-liposomes.
HeLa, HCC1954, MDA-MB-468 and COS-7 cells were pre-incubated with each inhibitor for 30 min
and subsequently incubated with 72 pg/mL M-GGLG- or GGLG-liposomes in complete DMEM.

Error bars mean S.E. ( n=4).

In a separate experiment (shown in Fig.4-3), a mixture of all the above endocytosis
inhibitors was employed to comprehensively inhibit the conventional endocytic pathways of
liposomes (i.e., CME, caveolae-dependent endocytosis and macropinocytosis). The
experimental conditions were the same with that showed in Fig.4-2 except a decreased (i.e.,
40% of the original) concentration of each inhibitor in consideration of the cytotoxicity. The
cellular uptake efficiency of M-GGLG-liposomes did not inhibited by the mixture of the

endocytosis inhibitors in HeLa, HCC1954 and COS-7 cells, and a stimulated internalization
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was confirmed in MDA-MB-468 cells.
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Fig. 4-3. Relative cellular uptake efficiency of GGLG- and M-GGLG-liposomes after the inhibition of
endocytosis by the treatment with a mixture of inhibitors, including 4 pg/mL CPZ, 4 pg/mL Nys, 0.4
mM MBCD, 4 pg/mL Cyto D and 5 puM Wort in DMEM for 30 min pre-incubation with the HeLa,

HCC1954, MDA-MB-468 and COS-7 cells. Error bars mean SEM. (n=3).

4.2.2.2.  Lysosomal distribution of liposomes
In general, the mechanism of cell membrane trafficking of nanoparticles can be divided into
active transports such as endocytosis, and passive transport such as membrane fusion. [25-27]
In the process of endocytosis of the nanoparticles, endocytic vesicles will be formed for the
transportation of the nanoparticles, and thus there is no direct delivery of the nanoparticles to
the cytosol. By contrary, the passive trafficking results in the cell membrane penetration of the
attached nanoparticles, which directly releases the cargo into the cytosol.

Herein, we utilized LysoTracker® to visualize the distribution of lysosomes (green dots)
and Rhodamine-PE, a component of liposome bilayer, to trace the liposome trafficking (red
dots). The yellow dots in the overlay pictures mean the co-localization of liposomes and

lysosomes, while the red dots show a cytoplasmic distribution.
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Fig. 4-4. Confocal microscopic observation of intracellular distribution of Rho-GGLG- and
Rho-M-GGLG-liposomes after treatment with a mixture of endocytosis inhibitors (4 pg/mL CPZ, 4
pg/mL Nys, 0.4 mM MBCD, 4 pg/mL Cyto D and 5 uM Wort) in HeLa cells. Red: Rhodamine-PE 559

nm/571 nm; Green: Lysosome-tracker Green 473 nm/511 nm.

As shown in Fig.4-4C, after cellular internalization without endocytosis inhibition, a
majority of GGLG-liposomes located in lysosomes and a minority distributed in the
cytoplasma, which revealed that endocytosis was a dominant cellular internalization pathway
for GGLG-liposomes. By contrast, a slightly increased cytoplasmic distribution of
M-GGLG-liposomes was observed (red dots in Fig.4-4I), suggesting an enhanced cellular

uptake through passive trafficking. However, it should be noted that endocytosis was still a
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main cellular internalization pathway for M-GGLG-liposomes.

Endocytosis inhibition was practiced by treating the HelLa cells with a mixture of
conventional endocytosis inhibitors for the inhibition of CME, -caveolae-dependent
endocytosis and macropinocytosis before the cellular uptake of liposomes. As shown in
Fig.4-4F, endocytosis inhibition resulted in a decreased cellular internalization for
GGLG-liposomes and no localization in lysosomes was confirmed, which indicated that a
complete endocytosis inhibition by the mixture of conventional endocytosis inhibitors
occurred, and the cytoplasmic distribution of GGLG-liposomes disclosed the cellular uptake
through membrane fusion. For M-GGLG-liposomes, however, the regular endocytosis
inhibitors did not totally suppressed the subcellular distribution of liposomes in lysosomes,

which hinted that the endocytosis of M-GGLG-liposomes included an alternative pathway.

4.3.  Study of the influence of other factors on the cellular uptake of maleimide-modified
liposomes

4.3.1. Methods

4.3.1.1.  Study for the influence of serum on the cellular uptake of liposomes

Cells were seeded in 24-well plates (5.0x10* cells/well) and incubated in an atmosphere of
5% COy at 37 °C for 24 hr. Then cells were washed three times by DPBS and the medium was
exchanged with 72 pg/mL Rho-GGLG- or Rho-M-GGLG-liposome solution in fresh DMEM
or DMEM containing 10% FBS. Upon incubation at 37 °C for 2 hr, the cells were washed
once with DPBS containing 20 U/mL heparin sulfate to remove membrane-bound liposomes
and twice with DPBS, then added with 200 pL of 0.5% Triton X-100 buffer to lyse cells. The
amount of liposomes internalized in the cells was fluorometrically determined from the lysate
using a fluorescence spectrometer (excitation wavelength, 485 nm; emission wavelength, 590
nm). The protein concentration of the lysate was determined by a standard protein assay (660

nm Pierce Protein Assay, Pierce Biotechnology, Rockford, IL). The cellular uptake efficiency
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of the liposomes was expressed as lipid-ug per cellular protein-mg.

4.3.1.2.  Study for the influence of temperature block on the cellular uptake of liposomes

Cells were seeded in 24-well plates (5.0x10* cells/well) and incubated in an atmosphere of
5% COsat 37 °C for 24 hr. Then cells were pre-cooled at 4 °C for 2 hr before exchanging the
medium in the cell culture dish with 400 pL cold complete DMEM containing 72 pg/mL
Rho-liposomes. Upon further incubation at 4 °C for 2 hr, the cells were washed once with
pre-cold DPBS containing 20 U/mL heparin sulfate and twice with pre-cold DPBS, then

added with 200 pL of 0.5% Triton X-100 buffer to lyse cells.

4.3.2. Results

4.3.2.1.  Study for the influence of serum on the cellular uptake of liposomes
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Fig. 4-5. Serum inhibition of the cellular uptake of liposomes in HeLa, HCC1954, MDA-MB-468, and
COS-7 cells. Errors mean S.E. (n=6). Dark bars show the cellular uptake efficiencies of liposomes
under co-incubation with 10% serum, and light bars show the cellular uptake efficiencies in the

DMEM medium without serum.

The cooperation of a number of factors and proteins in serum often leads to the suppression of
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the cellular internalization of nanoparticles in serum-containing medium. [28, 29] As shown
in Fig.4-5, the cellular uptake efficiency of GGLG-liposomes in serum-containing medium
was decreased to 20-30% by comparison to that in serum-free medium in HeLa, HCC1954,
MDA-MB-468 and COS-7 cells. However, the inhibitory of serum addition for
M-GGLG-liposomes was less severe, with the ratio of cellular uptake efficiency of

37.1-56.0% in serum-containing medium in the above cell lines.

4.3.2.2.  Study for the influence of temperature block on the cellular uptake of liposomes

Endocytosis of nanoparticles is well known to be energy-dependent intracellular trafficking
pathway. [30] Through temperature blocking at 4 °C, active endocytic membrane transport
could be inhibited. Thus, the cellular uptake at 4 °C shows the passive transport of liposomes,

well known as membrane fusion.
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Fig. 4-6. Cellular uptake efficiency of GGLG- and M-GGLG-liposomes in HeLa, HCC1954,

MDA-MB-468 cells after temperature block at 4 °C. Error bars mean S.E. (n=4).

As shown in Fig.4-6, temperature block at 4 °C caused the cellular uptake ratio of
GGLG-liposomes to reduce 60-80% in HeLa, HCC1954, MDA-MB-468 and COS-7 cells. By

comparison, M-GGLG-liposomes exhibited a less inhibition ratio (35-70%) at low
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temperature in the above cell lines.

4.4.  Summary

The composition and physical properties such as size and pH-sensitivity of M-GGLG- and
GGLG-liposomes were the same as revealed in Chapter 1, and the only difference is the
additional maleimide-moiety on M-GGLG-liposome surface instead of methyl on
GGLG-liposome surface. Therefore, the different cellular uptake behavior of
M-GGLG-liposomes was considered as the contribution of maleimide-moiety on the
biological properties.

Unlike GGLG-liposomes, the cellular uptake of M-GGLG-liposomes was not
significantly inhibited by conventional endocytosis inhibitors including singe or mixed CME
inhibitors CPZ, caveolae-mediated endocytosis inhibitors Nys and MBCD, and
macropinocytosis inhibitors Cyto D and Wort in HeLa, MDA-MB-468 and COS-7 ells.
(Fig.4-1 and Fig.4-2). However, confocal microscopic observation of the subcellular
distribution of M-GGLG-liposomes showed a co-localization with lysosomes after the
inhibition of these conventional endocytic pathways (Fig.4-3). Therefore, it was suggested
that rather than the conventional endocytic pathways for M-GGLG-liposomes,
maleimide-modification triggered a novel endocytic pathway, which is related to the functions
of maleimide on the surface of M-GGLG-liposomes.

Serum consist a number of factors that could usually down regulate or suppress the
functions of cell surface proteins/receptors, and it is considered as an inhibitory factor of
cellular internalization of nanoparticles. By comparison to GGLG-liposomes, the inhibitory
rate of cellular uptake of M-GGLG-liposomes in serum-containing medium to that in
serum-free was alleviated (Fig.4-4) to a significant extent, suggesting the existence of a more
potent cellular internalization pathway for M-GGLG-liposomes.

Generally, most of the active transport on cell membrane can be inhibited by temperature
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block at 4 °C. [31] Therefore, after washing off the liposomes which might attached to the
cytoplasma membrane, the cellular internalization at 4 °C reveals the passive transport of
liposomes into the cells. As shown in Fig.4-5, maleimide-modification mitigated the
suppression of temperature block to the cellular internalization of M-GGLG-liposomes by
comparison to that of GGLG-liposomes, suggesting an enhanced ratio of cellular uptake of
M-GGLG-liposomes through passive transport such as membrane fusion.

To sum up, the maleimide-modification of liposome surface has strengthen the
interaction of liposomes and cell membrane, thus the cellular uptake of M-GGLG-liposomes
was enhanced. Rather than conventional endocytosis, maleimide might have triggered other
pathways, including enhanced passive trafficking, for enhanced cellular uptake of

maleimide-modified liposomes.
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5.1. Introduction

5.1.1.  Overview

Cellular thiols are well known to play an important role in redox regulation of cellular
functions and response to endogenous and exogenous oxidative stress. Many proteins
containing cysteine residues in their primary structures are capable to fold and stabilize the
tertiary structure by forming internal disulfide bonds. Particularly in secreted proteins, which
encounter strong oxidants in the extracellular milieus, disulfide bonding makes great
contributions to protein stability. The thiol-expression moiety can be a reductive form or
oxidative form in a mosaic or transmembrane protein/peptide. (Fig.5-1) The disulfide bonds
present in mature proteins can be cleaved into thiols through dithiol-disulfide exchange,
alkaline hydrolysis or acid-based assisted hydrolysis.[1] Thioredoxins, a ubiquitous protein
(~12 KDa) with a dithiol/disulfide active site, are the major cellular protein disulfide
reductases in cytosol, providing electrons for a number of reductases. [2] The Protein
disulfide isomerase (PDI), a member of thioredoxin family catalyzing disulfide formation and
isomerization and inhibiting aggregation, is responsible for reduction of disulfide bonds of
macromolecular conjugates during endocytosis. [3] (Fig.5-2) Other redox enzymes such as
GILT (Gamma-interferon-inducible lysosomal thiol reductase), also contribute to the

reduction and redox regulation in the endosome/lysosome. [4]

Extracellular
hr’.[llleu

{ ytoplasm

Fig. 5-1. Membrane proteins expose thiol groups to the extracellular milieu (exofacial thiols). The

cellular plasma membrane is a lipid bilayer containing associated proteins. These proteins can be

-73 -



Chapter 5

transmembrane proteins, glycosylphosphatidylinositol-linked proteins or non-covalently bound

proteins. Theses thiols can be in reduced (-SH) or oxidized (S-S) form. [5]

The reversible nature of the disulfide bond has been exploited in a number of ways for
advanced drug delivery via disulfide exchange between the substrates and cellular thiols. [6]
For example, a protein kinase C peptide inhibitor which is cell-impermeant, could cross cell
membranes when an activated cysteine was introduced into its sequence. [7] It is suggested
that the peptides containing disulfides or thiols can cross-react with cell surface thiols, and
then might be either trapped in the membrane or further internalized. Not only peptides, but
also other synthetic biomolecules such as oligonucleotides, nanoparticles, polymers,
fluorescent dyes or probes that present thiol-reactive moieties, can exhibit an enhanced
cellular association and internalization. [5] However, it is still unclear of the exact mechanism
of thiol-mediated cellular uptake. Thiolated biomolecules could interact with exofacial thiols
followed by the standard endocytosis pathways to pass through the plasma membrane. There
is also another supposition that the thiol-mediated uptake of nanoparticles is independent from
the widely known receptor-mediated endocytotic routes such as clathrin-dependent
endocytosis (CME), caveolae-medicated endocytosis, clathrin- and caveolae-independent
endocytosis or macropinocytosis. [8]

In this research, I developed a thiol-reactive liposome M-GGLG with a small amount of
maleimide-PEG, which showed remarkable increased drug delivery efficiency both in vitro
and in vivo by comparison to the unmodified liposome GGLG. Herein, the possible cellular
uptake mechanisms of maleimide-modified liposomes are disclosed. Moreover, the biological
functions of cell surface thiols on the cellular internalization of thiol-reactive nanoparticles

are also investigated.
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Fig. 5-2. llustration of thiol-mediated cellular uptake of thiol-reactive nanoparticles and the recycle of

cell membrane PDI (protein disulfide isomerase). PDI catalyzes the disulfide exchange between the
substrates and cell surface thiols/disulfides, which is recognized as one of the promoters that

facilitated the cellular uptake of thiol-reactive compounds.

5.1.2.  Functions of protein disulfide isomerase
The cross-link of disulfide bonds to specific cysteines functions the stabilization of a protein
or the conjugation to other proteins during the maturation of extracellular proteins. A
structural change of the proteins occurs as the protein forms disulfide bond and folds into its
three-dimensional structure. One of these folding assistants is protein disulfide isomerase
(PDI), which is a member of a large family of dithiol/disulfide oxidoreductases, the
thioredoxin superfamily. [9] It is an enzyme that catalyzes disulfide formation and
isomerization (Fig.5-3), and also a chaperone that inhibits aggregation of proteins. In addition
to its major site of location at ER, PDI also considerably exits in plasma membrane. [10]
Recent researches have reported that plasma membrane-associated PDI indeed plays
specific and important roles at the cell surface. For example, Couet [11] has suggested that
PDI catalyses the partial shedding of the thyrotropin (TSH) receptor in human thyroid cells;
based on these conclusions, shedding can be suppressed by membrane-impermeant sulfhydryl

blockers or anti-PDI antibodies. Furthermore, it has been revealed by Feinman [12] that PDI
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is necessary for the blood platelet activation at the level of allbB3 which contains free
sulthydryl groups. It has been also found by Bjerkvig [13] that PDI expression is related to
the invasive properties of malignant glioma. Other functions of PDI include the mediation of
integrin-dependent adhesion, [14] and membrane fusion for virus entry such as Newcastle
disease virus [15], Sindbis virus, [16] Moloney murine leukemia virus, [17] retrovirus, [18]

mouse polyoma virus [19] and human immunodeficiency virus type 1(HIV-1). [20, 21]

Disulfide formation

SH SH

S—-—S

SH SH

Disulfide isomerization
SH SH

SH SH

Fig. 5-3. Schematic illustration of PDI-catalyzed disulfide formation and isomerization. PDI-catalyzed
disulfide formation occurs when the oxidizing equivalents are transferred from the disulfide of the
oxidized PDI active site to the reduced PDI. Conversely, the reduction of a disulfide substrate results
in the oxidation of PDI reductive site. On the contrary, disulfide isomerization requires PDI in the

reduced form and does not lead to any oxidation of PDI.

During the virus infection, cell entry of enveloped viruses is mediated by viral fusion
proteins, which induces the fusion of the viral envelope with host cell membranes.
Thiol/disulfide exchange of various cell entry proteins such as diphtheria toxin, has been
proved necessary for the cell entry of viruses. [22, 23] In vaccinia virus infection, the
disulfide bonds in core proteins are reduced during entry into the host cell. [24] Generally, the

reduction, rearrangement or isomerization of disulfide bonds of virus core or envelop proteins
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is involved in the membrane fusion for virus entry. For example, as shown in Picture 5-1, PDI
is required for the fusion of membranes mediated by HIV-1 Envelop (Env). Upon gp120 on
virus envelop binding to the host cell receptors such as CD4, thiol/disulfide isomerase cleaves
disulfide bonds in Env, facilitating its refolding which is required for membrane fusion. The
inhibitors of PDI such as bacitracin, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and
monoclonal antibodies, can reduce or inhibit the entry of these viruses by blocking the initial

phase of disulfide cleavage and exofacial thiols. [7]

Attachment and binding

Membrane fusion HIV

Picture 5-1. Schematic diagram of the HIV invasion into host cell mediated by PDI. Blue polygon,
HIV model; green crescent, PDI; purple complex, HIV receptors such as CD4 and CCRS receptors on

cell surface.

5.1.3.  Membrane fusion

Membrane fusion is one of the most widespread and fundamental processes in mammalian
cells, which describes the conformation of one single continuous bilayer merged from two
separate lipid membrane. Although all fusion reactions possess common features, they are
catalyzed by different proteins during each step of fusion. For example, there are enzymes to
mediate the recognition of the membranes, or to drag the membranes getting close and

destabilize the lipid/water interface, or to initiate the mixing of the lipids. [25]
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SNARE (soluble NSF attachment protein receptor where NSF stands for
N-ethyl-maleimide-sensitive fusion protein) proteins have been proposed to be involved in all
intracellular membrane fusion events that have been studied so far. There are more than 30
SNARE family members, which regulate the fusion process in nearly all the distinct
subcellular compartments, including endosome/lysosome, Golgi, endoplasmic reticulum (ER)
and plasma membrane. It is likely that SNAREs control at least partially the specificity of
membrane transport. However, the mechanism of this specificity remains controversial. Some
functional studies have provided exciting insights into the molecular mechanisms of SNAREs

interaction which generates the driving force to fuse separate lipid bilayers. (Fig.5-4)

b Zipping ¢ Hemifusion

Fig. 5-4. Schematic illustration of SNARE-mediated lipid fusion. [26] a) The two separate membranes
(v-SNAREs and t-SNAREs, referring to their vesicle or target membrane localization) are in the
vicinity of each other before contact. b) SNARE complexes initiate zipping from the amino-terminal
end and draw the two membranes coming towards each other. ¢) Zipping proceeds with increased
curvature and lateral tension of the membranes to expose the bilayer interior. Spontaneous hemifusion
occurs when the separation is reduced adequately. d) The highly unfavourable void space at the
membrane junction in (c) leads to the construction of contact between the distal membrane leaflets on

v-SNARE and t-SNARE. e) The lateral tension in the transbilayer contact region initiates membrane
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disruption to produce a fusion pore. f) The fusion pore expands to both sides, and finally the

membrane relaxes and become a single continuous bilayer.

5.2.  The functions of cell surface thiols on the cellular uptake of maleimide-modified
liposomes

5.2.1. Methods

5.2.1.1.  Cell culture

HeLa, HCC1954, MDA-MB-468 and COS-7 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. The cells were grown at 37 °C in an atmosphere containing 5% CO;

and passaged by trypsinization with 0.1% trypsin-EDTA.

5.2.1.2.  Confocal laser scanning microscopic observation of thiol distribution on cell
surface

Alexa-Cs-maleimide, a membrane impermeable agent which can conjugate the thiols
covalently was used to observe the distribution of thiols on cell surface. Cells were seeded in
6-well glass plates (5% 10* cells/well) and incubated in an atmosphere of 5% CO,at 37 °C for
24 hr. To further prevent cellular internalization of Alexa-Cs-maleimide, cells were pre-cooled
on ice for 30 min. After washing cells with pre-cooled DPBS, 10 uM Alexa-Cs-maleimide in
fresh DMEM without FBS was added in cell culture plates for further incubation on ice for 15
s, 30 s, 1 min, 2 min, 3 min, 4 min. 5 min, 8§ min and 10 min. To verify the thiol-conjugation
was irreversible, cells were pre-incubated with 500 uM N-ethylmaleimide (NEM) for 5 min
on ice, and then washed by pre-cooled DPBS three times following the further incubation
with 10 uM Alexa-Cs-maleimide in fresh DMEM for 5 min on ice. Cells were fixed by 4%
formalin solution for 15 min after washing by pre-cooled DPBS three times, and then

observed under confocal laser scanning microscopy.
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5.2.1.3.  Study for the concentration of thiols on different cell surfaces

Cells were seeded in 12-well plates (5x10* cells/well) and incubated in an atmosphere of 5%
CO, at 37 °C for 24 hr. After cooling cells on ice for 30 min and washing by pre-cooled DPBS,
10 uM Alexa-Cs-maleimide in fresh DMEM was added in the cell culture plates for 5 min
incubation on ice. Then the cells were washed and lysed by 0.5% Triton X-100, following the
measurement of the concentration of Alexa- Cs-maleimide with an emission wavelength of
528 nm and an excitation wavelength of 485 nm using a fluorescence spectrometer. The
protein concentration of the lysate was determined by standard protein assay (660 nm Pierce
Protein Assay). The concentration of cell surface thiols was represented as thiols-nmol per
protein-mg. The quantitation of cell surface thiols was conducted by measuring the

fluorescent intensity of Alexa-maleimide bound to the surface thiols.

5.2.1.4. Study for the influence of serum on thiol expression on cell surface
HeLa cells (SXIO4 cells/well) were seeded in 12-well cell culture plates and incubated in an
atmosphere of 5% CO; at 37 °C for 24 hr. Then the culture medium was exchanged with fresh

DMEM medium containing different concentration of FBS (volume percentage such as 5%,
10% and 20%) for further 24 hr incubation. The cells were cooled at 4 °C for 2 hr and

washed by DPBS twice. 5 uM Alexa 488-Cs-maleimide in DMEM was added for 10 min
incubation on ice, following the lysis in 0.5% Triton X-100 DPBS buffer to measure the

concentration of Alexa-maleimide and cell protein.

5.2.1.5.  Serum influence on thiol recovery after blocking by DTNB
HeLa cells (5x10% cells/well) were seeded in 6-well glass plates and incubated in an
atmosphere of 5% CO, at 37 °C for 48 hr. For the control groups, the cells were pre-incubated

at 37 °C or 4 °C for 2 hr. Then the cells were washed by DPBS three times and surface thiols
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were measured by adding 5 pM Alexa-maleimide in fresh DMEM for 5 min, followed by the
fixation with 4% formalin for 10 min. The fluorescence was observed under Confocal Laser
Scanning Microscopy (CLSM). For the inhibition groups, 100 uM DTNB in fresh DMEM
was first added for 5 min incubation after the 2 hr pre-incubation at corresponding
temperature. Then the cells were washed by DPBS twice and added with 5 uM
Alexa-maleimide in fresh DMEM for 5 min to conjugate the residual surface thiols. Finally,
after cells were washed by DPBS twice, 4% formalin DPBS buffer was added for 10 min
fixation and then cells were observed under CLSM. For the recovery groups, after the DTNB
inhibition for 5 min (in the same condition mentioned above), culture medium was exchanged
with fresh DMEM with or without 10% FBS for 2 hr incubation at corresponding temperature.
Then the cell surface thiols were measured and observe using the same method mentioned

above.

5.2.1.6. Study for the influence of PDI inhibitors on cellular uptake of liposomes

Cells were seeded in 24-well plates (5.0x10* cells/well) and incubated in an atmosphere of
5% COs at 37 °C for 24 hr. For PDI inhibition, cells were pre-incubated with 1 nM DTNB or
bacitracin in DMEM for 30 min at 37 °C under a 5% CO; atmosphere. Then the medium in
the cell culture dish was exchanged with 400 pL fresh complete DMEM containing 72 pg/mL
Rho-liposomes. Upon incubation at 37 °C for 2 hr, the cells were washed once with DPBS
containing 20 U/mL heparin and twice with DPBS, then added with 200 pL of 0.5% Triton

X-100 buffer to lyse cells.

5.2.2.  Results
5.2.2.1. Confocal laser scanning microscopic observation of thiol distribution on cell
surface

Alexa Fluor 488-Cs-maleimide is a membrane-impermeable compound which can conjugate
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reduced thiols covalently. It was used here to imitate the thiol-reaction of maleimide moiety of
M-GGLG-liposomes at the cell surface. As shown in Fig.5-5A&B, the conjugation of
maleimide to the cellular thiols initiated within 15 s, and the reaction was completed in about
5 min. In Fig.5-5C, cell surface was dyed with Alexa-maleimide which disclosed the
existence of a large number of free thiols on cell surface. The distribution of thiols also
included the cell junctions and adhesions, where abundant thiol-related proteins are expressed
such as PDI. [14] Moreover, the intracellular trafficking of cell surface thiol-related protein

into cytoplasm was also observed in weak fluorescence.

A
15s 30s 1 min 2 min 3 min
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Fig. 5-5. (A) Conjugation of Alexa-Cs-maleimide (10 uM) to cell surface thiols in HeLa cells for
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different time incubation at 4 °C observed under CLSM and (B) calculation of the fluorescent intensity
by using ImageJ software. Errors mean SEM. n=20; (C) Confocal microscopic observation of
thiol-conjugation with Alexa-Cs-maleimide for 30 s incubation with HeLa cells at 4 °C. (Aer 519

nm/A. 473 nm)

5.2.2.2.  Study for the concentration of thiols on different cell surfaces
Fig.5-6 revealed the concentration of cellular surface thiols was varied in different cell lines.

HeLa cells shown the highest surface thiol density among the tested cell lines.

HelLa HCC1954

60 |
40
20

0

Fig. 5-6. (A) Confocal microscopic observation of thiols on cell surface using Alexa-Cs-maleimide

MDA-MB-468 COS-7

Thiol concentration
(pmol/g cell protein)

incubation with HeLa, HCC1954, MDA-MB-468 and COS-7 cells for 5 min on ice; (B) Concentration

of cell surface thiols. Error bars mean S.E. n=4.

5.2.2.3.  Study for the influence of serum on thiol expression on cell surface
As shown in Fig.5-7, the serum starvation has influenced the expression of cell surface thiols.
The surface thiols were apparently decreased by increasing the concentration of serum from

5% to 20%, which indicated the protein/peptides in serum are oxidative stress to cells and
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they can oxidize the surface thiols and/or inhibit the function of membrane reductases. This
phenomenon also reflects the decrease of cell activity under serum condition, which caused
decreased cellular uptake efficiency of GGLG- and M-GGLG-liposomes in serum containing

medium as revealed in Fig.4-5 of Chapter 4.

25
20
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Concentration of thiols
(SH-mol/protein-g)

Fig. 5-7. The influence of serum on cell surface thiol expression. HeLa cells were incubated with
DMEM medium containing different concentration of FBS (volume percentage) for 12 hr and the

thiols were quantified by Alexa 488-Cs-maleimide. Error bars mean S.E. (n=6)

5.2.2.4.  Serum influence on thiol recovery after blocking by DTNB

The conjugation of DTNB to surface thiols is covalent but reversible. As shown in Fig. 5-8,
the cell surface thiols could recover to 60-80% after 2 hr incubation at 37 °C, which suggested
that the surface reductase such as PDI can protect the cell from oxidative stress. It was also
revealed that the enzyme function is temperature-dependent. At low temperature such as 4 °C,
the expression of free thiols was significantly reduced and the recovery rate was also as low
as around 10%. Therefore, the recovery of surface thiols was temperature-dependent, and the
addition of serum at least did not impede the recovery of thiols in a relatively short period (2

hr).
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Fig. 5-8. (A) Confocoal microscopic observation of the recovery of cell surface thiols after PDI
inhibition at 37 °C and 4 °C. Alexa-Cs-maleimide (2 pM) was used to conjugate with membrane thiols
for 5 min incubation with HeLa cells; (B) Thiol recovery rate after 2 hr incubation in DMEM medium

with/without 10% FBS. Errors mean SEM. n=30.

5.2.2.5.  Study for the influence of PDI inhibitors on cellular uptake of liposomes
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Fig. 5-9. Relative cellular uptake of liposomes after pre-incubation with PDI inhibitors bacitracin and

DTNB at 37 °C. Error bars mean S.E. n=4.
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PDI is a key factor that regulates the thiols on cell surface. Well know inhibitors are bacitracin
and DTNB, which block the reductive functions of PDI. [27, 28] As shown in Fig.7, the
cellular uptake of M-GGLG-liposomes was inhibited by bacitracin and DTNB to 50%-80% in
HelLa, HCC1954, MDA-MB-468 and COS- 7 cells, while no inhibition was verified for

GGLG-liposomes.

5.3. The functions of maleimide on the enhanced cellular uptake of maleimide-modified

liposomes
5.3.1. Methods

5.3.1.1.  Study for the influence of thiol-reactive compounds on cell surface thiols

HeLa cells were seeded in 24-well plates (5.0x10* cells/well) and incubated in an atmosphere
of 5% CO; at 37 °C for 24 hr. Then cells were pre-incubated with 10 pM, 100 uM DTT or 10
pM, 10 nM or 100 uM NEM in freash DMEM for 10 min at 4 or 37 °C under a 5% CO;
atmosphere. (For 4 °C groups, cells were pre-cooled for 2 hr.) Then the medium in the cell
culture dish was exchanged with 400 pL fresh complete DMEM containing 72 pg/mL
Rho-liposomes. Upon incubation at 4 or 37 °C for 2 hr, the cells were washed once with
DPBS containing 20 U/mL heparin sulfate and twice with DPBS, and then added with 200 pL

of 0.5% Triton X-100 buffer to lyse cells.

5.3.1.2.  Study for the influence of NEM on cellular uptake of liposomes

Cells cells were seeded in 24-well plates (5.0x10* cells/well) and incubated in an atmosphere
of 5% COsat 37 °C for 24 hr. For the influence of NEM, cells were pre-incubated with 0.01
nM or 100 uM NEM in freash DMEM for 10 min at 37 °C under a 5% CO, atmosphere. Then
the medium in the cell culture dish was exchanged with 400 pL fresh complete DMEM
containing 72 pg/mL Rho-liposomes. Upon incubation at 37 °C for 2 hr, the cells were

washed once with DPBS containing 20 U/mL heparin sulfate and twice with DPBS, and then
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added with 200 pL of 0.5% Triton X-100 buffer to lyse cells.

5.3.2. Results
5.3.2.1.  Study for the influence of thiol-reactive compounds on cell surface thiols
At 4 °C, the activity of enzymes can be inhibited, thus an increasing thiol number was
observed after DTT reduction. However, this reductive property was limited and thiol number
reached the maximum at 10 pM DTT. By comparison, the thiol number did not influenced
significantly at 37 °C, which indicated the oxidation is a fast process and the equilibrium of
thiol/disulfide is quickly recovered when the enzymes are active.

On the other hand, the oxidation/conjugation of maleimide to cell surface thiols is
covalent and irreversible. As shown in Fig.5-10, the NEM conjugation was potent at both

37 °C and 4 °C, which suggested the thoroughly inhibition of surface thiols.

4°C

100%

50%

Relative surface thiol ratio (%)

0%

Fig. 5-10. The influence of thiol-reactive DTT and NEM on the concentration of cell surface thiols.
HeLa cells were incubated with different concentrations of the above regents for 5 mins and then the

residual thiols were quantified by the Alexa 488-Cs-maleimide. Error bar mean S.E. (n=4)
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5.3.2.2.  Study for the influence of NEM on cellular uptake of liposomes

As shown in Fig.5-11, in low concentration of NEM (i.e., 0.01 nM), the decreased cellular
uptake of M-GGLG-liposomes was observed to around 70% in HeLa, HCC1954,
MDA-MB-468 and COS-7 cells, while no significant inhibition was observed for
GGLG-liposomes in the above cell lines. In high concentration of NEM (i.e., 100 uM), the
cellular uptake of both GGLG- and M-GGLG-liposomes were increased to 120%~250% in

the cell lines tested.

300% -
mHelLa
mHCC1954
= MDA-MB-468
200% - .cos-7

Relative cellular uptake (%)

100% ~ o
.T
0%

GGLG M-GGLG GGLG M-GGLG

0.01 nM NEM 100 pM NEM

Fig. 5-11. The influence of N-ethylmaleimide (NEM) on the cellular uptake of liposomes at 37 °C.
NEM was pre-incubated with cells for 10 min, following the incubation with liposomes. Errors mean

S.E. (n=3).

5.4.  Summary

Cell surface thiols are important functional groups for self-protection against extracellular
oxidative stress, which numerously (Fig.5-5) and extensively exist (Fig.5-6) in different cell
lines. It is reported that cell surface thiols are involved in the enhanced membrane fusion
between some viral envelops and host cell membrane during virus infection process, [15, 20]

and they are highly expressed during tumor cell invasion. [13] PDI (protein disulfide
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isomerase), a member of thioredoxin family, is considered as one of the keys factors that
regulate these processes. It is also emphasized that the oxidoreductase activity of PDI
superfamily is important to facilitate the cellular uptake of a series of thiol-reactive
compounds or particles. [5]

NEM (N-ethylmaleimide) is a membrane-impermeable compound that could conjugate
with thiols covalently. We utilized a small amount of this low molecular weight compound
(e.g. 0.01 nM) to pre-block the thiol sites on cell surface, so that the cellular uptake of
M-GGLG-liposomes were decreased while that of GGLG-liposomes was not (Fig.5-11). It is
suggested that the conjugation between cell surface thiols and maleimide is necessary for the
enhanced cellular uptake of M-GGLG-liposomes.

Thus, the inhibition of surface thiols such as PDI inhibition by DTNB and bacitracin,
significantly decreased the cellular internalization of M-GGLG-liposomes while
GGLG-liposomes was not affected (Fig.5-9).

The influence of maleimide on cell surface was not only as an inhibitor of surface thiols
but also could be as a stimulator of cellular uptake of both maleimide-modified and
non-modified liposomes in a relative high concentration (e.g., 100 uM in Fig.5-11). It was
considered that at low concentration of NEM, it first interacted with thiol-relative enzymes
such as PDI and inhibited the cellular uptake of thiol-reactive liposomes (e.g.,
M-GGLG-liposome). However, after the functions of PDI were completely blocked, a
relatively high concentration of NEM might disturb other membrane proteins which lead
membrane fusion or poration on cell membrane to give an enhanced permeability for all kinds
of nanoparticles that have a proper size. It should be noted that the cell surface thiols are
variable according to the cell species, generations, concentration and culturing condition and
time. Thus, unfortunately, the circumscription of the inhibitory and stimulatory effect of NEM
for cellular internalization of M-GGLG-liposomes was ambiguous to define. There was no

doubt that at relatively high concentration (e.g., 100 uM) of NEM for long time (e.g., 24 hr)
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incubation, the cell viability was almost zero and morphological changes in HeLa, HCC1954,
MDA-MB-468 ans COS-7 cells were observed. Therefore, we suggested that high
concentration of NEM would lead formation of membrane pores so that liposomes with a

proper diameter could flow into the cytoplasma, resulting in an increased cellular uptake.
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6.1. Conclusions
Maleimide is a thiol-reactive compound/moiety which contains unsaturated imide. Its NH
group can be substituted by alkyl or aryl groups such as methyl or phenyl. Maleimide can also
be linked to polymer such as polyethylene glycol chains, which is widely used to conjugate
with the cysteine residues of proteins.

In my research, maleimide-PEG lipid was utilized for the surface modification of
liposomes (from pH-sensitive GGLG-liposomes to obtain M-GGLG-liposomes) served as an

advanced drug delivery system. (Fig.6-1)

M-GGLG-liposome M-GGELG-DOX GGLG-DOX
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Fig. 6-1. Graphic abstract of the experimental design and applications of maleimide-modified

liposomes on advanced drug delivery.

6.1.1. Physical and biological evaluation of maleimide-modified liposome

With a small amount of maleimide-modification (0.3 mol%), the physical properties such as
size distribution, dispersibility, drug encapsulation efficiency, drug/lipid ratio, drug leakage
rate and pH-sensitivity were not significantly influenced by comparison of

M-GGLG-liposomes to GGLG-liposomes. However, M-GGLG-liposomes were more rapidly
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(i.e., >2-fold) internalized into HeLa, HCC1954 and MDA-MB-468 cells by comparison to
GGLG-liposomes. Moreover, the saturation of the cellular uptake of M-GGLG-liposomes was
also significantly increased. On the other hand, the cytotoxicity experiments showed that
empty liposomes of both GGLG and M-GGLG were biocompatible in all the cell lines tested
under all the experimental conditions. Thus the significantly increased cytotoxicity of
DOX-encapsulating M-GGLG-liposomes indicates an efficient cellular uptake and
subsequently intracellular drug delivery of DOX from M-GGLG-liposomes. In vivo,
M-GGLG-liposomes encapsulating doxorubicin (M-GGLG-DOX-liposomes) showed a more
potent antitumor effect than GGLG-DOX-liposomes and the widely used
DPPC-DOX-liposomes after two subcutaneous injections around breast cancer tissue in
mouse. The biodistribution of liposomes in this model was observed using an IVIS imaging
system, which showed that M-GGLG-liposomes were present for significantly longer at the

injection site by comparison with GGLG-liposomes.

6.1.2.  Mechanisms of maleimide-mediated enhanced drug delivery

Because the lipid composition and physical properties of M-GGLG- and GGLG-liposomes
was similar, the maleimide modification is supposed to be the key factor that led the enhanced
drug delivery efficiency of M-GGLG-liposomes both in vitro and in vivo. Maleimide
specifically conjugates the thiol of cysteine residues, thus the interaction of maleimide and
thiols during the cellular internalization played an important role in the improved biological
properties of M-GGLG-liposomes by comparison with GGLG-liposomes.

The intracellular trafficking of M-GGLG-liposomes was independent from the
conventional endocytic pathways such as clathrin-mediated endocytosis, caveolae-mediated
endocytosis and macropinocytosis since the inhibitors of these endocytosic pathways did not
significantly suppressed the cellular uptake of M-GGLG-liposomes in comparison with that

of GGLG-liposomes. However, the cellular thiols are relatively necessary for the enhanced
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cellular uptake of M-GGLG-liposomes. By the treatment of thiol blockers and PDI inhibitors
such as N-ethylmaleimide, bacitracin and DTNB, the cellular uptake of M-GGLG-liposomes
was inhibited while that of GGLG-liposomes was not. Meanwhile, the confocal microscopic
observation of the subcellular distribution of liposomes after cellular internalization suggested
the location of both GGLG- and M-GGLG-liposomes being in lysosomes. Therefore, it was
indicated that thiol-mediated cellular internalization of maleimide-modified liposomes is a
novel endocytosis which is independent from the conventional endocytic pathways.

On the other hand, the biological studies also hinted an additional function of maleimide
analogue NEM as a stimulator of membrane fusion/poration. With a high concentration (e.g.,
100 uM) of NEM incubation with cells, the cellular uptake of both GGLG- and
M-GGLG-liposomes was increased. Because NEM is reactive to the membrane fusion
proteins (e.g., SNARE-mediated membrane fusion), it is likely that maleimide analogues
interfere with the fusion proteins so that the cell membrane permeability is increased.
However, at low concentration of NEM (e.g., 0.01 nM), it functions as an inhibitor of the
cellular uptake of M-GGLG-liposomes for the reason that redox-regulating enzymes such as
PDI widely exist to protect the cell from external oxidative stress. Hence, NEM first
encounters these thiol-related enzymes rather than other proteins. In this instance, NEM
blocks the active sites for enhanced cellular uptake of M-GGLG-liposomes and further causes
the decreased cellular internalization of M-GGLG-liposomes. Following the concentration of
NEM increasing, the thiol-related reductive enzymes/sites are gradually saturated or blocked,
which subsequently allows NEM to interfere with other membrane proteins such as fusion
proteins SNARESs.

In conclusion, the functions of maleimide moiety are dual, i.e., at low concentrations as a
blocker of surface thiols and at high concentrations as a stimulator of membrane
fusion/poration. For M-GGLG-liposomes, the maleimide moiety could conjugate with cellular

thiols which facilitate the cellular internalization of M-GGLG-liposomes, and may also
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increase the membrane fusion potency at a relatively high concentration to increase the

membrane permeability of M-GGLG-liposomes.

6.2. Prospect

6.2.1. Application of thiol-reactive moieties on advanced drug delivery system

In this research, maleimide was first utilized to practice the novel strategy of enhanced
cellular uptake on ‘smart’ liposomes mediated by cell surface thiols. Maleimide specifically
conjugates thiols in reductive form, thus it is supposed to be an excellent model to study the
enhanced cellular uptake effect and the mechanisms of intracellular trafficking. However,
maleimide is an exogenous compound, the biological function of which is still not thoroughly
investigated. Therefore, endogenous thiols such as glutathione and cysteine are considered to
be more preferable to be intensively employed, especially in clinical applications with high
biocompatibility and easy and safe metabolism.

The in vivo application of maleimide-modified liposomes was also discussed by using sc
administration for the reason that sc environment contains much less active factors or proteins
that express free thiols and inactivate maleimide than iv environment. Unfortunately, it should
be noted that this application is still limited to solid tumor, and intravenous (iv) administration
is more often used clinically for anticancer therapy, especially in metastatic carcinomas. Even
though, sc administration should not be underestimated since it can at the same time deliver
anticancer drugs to local lymph nodes which benefit the suppression of tumor diffusion into
circulatory system and further invasion to other tissues. Therefore, sc administration is
considered as an adjuvant therapy to consolidate the efficacy after tumor resection or iv
treatment of anticancer drugs.

For the application of thiol-reactive nanoparticles by i1v administration, further
investigation of inactivation is needed. It is also supposed that in the blood circulatory system,

the free thiols on proteins are hidden in the inner side or sheltered in the groove section of
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protein so as to avoid the oxidation from stressful milieus. Therefore, it is not that easy for
maleimide to attach and bind to the proteins in circulatory system indeed. In case of the
unexpected binding, oxidative form of thiols are recommended such as disulfide, because it
has been reported that disulfide modification can also be facilitated by PDI and increase the

cellular uptake of some peptides and nanoparticles.

6.2.2.  Further investigation of the biological function of cellular thiols

Cell thiols are numerously and extensively exit in cell surface. By utilizing the cellular thiols,
enhanced cellular uptake can be obtained. Therefore, it is beneficial to study the distribution
of surface thiols in different cell lines in order to discover appropriate targets for thiol-reactive
nanoparticles in advanced drug delivery.

In this study, I revealed the maleimide-mediated enhanced cellular uptake is a novel
endocytic pathway which is independent from the conventional endocytic pathway, i.e.,
clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis.
However, the key proteins that directly facilitate or relate to the endocytosis of thiol-reactive
compounds need to be further investigated. These proteins have a great potential to become
novel targets for enhanced cellular uptake of drug carriers.

Moreover, the biological functions of maleimide on fusion proteins also needs to be
further studied. For example, the determination of the fusion protein that conjugates
maleimides or other thiol-reactive compounds, and its function in different cell lines; and the
dose-effect relationship of maleimide. The fusion proteins that play important roles in
enhanced permeability are thought to be applicable in the target design of drug carriers to
improve the drug delivery efficiency. And membrane fusion-mediated drug delivery is also

promising to become a novel strategy in DDS.
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