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Heparin is a biomimetic molecule, which is commercially used as an anti-coagulant 

drug. But years of research have shown its efficacy in many other biological 

systems, such as, in immunology, angiogenesis and metastasis. Among all of the 

above mentioned effects, the anti-cancer effect of heparin showed promising results 

in many studies. However, unfractionated heparin cannot be used as anti-cancer 

drug because of its side effects, such as- heparin induced thrombocytopenia (HIT). 

So, low molecular weight heparin (LMWH) and its chemically modified heparin 

derivatives are under extensive studies as anti-cancer drugs in many cancer related 

fields. Previously, we synthesized several low molecular weight heparin moieties, 

which can be used as anticancer drugs. Among them seven taurocholate conjugated 

low molecular weight heparin derivative (LHT7) showed significant effect as an 

angiogenesis inhibitor. In our previous studies, LHT7 proved as highly effective in 

the inhibition of tumor angiogenesis by targeting multiple growth factors, such as, 
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VEGF, bFGF, PDGF, HGF, etc. However, during safety evaluation in preclinical 

study, LHT7 showed unwanted accumulation in liver and kidney and thus showed 

functional abnormalities of these organs. Moreover, the half-life of LHT7 is short (2 

h) and thus the modification in the delivery through either the change in 

administration or the development of effective formulation is necessary to increase 

the half-life with lowering the toxicological effect of this noble molecule. Finally, 

intravenous (i.v) administration of LHT7 could be less desirable to some patients 

for the maintenance anti-cancer therapy. So, developing patient compatible oral 

formulation is also a necessary part of the LHT7’s development.  

As the LHT7 showed toxic effects upon daily administration to the animals 

in preclinical studies, we at first change the administration condition from i.v blous 

form to i.v infusion. At first, for the evaluation of safety, the method of intravenous 

infusion was compared with that of i.v bolus (at rate 400 μl/min/kg of body weight 

for 30 min). Then, for pharmacokinetic analysis, organ accumulation and plasma 

concentration profiles of LHT7 were measured. Furthermore, the anticancer effects 

of LHT7 were measured in murine (SCC7) and human xenograft (MDAMB-231) 

model, and the general safety studies were performed in beagle dogs. The result of 

the pharmacokinetic studies showed that the reduced organ accumulation in mice 

and the AUC(0-96h) was increased up to 1257.38 ± 0.11 h*μg/m. The efficacy, at dose 

1mg/kg/2 days was higher for i.v infusion than for i.v bolus administration in both 

murine and human cancer model. The preliminary safety analysis of SD rats showed 

that there were no organ specific side effects in higher doses. So, from our study, we 

concluded that, LHT7 showed sustained effects with minimized adverse events 

when it is administered through i.v infusion. It was also shown that a maximum 

dose of 12 mg/kg (through i.v infusion) could be safely used for further clinical 

development of LHT7 as a multi-targeting anti-angiogenic agent. 

On the other hand, drugs that have been designed to block angiogenesis 

mainly capture growth factors in circulation, resulting not only in the transient 

inhibition of tumor progression but also in producing undesirable side effects. 

Nanoparticular drug delivery systems, on the other hand, may help overcome such 

drawbacks and improve the efficacy of anti-angiogenic therapies by altering the 
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biodistribution and pharmacokinetics, improving tumor targeting ability, and 

reducing side effects. In this light, we propose a new approach of anti-angiogenic 

therapy that combines strategies of long circulating, passive tumor targeting, and 

anti-angiogenesis efficacy using a new polyelectrolyte complex system that 

combines LHT7, with a protamine to form a self-assembling nanocomplex with a 

mean diameter of 200 nm with zeta potential of -14.2 ± 1.2 mV, which is designed 

to produce effective anti-angiogenic effect. At first, LHT7 was modified with poly-

ethylene-glycol (PEG) and form nanocomplex with positively charged protamine 

(in buffer). We observed that PEG-LHT7/protamine nanocomplex was stable in 

buffer and slowly dissociated in plasma (9% dissociation after 24 h). Compared to 

the free form of PEG-LHT7, the mean residence time of PEG-LHT7/protamine 

nanocomplex was found higher (15.9 h) with its increased accumulation in tumor 

that was found in biodistribution study. Most importantly, PEG-LHT7/protamine 

nanocomplex was diffused and extravasated through the dense collagen matrix of 

tumor. Although the nanocomplex showed accumulation in liver, beside tumor in 

the biodistribution study, the serological evaluation of this nanocomplex did not 

show any functional variation of liver. Thus, the study describes a successful 

application of functionalized PEG-LHT/protamine nanocomplex that can inhibit 

angiogenesis with long circulating, passive targeting, and tumor extravasating 

ability with minimized side effect. 

Taurocholate conjugated low molecular weight heparin derivative (LHT7) 

has been proven to be a potent, multi-targeting angiogenesis inhibitor against broad-

spectrum angiogenic tumors. However, major limitations of LHT7 are its poor oral 

bioavailability, short half-life, and frequent parenteral dosing schedule. Addressing 

these issues, we have developed an oral formulation of LHT7 by chemically 

conjugating LHT7 with a tetrameric deoxycholic acid named LHTD4, and then 

physically complexing it with deoxycholylethylamine (DCK). The resulting 

LHTD4/DCK complex showed significantly enhanced oral bioavailability (34.3 ± 

2.89%) and prolonged the mean residence time (7.5 ± 0.5 h). The LHTD4/DCK 

complex was mostly absorbed in the intestine by transcellular pathway via its 

interaction with apical sodium bile acid transporter. Moreover, in biodistribution 
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study, LHT7 mainly showed increased accumulationin tumor after 30 min of 

administration. In vitro, the VEGF-induced sprouting of endothelial spheroids was 

significantly blocked by LHTD4. LHTD4/DCK complex significantly regressed the 

total vessel fractions of tumor (77.2 ± 3.9%), as analyzed by X-ray microCT 

angiography, thereby inhibiting tumor growth in vivo. Using the oral route of 

administration, we showed that LHTD4/DCK complex could be effective and 

chronically administered as angiogenesis inhibitor. 

Targeting multiple stages in metastatic breast cancer is one of the effective 

ways to inhibit metastatic progression. As metastasis is a longer process, so the 

therapy should be more compatible to the patients. Considering these theories, we 

used an orally active polymeric bile acetylated taurocholate conjugated low 

molecular weight heparin derivative (LHTD4) with a formulation containing 

synthetic bile acid enhancer (DCK) to target human metastasis breast cancer. In case 

of breast cancer, TGFβ1 and CXCL12 possess enhanced metastatic activity during 

the initiation and the progression (seeding in other organs). So, in our study, we 

focus the binding effect of LHTD4 with TGFβ1 and CXCL12. We carried out 

computer simulation study and SPR analysis for the binding confirmation of 

LHTD4 with TGFβ1 and CXCL12. Here, we found that the KD values of TGFβ1 

and CXCL12 with LHTD4 were 0.85 and 0.019 µM respectively. Moreover, the 

simulation showed stable binding affinities of the dp4 moieties of LHTD4 with 

through the strong electrostatic interaction. After confirming the binding affinity, we 

carried out in vitro phosphorylation assays of the consecutive receptors of TGFβ1 

and CXCL12 (TGFβ1R1 and CXCR4 receptor respectively); where the successful 

inhibition of the phosphorylation of those receptors was observed with the treatment 

of LHTD4. The expression changes of EMT marker proteins, such as, E-cadherin 

(degradation), Vimentin (increased expression) and SNAIL (increased expression), 

were prevented by the LTHD4 treatment in our in vitro studies with TGFβ1 treated 

MDAMB231 cells. Moreover, cell migration (induced by TGFβ1) and chemotaxis 

(mediated by CXCL12) of MDAMB-231 cells were inhibited by LHTD4 treatment. 

Finally, through accelerated lung metastasis model and by orthotopic MDAMB-231 

breast cancer model, the metastasis inhibitory effect was evaluated in the mice. 
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Finally, through metastasis inhibition analysis of the breast cancer cells in in vivo 

confirmed the anti-metastatic effect of LHTD4/DCK by inhibiting TGFβ1 and 

CXCL12.  

In conclusion, LHT7 is a noble molecule, which can be applied clinically to 

target tumor angiogenesis as a second line cancer therapy. With i.v infusion 

administration, LHT7 can be effective and thus increased tumor accumulation can 

showed less organ accumulation and reduced toxic events. More over, nanocomplex 

of PEGylated LHT7 with protamine showed increased the circulation time and 

tumor accumulation; thus proved to be reasonable to apply to the patients to avoid 

daily administration. Finally, for patient compliance and maintenance therapy oral 

formulation showed more applicability in the outdoor therapy with similar efficacy. 

Moreover, besides targeting angiogenesis, oral tetra-deoxycholate conjugated LHT7, 

LHTD4 can effectively use as an anti-metastasis drug by targeting TGFβ1 and 

CXCL12, which play key roles in the initiation and development of breast cancer 

metastasis. 
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1.1 Introduction                                   
Heparin is a glucosaminoglycan (GAG) class of molecules, which are a class of 

polyanionic (characterized by a repeated disaccharide unit of uronic acid- either 

uronic acid or glucoronic acid) molecules that are expressed throughout the body. In 

biological system, the GAG heparin, which in terns known as Heparan sulphate 

GAGs (HS-GAGs), exists mainly at the cell-tissue-organ interface and shown to 

have crucial regulatory roles in normal physiological process, such as 

embryogenesis as well as in pathophysiological conditions, including the process of 

tumor onset and progression [1, 2]. As a biomimetic of HS-GAG, heparin thus also 

showed anticancer effect in many studies with a similar activity manner with HS-

GAGs (binding with various growth factors, cytokines and chemokines) (Fig. 1-1). 

In the following sections, the structure, activity and relationship of heparin with 

cancer have been discussed. 

 

 

 

Figure 1-1 The diverse structure of heparin. Heparin chains are composed of long 

fully sulfated segments interrupted with undersulfated domains. Composition in 

terms of disaccharidic sequences is considerably heterogeneous. The mayor 

repeating unit is the trisulfated disaccharide 2-O-sulfo-α-L-iduronic acid 1"4 linked 

to 6-O-sulfo-N-sulfo-α-D-glucosamine ("4[IdoA2S(1"4)GlcNS6S]1") whereas 

different minor disaccharides comprise the variable sequences. Only a third of the 

chains in the pharmaceutical-grade heparin contains the pentasaccharide 

GlcNAc/NS6S → GlcA → GlcNS3S, 6S → IdoA2S → GlcNS6S with a 3-O-

sulphated residue at its central position. This sequence constitutes the ATIII binding 

site, essential for heparin’s anticoagulant activity. 
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1.2 Heparin and low molecular weight heparin: Structure 

activity relationship 
Heparin is a widely recognized unique polysaccharide, which is mainly known as 

anticoagulant drug. It was discovered in 1916 by Jay McLean, a second year 

medical student, working under the direction of physiologist William Howell at 

Johns Hopkins University [4]. After that it took a long time to establish the correct 

the structure of heparin. In 1928, Howell correctly identified one of the sugars in 

heparin as uronic acid and in 1935-1936, Jorpes and bergstrom found glucosamine 

to be the second sugar component in heparin [5]. Subsequent studies had also 

identified the 1 to 4 linkages between C-1 of glucose amine and C-4 of the uronic 

acid and the location of the O-sulfate groups [6]. Thus, heparin finally builds an 

image of a linear sulfated polysaccharide with a repeating unit containing iduronic 

acid and glucosamine. The heparin, what we generally call as unfractionated 

heparin had been established for a long period of time for the prevention of 

postoperative thrombosis heparin had been first established by Crafoord and Best 

[7]. From then, it still continues for the same therapeutic indication. Its major source 

is the animal source- porcine intestine or bovine lung.  

With its excellent efficacy it has given rise some side effects also, such as 

bleeding complications or heparin-induced thrombocytopenia (HIT). The main 

complexity is due to its structure, which can induce these complications. So the 

development of Low molecular weight heparin (LMWH) became an urgent cry for 

the need. These agents have more predictable pharmacological actions, sustained 

activity, improved bioavailability and a better therapeutic index (ED50/LD50). Thus, 

at the beginning of the new millennium, LMWHs have displaced the unfractionated 

heparin (UFH) as the major clinical anticoagulant [5]. Besides this effect heparin 

also have various biological functions (like, inflammation, cancer, metastasis, 

angiogenesis, immunomodulation etc.) related to many cytokines and growth 

factors.  
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1.3 The effect of heparin on cancer 
For several years of cancer research different molecules has been tested in various 

ways. However, heparin and heparin sulfate (a glucosaminoglycan on the cell 

surface) have proven also effective in cancer therapy (Fig. 1-2). Especially heparin 

in metastasis has been investigated in various models. In most animal studies, 

cancer cells were administered in the tail vein or portal vein, and the number of 

metastasis in lung or liver were evaluated. Several of these experiments showed that 

heparin treatment inhibits metastasis. Besides, in many other cancers promoting and 

progression sectors, like angiogenesis, cell adhesion, anticoagulation, 

immunomodulation process can be inhibited by heparin or other 

glucosaminoglycans (GAGs) [8].  

Both animal and in vitro experiments have shown that heparin interferes 

with anticancer process and these effects are not at all related with its anticoagulant 

function. On the other side, the several cancer promoting growth factors (GF) can 

bind to heparan sulfate (HS) proteogylcans that are present in the endothelial cell 

surface and extra cellular matrix (ECM) [8]. Binding to HS, results in stabilization 

and relative inactivation of growth factors as well as prevention of their activation 

of cell survival pathways, such as, diffusion and proteolytic degradation in 

angiogenesis (Table 1-1). Therefore it has been proposed that heparan sulfates in 

the ECM have an important role in storing active growth factors can be release of 

these factors from ECM. In human, therapeutic dosage of UFH can indeed cause an 

increase in plasma levels of growth factors, such as, bFGF, scatter growth factors 

like HGF etc. [8]. Interestingly, LMWH can hinder the binding of GF to their high-

affinity receptors as a result of its small molecular size. So, it is thought that 

LMWH candidate could be a better molecule to inhibit growth factors associated in 

different stages of cancer progression.  
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Figure 1-2 The different biological functions of heparin at the tumor-cell surface. 

(A) Cancer cell surface HSGAGs can act as ligands for P-selectin, which mediates 

adhesion either to platelets or to the endothelial lining of the capillary system. This 

allows cancer cells both to extravasate and to metastasize to other organs. 

Exogenous heparin competes with P-selectin binding, inhibiting tumor-cell 

adhesion processes. (B) Heparanase cleaves HSGAGs, releasing growth-promoting 

factors and promoting tumor metastasis. Heparins are thought to inhibit heparanase 

action. (C) Cell-surface HSGAGs also act as co-receptors for integrins, mediating 

cancer-cell adhesion to blood vessels to promote extravasation. Heparins are also 

believed to interfere with these processes by competing with cancer-cell-surface 

HSGAG binding to integrins. (D) Cancer-cell-surface HSGAGs also contain 

sequences that modulate local coagulation, specifically by modulating the activity 

of coagulation serine proteases such as thrombin (Factor IIa). Tumor procoagulants 

promote the formation of a protective layer of fibrin around the tumor, and are also 

inhibited by heparin. This coat prevents attack by natural killer (NK) cells of the 

immune system. (E, F) Finally, HSGAGs at the tumor-cell surface interacts with 

growth factors, such as bFGF and VEGF, to regulate the proliferation and migration 

of cancer cells through autocrine signaling loops. 
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Table 1-1. Role of heparin and its derivatives in the cancer progression pathways ta

rgeting different growth factors 

Biological 
events 

Heparin 
binding 
Proteins 

Results Effect in cancer 

 

Coagulation  

 

Antithrombin 

III  

Thrombin 

Tissue-factor  

Conformational 

change, 

Ternary complex 

formation 

Inhibition of fibrin shell crucial 

for tumor-cell survival, 

Modulates coagulation system,  

Modulates coagulation system  

Growth 

factors  

Morphogens  

Fibroblast 

growth factor 

Hepatocyte 

growth factor 

Receptor 

specificity, 

Oligomerization, 

Growth-factor 

sequestering, 

Gradient formation 

Act as storage depot for growth 

factors. On the cell surface, 

they bind growth factors, 

activating an autocrine cell-

signaling loop, 

Promotes tumor growth 

Angiogenic 

factors  

Endostatin  

VEGF  

Low-affinity 

receptor;  

Cell specificity 

Blocks angiogenesis, 

Induces angiogenesis 

Cytokines/ 

chemokines  

Interleukins 

(e.g., IL-8)  

Activates growth 

factor sequestering 

Modulates host immune-cell 

response to tumor cells  

Cell-cell 

interactions  

P-selectin  Modulate 

leukocyte homing,

 

Tumor–platelet 

interactions  

Key mechanism by which 

sulfated GAGs promote 

metastasis  

Cell–matrix 

interactions  

Laminin  

Fibronectin  

Adhesion to ECM  

 

Contact inhibition of tumor 

growth and dedifferentiation  

Enzymes  Heparanase  Substrate,  

ECM degradation  

Provides a barrier to metastasis; 

Note: ECM, extracellular matrix; GAGs, glucosaminoglycans; HSGAGs, heparan-

sulphate glucosaminoglycans; VEGF, vascular endothelial growth factor. 
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1.4 Taurocholate conjugated low molecular weight heparin 

derivative 

1.4.1 Chemistry, targeting and efficiency 

Heparin is a highly sulfated glycosaminoglycan (GAG) and a potent inhibitor of 

blood coagulation, which is mainly attained through the formation of complex with 

antithrombin III. Moreover, heparin can affect angiogenesis on the basis of binding 

with angiogenic growth factors [8]. The interaction between heparin and growth 

factors is mediated by the physiochemical properties of heparin, which are 

bestowed by its sulfation pattern, charge distribution, overall charge density and 

molecular size. Nevertheless, heparin-based therapeutic approaches are limited, 

because the therapeutic effects of heparin are not strong enough to apply to clinical 

uses. Apart from the lack of its strong therapeutic effect, it is also noted that it 

causes the side effect of hemorrhage.  

Several chemically modified heparin derivatives such as heparin-steroid 

conjugates, heparin-polystyrene derivatives, bile acid-acylated heparin derivatives 

and neoheparin have been synthesized to overcome these clinical limitations. Those 

chemically modified heparin conjugates have an advantage in decreasing the risk of 

bleeding, as well as enhancing other biological activities of heparin, which prevents 

angiogenesis, metastasis and cell proliferations. In particular, bile acid-acylated 

heparin derivatives showed higher anticancer effects than heparin alone due to their 

carrier effect based on EPR effects, antiangiogenic activities and cell internalized 

apoptotic effects [8, 9].  

In our previous studies about bile acid-acylated heparin derivatives, new 

low molecular heparin (LMWH)-taurocholate derivatives (LHT) were prepared to 

make covalent bonding between the amine group of N-taurocholylethylenediamine 

(TCA- NH2) and carboxylic acids in the LMWH via amide formations [10]. In this 

study, all the LHT derivatives, we have developed, have an academic novelty since 

these conjugates have quite different properties compared with other previous 

heparin derivatives. LHT can have a diverse range of anticoagulant activities as well 

as highly sulfated patterns; hence, we can evaluate the relationship between 
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anticancer effects, anticoagulant activities and its sulfation pattern. Thus, the 

optimal condition of heparin derivatives in anticancer therapy was proposed [10].  

According to previous study, in the synthesis of LHT, the amine group of 

N-taurocholylethylenediamine was coupled with carboxylic groups of LMWH in 

the presence of EDAC. In the H-NMR spectrum and all kinds of LHT and the peaks 

in the range of 0.65–2.1 ppm meant the successful introduction of taurocholate 

(TCA) moieties. At each step, HPLC analysis was conducted and pure synthetic 

products were obtained according to their own retention times. We varied feed 

molar ratio of reactants to obtain several LHT of different anticoagulant activities 

and measured their coupling ratios. The coupling ratio, which represents the amount 

of coupled TCAs in LHT, was calculated by the sulfuric acid method. The coupling 

ratio of LHT ranged from 1 to 7, and LHT7, which has an entirely saturated form, 

has a coupling ratio of about 7. The anticoagulant activity of each LHT was 

measured by using FXa chromogenic assay. The anticoagulant activity decreased 

with the increasing number of TCA moieties and it varied from 10 to 90% [10]. 

More over, LHT7 was the product whose entire carboxylic acid groups were fully 

saturated by TCAs, showing a poly-proline helical structure (weak and broad 

positive molar ellipticity at the wavelength around 230–210 nm and strong, sharp 

negative value at 210–200 nm) [10]. 

 In previous studies, the polyproline-type helical structured LHT7 could 

efficiently prevent tumor development in vivo by restricting angiogenesis (Fig. 1.3) 

[10, 11]. In the case of intravenous treatments with LHT7, tumor growth was 

significantly inhibited compared with the control group in both SCC7 murine cancer 

cell and MDA-MB231 human breast carcinoma. The development of a tumor size is 

directly related to the formation of new blood vessels in the tumor tissues. 

According to the histological results of MDA-MB231 tumor tissues, we could show 

LHT7 inhibited angiogenesis and further cell proliferation effectively. By 

preventing tumor tissues from making new blood vessels through LHT7 treatment, 

we showed that tumor growth was dramatically delayed. In this study, we showed 

that LHT7 could inhibit the angiogenesis in MDA-MB231 human breast carcinoma, 

and its angiogenesis inhibitory effect was clearly shown by the VEGF165-
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dependent in-vivo matrigel plug assay. In this assay, LHT7/VEGF165 group had 

much lower amount of hemoglobin than the positive control group. Moreover, in 

the HUVECs tubular formation experiment, LHT7 dramatically inhibited the 

organization of endothelial cells into the tubular structure more significantly 

compared with the case of control and LMWH groups [10]. 

In previous studies, the polyproline-type helical structured LHT7 could 

efficiently prevent tumor development in vivo by restricting angiogenesis [10, 11]. 

In the case of intravenous treatments with LHT7, tumor growth was significantly 

inhibited compared with the control group in both SCC7 murine cancer cell and 

MDA-MB231 human breast cancer cells. To clearly confirm the action mechanism 

of LHT7, we carried out VEGF165-mediated KDR phosphorylation assay. In this 

assay, we showed that LHT7 blocked the phosphorylation of VEGF165 receptor as 

bevacizumab, the monoclonal antibody of VEGF165 did [10]. In this regard, LHT7 

played a crucial role as an angiogenesis inhibitor by interfering with the interaction 

between VEGF165 and its receptors. To learn how LHT7 physically neutralize 

VEGF165 activity, the binding affinity between VEGF165 and LHT7 was 

determined by using isothermal titration calorimetry in a solution state. In this 

experiment, we showed that LHT7 could bind to VEGF165 with a dissociation 

constant of 3x10-7 M, which means that LHT7 binds to VEGF165 better than 

LMWH does, with > 60 times stronger affinity. In particular, this dissociation rate 

constant in the binding of LHT7 to VEGF165 is comparable to the binding affinity 

between antithrombin III and LMWH in a biological coagulation process. This 

explains how the binding affinity between LHT7 and VEGF165 is strong enough to 

be sustained in the biological environment as well as in vitro condition, as 

antithrombin III can readily interact with LMWH in a human body. It has been 

reported that VEGF165 has its own heparin-binding domain (HBD), which 

represents residues from 111 to 165. In this domain, there are a number of basic 

amino acids such as Arg 124, 145, 156, 159 and Lys 140. The HBD mainly interacts 

with the sulfate and carboxylic acid groups of LMWH and also confirmed in our 

previous study with LHT7 [11]. Based on this fact, LMWH as well as LHT7 
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(heparin derivative) has been studied as active compounds, which can inhibit VEGF 

functions. However, the therapeutic effect of LMWH is so trivial that it cannot be 

applied clinically and the repetitive administration of LMWH can result in a 

considerable side effect of bleeding. On the other hand, LHT7 overcame these 

drawbacks of LMWH, since LHT7 has much better potency in cancer treatments 

and a minimized anticoagulant activity that is 12% level of LMWH by completely 

conjugating taurocholate moieties on LMWH.  

The significant improvement in the anti-angiogenic activity of LHT7 over 

LMWH can be explained [11]. LHT7 has more sulfate groups than LMWH due to 

its taurocholate moieties, which have negatively charged sulfate groups. Although 

all of the carboxylic acid groups were occupied for chemical conjugation with 

taurocholate moieties, additional sulfate groups can compensate for their total 

charge condition. The considerable degree of sulfation is favorable to the binding of 

growth factors to their receptors, which have positive charged amino acid residues. 

We confirmed that LHT7 has a polyproline-type helical structure using the circular 

dichroism spectra, which showed that the structure of LHT7 is different from other 

LHT derivatives. LHT7 has 7 numbers of bulky taurocholate moieties with 

relatively constant distances on the flexible hydrophilic LMWH. In addition, 

hydrophobic cholesteryl ring structure of taurocholate moiety can contribute to the 

hydrophobic interaction between LHT7 and VEGF165. VEGF targeted therapies 

has been proposed owing to the fundamental roles of VEGF in angiogenesis and 

further tumorigenesis. 

 

1.4.2 Preclinical and general safety study 

Low molecular weight heparin-taurocholate derivative (LHT7) is a vascular 

endothelial growth (VEGF) factor (major growth factor for angiogenesis) targeting 

anti-angiogenic agent. But blocking VEGF does not only mean to block 

angiogenesis but also to inhibit other physiological regulations, which are related 

with VEGF expression and secretion. So our present study is to evaluate the side 

effects of VEGF blocking by LHT7 through in-vitro and in-vivo studies [12]. In the 

studies, we had treated healthy male SD rats with LHT7 at different doses of 10, 25, 
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50, and 100 mg/kg either by single administration or multiple dosing up to 1, 2, and 

4 weeks. We have measured the blood pressure and protein amount in urine with 

evaluating its serological and hematological parameters. We also have examined the 

histological morphology of two major organs- liver and kidney.  

The blood pressure have found a little raise as measured, 122.5  6.9 and 

121.9  9.98 mmHg, after 2 and 4 weeks of continuous treatment with 25 mg/kg 

dose of LHT7, respectively compare to control group. The amount of protein in 

100 mg/kg doses of LHT7, respectively within 1 week of continuous treatment. And 

bellow than these doses of LHT7 did not showed any of the side effects regarding to 

VEGF blocking. Moreover, the platelet count was decreased significantly as well as 

AST and ALT values were increased than control group as the frequency of dose 

was increased.  

Histological observation of liver and kidney indicated some damages in the 

consecutive tissues with edematous appearance at higher doses of 50 and 100 mg/kg 

doses of LHT7. We also performed antigen-antibody reaction test to clarify the 

antibody formation of this newly synthesized low molecular weight heparin 

derivative, which has not shown any positive sign or symptom for anaphylaxis 

reaction. Finally it was concluded through the previous toxicity studies that LHT7 

has some significant side effects at higher doses, from 25 mg/kg doses onwards 

which is 25 times higher than its therapeutic dose. So, for clinical application, 

compare with other chemotherapeutic agents, it possesses a broader therapeutic 

range according to this current study.  

 

1.5 Rationale of the study 

The purpose of this current study is to formulate effective delivery systems of LHT7 

with minimize its side effects. So, the first attempt was made to made a sustain 

administration method, i.v infusion, than that of i.v bolus shot; as LHT7 was found 

to accumulate in the liver and kidney, when administered intravenously. Moreover, 

this accumulation resulted in some functional abnormalities in the liver and kidney 
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in healthy animals [12]. The reason behind the LHT7’s accumulation is because of 

the highly dense taurocholate into the structure. Generally, the bile acids are 

metabolized in the liver [13]. So, presence of excess amount of bile acids in the 

structure lead the drug’s (LHT7) accumulation in the liver and this accumulation, 

after a single bolus shot (via i.v) cause hamper in the liver functions, as showed in 

our previous study [12].  For avoiding this organ accumulation and to maintain its 

sustained effect, LHT7 was infused for 30 min (at rate 400 μl/min/kg body weight) 

in the animals and then the efficacy and pharmacokinetic properties were studied in 

tumor bearing animal models and in healthy animal models, respectively. The rate 

of the infusion in animal was fixed according to the previous paclitaxel infusion in 

animal model [15]. Finally the preliminary safety evaluation of LHT7 was also 

evaluated in healthy beagle dogs. Therefore, this study provides an overall scope of 

therapeutic as well as the safety profile of LHT7, which would be useful for 

designing the therapeutic index prior to undertaking clinical trials. 

Besides the liver functional side effects, LHT7 also possess very short half-

life in plasma for which the drug might also require frequent administration in the 

clinical settings. Through infusion of LHT7 the accumulation can be reduced but 

still the plasma half-life cannot be prolonged. Moreover, the tumor specificity 

previously have been reported is mainly with the shape of the delivery system- 

round, straight or dendrimer [14]. Considering this fact and to overcome LHT7’s 

limitations and to increase the biodistribution of the LHT7 in the tumor site rather 

than acting in the circulation, we devised to make a round shaped nanocomplex 

system. In order to prolong the circulation time of the nanocomplex system, we 

conjugated PEG with LHT7 (PEG-LHT7). We hypothesized that the prolonged 

circulation along with the targeting delivery of LHT7 to the tumor site using PEC 

system may enhance the anti-angiogenic activity of LHT7. Our nanocomplex 

system is thus a functionalized, self-assembled nanocomplex system comprised of 

two oppositely charged functional components, the anti-angiogeninc drug molecule, 

PEG-LHT7, and the oppositely charged molecule, protamine. We evaluated the 

physical characteristics, pharmacokinetic behavior, anti-angiogenic effect, antitumor 

activity, and biodistribution of this nanocomplex system. Moreover, the distribution 
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and extravasation throughout the tumor tissues of the released drug from the 

nanocomplex system were also evaluated. The toxicity of the PEG-LHT7/protamine 

nanocomplex system was evaluated in animal studies. The findings of the present 

study should facilitate the development of functionalized nanoparticles as anti-

angiogenic therapy. 

For the maintenance of the successful chemotherapy, it is needed to 

formulate oral delivery. It is not only reduce the complexity of the dose adjustment, 

but also minimize the systemic side effects and also improve patient compliance. So, 

our latest study is to formulate an oral delivery formulation, where we used the bile 

acid based absorption enhancing systems, which are both chemically conjugated 

and physically complex bile acids with LHT7. It has been reported that deoxycholic 

acid (DOCA) and its derivatives possess the enhancing effect of drug absorption in 

the intestine due to their ability to increase hydrophobicity of the target drug and 

their effective interaction with the apical sodium-dependent bile acid transporter 

(ASBT) in the small intestine [16, 17]. ASBT is a membrane transporter that exists 

in the small intestine (mainly ileum) of gut and moves endogenous small molecular 

bile acids from the apical surface of enterocytes to the portal vein [18, 19]. ASBT 

has gained the attention in the filed of drug delivery for ASBT’s capability of 

transporting various molecules coupled to bile acids, which are usually poorly 

absorbed in the intestine [20-22]. In a previous study, we had reported that 

tetraDOCA conjugated LMWH bound with ASBT in the apical membrane, 

followed by internalizing into the cell by forming vesicles instead of penetrating 

(directly) through the transporter. This newly found receptor-like transformation of 

ASBT, induced by tetraDOCA conjugated LMWH, was further utilized in the 

present study to develop an oral delivery system of anti-angiogenic LHT7 [17, 23]. 

We also showed that deoxycholyl-L-lysyl-methylester (DCK), synthesized by 

conjugating L-lysine with deoxycholic acid (DOCA), could enhance the absorption 

of anionic charged drugs in the small intestine [24, 25]. Bile acid based enhancers 

reversibly bind and form a complex with the drug, thereby delivering the drug to the 

other side of GI epithelia [22, 26]. Physical complexation of heparin conjugates 

with DCK might further increase the hydrophobicity of the complex. It is hence 
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hypothesized that, the increased hydrophobicity would improve the permeability of 

the complex across the intestinal wall [27]. 

In this study, LHTD4 was synthesized as an orally active anti-angiogenic 

drug by conjugating tetrameric DOCA (tetraDOCA) at the end saccharide of LHT7. 

LHTD4 was further formulated with DCK by physical complexation without 

altering the structure of LHTD4, and the physicochemical properties and oral 

bioavailability of the formulated LHTD4/DCK complex were evaluated. Its anti-

angiogenic efficacy was also evaluated by in vitro and in vivo studies, and tumoral 

angiogenesis regression study was conducted in a squamous cell carcinoma (SCC7) 

model. 

 As metastasis is a major cause of the decreased of the survival rate of the 

cancer patients, it is very important to design drugs with the potentiality to target 

different stages of the metastasis. Specially, the breast cancer metastasis showed 

chemoresistance to the chemotherapeutic drugs as well as resistance to single GF 

targeted monoclonal antibodies, such as bevacizumab. Moreover, targeting 

metastasis with orally active drug is much more applicable than that of 

intravenously administered drug; as it is a long biological process, so prolong 

therapeutic plan is suitable. So, in this study, the therapeutic potential of orally 

active LHTD4 against metastasis was evaluated. Here, LHTD4 was developed as a 

new oral anti-metastatic agent for advanced breast cancer metastasis. At first, 

LHTD4 was synthesized by conjugating LMWH-taurocholate conjugate, developed 

in our previous studies, with a tetramer of dexoycholic acid [28]. Both further 

modification of LHT7 with tetrameric deoxycholic acid (LHTD4) and the oral 

formulation using another bile acid derivative, DCK (l-lysine-

deoxycholylethylamine), as an absorption enhancer were enabled promising oral 

absorption of this new heparin conjugate, LHTD4 [29]. However, as mentioned 

earlier, as a heparin derivative, LHTD4 has probable potential to be more specific to 

TGFβ1 and CXCL12 through their consensus sequence for heparin binding and 

additional interactions that could be governed by the conjugated bile acid moieties. 

We observed the effects of LHTD4 that negatively regulate the functions of TGFβ1 

and CXCL12 on breast cancer cell migration and invasion. We also evaluated the 
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therapeutic efficacy of LHTD4/DCK in several advanced orthotopic and 

experimental breast cancer metastasis mouse models. Collectively, the clinically 

relevant dose of orally active LHTD4/DCK could be used without any potential 

toxicity. 
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2.1 Introduction 
Cancer is a diverse set of diseases with vastly different genotypes and phenotypes [1, 

2]. The heterogeneity of cancer makes it challenging to establish a universal 

treatment strategy using conventional chemotherapeutics. Compared with different 

phenotypic nature of cancer cells, tumor microenvironment contains several 

biomarkers that are more consistent across a wide range of cancer types. 

Angiogenesis is one such feature of cancer, which is essential for supplying oxygen 

and nutrients to all proliferating tumor cells [3]. Tumor cells secrete various growth 

factors that stimulate the surrounding tissues to form blood vessels at the tumor site, 

a process that is mainly driven by vascular endothelial growth factors (VEGF). 

Patients with advanced tumor are well correlated with high level of free VEGF in 

the tumor interstitium as well as circulating VEGF in the plasma [4]. Drugs that 

block VEGF as well as angiogenesis have become important treatment modalities 

for a number of human cancers. Unfortunately, anti-angiogenic therapies also exert 

activity that targets normal cells, giving rise to adverse effects. Clinical data showed 

that circulating amounts of VEGF and placental growth factor (PlGF) significantly 

increased due to the treatment of anti-VEGF drugs in both cancer patients and 

animal models [5, 6]. High level of circulating VEGF leads to several cancer-

associated systemic syndromes such as, fatigue, loss of appetite and weight, muscle 

weakness, and atrophy, etc. [7]. What is clearly needed is a delivery system highly 

optimized to maximize the clinical benefits while minimizing the adverse effects of 

anti-angiogenic drugs. 

 

2.1.1 Advantages of nanoparticles in anti-cancer drug delivery systems 
Conventional chemotherapeutic agents are distributed non- specifically in the body 

where they affect both cancerous and normal cells, thereby limiting the dose 

achievable within the tumor and also resulting in suboptimal treatment due to 

excessive toxicities. Molecularly targeted therapy has emerged as one approach to 

overcome the lack of specificity of conventional chemotherapeutic agents [8]. 

However, the development of resistance in cancer cells can evade the cytotoxicity 
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not only of conventional chemotherapeutics but also for the newly developed 

targeted therapeutics [9].  
Nanoparticles, by using both passive and active targeting strategies, can 

enhance the intracellular concentration of drugs in cancer cells while avoiding 

toxicity in normal cells [10, 11]. Furthermore, when nanoparticles bind to specific 

receptors and then enter the cell, they are usually enveloped by endosomes via 

receptor-mediated endocytosis, thereby bypassing the recognition of P-glycoprotein, 

one of the main drug resistance mechanisms [12, 13]. Besides, according to Maeda 

et al., the nanoparticle shows tumor specificity or selective accumulation due to the 

EPR (Enhance permeability and retention) effect [13, 14]. Additionally higher 

tolerated dose can be used in the nanoparticle formulation. On the other hand, 

nanoparticle can be designed with an enhanced-efficacy manner so that it can be 

used to prolong the dose interval of the drug or to produce sustain effect. However, 

although nanoparticles offer many advantages as drug carrier systems, there are still 

many limitations to be solved such as poor oral bioavailability, instability in 

circulation, inadequate tissue distribution, and toxicity. But if we can overcome 

these consequences, nanoparticle could be a potential drug delivery system for the 

treatment of cancer. 

 

2.1.2 Introduction to Poly electric complex system 
To increase the biodistribution of anti-angiogenic drugs to tumor site and to make 

them circulate longer, various approaches using the nanoparticle system have been 

investigated, such as micelles, liposomes, nanoaggregates etc [15, 16]. It is well 

established that the nanoparticulate systems can effectively target to the tumor site 

due to the enhanced permeability and retention (EPR) effect, which is mainly 

mediated by the leaky nature of angiogenic tumor vessels [17, 18]. Among various 

nanoparticles, polyelectrolyte complex (PEC) system using two oppositely charged 

materials are widely used. The PEC system is formed through electrostatic 

interactions. When the interactions occur at non-equivalent ratios, non-

stochiometric PECs are produced, causing each PECs to carry extra charges. The 

PEC systems are considered to be an excellent model for studying the in vivo 
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behavior of charged biopolymers as well as having potential applications in 

medicine and biotechnology [19-21]. One of those systems is heparin-protamine 

based nanocomplex system. Heparin, a negatively charged mucopolysaccharide, is 

an anticoagulant drug and also possess anticancer effects by targeting several cancer 

promoting pathways, such as angiogenesis, immunomodulation, metastasis, etc [22]. 

On the other hand, protamine is a highly positively charged peptide containing 

about 32 amino acids, which is used to neutralize the anticoagulation effect of 

heparin. Heparin and protamine can form nanocomplex through the electrostatic 

interactions of positively charged amino acids of protamine and negatively charged 

sulfate groups of heparin [23, 24]. Heparin-protamine based nanocomplexes have 

been used to facilitate the intracellular drug delivery, cell tracking, and blood 

anticoagulation monitoring [24-26]. In this study, we report a functionalized, long-

circulating heparin-protamine based self-assembled nanocomplex system for the 

effective anti-angiogenic therapy. 

 

2.1.3 Purpose of the study 
To accomplish this goal, we first set out to develop heparin-based biomolecules 

having a high anti-angiogenic property and a low anti-coagulant activity. Low 

molecular weight heparin (LMWH)-taurocholate conjugate (LHT7), which was 

characterized as seven molecules of taurocholate conjugated to carboxylic groups of 

LMWH, had been proven to be a potent angiogenesis inhibitor for its modulation of 

several growth factors such as, VEGF, bFGF, and PDGF [27, 28]. The binding of 

LHT7, rather than that of LMWH, with the angiogenic growth factor was more 

stable due to the presence of excess sulfate moieties from taurocholate group. And 

LHT7 showed significant anti-angiogenic effects when it was daily administrated 

[27, 28]. On the other hand, in the preclinical study, LHT7 showed toxicological 

effects on the liver functional disturbances [29]. PEGylated LHT7 also showed 

similar antiangiogenic effects even though LHT7 was PEGylated. The half-life of 

LHT7 was 4-5 h and PEGylation did not significantly increase its half-life. When 

both LHT7 and PEG-LHT7 were administered twice per week, they did not show 

high anti-cancer effects. Therefore, we developed a nanocomplex system to increase 
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the therapeutic duration with decreasing the liver toxicity. In order to prolong the 

circulation time of the nanocomplex system, we conjugated PEG with LHT7 (PEG-

LHT7). We hypothesized that the prolonged circulation along with the targeting 

delivery of LHT7 to the tumor site using PEC system may enhance the anti-

angiogenic activity of LHT7. Our nanocomplex system is thus a functionalized, 

self-assembled nanocomplex system comprised of two oppositely charged 

functional components, the anti-angiogeninc drug molecule, PEG-LHT7, and the 

oppositely charged molecule, protamine (Figure 2-1). We evaluated the physical 

characteristics, pharmacokinetic behavior, anti-angiogenic effect, antitumor activity, 

and biodistribution of this nanocomplex system. Moreover, the distribution and 

extravasation throughout the tumor tissues of the released drug from the 

nanocomplex system were also evaluated. The toxicity of the PEG-LHT7/protamine 

nanocomplex system was evaluated in animal studies. The findings of the present 

study should facilitate the development of functionalized nanoparticles as anti-

angiogenic therapy. 

 

2.2 Materials and methods 
2.2.1 Materials 
LHT7 was synthesized as previously described [27]. In brief, a primary amine was 

introduced on 3-hydroxyl of sodium taurocholate by activating the hydroxyl group 

using 4-nitrophenylchloroformate (Sigma-Aldrich, St. Louis, MO) in the presence 

of triethylamine (Sigma-Aldrich), followed by adding excessive ethylenediamine 

(Sigma-Aldrich). The carboxylic group of cholic acid was protected in advance. 

Ethylenediamine-introduced sodium taurocholate was conjugated with LMWH 

(Average molecular weight of 4500, Nanjing, China) via its carboxylate groups by 

the EDAC/NHS coupling method to produce LMWH-taurocholate conjugate 

(LHT7). The products were analyzed by 1H-NMR (Avance, Bruker, MA) and the 

coupling ratio of the conjugated moieties was determined as previously described 

by using the quantitative detection method for bile acids [30]. Protamine sulfate and 

Dextran (MW 100 KDa) was purchased from Sigma-Aldrich. All the other 
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materials used for this study were also purchased from Sigma-Aldrich unless 

mentioned elsewhere. 

 

2.2.2 Synthesis of PEG-LHT7 
At first, LHT7 was oxidized by KIO4. PEG-LHT7 was synthesized following the 

purification of the periodated LHT7 with glycerol. PEG-SVA (10,000 Da) was 

purchased from Sunbio Inc. (Korea). LHT7 was dissolved in borate buffer at 4 °C at 

32 mg/ml concentration. Then, PEG-SVA was dissolved at 100 mg/kg in borate 

buffer and mixed drop-wise with the LHT7 solution at pH 9 and at 4 °C. The 

reaction was carried out overnight. After that, the product was collected after the 

precipitation at 15000 rpm for 30 min in Acetonitrile using centrifuge (Rotor Size-J-

2M; SUPRA 22K High Speed Centrifuge, Hanil, Korea). Finally, the final product 

was dialyzed using molecular cut-off 12000 Da and then lyophilized. 

 

2.2.3 Formulation of nanocomplex 
PEG-LHT7/protamine nanocomplex was prepared by simple mixing of PEG-LHT7 

and protamine solution. The PEG-LHT7 solution was prepared by 1 mg/ml 

concentration in Dextran (100 KDa) buffer. Here, the dextran buffer (2 mg/ml 

concentration at isotonic saline) was used to prevent the aggregate of the particle 

[31]. Protamine was prepared in normal saline at 0.5 mg/ml concentration. In PEG-

LHT7 containing dextran buffer, the protamine solution was mixed drop wise at 4:1 

ratio and stirred for 2 hours. After the formation of the nanocomplex, the solution 

became turbid and was subjected to ultra sonication for 30 min. Finally the PEG-

LHT7/protamine nanocomplex containing solution was dialyzed for 2 days and 

lyophilized for 3 days. 
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Figure 2-1 (A) Synthesis scheme of PEG-LHT7. (B) The schematic diagram of 

PEG-LHT7 and protamine nanocomplex formation in dextran buffer. The 

nanocomplex was formed through electrostatic interaction 
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2.2.4 Characterization of PEG-LHT7/protamine nanocomplex 
Both the size and the zeta potential of nanocomplex were measured using Dynamic 

Light Scattering instrument (ELS-8000, Photal, Otsuka Electronics, Japan) using 

633 nm laser at 25 °C. The zeta potential of PEG-LHT7/protamine nanocomplex 

was analyzed using laser Doppler microelectrophoresis at an angle of 22°. The 

software package (ELS-8000 software) supplied by the manufacturer was used to 

analyze the data. The shape of nanocomplex was analyzed using Atomic force 

microscopy (AFM, SPA-400, Seiko Instrument, Japan). The image of the NP was 

captured through Transmission electron microscopy. In brief, the lyophilized PEG-

LHT7/protamine nanocomplex was dissolved in and centrifuged at 5000 rpm for 15 

minutes (Micro17TR; Hanil biomed Inc., Gwangju, South Korea). The supernatant 

was gently aspirated and the complexes were collected for electron microscopy 

processing. The PEG-LHT7/protamine nanocomplex pellet was embedded in 6% 

agarose and processed for transmission electron microscopy (TEM). All of the 

pellet-agarose sections of PEG-LHT7/protamine nanocomplex were scanned using 

Transmission Electron Microscope (TEM, 80 kV, JEM 1010. JEOL, Japan).  

The in vitro stability was performed in phosphate buffered saline (PBS) for 

30 days. ELS-8000 was used to measure the size change during the storage (at 4 °C) 

at different time period. The in vitro release test was carried out using 10% v/v 

citrated rat plasma for 96 h. Here, firstly, the PEG-LHT7/protamine nanocomplex 

was dissolved in plasma and incubated in an Orbital shaker (SI 600R; Lab 

Companion, South Korea) with a horizontal shaking (80 rpm) at 35 °C. The PEC 

NP degradation was evaluated based on their reduction of size using the ELS-8000. 

 
2.2.5 Pharmacokinetic profile study  
All animal experiments were performed according to the regulations of the 

Institutional Animal Ethics Committee of the Seoul National University animal care 

facility, as described in the Regulation for the Care of Animals (29/02/2008, No. 

8852). For pharmacokinetic analysis, the plasma concentration of the free PEG-

LHT7 was measured using male SD rats after the single administration of PEG-

LHT7/protamine nanocomplex at a dose of 5 mg/kg and compared with 5 mg/kg 
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dose of PEG-LHT7 (on the basis of LHT7), the blood samples were collected using 

a capillary tube (Micro-hematocrit, non-coated, wall: 0.2 ± 0.02 mm; Kimble-Chase, 

TN) from the vein of retro-orbital plexus and collected from 15 min after the 

administration to 7 days. The concentration of free LHT7PEG was measured using 

heparin–chemosensor method with heparin-orange [32]. In brief, heparin orange 

(Heparin Orange G26; MW 675.57), which was supplied from Professor Young-

Tae Chang from Lumino Genomics Laboratory of National University of Singapore, 

is a luminescence material that reacts with heparin conjugates. According to the 

previous studies, the reaction pattern is mostly charge-charge interactions and the 

resulting complex emitted luminescence [32]. After collecting at different time 

points, the plasma samples were diluted with HEPES buffer. To measure the 

absorbance, diluted plasma samples or standard PEG-LHT7 concentration in normal 

plasma samples were added to the black 96-well plate, and heparin orange (in 10 

μM HEPES buffer) was added at 1:1 ratio to all the designated wells and shaken 

with orbital shaker for 10 min. The absorbance of each well was measured with 

Spectra Max Gemini (Molecular Devices, LLC).  For the final calculation, all the 

absorbance values were normalized by the single diluted plasma absorbance. 

For the biodistribution analysis, Cy5.5 conjugated PEG-LHT7 (PEG-LHT7-

Cy5.5) was used. At first, primary amine was conjugated to PEG-LHT7. 

Approximately 1.5 moles of amine were conjugated to one molecule of PEG-LHT7 

by controlling periodation and reacting with excess of ethylenediamine. Then, 

Cy5.5 NHS ester was dissolved in DMSO and mixed with amine conjugated PEG-

LHT7 containing borate buffer solution; so the final solution contained 20% DMSO. 

After reacting for 6 h, the total solution was precipitated out in Acetone. The final 

precipitate was purified by phase-separation technique. The purity of the compound 

was checked using TLC prior to freeze-drying. This experiment was carried out 

using male nude (Balb/c nude mice) at a dose of 5 mg/kg of PEG-LHT7-Cy5.5 and 

an equivalent dose (based on PEG-LHT7-Cy5.5) of PEG-LHT7-Cy5.5/protamine 

nanocomplex. 

 

2.2.6 Ex-vivo tumor accumulation and distribution study  
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The accumulation of PEG-LHT7/protamine nanocomplex was investigated using 

confocal microscopy. The PEG-LHT7 and the protamine were labeled with FITC 

and RITC, respectively, and the nanocomplex was prepared as mentioned earlier. 

After administration, the distribution of PEG-LHT7/protamine into the tumor tissue 

matrix was evaluated through confocal microscopy imaging. For the studies of 

tumor accumulation and biodistribution of the complex, 1x106 SCC7 cells were 

inoculated at the dorsal flank of C3H/Ne mice (male, 6-7 weeks old, Orient Bio Inc., 

South Korea, n = 3 for each case). When the volume of tumor reached up to 200 

mm3, the PEG-LHT7-Cy5.5/protamine nanocomple was injected via tail-vein and 

the tumors were isolated at 24 h and 48 h. After the isolation of tumor, the tumors 

tissues, which were subjected for accumulation, were embedded into OCT 

immediately. After sectioning by Cryotome (HM 505 E, Microm, Germany), the 

frozen tissue sections were subjected to analyze (image) through Confocal Laser 

Microscopy (CLSM, Carl Zeiss LSM-710, Carl Zeiss, Germany).  

In a different set of experiment, the distribution of nanocomplex and LHT7 

were carried out in the tumor bearing mice. When the tumor reached 150 mm3 in 

volume, a dose of 5 mg/kg of nanocomplex and LHT7 were injected via tail vein. 

At 48 h of drug administration, the tumors were collected for whole mount staining. 

For this purpose, right after the dissection, the tumors were cut into 2 mm x 2 mm 

plug, followed by washing twice in PBS. The tumor plugs were then fixed in 25% 

paraformaldehyde for overnight at 4 °C. On the next day, after washing three times 

with PBS at 4 °C, the plugs were incubated in 5% BSA containing TBST (Tris- 

buffered saline and Tween 20; 1.5 ml each) at 4 °C for 3 h. After washing with PBS 

for three times again with PBST (Phosphate- buffered saline and Tween 20) for 3 h 

with gentle agitation using orbital shaker (Laboshaker R100; Grozen; South Korea), 

the plugs were incubated overnight in blocking buffer (5% BSA containing TBST) 

containing the Rat-anti-mouse CD31 (Dilution- 1:100; BD Pharmigen, CA) 

antibody and Rabbit-anti-Mouse Collagen IV antibody (Dilution- 1:200; Chemicon, 

CA) at 4 °C under general agitation using an orbital shaker. On the next day, after 

washing with PBST for 3 h at 4 °C, the plugs were incubated overnight in blocking 

buffer containing the secondary Goat-anti-Rat Alexa 488 (Invitrogen, NY) and 
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Goat-anti-Rabbit Cy3 (Invitrogen, NY) at 4 °C under gentle agitation. Here, in both 

cases, the dilution was 1:200. The total volume of secondary anti-body treatment 

was 1 ml per plug. Finally, the plugs were incubated with Hoechst dye (Sigma-

Aldrich, South Korea; 1:1000 dilution) for 2-3 h at room temperature after washing 

with PBST for 3 h at 4 °C and, after washing again with PBST, the plugs were 

embedded in the mounting medium (Fluorescenece mounting medium, Dako, 

Denmark) and sealed with Pertex (Medite, Germany). The three-dimensional 

capillary networks were then analyzed using Confocal Laser Microscopy (CLSM, 

Carl Zeiss LSM-710, Carl Zeiss, Germany). 

 

2.2.7 In-vivo anti-angiogenic effect  
In vivo anti-angiogenic effect was evaluated in two different models, such as the 

murine SCC7 cancer model and the human breast cancer, MDAMB-231, xenograft 

model. At first, the anti-angiogenic effect was evaluated using C3H/Ne mice (male, 

6-7 weeks old, Orient Bio Inc.) by developing SCC7 tumor on the dorsal flank by 

injecting tumor cells at 1x106 cells/ mice. For this study, treatment groups were 

divided into following categories: PEG-LHT7 at a dose of 5 mg/kg twice a week, 

PEG-LHT7/protamine nanocomplex at a dose of 5 mg/kg twice a week, once a 

week, once per two weeks, and 10 mg/kg once a week. All the mice received drug 

via tail-vein injection when the tumor volume reached 100 mm3 to be treated for 

two consecutive weeks. Tumor volume and body weight changes were recorded 

every other day. The tumor volume was calculated as tumor length x (tumor width)2 

x 0.52.  

The anti-angiogenic effect of PEG-LHT7/protamine nanocomplexes 

(through i.v. administration) on human breast cancer MDAMB-231 was evaluated 

using Balb/c Nude mice  (male, 6-7 weeks old, Orient Bio Inc.).  MDAMB-231 

cells were injected at 1x107 cells/mice on the dorsal flank of the mice. The mice 

received medication when the tumor volume reached 150 mm3, and thereafter, the 

tumor volume and body weight changes was recorded every other day. The 

treatment continued up to one month as follows: a dose of PEG-LHT7/protamine 

nanocomplex once per week, twice per week, and 10 mg/kg per week.  
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In both of these studies, the inhibition of the tumor volume of the treated 

mice was compared with the non-treated tumor bearing mice. Moreover, the tumors 

were isolated after each study, embedded in 10% neutral buffered formaline and 

subjected to immunehistochemical analysis (IHC) for staining the tissues with anti-

mouse CD34 and PCNA antibodies and TUNEL assay (Millipore, Germany). 

 

2.2.8 X-ray μCT angiography  
X-ray μCT was used for the macroscopic analysis of tumor vasculature as described 

in the previous study [28]. In brief, SCC7 cells (1x106 cells) were subcutaneously 

inoculated at the dorsal flank of C3H/Ne mice (male, 6-7 weeks old, Orient Bio 

Inc.). When the tumor volume reached at about 100 mm3, 10 mg/kg of PEG-

LHT7/protamine nanocomplex was administered intravenously to the mice once 

every week. After 2 weeks of treatment, the mice were prepared for the μCT 

Angiography. They received a 50 ml intraperitoneal injection of heparin prior to be 

sacrificed by carbon dioxide inhalation. The thoracic cavity was opened and an 

incision was made in the apex of the heart. A polyethylene tube (i.d. 0.58 mm; o.d. 

0.96 mm) was cannulated through the left ventricle and secured in the ascending 

aorta. Nitroprusside (0.1 mM, 30 ml) in a normal saline was perfused at a rate of 0.7 

ml/min to replace blood and vasodilate at the same time. MICROFIL® (15 ml, Flow 

Tech Inc., Carver, MA), a radiopaque solution, was perfused at a rate of 0.2 ml/min, 

followed by curing at an ambient temperature for 2 h. The tumor was dissected and 

immersed in 4% PFA. The tumor tissues were scanned by using the X-ray micro-

computed tomography system (SkyScan 1076, Kontich, Belgium) at a voxel 

resolution of 18 x 18 x 18 mm with the following scanning parameters; 45 kV, 180 

μA, 0.5 mm aluminum filter, 590 ms exposure time and 0.5° rotation step. The 

vessel volume was measured by generating 3D models of the tumor vasculature 

reconstructed by the acquired cross-section images by Mimics 13.1 software 

(Materialise, Leuven, Belgium). 

 

2.2.9 Toxicological analysis  
The general toxicological analysis of PEG-LHT7/protamine nanocomplex was 



 31 

carried using male Sprague Dawley rats (Orient Bio, Inc., South Korea). The 

treatment groups were divided into the following categories- no treatment, 5, 10, 20, 

40, and 80 mg/kg twice per week of PEG-LHT7/protamine nanocomplex. All the 

rats were treated twice per week, and the body weight changes were recorded every 

other day. Any physical abnormality was also observed during the whole treatment 

period. After two weeks of treatment, blood was withdrawn from all of rats for 

hematological and serological analysis. After termination of the experiment, all the 

rats were sacrificed, and their livers and kidneys were collected for histological 

analysis. 

 

2. 3 Results 
2.3.1 Chemical characterization of PEG-LHT7/protamine nanocomplex 
LHT7 is synthesized by the chemical conjugation of LMWH and taurocholic acid 

and has a conjugation ratio of 7.2 ± 0.2. That is, 7 molecules of taurocholic acids 

(TCA) are conjugated to each molecule of LMWH. PEG-LHT7 was synthesized 

according to the Scheme 3.1A and further verified by 1H NMR (Fig. 2-2). The 

solvent peak of D2O was found at 4.8 ppm, characteristic steroid nucleus peaks of 

TCA and the C2-C6 backbone of LHT7 was observed in the range of 0.65−2.5 ppm 

and 3.7−4.4 ppm. The characteristic 1H NMR peak of PEG’s repeat units (-O-CH2-

O-CH2-O-) at 3.6 ppm indicated the successful conjugation of PEG with LHT7.  

Self-assembled nanocomplex was formed via electrostatic interactions 

between the negatively charged PEG-LHT7 and the positively charged protamine. 

Dextran was used to prevent aggregation. The nanocomplex size of PEG-LHT7 and 

protamine was evaluated at various complexation ratios and the optimal rate and 

size were determined to be 4:1 and 200 ± 22 nm, respectively, with the zeta 

potential of -14.2 ± 1.2 mV (Table 2-1).  
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Figure 2-2 The graphical NMR spectroscopy of PEG-LHT7. The solvent peak of 

D2O was found at 4.8 ppm; (a) the characteristic steroid nucleus protons and (b) 

C18 proton of TCA; (c) C1 and (d) C2-C6 backbone of LHT7; and (e) the peak of 

PEG’s repeat units (-O-CH2-O-CH2-O-) at 3.6 ppm 

 

Table 2-1. Size and zeta potential measurement of PEG-LHT7/protamine 

nanocomplex 

Complex ratio 

(PEG-LHT7: 

Protamine) 

Feed 

ratio 

(v/v) 

Concentration 

of PEG-LHT7 

(mg/ml) 

Concentration 

of Protamine 

(mg/ml) 

Size 

(nm) 

Zeta 

potential 

(mV) 

0 0 0 0.5 0 0 

2.1:1 7:3 0.5 0.5 190 

± 33 

-8.9 ± 0.1 

3.15:1 7:3 0.75 0.5 197 

± 13 

-10.8 ± 1.7 

4.2:1 7:3 1 0.5 200 

± 22 

-14.2 ± 1.2 

8.4:1 7:3 2 0.5 350 

± 45 

-16.4 ± 0.9 

 



 33 

Since the negatively charged anticancer drug, PEG-LHT7, was loaded by the 

charge-to-charge complex formation with positively charged protamine, the drug 

loading efficiency was very high. When the composition ratio of PEG-LHT7 and 

protamine was 4:1 (w/w), free PEG-LHT7 was not detected, that is, the drug 

loading efficiency was almost 100% and the loading content of PEG-LHT7 was 75% 

(w/w). We characterized the morphology of PEG-LHT7/protamine nanocomplex by 

transmission electron microscope (TEM) and atomic force microscope (AFM). The 

images showed that the nanocomplex had acquired a uniform spherical structure of 

approximately 200 nm (Fig. 2-3 A, B). PEG-LHT7/protamine nanocomplex 

remained stable after 30 days of incubation in phosphate buffer saline (PBS) at 40C  

(Fig. 2-3 C). 

 

2.3.2 In-vitro release study 
The release of the drug was evaluated in this study on the basis of change in size of 

the complex, and was carried out in 10% citrated rat plasma since this is a charge-

charge complex. The size of PEG-LHT7/protamine nanocomplex was decreased 

from 200 ± 20 nm to 190.9 ± 7.7 nm at 24 h in plasma, which was 9.0 ± 1.1% lower 

than the initial size (Fig. 2-3D). Further incubation decreased the size up to 34.6 ± 

2.6% (130.8 ± 2.6 nm) and 74.8 ± 5.2% (50.3 ± 7.7 nm) at 48 h and 96 h, 

respectively. This data suggest the slow release of PEG-LHT7/protamine 

nanocomplex in the plasma. In terms of stability, the size measurement of 

LHT7/protamine nanocomplex in the PBS for 30 days or citrated plasma for 7 days 

indicated that the presence of plasma proteins mainly affected the dissociation of 

the nanocomplex in blood. On the other hand, non-specific enzymatic degradation 

would be possible even though we did not evaluate the enzymatic degradation of the 

complex. 
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Figure 2-3 In-vitro characterization of the PEG-LHT7/protamine nanocomplex. (A) 

TEM and (B) AFM image of the PEG-LHT7/protamine nanocomplex. Scale bar; 

200 nm. (C) The stability of PEG-LHT7/protamine nanocomplex in PBS. (D) In-

vitro release of PEG-LHT7/protamine nanocomplex in citrated plasma. 
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2.3.3 Biodistribution of PEG-LHT7/protamine nanocomplex 
The biodistribution of PEG-LHT7/protamine nanocomplex was carried out in 

MDA-MB-231 tumor bearing athymic male nude mice. Cy5.5-NHS was chemically 

conjugated to PEG-LHT7 in aqueous conditions. Under optical reaction conditions, 

nanocomplex of PEG-LHT7-Cy5.5/protamine was maximally autoquenched (Fig. 
2-4A). PEG-LHT7-Cy5.5/protamine nanocomplex solution revealed an 

approximately 7-fold decrease in fluorescence intensity compared to equivalent 

amounts of PEG-LHT7-Cy5.5 solution only (Fig. 2-4B).  

The complexation of PEG-LHT7 with protamine changed its biodistribution. 

When PEG-LHT7-Cy5.5 was intravenously administered, the increased amount of 

PEG-LHT7 was accumulated in the liver (Fig. 2-5). Only a small fraction of PEG-

LHT7-Cy5.5 could be localized to tumor at 6 h after administration. On the other 

hand, when PEG-LHT7-Cy5.5/protamine nanocomplex was administered, it 

prolonged the circulation time and distributed to the entire body part of the animal 

by blood circulation (Fig. 2-5). The optical image of injected PEG-LHT7-

Cy5.5/protamine nanocomplex showed highest dissociation at 24−48 h after the 

administration, as the highest fluorescence intensity of autoquenched PEG-LHT7-

Cy5.5 was recovered. At 24 h post administration of PEG-LHT7-Cy5.5/protamine 

nanocomplex system, PEG-LHT7-Cy5.5 was also observed exclusively at the tumor 

site and the localization of molecules lasted for at least 120 h. 

 

2.3.4 Pharmacokinetics of PEG-LHT7/protamine nanocomplex 
The complexation of PEG-LHT7 with protamine significantly altered the 

pharmacokinetic pattern in comparison to free PEG-LHT7. When free PEG-LHT7 

was administered at a dose of 5 mg/kg in rats, PEG-LHT7 was detected in the 

plasma after 12 h of post-administration. However, after administering an 

equivalent dose of PEG-LHT7/protamine nanocomplex, PEG-LHT7 was detected in 

the blood at 144 h post-dose (Fig. 2-6). The half-life (t1/2) of PEG-LHT7 was 5.4 ± 

0.1 h for the free form of PEG-LHT7 and 15.2 ± 0.2 h for the PEG-LHT7/protamine 

nanocomplex (Table 2-2). Moreover, the mean residence time (MRT) of PEG-

LHT7 was increased 15.9-fold after the administration of nanocomplex formulation 



 36 

in comparison to the administration of the free form. The overall AUC of PEG-

LHT7 was increased 2.3-fold and the clearance was decreased 3.9-fold following 

the administration of nanocomplex formulation in comparison to the administration 

of the free form. 

 

 

 

Figure 2-4 The in-vitro quenching effect of PEG-LHT7/protamine nanocomplex. 

(A) The in-vitro quenching of RFU of PEG-LHT7 with the addition of different 

ratio of protamine. (B) The in vitro RFU of PEG-LHT7 and the actual formulation 

of PEG-LHT7/protamine nanocomplex 
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Figure 2-5 Biodistribution of PEG-LHT7/protamine nanocomplex in tumor bearing 

mice. The biodistribution of Cy5.5-PEG-LHT7 and Cy5.5-PEG-LHT7/protamine 

nanocomplex in MDA-MB-231 tumor model.  
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Figure 2-6. The plasma-concentration profile of PEG-LHT7 and PEG-

LHT7/protamine nanocomplex in SD rat at equivalent doses of 5 mg/kg. 

 

 

 

Table 2-2. Pharmakinetic paramaters of PEG-LHT7 and PEG-LHT7/protamine 

nanocomplex 

Pharmacokinetic 

parameters 

PEG-LHT7 (5 mg/kg) PEG-LHT7/protamine 

nanocomplex (5 mg/kg) 

Tinitial (h) 0.25 ± 0.0 0.25 ± 0.0 

Cmax (μg/ml) 45.54 ± 0.2 52.9 ± 0.8 

T1/2 (h) 5.4 ± 0.1 15.2 ± 0.2 

AUC (h∙μg/ml) 575.9 ± 34.7 1348.7 ± 13.6 

Vd (ml) 65.5 ± 1.5 469.9 ± 0.0 

CL (ml) 8.4 ± 0.5 2.1 ± 0.0 

MRT (h) 3.5 ± 1.6 55.8 ± 0.1 
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2.3.5 Intratumoral localization of PEG-LHT7/protamine nanocomplex 
Confocal microscopic observations were performed to determine the specific site of 

PEG-LHT7 localization inside the tumor. FITC and RITC were chemically 

conjugated to LHT7 and protamine, respectively. PEG-LHT7-FITC/protamine-

RITC nanocomplex was injected into MDA-MB-231 tumor bearing mice, and then 

the tumors were isolated at 48 h post-administration. The tumor image showed that 

even though both PEG-LHT7 and protamine were detected in tumor tissues, they 

were not co-localized (Fig. 2-7A). This means that the nanocomplex was 

dissociated in tumor tissues. High-resolution images of blood vessels (CD31) and 

collagen (collagen IV) staining in whole mount tumor sections revealed that PEG-

LHT7 was mainly localized in tumor tissues, but not in tumor blood vessels (Fig. 2-
7B). However, the free form of PEG-LHT7 accumulated neither in the tumoral 

blood vessels nor in the tumor tissues (Fig. 2-7C). The dissociated PEG-LHT7 was 

mainly accumulated in the interstitial space of the tumor tissue (Fig. 2-8). These 

results indicated that the nanocomplex form of PEG-LHT7 could diffuse through 

leaky tumor blood vessels and extravasate through the blood vessels surrounding 

the collagen layer. 

 

2.3.6 Anti-cancer effect of PEG-LHT7/protamine nanocomplex by the 
regression of angiogenesis 
We evaluated the therapeutic potential of PEG-LHT7/protamine nanocomplex in 

murine SCC7 and human MDA-MB-231 tumor bearing mice, which was predicted 

to suppress tumor growth and angiogenesis. PEG-LHT7/protamine nanocomplex 

and free PEG-LHT7 were intravenously injected into SCC7 tumor bearing mice 

every 4 days, respectively. Compared to the control, the nanocomplex showed a 

marked suppression of SCC7 tumor size (87.4 ± 1.6%, p < 0.001), whereas free 

PEG-LHT7 showed non-significant tumor regression (20.5 ± 2.3%) at the 

equivalent dose (Fig. 2-9A). The tumor growth was reduced as much as 30.7 ± 

8.9%, 55.2 ± 4.5%, and 87.4 ± 1.6%, where PEG-LHT7/protamine nanocomplex 

was administered at 5 mg/kg at different intervals: once every two weeks, once a 

week, and twice a week, respectively (Fig. 2.9B). The tumor weight was also 
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decreased accordingly (Fig. 2-10). Both degrees of angiogenesis and cell 

proliferation at the tumor sites were evaluated by immunohistochemistry. Both 

microvessel formation and PCNA positive proliferating cells were significantly 

lowered in both PEG-LHT7/protamine nanocomplex treated groups (5 mg/kg twice 

per week and 10 mg/kg/week), but not in free PEG-LHT7 treated groups compared 

to the control group (Fig. 2-9C).  

 The degree of angiogenesis inside the tumor tissue was directly evaluated 

by using X-ray μCT (Fig. 2-9D). The mean blood vessel volume of control group 

was 76.1 ± 3.9 mm3, whereas that of the group treated with PEG-LHT7/protamine 

nanocomplex at a dose of 10 mg/kg/week was 3.9 ± 1.54 mm3 (Fig. 2-9E). In 

addition, the mean vessel fraction of control group was 2.6 ± 0.3%, whereas that for 

the nanocomplex treated group was 0.6 ± 0.2%, thereby showing 76.6 ± 3.9% 

regression of absolute tumoral angiogenesis (Fig. 2-9F). Here, the mean blood 

vessel fraction was calculated by dividing the mean blood vessel volume by the 

mean tumor tissue volume.  

For the evaluation of anti-angiogenic effect on human cancer cell lines, we 

used human MDA-MB-231 breast cancer cell line. In this study, there was a 

significant difference in the tumor volume on day 30 between the groups treated 

with PEG-LHT7/protamine nanocomplex at the dose of 5 mg/kg/week (tumor 

regression: 34.6 ± 3.2%, compared to the control; p < 0.05), 10 mg/kg/week (tumor 

regression: 48.2 ±3.4%, compared to the control; p < 0.01), and 5 mg/kg twice per 

week (tumor regression: 58.5 ± 1.3%, compared to the control; p < 0.001) (Fig. 2-
11A). Tumor weight, the degree of angiogenesis, and the number of proliferating 

cells were also shown to have decreased accordingly in the treated groups compared 

to control groups (Fig. 2-11 B, C). 
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Figure 2-7 Ex-vivo tumor tissue accumulation and distribution of PEG-

LHT7/protamine nanocomplex after 48 h of injection (3D confocal image). (A) The 

tumor accumulation of PEG-LHT7/protamine nanocomplex. Note that PEG-LHT7 

and protamine completely dissociated from nanocomplex in the tumor. Scale bar; 50 

μm. (B) Represents the 2-dimentional and 3-dimentional images of free PEG-LHT7 

from the PEG-LHT7/Protamin nanocomplex at 48 hr. The PEG-LHT7 (cyan) 

showed distribution in to the tissue by extravasating through blood vessels (green) 

and collagen layer (red). Scale bar; 200 μm. (C) Represents the tumor distribution 

of PEG-LHT7. Injections of free PEG-LHT7 failed to accumulate/extravasate in 

tumor tissues. Scale bar; 200 μm. 
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Figure 2-8 Ex-vivo distribution of Cy5.5-PEG-LHT7/protamine nanocomplex after 

48 h of injection. Note that dissociated PEG-LHT7 (cyan) showed distribution in 

the interstitial space of tumore tissue by extravasating through blood vessels (green) 

and collagen layer (red). 

 
 
 

 

Figure 2-9 Anti-tumor and anti-angiogenic effect of PEG-LHT7/protamine 

nanocomplex in SCC7 tumor model in C3H/NeH mice. (A) The tumor volume of 

PEG-LHT7 and PEG-LHT7/protamine nanocomplex with a 4 days interval 

administration. (B) Tumor volume of different doses and dose intervals of the PEG- 

LHT7/protamine nanocomplex. 
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Figure 2-9 Continued. Anti-tumor and anti-angiogenic effect of PEG-

LHT7/protamine nanocomplex in SCC7 tumor model in C3H/NeH mice. (A) The 

tumor volume of PEG-LHT7 and PEG-LHT7/protamine nanocomplex with a 4 days 

interval administration. (B) Tumor volume of different doses and dose intervals of 

the PEG- LHT7/protamine nanocomplex. (C) Represents the IHC analysis of the 
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tumor tissues of SCC7 tumor model treated with PEG/LHT7, PEG-LHT7/protamine 

nanocomplex 10 mg/kg once/week and PEG-LHT7/protamine nanocomplex 5 

mg/kg twice/week. (D) Micro CT image of the inter-tissue vessel of the non-treated 

tumor and PEG-LHT7/protamine nanocomplex treated tumor. Scale bar; 5 mm. (E) 

Calculated vessel volume of both oth non-treated (control) and nanocomplex treated 

group. (F) Calculated vessel fraction of both non-treated (control) and nanocomplex 

treated group. For Micro CT imaging the dose of PEG-LHT7/protamine 

nanocomplex  was 10 mg/kg once/week. * P < 0.01, ** P < 0.005, and *** P < 

0.001 vs control. 

 

 

 

 

 

Figure 2-10 The weight of isolated tumors measured after treatment of PEG-

LHT7/protamine nanocomplex at different doses and doses interval for 2 weeks. 
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Figure 2-11 Anti-tumor activity of PEG-LHT7/protamine nanocomplex in human 

breast cancer (MDA-MB-231) model. (A) Tumor volume and (B) tumor weight 

after treatment of PEG-LHT7/protamine nanocomplex  at different doses for 4 

weeks.  (C) The Immunohistochemical analysis of PCNA and CD34 count of the 

tumor of different groups of this study. Scale bar; 20 μm. * P < 0.01, ** P < 0.005 

and *** P < 0.001 vs control. 
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Figure 2-12 The body weight changes of male SD rats treated with different doses 

of PEG-LHT7/Protamine nanocomplex up to two weeks at twice/w dose intervals. 

 

 

Figure 2-13 The serological parameters measured after treatment with different 

doses of 0, 5, 10, 20, 40 and 80 mg/kg of PEG-LHT7/protamine nanocomplex twice 

per week. (A-D) ALT, AST,  creatinine, and BUN values after treatment of  PEG-

LHT7/protamine nanocomplex. 
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Table 2-3. Hematological parameters measured after 2 weeks treatment of PEG-

LHT7/protamine nanocomplex in male SD rats (n = 4 per group). 

Test  
(Units) 

Standard 
range 

Dose (mg/kg twice per week) 

0 5 10 20 40 80 

WBC 
(103/μl) 

2.9 - 
20.9 

14.0  
± 0.2 

12.9  
± 0.6 

11.7  
± 0.4 

11.1  
± 0.2 

14.85 
± 3.7 

14.75 
± 4.92 

RBC  
(106/μl) 5.6 - 9.2 7.2  

± 0.1 
7.3  

± 0.1 
7.3  

± 0.0 
7.3  

± 0.1 
6.52  
± 1.6 

6.51  
± 2.17 

Platelet 
(103/μl) 

685 - 
1436 

818  
± 60 

930  
± 14 

877  
± 17 

897  
± 40 

943  
± 23.5 

992.3 
± 330 

Hemoglobin 
(g/dl) 

10.0 - 
16.7 

13  
± 0.0 

13.1  
± 0.1 

12.9  
± 0.0 

12.9  
± 0.1 

13.48 
± 3.3 

13.23 
± 4.4 

Hematocrit 
(%) 

34.0  -
 54.0 

54  
± 0.2 

56.3  
± 0.6 

54.6  
± 0.3 

56.3  
± 0.3 

40.98 
± 10.2 

40.33 
± 13.4 

MCV  
(fl) 

50.0  -
 77.8 

75.0  
± 0.3 

75.0  
± 0.3 

74.4  
± 0.4 

77.2  
± 0.5 

62.98 
± 15.7 

62  
± 20.6 

MCH  
(pg) 

16.0 - 
23.1 

18.1  
± 0.2 

18.0  
± 0.1 

17.5  
± 0.0 

17.6  
± 0.1 

20.7  
± 5.1 

20.33 
± 6.7 

MCHC  
(g/dl) 

24.2 - 
34.1 

24.1  
± 0.1 

23.4  
± 0.2 

23.6  
± 0.1 

22.9  
± 0.1 

32.90 
± 8.2 

32.83 
± 10.9 

Segment  
(%) 5.3 -38.1 2.7  

± 0.6 
2.9  

± 0.3 
1.8  

± 0.2 
2.7  

± 0.2 
15.23 
± 3.8 

20.5  
± 6.8 

Lymphocyte 
(%) 

56.7 - 
93.1 

93  
± 0.7 

92.4  
± 0.1 

92.5  
± 0.0 

93.2  
± 0.3 

74.43 
± 18.6 

70  
± 23.3 

Monocyte 
(%) 0.0 - 7.7 3.4  

± 0.3 
3.8  

± 0.1 
2.9  

± 0.1 
3.8  

± 0.3 
6.43 ± 

1.6 
7.33 ± 

2.4 
Eosinophil 
(%) 0.0 - 3.4 0.2  

± 0.1 
0.7  

± 0.3 
1.8 ± 
0.2 

0.1  
± 0.0 

3.35  
± 0.8 

1.5  
± 0.5 

Basophil  
(%) 0.0 - 0.4 0.0  

± 0.0 
0.0  

± 0.4 
0.1  

± 0.0 
0.5  

± 0.1 
0.6  

± 0.2 
0.9  

± 0.1 
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Figure 2-14 The H&E histological evaluation of PEG-LHT7/protamine 

nanocomplex at different doses of 0, 5, 10, 20, 40, and 80 mg/kg twice per week. 

Black arrow represents the edematic features in the tissue. Scale bar; 20 μm. 
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2.3.7 Preliminary toxicity study 

We conducted a preliminary toxicity study using male SD rats. PEG-

LHT7/protamine nanocomplex was administered in rats at different doses of 10, 20, 

40 and 80 mg/kg twice a week. Although there was some decrease in body weight 

observed twice a week at the 80 mg/kg dose of the rats after a two-weeks treatment, 

there were no significant postmortem abnormalities found in the rats’ internal 

organs nor in the histology of the vital organs (such as liver, kidney) after the 

terminal sacrifice (as seen on Fig. 2-12 to 2-14, and Table 3-3). Moreover, this 

decrease of body weight did not represent any statistical significance compared with 

the control group. No significant changes were observed in the body weight of the 

rats of the other treated groups compared with the control (Fig. 2-12). In the 

hematological parameters, the increased level of basophil had been observed for the 

dosage amounts of 20, 40, and 80 mg/kg groups (Table 2-3). Except basophils, 

other inflammatory parameters were within the normal range. However, the major 

hematological parameters, such as WBC, RBC, and platelet count did not show any 

fluctuation from the normal range. Moreover, in case of serological parameter 

evaluation, all the parameters (AST, ALT, creatinine, BUN) were within the normal 

range and not statistically different from control rats (Fig. 2-13). The presence of 

extended extra cellular space had been observed in the liver and kidney tissues only 

at the dose of 80 mg/kg, as shown in Figure 2-13. These studies proved that there 

were no abnormalities in the vital functions of any organs and no severe 

inflammation while the treatment with PEG-LHT7/protamine nanocomplex was 

carried out even at very high doses. 

 
2.4 Discussion 
The major finding of this study is that the development of PEC-based self-

assembling PEG-LHT7/protamine nanocomplex by combining PEG-LHT7 and 

protamine in buffer resulted in a promising anti-angiogenesis therapy with long-

circulation, passive targeting ability, and tumor extravasation properties. PECs have 

different properties and biological actions based on their composition. 

DNA/chitosan, chitosan/chondroitin sulfate and chitosan/hyaluronate PECs were 
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used as gene and drug carriers [33-35] Heparin-protamine based molecules self-

assembled with various cationic molecules through electrostatic interactions and 

have also used for drug delivery, scaffolds for tissue engineering and for lingering 

the circulation time of an agent [36-39]. 

In this study, we used PEG conjugated LHT7, a heparin-based biomolecule 

with excellent anti-angiogenesis properties [27, 28]. For the formation of 

nanocomplex with anionic PEG-LHT7, we used cationic protamine and dextran in 

the formulation. Dextran was used to prevent aggregation and to prepare stable 

PEG-LHT7/protamine nanocomplex [31]. When PEG-LHT7 and protamine were 

mixed together, they rapidly formed complexes through ionic interactions. 

Moreover, during formulation, it was important to note whether PEG-

LHT7/protamine nanocomplex formed single nanoscale particles or microscale 

aggregates since the results would be completely dependent on the concentrations of 

PEG-LHT7 and protamine in the pre-reaction solution. Polymer chains of both 

PEG-LHT7 and protamine have a number of reactive sites to counter molecules, 

and multiple polymer chains were involved in one PEG-LHT7/protamine 

nanocomplex system. A higher degree of aggregation was observed when higher 

concentrations of both polymers were applied [31]. Because irreversible 

crosslinking simultaneously occurred between a large number of both PEG-LHT7 

and protamine chains, the size distribution of the self-assembled nanocomplex was 

difficult to control at higher concentrations of both PEG-LHT7 and protamine 

solution. In this study, 2-fold diluted protamine solution was mixed with PEG-

LHT7 solution at ratio of 4:1 in order to produce stable nanocomplex. 

The biocompatibility of nanoparticles is another major important factor for 

the clinical application and because of this reason, factors like maintaining size, 

shape and dissociation rate in biological fluid with its surface charge have always 

been important to consider [40]. TEM and AFM indicated that PEG-

LHT7/protamine acquired a stable spherical morphology of nanocomplex system. 

The outermost layer of the nanocomplex was covered by PEG-LHT7, for which the 

zeta potential was slightly negative. For this reason, possible immune-attacks have 

hardly occurred [41]. Additionally, PEG helped to increase the circulation time and 
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also helped to bypass the immune attack during circulation [40]. Moreover, due to 

its negative surface charge, the NP was protected from unwanted interactions with 

the blood cells during circulation. The pharmacokinetic study showed the sustained 

effect on biological environment. The half-life and MRT of PEG-LHT7 increased 

by approximately 2.8 times and 15.9 times, respectively, in the nanocomplex 

formulation compared with the free form of PEG-LHT7. Thus, we concluded that 

PEG-LHT7 was released from the nanocomplex formulation in a sustained manner. 

In vitro, the slow degradation of PEG-LHT7/protamine nanocomplex in 10% 

plasma also supported the in vivo sustained release of PEG-LHT7 from the 

nanocomplex system. The slow clearance of either PEG-LHT7/protamine 

nanocomplex or dissociated PEG-LHT7, from the body and their escape by the 

reticuloendothelial systems might be implicated due to the modification of LHT7 

using PEG. PEG-LHT7/protamine nanocomplex also showed better accumulation 

and diffusion than the free form of PEG-LHT7. The biodistribution studies showed 

that PEG-LHT7 in the nanocomplex was highly localized to the tumor site and 

maintained for a longer time, whereas free PEG-LHT7 was mainly localized in the 

liver than tumor site. The dissociated PEG-LHT7 from nanocomplex system, but 

not the injected free form of PEG-LHT7, could be found in the interstitial space of 

the tumor tissues. 

This confirmed that PEG-LHT7/protamine nanocomplex, but not the 

dissociated PEG-LHT7 from the nanocomplex system, directly contributed to the 

enhanced localization and retention in the tumor sites. The nanocomplex (~200 nm) 

can penetrate through the leaky blood vessels (pore size is around 100 to 780 nm), 

which is known as EPR effect [42, 43]. This passive targeting system can cause 

changes in the transvascular fluid flow (convection) between the leaky blood vessel 

pressure and diffuse through the collagen matrix of the tissue; mainly in the 

interstitial space in between the tumor tissue [42]. 

Once the PEG-LHT7/protamine nanocomplex penetrated through the 

collagen matrix underlying the blood vessels in tumor, the nanocomplex was 

dissociated from each other in the tumor microenvironment. We have also observed 

a significant retention of PEG-LHT7 in the liver, which might have originated from 
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the prolonged circulation of slowly released PEG-LHT7 from the nanocomplex, as 

observed in the pharmacokinetic studies. Taken together, the prolonged plasma 

concentration of PEG-LHT7 in nanocomplex formulation and the significant 

accumulation of PEG-LHT7/protamine nanocomplex in the tumor might be 

important to improve the therapeutic efficacy. 

Tumor inhibition, immunohistochemistry, and suppression of angiogenesis 

data supported the enhanced therapeutic efficacy of PEG-LHT7 after treatment in 

nanocomplex system. PEG-LHT7/protamine nanocomplex at a dose of 5 mg/kg 

twice per week showed better antitumor effect than the equivalent dose of free 

PEG-LHT7, of which 10 mg/kg per week also showed a significant antitumor effect 

in both murine SCC7 and human MDA-MB-231 xenograft model compared with 

the non-treated group. However, here, PEG-LHT7 was administered twice per week 

for in vivo tumor inhibition evaluation. So, after administration the PEGylated 

LHT7 trends to accumulate into the liver significantly rather than tumor, as 

observed in biodistribution images (Fig. 2A). And due to the shorter half-life 

compare with the nanocomplex. It failed to show efficacy in murine cancer model. 

Since PEG-LHT7/protamine nanocomplex showed slowly dissociation in the 

circulation (through the in vivo biodistribution study) as well as increased 

accumulation in the tumor compared to free PEG-LHT7 (in ex-vivo tumor 

accumulation study), this nanocomplex is expected to possess higher efficacy than 

free PEG-LHT7 or LHT7. The immunohistochemical analysis carried out on both 

tumors also showed reduction of proliferation (PCNA) and angiogenesis (CD34) by 

PEG-LHT7/protamine nanocomplex. Moreover, the effect was dose dependent, as 

10 mg/kg per week was more effective than 5 mg/kg per week or per two weeks, 

and a dose of 5 mg/kg twice a week was more effective than the dose of 10 mg/kg 

per week. To determine whether the nanocomplex system would be effective 

enough to inhibit the angiogenesis or not, the μCT angiography analysis was used to 

evaluate the degree of angiogenesis in the treated tumor. X-ray μCT analysis 

revealed that both absolute intratumoral blood vessel volume and their fractions in 

the tumor tissues were significantly suppressed in the PEG-LHT7/protamine 

nanocomplex treated group. These results suggest that the inhibition of tumoral 
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angiogenesis by PEG-LHT7/protamine nanocomplex leads to the regression of 

tumor cells. In our previous studies, we had already compared the antiangiogenic 

effect of LHT7 with that of bevacizumab [27, 28]. According to the previous 

evaluation, LHT7 showed better results than bevacizumab because LHT7 has been 

proven to inhibit multiple angiogenic growth factors, such as VEGF, bFGF, and 

PDGF. 

In the previous study, LHT7 was found to accumulate in the liver of the 

treated mice at the dose of 10 mg/kg/day [29]. So in the current preliminary toxicity 

study of the nanocomplex formulation, we focused on evaluating the toxicological 

impact due to its accumulation in the liver. No substantial differences were 

observed between the rat serum liver enzyme profiles (bilirubin, creatinine, AST, 

and ALT) of the treated PEG-LHT7/protamine nanocomplex (5, 10, 20, 40, and 80 

mg/kg twice per week, for 2 weeks) and the untreated rats. No tissue abnormalities 

were detected in the histological analyses (H&E) of the liver and kidney in the 

nanocomplex treated groups except at the dose of 80 mg/kg twice per week, when 

compared to the untreated group. In this study, inflammatory cytokine secretion was 

not evaluated directly; instead, we evaluated the inflammatory cell count in the 

blood (Table 2-3). We evaluated the antigen-antibody reaction and did not find any 

antigenicity in the parent molecule LHT7 [29]. In this study, we observed no 

significant changes in the inflammatory cell number in the treated PEG-

LHT7/protamine nanocomplexes when compared to healthy animals. As the release 

of cytokine is dependent on the number of inflammatory cells present in the body, 

we concluded that PEG-LHT7/protamine nanocomplex did not cause any secretion 

of inflammatory cytokines even at higher doses (40 mg/kg and 80 mg/kg). The 

increase in the interstitial space between the cells of the tissues of liver and kidney 

at 80 mg/kg twice per week was observed which represents the edematic feature 

inside the tissues due to the accumulation of the drug. However, the accumulation 

of PEG-LHT7 in the liver did not cause any severe liver tissue damage. Moreover, 

the biodistribution images showed that the accumulation in the liver was also 

reversible. These results suggest that the nanocomplex formulation may be non-

toxic, even though they were accumulated in normal organs such as liver upon 
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systemic administration. However, further studies might be designed by conjugating 

targeting moieties to PEG-LHT7 to decrease the liver accumulation while 

increasing the tumor accumulation of PEG-LHT7/protamine nanocomplex. 

 

2.5 Conclusion 
In this study, we found that the PEG-LHT7/protamine nanocomplex system is a 

simple charge-charge complex, and that it tends to dissociate only in biological 

fluids (plasma), as shown in our in vitro release experiment. The assembly of the 

PEG-LHT7/protamine nanocomplex would not be precipitated or aggregated in-

vitro (in buffer) or in-vivo (in plasma) and form a reversible complex with a slow 

dissociation rate (as the fluorescence intensity of autoquenched PEG-LHT7-Cy5.5 

was maximum recovered between 24−48 h after the administration). The slowly 

dissociating PEG-LHT7/protamine nanocomplex enhanced the circulation time of 

PEG-LHT7 and enabled tumor-targeted delivery for efficient angiogenesis 

inhibition. Therefore, the PEG-LHT7/protamine nancomplex system improved the 

anti-angiogenic properties of free PEG-LHT7 by adding further advantages, such as, 

continued slow release, long circulation, tumor accumulation, decreasing dosage 

frequency, and side effects. This nanocomplex system might be useful in the future 

in the development of nanoparticular drug delivery systems encapsulating 

chemotherapeutic agents for cancer therapy in terms of combination effects of an 

anti-angiogenic agent and cytotoxic drugs.  



 55 

2.6 References 

[1] K. Polyak, Heterogeneity in breast cancer, J. Clin. Invest., 121 (2011) 3786-

3788. 

[2] E. Quintana, M. Shackleton, H.R. Foster, D.R. Fullen, M.S. Sabel, T.M. Johnson, 

S.J. Morrison, Phenotypic heterogeneity among tumorigenic melanoma cells from 

patients that is reversible and not hierarchically organized, Cancer Cell, 18 (2010) 

510-523. 

[3] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell, 144 

(2011) 646-674. 

[4] S.D. Finley, A.S. Popel, Effect of tumor microenvironment on tumor VEGF 

during anti-VEGF treatment: systems biology predictions, J. Natl. Cancer Inst., 105 

(2013) 802-811. 

[5] F. Bertolini, P. Mancuso, Y. Shaked, R.S. Kerbel, Molecular and cellular 

biomarkers for angiogenesis in clinical oncology, Drug Discov. Today, 12 (2007) 

806-812. 

[6] R.K. Jain, D.G. Duda, C.G. Willett, D.V. Sahani, A.X. Zhu, J.S. Loeffler, T.T. 

Batchelor, A.G. Sorensen, Biomarkers of response and resistance to antiangiogenic 

therapy, Nat. Rev. Clin. Oncol., 6 (2009) 327-338. 

[7] Y. Loriot, G. Perlemuter, D. Malka, F. Penault-Llorca, V. Boige, E. Deutsch, C. 

Massard, J.P. Armand, J.C. Soria, Drug insight: gastrointestinal and hepatic adverse 

effects of molecular-targeted agents in cancer therapy, Nat. Clin. Pract. Oncol., 5 

(2008) 268-278. 

[8] S.D. Ross JS, Pietrusko R, Rolfe M, Linette GP, Stec J, Stagliano NE, Ginsburg 

GS, Symmans WF, Pusztai L, Hortobagyi GN., Targeted therapies for cancer 2004, 

Ameriican Journal of Clinical Pathology, 122 (2004) 598-609. 

[9] F. Morgillo, H.Y. Lee, Resistance to epidermal growth factor receptor-targeted 

therapy, Drug resistance updates : reviews and commentaries in antimicrobial and 

anticancer chemotherapy, 8 (2005) 298-310. 

[10] H. Maeda, The enhanced permeability and retention (EPR) effect in tumor 

vasculature: the key role of tumor-selective macromolecular drug targeting, Adv. 



 56 

Enzyme Regul., 41 (2001) 189-207. 

[11] T.M. Allen, Ligand-targeted therapeutics in anticancer therapy, Nat. Rev. 

Cancer, 2 (2002) 750-763. 

[12] A.K. Larsen, A.E. Escargueil, A. Skladanowski, Resistance mechanisms 

associated with altered intracellular distribution of anticancer agents, Pharmacol. 

Ther., 85 (2000) 217-229. 

[13] U. Prabhakar, H. Maeda, R.K. Jain, E.M. Sevick-Muraca, W. Zamboni, O.C. 

Farokhzad, S.T. Barry, A. Gabizon, P. Grodzinski, D.C. Blakey, Challenges and key 

considerations of the enhanced permeability and retention effect for nanomedicine 

drug delivery in oncology, Cancer Res., 73 (2013) 2412-2417. 

[14] A.K. Iyer, G. Khaled, J. Fang, H. Maeda, Exploiting the enhanced permeability 

and retention effect for tumor targeting, Drug discovery today, 11 (2006) 812-818. 

[15] C.R. Patra, R. Bhattacharya, E. Wang, A. Katarya, J.S. Lau, S. Dutta, M. 

Muders, S. Wang, S.A. Buhrow, S.L. Safgren, M.J. Yaszemski, J.M. Reid, M.M. 

Ames, P. Mukherjee, D. Mukhopadhyay, Targeted delivery of gemcitabine to 

pancreatic adenocarcinoma using cetuximab as a targeting agent, Cancer Res., 68 

(2008) 1970-1978. 

[16] S. Ran, A. Downes, P.E. Thorpe, Increased exposure of anionic phospholipids 

on the surface of tumor blood vessels, Cancer Res., 62 (2002) 6132-6140. 

[17] H. Maeda, Macromolecular therapeutics in cancer treatment: the EPR effect 

and beyond, J. Control. Release, 164 (2012) 138-144. 

[18] H. Maeda, H. Nakamura, J. Fang, The EPR effect for macromolecular drug 

delivery to solid tumors: Improvement of tumor uptake, lowering of systemic 

toxicity, and distinct tumor imaging in vivo, Adv. Drug. Deliv. Rev., 65 (2013) 71-

79. 

[19] K.W. Mattison, P.L. Dubin, I.J. Brittain, Complex formation between bovine 

serum albumin and strong polyelectrolytes: Effect of polymer charge density, J. 

Phys. Chem. B, 102 (1998) 3830-3836. 

[20] S. Dragan, M. Cristea, C. Luca, B.C. Simionescu, Polyelectrolyte complexes .1. 

Synthesis and characterization of some insoluble polyanion-polycation complexes, J 

Polym Sci Pol Chem, 34 (1996) 3485-3494. 



 57 

[21] S.K. Masayuki Ishihara, Megumi Takikawa, Yasutaka Mori, Shingo Nakamura, 

Masanori Fujita, Low-Molecular-Weight Heparin and Protamine-Based 

Polyelectrolyte Nano Complexes for Protein Delivery, J. Biomat. and Nanobiotech., 

2 (2011) 500-509. 

[22] R. Sasisekharan, Z. Shriver, G. Venkataraman, U. Narayanasami, Roles of 

heparan-sulphate glycosaminoglycans in cancer, Nat. Rev. Cancer, 2 (2002) 521-

528. 

[23] C.H. Aborg, B. Uvnas, Mode of binding of histamine and some other biogenic 

amines to a protamine-heparin complex in vitro, Acta Physiol. Scand., 74 (1968) 

552-567. 

[24] J.F. Liang, H. Song, Y.T. Li, V.C. Yang, A novel heparin/protamine-based pro-

drug type delivery system for protease drugs, J. Pharm. Sci., 89 (2000) 664-673. 

[25] M.S. Thu, L.H. Bryant, T. Coppola, E.K. Jordan, M.D. Budde, B.K. Lewis, A. 

Chaudhry, J. Ren, N.R. Varma, A.S. Arbab, J.A. Frank, Self-assembling 

nanocomplexes by combining ferumoxytol, heparin and protamine for cell tracking 

by magnetic resonance imaging, Nat. Med., 18 (2012) 463-467. 

[26] J. Maurer, S. Haselbach, O. Klein, D. Baykut, V. Vogel, W. Mantele, Analysis 

of the complex formation of heparin with protamine by light scattering and 

analytical ultracentrifugation: implications for blood coagulation management, J. 

Am. Chem. Soc., 133 (2011) 1134-1140. 

[27] E. Lee, Y.S. Kim, S.M. Bae, S.K. Kim, S. Jin, S.W. Chung, M. Lee, H.T. Moon, 

O.C. Jeon, R.W. Park, I.S. Kim, Y. Byun, S.Y. Kim, Polyproline-type helical-

structured low-molecular weight heparin (LMWH)-taurocholate conjugate as a new 

angiogenesis inhibitor, Int. J. Cancer, 124 (2009) 2755-2765. 

[28] S.W. Chung, M. Lee, S.M. Bae, J. Park, O.C. Jeon, H.S. Lee, H. Choe, H.S. 

Kim, B.S. Lee, R.W. Park, S.Y. Kim, Y. Byun, Potentiation of anti-angiogenic 

activity of heparin by blocking the ATIII-interacting pentasaccharide unit and 

increasing net anionic charge, Biomaterials, 33 (2012) 9070-9079. 

[29] F. Alam, S.W. Chung, S.R. Hwang, J.Y. Kim, J. Park, H.T. Moon, Y. Byun, 

Preliminary safety evaluation of a taurocholate-conjugated low-molecular-weight 

heparin derivative (LHT7): a potent angiogenesis inhibitor, J. Appl. Toxicol., (2014). 



 58 

[30] F.G. Fini A, Roda A, Bellini AM, Mencini E, Guarneri M., Basic cholane 

derivatives. XI: comparison between acid and basic derivatives, J. Pharm. Sci., 81 

(1992) 726- 730. 

[31] Y. Mori, S. Nakamura, S. Kishimoto, M. Kawakami, S. Suzuki, T. Matsui, M. 

Ishihara, Preparation and characterization of low-molecular-weight 

heparin/protamine nanoparticles (LMW-H/P NPs) as FGF-2 carrier, Int. J. 

Nanomed., 5 (2010) 147-155. 

[32] S. Wang, Y.T. Chang, Discovery of heparin chemosensors through diversity 

oriented fluorescence library approach, Chem. Commun. (Camb.), (2008) 1173-

1175. 

[33] A. Denuziere, D. Ferrier, O. Damour, A. Domard, Chitosan-chondroitin sulfate 

and chitosan-hyaluronate polyelectrolyte complexes: biological properties, 

Biomaterials, 19 (1998) 1275-1285. 

[34] M. Hashimoto, Y. Koyama, T. Sato, In vitro gene delivery by pDNA/chitosan 

complexes coated with anionic PEG derivatives that have a sugar side chain, Chem. 

Let., 37 (2008) 266-267. 

[35] S. Boddohi, N. Moore, P.A. Johnson, M.J. Kipper, Polysaccharide-based 

polyelectrolyte complex nanoparticles from chitosan, heparin, and hyaluronan, 

Biomacromolecules, 10 (2009) 1402-1409. 

[36] J.F. Liang, H. Song, Y.T. Li, V.C. Yang, A novel heparin/protamine-based pro-

drug type delivery system for proteases drugs, J. Pharm. Sci., 89 (2000) 664-673. 

[37] Y.J. Park, J.F. Liang, H. Song, Y.T. Li, S. Naik, V.C. Yang, ATTEMPTS: a 

heparin/protamine-based triggered release system for the delivery of enzyme drugs 

without associated side-effects, Adv. Drug. Deliv. Rev., 55 (2003) 251-265. 

[38] M.M. Kemp, R.J. Linhardt, Heparin-based nanoparticles, Wiley Interdiscip. 

Rev .Nanomed. Nanobiotechnol., 2 (2010) 77-87. 

[39] P. Rossmann, K. Matousovic, V. Horacek, Protamine-heparin aggregates. Their 

fine structure, histochemistry, and renal deposition, Virchows Arch. B. Cell Pathol. 

Incl. Mol. Pathol., 40 (1982) 81-98. 

[40] J.W. Nichols, Y.H. Bae, Odyssey of a cancer nanoparticle: from injection site to 

site of action, Nano today, 7 (2012) 606-618. 



 59 

[41] S.M. Moghimi, A.C. Hunter, J.C. Murray, Long-circulating and target-specific 

nanoparticles: theory to practice, Pharmacol. Rev., 53 (2001) 283-318. 

[42] J. Wang, Z. Lu, Y. Gao, M.G. Wientjes, J.L. Au, Improving delivery and 

efficacy of nanomedicines in solid tumors: role of tumor priming, Nanomedicine 

(Lond), 6 (2011) 1605-1620. 

[43] F. Danhier, O. Feron, V. Preat, To exploit the tumor microenvironment: Passive 

and active tumor targeting of nanocarriers for anti-cancer drug delivery, J. Control. 

Release, 148 (2010) 135-146. 

  



 60 

 

 

 

 

 

 

 

 

 

Chapter: 3 
 

Formulation of an orally active physical 

complex of tetra-DOCA acetylated taurocholate 
conjugated low molecular heparin derivative as 
an anti-angiogenic agent with synthetic bile acid 

enhancer 
 



 61 

3.1 Introduction 
The prospects of drug discovery and its rapid integration with pharmaceutical 

technologies have resulted in the development of cellular target-based drug 

identification. Despite the accumulated efforts on the lead identification, the poor 

delivery methods have created numerous obstacles that set limits to their clinical 

use. Due to the lack of oral dosing, many promising drug candidates are admitting 

the fate of being inchoate development. The prerequisites for the successful delivery 

of oral drugs are the maximization of absorptive cellular intestinal uptake and 

stabilization of any drugs at all stages before they reach their target. To develop and 

improve oral delivery systems equipped with such properties, the focus of 

development is on superior materials and delivery carriers for oral bioactive 

macromolecular drug delivery systems. While research are being pursued to 

improve the drug delivery across intestinal epithelium, some other non-invasive 

delivery systems, such as nasal, conjunctival, rectal, buccal, vaginal and alveolar are 

also being attempted as an alternate to oral route [1, 2]. The major advantages of 

these transepithelial routes are that the harsh chemical and enzymatic conditions of 

the gastrointestinal (GI) tract as well as the hepatic first-pass metabolism of a drug 

molecule can easily be bypassed [3]. However, the existence of superfluous efflux 

proteins rather than influx proteins with tight junctions is the major factor that 

restrains drugs' diffusion across these epithelial cell layers. Such, oral delivery of 

therapeutics is by far the most attractive route, though it is not feasible when peptide 

and proteins are the target drugs. Most drugs have the dis- advantage of enzymatic 

hydrolysis that can occur at the lumen, brush border or even at the intracellular level 

of GI epithelial cells. Drugs featuring high hydrophilicity and high molecular 

weight (MW) are also difficult to be absorbed due to poor membrane permeability.  

3.1.1 Introduction of oral delivery  
Oral delivery of therapeutics is extremely challenging. The digestive system is 

designed in a way that naturally allows the degradation of proteins or peptides into 

small molecules prior to absorption. For systemic absorption, the intact drug 

molecules must traverse the impending harsh gastrointestinal environment. 
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Technologies, such as enteric coating, with oral dosage formulation strategies have 

successfully provided the protection of non-peptide based therapeutics against the 

harsh, acidic condition of the stomach. However, these technologies showed limited 

success on the protection of therapeutic proteins and peptides. Importantly, inherent 

permeability coefficient of the therapeutics is still a major problem that has 

remained unresolved for decades. Addressing this issue in the context, there are 

several strategies that have been developed in enhancing the intestinal permeability 

of a drug molecule either by modifying the intestinal epithelium or by modifying 

the drug itself. These modifications have been pursued by using a group of 

molecules that can be conjugated to the drug molecule to alter the cell permeability 

of the drug or mixed with the drug molecule to alter the epithelial barrier function, 

in order to achieve the effective drug permeation (Fig. 3-1). 

3.1.2 Role of angiogenesis in cancer 
Angiogenesis plays a key role in the tumor progression of tumor mass growth and 

metastasis [4, 5]. Numerous angiogenesis inhibitors including bevacizumab 

(Avastin, Genentech/Roche), a humanized anti-VEGF monoclonal antibody, have 

been developed, especially targeting the VEGF signaling pathway [6-8]. However, 

the acquired resistance against VEGF blockers is a critical issue in anti-angiogenic 

therapy. The reason for such resistance has not been fully understood, but a number 

of clinical studies have reported that the up-regulated alternative pro-angiogenic 

factors are responsible for the resistance that occurs when the VEGF signaling 

pathway gets blocked [9-11]. Therefore, the inhibition of VEGF alone may not be 

sufficient for effective and sustainable inhibition of tumor angiogenesis. 

 

3.1.3 Importance of angiogenesis targeting with oral delivery 
Cancer progression and metastasis depend on recruitment of new capillaries from 

preexisting vessels, a process known as angiogenesis. Because tumors that are 

unable to elicit angiogenesis remain in a dormant state and fail to grow beyond a 

few millimeters in size, the multistep process of angiogenesis has fostered an 

intense search for agents that might inhibit this process. Although tumor growth can 
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be stunted by a variety of single angiogenesis inhibitors, combination anti-

angiogenesis protocols can be more effective than single-agent therapies. 

Furthermore, the combination of traditional chemotherapy with anti-angiogenesis 

agents, which targets the endothelial cells of the growing tumor vasculature, as well 

as the growing tumor cells themselves, has been shown to minimize the resistance 

and adverse effects of chemotherapeutic agents. However, successful clinical 

application of angiogenesis inhibitors, irrespective of mono-therapy or combination 

therapy, requires long-term administration, but most of these entering clinical trials 

are costly, large molecular weight proteins requiring parenteral administration. 

 

 
Figure 3-1 The illustrated diagram of the oral drug absorption mechanism based on 

the chemical conjugation and physical complexes with bile acid. 

 

3.1.4 Low molecular weight as angiogenesis inhibitor 
Heparin is widely used clinically as an anticoagulant, and can prevent cancer-

associated disseminated intravascular coagulation, deep vein thrombosis, and 

thrombosis associated cancer surgery to prolong patient survival. Heparin can also 

affect cancer mortality through mechanisms beyond its classical anticoagulant 

activity [12]. That is, it can inhibit tumor growth and metastasis by interacting with 

tumor related actors such as selectins, heparanases, and growth factors. In particular, 
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the interaction with angiogenic growth factors like FGF and VEGF plays a pivotal 

role in angiogenesis during tumor growth and metastasis [12]. 

Tumor releases a number of angiogenic growth factors including vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and 

scatter factor [6]. These growth factors stimulate angiogenesis via interaction with 

their high-affinity receptors on the endothelial cells, which possess intracellular 

intrinsic tyrosine kinase activity. The angiogenic growth factors can also bind to 

heparan sulfate proteoglycans that are present on the endothelial cell surface and in 

the extracellular matrix (ECM). Binding of growth factors to heparan sulfates 

results in stabilization and relative interaction of growth factors, as well as 

prevention of diffusion and proteolytic degradation of growth factors themselves. 

Therefore, heparan sulfate glycoglycans act as modulators of growth factor 

activities; at the same time, soluble heparin competes with heparan sulfates for 

binding with growth factors and other proteins, and may thus cause these proteins to 

be released from ECM [13]. Many studies have tested the effect of heparins on the 

outgrowth of primary tumors, angiogenesis, and metastasis [12]. Apparently, 

however, these studies indicate that angiogenesis inhibitors would not cause 

massive tumor regression but seem to offer themselves as a potential presence that 

can control the disease over an extended period of time. Therefore, a long-term 

heparin administration at a high concentration level would be necessary for bringing 

out an anti-cancer effect. To address this constraint, several modified heparins with 

low anticoagulant activity, such as periodate-oxidized heparin, N-acetylated, N- 

desulfonated, O-desulfonated, steroid-conjugated, polystyrene-carrying or carboxyl-

reduced heparin, have been developed [14]. However, all the heparin derivatives 

that have been developed with reduced anticoagulant activity had to be administered 

in the parenteral form [15]. 

 

3.1.5 Development of oral formulation of LHT7 
We previously reported that unfractionated heparin (UFH) conjugated with 

deoxycholic acid (DOCA) could reduce primary tumor volume by its anti-

angiogenic activity and by delivering drug by carriers of self-assembled 
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nanoparticles. However, the administration of DOCA was restricted because of 

limited oral absorption by its high molecular weight. Although LMWH conjugated 

with deoxycholic acid (DOCA) could reduce primary tumor volume and inhibit 

metastasis when administered orally and could provide high convenience to cancer 

patients for long-term administration, it showed about 80% of anticoagulant activity 

compared to the LMWH and still had a risk related with hemorrhage at high dose 

[15, 16] 
Moreover, in our previous studies, we reported a new non-anticoagulant 

heparin-based angiogenesis inhibitor, LHT7, constituting of sodium taurocholates 

chemically conjugated to low-molecular-weight heparin (LMWH) [17]. LHT7 

showed a potent inhibition effect on tumor angiogenesis without anticoagulant 

activity because it has a lower binding affinity to antithrombin III but higher 

binding affinity to VEGF than LMWH does. Furthermore, we described a heparin-

based anti-angiogenic therapy that could block multiple proangiogenic factors, 

especially VEGF and bFGF, thereby potentially circumventing resistance 

encountered in the single targeting anti-angiogenic therapies [18]. 

However, because of a relatively short half-life of LHT7, it is required that 

LHT7 be frequently administered in the clinical setting. Therefore, the development 

of an oral formulation of LHT7 as a promising second-line cancer therapy would 

improve patient compliance and provide a means for a long-term anti-angiogenic 

therapy. Furthermore, the oral delivery of anticancer drug can enable chemotherapy 

at home by providing daily administration on a long-term basis [19, 20].  

In the present study, we used the bile acid based absorption enhancing 

systems, which are both chemically conjugated and physically complexed bile acids 

with LHT7. It has been reported that deoxycholic acid (DOCA) and its derivatives 

possess the enhancing effect of drug absorption in the intestine due to their ability to 

increase hydrophobicity of the target drug and their effective interaction with the 

apical sodium-dependent bile acid transporter (ASBT) in the small intestine [14, 21]. 

ASBT is a membrane transporter that exists in the small intestine (mainly ileum) of 

gut and moves endogenous small molecular bile acids from the apical surface of 

enterocytes to the portal vein [22, 23]. ASBT has gained the attention in the filed of 
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drug delivery for ASBT’s capability of transporting various molecules coupled to 

bile acids, which are usually poorly absorbed in the intestine [24-26]. In a previous 

study, we had reported that tetraDOCA conjugated LMWH bound with ASBT in the 

apical membrane, followed by internalizing into the cell by forming vesicles instead 

of penetrating (directly) through the transporter. This newly found receptor-like 

transformation of ASBT, induced by tetraDOCA conjugated LMWH, was further 

utilized in the present study to develop an oral delivery system of anti-angiogenic 

LHT7 [21, 27]. We also showed that deoxycholyl-L-lysyl-methylester (DCK), 

synthesized by conjugating L-lysine with deoxycholic acid (DOCA), could enhance 

the absorption of anioic charged drugs in the small intestine [28, 29]. Bile acid 

based enhancers reversibly bind and form a complex with the drug, thereby 

delivering the drug to the other side of GI epithelia [26, 30]. Physical complexation 

of heparin conjugates with DCK might further increase the hydrophobicity of the 

complex. It is hence hypothesized that, the increased hydrophobicity would improve 

the permeability of the complex across the intestinal wall [31]. 

In this study, LHTD4 was sysnthesized as an orally active anti-angiogenic 

drug by conjugating tetrameric DOCA (tetraDOCA) at the end saccharide of LHT7. 

LHTD4 was further formulated with DCK by physical complexation without 

altering the structure of LHTD4, and the physicochemical properties and oral 

bioavailability of the formulated LHTD4/DCK complex were evaluated. Its anti-

angiogenic efficacy was also evaluated by in vitro and in vivo studies, and tumoral 

angiogenesis regression study was conducted in a squamous cell carcinoma (SCC7) 

model. 

 

3.2 Materials and methods 
3.2.1 Synthesis and characterization of LHTD4 
At first, the chemical conjugate (LHT7) of low molecular weight heparin (LMWH) 

and taurocholate (TCA) was synthesized according to the previously described 

method [17]. Briefly, a primary amine was introduced to 4-hydroxyl group of TCA 

by activating its hydroxyl group using 4-nitrophenylchloroformate in the presence 
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of triethylamine, followed by adding ethylenediamine (EDA). The amine group of 

EDA introduced to TCA was conjugated with carboxylate group of LMWH 

(Fraxiparin; Glaxo Smith Kline, Genval, Belgium) by the EDAC/NHS coupling 

method to produce LHT7. The final product was analyzed by 1H-NMR (Avance, 

Bruker, MA) and the coupling ratio of the conjugated TCA was determined by using 

the quantitative detection method of bile acids [32]. Anticoagulant activity was 

determined by using the chromogenic FXa assay (Coatest heparin; Chromogenix, 

Milan, Italy) as instructed by the manufacturer.  

 LHTD4 was synthesized by coupling of LHT7 with a tetramer of 

deoxycholic acid (tetraDOCA), as shown in Scheme 4.1. TetraDOCA was 

synthesized as follows; lysine dimer, BOC-CH3O-lys(lys(boc)2), was firstly 

synthesized by the peptide synthesis method. H-lysBOC-CH3O HCl (GL Biochem, 

China) and BOC-lysBOC-OSu in DMF were reacted overnight in dark, followed by 

evaporating completely under vacuum. The crude product was extracted with 5% 

HCl solution. After the solvent was evaporated, the product was dissolved in 

methanol, followed by precipitating in cold water. The precipitate was lyophilized, 

followed by saponifying to obtain the lysine dimer, BOC-COOH-lys(lys(boc)2). The 

synthesized lysine dimer was reacted with equimolecular amounts of 

dicyclohexylcarbodiimide (DCC) and hyroxysuccinimide (HOSu) in DMF at 4 °C 

for 30 min, followed by filtering the precipitated urea to obtain the activated lysine 

dimer. After an equimolar amount of H-lysBOC-CH3O.HCl was stirred with 4-

MMP for 1 h, the activated lysine dimer was slowly added and reacted for 24 h to 

obtain the lysine trimer, BOC-CH3O-lys(lys(boc)2)2. Finally, the synthesized lysine 

trimer was freeze-dried and purified by column chromatography packed with silica 

gel (0.04-0.06 mm) and 10% MeOH/MC as an eluent. After the synthesized BOC-

CH3O-lys(lys(boc)2)2 was deprotected in an acidic condition, the lysine trimer 

containing four amino groups and one carboxyl group was obtained.  

 On the other hand, DOCA was activated using the DCC/HOSu coupling 

method to obtain DOCA-OSu. Four amine groups of the lysine trimer were then 

reacted with DOCA-OSu, thereby forming tetraDOCA. The tetraDOCA was 

purified on a preparative column packed with silica gel and a mixture of 10% 
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MeOH/MC as an eluent. Finally, tetraDOCA was reacted with EDA to obtain N-

tetradeoxycholylethylamine (tetraDOCA-NH2), followed by passing through a 

silica gel-packed column for the final purification. A mixture of chloroform, MeOH 

and NH4OH (7.75:3:0.25) was used as eluent. The purity of each compound was 

checked by MALDI-TOF (Voyager-DE STR Biospectrometry Workstation, Applied 

Biosystems Inc., CA). 

In order to conjugate the synthesized tetraDOCA-NH2 and LHT7, LHT7 

was reacted with potassium metaperiodate (KIO4, 57.5 mg) in acetate buffer (pH 4.5) 

for 3 h in dark. The reaction was stopped by adding glycerol and dialyzed to remove 

unreacted KIO4. Finally, the oxidized LHT7 was reacted with tetraDOCA-NH2 to 

synthesize LHTD4. The oxidized LHT7, dissolved in a co-solvent of formamide 

and DMF, was reacted with tetraDOCA-NH2 at 50 ºC with a molar ratio of 1:5. The 

imine bond, formed between tetraDOCA and the oxidized saccharide unit of 

LMWH, was reduced to a secondary amine using sodium cyanoborohydride 

(NaCNB4). The materials were extracted and purified by precipitation in cold 

ethanol. The residual solvents were evaporated and freeze-dried to obtain LHTD4 as 

white powder. Rhodamine isothiocyanate (RITC) labeling to LHT7 and LHTD4 

were conducted in aqueous condition at pH 8 by reacting for 6 h. The products were 

precipitated in ethanol and dialyzed, followed by purifying using size exclusion 

column (Bio-Rad BioGel P-30, Bio-rad, Korea). 

 

3.2.2 Preparation of LHTD4/DCK formulation  
Deoxycholylethylamine (DCK) was synthesized as described in the previous study 

and used as an absorption enhancer [33]. In brief, deoxycholic acid (10 g, 23 mmol) 

was prepared in 50 ml acidified methanol and refluxed at 70 ºC for 1 h, followed by 

cooling to 0 ºC. The product was filtered and washed twice with cold methanol and 

dried in vacuum to obtain methyl deoxycholate. The prepared methyl deoxycholate 

(3 g, 8.8 mmol) was mixed with an excess of ethylenediamine (15 ml), and the 

mixture was stirred and refluxed at 110 ºC for 6 h. After the reaction, the mixture 

was precipitated in ice-cold distilled water and filtered. The filtrate was then washed 

three times with ice-cold distilled water and dried in vacuum. 
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Figure 3-2 The schematic synthesis steps of (A) LHT7, (B) oxidized LHT7, and (C) 

LHTD4  
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The final product, DCK, was obtained as white powder. The physical complexation 

of LHTD4 and DCK was prepared by mixing in distilled water at different molar 

ratios in the range of 1:1, 1:3, 1:5, 1:10, and 1:15. The formation of LHTD4/DCK 

complex was confirmed by turbidity. 

 

3.2.3 In-vitro permeability assay 

Permeability study using Caco-2 cell (American type Culture Collection) was 

conducted according to the standard procedure described in the literature [34]. 

Caco-2 cells were seeded in 12-well transwell plates (Corning life sciences) in 

DMEM medium containing high glucose supplemented with 10% FBS, antibiotics, 

NEAA. The cells were incubated for 4 weeks until the TEER value reached 411 ± 

10 Ω-cm2. Before the drug treatment, the cells were washed twice with Hanks 

balanced salt solution (HBSS) and incubated for 30 min with a metabolic inhibitor 

buffer containing HBSS, D-glucose, HEPES, and sodium azide. Each sample 

(LHT7, LHTD4, LHTD4/DCK complex) was then dissolved in HBSS containing 

137 mM NaCl at a concentration of 0.05 mg/ml (n = 3 transwells for each samples). 

The amounts of permeated drug from the apical to basolateral compartment were 

quantified by using Heparin Orange assay.  

For visualization, RITC-labeled LHTD4 and RITC-labeled LHTD4/DCK 

complex (0.05 mg/ml) were treated with Caco-2, MDCK, and ASBT transfected 

MDCK-II (MDCK-ASBT) cells for 15 to 60 min as mentioned earlier, respectively. 

The cells were washed three times with phosphate buffer saline (PBS; GIBCO; 

Invitrogen, CA), followed by fixing and staining with phalloidin-F as a tight 

junction marker. Finally, the cells were mounted using mounting media containing 

DAPI (Sigma, St Louis, MO) and visualized using a confocal laser microscope 

(CLSM; Carl Zeiss LSM710, Leica DM IRB/E, Leica Co, Germany). 

 

3.2.4 In-vivo absorption study 
All animal experiments were carried out according to the regulations of the 

Institutional Animal Ethics Committee of Seoul National University animal care 

facility, as described in the Regulation for the Care of Animals (29/02/2008, No. 
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8852). Sprague Dawley (SD) rats (male, weighed 250-260 g) were used for the 

pharmacokinetic and in vivo absorption studies. After fasting for 12 h, the rats were 

anesthetized with light diethyl ether, and the test samples were administered via 

either intravenous (i.v) or oral (p.o) route.  

The test samples at a dose of 5 mg/kg were administered orally in the 

following groups: LHT7, LHT7/DCK complex, LHTD4 and LHTD4/DCK complex. 

All these groups were formulated with labrasol and Poloxamar 188 (BASF 

Aktiengesellschaft, Germany). The acidic pH of GI tract was neutralized by 3% 

(w/v) sodium bicarbonate solution before the administration of the samples. The 

blood samples were collected from the retro-orbital plexus of rats into eppendrof 

tubes containing 3.8% sodium citrate at different time points, such as 0, 0.25, 0.5, 1, 

2, 3, 4, 6, 8, 10, 12, and 24 h. The plasma samples were collected after centrifuging 

the blood samples at 4000xg rpm using Micro 17 TR centrifuge machine (Inchun, 

Korea). Heparin orange chemosensor kit (Heparin Orange G26; MW 675.57), 

obtained from Professor Yang-tae Chung from Lumino Genomics Laboratory of 

National University of Singapore, was used to detect the plasma concentrations of 

the samples as previously described in the literature [35]. In brief, heparin orange, a 

chemo sensor material that reacts with heparin conjugates, has a reaction pattern 

that is mostly charge-charge interactions and the resulting complex emits 

luminescence. The plasma is collected and diluted with HEPES buffer to measure 

the absorbance upon adding diluted plasma samples or standard LHT7 

concentration in normal plasma samples and heparin orange (at 1:1 ratio in 10 μM 

HEPES buffer). 

In vivo absorption study was also carried out using male SD rats. RITC 

labeled LHT7 and LHTD4 either with or without DCK were administered at a dose 

of 5 mg/kg. The duodenum, jejunum, and ileum were excised at 0.5, 2, 6, and 24 h 

after drug administration and embedded immediately in OCT. The tissue sections 

were then subjected to confocal microscopy. 
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3.2.5 In-vitro anti-angiogenic effect of LHTD4 by VEGF-induced sprouting 
assay 
In vitro anti-angiogenic effect of LHTD4 was evaluated by three-dimensional 

HUVEC sprouting assay. HUVECs were purchased from Promocell GmBH 

(Germany) and used within the passage numbers between 2 to 5. The HUVEC 

spheroid was prepared as described in the literature [36, 37]. In brief, HUVEC 

monolayers were trypsinized and suspended in endothelial cell growth media 

(ECGM) and methocel (4:1). Methocel was prepared by dissolving 6 g of 

methylcellulose (Sigma–Aldrich, Korea) in 500 ml of ECGM. The mixture was 

centrifuged and the clear supernatant was used as methocel. Endothelial cell (EC) 

spheroids were prepared by a hanging drop method such that 1000 ECs in a hanging 

drop (25 μl) were cultured overnight at 37 °C under 5% CO2 and 100% 

humidity. The generated spheroids were harvested and suspended in the methocel 

solution containing 20% FCS (Cambrex, Verviers, Belgium). Subsequently, the ice-

cold collagen solution (rat tail type I in 0.1% acidic acid) was mixed with 10% 

MEM 199 (10X, GIBCO; Invitrogen, CA), followed by adding 10% 0.2 N NaOH to 

adjust the pH to 7.4. After EC spheroids in the methocel solution was mixed at 1:1 

ratio with the neutralized collagen solution, 0.9 ml of the mixed solution containing 

50 EC spheroids were pipetted into individual wells of a 24-well plate to be 

polymerized for 30 min at 37 °C under 5% CO2 and 100% humidity. EC spheroids 

were cultured in ECGM containing VEGF-A (25 ng/ml, Peprotech, Germany) alone 

or mixed with LHTD4. VEGF-A activates ECs, thereby inducing the formation of 

tube-like EC structures (sprouting EC). The plates were incubated at 37 °C under 5% 

CO2 and 100% humidity for 24 h. Sprouting EC spheroids were photographed and 

quantitatively determined by counting the cumulative sprout branch points per 

spheroid using light microscope (Nikkon Ltd., Japan).  

 

3.2.6 Inhibition of tumor growth in murine SCC7 model 
SCC7 (murine squamous cell carcinoma, 1x106 cells) cells were subcutaneously 

inoculated at the dorsal flank of C3H/Ne mice (male, 6-7 weeks old, Orient Bio Inc., 

Seongnam, Korea). The drug (LHT7/DCK, LHTD4, and LHTD4/DCK) was orally 
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administered once in a day after the tumor volume was reached around 100 mm3. 

Both tumor volume and body weight were measured every other day by the 

following equation; tumor volume = ((tumor length x (width)2) x 0.52) mm3. After 2 

weeks of drug administration, the tumor sections were harvested, fixed in 10% 

formalin, and embedded in paraffin. For the tissue immunohistochemical (IHC) 

staining, the specimens were sections in 4−μm thickness and probed with primary 

antibodies against mouse CD34 (1:50, Dako, Carpinteria, CA) and mouse PCNA 

(proliferating cell nuclear antigen). Tunnel assay was also performed to evaluate the 

apoptotic area by using the ApopTag/peroxidase in-situ apoptosis detection kit 

(Chemicon, CA). 

 

3.2.7 X-ray μCT angiography 
X-ray μCT was used for the macroscopic analysis of tumor vasculature as described 

in the literature [38, 39]. In brief, SCC7 cells (1x106 cells) were subcutaneously 

inoculated at the dorsal flank of C3H/Ne mice (male, 6-7 weeks old, Orient Bio 

Inc.). When the tumor volume reached around 100 mm3, LHTD4/DCK complex 

was orally administered to mice. After 2 weeks, the mice received a 50 ml 

intraperitoneal injection of heparin prior to sacrifice by carbon dioxide inhalation. 

The thoracic cavity was opened and an incision was made in the apex of the heart. A 

polyethylene tube (i.d. 0.58 mm; o.d. 0.96 mm) was cannulated through the left 

ventricle and secured in the ascending aorta. Nitroprusside (0.1 mM, 30 ml) in a 

normal saline was perfused at a rate of 0.7 ml/min to replace blood and to vasodilate 

at the same time. MICROFIL® (15 ml, Flow Tech Inc., Carver, MA), a radiopaque 

solution, was perfused at a rate of 0.2 ml/min, followed by curing at an ambient 

temperature for 2 h. The tumor was dissected and immersed in 4% PFA. The tumor 

tissues were scanned by using X-ray micro-computed tomography system (SkyScan 

1076, Kontich, Belgium) at a voxel resolution of 18 x 18 x 18 mm with the 

following scanning parameters; 45 kV, 180 μA, 0.5 mm aluminum filter, 590 ms 

exposure time and 0.50 rotation step. The vessel volume was measured by 

generating 3D models of the tumor vasculature reconstructed by the acquired cross-

section images by Mimics 13.1 software (Materialise, Leuven, Belgium) 
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3.2.8 Statistical analysis 
The pharmacokinetic parameters were obtained by non- compartmental analysis 

from WinNonlin (Pharsight Corporation, Mountain View, CA). Statistical analysis 

was done by student’s t-test, where p values less than 0.05 were considered 

significant. All the results were expressed as mean ± s.e.m. 

 

3.3 Results 
3.3.1 Characterizations of LHTD4 and its physical complex with DCK  
LHT7, synthesized by the chemical conjugation of LMWH and taurocholic acid, 

has a conjugation ratio of 7.2 ± 0.2; that is, 7 molecules of taurocholic acids are 

conjugated to each molecule of LMWH. The anticoagulant activity of LHT7 (15.1 ± 

2.9 IU/mg) was significantly decreased, compared to that of native LMWH (100 

IU/mg). LHTD4 was synthesized by conjugating tetraDOCA, an oligomeric 

structure of four deoxycholic acid molecules, selectively to the end saccharide unit 

of LHT7, as shown in Figure 3-2. The conjugation ratio of tetraDOCA to LHT7 

was 0.9 ± 0.1 as calculated by sulfuric acid assay, and its anticoagulant activity was 

completely eliminated. The partition coefficient in octanol/water (Ko/w) of LHTD4 

was significantly increased by as much as 0.34 ± 0.11, compared to that of LHT7 

(0.09 ± 0.21). When LHTD4 was physically complexed with DCK at the ratio of 

1:10, the hydrophobicity of the complex was further increased, with decreased 

suability, as determined by partition coefficient (0.46 ± 0.19). Here, as shown in 

Figure 3-3, DCK is composed of hydrophobic part of deoxycholic acid and a 

positively charged lysine residue positioned focally, thereby facilitating ion pairing 

with the negatively charged sulfonyl groups of LHTD4. 

 

3.3.2 Inhibition effect of LHTD4 on sprouting of EC spheroids  
The antiangiogenic efficacy of LHTD4 was compared with LHT7 in a three-

dimensional spheroid based HUVEC sprouting assay. Unstimulated EC spheroids 

showed a limited sprouting in the surrounding collagen matrix, whereas VEGF-165 

stimulated EC spheroids sprouted spontaneously after one day of treatment. Both 
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LHT7 and LHTD4 were effective for preventing the sprouting of EC spheriods in 

the presence of pro-angiogenic factor VEGF-165 (Fig. 3-4). The number of sprouts 

was 22 ± 3 for the VEGF-165 treated group (the positive control group), whereas 

LHT7 and LHTD4 treated groups had 4 ± 1 and 1.5 ± 0.7 sprouts, respectively. 

 

3.3.3 Absorption mechanism of LHTD4 and its DCK complex in the intestine  
We used polarized intestinal epithelial Caco-2 cells that naturally express ASBT. We 

monitored the apparent permeability coefficient (Papp, apical to basolateral) of LHTD4 and 

its DCK complex, which represented the intestinal transport level (Fig. 3-5A). The 

Papp value of LHT7 was 2.6 ± 1.7 x 10-7 cm/sec; however, LHTD4 showed a 

significantly increased Papp value of 74.0 ± 27.2 x 10-7 cm/sec. The complexation of 

LHTD4 with DCK further increased its Papp such that the Papp values of 

LHTD4/DCK complex at the mole ratios of 1:5 and 1:10 were 83.8 ± 37.1 and 

135.0 ± 27.3 x 10-7 cm/sec, respectively. However, the Papp value of LHTD4/DCK 

complex at the mole ratio of 1:15 was lowered to 39.0 ± 27.3 x 10-7 cm/sec.  

As shown in Figure 3-5B, LHTD4/DCK complex was not found in the 

tight junctions, but it remained rather extensively in the cell membrane. To confirm 

the contribution of ASBT on the transport of LHTD4 and its DCK complex, human 

ASBT gene transfected MDCK-II (MDCK-ASBT) cells were used. It was observed 

that RITC-labeled LHTD4 was more highly accumulated in MDCK-ASBT cells 

than in the MDCK cells, indicating that LHTD4 was specifically uptaken into the 

cells via interaction with ASBT (Fig. 3-5C). The uptake of LHTD4/DCK complex 

was much higher in MDCK-ASBT cells than in MDCK cells. Furthermore, the 

uptake of LHTD4/DCK complex was higher than that of LHTD4 alone both in 

MDCK and in MDCK-ASBT cells. In ex-vivo oral absorption study, the primary 

absorption was noted at 2 h with the dissociation of the complex. However, the 

maximum absorption of RITC labeled LHTD4 and LHTD4/DCK complex in the 

gut of treated rats were observed at 6 h in tissue images (Fig. 3-6). On the other 

hand, LHT7 was not detected at any time points.  
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Figure 3-3 The schematic structure of the LHTD4/DCK complex.  

 

 
Figure 3-4 The inhibition of endothelial cell (EC) sprouting. (A) The representative 

images of spheroids at day 0 and day1. (B) The number of EC-sprout counts per 50 

spheroids per group. Data are mean ± SEM (n = 10). * p < 0.05 versus control. 
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LHTD4 without DCK complex was detected in the ileum of treated rats, where 

LHTD4/DCK complex was highly absorbed both in the jejunum and the ileum. It 

was also notable that the LHTD4/DCK complex tends to be dissociated from each 

other in tissues. 

 

3.3.4 Pharmacokinetic study  
The plasma profiles of LHT7, LHTD4, LHT7/DCK, and LHTD4/DCK complex 

after oral administration in rats were shown in Figure 3-7. The maximum plasma 

concentrations were observed at about 6 h after administration of both LHTD4 and 

LHTD4/DCK complex, respectively. The Cmax of LHTD4/DCK complex was 7.4 ± 

1.7 μg/ml, which was the highest among all orally administered groups. LHT7 was 

not detected in plasma after its oral administration. LHT7/DCK complex also 

showed much lower absorption in the GI tract than LHTD4 and LHTD4/DCK 

complex did. Moreover, the mean residence time (MRT) of LHTD4 was 3.56 ± 1.5 

h, whereas that of LHTD4/DCK complex was 7.5 ± 1.7 h. Finally, the oral 

bioavailability of LHT7/DCK complex, LHTD4 and LHTD4/DCK complex was 

calculated to be 3.8%, 14.8% and 34.3%, respectively. 

 

3.3.5 Inhibition effect of oral LHTD4/DCK complex on tumor growth  
The inhibition efficacies of orally administered LHT7, LHT7/DCK, LHTD4, and 

LHTD4/DCK complex on tumor growth were evaluated, as shown in Figure 3-8 A, 
B. Both LHT7 and LHT7/DCK did not show any significant anti-cancer effect. On 

the other hand, LHTD4/DCK complex at dose 5 mg/kg showed significant 

inhibition effects on tumor growth, with its terminated tumor volume of only 346.9 

± 25.23 mm3 (p value < 0.005), which is significantly reduced compared to that of 

the control group (2561.84 ± 161.65 mm3). The average tumor weight of 

LHTD4/DCK groups was also reduced after the termination of the experiment. 
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Figure 3-5 Drug absorption in different cell lines. (A) Apparent permeability study 

in Caco-2 monolayer cell line. (B) The uptake study in Caco-2 cell lines. Scale bars 

= 10 μm. (C) Absorption mechanism in MDCK (left panel) and ASBT-transfected 

MDCK cell lines (right panel). Scale bars = 10 μm. High magnification; scale bars 

= 5 μm. 
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Figure 3-6 Drug absorption in the different sections of the rat intestine at 6 h. Both 

of the LHT7 and LHTD4 were labeled with RITC, whereas DCK was labeled with 

FITC. Scale bars = 50 μm. 

 

 

 

Figure 3-7 (A) Plasma profile and (B) Oral bioavailability of LHT7/DCK, LHTD4 

and LHTD4/ DCK. The quantitative data is expressed as mean ± SEM (n = 10). 

* p < 0.05 versus control. The inset p-values in the figure indicated the 

significance between groups. 
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The immune staining of the tumor tissues (Fig. 3-8C) also showed significant anti-

angiogenic efficacy of LHTD4/DCK complex. In contrast to untreated mice, the 

CD34-staining was significantly reduced in the LHTD4/DCK complex treated 

group. Moreover, the proliferating cell number was also reduced in this group. Due 

to the decreased number of new blood vessel formation, the necrotic area (Tunnel 

assay) was significantly increased in the LHTD4/DCK group, which suggested that 

the anti-angiogenic effect of LHTD4/DCK complex reduced the tumor growth by 

inhibiting the blood vessel formation. The degree of angiogenesis inside the tumor 

tissue was directly imaged and measured by using X-ray μCT (Fig. 3-9 A, B). The 

mean blood vessel volume of LHTD4/DCK-treated group was 8.35 ± 0.4 mm3, 

whereas that of the control group was 76.19 ± 3.9 mm3, showing 89.0% regression. 

In addition, the mean blood vessel fraction was calculated by dividing the mean 

blood vessel volume by the mean tumor tissue volume because the tumoral blood 

vessel volume is not only dependent on the degree of expression of angiogenesis but 

also on the size of tumor tissue. The mean vessel fraction of LHTD4/DCK-treated 

group was 1.07 ± 0.01% while the control group was 2.66 ± 0.3%. Thereby, in the 

oral LHTD4/DCK-treated group, the absolute tumor blood vessel fraction was 

regressed to 77.2 ± 3.9%. 

 

3.4 Discussion 

LMWH-taurocholate conjugate (LHT7) has excellent angiogenesis inhibition 

effects throughout the blockade of VEGF and has been proved to be effective on 

different cancer cell lines that are highly dependent on angiogenesis [17]. 

Addressing the need for circumventing the parental route of antiangiogenic drug 

administration, we described herein the development of an oral formulation of 

LMWH-taurocholate based anti-angiogenic drug, named LHTD4. In order to 

develop an orally active LHT7, LHT7 was chemically conjugated with a tetrameric 

structure of dexoycholic acid to form LHTD4. 
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Figure 3-8 Anti-tumor efficacy and anti-angiogenic effect of LHTD4/DCK. 

(A) Tumor volume of control and orally administered of LHT7, LHT7/DCK, 

LHTD4 and LHTD4/DCK. Each group received 5 mg/kg dose daily as a 

treatment.  (B) The weight of the isolated tumor of each group. (C) The 

immunohistochemical analysis of the isolated tumor tissues. Staining of 

CD34 (upper panel; scale bar = 50 μm), PCNA (middle panel; scale bar = 20 

μm), and Tunnel (lower panel; scale bar = 20 μm). 
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Figure 3-9 (A) The representative images of Control and LHTD4/DCK 

treated SCC7 tumors obtained by X-ray μCT. Scale bars = 5 mm. (B) Tumor 

vessel fraction (left panel) and vessel volumes (right panel) were calculated 

through reconstruction of vasculatures followed by computed calculation of 

volume using Mimics 1.3 software. n = 3. The quantitative data is expressed 

as mean ± SEM (n = 10). * p < 0.05 versus control, ** p < 0.01 versus 

control. The inset p-values in the figure indicated the significance between 

groups. VV = vessel volume, TV = tumor volume. 
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The oligomeric deoxycholic acid (in this case, tetraDOCA) mediated oral delivery 

of LMWH showed promising results by increasing oral absorption in our previous 

study [21]. The mechanism was attributed to a newly proposed vesicular transport 

mechanism for ASBT, where the functional transformation of ASBT is induced by 

the high-affinity binding tetraDOCA modified LMWH conjugate [27]. It has been 

found that tetraDOCA modified LMWH conjugate bound with ASBT in the apical 

membrane is internalized into the cell by forming vesicles instead of penetrating 

through the transporter. Thus the newly found receptor-like transformation of ASBT, 

induced by tetraDOCA conjugated LMWH, is further utilized in this study to 

develop the oral angiogenesis inhibitor LHTD4. The end site-specific conjugation 

of tetraDOCA to LHT7 significantly increased its partition in tissue (Ko/w) as well 

as retaining the anti-angiogenic property of LHT7, as confirmed by in vitro spheroid 

based HUVEC sprouting assay. LHTD4 was further allowed for physical 

complexation with another bile acid based enhancer, namely DCK, which 

deliberately masked the negative charges of LHTD4 such as sulfonyl groups. 

Deoxycholic acid based enhancers have also been previously developed for the oral 

delivery of negatively charged drugs [28, 33]. The distinguished structure of DCK is 

characterized by having amphiphilic steroid nucleus with a hydrophobic and 

hydrophilic side chain at periphery, along with a positively charged focal quaternary 

amine group. Since DCK preserves the natural characteristics of bile acids, it may 

also augment the binding of LHTD4 with ASBT at the absorption site. We found 

that once DCK makes an ion-pairing interaction with LHTD4 based on opposite 

electrostatic charge, the lipophilicity of LHTD4/DCK complex is improved.  

Transport studies in Caco-2 cells summarized that LHTD4/DCK complex at 

a mole ratio of 1:10 acquired optimum complexation for oral formulation. 

LHTD4/DCK complex was taken up into the cytoplasm of Caco-2 cells, but not co-

localized with paracellular markers. To evaluate the role of bile acid transporters in 

transporting LHTD4, we compared the uptake in ASBT transfected and in the non-

transfected MDCK-II cells. LHTD4 was up-taken to the cytoplasm of MDCK-

ASBT cells, but the uptake was not observed in non-transfected MDCK cells. This 

finding substantiated the hypothesis that the conjugated tetraDOCA would allow 
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the interaction of LHTD4 with ASBT at the apical membrane, thereby facilitating 

the uptake into the cells. In both MDCK and MDCK-ASBT cells, DCK markedly 

promoted the uptake of RITC labeled LHTD4. This suggests that DCK enhances the 

transcellular uptake of LHTD4 by both normal and ASBT-expressed enterocytes. To 

explain the mechanism by which LHTD4/DCK complex can be absorbed in the 

intestine, the following hypothesis may be conceived; 1) The conjugation of 

tetraDOCA to LHT7 and further complexation with DCK might increase the local 

concentration gradient via interacting with ASBT at the membrane site. 2) The 

interaction of physically associated LHTD4/DCK complex with ASBT might also 

lead the way to enhance intestinal transport by the proposed vesicular transport 

mechanism [27]. However, further studies will be required to verify this mechanism.  

LHTD4 penetrated the gut epithelium lining the luminal side of the ileum, 

where LHT7 was not absorbed at all in the small intestine. On the other hand, the 

LHTD4/DCK complex was highly absorbed in the duodenum and the ileum. Both 

LHTD4 and the LHTD4/DCK complex were mainly absorbed in the ileum, since 

ASBT is highly expressed in the ileum and the interaction of the conjugated 

tetraDOCA with ASBT might be the main mechanism of the drug absorption in the 

GI tract. These results indicated that the intestinal absorption of LHTD4 could be 

improved by DCK mediated targeting to both enterocyte, each having high ASBT 

expression (ileum) and low ASBT expression (duodenum). In serum, the 

LHTD4/DCK complex had significantly higher concentration and longer MRT of at 

least 7.5 h after administration compared to that of LHT7/DCK (MRT of 

LHT7/DCK was 3.0 h).  

Orally administered LHTD4 and LHTD4/DCK complex showed substantial 

antitumor effects (73 ± 5% and 86 ± 3% reduction in volume, respectively, p < 0.05), 

whereas orally administered LHT7 and LHT7/DCK complex did not show any 

significant difference from the control group. The immunohistochemical analysis 

showed LHTD4-induced reduction of proliferation (PCNA) and angiogenesis 

(CD34). Tunnel staining indicated a high level of apoptosis in the tumor cells after 2 

weeks of both LHTD4 and LHTD4/DCK treatment. X-ray μCT analysis revealed 

that both absolute intratumoral blood vessel volume and their fractions in the tumor 
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tissues were significantly suppressed. These results suggest that the inhibition of 

tumoral angiogenesis by orally administered LHTD4/DCK complex leads to the 

apoptosis and regression of tumor cells.  

 

3.5 Conclusion 
Anti-angiogenic inhibitor, LHT7, was highly absorbed by chemical conjugation 

with tetrameric deoxycholic acid and by physical complexation with DCK. Orally 

active LHTD4/DCK complex has a promising therapeutic potential for treating 

solid tumors by virtue of retaining the anti-angiogenic property of the generic 

molecule, LHT7; while, on the other hand, possessing important advantages over 

non-invasive delivery methods. If the long-term safety of oral LHTD4/DCK 

complex can be approved, this drug could be used as maintenance chemotherapy. 
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Chapter: 4 

 
Targeting multiple stages of metastasis using 

orally active bile acetylated low molecular 

weight heparin derivative (LHTD4) 
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4.1 Introduction 
Metastases represent the end products of a multistep cell-biological process, which 

involves dissemination of cancer cells to anatomically distant organ sites and their 

subsequent adaptation to foreign tissue microenvironments. As the culprit behind 

most cancer-related deaths, metastasis is the ultimate challenge in our effort to 

fight  cancer as a life-threatening disease.  

 

4.1.1 Role of metastasis in the cancer progression and therapy 

The explosive growth of metastasis research in the past decade has yielded   an 

unprecedented wealth of information about the tumor-intrinsic and tumor-extrinsic 

mechanisms that dictate metastatic behaviors, the molecular and cellular basis 

underlying the distinct courses of metastatic progression in different cancers and 

what renders metastatic cancer refractory to available therapies. However, 

integration of such new knowledge into an improved, metastasis-oriented 

oncological drug development strategy is needed to thwart the development of 

metastatic disease at every stage of progression. Although it can be easily depicted 

in a linear fashion, the process is largely nonlinear, non-passive and consists of 

reactive feedback loops between tumor cells and host cells in the tumor 

microenvironment.  

There are seven different steps in metastasis process- 1) invade locally 

through surrounding extracellular matrix (ECM) and stromal layers, 2) intravasate 

into the lumina of blood vessels, 3) survive the rigors of transport through the 

vasculature, 4) arrest at distant organ site, 5) extravasate into the parenchyma of 

distant tissues, 6) initially survive in those foreign microenvironments in order to 

form micrometastases, and 7) reinitiate their proliferative programs at metastatic 

sites, thereby generating macroscopic, clinically detectable neoplastic growths 

(metastatic colony) [1]. Once initiated, the growth of a tumor is comparable to that 

of a chronic wound as the unrestricted proliferation of cancer cells disrupts local 

homeostasis, leading to acidosis, hypoxia and altered systemic and tissue pressures. 

In an attempt to compensate, the host activates wound repair mechanisms including 



 92 

vascularization, providing the neoplasm with a supply of nutrients, waste removal 

and an escape route for the prospective metastatic cell. Simultaneously, the physical 

stress of the growing lesion initiates an inflammatory response that mobilizes bone 

marrow-derived cells (BMDCs) and other leukocytes to the primary and potential 

secondary sites. This unnatural mix of cells creates a reactive microenvironment in 

which a milieu of growth factors, cytokines and extracellular matrix (ECM) proteins 

are deposited. Inflammation in an acute setting is resolved rapidly but in a tumor it 

fails to resolve, stimulating ongoing involvement of immune-regulatory cells that 

dampen the antitumor immune response.  

Remodeling of ECM proteins within the interstitial space is a hallmark of 

highly invasive cancers. Activation of latent proteases and oxidoreductase enzymes, 

among others, alters ECM topology and aids in tumor cell invasion via the release 

of pro-migratory peptides and the exposure of cryptic adhesive sites. Ligation of 

tumor cell adhesion receptors to this modified ECM activates intracellular signaling 

pathway that induce invasion through the stroma and eventually into the lymphatics 

or the bloodstream.  

Once in circulation, the cancer cell must resist the physical stress caused by 

loss of adhesion and vascular turbulence before its arrest in a distant capillary bed. 

During transit, tumor cells can form a bolus with platelets, which protects them 

from the stresses of shear flow and enhances their sensitivity to chemokine 

gradients. Through a combination of physical obstruction, complementary adhesive 

contacts and attractive chemokine gradients, the tumor bolus is lured to and 

becomes trapped in capillaries at the secondary site. From here, lodged tumor cells 

may grow as an intravascular metastasis (a metastatic tumor that initiates within the 

vasculature within a secondary tissue) or they may reactivate proteolytic and 

migration-based mechanisms to extravasate into the secondary tissue.  

Several studies have shown that most tumor cells can achieve these steps 

and lodge in a secondary site but nearly all die soon after. However, the long latency 

between initial therapy and the onset of metastatic disease, which is a hallmark 

primarily of oestrogen receptor (ER)-positive breast cancers demonstrates that 

tumor cells can remain in a dormant state for many years. In one study, one-third of 
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patients with breast cancer without clinical evidence of disease, who were examined 

between 7 and 22 years after diagnosis, had circulating tumor cells (CTCs) that 

remained at a steady-state level (1–2 cells per 12 ml of blood) despite lasting less 

than 3 hours in circulation.  

The implication from this study is that the CTCs are being replenished, 

presumably via division of DTCs, in tissues such as the bone marrow and shed into 

the circulation. DTCs may initiate rapid growth or they may enter a state of 

dormancy that can last for many years. Dormant cells have variably been proposed 

to exist as single cells in G0 or G1 cell cycle arrest, or to be actively cycling, but 

their colony size is restricted either by lack of angiogenesis or by immune-

surveillance. The mechanism by which a dormant metastatic cell is able to adapt to 

foreign micro-environmental growth cues and re-establish a proliferative status is 

not yet understood. 

 

4.1.2 Importance of metastasis and anti-metastatic targets for the breast cancer 
treatment 

Nearly all deaths caused by solid cancers occur as a result of metastasis — the 

formation of secondary tumors in distant organs such as the lungs, liver, brain and 

bone. A major obstruction to the development of drugs with anti-metastatic efficacy 

is our fragmented understanding of how tumors ‘evolve’ and metastasize, at both 

the biological and genetic levels. Furthermore, although there is significant overlap 

in the metastatic process among different types of cancer, there are also marked 

differences in the propensity to metastasize, the extent of metastasis, the sites to 

which the tumor metastasizes, the kinetics of the process and the mechanisms 

involved. Here, we consider the case of breast cancer, which has some marked 

distinguishing features compared with other types of cancer.  
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Figure 4-1 The metastasis process during the cancer progression. Here, 1) invade 

locally through surrounding extracellular matrix (ECM) and stromal layers, (2) 

intravasate into the lumina of blood vessels, (3) survive the rigors of transport 

through the vasculature, (4) arrest at distant organ site, (5) extravasate into the 

parenchyma of distant tissues, (6) initially survive in those foreign 

microenvironments in order to form micrmetastases, and (7) reinitiate their 

proliferative programs at metastatic sites, thereby generating macroscopic, clinically 

detectable neoplastic growths (metastatic colony). 
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It is estimated that over 230,000 new cases of invasive breast cancer were 

diagnosed in 2011 in the United States alone. With up to 20% of these patients 

likely to develop metastatic disease the identification and implementation of more 

effective therapies is a high priority. Although the cruicial reason lies behind the 

genetic instability, the cyrokines, and growth factors in corporate with chemokines 

play a huge role in the development of the breast cancer metastasis. So, applying 

specific targets to those growth factors, cytokines or chemokines could help to 

inhibition the development of the meatstatic spread of the breast cancer [2].  

There are several specific targeting agents, which are in the different phases 

of the clinical trails and clinical application. But using one single agent could rise of 

another pathways to develop the metastasis. So using agents based on the theory to 

target several growth factors and cytokines together- could be a fruitful research for 

fighting against the breast caner. 

 

4.1.3 Role of TGFβ1 and CXCL12 in metastasis 
Breast cancer is one of the leading causes of cancer death in women, as cancer 

patients are prone to develop metastases in distant organs, preferentially to lungs 

and bone [3, 4]. Despite significant improvements in early cancer detection and 

therapeutic interventions, patients diagnosed with cancer metastasis have become 

intolerable to succumb the disease [5, 6]. Tumor cells intravasate from the primary 

tumor site to blood or lymphatic vessels, survive, and extravasate into distant organs 

[7]. Multiple factors are associated with this process of tumor colonization. 

Transforming growth factor beta (TGFβ1) is one of the major closely associated 

factors, responsible for the colonization of breast cancer cells from primary 

neoplasm to lung or other organs [8, 9]. TGFβ1-signaling controls a vast majority of 

cellular responses, including growth, differentiation, motility, and adhesion [2]. At 

the early stage of cancer, TGFβ1 act as a tumor suppressor; however, at stages of 

advanced cancer, TGFβ1 is reprogrammed with tumor-promoting activity, including 

cancer migration and invasion, metastatic colonization, and evasion from immune 

attack, as a prelude to distant dissemination [10, 11]. Migration and invasion of 

epithelial carcinomas are highly influenced by TGFβ1, leading to a crosstalk 
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between tumoral stroma and breakdown of basement membrane, a molecular 

mechanism akin to epithelial-to-mesenchymal transitions (EMT) (Fig. 4-2) [12-14]. 

During EMT, carcinoma cells lose epithelial characteristics and acquire invasive 

properties. 

On the other hand, to establish overt metastasis at the secondary site, tumor 

cells establish a reverse transition from mesenchymal to epithelial (MET) 

morphology and re-acquire proliferative mechanisms [15]. The chemokine receptor 

CXCR4, which overexpress in primary breast tumor cells, and its ligand CXCL12 

has been associated with MET process [15, 16]. High CXCR4 expression can direct 

chemotaxis and invasive responses to breast cancer cells and correlate with poor 

clinical outcomes [17]. Binding of CXCL12 to CXCR4 promotes tumorigenic 

process of breast cancer cell by several mechanisms; 1) CXCR4 expressed cells 

colonize to organs where CXCL12 is expressed, 2) elevated CXCL12 levels are 

associated with survival and growth of cancer cells, metastasis, and angiogenesis in 

a paracrine fashion [18, 19]. Several molecules have been developed which target 

either TGFβ1 signaling or CXCR4-CXCL12 interaction or other specific molecular 

targets for the treatment of breast cancer and hold promise to improve the critical 

metastatic condition [20]. However, considering the specific role of different 

molecular factors in the metastatic cascade, targeting a single factor would not be 

effective for blocking metastasis unless the same factor has an essential role in the 

later stage of the metastatic cascade [2]. As a fact the majority of metastatic patients 

are still incurable that open up a serious consideration for new therapeutic window 

against metastases. 

 

4.1.4 Anti-metastatic effect oh heparin 
Heparins are commonly administered to cancer patients for the treatment and pro- 

prophylaxis of thromboembolic events. Importantly, apart from the anti-thrombotic 

action of these drugs, several clinical trials have demonstrated an improved survival 

of cancer patients who were administered low molecular weight heparin (LMWH). 

This improved survival was independent of the anti-thrombotic efficacy, since 

vitamin K antagonists did not improve clinical prognosis.  
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Figure 4-2 The schematic illustration of the TGFβ1 action on the beginning of the 

cell migration (1) and after the dissemination, the survival cells expressed the 

CXCR4 get contact with the consecutive chemokine CXCL12 and attach to the 

organs which secret the chemokine and begin to seed and proliferate (2). 
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Moreover, this protective effect was not the result of an inhibition of the growth of 

primary tumors, but rather the prevention of the spreading of cancer through 

metastases. This has been also shown in some animal experiments. The protective 

effect of heparins, however, could be seen only for some kinds of cancer. There are 

several anti-metastaic mechanism of heparin has been well studied. Most likely, 

heparin-dependent inhibition of metastases could be secondary to a restraint of P- 

and L-selectin mediated interactions of platelets with circulating neoplastic cells, a 

modulation of the chemokine CXCL12/CXCR4 axis, an inhibition of heparanase 

activity, or the inhibition of angiogenesis in the tumor [21]. The combined effect of 

the above-described mechanisms should be also taken into account. This potential 

anti-metastatic role of heparins may imply that cancer patients should be 

administered LMWHs instead of oral anticoagulants for the prevention and 

treatment of thromboembolic events. Clinical recommendations on LMWHs in 

cancer patients should be revisited in regards to the anti-metastatic efficacy of these 

drugs. Additionally, findings regarding heparins may provide a useful framework 

for research on novel anti-metastatic drugs. 

 

4.1.5 Objective of the study 
Previously, series of chemically modified heparin had developed by conjugating 

with different types of bile acids that demonstrated high anti-angiogenesis effect in 

tumor growth inhibition studies [22-24]. Taurocholate conjugated LMWH, LHT7, 

had highly specific binding affinity to growth factors without any anticoagulant 

activity [22, 25]. The increased binding affinity was attributed to the heparin-

binding domain (HBD) of growth factors and additional electrostatic interactions 

from the terminal sulfate groups of conjugated taurocholic acids. Thus the presence 

of HBD in different growth factors or cytokines and the binding stability of the 

heparin derivatives to those HBDs in different GFs or cytokines help us to study and 

evaluate the biological effectiveness and targeting of heparin moiteis with different 

GFs and cytokines.  
In this study, the therapeutic potential of orally active LHTD4 against 

metastasis was evaluated. Here, LHTD4 was developed as a new oral anti-
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metastatic agent for advanced breast cancer metastasis. At first, LHTD4 was 

synthesized by conjugating LMWH-taurocholate conjugate, developed in our 

previous studies, with a tetramer of dexoycholic acid [26]. Both further 

modification of LHT7 with tetrameric deoxycholic acid (LHTD4) and the oral 

formulation using another bile acid derivative, DCK (l-lysine-

deoxycholylethylamine), as an absorption enhancer were enabled promising oral 

absorption of this new heparin conjugate, LHTD4 [27]. However, as mentioned 

earlier, as a heparin derivative, LHTD4 has probable potential to be more specific to 

TGFβ1 and CXCL12 through their consensus sequence for heparin binding and 

additional interactions that could be governed by the conjugated bile acid moieties. 

We observed the effects of LHTD4 that negatively regulate the functions of TGFβ1 

and CXCL12 on breast cancer cell migration and invasion. We also evaluated the 

therapeutic efficacy of LHTD4 in several advanced orthotopic and experimental 

breast cancer metastasis mouse models. Collectively, the clinically relevant dose of 

orally active LHTD4 could be used without any potential toxicity. 

 

4.2 Materials and Methods 
4.2.1 Material 
The chemical conjugate of low molecular weight heparin and taurocholate (LHT7) 

was synthesized by introducing a primary amine to 4-hydroxyl group of TCA by 

activating its hydroxyl group using 4-nitrophenylchloroformate in the presence of 

triethylamine, followed by adding ethylenediamine (EDA). The amine group of 

EDA introduced to TCA was conjugated with carboxylate group of LMWH 

(Fraxiparin; Glaxo Smith Kline, Genval, Belgium) by the EDAC/NHS coupling 

method to produce LHT7. The final product, LHT7, was analyzed by 1H-NMR 

(Avance, Bruker, MA) and the coupling ratio of the conjugated TCA was 

determined by using the quantitative detection method of bile acid. 

 LHTD4 was synthesized by coupling of LHT7 with a tetramer of 

deoxycholic acid (tetraDOCA) in a previously described method [27]. In brief, 

tetraDOCA was synthesized as lysine dimer, BOC-CH3O-lys(lys(boc)2), and 
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synthesized by the peptide synthesis method. On the other hand, DOCA was 

activated using the DCC/HOSu coupling method to obtain DOCA-OSu. Four amine 

groups of the lysine trimer were then reacted with DOCA-OSu, thereby forming 

tetraDOCA. The tetraDOCA was purified on a preparative column packed with 

silica gel and a mixture of 10% MeOH/MC as an eluent. Finally, tetraDOCA was 

reacted with EDA to obtain N-tetradeoxycholylethylamine (tetraDOCA-NH2), 

followed by passing through a silica gel-packed column for the final purification.  

 Deoxycholylethylamine (DCK) was synthesized as described in the 

previous study and used as an absorption enhancer [28].  According to previous 

study, the physical complexation of LHTD4 and DCK was prepared by mixing in 

distilled water at molar ratios 1:10. The formation of LHTD4/DCK complex was 

confirmed by turbidity. 

 

4.2.2 Binding affinity and simulation study with LHTD4 with TGFβ1 and 
CXCL12 
Binding affinity study of LHTD4 was carried out with human TGFβ1 (RnD 

systems). Binding measurement between LHTD4 and recombinant human TGFβ1 

was performed by surface plasmon resonance on a BIAcore T100 (GE Healthcare, 

Uppsala, Sweden). The sample analyte, LHTD4, was prepared at concentrations 

ranging from 1 to 0.001 mM in containing EDTA containing HEPES buffer 

supplemented with 150 mM NaCl, which was also used as a running buffer. To 

immobilize rh-TGFβ1, the surface of a CM5 sensor chip (GE Healthcare, Uppsala, 

Sweden) was activated using the amide-coupling method. The immobilization of rh 

TGFβ1 was controlled to achieve 400–500 response units. The flow rate of analyte 

was adjusted to 20 mL/min. To regenerate the surface of the sensor chip, 50 mM 

NaOH was discharged after each cycle of analysis. Each concentration was run in 

triplicate. The data were analyzed for curve fitting using BIAcore T100 evaluation 

software (GE Healthcare). 

The molecular structures of TGFβ1 and CXCL12 already have been 

reported [29, 30]. Before docking calculations, the structure of LHTD4 fragment 

was created using ChemBioDraw Ultra 11.0 and ChemBio3D Ultra 11.0 
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(Cambridge Soft, CA). All bonds of LHTD4 fragment were treated as active 

torsional bonds. The 3D coordinates of both TGFβ1 and CXCL12 were converted 

into an appropriate format using the AutoDockTools package by adding Gasteiger 

charges. For all docking studies, grid boxes were centered at the heparin-binding 

domain of each protein. The molecular docking simulation of both TGFβ1 and 

CXCL12 were performed using the AutoDock Vina 1.0.3 program [31]. Illustrations 

of the 3D model were generated and visualized using the PyMol® program. 

 

4.2.3 Cell culture 
For this study, Human metastatic breast cancer Estrogen-receptor-negative ductal 

cell line, MDA-MB-231 was used for both in vivo and in vitro studies. MDA-MB-

231 cell lines were purchased from Korean Cell Line Bank (KCLB, Seoul, South 

Korea). The passage number of the cell used for this experiment was between 38-40. 

For in vivo studies, luciferase-labeled MDA-MB-231 (passage no. 3-4) was 

purchased from Caliper Sciences, Inc. (Hopkinton, MA). Both types of MDA-MB-

231 cell lines were cultured with Dulbecco’s Modified Eagle’s Media (DMEM) 

high glucose, by adding 10% Fetal Bovine Serum (FBS), 1% antibiotic-antimycotic 

and 1% of Non-essential Amino Acid, incubating in CO2-incubator. 

 

4.2.4 Cell migration and chemotaxsis assay induced by TGFβ1 and CXCL12 
respectively 
Cell migration assay was carried out with MDA-MB-231 cell line using OrisTM Cell 

Migration assay kit (Collagen I Coated, Platypus Technology, WI) according to the 

manufacturer’s instruction. At first, 103 cells were seeded per well and incubate 

them for 6 h in the CO2 incubator.  Then after removing the stopper, the cells were 

again incubated overnight in the CO2 incubator with the test materials. Here, in one 

set of experiment, the cells were treated with different groups- control (GF reduced 

media), TGFβ1 (10 ng/ml), LHTD4 (5μg/ml) + TGFβ1 and LMWH (5μg/ml) + 

TGFβ1, and another sets of experiment was designed to evaluate the dose 

dependency of LHTD4 (with TGFβ1-10ng/ml) using various concentrations, such 

as, 50, 5, 0.5, 0.05 and 0.005 μg/ml. At the end, all cells were stained with 
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CalcinAM® after fixing the cells with 4% PFA and the migrated cells (in the middle 

of the well) were observed through fluorescence microscope (Nikkon Co., Japan). 

All the groups of cells were compared with the negative control group, where, the 

stoppers of the two groups (wells) were not removed during the treatment period. 

All the groups were evaluated as triplicate for reducing the experimental error. 

 The chemotaxis assays were carried using CytoselectTM 24-well cell 

migration assay kit (Cell biolabs, Inc., San Diego, CA) with MDA-MB-231 cells as 

described in manufacturer’s instruction. The cells were, at first, seeded in the upper 

wells of the 24-well transmigration chambers (pore size-8 μm) and media (GF 

reduced), CXCL12 (100 ng/ml), CXCL12 +LMWH (concentration was same as 

other in vitro assays) and CXCL12 + LHTD4 (concentration was same as other in 

vitro assays), were added to the lower well. All the plates were incubated for over 

night in the CO2 incubator and finally with the staining of the migrated cells 

migrated to the lower chamber with the cell-stained solution (provided by the kit), 

counted and also extracted using the cell-extraction solution (provided by the kit) 

and read the absorbance value of the extracted solution (reading was triplicated for 

each solution) at 560 nm.  

 

4.2.5 Role of LHTD4 in epithelial to mesenchymal transition (EMT) related 
protein expression induced by TGFβ1 
TGFβ1 signaling inhibition assay was performed through evaluating the expression 

of Vimentin and Snail after treating the MDA-MB-231 cell lines with Vehicle 

Control (GF reduced media; no treatment), TGFβ1 (10 ng/ml), LHTD4 (5μg/ml) + 

TGFβ1 and LMWH (5μg/ml) + TGFβ1. The expression of each protein was 

confirmed using both immunobloting and confocal image observation. 

Immunobloting was performed as mentioned above using following following 

anitbodies- anti-human Vimentin anti-body and anti-human SNAIL antibody (R&D 

systems Inc., Minneapolis, MN) with SDS-PAGE gels at concentration 7.5%, 10% 

and 12%, respectively. In another assay, we observed the aforementioned three 

proteins’ expression with the treatment of control (no treatment), TGFβ1 (10 ng/ml), 

LHTD4 (5 μg/ml) + TGFβ1 and LMWH (5 μg/ml) + TGFβ1 using human 3-color 
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EMT cytochemistry kit (R&D systmes Inc., Minneapolis, MN) through confocal 

microscopy. For this experiment, MDA-MB-231 cell line was used and for the assay 

cells were cultured till full confluence  and after 48 h incubation with the material, 

the cells were fixed with PBS containing 4% paraformaldehyde and blocked with 

PBS containing 10% normal donkey serum, 0.3% Triton® X-100, and 1% BSA. 

After blocking, cells were incubated in blocking buffer with all three conjugated 

antibodies (anti-human SNAIL NL557-conjugated Goat IgG and anti-human 

Vimentin NL493-conjugated Rat IgG) of the kit for overnight at 40C; each at a final 

concentration of 1X (1:10 dilution). Then, the cells were washed, counter stained 

with Hoechst and subjected to observe through confocal microscopy (Carl Zeiss 

LSM710, Leica DM IRB/E; Leica Co., Germany) using absorption 557 nm, 637 nm 

and 493 nm for the expression of SNAIL, E-Cadherin and Vimentin respectively 

according to manufacturer’s instruction. Here, each group was repeated three times 

for the expression confirmation. 

 
4.2.6 In-vitro evaluation of TGFβ1R1 receptor phosphorylation by using 
LHTD4 
In vitro phosphorylation inhibition was observed by evaluating both immunobloting 

method and confocal imaging. For immunobloting assay (western blot), MDA-MB-

231 cells were cultured in 6-well dish at 2x103 cells/well. When the cells were 90-95% 

confluent, the cells were fasted for over night. The following day, cells were treated 

with the following treatment groups- Control (GF reduced media; no treatment), 

TGFβ1 (10 ng/ml), LHTD4 (5 μg/ml) + TGFβ1 and LMWH (5 μg/ml) + TGFβ1. In 

1st set of experiment, the phosphorylation time was evaluated only using TGFβ1 (10 

ng/ml) and compared with control (data is not presented here) at different time 

points. As the highest phosphorylation time was observed at 3rd hour of the 

treatment, for second set of experiment, we treated all the group of cells for 3 h. 

After incubation, cells were lysed using lysis buffer (20mM Tris pH7.4, 15% 

glycerol, 1% Triton X-100, 8 mM MgSO4, 150 mM NaCl, phosphatase inhibitor and 

1 mM EDTA in water) and collected the lysate using scrapper after gentle shaking 

with the orbital shaker and then, the supernatant of the lysate were collected after 
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centrifuged (14000 X g, 15 min at 40C). Before blotting, the amount of protein 

present in the cell lysates was measured using protein detection kit (Pierce, 

Rockford, Ill). The western blot was performed using 12% Bis-Tris gel. 

 For the visualization of phosphorylation in MDA-MB-231 cell lines, cells 

were seeded into the IVF confocal dish and cultured for 2 days. After an overnight 

fasting, cells were treated with Vehicle Control (negative control; Growth factor 

reduced media), TGFβ1 (10 ng/ml), LHTD4 (5 μg/ml) + TGFβ1 and LMWH 

(5μg/ml) + TGFβ1 for 3 h. After washing, cells were blocked with 4% 

Paraformaldehyde (PFA) and then permeablized using 3% Triton X-100 in a 

blocking solution prepared from 10% normal goat serum in PBS for 40 min. After 

permeabilization, cells were incubated with human anti-goat-TGF β1R1 primary 

antibody (Abcam, Cambridge, UK) for over night at 40C. On the next day, cells 

were washed and the primary antibodies were stained with Alexa Flour®488 

(green)-labeled secondary antibody. Nuclei were counterstained with Hoechst 

33258 dye. Fluorescence images were then observed under a confocal microscope 

(Carl Zeiss LSM710, Leica DM IRB/E; Leica Co., Germany). 

 
4.2.7 In-vitro evaluation of CXCR4 receptor phosphorylation by using LHTD4 
In vitro phosphorylation inhibition was observed by evaluating both immunobloting 

method and confocal imaging. For immunobloting assay (western blot), MDA-MB-

231 cells were cultured in 6-well dish at 2x103 cells/well. After a set of experiment 

determining the peak phosphorylation time, cells were fixed to incubate for 3 h for 

this experiment also. So, for this study, after the cells were 90-95% confluent, they 

were fasted for over night. The following day, cells were treated with Vehicle 

control (GF reduced media), CXCL12 (100 ng/ml), CXCL12 + LMWH (5 μg/ml) 

and CXCL12 + LHTD4 (5 μg/ml) for 3h and subjected to lysis using lysis buffer 

(20mM Tris pH7.4, 15% glycerol, 1% Triton X-100, 8 mM MgSO4, 150 mM NaCl, 

phosphatase inhibitor) and 1 mM EDTA in water) and collected using scrapper after 

gentle shaking with the orbital shaker and then, supernatant of the lysate were 

collected after centrifuged (14000 X g, 15 min at 40C). Before blotting, the amount 

of protein present in the cell lysates was measured using protein detection kit 
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(Pierce, Rockford, Ill). The western blot was performed using 10% SDS-PAGE for 

the analysis. 

For the visualization of CXCR4 phosphorylation in MDA-MB-231 cell 

lines, cells were seeded into the IVF confocal dish and cultured for 2 days. After an 

over night fasting, cells were treated with Vehicle control (GF reduced media), 

CXCL12 (100 ng/ml), CXCL12 + LMWH (5 μg/ml) and CXCL12 + LHTD4 (5 

μg/ml) for 3h. After washing, cells were blocked with 4% Paraformaldehyde (PFA) 

and then permeablized using 3% Triton X-100 in a blocking solution prepared from 

10% normal goat serum in PBS for 40 min. After permeabilization, cells were 

incubated with human anti-rabbit-CXCR4 primary antibody (Abcam, Cambridge, 

UK) for over night at 40C. On the next day, cells were washed and the primary 

antibodies were stained with Alexa Flour®488 (green)-labeled secondary antibody. 

Nuclei were counterstained with Hoechst 33258 dye. Fluorescence images were 

then observed under a confocal microscope (Carl Zeiss LSM710, Leica DM IRB/E; 

Leica Co., Germany). 

 
4.2.8 In-vivo anti-metastatic effect of LHTD4 in murine breast cancer cell line 
4T1-LUC-tdmt orthotopic and resection model 
Murine 4T1-LUC-tdmt cells were used to evaluate the in-vivo anti-metastatic effect 

in mice. Generally, we have studied two different kind of models with this cell line- 

firstly, orthotopic model and secondly, resected model. In first model, the 4T1-

LUC-tdmt cell line were inoculated in the mammary fat-pad of the female nude 

mice. When the tumor reached to ~ 70 mm3 in volume we started to treat one set of 

animal with LHTD4/DCK complex orally daily for 2 weeks. Through this 

experiment we have evaluated the anti-metastatic spread of the cells. In second 

study, we evaluated the anti-metastatic effect of in the advanced stage. We 

inoculated the 4T1 cell line in the mammary fat-pad and wait until the tumor 

volume up to 400 mm3. Then the tumor is resected and we divided the resected mice 

in two groups; control (no treatment) and LHTD4/DCK (p.o). These groups were 

used for the evaluation of the anti-metastatic effect in the advanced stage of 

metastasis, where all the primary tumor microenvironment regulations were avoided. 
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4.2.9 In-vivo anti-metastatic growth in accelerated metastatic model using 
human breast cancer cell line MDA-MB-231-LUC2 cell line 

MDA-MB231-LUC2 (1.3 x 106 cells) were injected directly into the tail vein of 6- 

to 8-week-old female BALB/c allogeneic athymic nude (nu/nu) mice (Orientbio, 

Gyung-hi do, Korea). The mice were randomly divided into two different groups (n 

= 10 mice in each group), such as, control (no-treatment) and drug treated group 

(LHTD4/DCK; at dose 5 mg/kg/daily). Metastatic disease progression in MDA-

MD-231 tumor-bearing animals was monitored weekly. For this model, one group 

of mice were treated for 60 days and the image were analyzed using IVIS® 

Xenogen 100 after 10 min of the injection of D-Luciferin (Parenkeimer, NY) 

enzyme at 150 mg/kg dose and 37.5 mg/ml concentration per mice. All the images 

were analyzed using Live Imaging® Software and normalized against the Control 

(non-treated group). After the treatement, all the mice were sacrificed for 

examination at 60th day, after tumor inoculation. During the sacrifice, the images of 

the post-dissected organs were also observed by inducing Luciferin activity. For this, 

at first the mice were injected and then with in 5 minutes the organs were collected 

and the image were captured with in next 6 minutes and normalized as above 

mentioned. 

 
4.2.10 In-vivo anti-metastatic spread effect of LHTD4/DCK in orthotopic 
model using MDA-MB-231-LUC2 cell line 

Orthotopic tumor implantation of MDA-MB-231-LUC2 cells (2x105 cells) were 

implanted into the mammary fat pad of 4- to 6-week-old female SCID CB-17 mice, 

respectively. After the volume of the tumor reached up to 600mm3 (Photon count of 

bioluminescence 105), all the mice were divided into two groups- Control and 

LHTD4/DCK-treatment, and the treatment was started. The tumor volume of the 

mice for starting the treatment was determined according to previously established 

metastasis breast cancer orthotopic model. Here, experimental endpoint was reached 

when more than 50% of the group average tumor volumes of >1500 mm3; so, in 
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total the mice were treated for 4-weeks duration.  Every 7th day after the treatment, 

the luminescence was measured and through the image analysis, using the Live 

Imaging 4.2 (ParkinElmer, NY) the metastatic spread was evaluated. The 

bioluminescence was measured using D-Luciferin i.p injection using the same 

protocol as mentioned in the previous lung metastasis model. 

 

4.3 Results 
4.3.1 Chemistry and binding affinity of LHTD4 with TGFβ1 and CXCL12 
Fragment based structural studies were used to confirm whether LMWH and 

LHTD4 could bind with TGFβ1. We performed a molecular docking modeling with 

the x-ray crystal structure of TGFβ1 and fragments of LMWH and LHTD4. The 

model structure of the TGFβ1-LMWH complex showed that Arg 25, Lys 31, Lys 37, 

Lys 91, and His 34 of TGFβ1 played critical roles in the binding of LMWH 

fragment (Fig. 4-3). The key interactions for the same binding mode observed with 

the main chain of LHTD4, corresponding to LMWH fragment included the heparin 

bind sites mentioned above. Intriguingly, additional electrostatic interactions, at Lys 

26 of TGFβ1, and hydrophobic interactions, at Phe 30 and Phe 32 of TGFβ1, were 

observed between the terminal sulfate group and sterane core of conjugated 

taurocholate moiety, respectively. To gain further insights into the interactions 

between LMWH, LHTD4 and TGFβ1, we measured the dissociation rate constants 

at equilibrium (KD) using surface plasmon resonance (SPR). The KD values for full-

length LMWH and LHTD4 to TGFβ1 recombinant protein were 5.1 and 0.85 µM, 

respectively (Fig. 4-5A and Table 4-1). The binding affinity along with the 

molecular docking studies substantiated the notion that the additional favorable 

interactions between the conjugated taurocholate moieties of LHTD4 and TGFβ1 

would profoundly stabilize the complex structure to increase the binding affinity. 
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Figure 4-3 A representation of the interaction of dp4 strand of LHTD4 (containing 

one moiety of taurocholate) with heparin binding domain (HBD) of TGFβ1. In both 

cases the sulphate group moieties (red color) of dp4 of LHTD4 interacts with the 

positively charged amino acid of the HBD of both factors. Here, Y represents 

Tyrosine; H represents Histidine; W represents Tryptophan, K represents Lysine, R 

presents Arginine; F represents Phenyl Alanine; Q represents Glutamine and S 

Serine. The data was obtained from the AutoDock Vina 1.0.3 program and 3D 

visualization was performed by PolyMol®. 
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Figure 4-4 A representation of the interaction of dp4 strand of LHTD4 (containing 

one moiety of taurocholate) with heparin binding domain (HBD) of CXCL12. In 

both cases the sulphate group moieties (red color) of dp4 of LHTD4 interacts with 

the positively charged amino acid of the HBD of both factors. Here, Y represents 

Tyrosine; H represents Histidine; W represents Tryptophan, K represents Lysine, R 

presents Arginine; F represents Phenyl Alanine; Q represents Glutamine and S 

Serine. The data was obtained from the AutoDock Vina 1.0.3 program and 3D 

visualization was performed by PolyMol®. 
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Figure 4-5 The graphical representation of the SPR affinity-response curve of 

LMWH and LHTD4 with TGFβ1 (A) and CXCL12 (B). Both of the affinity curves 

of TGF β1 and CXCL12 with LMWH and LHTD4 were carried out at the 

concentrations range from 0.001 to 100 uM.  

 
 
Table 4-1 KD value of LHTD4 with TGFβ1 and CXCL12 

Protein Group KD (M) 

TGF ß1 
LMWH 5.1X10-06 

LHTD4 8.5X10-07 

CXCL12 
LMWH 1.9X10-06 

LHTD4 1.9X10-08 
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 4.3.2 Effect of LMWH and LHTD4 on TGFβ1-mediated signaling and its 
regulation on EMT in breast cancer cell line 

To investigate the role of TGFβ binding, we first examined the effect of LMWH and 

LHTD4 on TGFβ-induced TGFβR1 phosphorylation in MDA-MB-231 breast 

cancer cell line. TGFβ strongly stimulated the phosphorylation of TGFβ1R1, 

whereas both LMWH and LHTD4 inhibited TGFβ-mediated TGFβ1R1 

phosphorylation in a dose-dependent manner in MDA-MB-231 cancer cells; 

however, LHTD4 showed better inhibition than LMWH at lower concentrations 

(Fig. 4-6 A, B). Therapeutic targeting of TGFβ1-mediated signaling pathways, 

which drives epithelial to mesenchymal transition through regulation of multiple 

pathways, represents a unique opportunity to strategically inhibit breast cancer 

metastasis. To better establish the therapeutic potential of LMWH and LHTD4, we 

examined the TGFβ1-induced expression and distribution patterns of vimentin, and 

snail by western blot and immunofluorescence staining in MDA-MB-231 cells. 

Stimulation with TGFβ1 led to increase the expression of vimentin and Snail 

(mesenchymal cell marker). In contrary, stimulation with TGFβ1 in the presence of 

LMWH and LHTD4 failed to increase vimentin and Snail expression (Fig. 4-6C). 

LHTD4 more effectively reversed the TGFβ1-mediated changes in EMT transition 

than LMWH. Immunofluorescence analysis showed that TGFβ1 inhibition by 

LHTD4 suppressed nuclear Snail expression, and reduced stress-fiber like vimentin 

expression in MDA-MB-231 cells (Fig. 4-6D). These results suggest that LHTD4 

plays an important role in suppressing TGFβ1-induced EMT. 

We next examined the migration of MDA-MB-231 cells in the presence of 

TGFβ with or without inhibitor. Exogenous TGFβ1 increased the migration capacity 

of MDA-MB-231 cells and LHTD4 reduced TGFβ1-induced cell migration more 

effectively than LMWH (Fig. 4-6E). The effect of LHTD4 was also dose-dependent 

(Fig. 4-6F). The results indicate that LMWH and its chemical conjugate LHTD4 

inhibits cell migration blocking the TGFβ1 signaling pathway. 

4.3.3 Effect of LMWH and LHTD4 on CXCL12-mediated signaling and its 
regulation on breast cancer cell invasion 
Homing of breast cancer cells in other organs, a process called MET, is typically 
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guided by the chemokine CXCL12 and its receptor CXCR4 that can direct 

chemotaxis and invasive responses. Heparin can bind to the chemoattractant 

CXCL12 through its heparin-binding domain (HBD) and blocks CXCL12/CXCR4 

signaling. Therefore, we hypothesized that the chemical conjugate LHTD4 could 

also modulate CXCL12/CXCR4 signaling pathway in breast cancer and abrogates 

its function on tumor metastasis. Previous studies demonstrated that the interface 

between CXCL12 and heparin crosses the entire six-stranded β-sheet and the core 

saccharides of heparin contact Lys 24, His 25, Lys 27, and Arg 41 of CXCL12. 

Docking of LHTD4 fragment at this HBD of CXCL12 showed that the saccharide 

chain of LHTD4 fragment was located near the cluster of residues mentioned above 

with potential peripheral involvement of taurocholate moiety of LHTD4 with Phe 

13 and Phe 14 residues of CXCL12 (Fig. 4-4). To directly assess the effect of 

taurocholate conjugation on heparin binding, we measured the binding affinity to 

immobilized CXCL12 using SPR. Figure 4-5B illustrates the changes in binding 

responses as a function of concentrations of LMWH and LHTD4 that were used to 

calculate the KD values. LMWH exhibited a KD value of 1.9 µM whereas LHTD4 

showed 100 times higher binding affinity with a lower KD value of 0.019 µM. 

We investigated the effect of LMWH and LHTD4 on CXCL12/CXCR4 

signaling pathway. CXCL12 strongly phosphorylated its receptor CXCR4 upon 

stimulation for 3 h, whereas LMWH and LHTD4 blocked CXCL12-induced 

CXCR4 phosphorylation in a dose-dependent manner in MDA-MB-231 cells (Fig. 
4-7 A-C). LHTD4 showed better inhibition of CXCL12/CXCR4 signaling than 

LMWH due to its higher binding affinity with CXCL12. CXCL12-induced 

chemotaxis of breast cancer cells (190.8% ± 30.3%, p = 0.006 vs control) was 

completely blocked by LHTD4 (Fig. 4-7 D, E). 
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Figure 4-6 In-vitro TGFβ1 inhibition study. (A, B) The TGFβ1R1 receptor 
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phosphorylation inhibition study by LMWH and LHTD4, respectively, in 

MDAMB-231 cells. (C) The confocal images of the TGFβ1R1 receptor 

phosphorylation by both LHTD4 and LMWH. 

 

 

 

Figure 4-6 Continued (D, E) Western blot and immunofluorescence study showing 

the changes in the EMT markers by TGFβ1 when treated in the presence or absence 

of LHTD4 to MDAMB-231 cells. 
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Figure 4-6 Continued (F) Cell migration assay inducing by TGFβ1 with the 

treatment of LHTD4 and LMWH and the dose dependency migratory inhibition of 

LHTD4 at different concentrations in MDAMB-231 cells. 
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Figure 4-7 In-vitro CXCL12 inhibition study. (A and B) Western blot study 

showing the phosphorylation of CXCR4 induced by CXCL12 in the presence or 

absence of different doses of LMWH and LHTD4 in MBAMB-231 cells. 
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Figure 4-7 Continued. In-vitro CXCL12 inhibition study. (C) Immunofluorescence 

studies showing the phosphorylation of CXCR4 induced by CXCL12 in the 

presence or absence of LMWH and LHTD4 in MBAMB-231 cells. 
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Figure 4-7 Continued. Effect of LMWH and LHTD4 on CXCL12–induced breast 

cancer invasion. After the breast cancer cells were serum starved for 12 hours, the 

cells (2×104 cells) were seeded in the top-chamber of a matrigel-coated transwell 

insert in the presence of CXCL12. The bottom chambers of the transwells were 

filled with media CXCL12. Cancer cells were allowed to migrate for 12 hours or 

invade for 16 hours. The stained invaded purple cells with irregular shapes in the 

images were photographed (D) and counted (E). Scale bar = 50 μm. 
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Quantification of the invasive breast cancer cells showed 45.1% ± 4.2% (p = 0.01 vs 

CXCL12) and 64.4% ± 2.4% (p = 0.003 vs CXCL12) inhibition by LMWH and 

LHTD4, respectively (Fig. 4-7E). Together, all our data indicate that LHTD4 

negatively affected CXCL12-induced chemotaxis and inhibited CXCR4 receptor 

ligation in breast cancer cell line. 

 

4.3.4 LHTD4 Inhibits metastases of murine orthotopic mammary tumor 

To evaluate the therapeutic potential of LHTD4/DCK, we investigated whether 

LHTD4/DCK complex inhibits breast cancer metastasis. Our first experiment tested 

the effect of short-term LHTD4/DCK complex treatment (5 mg/kg/daily for 2 

weeks) in a mouse model of experimental metastasis (Fig. 4-8A). In the mouse 

orthotopic mammary tumor metastasis model, 4T1Luc+ cells metastasized to lung, 

bone, and liver, to some extent, in the control mice after terminating the study (Fig. 
4-8 B, C). Bioluminescence study of whole body and excised mouse organs 

confirmed significantly decreased micrometastases in various organs in orally 

administered LHTD4/DCK group compared to control group (Fig. 4-8 B, C). 

Decreased luciferase units in the lungs, were indicative of decreased tumor burden 

in the mice treated with LHTD4/DCK (Fig. 4-8 D, E). 

We next tested the effect of short-term LHTD4/DCK treatment (5 

mg/kg/daily for 2 weeks) on spontaneous metastases at distant organs generated 

after surgical removal of primary tumor using the protocol illustrated in Figure 4-
9A. Surgical resection of highly metastatic orthotopically grown 4T1Luc+ tumors 

lead to spontaneous metastasis almost in every organ including lungs, spleen, 

kidney, bone, cervix, brain, and intestine in the control group (Fig. 4-9B). In 

contrary, mice receiving short-term LHTD4/DCK therapy showed significantly 

decreased spontaneous metastatic tumor burden as measured by bioluminescence 

(Fig. 4-9C). Corresponding survival curves showed significantly increased median 

survival in LHTD4/DCK treated group compared to control group, suggesting that 

LHTD4/DCK could inhibit metastasis of aggressive breast cancer at the 5 

mg/kg/day concentration. 
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4.3.5 In-vivo metastasis inhibition of breast cancer models with the treatment 
of LHTD4/DCK complex 
Having positive results from the short-term treatment of LHTD4/DCK, we 

introspected the effects of ling-term LHTD4/DCK treatment in human xenograft 

orthotopic metastasis model. MDA-MB-231Luc+ cells implanted into the mammary 

fat pad of SCID mice and treated with vehicle (control) or LHTD4/DCK (5 

mg/kg/daily) for 8 weeks when tumors reached 200 mm3 in size, corresponding to 

luciferase count 105 photons/s (Fig. 4-10A). Significant tumor growth delay and 

inhibition of organ metastasis was observed after long-term LHTD4/DCK treatment 

compared to control group (Fig. 4-10B). At the end of the experiment, organs were 

dissected and luciferase activity was assayed as a proxy for spread tumor cells. 

Increased overall metastatic tumor burden was found in control mice in multiple 

organs including lung, liver, bone, heart, spleen, kidney, brain, intestine, and cervix 

(Fig. 4-10C). On the other hand, long-term LHTD4/DCK treated group showed 

significantly decreased metastatic tumor burden in almost every organ except bone. 

However, the total tumor burden and luciferase activity was significantly lower in 

the case of LHTD4 treated group compared to control group (Fig. 4-10 D, E). 

Furthermore, there were no changes in the body weight of LHTD4/DCK treated 

mice compared to control groups (data not shown), suggesting that LHTD4/DCK 

did not cause any toxicity in vivo. 

To confirm the mechanism by which LHTD4/DCK inhibited tumor 

metastasis, we evaluated the involvement of metastasis-related TGFβ1 signaling 

pathways from tumors of control and LHTD4/DCK treated mice. Compared to 

control tumors, LHTD4 decreased phosphorylation of TGFβ1R1, vimentin and 

fibronectin expression, and retained E-cadherin expression as observed by western 

blot and immunohistochemistry analysis (Fig. 4-10 F, G). Taken together, the 

results demonstrated that LHTD4/DCK complex suppresses breast cancer cell 

metastasis by blocking TGFβ1 signaling pathways. 
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Figure 4-8 The anti-metastatic activity of LHTD4/DCK in 4T1Luc+ cell line. (A) 

The treatment protocol of the mice. Here, the treatment started after the tumor 

volume reached to 100 mm3 after the inoculation of the cell into the mammary fat 

pad.  (B, C) The representative images of the mice of control (upper lane) and 

LHTD4/DCK (lower lane) treated groups with the dissected organs. The 

quantitative measurement of the d-luciferase activity on the individual organs of the 

individual mice in control (D) and LHTD4/DCK (E) treated group.  
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Figure 4-9 The anti-metastatic effect of the LHTD4/DCK in the advanced stage of 

metastasis in the resection model with mice inoculated with 4T1Luc+ cell lines on the 

mammary fat pad. After the tumor volume reached to 400 mm3, the tumor was 

resected and mice were allowed to stabilize over night. The treatment of the 

LHTD4/DCK started form the next day of resection and continued for two weeks. 

The metastatic spread was observed through out the treatment (A). (B) The 

metastatic spread with or without LHTD4/DCK treatment throughput the time 

period. (C) The values mean luciferase units of the two groups, Control and 

LHTD4/DCK, during the treatment.  



 123 

 
Figure 4-10 The anti-metastatic effect of LHTD4/DCK in mice metastatic breast 

cancer orthotopic model inoculated with the MDA-MB-231Luc+ cell line in the 

mammary fat pad. (A) The protocol states that after the inoculation when the tumor 

luciferase photon count was 5x105 units, the oral administration of LHTD4/DCK 

was initiated and continued for 4 weeks. (B) The tumor growth and metastatic 

spread of the cell with or with out the treatment during the treatment period. (C) The 

luciferase count from the representative organs of the two groups after the terminal 

sacrifice.  
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Figure 4-10 Continued. (D, E) The photon counts of the individual organs of the 

individual mice. (F) The comparative expressions of Vimentin and E-cadherin from 

the tumor tissue-lysis from the two groups. (G) The IHC analysis of the tumor tissue 

sections, includeding pTGFβ1R1, Vimentin, Fibronectin and E-cadherin, from both 

control and LHTD4/DCK treated groups.  
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Figure 4-11 The effect of LHTD4/DCK on the accelerated metastasis model. (A) 

The tumor growth progression and secondary metastatic spread of the MDA-MB-

231Luc+ cell line through the photon count of luciferase activity. (B) The values 

mean luciferase units of the two groups, Control and LHTD4/DCK, during the 

treatment. (C) The luciferase expressing images of the lungs of the individual mice 
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of each group after the terminal sacrifice. (D) The photon counts of the individual 

organs of the individual mice of Control group. (E) The photon counts of the 

individual organs of the individual mice of LHTD4/DCK treated group.  

 

 

Figure 4-11 Continued (F) The H&E analysis of the whole lungs of the two groups. 

(G) The IHC analysis of the lung tissues, from both control and LHTD4/DCK-

treated groups for the expression of pCXCR4 and fibronectin.  
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4.3.5 Preventive effects of LHTD4/DCK on experimental lung metastasis of 
human breast cancer in-vivo 

Human metastatic breast cancer MDA-MB-231Luc+ cells were injected into the tail 

vein of nu/nu mice. LHTD4/DCK complex was administered orally for 60 days at a 

dose of 5 mg/kg/day and the preventive effect was examined by bioluminescence 

imaging to check the metastatic spread to lung and other organs (Fig. 4-11A). 

Treatment was initiated after 24 h of tail vein injection in order to exclude any 

potential direct drug effect on tumor cells. Initially, tail vein injected MDA-MB-

231Luc+ cells localized in the lungs and administration of LHTD4/DCK almost 

completely blocked the development of lung metastasis (Fig. 4-11A). As 

demonstrated by the total photon flux, the effect was sustained over a period of 60 

days until the experiment terminated (Fig. 4-11B). MDA-MB-231Luc+ cells in the 

control mice tend to metastasize preferentially in the lung and then in the liver and 

bone. In control group, all the mice showed high incidence of metastasis in the lung, 

on the other hand, LHTD4/DCK treated group showed very minimal incidence of 

metastasis only in the lungs without any detectable metastasis in other organs (Fig. 
4-11 C-E). Photon flux in the lungs of mice treated with LHTD4/DCK was 

significantly reduced (84.0% ± 5.4%, p = 0.01) compared with control mice. The 

number of tumor nodules in the lungs of LHTD4/DCK-treated mice was 

significantly reduced compared with control mice. To confirm this observation, 

mouse lungs were removed and tumor nodules per lung was counted. H&E staining 

of the lung sections confirmed that the lungs of LHTD4/DCK-treated mice had 

virtually no tumors (Fig. 4-11F). 

The mobilization of CXCR4 receptor expressing breast cancer cells to the 

host lungs that secrete CXCL12 may facilitate an enhanced “metastatic niche”. 

Another aspect of blocking CXCL12/CXCR4 signaling that might lead to 

antimetastatic effect of LHTD4 was also evaluated in this study. 

Immunohistochemical staining for MDA-MB-231Luc+ tumor tissue in mouse lungs 

using anti-human antibody for phospho-CXCR4, fibronectin, and E-cadherin was 

used to evaluate the effect (Fig. 4-11G). Higher level of CXCR4 phosphorylation of 

migrated breast cancer cells was observed in the lung tissues of control mice than 
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LHTD4/DCK-treated mice. Re-expression of E-cadherin and increased fibronectin 

expression of metastasized breast cancer cells confirmed the increase in 

micrometastases in the lungs of control mice, which corresponded to increased 

CXCR4 phosphorylation. However, re-expression of E-cadherin and fibronectin 

expression was not observed at all in the lungs of LHTD4/DCK-treated mice, 

suggesting that LHTD4/DCK could inhibit breast cancer metastasis by altering the 

CXCL12/CXCR4 interaction at distant organs. 

 

4.4 Discussion 
TGFβ1 signaling pathways has been shown to promote metastasis progression in 

many type of human and mouse cancer models. However, blocking TGFβ1 

signaling has been shown to be a proven therapeutic method in the treatment of 

metastatic progression in breast cancer.   Moreover, the CXCR4 receptor is up-

regulated in the primary breast cancers compared with normal breast tissue, where 

as the CXCL12 ligand showed peak levels of RNA expression in the common 

metastatic site of breast cancer [32, 33]. In this study, focusing on the metastasis 

promotion and initiation of colonization of the advanced metastatic breast cancer, 

we applied an orally delivered biomimetic low molecular weight heparin derivative, 

LHTD4, which had already proven as a better anticancer drug in our previous 

studies [22, 25, 34]. We evaluated the binding affinity of the LHTD4 with TGFβ1 

and CXCL12 through computational molecular dynamics and through SPR, where 

it showed higher binding affinity than LMWH fragment. The binding of the LHTD4 

fragment and the cytokine TGFβ1 is through the HBD. The sulfate group present in 

the heparin dp4 fragment showed charge-charge interaction with the HBD of TGF 

β1 where as with the presence of taurocholate moiety with extra sulfate group 

showed stable interaction with the HBD than LMWH dp4 fragment. In many 

previous studies, the glucose amino fragments showed to bind with several 

cytokines and growth factors and thus play an important role in the maintenance of 

stable cytokine gradients required to direct vectorial cell migration and the 

protection of the vulnerable cytokine molecules from proteolytic degradation [35] 
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The in-vitro evaluation of the binding with both TGFβ1 showed decreased 

in phosphorylation of the receptor; which indicate the decreased it’s receptor 

activation. In the signaling, TGFβ1, at first binds with the TGFβ1R2, then the 

TGFβ1R2’s phosphorylation leads to the phosphorylation of the consecutive 

receptor TGFβ1R1; thus the SMAD dependent pathways are activated. Thus several 

transcription factors are activated, (such as, SNAIL, SLUG, TWIST), which help to 

up-regulate several mesenchymal markers (such as, vimentin, N-cadherin, etc.); 

besides, the TGFβ1 signaling activation, also downregulate the epithelial markers 

(such as, E-cadherin, syndecan, laminin-1, etc.). For this reason, the metastasis is 

initiated due to the actin formation of the cell and the due to the loss of the 

junctional protein, the cells loss there adhesive property (with each other) and start 

to migrate. Sometimes the activation of the transcription factors can be followed by 

non-SMAD dependent pathway by TGFβ1 for the initiation of the epithelial to 

mesenchymal transition. For this, the inhibition of the cytokines to activate the 

receptor, rather than targeting the intracellular factors, may be effective for 

inhibiting the pathway. So, in our study, through immune-blot analysis and confocal 

image analysis, we found that MDAMB231 cells, treated with the LHTD4/DCK, 

showed inhibition in TGFβ1R1 phosphorylation, which eventually, decreased 

expression of the mesenchymal marker, vimentin. On the other hand, in the 

orthotopic model, the treatment showed reduction of the metastatic events; the 

histological and immunoblotting analysis of the tumor tissue showed the decrease of 

TGFβ1R1 phosphorylation, the decrease of vimentine and fibronectin (cancer 

promoting markers). All of these findings suggested the blocking of TGFβ1 by 

LHTD4/DCK by which the metastasis can be prevented. 

 On the other hand, in many studies, the targeting of CXCL12 by heparin 

derivatives has been proven to shift the monomer-dimer equilibrium to a 

dimerization [36]. Moreover, Clore and co-workers found that the pocket formed by 

LYS24, His25, Ala40, Arg41, Gln48, and Tyr61 of CXCL12 interacts with CXCR4 

peptide [37]. This region is a part of HBD in CXCL12 [38]. So, it was hypothesized 

that the CXCR4 and heparin moieties show some competitive binding to the 

CXCL12; this antagonism of heparin moieties is helpful to prevent the “seeding” of 
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the cancer cells in the distant organs, which are rich in CXCL12. On the basis on 

that theory, in our study, when we firstly, evaluated the taurocholate conjugated dp4 

moiety of our heparin derivative LHTD4 with the CXCL12 dimer, we confirmed the 

binding stability and found with simulation that the binding was stable due to the 

extra advantage of carrying taurocholate moiety within the structure is due to the 

extra electrostatic binding of the extra SO3- groups (present in the taurocholate 

moiety) with the positively charged amino acids present in the HBD of CXCL12. 

Beside that, through chemotaxis assay, we confirmed the chemotaxis induced by 

CXCL12 was inhibited by the LHTD4 and compare to LMWH treatment, the 

chemotaxis of the cells were lower. Moreover, in the phosphorylation of CXCR4, 

the consecutive receptor of CXCL12, was also showed decreased in LHTD4/DCK-

treated group and compare with LMWH-treatment, the phosphorylation inhibition 

was more effective. All of these phenomena just indicate the stable binding of 

LHTD4 with CXCL12 and confirmed inhibition of the activation of the CXCL12-

CXCR4 related pathways, which can be due to the competitive binding with 

CXCR4 receptor.  

 Finally, in the accelerated metastasis model, where the effect of the primary 

tumor’s microenvironment was absent (the effect of TGFβ1), the development of 

nodule in lungs were inhibited by the LHTD4/DCK treatment. As, the inhibition 

was confirmed by the histological evaluation.  

 

4.5 Conclusion  
Targeting metastasis by a single molecule could be difficult; the involvement of 

different pathways and several consecutive steps are responsible for the rise of 

resistance to the anti-metastatic therapy. More over, lack of patient care can also 

lead some failure in the therapy. So, our study design is to focus on targeting both 

the primary metastasis stage and the secondary development stage of the metastasis 

(Seeding stage) with a patient compliance formulation. So, we can state the oral 

formulation of LHTD4/DCK could be a good choice of the treatment of metastasis 

breast cancer by targeting multiple pathways of metastasis (Fig. 4-12). In future, our 
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goal is to study the long-term treatment strategy and how much chance of the 

development of resistance due to this therapy. 

 

 

 

Fig 4.13 The illustrated figure of the LHTD4’s action on the blocking and resulting 

effect on TGFβ1 and CXCL12 in the metastasis process. (1) TGFβ1 binds with and 

phosphorylates its receptor. LHTD4 blocks TGFβ1 and thus preventing EMT 

process. Cancer cells expressing CXCR4 receptors are migrated and attracted in the 

distance organs, which secrete CXCL12. By blocking CXCL12, LHTD4 further 

inhibit MET process.
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In this study, the purpose is to design different formulations of LHT7, a potent anti-

angiogenic agent. The purpose of changing of the i.v bolus to i.v infusion was to 

reduce other healthy organs toxicity, where as the purpose of i.v nanocomplex was 

to increase the half-life of the drug besides reducing the toxic effects. On the other 

hand, to initiate the maintenance therapy and extend the indication for long term 

therapy as anti-metastatic drug, the oral delivery of LHT7 in a form or LHTD4 with 

complex with DCK showed tremendous effects. 

In an effort to target tumoral angiogenesis, we have previously developed a 

series of bile acetylated low molecular weight heparin (LMWH) conjugates, which 

demonstrated to have very low anticoagulant property with high anti-angiogenic 

activity.  Among them, LHT7, a newly synthesized compound with an average of 

seven molecules of sodium taurocholates conjugated onto the carboxylic groups of 

LMWH, showed high anti-angiogenic effects without anti-coagulant activity. Since 

the conjugated taurocholate molecules possess positively charged amino acid 

residues, they provide a considerable degree of sulfation in LHT7 that is favorable 

to the binding of growth factors and as a result, LHT7 can strongly interact with 

most potent angiogenic growth factors such as VEGF, bFGF, PDGF, etc. It has been 

proven in our previous study that LHT7 intervenes with the binding between 

ligands and their receptors, and inhibits the subsequent signaling. For this unique 

property, LHT7 elicits profound anti-tumor activity in different cancer cell lines. 

Based on these understandings, LHT7 has been pursued as a multi-targeted anti-

angiogenic molecule, which could minimize drug resistance and toxicities related to 

clinically available anti-angiogenic therapies. 

Prior to undertaking the delivery of the novel multi-targeting angiogenesis 

drug, LHT7, in human, it is necessary to evaluate the pharmacokinetic behavior of 

the agent and its safety profile in preclinical experiments. Previously, LHT7 was 

found to accumulate in the liver and kidney when administered intravenously. 

Moreover, this accumulation resulted in some functional abnormalities in the liver 

and kidney in healthy animals. The reason behind the LHT7’s accumulation is 

because of the highly dense taurocholate into the structure. Generally, the bile acids 

are metabolized in the liver. So, presence of excess amount of bile acids in the 
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structure lead the drug’s (LHT7) accumulation in the liver and this accumulation, 

after a single bolus shot (via i.v) cause hamper in the liver functions, as showed in 

our previous study. For avoiding this organ accumulation and to maintain its 

sustained effect, LHT7 was infused for 30 min (at rate 400 μl/min/kg body weight) 

in the animals and then the efficacy and pharmacokinetic properties were studied in 

tumor bearing animal models and in healthy animal models, respectively. The rate 

of the infusion in animal was fixed according to the previous paclitaxel infusion in 

animal model. Finally the preliminary safety evaluation of LHT7 was also evaluated 

in healthy beagle dogs. Therefore, this study provides an overall scope of 

therapeutic as well as the safety profile of LHT7, which would be useful for 

designing the therapeutic index prior to undertaking clinical trials.  

 In the pharmacokinetic evaluation, the MRT of the LHT7 i.v infusion was 

5.73 ± 0.01 h, which was 1.6 times higher than the LHT7 i.v bolus administration 

group at the same dose, even more than the 10 mg/kg i.v bolus group. Moreover, 2.2 

fold decrease clearance also proved a slower flash out tendency and more 

sustainability of the drug when administered via i.v infusion route at the same dose. 

In our previous study, the maximum efficacy was carried out and found in the 5 

mg/kg/2days dose treated group. Therefore, at this point, the sustained distribution 

of LHT7 i.v infusion mode of administration can be predicted through this study at 

the previously proved effective dose. 
Moreover, in biodistribution and organ accumulation study, the kidney does 

not show any presence of the drug until 168h; however, this does not represent 

accumulation but the clearance of the material which are confirmed through the 

histological evaluation of the chronic administration of the drug in Balb/c male 

mice (n=3) in a different sets of experiment with a 2 week-treatment. The liver and 

kidney histological evaluation at dose 10 mg/kg/day of LHT7 (administration via i.v 

infusion) was evaluated in this study and compared with the non-treated group. No 

histological damages or accumulation (presence of edema) was found in the liver of 

the treated group. 

The LHT7 i.v bolus and i.v infusion showed substantial significant 

antitumor effects (p < 0.05) in comparison with the control group. The 
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immunohistochemical analysis showed an LHT7 i.v infusion-induced reduction of 

proliferation (PCNA) and angiogenesis (CD34). Tunnel staining indicated a high 

level of apoptosis in the tumor cells after 2 weeks of LHT7 i.v infusion treatment. 

However, the tumor reduction by LHT7 i.v infusion group was 3.9-fold higher in 

murine cancer model (SCC7) but 1.7-fold lower in the human cancer model (MDA-

MB-231) in comparison to LHT7 i.v bolus administration group. Comparing the 

pharmacokinetic parameters, the LHT7 proved that it could produce greater 

improved efficacy than the i.v bolus group due to its sustained effect. 

On the basis of the results of the preclinical study, the major side effects of 

LHT7 were evaluated. There were no major adverse reactions found with two 

weeks continuous treatment. The hematological and serological values were within 

the healthy range. The kidney tissues were not damages; although there are some 

accumulation in high doses like 20 and 40 mg/kg doses treated groups’ liver tissues 

but this did not represent any liver disorder as seen on serological values. It is 

expected that the LHT7’s accumulation in the liver be due to the presence of 

saturated taurocholates (bile salts). As the metabolism of the bile acids was mainly 

by the liver, so after every administration, LHT7 goes to liver. That’s why at high 

doses, the LHT7 showed higher accumulation in the liver. But this phenomenon did 

not represents any disorder of the liver. So, overall preliminary toxicity showed no 

major toxic events and thus eventually helps to show the better efficacy rather than 

consecutive toxic effects. 

 On the other hand, PEGylated LHT7 also showed similar antiangiogenic 

effects even though LHT7 was PEGylated. The half-life of LHT7 was 4-5 hr and 

PEGylation did not significantly increase its half-life. When both LHT7 and PEG-

LHT7 were administered twice per week, they did not show high anti-cancer effects. 

Therefore, we developed a nanocomplex system to increase the therapeutic duration 

with decreasing the liver toxicity. In order to prolong the circulation time of the 

nanocomplex system, we conjugated PEG with LHT7 (PEG-LHT7). We 

hypothesized that the prolonged circulation along with the targeting delivery of 

LHT7 to the tumor site using PEC system may enhance the anti-angiogenic activity 

of LHT7. Our nanocomplex system is thus a functionalized, self-assembled 
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nanocomplex system comprised of two oppositely charged functional components, 

the anti-angiogeninc drug molecule, PEG-LHT7, and the oppositely charged 

molecule, protamine. We evaluated the physical characteristics, pharmacokinetic 

behavior, anti-angiogenic effect, antitumor activity, and biodistribution of this 

nanocomplex system. Moreover, the distribution and extravasation throughout the 

tumor tissues of the released drug from the nanocomplex system were also 

evaluated. The toxicity of the PEG-LHT7/protamine nanocomplex system was 

evaluated in animal studies. The findings of the present study should facilitate the 

development of functionalized nanoparticles as anti-angiogenic therapy. 

 In this study, we used PEG conjugated LHT7, a heparin-based biomolecule 

with excellent anti-angiogenesis properties. For the formation of nanocomplex with 

anionic PEG-LHT7, we used cationic protamine and dextran in the formulation. 

Dextran was used to prevent aggregation and to prepare stable PEG-

LHT7/protamine nanocomplex. When PEG-LHT7 and protamine were mixed 

together, they rapidly formed complexes through ionic interactions. Moreover, 

during formulation, it was important to note whether PEG-LHT7/protamine 

nanocomplex formed single nanoscale particles or micro-scale aggregates since the 

results would be completely dependent on the concentrations of PEG-LHT7 and 

protamine in the pre-reaction solution. Polymer chains of both PEG-LHT7 and 

protamine have a number of reactive sites to counter molecules, and multiple 

polymer chains were involved in one PEG-LHT7/protamine nanocomplex system. 

A higher degree of aggregation was observed when higher concentrations of both 

polymers were applied. Because irreversible crosslinking simultaneously occurred 

between a large number of both PEG-LHT7 and protamine chains, the size 

distribution of the self-assembled nanocomplex was difficult to control at higher 

concentrations of both PEG-LHT7 and protamine solution. In this study, 2-fold 

diluted protamine solution was mixed with PEG-LHT7 solution at ratio of 4:1 in 

order to produce stable nanocomplex. 

The biocompatibility of nanoparticles is another major important factor for 

the clinical application and because of this reason, factors like maintaining size, 

shape and dissociation rate in biological fluid with its surface charge have always 
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been important to consider. TEM and AFM indicated that PEG-LHT7/protamine 

acquired a stable spherical morphology of nanocomplex system. The outermost 

layer of the nanocomplex was covered by PEG-LHT7, for which the zeta potential 

was slightly negative. For this reason, possible immune-attacks have hardly 

occurred. Additionally, PEG helped to increase the circulation time and also helped 

to bypass the immune attack during circulation. Moreover, due to its negative 

surface charge, the NP was protected from unwanted interactions with the blood 

cells during circulation. The pharmacokinetic study showed the sustained effect on 

biological environment. The half-life and MRT of PEG-LHT7 increased by 

approximately 2.8 times and 15.9 times, respectively, in the nanocomplex 

formulation compared with the free form of PEG-LHT7.  

The nanocomplex (~200 nm) can penetrate through the leaky blood vessels 

(pore size is around 100 to 780 nm), which is known as EPR effect. This passive 

targeting system can cause changes in the transvascular fluid flow (convection) 

between the leaky blood vessel pressure and diffuse through the collagen matrix of 

the tissue; mainly in the interstitial space in between the tumor tissue. Once the 

PEG-LHT7/protamine nanocomplex penetrated through the collagen matrix 

underlying the blood vessels in tumor, the nanocomplex was dissociated from each 

other in the tumor microenvironment. We have also observed a significant retention 

of PEG-LHT7 in the liver, which might have originated from the prolonged 

circulation of slowly released PEG-LHT7 from the nanocomplex, as observed in the 

pharmacokinetic studies. Taken together, the prolonged plasma concentration of 

PEG-LHT7 in nanocomplex formulation and the significant accumulation of PEG-

LHT7/protamine nanocomplex in the tumor might be important to improve the 

therapeutic efficacy. 

Tumor inhibition, immunohistochemistry, and suppression of angiogenesis 

data supported the enhanced therapeutic efficacy of PEG-LHT7 after treatment in 

nanocomplex system. PEG-LHT7/protamine nanocomplex at a dose of 5 mg/kg 

twice per week showed better antitumor effect than the equivalent dose of free 

PEG-LHT7, of which 10 mg/kg per week also showed a significant antitumor effect 

in both murine SCC7 and human MDA-MB-231 xenograft model compared with 
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the non-treated group. X-ray μCT analysis revealed that both absolute intratumoral 

blood vessel volume and their fractions in the tumor tissues were significantly 

suppressed in the PEG-LHT7/protamine nanocomplex treated group. These results 

suggest that the inhibition of tumoral angiogenesis by PEG-LHT7/protamine 

nanocomplex leads to the regression of tumor cells. No substantial differences were 

observed between the rat serum liver enzyme profiles (bilirubin, creatinine, AST, 

and ALT) of the treated PEG-LHT7/protamine nanocomplex (5, 10, 20, 40, and 80 

mg/kg twice per week, for 2 weeks) and the untreated rats. No tissue abnormalities 

were detected in the histological analyses (H&E) of the liver and kidney in the 

nanocomplex treated groups except at the dose of 80 mg/kg twice per week, when 

compared to the untreated group. However, the accumulation of PEG-LHT7 in the 

liver did not cause any severe liver tissue damage. Moreover, the biodistribution 

images showed that the accumulation in the liver was also reversible. These results 

suggest that the nanocomplex formulation may be non-toxic, even though they were 

accumulated in normal organs such as liver upon systemic administration. 

In next study, we used the bile acid based oral absorption enhancing 

systems, which are both chemically conjugated and physically complexed bile acids 

with LHT7. It has been reported that deoxycholic acid (DOCA) and its derivatives 

possess the enhancing effect of drug absorption in the intestine due to their ability to 

increase hydrophobicity of the target drug and their effective interaction with the 

apical sodium-dependent bile acid transporter (ASBT) in the small intestine. ASBT 

is a membrane transporter that exists in the small intestine (mainly ileum) of gut and 

moves endogenous small molecular bile acids from the apical surface of enterocytes 

to the portal vein. ASBT has gained the attention in the filed of drug delivery for 

ASBT’s capability of transporting various molecules coupled to bile acids, which 

are usually poorly absorbed in the intestine. In a previous study, we had reported 

that tetraDOCA conjugated LMWH bound with ASBT in the apical membrane, 

followed by internalizing into the cell by forming vesicles instead of penetrating 

(directly) through the transporter. This newly found receptor-like transformation of 

ASBT, induced by tetraDOCA conjugated LMWH, was further utilized in the 

present study to develop an oral delivery system of anti-angiogenic LHT7. We also 
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showed that deoxycholyl-L-lysyl-methylester (DCK), synthesized by conjugating 

L-lysine with deoxycholic acid (DOCA), could enhance the absorption of anioic 

charged drugs in the small intestine. Bile acid based enhancers reversibly bind and 

form a complex with the drug, thereby delivering the drug to the other side of GI 

epithelia. Physical complexation of heparin conjugates with DCK might further 

increase the hydrophobicity of the complex. It is hence hypothesized that, the 

increased hydrophobicity would improve the permeability of the complex across the 

intestinal wall. 

In this study, LHTD4 was sysnthesized as an orally active anti-angiogenic 

drug by conjugating tetrameric DOCA (tetraDOCA) at the end saccharide of LHT7. 

LHTD4 was further formulated with DCK by physical complexation without 

altering the structure of LHTD4, and the physicochemical properties and oral 

bioavailability of the formulated LHTD4/DCK complex were evaluated. Its anti-

angiogenic efficacy was also evaluated by in vitro and in vivo studies, and tumoral 

angiogenesis regression study was conducted in a squamous cell carcinoma (SCC7) 

model. 

In order to develop an orally active LHT7, LHT7 was chemically 

conjugated with a tetrameric structure of dexoycholic acid to form LHTD4. The 

oligomeric deoxycholic acid (in this case, tetraDOCA) mediated oral delivery of 

LMWH showed promising results by increasing oral absorption in our previous 

study. The mechanism was attributed to a newly proposed vesicular transport 

mechanism for ASBT, where the functional transformation of ASBT is induced by 

the high-affinity binding tetraDOCA modified LMWH conjugate. It has been found 

that tetraDOCA modified LMWH conjugate bound with ASBT in the apical 

membrane is internalized into the cell by forming vesicles instead of penetrating 

through the transporter. Thus the newly found receptor-like transformation of ASBT, 

induced by tetraDOCA conjugated LMWH, is further utilized in this study to 

develop the oral angiogenesis inhibitor LHTD4. The end site-specific conjugation 

of tetraDOCA to LHT7 significantly increased its partition in tissue (Ko/w) as well 

as retaining the anti-angiogenic property of LHT7, as confirmed by in vitro spheroid 

based HUVEC sprouting assay. LHTD4 was further allowed for physical 
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complexation with another bile acid based enhancer, namely DCK, which 

deliberately masked the negative charges of LHTD4 such as sulfonyl groups. 

Deoxycholic acid based enhancers have also been previously developed for the oral 

delivery of negatively charged drugs. The distinguished structure of DCK is 

characterized by having amphiphilic steroid nucleus with a hydrophobic and 

hydrophilic side chain at periphery, along with a positively charged focal quaternary 

amine group. Since DCK preserves the natural characteristics of bile acids, it may 

also augment the binding of LHTD4 with ASBT at the absorption site. We found 

that once DCK makes an ion-pairing interaction with LHTD4 based on opposite 

electrostatic charge, the lipophilicity of LHTD4/DCK complex is improved.  

Transport studies in Caco-2 cells summarized that LHTD4/DCK complex at 

a mole ratio of 1:10 acquired optimum complexation for oral formulation. 

LHTD4/DCK complex was taken up into the cytoplasm of Caco-2 cells, but not co-

localized with paracellular markers. To evaluate the role of bile acid transporters in 

transporting LHTD4, we compared the uptake in ASBT transfected and in the non-

transfected MDCK-II cells. LHTD4 was uptaken to the cytoplasm of MDCK-ASBT 

cells, but the uptake was not observed in non-transfected MDCK cells. This finding 

substantiated the hypothesis that the conjugated tetraDOCA would allow the 

interaction of LHTD4 with ASBT at the apical membrane, thereby facilitating the 

uptake into the cells. In both MDCK and MDCK-ASBT cells, DCK markedly 

promoted the uptake of RITC labeled LHTD4. This suggests that DCK enhances the 

transcellular uptake of LHTD4 by both normal and ASBT-expressed enterocytes. To 

explain the mechanism by which LHTD4/DCK complex can be absorbed in the 

intestine, the following hypothesis may be conceived; 1) The conjugation of 

tetraDOCA to LHT7 and further complexation with DCK might increase the local 

concentration gradient via interacting with ASBT at the membrane site. 2) The 

interaction of physically associated LHTD4/DCK complex with ASBT might also 

lead the way to enhance intestinal transport by the proposed vesicular transport 

mechanism. However, further studies will be required to verify this mechanism.  

LHTD4 penetrated the gut epithelium lining the luminal side of the ileum, 

where LHT7 was not absorbed at all in the small intestine. On the other hand, the 
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LHTD4/DCK complex was highly absorbed in the duodenum and the ileum. Both 

LHTD4 and the LHTD4/DCK complex were mainly absorbed in the ileum, since 

ASBT is highly expressed in the ileum and the interaction of the conjugated 

tetraDOCA with ASBT might be the main mechanism of the drug absorption in the 

GI tract. These results indicated that the intestinal absorption of LHTD4 could be 

improved by DCK mediated targeting to both enterocyte, each having high ASBT 

expression (ileum) and low ASBT expression (duodenum). In serum, the 

LHTD4/DCK complex had significantly higher concentration and longer MRT of at 

least 7.5 h after administration compared to that of LHT7/DCK (MRT of 

LHT7/DCK was 3.0 h).  

Orally administered LHTD4 and LHTD4/DCK complex showed substantial 

antitumor effects (73 ± 5% and 86 ± 3% reduction in volume, respectively, p < 0.05), 

whereas orally administered LHT7 and LHT7/DCK complex did not show any 

significant difference from the control group. The immunohistochemical analysis 

showed LHTD4-induced reduction of proliferation (PCNA) and angiogenesis 

(CD34). Tunnel staining indicated a high level of apoptosis in the tumor cells after 2 

weeks of both LHTD4 and LHTD4/DCK treatment. X-ray μCT analysis revealed 

that both absolute intratumoral blood vessel volume and their fractions in the tumor 

tissues were significantly suppressed. These results suggest that the inhibition of 

tumoral angiogenesis by orally administered LHTD4/DCK complex leads to the 

apoptosis and regression of tumor cells.  

In next study, the therapeutic potential of orally active LHTD4 against 

metastasis was evaluated. Here, LHTD4 was developed as a new oral anti-

metastatic agent for advanced breast cancer metastasis. At first, LHTD4 was 

synthesized by conjugating LMWH-taurocholate conjugate, developed in our 

previous studies, with a tetramer of dexoycholic acid. Both further modification of 

LHT7 with tetrameric deoxycholic acid (LHTD4) and the oral formulation using 

another bile acid derivative, DCK (l-lysine-deoxycholylethylamine), as an 

absorption enhancer were enabled promising oral absorption of this new heparin 

conjugate, LHTD4. However, as mentioned earlier, as a heparin derivative, LHTD4 

has probable potential to be more specific to TGFβ1 and CXCL12 through their 
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consensus sequence for heparin binding and additional interactions that could be 

governed by the conjugated bile acid moieties. We observed the effects of LHTD4 

that negatively regulate the functions of TGFβ1 and CXCL12 on breast cancer cell 

migration and invasion. We also evaluated the therapeutic efficacy of LHTD4 in 

several advanced orthotopic and experimental breast cancer metastasis mouse 

models. Collectively, the clinically relevant dose of orally active LHTD4 could be 

used without any potential toxicity. 

For this context, at first we evaluated the binding affinity of the LHTD4 

with TGFβ1 and CXCL12 through computational molecular dynamics and through 

SPR, where it showed higher binding affinity than LMWH fragment. The binding of 

the LHTD4 fragment and the cytokine TGFβ1 is through the heparin-binding 

domain. The sulfate group present in the heparin dp4 fragment showed charge-

charge interaction with the HBD of TGF β1 where as with the presence of 

taurocholate moiety with extra sulfate group showed stable interaction with the 

HBD than LMWH dp4 fragment. In many previous studies, the glucose amino 

fragments showed to bind with several cytokines and growth factors and thus play 

an important role in the maintenance of stable cytokine gradients required to direct 

vectorial cell migration and the protection of the vulnerable cytokine molecules 

from proteolytic degradation. 

The in vitro evaluation of the binding with both TGFβ1 showed decreased 

in phosphorylation of the receptor; which indicate the decreased it’s receptor 

activation. In the signaling, TGFβ1, at first binds with the TGFβ1R2, then the 

TGFβ1R2’s phosphorylation leads to the phosphorylation of the consecutive 

receptor TGFβ1R1; thus the SMAD dependent pathways are activated. Thus several 

transcription factors are activated, (such as, SNAIL, SLUG, TWIST), which help to 

up-regulate several mesenchymal markers (such as, vimentin, N-cadherin, etc.); 

besides, the TGFβ1 signaling activation, also down-regulate the epithelial markers 

(such as, E-cadherin, syndecan, laminin-1, etc.). For this reason, the metastasis is 

initiated due to the actin formation of the cell and the due to the loss of the 

junctional protein, the cells loss there adhesive property (with each other) and start 

to migrate. Sometimes the activation of the transcription factors can be followed by 
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non-SMAD dependent pathway by TGFβ1 for the initiation of the epithelial to 

mesenchymal transition. For this, the inhibition of the cytokines to activate the 

receptor, rather than targeting the intracellular factors, may be effective for 

inhibiting the pathway. So, in our study, through immune-blot analysis and confocal 

image analysis, we found that MDAMB231 cells, treated with the LHTD4, showed 

inhibition in TGFβ1R1 phosphorylation, which eventually, decreased expression of 

the mesenchymal marker, vimentin. On the other hand, in the orthotopic model, the 

treatment showed reduction of the metastatic events; the histological and immuno-

blotting analysis of the tumor tissue showed the decrease of TGFβ1R1 

phosphorylation, the decrease of vimentine and fibronectin (cancer promoting 

markers). All of these findings suggested the blocking of TGFβ1 by LHTD4 by 

which the metastasis can be prevented. 

 On the other hand, in many studies, the targeting of CXCL12 by heparin 

derivatives has been proven to shift the monomer-dimer equilibrium to a 

dimerization. Moreover, Clore and co-workers found that the pocket formed by 

LYS24, His25, Ala40, Arg41, Gln48, and Tyr61 of CXCL12 interacts with CXCR4 

peptide. This region is a part of HBD in CXCL12. So, it was hypothesized that the 

CXCR4 and heparin moieties show some competitive binding to the CXCL12; this 

antagonism of heparin moieties is helpful to prevent the “seeding” of the cancer 

cells in the distant organs, which are rich in CXCL12. On the basis on that theory, in 

our study, when we firstly, evaluated the taurocholate conjugated dp4 moiety of our 

heparin derivative LHTD4 with the CXCL12 dimer, we confirmed the binding 

stability and found with simulation that the binding was stable due to the extra 

advantage of carrying taurocholate moiety within the structure is due to the extra 

electrostatic binding of the extra SO3- groups (present in the taurocholate moiety) 

with the positively charged amino acids present in the HBD of CXCL12. Beside 

that, through chemotaxis assay, we confirmed the chemotaxis induced by CXCL12 

was inhibited by the LHTD4 and compare to LMWH treatment, the chemotaxis of 

the cells were lower. Moreover, in the phosphorylation of CXCR4, the consecutive 

receptor of CXCL12, was also showed decreased in LHTD4-treated group and 

compare with LMWH-treatment, the phosphorylation inhibition was more effective. 
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All of these phenomena just indicate the stable binding of LHTD4 with CXCL12 

and confirmed inhibition of the activation of the CXCL12-CXCR4 related pathways, 

which can be due to the competitive binding with CXCR4 receptor.  

 In conclusion of this study, in the accelerated metastasis model, where the 

effect of the primary tumor’s microenvironment was absent (the effect of TGFβ1), 

the development of nodules in lungs was inhibited by the LHTD4/DCK treatment. 

As, the inhibition was confirmed by the histological evaluation. Finally, from this 

whole study, it can be concluded that, LHT7 can be used as i.v infusion or 

nanocomplex for the hospitalized patients as a second-line adjuvant therapy with the 

chemotherapeutic drugs. On the other hand, for self-maintenance therapy and long-

term therapy including targeting the inhibition of metastasis progression, oral LHT7, 

i.e., LHTD4/DCK formulation could be a good choice as anti-cancer agents.  
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