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GENERAL INTRODUCTION 

 

Cancer cells are genetically malignant transformed cells that enormously grow, could 

evade suicidal apoptotic program, and invade or metastasize to healthy tissues or organs.
1)

 

These alterations occurred because of unhealthy diets and obesity, little physical exercise, 

tobacco, infectious agents, and environmental carcinogens, etc.
2)

 The uncontrolled cell 

proliferation in cancer can lead to formation of abnormal cell mass called tumor.
3)

  

Surgery, radiotherapy, chemotherapy, and their combinations have been widely used for 

cancer treatment.
4)

 Chemotherapy becomes an effective treatment for cancer, even for 

metastatic cancer spread throughout the body,
5–7)

 since it could be delivered via blood 

circulation by which the drugs could reach tumor sites in tissues or organs in the body.
8)

 On 

the other hand, conventional chemotherapy has many limitations on its use. It often produces 

no tumor-specific delivery resulted in wide drug distribution in the whole body. As the results, 

healthy cells become damaged and drugs are rapidly cleared due to metabolism and excretion. 

Therefore, drug concentrations are mostly found to be low and ineffective to kill cancer cells 

in tumor. Increasing the dose of drugs could not be a proper therapy option because it will 

raise the risks of healthy organs being exposed to more drugs and suffered from undesired 

toxic effects.  

Recently, nanoparticles have been widely investigated as innovative tools for solving 

the vulnerability in chemotherapy. It can effectively deliver anticancer drugs to tumor via an 

enhanced permeation and retention (EPR) effect. This phenomenon is related to the abnormal 

anatomy of tumor vasculatures. When tumor grows larger, the normal vasculatures could not 

sufficiently provide any nutrients for tumor growth and expansion.
9)

 Therefore, cancer cells 

will secrete angiogenic growth factors such as vascular endothelial growth factors (VEGF) 

that triggers neovascularization. The development of tumor neovasculatures results in 
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abnormalities on the structures and barrier functions of blood microvessels. Tumor blood 

vessels are absent in pericyte coverage, and have defects in endothelial monolayer 

arrangement, which cause intercellular gaps and large opening of vessel walls.
10)

 Therefore, 

these vessels are leaky, losing their normal barriers function. They become hyperpermeable to 

large molecules, including nanoparticles. In addition, impaired networks of lymphatic vessels 

in tumor reduces the clearance of these nanoparticles from tumor tissue.
11)

 As the 

consequences, nanoparticles are able to extravasate into tumor interstitium and they are 

retained there, manifesting in high accumulation of nanoparticles in tumor.
12)

  

Among many types of nanocarriers, liposome offers a superior form for drug delivery. 

Liposome is a colloidal particle composed of biocompatible lipid bilayer, which surrounds an 

inner water phase, thus providing complete protection for drugs entrapped inside.
13)

 Liposome 

has favorable properties such as offering formulations with desirable composition, size, 

surface charge, ability to encapsulate both hydrophilic and hydrophobic materials with high 

efficiency, and the possibility for efficient surface functionalization with specific ligands.
14)

 

Polyethylene glycol (PEG) modification (PEGylation) of liposome enables prolonged drug 

circulation in the bloodstream because of its ability to form an aqueous “mask” layer on 

liposomal surface.
15)

 It prevents adsorption of serum proteins, thus reducing liposome uptake 

by reticuloendothelial system (RES). Taking the advantages of the EPR effect, PEG-modified 

liposome can be highly accumulated in tumor.
16)

    

Liposome has been known as the most developed and established injectable 

nanocarriers approved by FDA for delivery of doxorubicin (DOX), such as Doxil
®
/Caelyx

®
, 

Lipodox
®
, and DOX-NP

TM
.
17)

 DOX is an anthracycline compound (Fig. 1) that is widely used 

for treatments of breast cancer, lymphomas and many solid tumors,
18,19)

 but its effect is often 

limited by the potential side effects of cardiomyopathy, etc.
20)

 It has been reported that 

encapsulation of DOX into PEGylated liposome provides great advantages, especially for the 
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reduction of DOX-related cardiotoxicity.
4,21)

 Since liposome could provide stable DOX 

encapsulation, the free DOX amount could be decreased during distribution in systemic 

circulation, thus reducing its toxicities.  

 

 

Figure 1. The chemical structure of DOX hydrochloride. 

 

There are some limiting steps for liposome to successfully reach cancer cells and 

produce antitumor activity, which include drug circulation in blood, vessel extravasation, 

penetration in tumor tissue, and drug release inside the cells.
22)

 Although liposome 

accumulation highly depends on the EPR effect, the heterogeneous nature of tumor 

microenvironment contrarily limit tumor drug delivery (Fig. 2). Not only does the leaky 

tumor neovasculatures facilitate extravasation of liposome, but it also permits 

macromolecules such as proteins to penetrate into interstitial tumor space. Because of 

defective draining system of lymphatic vessel in tumor tissue, large accumulation of these 

macromolecules can lead to an increase of interstitial fluid pressure (IFP) in tumor.
23)

 The 

increase of IFP induces an outward convective flow, which limits further tumor extravasation 

and deep penetration of liposome. In addition, the heterogeneity of tumor vascularization 

often results in different liposome distribution within tumor region, where well vascularized 

area shows better liposome accumulation than limited or non-vascularized area.
24)

 These 

barriers hamper tissue penetration and molecular movement of the distant liposome to reach 
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cancer cells,
25)

 thus producing insufficient drug concentrations and causing failure in cancer 

therapy.
26)

  

 

 

Figure 2. Schematic representation of delivery of liposomes in tumor. 

 

To improve tumor delivery of liposome, the limitations on the EPR effect should be 

successfully resolved. Since liposome is delivered through blood circulation, modulation of 

tumor microenvironment focusing on tumor vascularization may increase the amount of 

liposome penetrated and distributed in tumor tissue. It has been known that antiangiogenesis 

therapy has evidences to change tumor vasculatures and this therapy becomes a 

complementary therapeutic paradigm for cancer.
27,28)

 Preclinical studies have shown that anti-

VEGF therapy changes the tumor vasculatures toward a more mature or normal phenotype.
9)

 

Normalization of disorganized tumor vasculatures using therapeutics reduces tumor hypoxia, 
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IFP, and hyperpermeability. Therefore, normalizing tumor vasculatures may overcome the 

physiological barriers and generate obvious blood flow facilitating the delivery of liposome to 

tumor.
29)

  

Tumor-associated macrophages (TAMs) are abundant immunosuppressive cells 

recruited into tumor microenvironment by cytokines such as macrophage colony-stimulating 

factor (M-CSF).
30,31)

 The relevance of TAMs to tumor progression and metastasis is well 

established. These cells express angiogenic promoters, such as vascular endothelial growth 

factor (VEGF) that triggers cell cycle progression on endothelial cells promoting tumor 

neovascularization.
32–34)

 Therefore, TAMs are potential target for antiangiogenic therapy. 

Zoledronic acid (ZOL), which is a nitrogen-containing bisphosphonate compound (Fig. 

3),
35,36)

 can become an agent for selective depletion of TAMs. ZOL is a highly charged 

hydrophilic molecule that does not readily cross the plasma cell membrane, thus showing 

pharmacological activity only in cells that exhibit fluid-phase endocytosis, such as 

macrophages.
37,38)

 Depleting TAMs will reduce tumor VEGF levels that affect tumor 

vascularization, thus providing benefits for tumor drug delivery.  

 

 

Figure 3. The chemical structure of ZOL. 

 

In addition to the modulation of tumor microenvironments as described above, 

modification of liposomal DOX formulation can also be an approach to improve delivery of 

drug to tumor. Stable liposome will be useful to avoid DOX loss, achieve prolonged 
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circulation time, and improve DOX delivery to tumor by the EPR effect,
11,39)

 thus altering the 

biodistribution and antitumor activity of DOX.  

In the case of DOXIL
®
, which is the marketed product of liposomal DOX, the use of 

hydrogenated soybean phosphatidylcholine (HSPC) that has high phase transition temperature 

(Tm) in combination with cholesterol produce its stable liposomal membrane.
40)

 Furthermore, 

the transmembrane gradient of ammonium sulfate (AS) generates high drug loading and 

retention of DOX through the formation of DOX-sulfate rod-like aggregates in the liposomal 

interior because of the over solubility limits of DOX and its interaction with sulfate ions.
41)

 

However, these intrinsic stabilities restrict DOX release resulting in an insufficient 

biologically active DOX amount in cancer cells although DOXIL
® 

is
 
highly accumulated in 

tumor.
42)

 Therefore, modification of such intraliposomal DOX stabilization may provide an 

alternative solution to modify DOX release from liposome, which makes liposomal DOX 

rigid and stable in blood circulation, but releases DOX soon once it reaches tumor tissue. 

Generally, intraliposomal drug stabilization can be achieved through the formation of 

stable drug complexes,
43–46)

 or physical aggregate-like compounds in water.
47–49)

 To modify 

drug restraint against diffusion, an appropriate drug trapping agent could be used to 

effectively control both drug loading and drug release. Poly-α,L-glutamic acid (PGA) is a 

synthetic polyamino acid that consists of glutamic acid monomer units with large number of 

carboxyl groups (Fig. 4). PGA has an apparent pKa of 5.4,
50)

 where at around pH 7, PGA will 

be ionized providing functional binding sites for cationic drugs. It has been reported that the 

ionic interactions between poly-γ-glutamic acid and DOX produced random colloidal 

aggregates and sustained DOX release.
51)

 Therefore, PGA may be favorable as a trapping 

agent for tumor delivery of liposomal DOX. 
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Figure 4. The chemical structure of PGA. 

 

This study aimed to investigate methods for improving antitumor efficacy of DOX by 

using two approaches, firstly, via modulation of tumor microenvironment, and secondly, by 

preparation of stable liposomes. In Chapter 1, I investigated whether ZOL treatment could 

affect tumor vascularization and further evaluated TAMs depletion used as the first approach 

to improve delivery of liposomal DOX. In Chapter 2, I studied preparation of stable 

liposomes as the second approach, which focused on the use of PGA as an intraliposomal 

trapping agent for tumor delivery of DOX.  
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I. INTRODUCTION 

 

Tumor microenvironment, which involves the complex interactions among cancer cells, 

normal cells, immune-derived cells, lymphatic and blood vessels surrounding and feeding 

cancer cells,
3,52)

 has created challenges for delivery of drug in tumor. Although the EPR effect 

has been known to allow liposomes for preferably accumulating in tumor, the abnormalities 

of tumor neovasculatures and impaired network of lymphatic vessels, which are important 

factors that establish the EPR phenomenon, contrarily cause poor tumoral distribution of 

liposomal drug.
23,53)

 Therefore, managing these tumor microenvironments would give 

advantages to improve tumor drug delivery. It has been observed that transforming growth 

factor (TGF)-β type I receptor inhibitors increased the antitumor effect of liposomal DOX or 

micelle DOX by changing the microenvironment of the vasculatures.
54,55)

 

Antiangiogenesis treatments that could restore the balance between pro- and 

antiangiogenic cytokines in tumor tissue showed evidence for remodeling tumor vasculatures 

toward more mature or normal phenotype to improve delivery of chemotherapeutics.
56)

 VEGF 

inhibitors or anti-VEGF antibody treatment reduced tumor hypoxia, IFP, and 

hyperpermeability of tumor vasculatures. Since TAMs express VEGF and promote 

angiogenesis, depletion of TAMs may become a way for normalizing tumor vascularization 

and modulating the tumor microenvironment.  

Recent study showed that ZOL produced toxic effects to RAW264.7 macrophage cells 

and the intravenous injections of ZOL solution into mice bearing tumor could induce the 

change of vascular structure in tumor;
57)

 however the mechanism is still unclear. Due to its 

selective uptake by macrophages, ZOL treatment may target TAMs depletion that affects 

VEGF levels required for tumor neovascularization, thus providing benefits for tumor drug 

delivery.  
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In this chapter, ZOL treatment has been evaluated whether it could facilitate the 

delivery of liposomal DOX (Doxil
®
) by changing the microenvironment of the vasculatures 

and increase the therapeutic efficacy in vivo. 
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II. MATERIALS AND METHODS 

 

2.1 Materials 

Zoledronic acid (ZOL) was obtained from Enzo Life Sciences (Farmingdale, NY, 

USA). Doxorubicin hydrochloride (DOX) was purchased from Wako Pure Chemical 

Industries Inc. (Osaka, Japan). Liposomal DOX, Doxil
®
, was obtained from Janssen 

Pharmaceutical K.K. (Tokyo, Japan). All other chemicals were of the finest grade available. 

 

2.2 Cell culture 

Murine Lewis lung carcinoma (LLC) was obtained from the Cell Resource Center for 

Biomedical Research, Tohoku University (Miyagi, Japan). Murine macrophage RAW264.7 

was obtained from the European Collection of Cell Cultures (ECACC, Wiltshire, U.K.). LLC 

and RAW264.7 cells were cultured in RPMI-1640 medium with 10% heat-inactivated fetal 

bovine serum (FBS) and kanamycin (100 µg/ml) in a humidified atmosphere containing 5% 

CO2 at 37˚C.  

 

2.3 Tumor model 

  All animal experiments were performed with approval from the Institutional Animal 

Care and Use Committee of Hoshi University, which is accredited by the Japanese Ministry 

of Education, Science, Sports and Culture. For the generation of LLC tumors, 1 x 10
6
 cells 

suspended in 100 µL of PBS pH 7.4 were inoculated subcutaneously into the flank of female 

C57BL/6N mice (Sankyo Labo Service Corp.). The tumor volume was calculated using the 

following formula: tumor volume = 0.5 x a x b
2
, where a and b are the larger and smaller 

diameters, respectively. 
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2.4 Immunohistochemical analysis 

To examine the antiangiogenic effect of ZOL on tumor, ZOL solution was 

intravenously injected at a dose of 5, 20 or 40 µg of ZOL/mouse per day for one, two or three 

consecutive days into mice bearing LLC tumor when the tumor volume reached 

approximately 200 mm
3
. The tumors 24 h after the final injection of ZOL solution were 

frozen on dry ice and sliced at 16 µm. Their sections were incubated with rat anti-mouse 

CD31 (PECAM-1) monoclonal antibody (Clone MEC 13.3, BD Pharmingen, San Diego, CA, 

USA) for the detection of mouse endothelial cells, and subsequently incubated with goat anti-

rat IgG conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) as a secondary 

antibody. In the detection of mouse pericytes, the sections were further incubated with Cy3-

conjugated rabbit anti-smooth muscle α-actin (α-SMA) antibody (Sigma-Aldrich, MO, USA). 

To examine the effect of ZOL on macrophages in tumor and liver, ZOL solution was 

injected intravenously at a dose of 40 µg of ZOL/mouse per day for three consecutive days 

into mice bearing LLC tumor. The sections of tumor and liver 24 h after the final injection of 

ZOL solution were incubated with rat anti-mouse F4/80 monoclonal antibody (Clone CI:A3-1, 

AbDSerotec, Oxford, UK) for the detection of mouse macrophages, and subsequently 

incubated with goat anti-rat IgG conjugated to Alexa Fluor 488 as a secondary antibody. 

Immunofluorescence was examined microscopically using an ECLIPSE TS100-F microscope 

(Nikon, Tokyo, Japan). 

 

2.5 IFP measurement in tumors 

When the tumor volume reached approximately 150 mm
3
, LLC tumor-bearing mice 

were intravenously injected with ZOL solution at a dose of 5, 20 or 40 µg of ZOL/mouse per 

day for three consecutive days. Twenty-four hours after the final injection of ZOL solution, 

the mice were anesthetized with isoflurane, and then IFP of tumors was measured with a 



  13 

needle probe pressure monitor, fitted with an 18-gauge side-ported needle (Intra-

Compartmental Pressure Monitor System; Stryker, Kalamazoo, MI, USA) connected to a 

syringe filled with 0.9% saline, as previously reported.
58)

 The needle probe was inserted into 

the center of the tumor or normal muscle, and IFP was recorded. The IFP in tumors was 

normalized to that in muscle. 

               
    (    )        

    (    )         
 

 

2.6 Determination of serum cytokine levels 

When the tumor volume reached approximately 150 mm
3
, LLC tumor-bearing mice 

were intravenously injected with ZOL solution at a dose of 40 µg of ZOL/mouse per day for 

three consecutive days. Twenty-four hours after the final injection of ZOL solution, serum 

was prepared by separation of the coagulated whole blood. Serum cytokine levels, including 

interleukin (IL)-10 and -12 (p70), granulocyte-macrophage colony-stimulating factor (GM-

CSF) and tumor necrosis factor (TNF)-α, were determined using mouse cytokine Th1/Th2 

Panel (Bio-Rad, Hercules, CA) and Bio-Plex 200 system (Bio-Rad). Normal values were 

determined using blood obtained from age-matched, normal mice without LLC tumor. 

 

2.7 Quantitative real-time PCR 

 When the tumor volume reached approximately 200 mm
3
, LLC tumor                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

-bearing mice were intravenously injected with ZOL solution at a dose of 40 µg of 

ZOL/mouse per day for three consecutive days. For the expression level of VEGF mRNA in 

tumor tissues, the tumors were excised from LLC tumor-bearing mice 24 h after the final 

injection of ZOL solution, and then total RNA was isolated from the tumors using the TRI 

Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). RNA yield and purity were 

checked by spectrometric measurements at 260 and 280 nm. cDNA was synthesized from 
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total RNA by using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio Inc., 

Shiga, Japan). Quantitative real-time PCR was performed with the Takara Thermal Cycler 

Dice (Takara Bio Inc.) and TaqMan Gene expression assays (vegfa: Mm00437306_m1, 

gapdh: Mm99999915_g1; Applied Biosystems
®
, CA, USA). Samples were run in triplicate 

and the expression levels of VEGF mRNA were normalized for the amount of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in the same sample, and 

analyzed using the comparative Ct method. 

 

2.8 Cytotoxicity 

LLC and RAW264.7 cells were seeded separately at a density of 1 x 10
4
 cells per well 

in 96-well plates and maintained in RPMI-1640 medium supplemented with 10% FBS for 24 

h before treatment. To examine cytotoxicity for ZOL, LLC and RAW 264.7 cells were treated 

with medium containing from 2.5 to 40 µM ZOL, and they were then incubated for 48 h. To 

examine the effect of ZOL on the cytotoxicity of DOX, LLC and RAW 264.7 cells were 

treated with medium containing from 0.125 to 2 µM DOX in the presence or absence of 20 

µM ZOL, and they were then incubated for 48 h. The cell number was determined with Cell 

Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Cell viability is expressed relative 

to the absorbance at 450 nm of untreated cells.  

 

2.9 In vivo therapeutic studies 

When the average volume of the tumors reached 100-200 mm
3
 in mice bearing LLC 

tumors, ZOL solution was intravenously administered via lateral tail veins at a dose of 40 µg 

of ZOL/mouse on days 0, 1 and 2, and then Doxil
®
 was intravenously administered at a dose 

of 5 mg of DOX/kg on day 3. Tumor volume and body weight were measured for individual 

animals.  
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2.10 Biodistribution of DOX 

When the average volume of the tumors reached 150 mm
3
 in mice bearing LLC 

tumors, ZOL solution was intravenously administered via lateral tail veins at a dose of 40 µg 

of ZOL/mouse on days 0, 1 and 2, and then Doxil
®
 was intravenously administered at a dose 

of 5 mg of DOX/kg on day 3. The tumors and organs were excised 24 h after the injection of 

Doxil
®
, and then homogenized in 0.1 M NH4Cl/NH3 buffer (pH 9.0). DOX was extracted 

with chloroform/methanol (2:1 v/v) and analyzed by high performance liquid chromatography 

(HPLC), as previously described.
55)

 

 

2.11 Statistical analysis 

The statistical significance of differences between mean values was determined by 

Student’s t-test. Multiple measurement comparisons were performed by analysis of variance 

followed by one-way analysis of variance on ranks with post hoc Tukey-Kramer’s test. A p 

value of 0.05 or less was considered significant.  
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III. RESULTS 

 

3.1 Vascular structure of tumor after treatment with ZOL 

Previously, it has been reported that the change of vascular structure in tumor was 

observed when ZOL solution was intravenously injected into mice bearing tumor;
57)

 however, 

the change of tumor environment upon ZOL treatments was not clear. In this study, ZOL 

treatment was investigated whether it could modulate the tumor environment via change of 

tumor vasculatures and enhance the antitumor efficacy of liposomal DOX, Doxil
®
.  

First, to examine the frequency of ZOL administration and dosage amount (µg) of 

ZOL required to change the vascular structure in LLC tumor, ZOL solution was intravenously 

injected at a dose of 40 µg of ZOL/mouse per day for one, two or three consecutive days into 

mice bearing LLC tumor. When ZOL was injected for three consecutive days, apparent 

changes of vascular structure in the tumor were observed by immunostaining for CD31, 

which is a marker for endothelial cells, compared with those after one or two administrations 

(Fig. 5-A). Regarding dosage amount, changes of vascular structure in the tumor were 

observed upon ZOL injection at 5, 20 and 40 µg of ZOL/mouse per day for three consecutive 

days (Fig. 5-B). ZOL treatments reduced narrow vessels in tumor and increased open vessels, 

indicating that blood flow in tumor might be improved by the change of vasculatures structure. 

Furthermore, some CD31-positive endothelial cells were covered with α-SMA-positive 

pericytes in tumor section treated at 40 µg of ZOL/mouse for three consecutive days, although 

most of the CD31-positive endothelial cells in tumor section of untreated mouse were not 

covered with α-SMA-positive pericytes (Fig. 5-C), suggesting that ZOL treatments did not 

markedly affect pericyte coverage in tumor vessels. This histological change of tumor 

vasculatures after ZOL treatment seemed to be similar to the phenomenon called 

“normalization” of the tumor vasculatures.
9)
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Figure 5. Immunostaining for endothelial cells after injection of ZOL into mice bearing LLC 

tumor. Green signals indicate CD31-positive endothelial cells. In A, ZOL solution was 

intravenously injected at a dose of 40 µg of ZOL/mouse per day into mice bearing tumor for 

one, two or three consecutive days. In B, ZOL solution was intravenously injected at a dose of 

5, 20 or 40 µg of ZOL/mouse per day into mice bearing tumor for three consecutive days. In 

C, ZOL solution was intravenously injected at a dose of 40 µg of ZOL/mouse per day into 

mice bearing tumor for three consecutive days, and immunostaining for endothelial cells and 

pericytes was performed. Green signals indicate CD31-positive endothelial cells, and α-SMA-

positive red signals indicate pericytes. Scale bar = 100 µm. 
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3.2 Change of IFP 

To examine the effect of ZOL on IFP in tumors, IFP of tumors and muscles were 

measured at 24 h after intravenous injections of ZOL, and normalized the IFP of tumors by 

that of muscles. When ZOL solution was injected for three consecutive days, normalized IFP 

in LLC tumors was significantly decreased by injections of ZOL solution at 20 and 40 µg of 

ZOL/mouse per day (5.8 ± 1.3 and 5.9 ± 1.3 in normalized IFP, respectively) compared with 

that after injection of saline (9.1 ± 1.4 in normalized IFP), but not by 5 µg of ZOL/mouse per 

day (6.6 ± 2.6 in normalized IFP) (Fig. 6). This indicated that the injection of 20 or 40 µg of 

ZOL could decrease the IFP of the tumor by changing the tumor vasculatures. Therefore, in 

subsequent experiments, injections of 40 µg of ZOL/mouse per day were performed for three 

consecutive days.  

It has been reported that Colon 26 and LLC tumors have well- and poorly vascularized 

blood vessels, respectively.
59)

 Compared to Colon 26, LLC tumors showed higher IFP.
58)

 

When ZOL solution was injected into mice bearing Colon 26 tumor for three consecutive 

days, no decrease of IFP in the tumor was observed (2.4 ± 1.0 and 3.7 ± 1.2 of normalized IFP 

in Colon 26 tumor with no treatment and ZOL treatment, respectively) (data not shown). 

These findings suggest that reduction of IFP in tumor by ZOL treatments might be effective 

for tumors having high IFP. 
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Figure 6. Change of IFP in LLC tumors after intravenous injection of ZOL. IFP in tumors 

was measured 24 h after intravenous injection of ZOL solution at a dose of 5, 20 or 40 µg of 

ZOL/mouse per day for three consecutive days into mice bearing tumors. Normalized IFP of 

tumors was calculated by dividing IFP of tumors (mmHg) by IFP of normal muscle (mmHg). 

Each column represents the mean ± S.D. (n=4-5). Statistical significance was evaluated by 

Student’s t-test. **p<0.01 compared with no treatment. 

 

 

3.3 Change of macrophages in tumor and cytokine levels in serum after ZOL 

treatments 

Bisphosphonates are internalized into cells by fluid-phase endocytosis, and then 

endosomal acidification causes the release of the bisphosphonates into the cytosol.
37)

 Highly 

phagocytic cells such as macrophages have the ability to internalize bisphosphonates, which 

makes them an ideal target for these drugs. Therefore, the effects of ZOL on macrophages 

were examined in tumor and liver. In untreated mice, a large number of macrophages in the 

livers and tumors was detected by immunostaining with F4/80 antibody; however, in ZOL 

treatments, the number of macrophages in the tumors and livers was markedly decreased (Fig. 

7).  
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To examine the effect of ZOL treatments on the inflammatory cytokines in serum, IL-

10, IL-12 (p70), GM-CSF and TNF-α level in serum were measured after ZOL treatment in 

mice with or without LLC tumor. The ZOL injections into mice without tumor decreased IL-

12, GM-CSF and TNF-α levels compared with those in untreated mice without tumor, 

although their levels were not significantly different (Fig. 8-A). In contrast, the ZOL 

injections into mice bearing LLC tumor significantly increased IL-12 and TNF-α levels 

compared with those of untreated mice bearing LLC tumor. These findings suggest that ZOL 

injections may affect tumor cells or TAMs in tumor tissues and induce inflammatory 

responses. 

The vascular endothelial growth factor (VEGF) protein is a prominent cytokine, which 

promotes endothelial cell proliferation during angiogenesis. Therefore, ZOL treatment was 

investigated for its effect on the expression level of VEGF mRNA in the tumor, by 

quantitative RT-PCR analysis. Surprisingly, VEGF mRNA level was not changed by ZOL 

treatments (Fig. 8-B), indicating that the change of vascular structure might be caused in an 

independent manner affecting VEGF expression.      

 

Figure 7. Immunostaining for macrophages in LLC tumor and liver after injection of ZOL 

into mice bearing LLC tumor. ZOL solution was intravenously injected into mice bearing 

tumor at a dose of 40 µg of ZOL/mouse per day for three consecutive days. Green signals 

indicate F4/80-positive macrophage cells. Scale bar = 100 µm. 
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Figure 8. Cytokine levels in serum (A) and VEGF mRNA level (B) after ZOL injections. 

Mice with or without LLC tumor were intravenously injected with ZOL solution at a dose of 

40 µg of ZOL/mouse per day for three consecutive days. In A, twenty-four hours after the 

final injection of ZOL solution, cytokine levels in the serum were determined. Each column 

represents the mean ± S.D. (n=3-4). The significance of differences between different groups 

was analyzed by one-way analysis of variance on ranks with post hoc Tukey-Kramer's test. 

**p<0.01, *p<0.05. In B, twenty-four hours after the final injection of ZOL solution, total 

RNA was purified from the tumors. Expression of mouse VEGF mRNA was analyzed by 

quantitative RT-PCR. Each result represents the mean ± S.D. (n=4). 
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3.4 In vitro antitumor effect 

To confirm whether ZOL was taken up by tumor cells or macrophages and could 

induce cytotoxic effects, the cytotoxicity for LLC or RAW264.7 cells by ZOL were examined. 

ZOL treatment showed higher cytotoxicity for RAW264.7 cells than that for LLC cells (Fig. 

9-A), indicating that this cytotoxicity by ZOL might be due to uptake by fluid-phase 

endocytosis in macrophage cells.  

To examine the effect of ZOL on cytotoxicity by DOX, the cytotoxicities were 

examined for LLC or RAW264.7 cells by DOX in the presence of 20 µM ZOL. ZOL showed 

additive cytotoxic effects for RAW264.7 and LLC cells, rather than synergistic effects (Figs. 

9-B,C), suggesting that ZOL could not increase chemo-sensitivity by DOX for macrophages 

or LLC tumors.  

 

3.5 Antitumor effect on LLC tumor-bearing mice 

To examine whether ZOL injections could increase the antitumor effect of Doxil
® 

by 

change of the tumor microenvironment, the antitumor effect of Doxil
®
 after three intravenous 

injections of ZOL was evaluated in LLC tumor-bearing mice. ZOL solution was 

intravenously administered on days 0, 1 and 2, and then Doxil
®
 was on day 3. Three 

injections of ZOL solution did not show antitumor activity for the tumors (Fig. 10-A), 

although they had an antiangiogenic effect (Fig. 5). Single injection of Doxil
®
 showed a large 

antitumor effect. Furthermore, injections of ZOL could increase the antitumor activity by 

Doxil
®
. There were no remarkable differences in mouse body weight changes after the 

administration of ZOL and/or Doxil
®
 (Fig. 10-B). 
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Figure 9. Cytotoxicities of ZOL for LLC and RAW264.7 cells (A) and of the combination of 

ZOL plus DOX for LLC (B) and RAW264.7 cells (C). In A, LLC and RAW264.7 cells were 

treated with various concentrations of ZOL for 48 h. In B and C, LLC (B) and RAW264.7 

cells (C) were treated with various concentrations of DOX in the presence or absence of 20 

µM ZOL for 48 h. Each result represents the mean ±S.D. (n=4). 
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Figure 10. Combination therapy of ZOL and Doxil
® 

in mice bearing LLC tumor. Antitumor 

activity and toxicity were assessed by measuring tumor volume (A) and body weight change 

(B). Saline (○), ZOL solution (●), Doxil
®
(▵ ) and ZOL solution plus Doxil

®
 (▴ ) were 

administered on days 0, 1 and 2 for ZOL injection and on day 3 for Doxil
®
. Arrow heads 

indicate the day of ZOL injection, and the arrow shows the day of Doxil
® 

injection. Each 

value represents the mean ± S.D. (n = 3-4). The significance of differences between different 

groups was analyzed by one-way analysis of variance on ranks with posthoc Tukey-Kramer's 

test.*p<0.05. 
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3.6 Accumulation of DOX liposomes in tumor 

Finally, whether ZOL treatments affected the biodistribution of DOX was examined in 

mice bearing LLC tumors after the injection of Doxil
®
. ZOL injections significantly increased 

the blood concentration of DOX after the injection of Doxil
®
, and decreased the accumulation 

of DOX in the liver (Fig. 11). The change of DOX accumulation in the liver may have been 

due to the depletion of Kupffer cells. However, the accumulation of DOX in the tumor was 

not significantly different between untreated and ZOL-treated tumors. These findings indicate 

that an increase of the antitumor effect of Doxil
®

 upon ZOL injections might be explained by 

an increased blood circulation time of Doxil
®
 and/or wide distribution of DOX in the tumor 

by a change of the tumor microenvironment.  

 
 

Figure 11. Effect of ZOL on the biodistribution of DOX at 24 h after the intravenous 

administration of Doxil
® 

into mice bearing LLC tumor. ZOL solution was intravenously 

injected into mice bearing tumor at a dose of 40 µg of ZOL/mouse per day for three 

consecutive days. Twenty-four hours after the final injection of ZOL solution, Doxil
® 

was 

intravenously injected at 5 mg of DOX/kg. DOX concentrations in serum, liver, spleen, 

kidney, heart and tumor were measured at 24 h after the injection of Doxil
®
 by HPLC. Each 

value represents the mean ± S.D. (n = 3-4). Statistical significance was evaluated by Student’s 

t-test. **p<0.01. 
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IV. DISCUSSION 

 

Antiangiogenesis effects are known to change the tumor vasculatures. In this study, 

ZOL treatment has been found to decrease IFP in tumor via the inhibition of tumor 

neovascularization (Figs. 5 and 6). Santini et al. reported that single treatment of ZOL 

reduced circulating VEGF levels in cancer patients.
60)

 However, in this study, a reduction of 

VEGF mRNA was not observed in tumors after ZOL treatments (Fig. 8-B). Ogawara et al. 

reported that VEGF did not play a major role in the angiogenesis in LLC tumor, suggesting 

that other proangiogenic factors except for VEGF might trigger angiogenesis in LLC tumor.
59)

 

Giraudo et al. reported that ZOL suppressed the expression of matrix metalloproteinase-9 

(MMP-9) by infiltrating macrophages and inhibited metalloproteinase activity, reducing the 

association of VEGF with its receptor on angiogenic endothelial cells.
61)

 From these findings, 

the depletion of TAMs in tumor by ZOL treatments might affect tumor neovascularization via 

inhibition of the association of VEGF and its receptor. However, it has also been reported that 

ZOL inhibited antiangiogenesis through an apoptotic effect on endothelial cells in tumor and 

the tumor microenvironment.
62,63)

 ZOL exerts an inhibitory effect on endothelial cell adhesion 

and migration via the modulation of adhesion molecules.
64)

 The mechanism by which ZOL 

treatments changed the vascular structures in the tumors was not clear, but ZOL treatments 

could decrease IFP in tumor via the inhibition of tumor neovascularization.  

The most common adverse event associated with bisphosphonate therapy is transient 

fever.
65)

 It has been shown that treatment with intravenous nitrogen-containing 

bisphosphonates such as ZOL caused systemic acute-phase responses (APRs) characterized 

by fever, pain, nausea and fatigue in up to 50% of all patients within 48 hours after 

administration.
66)

 These flu-like symptoms are typically transient, resolve spontaneously, and 

are accompanied by decreased lymphocyte counts and elevated levels of pro-inflammatory 
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cytokines such as IL-6, IFN-γ and TNF-α.
67,68)

 In this study, elevated levels of IL-10 and -12, 

GM-CSF and TNF-α were observed after injections of ZOL solution into mice bearing tumor 

(Fig. 8-A); however, in normal mice without tumor, ZOL injections did not affect the level of 

inflammatory cytokines in serum. Although it was not clear why the ZOL treatments 

increased the levels of the inflammatory cytokines in mice bearing tumor, these cytokines 

might be released from tumor tissues by ZOL treatments and cause inhibition of tumor 

neovascularization.  

Polyethylene glycol (PEG)-modified liposomes are long-lived in the circulation and 

accumulate passively in tumors. The TGF-β type I receptor inhibitors were reported to 

increase the antitumor effect of DOX encapsulated in PEGylated liposomes or micelles by 

changing the microenvironment of the vasculatures.
54,55)

 Therefore, whether ZOL treatments 

could increase the accumulation of Doxil
®
 in tumor and enhance the antitumor effect were 

examined. In terms of the results, ZOL treatments could increase the antitumor effect of 

Doxil
® 

(Fig. 10); however, they could not increase the accumulation of DOX in the tumor 24 

h after the injection of Doxil
®
 (Fig. 11). ZOL is known as a specific inhibitor of farnesyl 

pyrophosphate synthase in the mevalonate pathway and exerts pleiotropic effects in tumor and 

non-tumor cells.
68,69)

 Riganti et al. reported that ZOL restored the chemosensitivity of DOX in 

multidrug-resistant cancer cells.
70)

 However, in this study, ZOL treatments alone did not 

induce an antitumor effect for LLC tumor (Fig. 10), and did not show enhancement of 

cytotoxicity by DOX in LLC cells (Fig. 9-B). Yoshizawa et al. reported that pre-treatment 

with a VEGF receptor-2 inhibitor, SU5416, changed vascular structures in tumor but did not 

significantly increase the tumor accumulation of paclitaxel after the injection of PEGylated 

liposomal paclitaxel, compared with the case in untreated mice.
71)

 However, they concluded 

that the treatment increased the distribution of PEGylated liposomal paclitaxel in the core 

region of the tumor, as well as conversely decreasing the ratio of its peripheral distribution. 
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Therefore, the enhanced antitumor effect observed in an in vivo experiment might be due to 

the improvement of DOX distribution in tumor, not an increase of DOX chemosensitivity in 

tumor cells, speculatively. To prove this hypothesis, the localizations of DOX was observed 

in tumor after ZOL treatments by fluorescent microscopy, but the localization was not well 

detected due to the weak intensity of DOX fluorescence (data not shown). Further study 

should be performed to investigate the distribution of DOX in tumor after ZOL treatments.  

Resident macrophages in the liver called Kupffer cells comprise the major population of 

the reticuloendothelial system (RES). Doxil
®
 can avoid RES uptake by PEG modification; 

however, the effectiveness for the prevention of RES uptake is still incomplete. Previously, it 

was reported that the depletion of Kupffer cells by clodronic acid-entrapped liposomes 

(clodrolip) inhibited RES uptake in the liver and increased the plasma concentration of DOX 

after the injection of Doxil
®
, resulting in enhancement of antitumor effects in a xenograft 

model.
72)

 In this study, depletion of Kupffer cells (macrophages) in the liver was observed 

after the injection of ZOL (Fig. 7), and exhibited extended blood circulation of DOX and 

reduced its accumulation in the liver (Fig. 11). This depletion might be one of the reasons 

why the combination of ZOL and Doxil
®
 could enhance therapeutic efficacy.  

Ottewell et al. reported that the inhibition of tumor growth was observed by sequential 

injection with DOX and ZOL in a mouse model of breast and mammary tumor.
38,73)

 They 

concluded that sequential treatment with DOX followed by ZOL could elicit substantial 

antitumor effects in vivo, but ZOL followed by DOX could not.
38)

 The discrepancy between 

the present works and previous reports might be caused by the schedule of administration of 

ZOL and DOX. In sequential treatment with ZOL followed by DOX, DOX was injected into 

the mice 24 h after the injection of ZOL; however, the tumors after ZOL treatment displayed 

no obvious differences in terms of the degree of vascularization compared with the saline 

control.
38)

 In this experiment, no change of vascular structure in LLC tumors was observed 24 
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h after single injection of ZOL (Fig. 5-A). These results might indicate that the repeated 

injections of ZOL were needed to increase the antitumor effect by the change of vascular 

structures.     

In this study, it has been observed that ZOL treatments could decrease IFP in tumor via 

a change of tumor vasculatures and enhance the antitumor efficacy of liposomal DOX 

(Doxil
®
), thus suggesting that ZOL treatment can be an alternative approach to increase the 

antitumor effect by liposomal drug. 
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Chapter 2 

 

Tumor delivery of liposomal doxorubicin prepared with poly-L-glutamic acid as a drug-

trapping agent 
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1. INTRODUCTION 

 

The high and stable drug loading into liposomes has become a critical factor for 

successful delivery of DOX to tumor since nanosized liposomes can passively accumulate in 

solid tumors via the EPR effect.
41)

 However, modification of drug release from liposome 

should be considered to increase the antitumor activity in tumor tissue. DOX, which is a weak 

amphipathic base, exists as stable bundles of fiber-like aggregates in the liposomal interior as 

the result of over drug solubility limits and its interaction with sulfate ions during ammonium 

gradient-driven drug loading, as observed in DOXIL
®
.
41,45)

 These DOX aggregates showed 

high drug retention during circulation in the bloodstream, which led to an enhanced antitumor 

efficacy via the EPR effect.
41,74–76)

 However, it has been reported that only small amount of 

biologically active DOX was observed in nucleus after DOXIL
® 

is taken up by cells.
42)

  The 

intrinsic stability of DOXIL
®
 prevents DOX released from liposome intracellularly. Therefore, 

it is important to select drug trapping agents appropriately to improve tumor delivery and 

efficacy of DOX.  

It has been reported that the physical state of drug entrapped in liposomes affects drug 

retention.
48)

 The use of anionic trapping agents such as polyphosphates and highly charged 

anionic sucrose octasulfate has been reported to improve anticancer activity of weak base 

drug, i.e. irinotecan.
47,77)

 These trapping agents increased the intraliposomal retention of 

irinotecan, resulted in reduced drug release and prolonged circulation of drug associated with 

trapping agents in liposome.  

PGA is an anionic polymer that can be ionized and interact with cationic amines of 

DOX. It is also biodegradable with non-toxic degradation products.
78–80)

 Therefore, the use of 

PGA as an intraliposomal drug trapping agent may provide benefits for tumor delivery of 

liposomal DOX. It has been reported that the ionic interaction between poly-γ-glutamic acid 
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and DOX produced random colloidal aggregates that were stable in pH 7.4, but showed high 

release in lower pH, provided a pH-controlled release.
51)

 The low pH of endosomal 

compartment has been known as a useful target for pH-dependent drug release from 

liposomes,
81)

 where DOX should be released and intercalates with DNA in nucleus right after 

liposome is taken up by endocytosis to achieve its antitumor effect, or it will be degraded in 

lysosomes and becomes ineffective.
42)

  

In this chapter, the PGA was investigated as an internal trapping agent for stable 

liposomal encapsulation of DOX loaded via triethylamine (TEA) gradient. The effects of 

concentration or molecular weight of PGA in TEA-PGA liposomes were evaluated on the 

accumulation of DOX in tumors and their antitumor effects in LLC tumor-bearing mice.  
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II. MATERIALS AND METHODS 

 

2.1 Materials 

Hydrogenated soya phosphatidylcholine (HSPC) and methoxy-(polyethylene-glycol)-

distearylphosphatidyl-ethanolamine (mPEG-DSPE, PEG mean molecular weight, 2000) were 

purchased from NOF Inc. (Tokyo, Japan). Cholesterol (Chol), ammonium sulfate (AS) and 

triethylamine (TEA) were purchased from Wako Pure Chemical Industries Inc. (Osaka, 

Japan). DOX hydrochloride was obtained from LC Laboratories (Woburn, Massachusetts, 

USA). PGA sodium salt was purchased from Sigma (Tokyo, Japan) and has three types with 

mean molecular weight of 4800, 9800, and 20500. All other chemicals and solvents used in 

this study were of the highest grade available.  

 

2.2 Preparation of liposomes 

TEA-PGA-Ls, TEA liposomes (TEA-L), and AS liposomes (AS-L) were prepared 

with HSPC, Chol, and mPEG-DSPE at a molar ratio of 4.1:2.7:0.4 using the thin-film 

method.
82)

 Firstly, all the lipids were dissolved in chloroform and placed in a round bottom 

flask. The thin films formed following the removal of chloroform using a rotary vacuum 

evaporator in a water bath at 60˚C. In AS-L and TEA-L, lipids were hydrated with 0.25 M AS 

solution and 0.65 M TEA solution, respectively. In TEA-PGA-Ls, lipids were hydrated with 

0.65 M TEA solution containing PGA, as shown in Table 1. After hydration, the lipids were 

vortexed to prepare liposomes, followed by heating in a water bath at 60˚C for 5 min. The 

liposomes were sonicated for 30–60 min to produce a final size about 100 nm. For 

replacement of the external phase, liposomes were passed through a gel filtration column 

(Sephadex G100) with phosphate-buffered saline (PBS, pH 7.4). The loading of DOX was 

then performed by incubating liposomes with DOX solution at weight ratio of DOX:HSPC of 
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1:5 in a water bath at 60˚C for 10 min. Free DOX was separated from AS-L, TEA-L, and 

TEA-PGA-Ls through a column packed with Sephadex G50. The concentration of 

phospholipids was quantified using a Phospholipid C-test reagent (Wako Pure Chemical 

Industries, Ltd.). The entrapped DOX concentration was measured using a fluorometric 

method at λex= 485 nm and λem= 590 nm after lysing with Triton X-100 (final concentration 

5% v/v). Drug loading was calculated as follows: 

                      
                                       

                   
      

 

2.3 Measurement of particle size and ζ-potential of liposomes 

The average particle size and δ-potential of the liposomes were measured by a 

cumulative method and electrophoretic mobility with a light scattering photometer (ELS-Z2, 

Otsuka Electronics Co., Ltd., Osaka, Japan) at 25˚C after dilution in an appropriate volume of 

deionized water.  

 

2.4 Evaluation of DOX/PGA complex formation 

By assuming that liposomes with diameter of 120 nm contained about 4.8 µL of total 

entrapped vesicular volume per 1 mg of liposomal lipids, we could estimate the ratios of 

DOX and PGA inside liposomes, as shown in Table 1. A mole of PGA was calculated as L-

glutamic acid monosodium salt. To evaluate complex formation, the DOX solution was 

mixed with PGA solution in 0.65 M TEA at the indicated ratios and then left at room 

temperature for at least 30 min. As a control, DOX solution was mixed with 0.25 M AS 

solution, L-glutamic acid solution, and 0.65 M TEA solution, respectively. Photomicrographs 

of the mixtures were taken using an optical microscope (Nikon Eclipse TS100-F, Nikon Inc., 

Japan). 
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2.5 Small angle X-ray diffraction (SAXRD) analysis of liposomal DOX 

The small angle X-ray diffraction (SAXRD) analysis of liposomal DOX was evaluated 

using the facility on the BL-6A beam line at the National Laboratory for High Energy Physics 

(KEK, Tsukuba, Japan). The experimental hutch in BL-6A is equipped with a marble table 

housing the modular-length flight tube and 2D detector (Pilatus3 1M). The liposomes were 

loaded into a 1.8 mm diameter quartz capillary cell using a peristaltic pump, and were set to 

be put within a 50 cm range of the detector. Data were collected by measuring at an energy of 

8.27 keV with an exposure time of 20 s per frame at an X-ray wavelength of 1.5 Å using the 

dedicated beam line software PILATUS Measurement Control Software at Photon Factory. 

Data processing, and further analysis were performed using ATSAS software 

(https://www.embl-hamburg.de/biosaxs/primus.html, Hamburg, Germany).
83)

  

 

2.6 In vitro doxorubicin release from DOX/PGA aggregate and liposomal DOX 

DOX/PGA aggregate was prepared by mixing DOX with PGA20500 at molar ratio of 

DOX/PGA of 5.8 in 0.65 M TEA solution. One mole of PGA was calculated based on L-

glutamic acid monosodium salt. As a model of aggregate entrapped in AS-L, DOX/AS 

aggregates were prepared by mixing DOX in 0.25 M AS. The aggregates were left at room 

temperature for 30 min after mixing. The study of DOX release from DOX/PGA or DOX/AS 

aggregates was performed by placing 200 µL of aggregate suspension in dialysis tubing 

Spectra Por
®
7 with molecular weight cut-off (MWCO) 3,500 (Spectrum Laboratories, Inc., 

Rancho Dominguez, CA, USA). The dialysis tubing was immersed in a 50 mL of PBS pH 5.5 

or 7.4 with continuous stirring in a water bath at 37˚C. 

The release studies of DOX from liposomes were performed by placing 200 µL of 

liposome solution into dialysis tubing Spectra Por
®
7 with MWCO 3,500 (Spectrum 

https://www.embl-hamburg.de/biosaxs/primus.html
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Laboratories, Inc.). The liposomes were then immersed in 50 mL of PBS, pH 7.4, with 

continuous stirring in a water bath at 37˚C. 

At various time points, 200 µL aliquots were withdrawn from the outer aqueous 

solution and replaced by 200 µL of PBS. The DOX concentration was measured 

fluorometrically at λex= 485 nm and λem= 590 nm. Wurster correction was used for calculating 

the cumulative amount of DOX released. 

 

2.7 In vitro cytotoxic assay of liposomes 

Murine LLC cells were obtained from the Cell Resource Center for Biomedical 

Research, Tohoku University (Miyagi, Japan). LLC cells were cultured in RPMI-1640 

medium with 10% heat-inactivated fetal bovine serum and kanamycin (100 µg/ml) in a 

humidified atmosphere containing 5% CO2 at 37˚C. For the in vitro cytotoxic assay, LLC 

cells were seeded separately at a density of 1 × 10
4
 cells per well in 96-well plates and 

maintained in the medium for 24 h before treatment.  

To examine the cytotoxicity for DOX, the cells were treated with medium containing 

various concentrations of DOX in AS-L, TEA-L, or TEA-PGA-Ls, and they were then 

incubated for 48 h. After treatment, the cell number was determined using Cell Counting Kit-

8 (Dojindo Laboratories, Kumamoto, Japan). Cell viability was expressed relative to 

absorbance at 450 nm in untreated cells, and the concentration leading to 50% cell viability 

(IC50) was calculated.  

 

2.8 Antitumor activity of liposomal DOX 

All animal experiments were performed with approval from the Institutional Animal 

Care and Use Committee of Hoshi University. To generate LLC tumors, 1 × 10
6
 cells 

suspended in 100 µL PBS, pH 7.4 were inoculated subcutaneously into the right flank of 
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female C57BL/6N mice (7 weeks old, Sankyo Labo Service Corp.). After the tumor size had 

reached about 100–200 mm
3
, AS-L, TEA-L, and TEA-PGA-Ls were administered via the tail 

vain at doses equal to 5 mg DOX per kg mouse by single-dose injection on day 0. Tumor 

volume and body weights were measured for individual animals. The tumor volume was 

calculated using the following formula: tumor volume = 0.5 × a × b
2
, where a and b are the 

larger and smaller diameters, respectively. 

 

2.9 Biodistribution of liposomal DOX 

To generate LLC tumors, 1 × 10
6
 cells were inoculated subcutaneously into the flank 

of female C57BL/6N mice (female, 7 weeks old). After the tumor size had reached 200 mm
3
, 

AS-L, TEA-L, and TEA-PGA-Ls were administered intravenously via the tail vein at a dose 

equivalent to 5 mg DOX per kg. Twenty-four hours after injection, blood was collected from 

the inferior vena cava and centrifuged to obtain serum. The tumor, liver, spleen, kidney, lung, 

and heart were excised and homogenized in 0.1 M NH4Cl/NH3 buffer and DOX was extracted 

with chloroform-methanol (2:1 v/v). The DOX concentration was further quantified using 

HPLC method as previously described.
55)

 

 

2.10 Statistical analysis 

All data were produced in replicates and presented as the mean ± S.D. To evaluate the 

significance of the difference, data were analyzed by one-way ANOVA, followed by Tukey’s 

HSD post-hoc test; P values less than 0.05 were considered as statistically significant. 
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III. RESULTS 

 

3.1 Preparation and characterization of liposomal DOX using PGA 

To evaluate the effect of PGA as a liposomal trapping agent, the PGA-TEA system 

was used to prepare liposomal DOX. TEA can assist in the loading of weakly basic-

amphipathic drugs via TEA efflux, accompanying the influx of the drug into liposomes and 

through the formation of self-perpetuating pH gradient providing a driving force for drug 

accumulation.
47,84)

 These mechanisms may be able to maintain DOX in ionized forms and 

then increase intraliposomal stability by electrostatic interactions between DOX and PGA. 

TEA-PGA-Ls were prepared by remote loading of DOX with a TEA gradient into pre-

formed liposomes prepared with 1, 2, or 4 mg/mL PGA (molecular weights 4800, 9800, or 

20500) (Table 1). However, in TEA-PGA20500-L, it was difficult to obtain small, homogenous 

liposomes prepared with 4 mg/mL PGA20500 because of its high viscosity. Moreover, in the 

preliminary study, we evaluated the effect of incubation time and drug-to-lipid ratio on the 

entrapment of DOX in TEA-PGA-L. In TEA-L and TEA-PGA9800-C2-L, with only 10 min 

incubation at 60˚C, most DOX could be entrapped into liposomes, and extending the 

incubation period for 30 or 60 min decreased entrapment efficiency of DOX (data not shown). 

Furthermore, the highest entrapment efficiency was observed in liposomes prepared at a 

DOX:HSPC ratio of 1:5 (w/w) compared with 1:2 or 1:1 (data not shown). From these results, 

a 10-min incubation at 60˚C and DOX-to-HSPC ratio of 1:5 (w/w) were chosen for loading of 

DOX.  

As shown in Table 1, all the liposomes had average particle sizes around 110 nm, with 

negative charges of particles equivalent to approximately -15 mV. All the TEA-PGA-Ls 

showed high entrapment efficiency of DOX (>95%) similar to liposomes using ammonium 
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sulfate (AS-L) and TEA (TEA-L). The molecular weight and concentration of PGA in TEA-

PGA-Ls did not affect the particle size, δ-potential, or entrapment efficiency of DOX. 

 

3.2 Evaluation of DOX-PGA complex formation 

To evaluate the interaction of PGA with DOX, we mixed DOX solution with PGA and 

then observed the mixture by microscopy. To estimate the intraliposomal conditions, the 

molar ratio of PGA and DOX inside the liposomes was calculated based on the concentration 

of DOX and total vesicular volume. When PGA and DOX were mixed at estimated molar 

ratios of DOX/PGA as listed in Table 1, aggregate-like substances were observed (Figs. 12-

A-E), which had different structures compared with aggregates formed by mixing of DOX 

and AS solution (Fig. 12-F). Furthermore, an increase in molecular weight or concentration of 

PGA in the mixture of PGA and DOX resulted in larger aggregates. On the other hand, no 

aggregates were observed with the mixture of DOX and L-glutamic acid (Fig. 12-G) or DOX 

in TEA solution (Fig. 12-H). These results indicated that PGA might electrostatically interact 

with DOX inside liposomes and facilitate the encapsulation of DOX in TEA-PGA-Ls. 
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Table 1. Composition and characteristics of liposomal DOX. 
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Figure 12. Microscopic observation of mixtures of DOX and PGA (A-E), DOX in 0.25 M 

ammonium sulfate (AS) solution (F), mixture of DOX and L-glutamic acid solution (DOX/ L-

glutamic acid at molar ratio of 5) (G), and DOX in 0.65 M triethylamine (TEA) solution (H). 

The number in parentheses represents the estimated molar ratio of DOX and PGA inside 

liposomes, as listed in Table 1. A mole of PGA was calculated as L-glutamic acid 

monosodium salt. Scale bar = 100 µm. 

 

3.3 Small angle X-ray diffractions (SAXRD) analysis of liposomal DOX 

To investigate the physical characteristics of their aggregates, small angle X-ray 

diffractions (SAXRD) of AS-L, TEA-L and TEA-PGA-Ls were measured after loading 

liposome with DOX at a weight ratio of DOX/HSPC of 1:5. As shown in Fig. 13, PGA-TEA-

Ls and AS-L had almost identical patterns of scattering profile at scattering vector (q) 
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between 0.06 - 0.6 Å
-1

. However, at q below 0.05 Å
-1

, the difference of scattering intensities 

was observed between TEA-PGA-Ls and AS-L. In TEA-PGA-L, the addition of PGA into 

TEA-L increased the scattering intensity, indicated that TEA-PGA-Ls had DOX/PGA 

aggregates in the inner phase; however, the difference of scattering profiles of TEA-PGA4800-

C2-L and TEA-PGA20500-C2-L was negligible (Fig. 13). 

 

Figure 13. The profiles of small angle X-ray diffraction (SAXRD) of AS-L, TEA-L, and 

TEA-PGA-Ls prepared at a DOX:HSPC weight ratio of 1:5. Data are plotted as scattering 

intensity (IS) in arbitrary units as a function of the scattering vector (q) in Å
-1

, where q is 

     ( )  ⁄   

 

3.4 Evaluation of in vitro DOX released from DOX-PGA aggregates 

To examine the effect of the interaction between DOX and PGA inside liposomes, the 

amount of DOX released from DOX/PGA aggregates were determined in PBS at pH 5.5 or 

7.4. Here, PGA with molecular weight of 20500 was used. In DOX/AS aggregates, regardless 

of pH, most of the DOX was released from the aggregate over 23 h (Fig. 14). In contrast, in 

PGA/DOX aggregates, the amount of DOX released at pH 7.4 was only 28% over 23 h. On 
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the other hand, at pH 5.5, the amount released was significantly increased twofold than that at 

pH 7.4 (Fig. 14). This finding suggested that PGA might have an advantage in the pH-

sensitive release of DOX from PGA/DOX aggregates. 

 

Figure 14. Profiles of DOX release from DOX/PGA and DOX/AS aggregates in PBS, pH 5.5 

and 7.4. DOX/PGA20500 aggregates were prepared at a molar ratio of DOX/PGA of 5.8. A 

mole of PGA was calculated as L-glutamic acid monosodium salt. Each value represents the 

mean ± S.D. (n=3). *p< 0.05. 

 

3.5 The effect of PGA on drug release from liposomes 

The in vitro profiles of DOX release from liposomes were evaluated by immersing 

liposomes in PBS, pH 7.4 (Fig. 15). Compared with TEA-L, TEA-PGA-Ls showed reduced 

DOX release. Among the TEA-PGA-Ls prepared with 2 mg/mL PGA, TEA-PGA20500-C2-L, 

which were prepared with the highest molecular weight PGA, showed the lowest release of 

DOX from liposomes of approximately 13% of the cumulative dose over 52 h, which was 

similar to AS-L. Furthermore, among TEA-PGA-Ls prepared at 1, 2, and 4 mg/mL PGA9800, 

the TEA-PGA9800-C4-L, which was prepared with 4 mg/mL PGA9800, yielded slower release 
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of DOX than TEA-PGA9800-C1-L and TEA-PGA9800-C2-L that were prepared with 1 and 2 

mg/mL PGA9800, respectively.  

 

Figure 15. Profiles of release of DOX from TEA-PGA-Ls in PBS, pH 7.4 at 37˚C. Each 

value represents the mean ± S.D. (n=3). *p< 0.05. 

 

3.6 In vitro cytotoxic assay of liposomes 

Next, the cytotoxicities of TEA-PGA-Ls were evaluated in LLC cells by 48 h 

exposure (Fig. 16). TEA-L and AS-L showed lower cytotoxicity (0.6 and 0.9 μg/mL, 

respectively) than DOX solution (0.05 μg/mL) (Fig. 16-A). Irrespective of the PGA molecular 

weight (Fig. 16-B) or PGA concentrations (Fig. 16-C), the IC50 values of TEA-PGA-Ls (0.6–

0.9 μg/mL) were almost the same as those of AS-L and TEA-L, which were approximately 

18-fold lower than that of DOX solution. These results indicated that exposure of cells to 
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dosage forms such as liposomes or solution was more influenced by the in vitro cytotoxicity 

of DOX than the intraliposomal conditions. 

 

Figure 16. In vitro cytotoxicities of AS-L and TEA-L (A), and TEA-PGA-Ls (B and C) on 

LLC cells. AS-L and TEA-L (A), TEA-PGA-Ls prepared with PGA with molecular weights 

of 4800, 9800, or 20500 (B) or at various concentrations of PGA9800 (1, 2, or 4 mg/mL) (C) 

were added to the cells at various concentrations of DOX and then incubated for 48 h. Each 

value represents the mean ± S.D. (n=3). 
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3.7 Antitumor activity of liposomal DOX 

The antitumor activity of TEA-PGA-Ls was evaluated in LLC tumor-bearing mice (Fig. 17). 

Compared with the injection of saline or DOX solution, a single injection of liposomal DOX 

could inhibit tumor growth up to day 8. Among the TEA-PGA-Ls prepared with different 

molecular weights of PGA (Fig. 17-A) or concentrations of PGA (Fig. 17-B), TEA-PGA20500-

C2-L or TEA-PGA9800-C4-L strongly inhibited tumor growth similar to AS-L. No body 

weight change was observed during the period of the experiment (Fig. 17-C). 

 

Figure 17. The antitumor activity of TEA-PGA-Ls on LLC tumor-bearing mice. TEA-PGA-

Ls prepared with PGA with molecular weights of 4800, 9800, or 20500 at 2 mg/mL (A) or at 

various concentrations of PGA9800 (1, 2, or 4 mg/mL) (B) were administered by a single 

intravenous injection of 5 mg DOX per kg on day 0 (as indicated by black arrows). The body 

weights were evaluated at days post treatment (C). Each value represents the mean ± S.D. 

(n=3-4). 
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3.8 Biodistribution of liposomal DOX 

Finally, the biodistribution of liposomal DOX at 24 h after intravenous injection was 

evaluated in LLC tumor-bearing mice (Fig. 18). Compared with DOX solution, which was 

almost cleared from the systemic circulation (0.6% of the injected dose remained at 24 h), 

TEA-PGA-Ls remained in serum at 10–15% of the injected dose at 24 h (Fig. 18-A). Higher 

tumor accumulation of DOX was observed in TEA-PGA9800-C4-L and AS-L than TEA-

PGA4800-C2-L or TEA-PGA9800-C2-L (Fig. 18-B). This suggested that TEA-PGA-Ls prepared 

with a high concentration of PGA could improve tumor accumulation of DOX by prolonged 

circulation in the bloodstream (EPR effect). The accumulation of DOX in the liver and spleen 

after injection of TEA-PGA-Ls and AS-L was higher than that of DOX solution (Figs. 18-

C,D). In contrast, the accumulation of DOX in kidneys, lung, and heart after injection of 

DOX solution, AS-L, or TEA-PGA-Ls was low and did not show significantly differences 

between them (Figs. 18-E-G). 

 
 

Figure 18. The biodistribution of DOX in LLC tumor-bearing mice at 24 h after a single 

intravenous injection of DOX solution, AS-L and TEA-PGA-Ls at doses equal to 5 mg DOX 

per kg. Each value represents the mean ± S.D. (n=4). *p < 0.05. 
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IV. DISCUSSION 

 

Preparation of liposomes with high and stable drug loading is a promising strategy to 

enhance the antitumor effect by EPR. In this study, TEA-PGA-Ls were prepared using 

anionic PGA as an intraliposomal trapping agent that electrostatically interacted with cationic 

DOX inside liposomes. As a result, TEA-PGA-Ls prepared with high molecular weight or 

high concentration of PGA could efficiently accumulate DOX in tumors and strongly inhibit 

tumor growth in LLC tumor-bearing mice, which were similar to those of AS-L prepared 

using an AS gradient. 

Poly-γ-glutamic acid has many carboxyl groups on its polymeric structure, which can be 

ionized at around pH 7 and provide useful sites for interactions with cationic drugs, such as 

DOX.
51)

 In this study, PGA was studied for preparing liposomal DOX instead of poly-γ-

glutamic acid. When the solution of PGA was mixed with DOX solution, water insoluble-like 

aggregates of different sizes and densities of aggregates were observed depending on the 

molar ratio of DOX to PGA (Fig. 12). Furthermore, reduction of DOX release from liposomes 

was observed in TEA-PGA-Ls compared with TEA-L that did not contain PGA (Fig. 15). 

Although the details of DOX association with PGA in liposomes could not be clarified, it was 

speculated that the physicochemical interaction between PGA and DOX may occur in more 

stable conditions by raising the number of carboxyl group of L-glutamic acid either by 

increasing the concentration or length of PGA. It has been reported that the interaction of 

poly-γ-glutamic acid and DOX does not only involve ionic interactions between the amine 

group of DOX and carboxyl group of poly-γ-glutamic acid, but also hydrophobic interaction 

between the anthracycline ring of DOX and the hydrophobic domains of the polymer.
51)

 

Furthermore, we observed a pH-dependent release of DOX from PGA/DOX aggregates (Fig. 

14). It has been reported that the pKa value of PGA was 5.4.
50)

 Therefore, protonation of the 
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carboxyl group in PGA at pH 5.5 might result in the dissociation of DOX from DOX/PGA 

aggregates. 

In the case of AS gradient method, beside DOX precipitation occurring as the result of 

over-solubility limits, the formation of DOX-sulfate gel increased drug retention inside the 

liposomes.
45,85)

 However, it has been reported that these precipitates of DOX are bioavailable, 

which means the DOX can be released from liposomes.
86)

 From the results of in vitro 

cytotoxicity assays against LLC cells, the cytotoxicity of TEA-PGA-Ls was similar to that of 

AS-L (Fig. 16), indicating that DOX entrapped in TEA-PGA-Ls could also be bioavailable to 

produce toxic effects on tumor cells. 

The TEA-PGA-Ls prepared with high molecular weight or high concentration of PGA 

showed similar profiles of cytotoxicity, biodistribution, and antitumor activity, compared with 

those of AS-Ls. However, the aggregates of PGA/DOX had different physical characteristics 

from the aggregates of DOX produced by addition of AS (Fig. 12). On the other hand, the 

identical patterns of SAXRD profiles of AS-L, TEA-L and TEA-PGA-Ls at scattering vector 

(q) between 0.06 - 0.6 Å
-1

 (Fig. 13) indicate that PGA-TEA-Ls and AS-L exist as vesicles 

87,88)
. But, the difference of scattering intensities observed at q below 0.05 Å

-1 
between TEA-

PGA-Ls and AS-L revealed that DOX/PGA aggregates filled in inner phase of TEA-PGA-Ls 

were dissimilar in shape with DOX aggregates in AS-L.
89)

 It has been reported that interaction 

of DOX with sulfate produced aggregation inside liposomes in the form of one-dimensional 

rods, which forced the vesicle shape to change from spherical to non-spherical.
41)

 In addition, 

the addition of PGA into TEA-L increased the scattering intensity (Fig. 13), which suggests 

that TEA-PGA-Ls are spherical vesicles with DOX/PGA aggregates in inner phase. However, 

further study must be performed to investigate the physical characteristics of PGA/DOX 

aggregates in liposomes. 
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In this study, all TEA-PGA-Ls could enhance the antitumor activity of DOX in LLC 

tumor-bearing mice until day 8 after only a single drug injection, compared with DOX 

solution. This could be due to the successful delivery of TEA-PGA-Ls to the tumor tissue by 

EPR effects. In EPR effects, maintaining a high drug concentration in the blood can have 

substantial impact on drug exposure of tumor tissues.
75,90)

 As shown in Fig. 18, DOX 

concentration in the serum at 24 h after administration of TEA-PGA-Ls was approximately 

16–25-fold higher than that of DOX solution, but a high accumulation of DOX in tumors was 

observed after injection of TEA-PGA9800-C4-L. Unstable drug entrapment can cause 

premature drug release from liposomes in systemic circulation, resulting lower amounts of 

liposomal drug accumulated in tumor tissue.
91,92)

 These findings indicated that DOX was 

stably entrapped in TEA-PGA-Ls, circulated for a prolonged time in the systemic blood, and 

accumulated in tumors. 

The use of PGA as an intraliposomal trapping agent could improve tumor delivery of 

liposomal DOX. Unstable drug entrapment in liposomes causes rapid release of the drug, thus 

reducing the benefits of liposomal formulation. Excessive slow drug release will compromise 

therapeutic activity of the entrapped drug, because it will produce an inadequate drug 

concentration. It is important to tailor drug delivery for deliberate release of the drug in an 

appropriate manner in order to achieve high antitumor activity. However, further investigation 

is still required to evaluate the physicochemical properties of the aggregates of DOX and 

PGA for enhancing the therapeutic outcomes of TEA-PGA-Ls.  
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CONCLUSION 

 

The complex system that occurs inside tumor has been challenging for drug delivery. 

Tumor microenvironment, which involves the interaction among cancer cells and between 

cancer cells with others, creates barriers that are responsible for drug transport and penetration 

of liposomal DOX to tumor tissue. Moreover, since liposomal DOX are exposed to many 

physiological barriers before finally reaching cancer cells during its distribution throughout 

the body, the stability of liposomal DOX importantly affect delivery of DOX. These factors 

should be considered for ensuring that the concentration of DOX is adequate and 

pharmacologically effective for chemotherapy. These present works revealed that modulation 

of tumor microenvironment by ZOL treatment and preparation of stable liposomes with PGA 

could enhance tumor delivery of DOX.  

Managing tumor microenvironment by ZOL treatments provided an alternative 

approach to increase the antitumor effect of liposomal DOX. Irregularity and sprouting of 

tumor neovasculatures produce non-homogenous distribution of DOX inside tumor, where 

most of liposomes could only be transported into area near blood vessels. Moreover, IFP 

prevents liposome to further penetrate into deeper tumor site. As the consequences, liposomal 

drug is preferentially accumulated only in peripheral area of tumor, and its concentration in 

the core of tumor tissue tends to be inadequate for effective killing of cancer cells. Therefore, 

viable cancer cells are still exist and could promote cancer progression. ZOL treatment could 

decrease density of narrow vessels, which increased tumor blood flow and produced 

normalization of tumor vasculatures. The effect of ZOL on TAMs depletion has also 

contributed to reduction of tumor neovascularization, thus further promoted normalization of 

elevated IFP in tumor tissue. Although ZOL injections did not significantly increase the 

tumor accumulation of DOX, the antitumor activity of liposomal DOX was shown to be 
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increased in mice bearing subcutaneous LLC tumor. These results suggested that ZOL 

treatments might increase the therapeutic efficacy of liposomal DOX via improvement of 

DOX distribution in tumor by changing the tumor vasculatures. Moreover, the reduction of 

liposomal uptake by Kupffer cells in liver that improved the amount of liposomal DOX 

circulated in serum might also responsible for its enhanced antitumor activity.  

It was shown that PGA could act as an excellent trapping agent for stable liposomal 

carriers. Tailoring stable liposome is important to minimize non-tumor specific release of 

DOX during biodistribution. Beside it could impede the toxic effects of DOX to healthy 

organs; it also could avoid huge drug loss ensuring the sufficient amount of drug could be 

delivered to tumor.  TEA-PGA-Ls prepared with a high concentration of PGA could enhance 

DOX accumulation in tumors and prolonged DOX circulation in the serum, indicating that 

DOX may be stably retained in the liposomal interior by interaction with PGA. Furthermore, 

injection of TEA-PGA-liposomes prepared with the highest PGA concentration (4 mg/mL 

PGA9800) or molecular weight (2 mg/mL PGA20500) strongly inhibited tumor growth in LLC 

tumor-bearing mice. These results showed that the more stable the DOX and PGA interaction 

in liposomes, the more effective the tumor delivery of DOX would be achieved. 

In conclusion, the stable liposomal DOX, which was achieved by intraliposomal 

trapping agent with PGA, gave benefits for reduction of drug loss in the bloodstream during 

drug administration in the body. It resulted in high amount of DOX entrapped in liposome 

that is highly required for further accumulation in tumor. The ZOL effects on macrophage 

depletion further enhanced prolonging time for the intact liposomes to be distributed into 

tumor. The improved tumor microenvironments by ZOL treatments, which are characterized 

by developed blood flow and decreased high tumor IFP, facilitated delivery of liposomal 

DOX. These works reveal that ZOL co-treatment and stable PGA-liposomal DOX could be 

effective ways to improve antitumor activity of DOX.  Exploiting ZOL pretreatment and 
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stable liposomes prepared with PGA may lead to a new strategy for achieving high efficacy of 

antitumor drugs. The pH sensitive property and wide variety of molecular weights of PGA 

will be suitable for tailoring drug release aimed for tumor-specific delivery, while improving 

tumor vascularization and managing liposomal uptake by RES would give benefits for high 

tumor drug distribution. 
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