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BINARY COMBINATIONS OF HPMA COPOLYMER BOUND ANTICANCER 

DRUG CONJUGATES 
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THESIS ADVISORS: SOMPOL PRAKONGPAN, Ph.D., JINDŘICH KOPEČEK, 

Ph.D., PIMOLPAN PITHAYANUKUL,Ph.D. 

ABSTRACT 

The main goal of this study was to determine the biological activities and the 

drug interactions in anticancer effect toward (A) human ovarian carcinoma OVCAR-3 

cells by single agents and sequential combinations of SOS thiophene (SOS) and 

mesochlorin e6 monoethylenediamine (Mce6) in the form of free drugs, non-targeted 

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-drug conjugates, and Fab’-

targeted HPMA copolymer-drug conjugates; and (B) human renal carcinoma A498 

cells by single agents and binary simultaneous combinations of free SOS, doxorubicin 

(DOX), and Mce6 and their HPMA copolymer-drug conjugates.  The cytotoxic 

activities were determined using a modified MTT assay.  The median-effect analysis 

and the determination of the combination index (CI) were used to describe the drug 

interaction and quantify the synergism, antagonism, or additivity in anticancer effects.  

The results of experiment (A) showed that (i) the sequential combinations toward 

OVCAR-3 cells of free drugs SOS+Mce6 and non-targeted HPMA copolymer-drug 

conjugates P-GFLG-SOS+P-GFLG-Mce6 (P is the HPMA copolymer backbone and 

GFLG is the glycylphenylalanylleucylglycine spacer) displayed very strong synergism 

to synergism in the entire range of cell inhibition levels (fa = 0.5-0.95); and (ii) the 

Fab’-targeted HPMA copolymer-drug conjugates (Fab’ from OV-TL16 antibodies 

complementary to CD47) P-(GFLG-SOS)-Fab’+P-(GFLG-Mce6)-Fab’ exhibited a 

strong synergism for fa values up to about 0.85, but showed synergistic effect and 

nearly additive effect at fa = 0.9 and 0.95, respectively.  The results of experiment (B) 

demonstrated that (i) as single agents SOS and P-GFLG-SOS were significantly more 

effective than the other agents evaluated; (ii) the combination of SOS+DOX proved to 

be synergistic over all cell growth inhibition levels; (iii) the SOS+Mce6 and P-GFLG-

SOS+P-GFLG-Mce6 combinations displayed synergism up to fa values of about 0.8 

and reached slight antagonism and nearly additive effect at fa = 0.95, respectively; (iv) 

all other combinations exhibited synergism in a wide range of drug effect levels up to 

fa < 0.9 and were additive at higher fa values.  The observations from both experiments 

support the continuation of in vivo investigations of these conjugates for the treatment 

of ovarian and renal cancers. 

 

KEY WORDS: N-(2-HYDROXYPROPYL)METHACRYLAMIDE COPOLYMER/ 

2,5-bis(6-HYDROXYMETHYL-2-THIENYL) FURAN/ 
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บทคัดย่อ 
วัตถุประสงค์ของการศึกษานี้เพื่อศึกษาฤทธิ์ทางชีวภาพในการต้านเซลล์มะเร็งรังไข่ 

OVCAR-3 ของการให้ยาตัวเดียวและ 2 ตัวและปฏิกิริยาระหว่างยาเมื่อให้ยา 2 ตัวแบบต่อเน่ืองกัน 
โดยการให้ยา SOS thiophene (SOS) และ mesochlorin e6 monoethylenediamine (Mce6) ในรูปแบบ
ยาอิสระ, ยาเชื่อมต่อพอลิเมอร์ N-(2-hydroxypropyl)methacrylamide (HPMA) และยาเชื่อมต่อพอลิ
เมอร์ HPMA กับชิ้นส่วนแอนติบอด้ี Fab’ ซึ่งมาจากแอนติบอด้ี OV-TL16 ซึ่งมีความสามารถในการ
จับกับ CD47 บนเซลล์มะเร็งรังไข่  ผลการศึกษาพบว่าการให้ยาแบบเด่ียวและแบบต่อเน่ือง 
SOS+Mce6 ในรูปแบบยาอิสระและยาเชื่อมต่อพอลิเมอร์  HPMA สามารถต้านการเจริญเติบโตของ
เซลล์มะเร็งรังไข่และยาทั้งสองเสริมฤทธิ์ซึ่งกันและกันตลอดระดับการต้านการเจริญเติบโตของ
เซลล์ ( 5-95%) รวมทั้งการให้ยาแบบต่อเน่ือง SOS+Mce6 ในรูปแบบยาเชื่อมต่อพอลิเมอร์ HPMA 
กับชิ้นส่วนแอนติบอด้ี Fab’ สามารถเสริมฤทธิ์กันในระดับ 5-90% แต่สามารถรวมฤทธิ์กันในระดับ 
95% นอกจากนี้การศึกษาฤทธิ์ทางชีวภาพและปฏิกิริยาระหว่างยาเมื่อให้ยา 2 ตัวแบบพร้อมกันใน
การต้านเซลล์มะเร็งไต A498 โดยการให้ยา SOS, Mce6 และ doxorubicin (DOX) ในรูปแบบยา
อิสระและยาเชื่อมต่อ HPMA ผลการศึกษาพบว่าการให้ยา SOS หรือ SOS เชื่อมต่อ HPMA ตัวเดียว
สามารถยับยั้งการเจริญเติบโตของเซลล์มะเร็งไตได้ดีกว่ายา Mce6 และ DOX ทั้งในสองรูปแบบและ 
การให้ยา SOS+DOX รวมกันก็สามารถเสริมฤทธิ์กันได้ตลอดระดับการต้านการเจริญเติบโตของ
เซลล์ รวมทั้งการให้ยาพร้อมกันของ SOS+Mce6 และ DOX+Mce6 ในรูปแบบยาอิสระ และยา
เชื่อมต่อ HPMA แสดงฤทธิ์แบบเสริมกันในระดับประมาณ 5-90% และแสดงฤทธิ์รวมกันในระดับ 
95% การศึกษาทั้งสองนี้แสดงให้เห็นว่าการให้ ยาเชื่อมต่อ HPMA แบบ 2 ตัวที่ใช้ในการทดลองนี้
ควรได้รับเลือกในการศึกษาฤทธิ์ทางชีวภาพในสัตว์ทดลองต่อไป 
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CHAPTER I 

INTRODUCTION 

 

 

In the United States and other developed countries, cancer is presently 

responsible for about 25% of all deaths.  According to the World Health Organization 

(WHO), there were 10.9 million new cases being diagnosed every year, 6.7 million 

people died of cancer, and 24.6 million people living with cancer worldwide (within 5 

years of diagnosis) (1).  Cancers can be divided broadly into two groups: solid tumor 

cancers, which are characterized by the growth of malignant tumors within the body in 

areas such as brain, lung, liver, breast or prostate cancer, and hematological or blood-

borne cancers, such as leukemia.   

The most conventional ways for treating cancer are surgery, radiation therapy 

and chemotherapy.  These treatments may be given as stand-alone treatments or, more 

commonly, in some combinations with one another.  These treatments are variously 

combined in order to optimize therapeutic indices for that individual patient.  Surgery 

and radiation are the local treatment methods which the tumor is either directly 

removed through surgery or irradiated with the objective of destroying the cancer 

cells.  Chemotherapy is a systemic treatment method which involves the 

administration of drugs with the objective of killing cancer cells anywhere in the body, 

including any remaining cancer cells that were not destroyed by local treatment.  

Chemotherapeutic agents can damage healthy cells and cause systemic effects.  

Because these agents circulate throughout the entire body through the bloodstream and 

most of these agents do not make a distinction between cancerous cells and 

noncancerous cells (1).  Nevertheless, the nonspecific cytotoxicity of 

chemotherapeutic agents is another obstacle that needs to be overcome.  However, as 

cancer research develops, the treatments are becoming more specific for different 

types of cancer.  There has been significant progress in the development of targeted 

therapy drugs that act specifically on certain cancers, and which minimize damage to 

normal cells.   
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To increase the selectivity of therapeutic agents to cancer cells, the drug 

delivery systems have been designed by using various carriers, such as polymeric 

carriers, liposomes, and nanoparticles.  The creation of proposed drug delivery 

systems was based on the specific pathophysiological characteristics of most solid 

cancers that are not observed in normal tissues called “enhanced permeability and 

retention (EPR) effect”.  The EPR effect means that macromolecules are selectively 

trapped by tumor tissues and stay there for a longer period of time because of the 

following characteristics of tumor tissues: (a) high neovascular density; (b) larger 

intercellular space (100-200 nm) in defective vascular architecture; (c) vascular 

hyperpermeability due to the increased production of vascular permeability factor; and 

(d) ineffective lymphatic drainage (2, 3).  Due to this effect, the use of 

macromolecular drug delivery systems facilitates the uptake and transport of 

therapeutic agents and creates a dose-differentiation between the treatment target and 

the rest of the body (2).  The enhanced drug accumulation in tumor tissue increases the 

therapeutic effect while reducing non-specific side effects (4-6).  Moreover, it is well 

known that macromolecular drug delivery systems have the potential to overcome 

multidrug resistance.  The exclusion of the polymer-drug conjugates from the 

cytoplasm of the cell, due to the fact that intracellular trafficking occurs within 

membrane-limited organelles, renders efflux pumps ineffective (7).  Experimental data 

on sensitive (A2780) and resistant (A2780/AD) human ovarian carcinoma cells 

showed that, in contrast to free doxorubicin (DOX), N-(2-

hydroxypropyl)methacrylamide (HPMA) copolymer bound DOX conjugate overcame 

pre-existing MDR1-gene-encoded multidrug resistance, and did not induce it de novo 

after acute or chronic exposure in vitro (8, 9).  Similar results were obtained in solid 

tumor mice models of DOX sensitive and resistant human ovarian carcinoma.  Free 

DOX was effective only in sensitive tumors, while HPMA copolymer bound DOX 

conjugate was effective in both sensitive and drug-resistant tumors (10).  

In addition of the passive targeting of the drug at the tumor site by 

macromolecular carriers, active targeting can be usually achieved by adding to the 

drug delivery system a ligand moiety specifically directed to certain types of binding 

sites on cancer cells (11).  These binding sites, such as antigens or receptors, are either 

uniquely expressed or overexpressed on the target cells relative to normal cells.  
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Several different targeting moieties were examined, including sugars (12, 13), lectins 

(14, 15), receptor ligands (16, 17), and antibodies (18, 19) and their fragments, such as 

Fab’ (20, 21).  To obtain such multifunctional capabilities, macromolecular carriers 

have been designed to consist of (a) a non-immunogenic and biocompatible water-

soluble polymer backbone such as PEG or HPMA copolymers (22), (b) therapeutically 

active molecules, (c) linkers between the polymer backbone and the active molecule 

that are stable in blood circulation and release the free drug at target sites, and (d) a 

targeting moiety to mediate biomolecular recognition (23, 24).   

Water-soluble synthetic HPMA copolymer is one of the drug delivery 

systems that many researchers have been using as carrier of anticancer agents (7, 25, 

26).  Several HPMA copolymers bound drug(s) are currently in preclinical and clinical 

trials, such as HPMA copolymer-doxorubicin (27), HPMA copolymer-platinate (28) 

and HPMA copolymer-TNP-470 (29).  For decades HPMA-drug conjugates have been 

studied and reported that can increase the passive accumulation of the drug at the 

tumor site by EPR effect (30), and overcome efflux pump-mediated mechanism of 

drug resistance (8-10).  Furthermore, the incorporation of targeting moieties, such as 

monoclonal antibodies (mAb) and antibody fragments, to HPMA copolymers can 

allow the specific delivery and the actively accumulation of drugs at the tumor site by 

their association with antigens that are overexpressed on the target cells relative to 

normal tissues (5, 11, 31, 32).  Consequently, the intracellular concentration of the 

polymeric conjugates is enhanced with concomitant increase in antitumor activity 

(32).  These modifications of mAb and antibody fragments also reduce their 

immunogenicity and extend their circulating half-lives (33, 34).  Moreover, the 

polymer modification of antibody fragments provides a better control of the structure 

of HPMA copolymer conjugates compared to full-length mAb.  The unique sulfhydryl 

group near the C terminus of Fab’ fragments has provided a convenient way for 

coupling to HPMA copolymers containing maleimide groups and allow the antigen-

binding site to be more approachable (20, 35).
 

Often, a combination of chemotherapy drugs, the use of two or more drugs 

with different mechanisms of action, is used due to some drugs work better together 

than alone when given either simultaneously or in sequence.  Other than the 
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improvement of the therapeutic outcome, the combination may reduce the side effects 

because of minimizing the doses of chemotherapy drugs.   

Based on the rationale mentioned above, the combination of HPMA 

copolymer-drug conjugates appears to be a novel and successful strategy for cancer 

treatments.  The purpose of the present work was to investigate the binary 

combinations of anticancer agents against two different cancer cell lines, human 

ovarian carcinoma and human renal carcinoma cell lines.  Three anticancer agents 

chosen in these studies were SOS [2,5-bis(5-hydroxymethyl-2-thienyl) furan, SOS 

thiophene, NSC 652287], Mce6 (mesochlorin e6 monoethylene diamine) and DOX.  

These agents represent low-molecular weight (Mw) compounds possessing different 

sites and/or mechanisms of action.  To integrate the virtues of polymeric carrier, 

anticancer agent and/or targeting moiety, the polymer bound drug conjugates and 

Fab’-targeted polymer bound drug conjugates were synthesized.  The experiments 

were designed to examine the cytotoxic effect of anticancer agents and polymer 

conjugates as single agents and in combinations.  To compare their in vitro cell 

inhibitory activities, the drug concentration that inhibited cell growth by 50% 

compared with control cells (IC50) was determined using a modified 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay.  MTT assay is 

the widely accepted colorimetric assay was used to measure the cell viability after 

drug exposure.  The yellow tetrazolium MTT reagent is reduced by metabolically 

active cells, in part by the action of dehydrogenase enzymes, to generate reducing 

equivalents such as NADH and NADPH.  The resulting intracellular purple formazan 

can be solubilized and quantified by spectrophotometric means.  The MTT reagent 

yields low background absorbance values in the absence of cells. For each cell type 

the linear relationship between cell number and signal produced is established, thus 

allowing an accurate quantification of the percentage of cell viability (36).   

Moreover, the drug combinations were evaluated using the median-effect 

analysis.  This method is the most commonly used method to evaluate drug 

combinations in vitro, based on the Loewe additivity model, as originally proposed by 

Chou and Talalay (37-39).  The median-effect method assesses the drug-drug 

interaction by a term called the “combination index” (CI), which is based on the 

concentration-response relationship.  The CI value was used to classify the synergism, 
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antagonism, and additive effects of drug combinations.  These experiments were 

expected to demonstrate that the combinations of these agents may produce synergistic 

effects and thereby reduce effective doses, compared to the doses required for each 

agent alone to produce a given drug effect level. 
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CHAPTER II 

LITERATURE REVIEW 

 

 
1. Cancer 

Cancer is a group of diseases or disorders characterized by uncontrolled cell 

proliferation and the spread ability of abnormal cells to other parts of body (40).  

These rapid growing cells may form a clump of cells that are called tumors.  Tumors 

can be benign (non-cancerous) or malignant (cancerous).  Benign tumors are tumors 

that remain self-contained and not spread to other parts of the body.  Malignant 

tumors, or cancers, are not self-contained.  They can invade neighboring tissues and 

organs, or spread to other parts of the body.  Cancers are capable of scattering through 

the body by two mechanisms: invasion and metastasis.  Invasion is the direct 

migration and penetration by cancer cells into surrounding tissues.  Metastasis refers 

to the ability to spread by sending off seedlings of cancer cells into lymphatic and 

blood vessels, and settle in normal tissues elsewhere in the body (41).  More than two-

hundred distinct varieties of cancers have been described (42).  Five broad categories 

of cancer types may be classified according to type of cell in which they originate and 

the degree of differentiation, as carcinoma, sarcoma, leukemia, lymphoma, and 

melanoma.  Carcinomas are solid tumors that originate in epithelial tissues, such as 

liver, lung, bladder, kidney, breast, ovary, uterus, intestinal tract and skin.  

Approximately 80% to 90% of all cancer cases are carcinomas.  Sarcomas are rare 

solid tumors, representing less than 2% of all cancers and originate in the supporting 

tissues, such as connective tissues, bone, muscle, cartilage, and fat.  Leukemias are 

cancers of blood-forming organs that result from abnormal white blood cells 

production in the bone marrow; they account for 2% of all cancers.  Lymphomas are 

cancers of the lymphocytes that originate in the lymphatic system, e.g. lymph nodes.  

Lymphomas constitute about 5% of cancer.  Melanomas are cancers that originate in 

melanocytes, the pigment cells in the skin (43).  It usually starts with any change in 

size, shape or color of the spot or mole on the skin. 
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In these researches two different tumor models, ovarian carcinoma and renal 

carcinoma, were chosen to study the in vitro cytotoxicities of therapeutic agents as 

single agents and in combinations. 

 

1.1 Ovarian Cancer 

Among all the gynecologic cancers, ovarian malignancies represent the 

greatest clinical challenge.  Ovarian cancer is cancer that forms in tissues of ovary, 

part of female reproductive system.  It is the eighth most common cancer in women 

and ranks fifth as the cause of cancer-related deaths.  There are three broad types of 

ovarian cancer including epithelial ovarian cancer, germ cell cancer, and stromal cell 

cancer each with different etiologies and clinical behavior.  Epithelial ovarian cancer is 

the most common type and comprises about 90% of all ovarian cancer cases.  It forms 

on the surface of the ovary in the epithelial cells (44, 45).  Ovarian cancer is usually 

asymptomatic until they have metastasized, patients present with advanced disease in 

more than two-third of the cases.  Ovarian cancer has an overall five-year survival rate 

of only 30%.  This poor prognosis is largely because three-fourth of cases are 

accompanied with extra-ovarian disease, which reflects the absence of symptoms in 

early-stage ovarian cancer (46).  Moreover, ovarian cancer lacks any clear early 

detection or screening test, meaning that most cases are not diagnosed until they have 

reached advanced stages.  Ovarian cancer represents a major surgical challenge, and 

requires intensive and often complex therapies (47).  The main treatments for ovarian 

cancer are surgery and chemotherapy.  In some cases the combination of these 

treatments will be recommended (48). 

 
1.2 Renal Cancer 

Renal cancer is the seventh most common malignancy among men and the 

ninth among women, accounting for about 3% of adult malignancies.  There are 

several different types of renal cancer cells.  The most common called conventional or 

clear cell is found in about 75% of renal cancers.  The second most common, called 

papillary, is found in about 12% of renal cancers.  Other types, which occur rarely, 

include chromophobe (4%), oncocytoma (4%), collecting duct (<1%), and unclassified 

(3-5%) (49).  Clear renal cell carcinoma develops from the proximal renal tubular 
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epithelium (49, 50).  It is by far the most frequent neoplasm arising from the kidney.  

The prognosis for advanced stage renal carcinoma is poor.  The low efficiency of 

chemotherapeutic agents is due to high levels of p-glycoprotein expression in normal 

renal proximal tubules and renal carcinoma cells (51, 52).  Furthermore, nearly one-

third of patients develop metastatic disease after nephrectomy (50), and about 30% of 

those treated for localized disease eventually relapse (53).  The treatment options for 

patients with metastatic renal cell carcinoma are few.  Conventional chemotherapy and 

radiotherapy rarely result in clinically beneficial responses.  Recently, the 

immunotherapy, a method of using substances that induce the body’s natural immune 

defense to fight cancer, has become the only standard treatment for metastatic renal 

cell cancer.  Studies showed that two such substances, interleukin-2 (IL-2) and 

interferon alpha (IFN-α) can shrink the tumor size more than 50% (54, 55).  However, 

the immunotherapy only works in only 15-20% of patients, and IL-2 and IFN-α often 

cause severe side effects, such as extreme fatigue, influenza-like symptoms, intestinal 

bleeding, heart attacks, and myocardial infarction (56, 57).  Evidently, novel 

approaches in the treatment of renal carcinoma are needed. 

 

2. Cancer Treatments 

A definitive diagnosis usually requires the histological examination of a 

tissue biopsy specimen.  Once diagnosed, cancer can be treated by surgery, 

chemotherapy, radiation therapy or other methods.  The choice of therapy depends on 

the specific type, location, and stage of cancer, as well as the general state of the 

patient.  Complete removal of the cancer without damage to the rest of the body is the 

goal of treatment.  Surgery is especially appropriate for certain types of cancer, such as 

breast cancer, where tumors are often well-defined and surgically accessible.  

However, many types of solid tumors, including those affecting brain, spine, lungs and 

various other organs, present significant challenges to a surgical approach.  Surgery is 

highly invasive because it requires entering the body by incision, painful and involves 

significant operative and post-operative risks, including risks associated with 

anesthesia, infection and other complications.  Sometimes surgery is used to reduce 

the size of a tumor before using other therapies to eliminate any remaining cancer cells 

in the area surrounding the tumor.  Damage during surgery may occur when healthy 
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tissue surrounding the tumor is removed to make sure that all of the cancer cells are 

removed.  Radiation therapy has been used not only to treat the area around a tumor 

site, typically as an adjunct to surgery after the tumor has been removed, but also to 

directly target the tumor when surgery is not possible.  However, normal tissues that 

are either right in or close to the intended treatment area may receive substantial 

radiation causing other adverse side effects.  The surgery and radiation methods are 

local cancer treatments, which can cause side effects due to damage of surrounding 

tissues.  In contrast, chemotherapy a systemic cancer treatment method by using drugs 

that can slow or stop the growth and reproduction of cancer cells, which causes 

systemic side effects by damaging healthy cells throughout the entire body (1).   

 

3. Anticancer Agents 

 

3.1 Photosensitizing Compounds 

Photodynamic therapy (PDT), a three-component therapy consisting of a 

photosensitizer, visible light and oxygen, is a minimally invasive procedure that has 

great potential for the treatment of malignant disease.  It is a relatively new cancer 

treatment modality that employs light excitation of a photosensitizer to yield cytotoxic 

oxygen-related species (58, 59).  It also depends on the retention of photosensitizers in 

tumor tissue and irradiation of the tumor with visible light (60). 

Mce6 (Figure 1A) is one of the second-generation synthetic photosensitizing 

compounds.  The initiating step of the photosensitizing mechanism is the absorption of 

a light photon in the red region of spectrum (640-700 nm) by the sensitizer, causing 

the activation of drug molecule from its ground state to the extremely unstable excited 

singlet state with a half life in range of 10-6 to 10-9 seconds.  The singlet excited 

photosensitizer either decays back to the ground state, resulting in the fluorescence or 

undergoes intersystem crossover to the longer lived (10-3 second) tripled excited state.  

The interaction of the triplet sensitizer with surrounding molecules results in two types 

of photooxidative reaction.  Type I pathway involves electron or hydrogen atom 

transfer, producing radical forms of the photosensitizer or the substrate.  These 

intermediates may react with oxygen to form peroxides, superoxide ions, and hydroxyl 

radicals, which initiate free radical chain reactions.  Type II mechanism is mediated by 
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the energy transfer process with ground state oxygen and to the return of the sensitizer 

to its ground state.  The in situ generation of singlet oxygen (1O2) via type II pathway 

appears to play the central role in photodynamic cytotoxicity because of the highly 

efficient interaction of the 1O2 species with different biomolecules, resulting in 

irreversible photodamage to the cells, cell destruction, and cell death (59, 61-64).  

However, the photodamage is limited within <0.02 µm of radius of action, mainly 

because of the limited diffusion of the extremely short-lived singlet oxygen in biologic 

systems (<0.04 µs) (65, 66).  Due to this fact, the effect of photosensitizer is dependent 

on its cellular accumulation (67).  Nevertheless, various delivery systems, such as 

copolymer conjugates (68), lipoproteins (69) and microspheres (70), have been 

suggested to enhance the accumulation of photosensitizers into tumor tissue and 

reduce the non-specific damage to normal tissue. 

 

3.2 Reactivation of p53 and Induction of Tumor Cell Apoptosis (RITA) 

Compounds 

RITA compounds, such as nutlins (71, 72) and chalcone B-1 (73), are small-

molecule inhibitors of p53-HDM-2 interaction and are sought as tumor-selective 

drugs.  The function of HDM-2 (human double minute-2) is binding to the N-terminal 

transactivation domain of p53 resulting in p53 proteasomal degradation (74).  

Following RITA molecule inhibits p53-HDM-2 interaction, thereby preventing HDM-

2-mediated degradation of p53, consequently p53 levels rise, and causing cell cycle 

arrest or apoptosis.   

The synthetic dithiophene compound SOS (Figure 1B), is novel RITA 

compound that exhibit the most potent and selective antitumor activity against several 

tumor cell lines expressing wild-type p53, especially the A498 human renal carcinoma 

cell line.  Studies suggested that SOS induces DNA damage and promotes the 

formation of DNA-DNA and DNA-protein cross-links (75) and interrupts the p53–

HDM-2 interaction (76).  These effects lead to p53 stabilization and activation 

resulting in G0-G1 and G2-M cell cycle arrest, thereby strongly inducing apoptosis.  In 

vivo studies of SOS in mice with xenografts derived from different drug-sensitive cell 

lines, including renal A498, renal CAKI-1, melanoma UACC-257, ovarian OVCAR-5, 

colon HCC-2998 (77), colon HCT116 expressing wild-type p53 and its derivative p53-
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null HCT116 (76), showed that SOS possessed strong antitumor activity.  It produced 

complete tumor regression of A498 tumor xenografts, and possessed a moderate or 

minimal antitumor activity to other cell lines, but had no effect on p53-null HCT116 

xenografts.   

 

3.3 Anthracycline  

DOX (Figure 1C) is one of the most effective anthracycline antitumor agents.  

It has shown an excellent anticancer activity in various solid and hematopoietic 

cancers, including breast cancer, ovarian cancer, prostate cancer, bladder cancer, small 

and non-small cell lung cancers, Hodgkin’s and non-Hodgkin’s lymphoma, acute and 

chronic leukemias, multiple myeloma, and soft tissue and bone sarcomas (78).  The 

multiple mechanisms of action of DOX include: intercalating DNA (79), inhibiting 

DNA-topoisomerase II interaction (80), and inducing the generation of singlet oxygen 

and other oxygen radicals (81).  These mechanisms lead to DNA strand breaks, DNA 

damage, and damage to cellular membranes, resulting in G1 and G2 cell cycle arrest 

and cell death (82-84).  However, the usefulness of DOX is limited by side effects, 

particularly cumulative dose-dependent cardiotoxicity (85).  Previous studies in mice 

have demonstrated that the severe cardiotoxicity of DOX can be reduced by 

conjugating it to HPMA copolymers (86).  Similar results have been observed in 

clinical trials (27). 

 

4. Macromolecular Drug Delivery System 

Many macromolecules, such as poly(ethyleneglycol) (PEG) (87), 

poly(glutamic acid) (88), and HPMA copolymers (27, 89), have been utilized as drug 

carriers in an attempt to enhance tumor accumulation of macromolecules within tumor 

sites due to the leakiness of angiogenic tumor blood vessels by the EPR effect (90).  

The features of macromolecules are essential for effective design (5).  The 

macromolecules must be non-toxic and non-immunogenic, and the molecular mass of 

macromolecules must be high enough to ensure long circulation (this must be <40,000 

g/mol for non-biodegradable macromolecules to ensure eventual renal elimination of 

the carrier), but low enough to ensure endocytic internalization (typically <100,000 

g/mol) (91-93).  Moreover, the macromolecules must be able to carry an adequate
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Figure 1.  Chemical structure of (A) mesochlorin e6 monoethylene diamine (Mce6), 

(B) 2,5-bis(5-hydroxymethyl-2-thienyl) furan (SOS thiophene, SOS), and (C) 

doxorubicin (DOX). 
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payload in relation to drug potency and the linker between drug and macromolecule 

must be stable during transport in blood circulation, but able to release drug at an 

optimum rate on arrival at the target site.  

Macromolecules are widely used platforms in the formulation of small 

molecule drugs.  Macromolecules may simply improve the physicochemical stability 

of drug, and can produce long-circulating conjugates and enhance the efficacy of a 

therapeutic agent by limiting cellular uptake to the endocytic route (5, 94).  Whereas 

the low-Mw drugs enter the cell by diffusion via the plasma membrane and 

subsequently distribute to all the subcellular compartments, the entry of 

macromolecules is restricted to endocytosis with ultimate location in the lysosomal 

compartment of the cell (95).  Endocytosis in the case of macromolecules can occur by 

three different mechanisms depending on their structure: fluid-phase endocytosis, 

adsorptive endocytosis, and receptor-mediated endocytosis (7, 25).  Fluid-phase 

endocytosis (also known as bulk-fluid endocytosis) occurs when no interaction 

between the macromolecule and the cell surface takes place.  Consequently, 

macromolecules are taken up slowly depending on their concentration in the 

extracellular fluid (96).  The incorporation of hydrophobic molecules (97) or 

positively charged moieties (98) into the macromolecule not only can promote 

substantial non-specific membrane binding due to the net negative charge of the 

plasma membrane and the hydrophobic nature of the constituent lipids, but also results 

in a concomitant increase in the rate of macromolecular uptake.  This process is 

known as adsorptive endocytosis.  Incorporation of moieties in the macromolecular 

structure, which specifically bind to cell surface molecules (receptors or antigens), 

renders the conjugate biorecognizable and initiates endocytotic processes.  The 

macromolecules are internalized specifically by a select subset of cells, thus resulting 

in not only an increased rate of internalization as compared to fluid phase endocytosis, 

but also a substantially altered body distribution (99, 100).  Therefore, the conjugation 

of drug or drug and targeting ligand to macromolecule can reduce access to normal 

cells or sites of toxicity and overcome multidrug resistance, and increase the 

therapeutic efficacy of a parent anticancer compound (101, 102).   
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4.1 HPMA Copolymers 

HPMA is the most investigated and advanced polymer used in therapeutics 

due to its versatility as a vehicle.  Uncharged, highly biocompatible HPMA 

homopolymer was designed and synthesized in Czechoslovakia as a plasma expander 

(24, 103).  HPMA being hydrophilic, increases water solubility of the drugs, such as 

paclitaxel, and has proven to be non-toxic (7, 104).  HPMA also can be decorated with 

multiple agents, such as anticancer agents (5), targeting moieties (11), and imaging 

agents (105, 106), and can facilitate the delivery of these agents to target site.  It is 

well known that HPMA copolymer drug conjugates have the potential to overcome 

existing drug efflux pumps located in the plasma membrane of cancer cells and 

prevent de novo development of multidrug resistance (8-10).  In contrast, free low-Mw 

drugs activated the multidrug resistance mechanisms, such as cellular detoxification 

mechanisms, antioxidant defense systems, and other non-specific cellular defensive 

mechanisms.  The conjugates internalized into the cancer cells by endocytosis are 

transported through the cellular cytoplasm in membrane bound organelles, which are 

not permeable to macromolecules (107).  The exclusion of the conjugates from the 

cytoplasm rendered the efflux pumps ineffective.  In addition, this protects the drugs 

from cellular detoxification enzymes and preserves their high anticancer activity.  

Thus polymeric drug conjugates bypass some of the common mechanisms of 

multidrug resistance. 

Following internalization, HPMA copolymer conjugates are first localized in 

mildly acidic endosomes (pH 5.0–6.5) and then ended up in lysosomes, where high 

levels of lysosomal enzymes and much lower pH are present.  Incorporation of linkers 

degradable in the lysosomal environment can allow for release of free drug and 

subsequent drug redistribution in the cell.  Consequently, the design of the drug 

attachment/release spacer connecting drug to the polymer backbone was based on the 

lysosomal environment.  Linkers that could be used include acid-labile linkers, 

disulfide bonds and lysosomal enzyme-sensitive linkers.  Acid-labile linkers, such as 

hydrazone linkages (108) and cis-acotinyl spacers (109), are rapidly hydrolyzed at the 

pH in the endosomal and lysosomal compartments.  The problem is that the difference 

of two pH units between the blood stream and the lysosomal compartment is not high 

enough to ensure both the stability in the blood stream and fast hydrolysis in 
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lysosomal compartments.  Disulfide bonds linking the drug to the polymer are 

nonspecifically degraded in the blood stream and at the cell membrane, resulting in the 

non-specific release of free drug and thus the development of side effects (110).  

Lysosomal enzyme-sensitive linkers, such as oligopeptide sequences, are stable in 

circulation and can be specifically cleaved in the lysosome releasing the free drug.  

Detailed studies with various oligopeptide spacers have been performed to determine 

optimal linker sequences (111, 112).  The commonly used tetrapeptidyl linker 

glycylphenylalanylleucylglycine (Gly-Phe-Leu-Gly, GFLG) was designed to be stable 

in the bloodstream and interstitial space but susceptible to cleavage by lysosomal 

cysteine proteinases, particularly cathepsin B, within the lysosomal compartment 

resulting in active drug liberation into lysosome and transfer to cytoplasm (113-115).  

Furthermore, the Mw and Mw distribution are important factors in a polymer carrier's 

biocompatibility.  Based on early studies that evaluated the Mw dependency of 

endocytosis and biodistribution, an optimal HPMA copolymer Mw of ~30,000 g/mol 

was chosen (91-93).  HPMA copolymers are non-biodegradable in the main chain, so 

this Mw was chosen and the Mw distribution of synthetic carriers has to be below the 

renal threshold to ensure the elimination of the carrier from the body. 

An HPMA copolymer with DOX conjugated with GFLG peptidyl linker 

(PK1, FCE28068) was the first synthetic polymer conjugate to enter phase I trials in 

1994.  The structure is shown in Figure 2.  PK1 demonstrated antitumor activity in 

refractory cancers without polymer-related toxicity.  The obtained data strongly 

indicated the biocompatibility of the HPMA copolymer carrier (27).  It also 

demonstrated that HPMA copolymer-DOX conjugates can induce endocytosis for the 

delivery of drugs into the solid tumor models and improve in vivo antitumor activity 

with less toxicity when compared to the free drug (116).  A detailed investigation 

showed that high-Mw HPMA copolymer bound drugs accumulated preferentially in 

solid tumors, due to EPR-mediated tumor accumulation (passive targeting), with only 

trace amounts of drugs detected in healthy organs, such as liver, heart, lungs, spleen 

and kidneys.  In contrast, significant amount of free drugs were found in the healthy 

organs.  Therefore, the conjugation of low-Mw anticancer drug to HPMA copolymer 

substantially limited adverse side effects to healthy organs compared to free drugs (7-

9). 
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Figure 2.  Chemical structure of HPMA polymer bound DOX conjugate (PK1). 
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4.2 Targeted-HPMA Copolymer Conjugates 

Various targeting moieties (complementary to molecules on the surface of the 

cell, such as carbohydrates (117, 118), vitamins or analogs (119, 120), hormones or 

analogs (121), proteins (122, 123), and antibodies (34, 99), can be incorporated into 

the polymeric conjugates to achieve the biorecognizability of conjugates at the plasma 

membrane of the target cells.  . Incorporation of targeting moieties to HPMA 

copolymer conjugates can improve the cell surface binding of conjugates.  This 

enhances the amount of the conjugates being internalized by receptor-mediated 

endocytosis, further increases the rate of cellular uptake and increases the intracellular 

concentration (as compared to fluid phase or adsorptive endocytosis) (20, 32, 89).   

The targeting moieties can be classified into two major categories: non-

antibody ligands and antibody ligands (11).  Non-antibody ligands are inexpensive and 

stable but non-selective and low-binding affinity, for example galactosamine (124) 

and folate (120) which target the asialoglycoprotein receptors on hepatoma cells and 

the folate receptors overexpressed on cancer cells, respectively.  Contrary to antibody 

ligands (monoclonal antibodies or antibody fragments) that have high-binding affinity 

and high degree of specificity, such as anti-Thy 1.2 antibodies which target the Thy 

1.2 antigens on mouse splenocytes (125), and OV-TL 16 whole antibodies (32, 99) 

and OV-TL 16 antibody Fab’ fragments (20, 21) which target the OA-3 surface 

antigens on ovarian cancer cells.  

PK2 or FCE28069 is the first targetable HPMA copolymer conjugate 

evaluated in Phase I/II clinical trial.  It contains DOX bound to HPMA copolymer via 

a GFLG sequence and in addition side-chains terminated in galactosamine (Figure 3).  

This conjugate was designed to target the liver using the hepatocyte asialoglycoprotein 

receptor to promote liver specific receptor-mediated targeting (active targeting) and 

may, therefore, be useful in the treatment of primary or metastatic liver cancer (89, 

124).  In addition of PK1 and PK2 conjugates, other HPMA conjugates that have been 

evaluated in clinical trials are listed in Table 1. 

Another two targetable HPMA copolymer conjugates containing OV-TL 16 

whole antibody and OV-TL 16 antibody Fab’ fragment as targeting ligands, and DOX 

and Mce6 as anticancer drugs, were studied both in in vitro and in vivo (32, 99).  The 

cellular internalization studies showed that the targeted copolymer was internalized
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N-acylated galactosamine 

 

Figure 3.  Chemical structure of HPMA copolymer bound DOX conjugate contains 

side-chain terminated in N-acylated galactosamine (PK2). 
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Table 1.  HPMA copolymer bound drug conjugates in clinical trials. 

 

HPMA copolymer-drug 

conjugates 
Name 

Phase of 

clinical trial 
References 

HPMA copolymer-

Doxorubicin 

PK1, FCE28069 II (27, 126) 

HPMA copolymer-

Doxorubicin-Galactosamine 

PK2, FCE28069 I/II (89, 127) 

HPMA copolymer-Paclitaxel PNU166945 I (128) 

HPMA copolymer-

Camptothecin 

PNU166148, 

MAG-CPT 

I (129-132) 

HPMA copolymer-cis-

Platinate 

AP5280 I/II (28) 

HPMA copolymer-DACH-

platinate 

AP5346; 

ProLindac 

I/II (133, 134) 
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more efficiently than the non-targeted copolymer.  This internalization can be 

inhibited by the presence of free OV-TL16 antibody in the culture medium, indicating 

the role of receptor-mediated endocytosis.  Cytotoxicity studies demonstrated that the 

targeted conjugates exhibited higher cytotoxicity toward OVCAR-3 cells than the non-

targeted conjugates and nearly restored the cytotoxicity to that of free drugs.  This is 

related to the different mechanisms of cell uptake (receptor-mediated endocytosis for 

targeted conjugates as compared to fluid phase/adsorptive endocytosis for non-

targeted conjugates and diffusion for free drugs) (99).   

 

5. Synthetic Procedures of HPMA Copolymer Conjugates 

Generally, there are two possible methods for the preparation of HPMA 

copolymer bound drugs, or for the incorporation of drugs, targeting moieties, or other 

functional groups into HPMA copolymer conjugates:  

(a) polymeranalogous reaction: coupling of drug molecule with a copolymer 

precursor possessing reactive groups; and  

(b) copolymerization of a polymerizable drug derivative with suitable 

comonomers. 

Both synthetic methods can yield similar polymer-drug conjugates when 

using the same drug.  The selection of synthesis methods depends on the individual 

requirements in each case (24, 25). 

 

5.1 Polymeranalogous Reactions 

This involves the attachment of drug to a preformed polymeric carrier.  The 

prerequisite of this method is the match of the reactive groups on the polymer 

backbone and the drug.  Polymer backbone can be synthesized with reactive groups at 

side chain termini that are complementary to functional groups on the drug molecule.  

The polymer can then be reacted with the drug, resulting in the formation of a 

polymer-drug conjugate.  For example, a polymer containing side-chains terminated in 

carboxyl groups that are complementary to the hydroxyl or amino group, the ester or 

amide bond may be formed, respectively, between the drug molecule and polymer 

backbone. 
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Another example is a polymer backbone containing reactive p-nitrophenyl 

ester groups at side chain termini that can be reacted with drug molecules bearing a 

reactive amino group by aminolysis forming amide bond (Figure 4).  However, it may 

be essential to modify the reactive groups (either on the drug or polymer side chains) 

to enable the reaction to proceed in certain cases (135, 136).   

 

5.2 Copolymerization of Polymerizable Drug Derivatives with 

Monomers 

An essential feature in this method involves the synthesis of a polymerizable 

drug derivative by reacting the drug with a polymerizable molecule (monomer).  This 

derivative can be then copolymerized with a suitable monomer to form the polymer-

drug conjugate (Figure 5).  This method may be used when the drug molecule is stable 

during the polymerization process.  An advantage of this method is the avoidance of 

side reactions that sometimes occur during polymeranalogous reactions. 

 

6. Attachment of Targeting Moieties 

The incorporation of targeting moieties into the structure of the polymer-drug 

conjugate can also be done using techniques similar to polymeranalogous or 

copolymerization reactions depending on the structure of the targeting moiety.  In the 

case of polymeranalogous techniques, polymer-drug conjugates can be synthesized 

with pendant reactive groups on side-chain termini.  Reactive groups are selected such 

that they can specifically bind the targeting moieties.  For example, HPMA copolymer 

conjugates containing N-acetylated galactosamine can be synthesized by aminolyzing 

the reactive copolymer precursor containing p-nitrophenyl ester with galactosamine. 

When using antibodies as targeting moieties, antibodies may be bound 

directly to anticancer agents; however, this approach may lead to loss of antibody 

activity (137).  The polymer intermediate is used to conserve the bioactivity of 

antibody and also to increase the specific toxicity of the conjugates (138).  Antibodies 

can be attached to polymer backbones using three different methods.  First, antibodies 

contain a large number of accessible surface lysine residues.  Their ε-amino groups 

may be used for binding to active ester groups on polymer side-chains of polymeric 

carriers by aminolysis (34, 125).  The disadvantage of this method is the possibility of 
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Figure 4.  Synthetic scheme for the HPMA copolymer conjugate with drug bound via 

a biodegradable GFLG spacer (P-GFLG-Drug) using polymeranalogous technique in a 

two-step method.  The first step involves the synthesis of a polymer precursor 

containing reactive p-nitrophenyl ester groups at GFLG side chain termini (P-GFLG-

ONp where P is the HPMA copolymer backbone) by copolymerizing HPMA with N-

methacryloylglycylphenylalanylleucylglycine p-nitrophenyl ester (MA-GFLG-ONp).  

The second step is the reaction of the drug molecule containing a reactive amino group 

with the polymer precursor (139). 
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Figure 5.  Synthetic scheme for the HPMA copolymer-drug conjugate (P-GFLG-

Drug) using copolymerization technique.  First, a monomer containing drug molecule 

at side chain termini via GFLG linker (MA-GFLG-Drug) is synthesized by reacting 

drug with MA-GFLG-ONp.  Second, the MA-GFLG-Drug is copolymerized with 

HPMA monomer to yield P-GFLG-Drug (139). 
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attachment of multiple copolymer chains to one antibody molecule, which may restrict 

the flexibility of antibodies and reduce the bioactivity of antibody.  Second, the 

carbohydrates near the hinge region of antibodies can be oxidized by sodium periodate 

to produce aldehyde groups.  These groups can be reacted with hydrazide reactive 

groups on side chains of the polymers and hence formed hydrazone linkages.  Third, 

antibody can also be reduced to Fab’ fragments containing sulfhydryl groups, which 

may be reacted with maleimide groups on side-chain termini of polymers via thioether 

bonds.  The last two methods may cause minor modifications to antibody structure and 

afford better control over biological activity, when compared to the aminolysis method 

(140).   

Another strategy to synthesize the antibody-targeted conjugates is the use of 

copolymerization reaction technique.  The polymerizable derivatives of whole 

antibody or Fab’ fragment can be synthesized by reacting the antibody or Fab’ 

fragment with a polymerizable monomers.  The incorporation of these derivatives in 

copolymerization reactions can yield targeted conjugates.  However, this technique 

should be performed under mild conditions to avoid denaturation of antibodies and 

Fab’ fragments (20, 141).   

 

7. Combination Therapy 

The treatment options for cancer are surgery, radiation, chemotherapy, 

hormone therapy, biological therapy, targeted therapy, and also combination of these 

therapies (50, 142).  Nowadays, it is well established that the clinical standard 

treatment in many types of cancer is optimized using combination therapy that has 

contributed to increasing survival and cure rates.  The principles for the development 

of combination treatment are the therapeutic agents should be individually active with 

different mechanisms of action and non-overlapping toxicity profiles (143).  The 

combination of multiple drugs may not only target multiple targets, multiple 

subpopulations, or multiple diseases simultaneously, but also direct the effect against 

single target or a disease and treat it more effectively.  The drug combinations are 

currently used in an attempt to (a) enhance the efficacy of the therapeutic effect; (b) 

reduce the dosage to avoid unwanted side effects but increase or maintain the same 

efficacy; and (c) minimize or slow down the development of drug resistance.  From 
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these benefits, the drug combinations have been widely used and became the leading 

choice for the treatment of cancer.  For example, combinations of chemotherapies 

using agents with different mechanisms of action (144, 145); chemotherapy in 

combination with PDT (146-148); chemotherapy and immunotherapy (149); PDT and 

radiotherapy (150); and radioimmunotherapy with radiotherapy (151). 

Recently, a novel concept of combining chemotherapy and PDT, using 

HPMA copolymer bound drugs has been developed (152).  The in vivo combination 

studies on two cancer models, Neuro 2A neuroblastoma induced in A/J mice (153) and 

human ovarian carcinoma heterotransplanted in nude mice (32, 154, 155), 

demonstrated that combination therapy with HPMA copolymer-bound DOX (P-

GFLG-DOX) and HPMA copolymer-bound Mce6 (P-GFLG-Mce6) produced tumor 

cures which could not be obtained with monotherapy either chemotherapy or PDT 

alone.  Additionally, significantly lower nonspecific toxicities were observed when 

compared to low-Mw drugs.  Furthermore, the biodistribution study of P-GFLG-Mce6 

and P-GFLG-DOX revealed the optimum time lag between the administration of both 

conjugates and irradiation of the tumor (156). 

The additional enhancement of therapeutic efficacy may be reached using 

targeted combination chemotherapy and PDT with OV-TL16-HPMA copolymer-DOX 

and OV-TL16-HPMA copolymer-Mce6 conjugates.  These immunoconjugates 

accumulated preferentially in human ovarian carcinoma OVCAR-3 xenografts in nude 

mice resulting in increasing of therapeutic efficacy when compared with non-targeted 

conjugates (P-GFLG-DOX and P-GFLG-Mce6).  The targeted conjugates suppressed 

tumor growth for the entire period of the experiment (32). 

 

8. The In Vitro Combination Study 

Many in vitro drug combination studies have been performed to 

quantitatively evaluate the possibilities for synergistic or antagonistic effects being 

mediated by mixtures of chemicals.  In vitro studies are very useful in initial studies of 

the detection of the potential of chemicals to produce cytotoxicity.  Experimental 

conditions for drug combination in vitro can be easily defined, or fixed, and the drug 

concentrations can be maintained constant during the course of the experiment.  They 

also have the advantage that a large number of combinations of chemicals can be 
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assayed within a short time frame and at relatively low cost.  Therefore, most drug 

combination studies in biomedical literature have been conducted in vitro, with dose-

effect curves each consisting of five to eight data points for each drug alone and their 

combinations.  The in vitro combination studies not only lead to conserving the use of 

laboratory animals, but also reducing the cost of using animals for animal purchasing, 

maintenance, facilities, and equipment.  Moreover, mathematical analysis of these in 

vitro studies is potentially powerful because many binary drug combinations can be 

explored computationally.   

Compared with in vitro studies, determining synergism or antagonism in vivo 

using animals is obviously more time consuming and more costly and greater 

variability in measurements will be encountered.  However, the combined effects 

demonstrated in vitro should be confirmed in vivo due to the potential differences in 

the biological processes of in vitro and in vivo.  Therefore, in vivo drug combination 

studies are usually carried out only for selected drugs, after in vitro combination 

studies, and/or before clinical development (37, 157). 

 

9. Drug-Drug Interaction and In Vitro Drug Interaction Evaluation Methods 

The studies of interactions among agents are of fundamental interest and 

practical importance in all areas of medicine and, in particular, in cancer 

chemotherapy where combination therapy is commonly used.  The agent may interact 

with one another and modify the magnitude of the therapeutic effect.  The interactions 

may result in three different combined effects.  The term ‘‘additivity’’ is used when 

several (two or more) compounds act without any mutual interactions and the total 

effect of a combination does not differ from what can be expected from the dose-effect 

relations of the individual agents.  The terms ‘‘synergism’’ and ‘‘antagonism’’ are 

used when there is an interaction among compounds, e.g. when the total effect is 

greater and less than expected, respectively (158).   

The nature and quantitative extent of drug-drug interactions is usually 

determined in in vitro studies.  Two reviews described the various interaction 

assessment approaches (159, 160).  These appraoches were categorized into two main 

models of the drug interaction evaluation, e.g. the Bliss independence model and the 

Loewe additivity model. 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Pharmaceutics) / 27 

9.1 The Bliss Independence Model  

This model is also called effect multiplication or the fractional product.  It 

assumes that the agents can bind simultaneously and mutually nonexclusively (e.g., 

totally independent mechanisms) and the combined effect of two agents equals the 

multiplication product of the effects of individual agents.  This assumption is valid 

only for linear drug concentration-effect relationship (e.g., drug effect increases 

linearly with its concentration).  Therefore, this model has limited applicability.  

However, this assumption illustrates that all substances that have a partial overlapping 

action cannot be properly tested with this model.  The widely accepted approach for 

this model is the fractional product method of Webb (161).  The disadvantages of this 

method include: (a) it is inconsistent; there is a possibility to reach the opposite 

conclusion than that found with the isobologram method (as described below); and (b) 

there is no quantitative measurement that summarizes the intensity of synergism or 

antagonism (160, 162, 163). 

 

9.2 The Loewe Additivity Model  

This model is based on the assumption that a drug can not interact with itself.  

It assumes that two agents act on a target through a similar mechanisms or modes of 

actions (mutually exclusive) and is valid for nonlinear drug concentration-effect 

relationship such as the commonly observed sigmoidal curve.  Hence, this model is 

more appropriate for evaluating drugs demonstrating such a relationship.  Methods are 

based on the Loewe additivity model, such as the isobolographic method and the 

median effect method as described below. 

 

9.2.1 The Isobolographic Method 

This method is the classic commonly used method for detecting and 

characterizing departures from additivity between combinations of drugs or chemicals 

whether a combination dose is synergistic or antagonistic.  It evaluates the interaction 

at a chosen effect level and is useful to inspect the in vitro drug interaction at the 

corresponding concentration, often the median effect concentration (or dose) required 

to inhibit (or to affect) a system by 50% (IC50 or Dm) (39).  The isobologram was 

introduced as a graphical approach by Fraser (164).  It is a plot of a contour line 
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representing equally effective doses of two or more agents for a single effect level 

with the doses of each agent as each coordinate axis (157).  The particular effect level, 

such as IC50, is selected; however IC50 can be extended for the x% effect.  Figure 6 

presents the illustration of possible isobolograms for the combinations of two 

drugs/chemicals.  In the isobologram one or several lines (isoboles) are shown 

connecting different dose combinations that produce the same selected effect.  The 

doses of each agent alone that give this effect are plotted as axial points and the 

straight diagonal line connecting these points is called the line of additivity.  This line 

is the locus of points (dose pairs) that will produce this effect in a simply additive 

combination and allows a comparison with the dose pairs of different combinations 

that produce this effect level experimentally.  It is notable that the dose combinations 

may be antagonistic while others are either synergistic or additive (165).  If the values 

lie above or to the right of the additivity line then the mixture is antagonistic.  If the 

values that cause the selected effect lie below or to the left of the additivity line then 

the mixture is synergistic (Figure 6A).  Moreover, the dose pairs may be represented 

by the isoboles of different combinations that cause the selected effect.  Hence, if the 

isobole is below the line of additivity, a synergism is demonstrated, whereas if the 

isobole is above the line of additivity, an antagonism is claimed (Figure 6B).   

Berenbaum (166) introduced Equation 1 to calculate a CI value.  

This enables calculation of the effects of combinations directly from dose effect 

relationships of the individual compounds, regardless of the particular types of dose 

effect relations involved. 

 

     d1      d2      dn 
    CI   =          +          +      (1) 

     D1      D2      Dn 

 

where d1, d2, … dn are the doses of the agents in combination that 

produce the x% effect and D1, D2, … Dn are the doses of the individual agents 

producing the same effect.  CI value is 1, less than 1, or more than 1 when the 

combinations show no interaction (additivity), synergy, or antagonism, respectively.   

 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Pharmaceutics) / 29 

 

A 

 
B 

 
Figure 6.  The isobolograms of combinations of two drugs/chemicals for 50% of the 

maximum effect (IC50).  (A) The isobologram in which the line of additivity was 

linked between the IC50 doses of drug A alone is 20 and drug B alone is 100.  If the 

values lay to the right or the left of the additivity line then the mixture is antagonistic 

or synergistic, respectively.  Points P, Q, and R represent the IC50 doses from the three 

different combinations of drugs A and B.  Point Q is a dose pair of drug A at 3.4 and 

drug B at 25 which means lesser quantities of drugs A and B are required to give the 

50% of the maximum effect and display synergistic effect.  On the contrary, the dose 

pair denoted by point R, required greater drug quantities and is therefore antagonistic.  

Point P that appears near the line would probably be simply additive effect (165).  (B) 

The dashed line connecting two intercept points is the line of additivity.  This line is 

formed by linking the IC50 doses of individual agent (Chemical 1 and Chemical 2) that 

calculated from the dose-response curves.  When the isobole falls below or above the 

line of additivity, a synergism or an antagonism is demonstrated, respectively (167).   
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The advantages of the isobologram method include: (a) it is simple, 

flexible and inexpensive; (b) it is widely accepted; and (c) many newer, more rigorous 

methods are based on the isobologram approach, such as the median-effect method by 

Chou and Talalay (1984).  However, the isobolographic method has some practical 

limitations to the study of combinations of two or three agents.  First, an isobologram 

has two dimensions which is convenient for two-agent combinations.  For three-agent 

combinations, it is not convenient to construct a three-dimensional isobologram, and 

even if it were constructed, it would not be easy to read.  Second, the two-drug 

isobolograms might be shown in multiple effect levels, which usually only three or 

fewer effect levels will be readable as shown in Figure 7.  However, if an isobologram 

was constructed for four or more effect levels, it would be very difficult to read and 

may lead to a false conclusion because of data point overlapping or scattering (37).  

Furthermore, the isobolographic method lacks many of the good characteristics of 

objective statistical procedures and also lacks a summary measure of the intensity of 

interaction. 

 

9.2.2 The Median-Effect Method 

The median effect method is the most widely used one to evaluate 

drug interactions in vitro based on the Loewe additivity theory (37-39).  This method 

is similar to isobologram analysis and provides qualitative information on the nature of 

drug interaction.  The median-effect equation (37, 168, 169) describes dose-effect 

relationships in the following form, which is expressed by 

 

    fa      D    m 
          =       (2) 
   fu     Dm 

 

where fa and fu are the fraction of cells affected [calculated from: 1 - 

(absorbance of treatment well - average of absorbance of blanks) / (average of 

absorbance of untreated cell wells - average of absorbance of blanks)] and unaffected 

(fu = 1 - fa) after drug exposure by the dose or concentration D, Dm is the median-effect 

dose (IC50) that inhibits the cell growth by 50%, and m is the coefficient denoting the
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Figure 7.  The isobologram at three effect levels including ED50, ED75, and ED90 

(where ED is the effective dose) (37). 
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shape of the dose-effect curve, which is determined by the slope of the median-effect 

plot.  Equation 2 can be rearranged and illustrated by 

 

         fa      1/m 
     D  =  Dm        (3) 

      (1-fa) 
 

Based on the logarithmic transformation of Equation 2 (168), 

 

         fa 
log        = m log (D) – m log (Dm)     (4) 
         fu 

 

where m is the slope of the median-effect plot of x = log (D) versus y 

= log (fa/fu).  An example for transforming the dose-effect curves for each drug and for 

combination into linear forms by the median-effect plots is given in Figure 8.  Note 

that Equation 4 has the form of a classic straight line equation (y = mx + b).  In the 

median-effect plot, Dm is the anti-log of the x-intercept, which can be easily 

determined. 

The median effect equation for a single drug (Equation 2) can be 

extended to multiple drugs.  Thus, for a two-drug combination, the multiple drug-

effect equation is: 

 
   (fa)1,2   1/m         (fa)1  1/m     (fa)2  1/m       (D)1      (D)2 
        =  +        =            +    (5) 
   (fu)1,2                (fu)1           (fu)2             (Dm)1    (Dm)2 
 

The preceding equation is based on the generalized assumption that 

two drugs share the similar modes of action (e.g., effects are mutually exclusive), 

which is in complete agreement with the assumption of the classic isobologram.  (fa)1, 

(fa)2 and (fa)1,2 are the fractions affected by drug 1 and drug 2 and their combination, 

respectively.  For two drugs that have totally different modes of actions (e.g., effects 

are purely mutually nonexclusive), then the resulting equation should have a third 

term, thus, 
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Figure 8.  (A) Dose-effect curves and (B) the median-effect plots of Drug A (   ), Drug 

B (    ), and combination of Drug A and Drug B (    ), according to Equations 2-4. 
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          (fa)1,2  1/m          (D)1        (D)2    (D)1(D)2 
     =      +         +      (6) 
          (fu)1,2               (Dm)1      (Dm)2  (Dm)1(Dm)2 

 

Because partially exclusive or partially nonexclusive (e.g., two drugs 

that have some overlapping mechanisms of action) cases may exist and Equation 6 

may underestimate synergistic drug interactions.  It is concluded that Equation 5 

should be used as the “base equation”.  If any partially exclusive condition exists, the 

third term of Equation 6 should be considered as a contributing factor for the intrinsic 

synergistic effect under the assumption of Equation 5 (37, 170). 

Based on Equation 5, Chou and Talalay (171) introduced the term 

“CI” value to describe the interaction between two drugs and to quantify the extent of 

drug interaction, such as synergism, antagonism or additive effects, at a particular 

effect (e.g., percentage of growth.  Theoretically, CI is the ratio of the combination 

dose to the sum of the single-agent doses at an isoeffective level.  The CI is 

determined by the equation: 

 

        (D)1      (D)2 
       CI   =      +       (7) 

        (Dx)1     (Dx)2 
 

where (Dx)1 and (Dx)2 are the doses of drug 1 alone and drug 2 alone 

that inhibit a system (the cell growth) x%, respectively.  The (Dx)1 and (Dx)2 can be 

determined from median-effect equation (Equation 3).  (D)1 and (D)2 are for doses of 

drug 1 and drug 2 used in combination that also inhibit x%.  The CI values for 

different values of fa (e.g. for different degrees of cell growth inhibition) were 

calculated by solving Equation 7 with the CompuSyn software (ComboSyn Inc, 

Paramus, NJ).  A plot of CI on the y-axis as a function of effect levels (fa) on the x-axis 

is called Fa-CI plot or CI plot (Figure 9).  Owing to the complexity of whole-cell 

biological system, the CompuSyn program automatically analyzes a data set using 

both the mutually exclusive and mutually nonexclusive assumptions.  The CI equation 

determines the effect of drug combinations, such as additivity, synergism (greater-

than-the-expected-additive effect), and antagonism (less-than-an-expected-additive
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Figure 9.  Fa-CI plot based on the Chou and Talalay combination index theorem can 

be generated by using CompuSyn (37). 
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effect).  Thus, in the Fa-CI plot, CI < 1, = 1, and > 1 indicate synergism, additivity, 

and antagonism, respectively.  The precise biological significance of various degrees 

of synergism or antagonism remains to be defined, but it has been proposed that CI 

values be interpreted as follows (37, 170): 

 

<0.1  very strong synergism 

0.1 - 0.3 strong synergism 

0.3 - 0.7 synergism 

0.7 - 0.9 moderate to slight synergism 

0.9 - 1.1 nearly additive 

1.1 - 1.45 slight to moderate antagonism 

1.45 - 3.3 antagonism 

3.3 - 10 strong antagonism  

>10  very strong antagonism 

 

Numerous anticancer agent combinations had been analyzed using 

the median-effect method.  Examples include: combination therapy for chronic 

myelogenous leukemia with imatinib and γ-irradiation or alkylating agents (busulfan 

and treosulfan) (172); the combination treatment of lung adenocarcinoma cell line 

using perifosine and 7-hydroxystaurosporine (173); and combination treatment using 

irofulven and 5-fluorouracil or cisplatin against human colon and ovarian carcinoma 

cells (174). 
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CHAPTER III 

MATERIALS AND METHODS 

 

 
MATERIALS 

The substances and reagents used in the present study are listed below. 

 

1. Model Drugs 

1.1 Mce6 disodium salt (Porphyrin Products, Logan, UT) 

1.2 SOS (Drug Synthesis and Chemistry Branch, Developmental 

Therapeutics Program, Division of Cancer Treatment and Diagnosis, 

National Cancer Institute) 

1.3 DOX hydrochloride was a gift from Dr. A. Suarato, Pfizer, Milano, 

Italy 

 

2. Cell Lines 

2.1 Human ovarian carcinoma cell line OVCAR-3 (American Type Culture 

Collection, Manassas, VA) 

2.2 Human renal carcinoma cell line A498 (American Type Culture 

Collection, Manassas, VA) 

 

3. Chemicals 

3.1 RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO) 

3.2 EMEM medium (American Type Culture Collection, Manassas, VA) 

3.3 Insulin (Sigma Chemical Co., St. Louis, MO) 

3.4 Fetal bovine serum (HyClone Laboratories, Logan, UT) 

3.5 Serum free hybridoma medium (Gibco Life Sciences, Carlsbad, CA) 

3.6 Pepsin (Sigma Chemical Co., St. Louis, MO) 

3.7 Cysteine (Sigma Chemical Co., St. Louis, MO) 
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3.8 N-(3-aminopropyl)methacrylamide hydrochloride (Polysciences, Inc., 

Warrington, PA) 

3.9 Succinimidyl trans-4-(maleimidomethyl) cyclohexane-1-carboxylate 

(Soltec Ventures, Beverly, MA) 

3.10 6-(fluorescein-5-carboxamido) hexanoic acid, succinimidyl ester 

(Molecular Probes,  Eugene, OR) 

3.11 Cyclodextrin (Sigma Chemical Co., St. Louis, MO) 

3.12 Dibasic sodium phosphate (Sigma Chemical Co., St. Louis, MO) 

3.13 Monobasic potassium phosphate (Sigma Chemical Co., St. Louis, MO) 

3.14 Sodium chloride (Sigma Chemical Co., St. Louis, MO) 

3.15 Potassium chloride (Sigma Chemical Co., St. Louis, MO) 

3.16 Ethylenediaminetetraacetic acid (Sigma Chemical Co., St. Louis, MO) 

3.17 Sodium acetate (Sigma Chemical Co., St. Louis, MO) 

3.18 Acetic acid (Sigma Chemical Co., St. Louis, MO) 

3.19 Sodium citrate (Sigma Chemical Co., St. Louis, MO) 

3.20 Citric acid (Sigma Chemical Co., St. Louis, MO) 

3.21 Sodium hydroxide (Sigma Chemical Co., St. Louis, MO) 

3.22 Tris (hydroxymethyl) aminomethane hydrochloride (Sigma Chemical 

Co., St. Louis, MO) 

3.23 Acetone (Sigma Chemical Co., St. Louis, MO) 

3.24 Ether (Sigma Chemical Co., St. Louis, MO) 

3.25 Methanol (Sigma Chemical Co., St. Louis, MO) 

3.26 Hexane (Sigma Chemical Co., St. Louis, MO) 

3.27 N,N-dimethylformamide (Sigma Chemical Co., St. Louis, MO) 

3.28 N,N´-diisopropylethylamine (Sigma Chemical Co., St. Louis, MO) 

3.29 Dimethylsulfoxide (Sigma Chemical Co., St. Louis, MO) 

3.30 4-Dimethylaminopyridine (Sigma Chemical Co., St. Louis, MO) 

3.31 2,2´-Azobisisobutyronitrile (Sigma Chemical Co., St. Louis, MO) 

3.32 1-Amino-2-propanol (Sigma Chemical Co., St. Louis, MO) 

3.33 tert-Octylpyrocatechine wa provided by Pavla Kopečková) 

3.34 Tetrahydrofuran (Sigma Chemical Co., St. Louis, MO) 

3.35 4-Dimethylaminopyridine (Sigma Chemical Co., St. Louis, MO) 
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3.36 2-(N-morpholino)ethanesulfonic acid (Sigma Chemical Co., St. Louis, 

MO) 

3.37 Bis(2-hydroxyethyl)-imino-tris(hydroxymethyl)-methane (Sigma 

Chemical Co., St. Louis, MO) 

3.38 Paraformaldehyde (Sigma Chemical Co., St. Louis, MO) 

3.39 Anti-fade reagent (Molecular Probes,  Eugene, OR) 

3.40 TrypLETM Express (Gibco Invitrogen Corporation, Carlsbad, CA) 

3.41 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (Sigma 

Chemical Co., St. Louis, MO) 

3.42 Sodium dodecyl sulfate (Sigma Chemical Co., St. Louis, MO) 
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EQUIPMENT 

1. Cellulosic-MPS cartridge bioreactor (Spectrum Labs, Rancho Dominguez, CA) 

2. Ultracentrifuge (Baxter, Deerfield, IL) 

3. Cell culture flask (Greiner bio-one, Monroe, NC) 

4. 24-well plate (Greiner bio-one, Monroe, NC) 

5. 96-well plate (Greiner bio-one, Monroe, NC) 

6. Lab-Tek®II chamber slide, 8 wells (Electron Microscopy Sciences, Hatfield, PA) 

7. Protein G Sepharose 4 Fast Flow column (Pharmacia, Piscataway, NJ) 

8. Superdex 200 column (Pharmacia, Piscataway, NJ) 

9. Superose 6 column (Pharmacia, Piscataway, NJ) 

10. Sephadex G-25 (Pharmacia, Piscataway, NJ) 

11. Sephadex LH-20 column (GE Healthcare, Chalfont St. Giles, Buckinghamshire)  

12. Silica gel column (Sigma Chemical Co., St. Louis, MO) 

13. DEAE Sepharose Fast Flow ion exchange column (GE Healthcare, Chalfont St. 

Giles, Buckinghamshire) 

14. TLC (Merck KGaA, Darmstadt, Germany) 

15. Dialysis tube (Spectrum Laboratories, Rancho Dominguez, CA)  

16. Rotary evaporator (Buchi, Flawil, Sankt Gallen) 

17. Desiccator (Wheaton, Millville, NJ) 

18. UV/Visible spectrophotometer (Variant, Les Ulis, Essonne) 

19. Microplate reader (Bio-Rad, Hercules, CA) 

20. Shaking water bath (Thermo Fisher Scientific, Waltham, MA) 

21. Balance (Mettler, Greifensee, Zürich) 

22. Micropipette (Eppendorf, Hamburg, Germany) 

23. Pyrex culture tube (Greiner bio-one, Monroe, NC) 

24. Zeiss LSM 510 confocal imaging system (Carl Zeiss, Thornwood, NY) 

25. FACScan instrument (Becton Dickinson, Franklin Lakes, NJ) 

26. ENH bulb 250W 120V halogen lamps (Ushio, Cypress, CA) 
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METHODS 

 

1. Experiment A: Combination Treatment of Human Ovarian Carcinoma Cells 

with Fab’-Targeted HPMA Copolymer Bound Drug Conjugates 

 

1.1 Cell Culture 

The human ovarian carcinoma OVCAR-3 cells were cultured in RPMI 1640 

medium containing 10 µg/mL insulin supplemented with 10% fetal bovine serum, at 

37°C in a humidified atmosphere of 5% CO2 (v/v). 

 

1.2 OV-TL16 Antibody Production 

The OV-TL16 antibody was produced as described previously (21).  Briefly, 

the OV-TL16 antibody was produced by in vitro cartridge bioreactor (Cellulosic-MPS, 

Spectrum Labs, Rancho Dominguez, CA) culture of OV-TL16 hybridoma cells with 

serum free hybridoma medium.  The antibody-containing cell suspension harvested 

from bioreactor was centrifuged.  The antibody-containing supernatant was collected 

and serially filtered through filter membrane 11 µm, 1 µm, 0.7 µm, 0.45 µm and 0.2 

µm.  The antibody was purified by applying the supernatant on a protein G Sepharose 

4 Fast Flow column (Pharmacia, Piscataway, NJ), equilibrated with binding buffer 

(0.01 M Na2HPO4, 0.15 M NaCl, 0.01 M EDTA pH 7.2).  The OV-TL16 antibody was 

eluted with 0.5 M acetate buffer pH 3.0.  The pH of antibody fraction was adjusted to 

~7 using 1 N NaOH.  The antibody was dialyzed (MWCO 6-8 kDa) against phosphate 

buffered saline (PBS) overnight at 4°C. 

 

1.3 Preparation of Fab’ Fragment 

The antibody Fab’ fragment was prepared freshly as described previously (20, 

21).  The OV-TL16 antibody in 0.1 M citric buffer pH 4.0 was digested by 10% (w/w) 

pepsin for 2.5 h at 37°C to give F(ab’)2.  The digestion reaction was monitored by size 

exclusion chromatography (SEC) on a Superdex 200 column.  The F(ab’)2 was 

reduced to Fab’ with 20 mM cysteine in 20 mM Tris buffer pH 8.5 for 1 h at 37°C, pH 

8.5.  Excess cysteine was removed on a Sephadex G-25 (PD-10 column, Pharmacia). 
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1.4 Synthesis of Non-Targeted HPMA Copolymer Conjugates 

 

1.4.1 Non-Targeted HPMA Copolymer-Mce6 Conjugate (P-

GFLG-Mce6) 

P-GFLG-Mce6 was also prepared as described previously (153, 175).  

Briefly, the conjugate was synthesized using a polymeranalogous reaction in two 

steps.  First, the polymer precursor P-GFLG-ONp was prepared by radical 

precipitation copolymerization of HPMA and MA-GFLG-ONp (139, 176).  Second, 

Mce6 was bound to P-GFLG-ONp precursor, containing 5.1 mol% of active ester 

groups; molecular weight (Mw) = 22 kDa; polydispersity (Mw/Mn) = 1.2.  The 

procedure is shown in Figure 10.  Mce6 (160 mg, 0.234 mmol) was dissolved in N,N-

dimethylformamide (DMF; ~3 mL).  P-GFLG-ONp (750 mg, 0.230 mmol ONp 

groups) was dissolved in DMF (~2.5 mL).  The suspension of Mce6 was added 

dropwise into polymer precursor solution while stirring.  The reaction mixture was 

stirred for 1 h until the mixture was completely dissolved.  N,N´-

diisopropylethylamine (DIPEA; 40 µL, 0.229 mmol) was added under stirring.  The 

solution was stirred overnight in the dark at room temperature.  The solution was 

precipitated into a mixture of acetone: ether (3:2 (v/v), ~500 mL).  The precipitate was 

collected by filtration and dried under vacuum.  The product was dissolved in 

methanol (~10 mL) and purified twice on a Sephadex LH-20 column with 

methanol/0.5% acetic acid as the elution solvent.  The polymer band was collected and 

evaporated to dryness.  The product was dissolved in deionized (DI) water (~20 mL), 

dialyzed overnight and lyophilized. 

 

1.4.2 Non-Targeted HPMA Copolymer-SOS Conjugate (P-

GFLG-SOS) 

P-GFLG-SOS was synthesized by binding of SOS to the P-GFLG-

ONp polymer precursor via an ester linkage (177).  The reactions are shown in Figure 

11.  Briefly, P-GFLG-ONp contained 4.15 mol% of active ester groups; Mw = 23 kDa; 

Mw/Mn = 1.3 (450 mg, 0.116 mmol ONp groups) was dissolved in DMF (~4 mL) and 

mixed with 1 mL DMF solution of SOS (71 mg, 0.243 mmol).  4-

Dimethylaminopyridine (DMAP; 40 mg, 0.327 mmol) was added into the reaction
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Figure 10.  Synthetic scheme for the HPMA copolymer-Mce6 conjugates containing 

GFLG spacers (P-GFLG-Mce6). 
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Figure 11.  Synthetic scheme for the HPMA copolymer-SOS conjugates containing 

GFLG spacers (P-GFLG-SOS). 
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mixture.  The reaction solution was bubbled with N2 and allowed to proceed for 72 h 

in the dark at room temperature.  The product was isolated, after reduction of volume, 

by precipitation into a mixture of acetone: ether (3:1 (v/v), ~550 mL).  The precipitate 

was collected by filtration, washed with acetone (~50 mL) and ether (~50 mL), and 

dried under vacuum.  To purify the product was dissolved in methanol (~3 mL) and 

applied to a Sephadex LH-20 column with methanol as the mobile phase.  The 

polymer band was collected, concentrated under reduced pressure and re-precipitated.  

The product was a yellowish powder.   

 

1.5 Synthesis of HPMA Copolymer Conjugates Containing Maleimide 

Groups 

 

1.5.1 HPMA Copolymer-Mce6 Conjugate Containing 

Maleimide Groups [P-(GFLG-Mce6)-MAL] 

This copolymer precursor was prepared in three steps.  The reactions 

are shown in Figure 12.  First, a polymerizable derivative of Mce6, N-

methacryloylglycylphenylalanylleucylglycine Mce6 (MA-GFLG-Mce6) (20) was 

synthesized by reacting MA-GFLG-ONp (60 mg, 0.103 mmol) with Mce6 (63.5 mg, 

0.093 mmol) in DMF (~2 mL).  The reaction solution was stirred at room temperature 

in dark for 2 h.  DIPEA (18 µL, 0.103 mmol) was added and stirring continued 

overnight.  1-Amino-2-propanol (~8 µL, 0.103 mmol) and small amount of tert-

octylpyrocatechine were added and DMF removed under reduced pressure.  The 

residue was isolated using a Sephadex LH-20 column with acetone: methanol: acetic 

acid (2:1:0.1) as the mobile phase.  The fractions were collected and checked on TLC.  

The product fraction was evaporated to dryness, washed with ether, collected by 

filtration, and dried under vacuum.  The Mw of MA-GFLG-Mce6 was 1083.6 Da as 

determined by electrospray ionization mass spectrometry (ESI-MS).  The product 

yield was 90 mg (73%).  Second, the polymeric precursor P-(GFLG-Mce6)-NH2 was 

prepared by radical copolymerization of HPMA (103) (107.6 mg, 0.751 mmol), N-(3-

aminopropyl)methacrylamide hydrochloride (APMA, 16.27 mg, 0.091 mmol), and 

MA-GFLG-Mce6 (76.9 mg, 0.068 mmol) in methanol (~1.8 mL) at 50°C for 48 h, 

using 2,2´-azobisisobutyronitrile (AIBN; 19.27 mg) as the initiator.  The
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Figure 12.  Synthetic scheme for the HPMA copolymer-Mce6 conjugates containing 

maleimide groups [P-(GFLG-Mce6)-MAL]. 
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polymerization mixture contained 12.5 wt% of monomers and 1.2 wt% of AIBN.  The 

mole ratio of HPMA: APMA: MA-GFLG-Mce6 was 82.5:10:7.5.  The reaction 

mixture was purified on a Sephadex LH-20 column eluted with methanol.  The 

polymer fraction was collected and methanol was evaporated.  The residue was 

precipitated in a mixture of acetone: ether (1:2 (v/v)).  The precipitate was dissolved in 

water, dialyzed (MWCO 6-8 kDa) against DI water and lyophilized.  Third, polymeric 

precursor P-(GFLG-Mce6)-MAL was prepared by reacting P-(GFLG-Mce6)-NH2 (55 

mg, 0.026 mmol NH2 group) with succinimidyl trans-4-(maleimidomethyl) 

cyclohexane-1-carboxylate (SMCC; 17.36 mg, 0.052 mmol) and DIPEA (~13 µL, 

0.078 mmol).  The mole ratio of NH2: SMCC: DIPEA was 1:2:3.  P-(GFLG-Mce6)-

NH2 was dissolved in 0.3 mL DMF and SMCC in 0.9 mL DMF.  The polymer 

solution was added into the SMCC solution.  DIPEA was added dropwise.  The 

reaction solution was stirred overnight at room temperature.  The DMF was removed 

under reduced pressure to dryness.  The residue was dissolved in a small volume of 

methanol and purified on a Sephadex LH-20 column eluted with a mixture of 

methanol and 0.1% acetic acid.  The copolymer band was collected, evaporated and 

precipitated into a mixture of acetone: ether (1:1). 

 

1.5.2 HPMA Copolymer-SOS Conjugate Containing 

Maleimide Groups [P-(GFLG-SOS)-MAL] 

This copolymer precursor was also prepared by a three-step reaction 

(Figure 13).  First, MA-GFLG-ONp (278.6 mg, 0.480 mmol) and SOS (200 mg, 0.68 

mmol) were dissolved in tetrahydrofuran (THF; ~15 mL).  DMAP (44.6 mg, 0.370 

mmol) was added.  The reaction mixture was stirred at room temperature in dark for 

72 h.  The mixture was concentrated under reduced pressure.  The residue was isolated 

using silica gel column chromatography.  The excess free drug was recovered by 

elution with acetone: hexane (2:1) and the fractions were collected by eluting with 

acetone and then with methanol.  The fractions were checked on TLC.  The product-

containing fraction was evaporated and recrystallized with THF/hexane.  The Mw of 

MA-GFLG-SOS was 734.2 Da as determined by ESI-MS.  The product yield was 130 

mg (27%).  Second, polymeric precursor, P-(GFLG-SOS)-NH2, was synthesized by 

copolymerization of HPMA (141.3 mg, 0.987 mmol), APMA (14.2 mg, 0.079 mmol),
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Figure 13.  Synthetic scheme for the HPMA copolymer-SOS conjugates containing 

maleimide groups [P-(GFLG-SOS)-MAL]. 
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and MA-GFLG-SOS (50 mg, 0.068 mmol) in DMF (1 mL) and acetone (0.5 mL) at 

50°C for 48 h, using AIBN (19.7 mg) as the initiator.  The mole ratio of HPMA: 

APMA: MA-GFLG-SOS was 87:7:6.  The reaction mixture was purified on a 

Sephadex LH-20 column eluted with methanol.  The polymer fraction was collected 

and evaporated to the viscous residue.  The residue was precipitated into acetone: ether 

(1:1).  Third, polymeric precursor P-(GFLG-SOS)-MAL was prepared by using the 

same procedure as for P-(GFLG-Mce6)-MAL.  P-(GFLG-SOS)-NH2 (145 mg, 0.040 

mmol NH2 groups) and SMCC (26.41 mg, 0.079 mmol) were dissolved separately in 

DMF (~2.5 mL and ~0.5 mL, respectively).  DIPEA (~21 µL, 0.119 mmol) was used.  

The product was applied on Sephadex LH-20 column and eluted with methanol 

without acetic acid.  The product was precipitated and filtered off. 

 

1.6 Preparation of Antibody Fab’ Fragment-Targeted HPMA 

Copolymer-Mce6 or -SOS Conjugates [P-(GFLG-Mce6)-Fab’ and 

P-(GFLG-SOS)-Fab’] 

The targeted conjugates were prepared by dissolving P-(GFLG-Mce6)-MAL 

or P-(GFLG-SOS)-MAL precursor in 20 mM 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer pH 6.5 and reacting with freshly prepared Fab’ fragment (polymer: Fab’ 

weight ratio = 1:2) overnight in dark at 4°C.  The product was purified on a DEAE 

(diethylaminoethyl) Sepharose Fast Flow ion exchange column (Pharmacia), eluted 

using 20 mM Bis-Tris buffer pH 6.5 with a gradient NaCl concentration of 0-0.5 M.  

The fraction corresponding to conjugate was confirmed by size exclusion 

chromatography using Superose 6 (HR 10/30) column.  The structure of polymer 

conjugates is showed in Figure 14. 

 

1.7 Preparation of Fluorescein-Labeled Non-Targeted HPMA 

Copolymer-Mce6 or -SOS Conjugates [P-(GFLG-Mce6)-FITC and 

P-(GFLG-SOS)-FITC] 

6-(fluorescein-5-carboxamido) hexanoic acid succinimidyl ester (5-SFX; ~0.1 

mg, 0.170 µmol) was dissolved in dimethylsulfoxide (DMSO; 25 µL) and DI water 

(100 µL).  The polymer precursor P-(GFLG-Mce6)-NH2 or P-(GFLG-SOS)-NH2 (~3 

mg, ~1 µmol NH2) was dissolved in DI water (~300 µL).  The 5-SFX solution was
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Figure 14.  Chemical structures of the Fab’-targeted HPMA copolymer-Mce6 or -SOS 

conjugates [P-(GFLG-Mce6)-Fab’ or P-(GFLG-SOS)-Fab’)]. 
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added into the polymer solution.  DIPEA (~1 drop) was added into the reaction 

solution while stirring.  The mixture was stirred at room temperature in dark for 1 h.  

Saturated Na2HPO4 (~20 µL) was added to stop the reaction.  The product was 

separated on a PD-10 column and eluted with PBS. 

 

1.8 Preparation of Fluorescein-Labeled Fab’-Targeted HPMA 

Copolymer-Mce6 or -SOS Conjugates [P-(GFLG-Mce6)-(Fab’-

FITC) and P-(GFLG-SOS)-(Fab’-FITC)] 

P-(GFLG-Mce6)-Fab’ and P-(GFLG-SOS)-Fab’ (~1 mg of Fab’, 0.017 µmol) 

were reacted with 5-SFX (~0.1 mg, 0.170 µmol).  The mole ratio of Fab’-targeted 

HPMA copolymer bound drug conjugates: 5-SFX was 1:10.  The procedure was as 

described for P-(GFLG-Mce6)-FITC and P-(GFLG-SOS)-FITC. 

 

1.9 Drug Stock Solution Preparations 

SOS was dissolved in PBS containing cyclodextrin (5% (w/v) cyclodextrin in 

PBS/1 mg of SOS) to enhance the solubility of SOS (178).  P-GFLG-SOS, P-(GFLG-

Mce6)-Fab’, and P-(GFLG-SOS)-Fab’ were prepared in PBS.  Other samples (Mce6 

and P-GFLG-Mce6) were prepared in DI water.  All stock solutions were sterile-

filtered.  Drug contents were determined by UV spectrophotometry.  All stock 

solutions were freshly prepared and gradually diluted with RPMI 1640 culture 

medium before use. 

 

1.10 Confocal Microscopy 

Fifty thousand OVCAR-3 cells were subcultured into an eight-chamber slide 

and incubated for 2 days at 37°C in a humidified atmosphere of 5% CO2.  The cells in 

each chamber were exposed to fluorescein-labeled copolymer conjugates (at 20 µM 

FITC equivalent) at 37°C for 1 h in dark.  Cells were fixed with 2% paraformaldehyde 

for 20 min at room temperature and washed twice with PBS.  The chamber slide was 

covered with cover slide utilizing anti-fade reagent.  The cell internalization of 

fluorescently labeled HPMA copolymer conjugates was imaged using a Zeiss 

(Thornwood, NY) LSM 510 confocal imaging system. 
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1.11 Flow Cytometry 

OVCAR-3 cells (75,000 cells/well) were seeded into 24-well plate and 

incubated 24 h at 37°C in a humidified atmosphere of 5% CO2.  Cells in each well 

were exposed to the fluorescein-labeled copolymer conjugates (at 20 µM FITC 

equivalent) at 37°C for 1 h in dark.  The medium was removed.  The cell monolayer 

was rinsed twice with ice-cold PBS and detached from the well surface by incubation 

with TrypLETM Express for 2 min.  All steps were carried out on ice to minimize 

efflux of the sample.  The cells were suspended with ice-cold PBS containing 0.2% 

fetal bovine serum, maintained in suspension on ice in the dark and processed for flow 

cytometry utilizing FACScan instrument (Becton Dickinson).  Twenty thousand 

events were collected per sample.  Control cells were not exposed to the sample to 

assess the endogenous fluorescence of the cells. 

 

1.12 Cytotoxicity Bioassays 

The drug concentration that inhibited cell growth by 50% compared with 

control cells (IC50) was determined using a modified MTT assay (36).  Cells were 

seeded in 96-well flat bottom microplates at a density of 10,000 cells/well in 200 µL 

of RPMI 1640 medium and allowed to grow for ~30 h.  The cells were then exposed to 

various concentrations of each free drug alone (Mce6 and SOS), each non-targeted 

copolymer conjugate (P-GFLG-Mce6 and P-GFLG-SOS), each targeted copolymer 

conjugate [P-(GFLG-Mce6)-Fab’ and P-(GFLG-SOS)-Fab’], or their sequential 

combinations (n=6 in single experiment).  The different treatment protocols are shown 

in Figure 15.  During the cells exposure to drug(s), they were incubated at 37°C in a 

humidified atmosphere of 5% CO2 and in the dark condition.  After 4 days of exposure 

for SOS and its conjugates or 1 day of exposure for Mce6 and its conjugates, the drugs 

were removed, cells were washed with warm PBS and the medium (300 µl) replaced.  

For cell growth inhibition studies using Mce6, P-GFLG-Mce6, or P-(GFLG-Mce6)-

Fab’ (alone or in combinations), the cells were irradiated with three tungsten halogen 

lamps through a 650 nm band pass filter at 3.0 mW/cm2 for 30 min.  After additional 1 

day or 4 days in culture for SOS and its conjugates or for Mce6 and its conjugates, 

respectively, medium was removed and replaced with 100 µL of fresh medium and 10 

µL of sterile-filtered MTT solution (5mg/mL in PBS).  After incubating for 24 h, 150 
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µL of 20% (w/v) sodium dodecyl sulfate in water was added to each well and 

incubated overnight.  The following day, the absorbance of each well was read at 570 

nm with a reference wavelength at 630 nm.  Untreated cells served as a 100% cell 

viability control and the media served as background reference.  Growth inhibition 

was expressed as the growth of drug-treated cells related to that of untreated control 

cells. 

 
1.13 Determination of Drug Interaction and Combination Index 

In combination treatment studies, OVCAR-3 cells were treated with a dose 

range of SOS for 4 days followed by a dose range of Mce6 for 1 day, and irradiated for 

30 min (n=6 in single experiment), as shown in Figure 15.  After each step the drug 

was removed and the cells were washed with warm PBS.  The drug interaction and CI 

were determined using median-effect analysis according to the method of Chou and 

Talalay, as described previously in Chapter II (37, 38). 

 

1.14 Statistical Analysis 

All mean values are presented as means ± standard deviation (n=6 in single 

experiment). 
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Figure 15.  Scheme for the experimental protocols used in the cytotoxicity study.  (A) 

Cells were treated with single agents - different concentrations of Mce6, SOS, or their 

conjugates.  (B) Cells were treated with sequential combinations of SOS or HPMA 

copolymer-SOS conjugates, followed by treatment with Mce6 or HPMA copolymer -

Mce6 conjugates. 

SOS or SOS conjugates 

Mce6 or  
Mce6 conjugates 

 

SOS or SOS conjugates 
Mce6 or  

Mce6 conjugates 
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2. Experiment B: Combination Treatment of Human Renal Carcinoma Cells 

with Free Drugs and HPMA Copolymer Bound Drug Conjugates 

 

2.1 Cell Culture 

The human renal carcinoma A498 cells were grown as monolayer cultures in 

EMEM medium supplemented with 10% fetal bovine serum, at 37°C in a humidified 

atmosphere of 5% CO2 (v/v). 

 

2.2 Synthesis of HPMA Copolymer-Drug Conjugates 

 

2.2.1 HPMA Copolymer-Mce6 or -SOS Conjugates (P-GFLG-

Mce6 and P-GFLG-SOS) 

P-GFLG-Mce6 and P-GFLG-SOS were prepared as previously 

described eariler, and its chemical structure is shown in Figures 10 and 11. 

 

2.2.2 HPMA Copolymer-DOX Conjugate (P-GFLG-DOX) 

P-GFLG-DOX was prepared as described previously (153, 176).  

Briefly, the conjugate was synthesized by conjugating DOX to P-GFLG-ONp 

precursor, containing 5.5 mol% of active ester groups; Mw = 22 kDa; Mw/Mn = 1.2.  

The procedure is shown in Figure 16.  DOX (127 mg, 0.220 mmol) and P-GFLG-

ONp (1 g, 0.330 mmol ONp groups) were dissolved in DMSO (~4 mL).  The 

reaction mixture was stirred to complete dissolution for 20 min.  DIPEA (48 µL, 

0.275 mmol) was added while stirring.  The reaction mixture was stirred overnight in 

the dark at room temperature.  Then, 1-amino-2-propanol (~15 µL) was added under 

stirring.  The reaction mixture was precipitated into a mixture of acetone: ether (3:1 

(v/v), ~500 mL)).  The precipitate was collected by filtration, washed with a mixture 

of acetone: ether (3:1 (v/v)) and ether, and dried under vacuum.  The product was 

dissolved in methanol (~10 mL) and purified twice on a Sephadex LH-20 column 

with methanol/0.5% acetic acid as the mobile phase.  The polymer band was then 

collected and evaporated to dryness.  The product was dissolved in DI water (~20 

mL), dialyzed overnight against DI water and lyophilized. 
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Figure 16.  Synthetic scheme for the HPMA copolymer-DOX conjugates (P-GFLG-

DOX) containing GFLG spacers. 
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2.3 Drug Stock Solution Preparations 

SOS was dissolved in PBS containing cyclodextrin (5% (w/v) cyclodextrin in 

PBS/1 mg of SOS) to enhance the solubility of SOS (178).  Other samples (DOX, 

Mce6, P-GFLG-SOS, P-GFLG-DOX, and P-GFLG-Mce6) were prepared in DI water.  

All stock solutions were filtered using a 0.22 µm sterile filter and kept in sterilized 

Eppendorf tubes.  Drug contents were determined by UV spectrophotometry.  All 

stock solutions were freshly prepared and gradually diluted with EMEM culture 

medium before use. 

 

2.4 In Vitro Growth Inhibition Bioassays 

The IC50 was determined using a modified MTT assay (36).  Cells were 

seeded in 96-well flat bottom microplates at a density of 5,000 cells/well in 200 µL of 

EMEM medium and allowed to grow for 36 h.  The cells were then exposed to various 

concentrations of each free drug alone (SOS, DOX, and Mce6), each copolymer 

conjugate (P-GFLG-SOS, P-GFLG-DOX, and P-GFLG-Mce6), or their binary 

combinations (n=6).  After 16 h of exposure, the drugs were removed, cells were 

washed with warm PBS and the medium (300 µL) replaced.  For the cell growth 

inhibition studies using Mce6 or P-GFLG-Mce6 (alone or in combinations), the cells 

were irradiated with three tungsten halogen lamps through a 650 nm band pass filter at 

3.0 mW/cm2 for 30 min.  After an additional 3 days in culture, medium was removed 

and replaced with 100 µL of fresh medium and 10 µL of sterile-filtered MTT solution 

(5mg/mL in PBS).  After incubating for 24 h, 150 µL of 20% (w/v) sodium dodecyl 

sulfate in water was added to each well and incubated overnight.  The following day, 

the absorbance of each well was read at 570 nm with a reference wavelength at 630 

nm.  Untreated cells served as a 100% cell viability control and the media served as 

background reference.  Growth inhibition was expressed as the growth of drug-treated 

cells related to that of untreated control cells.   

 

2.5 Dose-Effect Analysis and Determination of Combination Index 

In binary combination treatment studies, A498 cells were treated with a dose 

range of SOS, DOX, Mce6, P-GFLG-SOS, P-GFLG-DOX, and P-GFLG-Mce6 

simultaneously for 16 h (n=6).  Drug interactions and CI values were analyzed using 
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median-effect principle according to the method of Chou and Talalay (37, 38) as 

described previously in Chapter II.  

The concept of the dose-reduction index (DRI) was formally introduced by 

Chou JH and Chou TC in 1988 (179) and has since been used in many publications.  

The DRI (37, 180) is a determination of how many -fold the dose of each drug in a 

synergistic combination may be reduced at a given effect level compared with the 

doses of each drug alone.  The DRI is important in clinical situations, in which dose 

reduction leads to reduced toxicity toward the host or normal cells while the desired 

therapeutic efficacy is retained or increased.  The DRI value for each corresponding 

drug was calculated by the following simple equation: 

 

       (Dx)1    (Dx)2 
DRI   =    +      (8) 

    (D)1     (D)2 
 

where (Dx)1 and (Dx)2 are the doses of drug 1 alone and drug 2 alone that 

inhibit the cell growth x%, respectively.  (D)1 and (D)2 are for doses in combination 

that also inhibit x%.  

 

2.6 Statistical Analysis 

All mean values are presented as means ± standard deviation.  The Student’s 

t-test (two tailed) was used to evaluate the statistical significance of any differences in 

mean values in the experimental groups.  The ANOVA test was used to assess the 

differences in means between single agents and combination treatments.  In all 

statistical analyses, p-values < 0.05 were considered to indicate statistical significance. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 

1. Combination Treatment of Human Ovarian Carcinoma Cells with Fab’-

Targeted HPMA Copolymer Bound Drug Conjugates 

In this study, Fab’-targeted and non-targeted HPMA copolymer-drug (SOS 

and Mce6) conjugates for combination chemotherapy and PDT against human ovarian 

OVCAR-3 carcinoma cells were synthesized.  The antibody Fab’ fragment was 

prepared from OV-TL16 antibody, which recognizes the OA-3 surface antigen, also 

known as CD47 or IAP (integrin-associated protein) (181, 182), overexpressed on 

most human ovarian carcinoma cells (183, 184).  It was hypothesized that a 

combination of these agents may produce synergistic effects and has higher efficiency 

than each agent alone.  Accordingly, the efficiency of free, non-targeted, and Fab’ 

fragment-targeted HPMA copolymer-bound SOS and Mce6 against OVCAR-3 cells as 

single agents and in combination was evaluated.  The CI analysis was used to quantify 

the synergism, antagonism, and additive effects of drug combinations (37-39). 

 

1.1 Characteristics of HPMA Copolymer-Mce6 or -SOS Conjugates 

The structures of HPMA copolymer conjugates, P-GFLG-Mce6, P-GFLG-

SOS, P-(GFLG-Mce6)-Fab’, and P-(GFLG-SOS)-Fab’, are shown in Figures 10, 11 

and 14.  The drugs, Mce6 and SOS, were bound to the HPMA copolymer backbone via 

a GFLG spacer, stable in the bloodstream, but susceptible to enzymatically catalyzed 

hydrolysis in the lysosomal compartment of the cells (112, 114, 115).  For Fab’ 

attachment, the amino groups of APMA monomer units in HPMA copolymer 

precursors were first converted to maleimido groups by reaction with a 

heterobifunctional agent, SMCC (Figures 12 and 13), followed by attachment of Fab’ 

via thioether bonds.  In some experiments, fluorescently labeled conjugates were 

synthesized.  In non-targeted conjugates, the 5-SFX was attached to amino groups of 



Jarunee Hongrapipat  Results and Discussion / 60 

APMA monomer units.  The Fab’-targeted conjugates were labeled by the reaction of 

5-SFX with the final conjugates. 

The characteristics of HPMA copolymer precursors, non-targeted HPMA 

copolymer conjugates, Fab’-targeted HPMA copolymer conjugates, and fluorescently 

labeled conjugates are summarized in Tables 2-4.  P-GFLG-Mce6, P-GFLG-SOS, P-

(GFLG-Mce6)-Fab’, and P-(GFLG-SOS)-Fab’ conjugates contained 2.9, 3.4, 2.0, and 

5.0 drug molecules per macromolecule, respectively.  P-(GFLG-Mce6)-Fab’ and P-

(GFLG-SOS)-Fab’ had drug: polymer: Fab’ molecular ratios of approximately 2:1:1 

and 5:1:1, respectively.  The Mw of Fab’-targeted copolymer conjugates were 2.2 to 

2.8 times higher than that of non-targeted conjugates. 

 

1.2 Intracellular Uptake of Fluorescein-Labeled Fab’-Targeted HPMA 

Copolymer Conjugates. 

Unlike low-Mw drugs that enter cells by diffusion through the plasma 

membrane, macromolecules are internalized within membrane-limited vesicles in the 

process of endocytosis.  Several basic internalization mechanisms, clathrin-mediated 

endocytosis, caveolae-mediated endocytosis, clathrin- and caveolin-independent 

endocytosis, and macropinocytosis have been identified (185, 186).  To a greater or 

lesser extent, two or more distinct mechanisms co-exist when a single cell type 

internalizes macromolecule-drug conjugates (187). 

Studies on the subcellular fate of HPMA copolymer-drug conjugates 

demonstrated that the conjugates are lysosomotropic and will accumulate in the 

lysosomal compartment of the cell. Tijerina et al., using subcellular fractionation, 

determined the localization of a considerable fraction of HPMA copolymer-Mce6 

conjugates in the lysosomal compartment of human ovarian carcinoma A2780 cells 

(68).  Omelyanenko et al. used pH dependent fluorescence of FITC to display the 

lysosomotropism of FITC-labeled HPMA copolymers containing N-acylated 

galactosamine in HepG2 hepatocarcinoma cells (188). 

Recently, the uptake mechanism of HPMA copolymer-DOX conjugate in 

human ovarian carcinoma OVCAR-3 cells was studied by confocal fluorescence 

microscopy and by co-localization experiments with substrates specific for a particular
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Table 2.  Characterization of non-targeted HPMA copolymer conjugates and 

polymeric precursors. 

Structures 

Mol% 

of side-

chains
a 

mmol ligand 

per g 

polymer 

conjugate 

Number of 

ligand per 

polymer 

chain 

(conjugate) 

Apparent 

Mw 

(kDa)
b
 

%Yield 

P-GFLG-Mce6 2.04 0.125 2.9 23 69 

P-GFLG-SOS 1.62 0.106 3.4 32 61 

P-(GFLG-Mce6)-

NH2 

2.62 

8.11
c
 

0.153 (Mce6) 

0.472 (NH2) 

1.7 (Mce6) 
11 32 

P-(GFLG-SOS)-

NH2 

4.60 

4.70
c 

0.270 (SOS) 

0.272 (NH2) 

2.7 (SOS) 
10 73 

P-(GFLG-Mce6)-

MAL 

2.60 

6.02
d
 

0.142 (Mce6) 

0.329 (MAL) 

2.0 (Mce6) 
14 

e 

P-(GFLG-SOS)-

MAL 

4.14 

3.36
d
 

0.236 (SOS) 

0.192 (MAL) 

5.2 (SOS) 
22 76 

a
 Determined by UV spectrophotometry in methanol: extinction coefficient at 395 nm 

(ε395) = 158000 M
-1

 cm
-1

 for Mce6, ε358 = 33000 M
-1

 cm
-1

 for SOS. 

b
 Apparent molecular weight (Mw) of polymers was estimated by size exclusion 

chromatography using ÄKTA/FPLC (fast performance liquid chromatography) 

(Pharmacia) system equipped with a Superose 6 column, calibrated with polyHPMA 

fractions.  PBS buffer pH 7.3 + 30% (v) acetonitrile and 0.1 M acetate buffer pH 5.5 + 

30% (v) acetonitrile were used for polymer conjugates containing Mce6 and polymer 

conjugates containing SOS, respectively. 

c
 Determined by ninhydrin assay. 

d
 Determined by 5-((2-(and-3)-S-(acetylmercapto)succinoyl)amino)fluorescein assay 

(SAMSA assay). 

e
 Not determined. 
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Table 3.  Characterization of Fab’-targeted HPMA copolymer-Mce6 or -SOS 

immunoconjugates. 

Structures 
wt.% 

drug : polymer : Fab’
a
 

Molecular ratio 

drug : polymer : Fab’
 

Mw 

(kDa)
b 

P-(GFLG-Mce6)-Fab’ 2.1  :  21.1  :  76.8 2  :  1  :  1 64
 

P-(GFLG-SOS)-Fab’ 1.6  :  23.5  :  74.9 5  :  1  :  1 72
 

a
 Mce6 and SOS contents determined by UV spectrophotometry in methanol: ε395 = 

158000 M
-1

 cm
-1

 for Mce6, ε358 = 33000 M
-1

 cm
-1

 for SOS.  Protein content was 

determined by Lowry assay. 

b
 Calculated from the composition of polymer (molecular ratio of drug, polymer, and 

Fab’). 
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Table 4.  Characterization of fluorescently labeled HPMA copolymer conjugates. 

Structures 

mmol FITC per g 

polymer 

conjugate
a
 

Number of FITC per 

polymer chain 

(conjugate) 

P-(GFLG-Mce6)-FITC 0.060 1.0 

P-(GFLG-SOS)-FITC 0.038 0.6 

P-(GFLG-Mce6)-(Fab’-FITC)
b
 0.063

 
3.1 (per conjugate) 

P-(GFLG-SOS)-(Fab’-FITC)
b
 0.050 2.5 (per conjugate) 

a
 Determined by spectrophotometric determination of FITC (ε497 = 73 000 M

-1
 cm

-1
 in 

0.1 M sodium borate buffer). 

b
 Fluorescently labeled targeted conjugates were prepared by reacting P-(GFLG-

Mce6)-Fab’ and P-(GFLG-SOS)-Fab’ (Table 3) with 5-SFX. 
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internalization mechanism.  The results suggested that the HPMA copolymer-DOX 

conjugate is internalized via both clathrin- and caveolae-mediated endocytosis (187). 

The biorecognition and cellular uptake of P-(GFLG-Mce6)-(Fab’-FITC) and 

P-(GFLG-SOS)-(Fab’-FITC) was studied using confocal microscopy and flow 

cytometry.  Non-targeted conjugates, P-(GFLG-Mce6)-FITC and P-(GFLG-SOS)-

FITC, served as controls.  The confocal microscopy images and flow cytometry 

profiles of OVCAR-3 cells exposed to conjugates are shown in Figures 17 and 18, 

respectively.  After a 1-h exposure of cells to HPMA copolymer conjugates, the 

intracellular concentrations of targeted polymer conjugates containing Mce6 and SOS 

were significantly higher when compared to non-targeted conjugates.  Both confocal 

microscopy images and flow cytometry profiles displayed very similar results.  These 

results indicated the biorecognition of HPMA copolymer conjugates containing the 

Fab’ antibody fragment by OVCAR-3 cells.  The results of confocal microscopy are 

consistent with the internalization of targeted HPMA copolymer conjugates via 

receptor-mediated endocytosis, and of the non-targeted conjugates, containing 

hydrophobic drugs, by fluid-phase pinocytosis and adsorptive pinocytosis, 

concurrently. 

The data are consistent with previous data on the determination of binding 

constants of OV-TL16 antibody targeted HPMA copolymers toward OVCAR-3 cells 

(140).  The affinity constant, Ka of free antibody was 8 x 10
-8

 M
-1

, whereas the Ka for 

the P-(GG-Mce6)-Fab’ was 3 x 10
-8

 M
-1

.  The minor decrease in the affinity may be a 

result of chemical modification and/or steric hindrance of the polymer chain upon the 

formation of the antibody - antigen complex. 

 

1.3 In Vitro Inhibition of OVCAR-3 Cell Growth by Drugs as Single 

Agents. 

The growth inhibitory effects of Mce6, SOS, P-GFLG-Mce6, P-GFLG-SOS, 

P-(GFLG-Mce6)-Fab’, and P-(GFLG-SOS)-Fab’ as single agents on OVCAR-3 cells 

were evaluated after drug exposure using the MTT assay.  The IC50 values for the free 

drugs, non-targeted and targeted HPMA copolymer conjugates are shown in Table 5.  

The 1-day Mce6 exposure and 4-day SOS exposure have been selected based on
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Figure 17.  Confocal image of fixed OVCAR-3 cells incubated with fluorescein-

labeled HPMA copolymer conjugates in RPMI 1640 culture medium for 1 h in the 

dark.  (A) P-(GFLG-Mce6)-FITC, (B) P-(GFLG-SOS)-FITC, (C) P-(GFLG-Mce6)-

(Fab’-FITC), and (D) P-(GFLG-SOS)-(Fab’-FITC). 

A B 

C D 
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Figure 18.  Flow cytometry profiles of OVCAR-3 cells incubated with fluorescein-

labeled HPMA copolymer conjugates in RPMI 1640 culture medium for 1 h in the 

dark.  (A) Control cells, (B) P-(GFLG-Mce6)-FITC, (C) P-(GFLG-SOS)-FITC, (D) P-

(GFLG-SOS)-(Fab’-FITC), (E) P-(GFLG-Mce6)-(Fab’-FITC). 

 

 A   B      C        D      E 
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Table 5.  IC50 values for Mce6, SOS, and HPMA copolymer-Mce6 or -SOS conjugates 

against OVCAR-3 cells. 

Drug Incubation time (days) IC50 or Dm (µM)
a
 

Mce6 

1 

3.34 ± 0.43 

P-GFLG-Mce6 12.5 ± 1.06 

P-(GFLG-Mce6)-Fab’ 1.35 ± 0.10 

SOS 

4 

2.02 ± 0.17 

P-GFLG-SOS 32.9 ± 4.94 

P-(GFLG-SOS)-Fab’ 43.8 ± 2.90 

a
 IC50 or Dm values are the means ± SEM (n=6 in single experiment). 
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preliminary experiments on the relationship between exposure time and cell inhibition 

effect (data not shown).  After 1-day Mce6 exposure and 4-day SOS exposure, the cells 

were more susceptible to Mce6 than SOS about 2 times.  It is interesting to note the 

enormous difference in the activity of SOS toward OVCAR-3 cells and toward the 

human A498 renal cell line (177).  Previous study on human renal A498 cells 

demonstrated that free SOS and P-GFLG-SOS conjugates were effective individually 

and in combination with free DOX and P-GFLG-DOX or free Mce6 and P-GFLG-

Mce6, respectively (177).  The IC50 values for Mce6 toward both cell types (OVCAR-3 

and A498 (177)) were similar.  However, SOS was very effective toward A498 cells 

(IC50 = 3 nM) (177), but its activity toward OVCAR-3 was about 670 times lower.  

These data are consistent with the results of the NCI anticancer drug screen consisting 

of a panel of 60 human cancer cell lines.  Rivera et al. showed that after a 2-day 

continuous exposure to SOS, OVCAR-3 cells were less sensitive to SOS than the 

A498 cells (77).  These results reflect the different p53 status in these cell lines.  The 

inhibitory effect of SOS is mediated through p53; the disruption of the p53-HDM-2 

interactions results in increasing p53 accumulation in tumor cells (76).  It was 

demonstrated that the p53 status of A498 cells and OVCAR-3 cells are wild-type and 

mutant, respectively (189).  However, the study of the p53 gene in human ovarian 

carcinoma cell lines by Yaginuma and Westphal showed that the wild-type p53 protein 

was detectable in OVCAR-3 cells by immunoprecipitation analysis (190).  These 

reports indicated that OVCAR-3 cells can be inhibited by higher concentrations of 

SOS, but have lower sensitivity when compared to the A498 cell line.   

The IC50 doses of non-targeted conjugates, P-GFLG-Mce6 and P-GFLG-SOS, 

were higher than those of free Mce6 and SOS, respectively.  These results reflect the 

different mechanisms of cell entry of free drugs vs. copolymer conjugates (96).  In 

contrast, the targeted P-(GFLG-Mce6)-Fab’ conjugate was 2 and 9 times more 

effective than Mce6 and P-GFLG-Mce6, respectively.  The cytotoxicity data with Mce6 

conjugates were in agreement with biorecognition data and internalization 

mechanisms (Figures 17 and 18).  There was a discrepancy in data obtained for P-

(GFLG-SOS)-Fab’.  This conjugate showed faster internalization (Figure 17) and 

moderately better biorecognition (Figure 18) than P-GFLG-SOS; however, it 

possessed a slightly weaker inhibitory effect than P-GFLG-SOS (Table 5).  One 
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explanation may be in the long drug exposure time.  After long exposure times the 

intracellular drug content of targeted and non-targeted conjugates may be similar 

(191).  Furthermore, the efficacies of SOS and its conjugates might be limited by the 

problem of SOS trafficking to the subcellular compartments where p53 is mainly 

located, such as nucleus and mitochondria (192).  Subcellular targeting is very 

important for some active agents and macromolecular therapeutics that have to be 

transported to their assigned cell organelles.  Once those molecules are delivered to the 

cytosol, various approaches to locate drugs in a particular subcellular organelle have 

been performed, such as the use of nuclear localization peptides (68, 193), cell-

penetrating peptides (194), lipophilic cationic moieties (4), and mitochondrial 

localization agents (195). 

The OA-3 surface antigen (CD47 or IAP) was chosen as delivery target in 

this study because it is overexpressed in about 90% of the ovarian tumors and only 

weakly expressed in normal tissue (183).  Although a panel of anti-CD47 mAbs used 

in the study of Mawby et al., such as NBTS/BRIC-125 (BRIC-125), NBTS/BRIC-126 

(BRIC-126) and NBTS/BRIC-154 (BRIC-154), showed an extremely broad tissue 

distribution, not only in ovarian carcinomas studied, but also in all hematopoeitic cells, 

mesenchyme and epithelia at multiple sites (182).  It is striking that the tissue 

distribution of 
125

I-labeled OV-TL16 mAb in OVCAR-3 bearing nude mice 48 h after 

i.v. injection studied by Boerman et al. demonstrated that 
125

I-labeled OV-TL16 mAb 

possessed tumor/non-tumor ratio of about 3-15 (183).  Furthermore, the mAb OV-TL3 

used by Campbell et al. to define OA3 showed little or no reactivity with normal 

tissues but reacted with most ovarian carcinomas (184).  Slobbe et al. studied the 

structure of OV-TL3 and OV-TL16 antibodies and reported that both mAbs are able to 

bind to same epitopic regions on the ovarian carcinoma membrane antigen OA3, 

although structurally different in their VH regions (196). 

The basis for the difference between mAbs used in the study of Mawby et al. 

and Boerman et al. or Campbell et al. is unknown and deserves further investigation.  

One possibility is that an unusual amino acid sequence in the OA3 isoforms is 

expressed in ovarian cancer cells, and that OV-TL3 and OV-TL16 recognize epitopes 

in this sequence (182). 
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1.4 In vitro Inhibition of OVCAR-3 Cell Growth with Drug 

Combinations 

The investigation of possible synergistic, additive, or antagonistic effects of 

sequential combinations of SOS+Mce6, P-GFLG-SOS+P-GFLG-Mce6, or P-(GFLG-

SOS)-Fab’+P-(GFLG-Mce6)-Fab’ against the ovarian carcinoma OVCAR-3 cell line 

was performed in vitro by exposing cells to SOS or its conjugates for 4 days, followed 

by exposure of cells to Mce6 or its conjugates for 1 day, and finally, a 30-min 

irradiation.  This sequential combination was chosen because the optimal exposure 

times of SOS/ P-GFLG-SOS/ P-(GFLG-SOS)-Fab’ and Mce6/ P-GFLG-Mce6/ P-

(GFLG-Mce6)-Fab’ were different (4 days for SOS and 1 day for Mce6), as mentioned 

above.  The dose ratios of each combination (Table 6) were based on their respective 

IC50 concentrations from Table 5 as a series of two-fold dilutions from 4 to 0.03125 

times IC50.  Figure 19 shows the composite dose-response curves and median-effect 

plots of OVCAR-3 cells, indicating the anti-proliferative effects of single agents and 

their combinations.  The dose-response curves for combined treatment were obtained 

by plotting % cell viability (y) vs. the combined dose of two single agents (x).  The 

median-effect plots of single agents and combinations were derived from the linear 

part of dose-response curves.  All of the combination treatments showed anti-

proliferative activities toward OVCAR-3 cells.  The dose ratio and Dm values of the 

combination treatments are shown in Table 6.  The IC50 dose of each drug in 

combinations was significantly lower than those of each drug as single agents 

(compare Tables 5 and 6).  These results clearly indicate that all of the combination 

treatments were effective against OVCAR-3 cells. 

The CI analysis was used to assess the drug-drug interaction of the sequential 

combinations of free drugs, non-targeted and targeted copolymer conjugates towards 

OVCAR-3 cells in vitro (37, 38).  In the CI analysis, values of CI < 1, CI = 1, and CI > 

1 indicate synergy, additivity, and antagonism, respectively.  Figure 20 shows the Fa-

CI plots over all inhibition effect levels (fa = 0.05-0.95 or 5-95% of inhibition effect) 

in OVCAR-3 cells.  The sequential combinations of SOS+Mce6 and P-GFLG-SOS+P-

GFLG-Mce6 yield CI values lower than 1 over the entire range of cytotoxicity, 

indicating very strong synergistic to synergistic effects.  The P-(GFLG-SOS)-Fab’+P-

(GFLG-Mce6)-Fab’ combination also displayed a strong synergism for fa values up to
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Table 6.  Dose ratios and IC50 doses in combinations of free drugs (SOS+Mce6), non-

targeted copolymer conjugates (P-GFLG-SOS+P-GFLG-Mce6), and targeted 

copolymer conjugates [P-(GFLG-SOS)-Fab’+P-(GFLG-Mce6)-Fab’] in OVCAR-3 

cells. 

Drug combination  Dm (µM)
a
 

Drug A Drug B Dose ratio (Dose A + Dose B)
b
 

SOS Mce6 1  :  1.61 
0.096 ± 0.0077 

(0.037 + 0.059) 

P-GFLG-SOS P-GFLG-Mce6 1  :  0.38 
1.69 ± 0.22 

(1.22 + 0.47) 

P-(GFLG-SOS)-Fab’ P-(GFLG-Mce6)-Fab’ 1  :  0.031 
1.70 ± 0.38 

(1.65 + 0.051) 

a
 Dm represent the means ± SEM (n=6 in single experiment).   

b
 Doses of drug A and drug B were calculated approximately from the Dm

 
of each 

combination and dose ratio. 
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Figure 19.  Dose response curves and median-effect plots of OVCAR-3 cells treated 

with Mce6, SOS, P-GFLG-Mce6, P-GFLG-SOS, P-(GFLG-Mce6)-Fab’, and P-(GFLG-

SOS)-Fab’ as single agents and sequential combinations at constant ratios of their 

respective IC50 concentrations.  Bars represent standard error (n=6 in single 

experiment). 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Pharmaceutics) / 73 

 

 

 

 

0

0.5

1

1.5

2

0 0.25 0.5 0.75 1

CI

fa

SOS+Mce6

P-GFLG-SOS+P-GFLG-Mce6

P-(GFLG-SOS)-Fab'+P-(GFLG-Mce6)-Fab'

SOS+Mce6

P-GFLG-SOS+P-GFLG-Mce6

P-(GFLG-SOS)-Fab'+P-(GFLG-Mce6)-Fab'
 

 

Figure 20.  Combination index plots (Fa-CI plots) obtained from median-effect 

analysis.  Chemotherapeutic drugs and their HPMA copolymer conjugates were 

gradually diluted at the ratio of their IC50 values as a series of two-fold dilutions from 

4 to 0.03125 times IC50 and OVCAR-3 cells exposed to drugs sequentially as 

described.  CI < 1, = 1 and > 1 indicates synergism, additive effect, and antagonism, 

respectively.  The vertical bars indicate the 95% confidence intervals based on 

Sequential Deletion Analysis (180) and can be generated by using CompuSyn 

software. 
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about 0.85, but showed synergistic effect and nearly additive effect at fa = 0.9 and 

0.95, respectively. 

The drug interactions may depend on the differences of drugs in the 

combination, such as physicochemical properties, the mechanisms of action, and the 

drug exposure schedules.  All these differences may result in different antitumor 

activities.  SOS and Mce6 are hydrophobic low-molecular weight molecules, but both 

have different mechanisms and sites of action.  SOS acts on p53 and DNA while Mce6 

can cause damage to biological molecules by generation of reactive oxygen species.  

In previous study, we compared the simultaneous combination of P-GFLG-SOS+P-

GFLG-Mce6 to SOS+Mce6 against the human renal A498 carcinoma cell line.  After 

16-h cells exposure to the combinations, both combinations displayed synergism for fa 

up to 0.8, but showed slight antagonism and near additivity at fa = 0.95 (177).  Many 

researchers have studied the antitumor activities following different drug exposure 

schedules.  For example, the simultaneous and sequential exposures of irofulven with 

oxaliplatin or cisplatin against human breast, colon, and ovarian cancer cell lines 

showed that the sequence oxaliplatin followed by irofulven displayed better 

synergistic effect than the other schedules (197). 
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2. Combination Treatment of Human Renal Carcinoma Cells with Free Drugs 

and HPMA Copolymer Bound Drug Conjugates 

According to results of Experiment A, SOS had shown the low cytotoxicity to 

OVCAR3 ovarian carcinoma cell line due to the mediator of SOS activity is through 

wild-type p53, which expresses only small amount on OVCAR3 cells.  The A498 

human renal carcinoma cell line expressing wild-type p53 was selected to study. 

In this study, SOS, DOX, and Mce6 were chosen as anticancer agents; these 

represent low-Mw compounds possessing different sites and/or mechanisms of action.  

The interactions between free and HPMA copolymer-bound SOS, DOX, and Mce6 in 

binary combination against the A498 renal carcinoma cell line in vitro were evaluated 

using median-effect analysis.  We hypothesized that a combination of these agents 

may produce synergistic effects and thereby reduce effective doses while maintaining 

efficacy, compared to the doses required for each agent alone to produce a given drug 

effect level. 

 

2.1 Characteristics of HPMA Copolymer-SOS or –DOX or -Mce6 

Conjugates 

P-GFLG-SOS, P-GFLG-DOX and P-GFLG-Mce6 conjugates were 

synthesized as shown in Figures 10, 11 and 16.  The GFLG oligopeptide sequence was 

chosen as the drug attachment/release site and incorporated in all three conjugates.  

This tetrapeptidyl linker was designed to be stable in blood plasma, but susceptible to 

cleavage by cathepsin B within the lysosomal compartment (112, 114, 115). 

The characteristics of the conjugates, including the drug content in mole% 

and mole/gram of polymer conjugate, average amount of drug per macromolecule, 

molecular weight, and polydispersity, are summarized in Table 7.  The drug content in 

all conjugates was similar.  P-GFLG-SOS, P-GFLG-DOX and P-GFLG-Mce6 

conjugates contained 3.4, 3.0, and 2.9 drug molecules per macromolecule, 

respectively.  The apparent Mw of polymer conjugates were estimated by size 

exclusion chromatography using ÄKTA system, equipped with a Superose 6 HR 10/30 

column calibrated with poly(HPMA) samples.  The apparent Mw of the polymer 

conjugates were between 23 and 32 kDa, whereas the polydispersity ranged from 1.2 

to 1.5. 
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Table 7.  Characterization of HPMA copolymer-drug conjugates. 

Conjugates 

Mol% 

of 

drug
a 

mmol drug 

per g 

polymer 

conjugate 

Number of 

drug 

molecules 

per 

conjugate 

Apparent 

Mw 

(kDa)
b
 

Poly-

dispersity
c
 

% 

Yield 

P-GFLG-SOS 1.62 0.106 3.4 (SOS) 32 1.50 69 

P-GFLG-DOX 1.93 0.121 3.0 (DOX) 25 1.24 68 

P-GFLG-Mce6 2.04 0.125 2.9 (Mce6) 23 1.34 61 

a
 Determined by UV spectrophotometry: ε358 = 33 000 M

-1
 cm

-1
 in methanol for SOS, 

ε488 = 11 000 M
-1

 cm
-1

 in DI water for DOX, and ε395 = 158 000 M
-1

 cm
-1

 in methanol 

for Mce6. 

b
 Apparent Mw of polymers was estimated by size exclusion chromatography using 

ÄKTA/FPLC system equipped with a Superose 6 column, calibrated with polyHPMA 

fractions.  Acetate buffer pH 5.5 + 30% (v) acetonitrile was used for P-GFLG-SOS.  

PBS buffer pH 7.3 + 30% (v) acetonitrile was used for P-GFLG-DOX and P-GFLG-

Mce6. 

c
 Polydispersity = the ratio of weight-average to number-average molecular weight 

 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Pharmaceutics) / 77 

2.2 In Vitro Inhibition of A498 Cell Growth by Drugs as Single Agents 

Renal cell carcinoma is the predominant form of kidney cancer and highly 

refractory to chemotherapy due to the multidrug resistance.  This is due to gp-170, a 

membranous glycoprotein encoded by the MDR1 gene (198).  The A498 cell line is a 

primary renal carcinoma cell line that expresses a moderate level of gp-170 (199).  

Moreover, A498 cell has been reported to express a functional wild-type p53.  The 

transcriptional activity of p53 in renal cell carcinoma is significantly regulated by 

MDM-2 (mouse double minute-2) (200).   

SOS has a pronounced antitumor activity toward tumor cells lines expressing 

wild-type p53, especially the A498 human renal carcinoma cell line.  In vivo study of 

SOS in mice xenografts of A498 cells showed that SOS exhibited strong antitumor 

activity and completed tumor regression of A498 tumor xenografts (77).  

DOX is one of the most widely used chemotherapeutic agents with multiple 

mechanisms of action.  In vitro studies of DOX cytotoxicity toward renal carcinoma 

cell lines have shown that they are sensitive to DOX, especially the A498 cell line 

(199, 201).   

Mce6 the second generation photosensitizer is activated by light to produce 

singlet oxygen, which can damage the biomolecules, and thus destroys the cells (59, 

61).  Its common side effects are prolonged cutaneous and systemic photosensitivities, 

which remain a problem in patients treated with low-Mw photosensitizers (202, 203).  

Binding Mce6 to HPMA copolymers containing a targeting moiety can also limit its 

distribution in the body and reduce side effects (32, 125, 204).  

The inhibitory effects of SOS, DOX, Mce6, P-GFLG-SOS, P-GFLG-DOX, 

and P-GFLG-Mce6 as single agents on the growth of A498 cells were evaluated after 

16 h of drug exposure using the MTT assay.  Values collected using untreated control 

cells corresponded to 100% cell viability.  The IC50 values for the free drugs and the 

HPMA copolymer conjugates are shown in Table 8.  The A498 cell line was highly 

susceptible to SOS and P-GFLG-SOS with IC50 values of 3 nM and 23 nM, 

respectively.  The IC50 of SOS in this study was in agreement with that measured by 

Rivera et al., who reported an IC50 of 2 nM in the A498 cell line after a 48 h exposure 

to SOS (77).  In all experiments the linear correlation coefficient of the median-effect 

plot (r) was > 0.98, providing a reliable basis for further calculations. 
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SOS was 80 and 1170 times more effective than DOX and Mce6, 

respectively; P-GFLG-SOS was 1170 and 320 times more effective than P-GFLG-

DOX and P-GFLG-Mce6, respectively (Table 8).  The IC50 values of P-GFLG-SOS, P-

GFLG-DOX and P-GFLG-Mce6 were higher than those of free SOS, DOX, and Mce6, 

respectively.  These results reflect the different mechanisms of cellular internalization 

of free drugs vs. copolymer conjugates.  Copolymer conjugates containing 

hydrophobic drugs/moieties are internalized by fluid-phase pinocytosis and adsorptive 

pinocytosis concurrently, which is slower than the diffusion process of free drugs (96).  

The relatively low disparity between the IC50 doses of Mce6 and P-GFLG-Mce6 (3.55 

vs. 7.32 µM) reflects the fact that it is not necessary for Mce6 molecules to be cleaved 

from copolymer backbone to generate a photodynamic effect.  Polymer-bound Mce6 

can also produce singlet oxygen, albeit at a lower quantum yield than free Mce6 (125). 

The main advantages of HPMA copolymer-drug conjugates over their low-

Mw drugs (reviewed in Kopeček (22), Putnam and Kopeček (24), Kopeček et al. (7), 

Duncan (102), Cuchelkar and Kopeček (25), Pan and Kopeček (26)) include: (a) 

enhanced water solubility of low soluble or insoluble drugs with concomitant 

improvement of drug bioavailability; (b) long-lasting circulation in the bloodstream 

(86, 92); (c) decreased non-specific toxicity of the conjugated drug and 

immunogenicity of the targeting moiety (34); (d) increased passive and/or active 

accumulation of the drug at the site of its action by the EPR effect and/or by targeting, 

respectively (30-32); (e) active uptake by fluid-phase pinocytosis (non-targeted 

polymer-bound drug) or receptor-mediated endocytosis (targeted polymer bound 

drug); (f) the potential to overcome efflux pump-mediated mechanism of drug 

resistance (8-10); and (g) ability to deliver several active components with different 

properties to the same target site that enhance the specific activity of the main drug 

(205, 206).   

 

2.3 In Vitro Growth Inhibition of Agents in Combination 

Experiments investigating the cytotoxicity potential of binary combinations 

of SOS, DOX, Mce6, P-GFLG-SOS, P-GFLG-DOX, P-GFLG-Mce6 against A498 

cells were evaluated by exposing cells to combinations of free drugs/conjugates at 

ratios based on their respective IC50 concentrations (Table 8).  Figure 21 shows the
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Table 8.  Cell proliferation IC50 values for SOS, DOX, Mce6, and their HPMA 

copolymer conjugates against A498 cells. 

Drug IC50 or Dm (µM)
a
 

SOS 0.003 ± 0.0003 

DOX 0.24 ± 0.02 

Mce6 3.55 ± 0.08 

P-GFLG-SOS 0.023 ± 0.0004 

P-GFLG-DOX 26.8 ± 3.4 

P-GFLG-Mce6 7.32 ± 0.12 

a
 IC50 or Dm values are the means ± SEM (n=6).  The differences of means against 

control were statistically significant at p-value < 0.05 (Student’s t-test). 
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Figure 21.  Dose-response curves of A498 cells treated with (A) SOS and DOX, (B) 

P-GFLG-SOS and P-GFLG-DOX, (C) SOS and Mce6, (D) P-GFLG-SOS and P-

GFLG-Mce6, (E) DOX and Mce6, (F) P-GFLG-DOX and P-GFLG-Mce6, as single 

agents and binary combinations at constant ratios of their respective IC50 

concentrations; bars represent the standard error (n=6). 
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composite dose-response curves of A498 cells indicating the anti-proliferative effects 

of single agents and their combinations.  The dose-response curves for combined 

treatment were obtained by plotting cell viability (y) vs. the combined dose of two 

single agents (x).  All of the binary combination treatments showed anti-proliferative 

activities toward the A498 cell line.  The dose ratio, IC50 or Dm values of the 

combination treatment, and dose of each drug/conjugate combination that inhibit cell 

growth by 50% are shown in Table 9.  The dose of each drug/conjugate in 

combination was substantially lower than the IC50 doses of the drugs as single agents 

(compare Tables 8 and 9).  These results clearly indicate that all of the combination 

treatments were effective against A498 cells. 

To evaluate potential synergy of the combinations of free drugs and 

copolymer conjugates towards A498 cells in vitro, the CI analysis was used (37, 38).  

In the CI analysis, values of CI < 1, CI = 1, and CI > 1 indicate synergy, additivity, 

and antagonism, respectively.  Figure 22 and Table 10 show a graphic summary of the 

CI analyses over all levels of effect (fa = 0.05-0.95 or 5-95% of inhibition effect) and 

CI values at 25%, 50%, 75% and 95% of growth inhibition effects in A498 cells, 

respectively.  It should be noted that at very high and at very low drug effect levels, 

the method is less accurate due to logarithmic transformation (39).  Consequently, we 

have chosen fa from 0.05 to 0.95 for evaluation.  The most synergistic binary 

combination was SOS+DOX.  Simultaneous addition of SOS and DOX to A498 cells 

in a monolayer culture yielded CI values lower than 1 over the entire range of 

cytotoxicity, indicating a strong synergistic to moderate synergistic effect.  The 

SOS+Mce6 and P-GFLG-SOS+P-GFLG-Mce6 combinations both displayed synergism 

for fa values up to about 0.8, but showed slight antagonism and near additivity at fa = 

0.95, respectively.  However, all other combinations were synergistic to varying 

degrees up to fa < 0.9, and were additive at higher fa values.  The experimental data 

were also analyzed using the isobologram method (207).  The result comparison (data 

not shown) indicated that both the CI and isobologram analyses produced very similar 

results. 

The synergistic effects of combinations may depend on the cytotoxic 

mechanism of each agent.  SOS, DOX, and Mce6 have different sites of action, but 

produce similar cytotoxic intermediates and outcomes including: DNA damage,
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Table 9.  Dose ratios and IC50 doses in combinations of free drugs (SOS+DOX, 

SOS+Mce6, DOX+Mce6) and their copolymer conjugates (P-GFLG-SOS+P-GFLG-

DOX, P-GFLG-SOS+P-GFLG-Mce6, P-GFLG-DOX+P-GFLG-Mce6) in A498 cells. 

Drug combination  Dm (µM)
a
 

Drug A Drug B Dose ratio (Dose A + Dose B)
b
 

SOS DOX 1:80 
0.0213 ± 0.002 

(0.00027 + 0.021) 

SOS Mce6 1:1330 
0.270 ± 0.028 

(0.00020 + 0.27) 

DOX Mce6 1:16.7 
0.392 ± 0.018 

(0.022 + 0.37) 

P-GFLG-SOS P-GFLG-DOX 1:1200 
1.37 ± 0.052 

(0.0011 + 1.37) 

P-GFLG-SOS P-GFLG-Mce6 1:280 
1.48 ± 0.291 

(0.0053 + 1.47) 

P-GFLG-DOX P-GFLG-Mce6 1:0.23 
3.71 ± 0.337 

(3.01 + 0.70) 

a
 Dm represent the means ± SEM (n=6).  The statistical comparisons in Dm between 

single agent treatments (Table 8) and combination treatments (Table 9) were 

significant at p-value < 0.05 (ANOVA). 

b
 D is the dose of each drug/conjugate in a combination

 
that inhibits the cell growth by 

50%. 
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Figure 22.  Fa-CI plots obtained from median-effect analysis.  (A) free drug 

combinations, and (B) copolymer conjugate combinations.  Chemotherapeutic drugs 

and their copolymer conjugates were gradually diluted at the ratio of their IC50 values 

as a series of two-fold dilutions from 8 to 0.03125 times IC50 and A498 cells exposed 

to drugs simultaneously for 16 h as described.  CI < 1, = 1 and > 1 indicates 

synergism, additive effect and antagonism, respectively.  The vertical bars indicate the 

95% confidence intervals based on Sequential Deletion Analysis (180) and can be 

generated by using CompuSyn software. 
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Table 10.  Combination index values at different effect levels for combination 

treatments of A498 cells with free and HPMA copolymer-bound drugs. 

Drug combination Combination index (CI)
a
 at

 

Drug A Drug B IC25 IC50 IC75 IC95 

SOS DOX 0.16 ± 0.02 0.18 ± 0.01 0.25 ± 0.02 0.60 ± 0.17 

SOS Mce6 0.34 ± 0.08 0.45 ± 0.08 0.64 ± 0.11 1.33 ± 0.38 

DOX Mce6 0.23 ± 0.04 0.20 ± 0.03 0.27 ± 0.03 0.77 ± 0.16 

P-GFLG-SOS P-GFLG-DOX 0.46 ± 0.07 0.54 ± 0.06 0.66 ± 0.06 0.97 ± 0.15 

P-GFLG-SOS P-GFLG-Mce6 0.69 ± 0.05 0.77 ± 0.05 0.88 ± 0.07 1.19 ± 0.13 

P-GFLG-DOX P-GFLG-Mce6 0.20 ± 0.06 0.21 ± 0.04 0.31 ± 0.06 1.02 ± 0.66 

a
 CI values < 1, = 1, and > 1 characterize synergism, additive effect, and antagonism, 

respectively.  CI values shown are mean ± SEM (n=6). 
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cellular damage, cell cycle arrest, and cell apoptosis.  DOX+Mce6 and P-GFLG-

DOX+P-GFLG-Mce6 combinations showed better synergistic effects compared to 

other combinations, probably due to the multiple mechanisms of action of DOX, 

including generation of reactive oxygen species (81), which is analogous to the 

activity of Mce6.  The mechanism of this synergistic effect is the potentiation of PDT 

by DOX and vice versa.  In the cell, DOX can be reduced by NADPH cytochrome 

P450 reductase to semiquinone-free radicals.  In the presence of molecular oxygen, the 

semiquinone radicals are capable of enhancing superoxide production (208, 209), 

which can cause damage to biological molecules.  This suggests that DOX+Mce6 and 

P-GFLG-DOX+P-GFLG-Mce6 combinations produced similar cytotoxic intermediates 

with a concomitant enhancement of efficacy.  Enhanced efficacy resulting from the 

combination of a photosensitizer and DOX has been demonstrated on various cell 

lines, such as Walker 256 carcinosarcoma cells (210), H-MESO-1 human malignant 

mesothelioma cells (211), murine L929 cells (212), and murine hepatoma MH-22A 

(213). 

SOS+DOX and P-GFLG-SOS+P-GFLG-DOX combinations also showed 

synergistic effects.  Both drugs act on DNA: SOS induces DNA-protein and DNA-

DNA crosslinks with no detectable DNA strand breaks (75), but DOX can intercalate 

into DNA strands and also produce non-protein-associated and protein-associated 

DNA strand breaks (83).  Regardless of the detailed mechanism, both SOS and DOX 

induce DNA damage, cell cycle arrest at G1 and G2, and, ultimately cell apoptosis. 

Furthermore, many in vivo studies have described enhanced antitumor 

activity of DOX in combination with other chemotherapeutic agents.  Examples 

include: the combination of immunoconjugate BR96-DOX and paclitaxel against 

MCF7 human breast carcinoma, L2987 human lung carcinoma, RCA and LS174T 

human colon carcinomas in athymic mice (214), doxorubicin with anti-fetal liver 

kinase 1 monoclonal antibody in human SKLMS-1 leiomysarcoma and RD 

rhabdomyosacoma xenografts in SCID mice (215), pegylated liposomal doxorubicin 

administered with nanoliposomal topotecan for treatment of intracranial brain tumor 

xenografts (216), and the combination of liposomal doxorubicin and topotecan, 

docetaxel, gemcitabine, capecitabine, or celecoxib for treatment of OVCAR-3 and ES-

2 human ovarian carcinoma xenografts (217). 
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SOS+Mce6 and P-GFLG-SOS+P-GFLG-Mce6 combinations showed weaker 

synergistic effects than the other combinations.  It is not clear how the facts, that SOS 

and Mce6 have different mechanisms of action and produce different cytotoxic 

intermediates, relate to this phenomenon. 

The DRI values in Table 11 indicate the fraction that the drug concentrations 

can be decreased by to achieve the IC50.  For example, the IC50 value was 0.003 µM 

SOS or 0.24 µM DOX in single agent treatments (Table 8), but a 1:80 combination of 

SOS+DOX can inhibit 50% of cell growth using 0.00027 µM SOS and 0.021 µM 

DOX.  This represents an 11-fold decrease for both SOS and DOX concentrations.  All 

combinations produced IC50 values with DRIs ranging from 4.5 to 20.5.  These results 

indicated that the median effect dose of each agent could be reduced when used in 

combination and consequently reduce the non-specific side effect of each agent. 

Previously, in vitro studies of the interaction between free DOX and Mce6 

using the isobologram method (148) and the cooperation between free and HPMA 

copolymer-DOX and HPMA copolymer-Mce6 conjugates (31) in human ovarian 

OVCAR-3 carcinoma cells demonstrated that the combination DOX+Mce6 decreased 

the percentage of viable cells and displayed synergistic-to-additive effects in the dose 

range tested.  P-GFLG-DOX improved the efficacy of P-GFLG-Mce6 when the 

variable dose of P-GFLG-DOX was simultaneously added to an effective dose of P-

GFLG-Mce6.  By contrast, P-GFLG-Mce6 did not significantly improve the efficacy 

profile of P-GFLG-DOX when the variable dose of P-GFLG-Mce6 was simultaneously 

added to an effective dose of P-GFLG-DOX (31). 

Recently, Vicent and collaborators (205, 206) have synthesized the HPMA 

copolymer conjugate containing both DOX and the aromatase inhibitor 

aminoglutethimide (AGM) attached to one macromolecule and evaluated its biological 

activity of toward MCF-7 and MCF-7ca breast cancer cells.  Their results showed that 

HPMA copolymer bearing both DOX and AGM on one macromolecule showed 

increased cytotoxicity in vitro, while a combination of P-GFLG-DOX and HPMA 

copolymer-bound AGM (P-GFLG-AGM) exhibited low toxicity.  The mechanism is 

unknown, but is probably related to differences in the subcellular pharmacokinetics of 

one conjugate vs. the combination of two conjugates possessing one drug. 
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Table 11.  Dose-reduction index values at 50% effect levels of combinations of free 

drugs and their copolymer conjugates in A498 cells. 

Drug combination Dose-reduction index (DRI)
a
 for 

Drug A Drug B Drug A Drug B 

SOS DOX 11.16 ± 1.38 11.12 ± 0.42 

SOS Mce6 14.96 ± 0.53 13.36 ± 1.73 

DOX Mce6 10.74 ± 1.28 9.62 ± 1.30 

P-GFLG-SOS P-GFLG-DOX 20.50 ± 0.93 19.52 ± 1.37 

P-GFLG-SOS P-GFLG-Mce6 4.46 ± 0.05 4.97 ± 0.42 

P-GFLG-DOX P-GFLG-Mce6 8.90 ± 0.50 10.42 ± 1.61 

a
 Dose-reduction index (DRI) values at IC50 (or Dm) represent means ± SEM (n=6). 
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Recently, many researchers have focused on drug combinations in vivo and in 

clinical trials to determine the synergism or antagonism of combined drugs in order to 

lower dosages and reduce side effects.  A recently published review of clinical studies 

of combination treatments of renal cell carcinoma (218) showed five different 

combination regimens with 5% to 71% antitumor response along with acceptable 

toxicity profiles.  Hainsworth et al. studied the clinical efficacy and toxicity of 

combined treatment of metastatic renal cell carcinoma with bevacizumab and erlotinib 

in a phase II trial.  It was demonstrated that both targeted agents in combination were 

effective and well-tolerated (219).  Using drug combinations with different drug 

exposure schedules, or simultaneous vs. consecutive exposure, may result in different 

antitumor activities.  For example, the combination of a bis-phenazine (XR5944) with 

5-fluorouracil (5-FU) and irinotecan, simultaneously or sequentially, against colon 

cancer HT29 cell line showed that simultaneous exposure of cells to XR5944 and 5-

FU or irinotecan exhibited antagonism, while sequential exposure to either order of 

these drugs displayed additive effects or better (144). 
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CHAPTER V 

CONCLUSION 

 

 

HPMA copolymer bound drug conjugates are one of the most frequently 

evaluated polymer backbones in polymer-drug conjugates and established as one of 

the first-generation nanomedicines for the treatment of cancer.  These studies were 

based on the concept of combinations using HPMA copolymer bound drug conjugates 

toward cancer cells. 

 

Combination Treatment of Human Ovarian Carcinoma Cells with Fab’-Targeted 

HPMA Copolymer Bound Drug Conjugates 

The biological activities of sequential combinations of anticancer drugs, SOS 

and Mce6, in the form of free drugs, non-targeted HPMA copolymer-drug conjugates, 

P-GFLG-Mce6 and P-GFLG-SOS, and Fab’-targeted HPMA copolymer-drug 

conjugates, P-(GFLG-Mce6)-Fab’ and P-(GFLG-SOS)-Fab’, were evaluated against 

human ovarian carcinoma OVCAR-3 cells.  Mce6, SOS, P-GFLG-Mce6, P-GFLG-

SOS, P-(GFLG-Mce6)-Fab’ and P-(GFLG-SOS)-Fab’ when used as single agents or in 

binary combination, exhibited cytotoxic activities against OVCAR-3 cells, as 

determined using a modified MTT assay.  The cellular internalization studies of P-

(GFLG-Mce6)-Fab’ and P-(GFLG-SOS)-Fab’ by OVCAR-3 cells were showed that an 

enhanced biorecognition by OVCAR-3 cells of Fab’-targeted HPMA copolymer 

conjugates than non-targeted conjugates.  These results confirmed the incorporation of 

antibody Fab’ fragment into HPMA copolymer-drug conjugates results in specific 

delivery and enhancement of the amount of the polymeric conjugate being internalized 

by receptor-mediated endocytosis.   

Combination chemotherapy and PDT with free SOS and Mce6, their non-

targeted and Fab’-targeted HPMA copolymer conjugates in human ovarian carcinoma 

OVCAR-3 cells was evaluated.  The sequential combinations of these therapeutics 

produced very strong synergism to nearly additivity in the treatment of OVCAR-3 
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cells.  The synergistic effects ranked in the order: P-GFLG-SOS+P-GFLG-Mce6 > 

SOS+Mce6 > P-(GFLG-SOS)-Fab’+P-(GFLG-Mce6)-Fab’.  The sequential 

combinations of SOS+Mce6 and P-GFLG-SOS+P-GFLG-Mce6 displayed very strong 

synergism to synergism in the entire range of cell inhibition levels.  The P-(GFLG-

SOS)-Fab’+P-(GFLG-Mce6)-Fab’ exhibited a strong synergism for fa values up to 

about 0.85, but showed synergistic effect and nearly additive effect at fa = 0.9 and 

0.95, respectively.  These observations support the continuation of in vivo 

investigations of SOS, Mce6 and these conjugates combinations to determine the 

antitumor activity for the treatment of ovarian cancer. 

 

Combination Treatment of Human Renal Carcinoma Cells with Free Drugs and 

HPMA Copolymer Bound Drug Conjugates 

The synergism in anticancer effect toward human renal carcinoma A498 cells 

by binary combinations of free and HPMA copolymer-bound anticancer drugs, SOS, 

DOX, and Mce6, was evaluated.  When used as single agents or in combinations, both 

free drugs and HPMA copolymer conjugates exhibited cytotoxic activities against 

A498 cells.  As single agents, SOS and P-GFLG-SOS were significantly more 

effective than the other agents evaluated.  Combinations of free and HPMA 

copolymer-bound SOS, DOX, and Mce6 produced synergistic effects in the treatment 

of A498 renal carcinoma cells.  The synergistic effects ranked in the order SOS+DOX 

> P-GFLG-DOX+P-GFLG-Mce6 ≈ DOX+Mce6 > P-GFLG-SOS+P-GFLG-DOX ≈ 

SOS+Mce6 > P-GFLG-SOS+P-GFLG-Mce6.  The combination of SOS+DOX proved 

to be synergistic over all cell growth inhibition levels.  All other combinations 

exhibited synergism in a wide range of drug effect levels.  The SOS+Mce6 and P-

GFLG-SOS+P-GFLG-Mce6 combinations displayed synergism up to fa values of 

about 0.8 and reached slight antagonism and nearly additivity at fa = 0.95, 

respectively.  However, all other combinations were synergistic up to fa < 0.9 and were 

additive at higher fa values.  This bodes well for further development of 

macromolecular nanomedicines based on HPMA copolymers.  Several HPMA 

copolymer drug conjugates underwent clinical testing, including DOX (27) and 

platinates (28).  The advantages of combination therapy using HPMA copolymer 

conjugates have been demonstrated on animal models of ovarian carcinoma (32, 153-
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156).  The results presented here highlight the potential applications of synergistic 

combinations and dose reduction for combination therapy for renal carcinoma.  These 

observations that most combinations produced synergistic effects may prove useful in 

the development of in vivo combination study protocols for the treatment of renal 

cancer and could be further confirmed in future clinical applications.  
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