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 In recent years scientific and technological advancements have been 

made in the research and development of controlled drug delivery systems and 

new chemopreventive agents.  For many potential drug candidates a modified in 

vivo drug release is desired to improve efficacy, sustain drug effect or minimize 

drug toxicity. To tackle the problems associated with the delivery of drug, delivery 

systems (DDS) with multiple functionalities such as environment-sensitive drug 

release mechanisms have motivated the biomedical community as well as 

materials chemists for more than a decade. Polymeric drug delivery systems 

have been extensively studied in an attempt to achieve modified drug release. 

Here we report on a novel thermo-responsive based system to fabricate 

biocompatible polymeric hydrogels as drug delivery as well as the development 

of a new class of non-steroidal anti-inflammatory drugs as chemopreventive 

agents. Biocompatible Pluronic F127 (PF127), a triblock copolymer, was 

employed as matrix materials for polymeric-based DDS. This thermo-sensitive 
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polymeric system have been modified by acrylation and cross-linked to form a 

hydrogel based drug delivery system. The modified polymeric system contains a 

hydrophobic polypropylene oxide (PPO) and a hydrophilic polyethylene oxide 

(PEO) blocks which undergoes a “hydrophilic-hydrophobic” phase transition in 

aqueous media and around the human body temperature. In addition, poly lactic-

co-glycolic acid (PLGA) nanoparticles were assembled by solvent extraction 

method and incorporated in the modified Pluronic F127 hydrogels as drug carrier 

units. These modifications of PF127 were monitored by 1H-NMR and rheological 

studies. The rheological study determined that the degree of cross-linking affect 

the release rate of the drug from the PF127/PLGA system. The control release 

rate of the chemopreventive compounds seems to be further enhanced due to 

the addition of the PLGA nanoparticles. The in vitro cellular uptake and the 

cytotoxicity studies of the PLGA nanoparticles have been considered to 

determine their enhancement of drug uptake and the lack of acute cytotoxicity. 

The sensitivity of the polymer to the temperature was shown to facilitate drug 

release upon administered temperature changes. 

 This work also focuses on the development and analysis of non-steroidal 

anti-inflammatory drugs (NSAIDs) as chemopreventive agents.  NSAIDs are a 

class of drugs that are commonly used as medications because of their pain- and 

fever reducing properties. Several chemopreventive studies have reported that 

NSAIDs and their derivatives have potential promise as anticancer agents. 

Based on pharmaco-kinetics, pharmaco-dynamic and structure activity 

relationship studies performed in this work, a new series of NSAID derivatives 

have been designed and synthesized. In vitro evaluation showed that these new 

generations of NSAIDs exhibit higher potency than that of traditional NSAIDs 

such as aspirin, especially against pancreatic and colon cancer.  

 One of two NSAIDs hydrophobic model drugs, sulindac sulfide or Drug D 

was loaded in the modified Pluronic F127/PLGA drug delivery system. The 

NSAIDs have been shown to be successfully release from the modified 

PF217/PLGA drug delivery system applied both media and cell culture.  This 
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property can find application in externally stimulated drug release applications at 

the site of the disease.  

 The studies performed in this dissertation to analysis, design and 

synthesize the old and new generations of NSAIDs was a collaborative effort of 

many persons.  I performed the majority of the analysis and manuscript workings 

after the NSAIDs were synthesized and animals were treated and sacrifice by 

other collaborators. All studies in regards to the construct and design of the 

PF127/PLGA drug delivery system were done under the guidance or Prof. Miriam 

Rafailovich and Dr. Basil Rigas.  
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1. Introduction 

 

1.1 Cancer  

  

Cancer, one of the major medical challenges of our time, is a disease 

characterized by uncontrolled growth and spread of abnormal cells. Cancer 

represents a principal cause of death, accounting for nearly a quarter of deaths in 

the US. In 2009 there was an estimated 1,479,350 new cases of cancer. Of 

these, the expected number of Americans to die from cancer was 562,340, 

making cancer the second most common cause of death in the US, exceeded 

only by heart disease 1 .  Two of the most common types of cancer in the US are 

pancreatic and colorectal cancer.  

 

1.1.1  Pancreatic cancer    
 

 Pancreatic cancer is a malignant mass of tissue in the pancreas, an organ 

located in the upper middle section of the abdomen2. The pancreas is 

surrounded by the stomach, small intestine, liver and spleen, and aids in the 

process of digestion. It contains both exocrine glands (which produce enzymes 

that help the body digest food) and endocrine glands (which produce hormones 

i.e. insulin that help control blood sugar levels in the body) 3 .  Of the total 

number of people diagnose with cancer of these approximately 42,470 had 

pancreatic cancer. This makes pancreatic cancer is the fourth most commonly 

diagnosed cancer in the United States.  Most cases occur in people over the age 

of 55. However, pancreatic cancer can occur at earlier ages, particularly to 

individuals with a family history of the disease. Aside from age and a family 

history, there are other risk factors that are associated with pancreatic cancer. 
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Other diseases such as diabetes and chronic pancreatitis have been found to be 

associated with the increase risk of pancreatic cancer. To facilitate the 

understanding of pancreatic cancer, the disease has been divided into several 

classifications.  One such classification is based on the development of 

pancreatic cancer through a series of duct lesions termed Pancreatic 

Intraepithelial Neoplasias (PanIN) (Fig 1)4. In the disease, normal cuboidal duct 

epithelium develops into PanIN-1A, then PanIN-1B, then PanIN-2 and finally to 

PanIN-3 prior to becoming invasive carcinoma (Fig 1). PanIN-1A lesions are flat 

epithelial lesions composed of tall columnar cells with basally located nuclei and 

abundant supranuclear mucin. The nuclei are small and round to oval in shape. 

When oval the nuclei are oriented perpendicular to the basement membrane. 

PanIN-1B lesions are identical to PanIN-1A except these epithelial lesions have a 

papillary, micropapillary or basally pseudostratified architecture.  Architecturally, 

PanIN-2 mucinous epithelial lesions may be flat or papillary. By definition, these 

lesions must have some nuclear abnormalities. These nuclear abnormalities fall 

short of those seen in PanIN-3. PanIN-3 lesions are usually papillary or 

micropapillary, however, they may rarely be flat. True cribriforming, budding off of 

small clusters of epithelial cells into the lumen and luminal necroses should all 

suggest the diagnosis of PanIN-3. Cytologically, these lesions are characterized 

by a loss of nuclear polarity, dystrophic goblet cells (goblet cells with nuclei 

oriented towards the lumen and mucinous cytoplasm oriented toward the 

basement membrane), mitoses which may occasionally be abnormal, nuclear 

irregularities and prominent (macro) nucleoli4-7.   

 Of the total number of people diagnosed with pancreatic cancer 35,240 

were expected to die from it (83% mortality rate) 1 . This is due primarily to 

difficulty in the diagnosis of the disease. Because the pancreas sits deep within 

the digestive system, traditional methods for diagnosis of cancer are limited when 

applied to pancreatic cancer. Thus, the location of the pancreas makes it 

particularly difficult to detect pancreatic cancer in early and hopefully curable 

stages. Consequently, symptoms often do not appear until the disease has 

progressed to an advanced sometimes incurable stage 2,3.  
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1.1.2  Colorectal cancer 

 Colorectal cancer is cancer that develops in the colon or the rectum. The 

colon and rectum are parts of the digestive system, which is also called the 

gastrointestinal, or GI, system. The GI system processes food for energy and rids 

the body of solid waste (fecal matter or stool). Colorectal cancer usually develops 

slowly over a period of many years. Before cancer develops, it usually begins as 

a noncancerous polyp, a growth of tissue that develops on the lining of the colon 

or rectum, which may eventually change into cancer8. More than half of all 

individuals will eventually develop one or more adenomas, a certain kinds of 

polyps. Most adenomas do not become cancerous.  About 96% of colorectal 

cancers are adenocarcinomas, which evolve from glandular tissue8. Colorectal 

cancer is the third leading cause of cancer death in the US in men and women. 

Colorectal cancer is one of the few cancers that can also be prevented through 

screening because precancerous polyps, from which colon cancers often 

develop, can be identified and removed. The relative five-year survival is 90% for 

colorectal cancer patients diagnosed at an early, localized stage; however, only 

40% of cases are diagnosed at this stage. Of the 49,920 people expected to die 

of colorectal cancers in 2009, early detection could save more than half1,8. 

Unlikely pancreatic cancer there is currently methods for the detection of 

colorectal cancer. Some current detection methods of colorectal cancer consist 

of stool home-test kits such as the guaiac-based fecal occult blood test (gFOBT), 

the fecal immunochemical test (FIT) and the stool DNA test. Other methods 

entail structural examinations such as flexible sigmoidoscopy, colonoscopy, CT 

colonography, and double-contrast barium enemar8. Once detected the disease 

is usually classified or staged. Staging colorectal cancer is a process of finding 

out how far the cancer has spread. This method of classification also enables the 

physician to determine what type of treatment is needed. There are four stages 

of colorectal cancer (Fig.2). In stage I, the cancer has not spread beyond the 

inside of the colon or rectum. Stage II the disease has spread into the muscle 

wall layers of the colon or rectum, whereas in stage III the disease has spread to 
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one or more lymph nodes in the areas. In the final stage, stage IV, the disease 

has spread to other parts of the body such as the liver8. Cancer detected and 

staged in the early stages, before it spreads to other organs, allows for the 

removal of the adenomatous polyps/lesions, which are associated with an 

increased risk of colorectal cancer.  

A person's genetic background is an important factor in colorectal cancer 

risk.  Hereditary colon cancer syndromes where the affected family members will 

develop countless numbers of colon polyps increase the risk of developing colon 

cancer. Two of these syndromes are familial adenomatous polyposis (FAP) 

which starts during the teen years and MYH polyposis syndrome which typically 

develop 10-100 polyps occurring at around 40 years of age. Unless the condition 

is detected and treated (treatment involves removal of the colon) early, a person 

affected is almost sure to develop colon cancer from these polyps. Studies have 

also demonstrated that inflammatory bowel disease such as chronic ulcerative 

colitis, which causes inflammation of the inner lining of the colon, is a recognized 

complication of colorectal cancer. In addition, diets high in fat are also believed to 

predispose humans to colorectal cancer.  It is believed that the breakdown 

products of fat metabolism lead to the formation of cancer-causing chemicals 

(carcinogens)8.  

 

1.2 Chronic Inflammation and Cancer 

 
 It has become increasingly apparent that inflammation, especially chronic 

inflammation has a role in carcinogenesis. For many years it has been 

recognized that states of chronic immune activation in some instances can lead 

to cancer. These chronic inflammatory states can be brought about by either 

infectious or noninfectious disease processes. Among the chronic infections that 

can lead to cancer are those caused by viruses, bacteria and parasites 9. The 

first conclusive report of viruses causing cancerous lesions was in the early 
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1900s when Peyton Rous noted the cause of sarcomas in chicken Rous-

Sarcoma Virus (RSV), a filterable agent 10. Since then a number of other viral 

induced cancers have been found. Among these are Human papilloma virus 

(HPV) which induces cervical cancer, Hepatitis B and C virus (HBV and HCV) 

which induces hepatocellular carcinoma and Epstein Barr virus (EBV) which 

induces lymphoproliferative  carcinoma. Cancer caused by chronic bacterial and 

parasitic infections has also been discovered. Among these are Helicobacter 

pylori (bacteria) which induce gastric cancer 11 and Schistosomiasis (parasite) 

which can cause infection in the bladder has also been shown to increase the 

risk of bladder cancers in those chronically infected with it 12.A number of other 

non-infectious conditions have been noted in which chronic inflammation results 

in increased occurrence of cancer. For example, inflammatory bowel disease, a 

long-standing inflammatory disease of the large intestine, is associated with 

increased risk of colon cancer. Additionally chronic pancreatitis is associated with 

an increased risk of pancreatic cancer.  

 

  

1.3 Problems associated with cancer prevention 
 

 

With the increase in the number of people being diagnosed with cancer 

every year it is worrisome that there is a lack of any recent significant preventive 

progress in solving “the cancer problem.” For example in the US the rate of 

cancer has shown a modest but steady decline of 1.6% per year in the U.S. over 

six years for both deaths from the disease and new diagnoses13. The 

improvement is driven largely by declines in the big four cancer killers; lung, 

colon, prostate, and breast. This decline is attributed to a reduction in the 

smoking rate, better and earlier detection, and improved treatments13. While for 

example the death rate from heart disease has shown a remarkable reduction. 

They found that, while in 2002 there were 1131 admissions for heart attacks per 
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100 000 individuals, by 2007 that number had dropped to 866 per 100,000 

individuals 13. This is a 23.4% decline. 

 The reason for this decline in heart attacks is not completely clear. Since 

the majority of the drop was attributed to a reduction in initial heart attacks rather 

than in recurrent heart attack. Most likely the decline was due to improvements in 

primary heart attack prevention, rather than to more aggressive treatment after a 

heart attack. That is, one or more of the improved risk reduction measures such 

as a broader use of preventive drugs such as aspirin, is likely responsible for this 

striking drop in heart attacks13. The use of preventive methods to reduce the 

number of occurrence of heart disease has provided a conceptual stimulus to 

explore alternative means to decrease cancer incidence. One prevention strategy 

that has gained acceptance is cancer chemoprevention.  

 

 

1.4 Chemoprevention 
 

 

 Chemoprevention which is a pharmacological approach describes the use 

of chemical compounds, natural or synthetic, to intervene in the early stages of 

carcinogenesis to reverse, suppress or prevent its progression to invasive cancer 
14-17. In recent years, there have been many studies that involved the discovery 

and testing of potential chemopreventive compounds, but there are few that have 

been adopted for routine clinical use. The most widely studied drugs for 

chemoprevention are finasteride (Fig 3B: prostate cancer prevention), tamoxifen 

(Fig 3A: breast cancer prevention) and non-steroidal anti-inflammatory drugs.  

(NSAIDs)  Finasteride and tamoxifen have been adopted for routine clinical use 

as cancer prevention agents but NSAIDs have not. Numerous studies have 

demonstrated NSAIDs having therapeutic potential. However, it has also been 

found to have side effects that prevent them from being used widely in cancer 

prevention13-16.  
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1.5 NSAIDs 
 

 Non-steroidal anti-inflammatory drugs (NSAIDs) have a long and 

distinguish history in internal medicine. Aspirin, a well known NSAID, has served 

as an anti-inflammatory drug, analgesic, and antipyretic for more than a century. 

More recently aspirin has emerged as an effective agent for the secondary 

prevention of cardiovascular disease. Recent finding regarding aspirin and other 

NSAIDs have suggested a new role for these compounds as chemopreventive 

agents.   

Extensive studies have established that conventional NSAIDs, such as 

aspirin, prevent cancer but with significant side effects. These considerations 

have fueled research to develop derivatives of NSAIDs, as alternative agents. 

One set of derivatives that have been developed was NO-donating NSAIDs (Fig 

3). NO-NSAIDs will be discussed in greater details below.  

 

1.6 NO-NSAIDs 

 

One of the most studies NSAIDS, NO-NSAIDs consist of a conventional 

NSAIDs and a NO-donating group linked to it via a spacer. The rationale for their 

development was to add to the pharmacological activities of the NSAID those of 

NO, hoping to achieve higher efficacy and safety.  Here, we summarize the 

development, pharmacological properties and preclinical efficacy data 

concerning the novel anticancer NO-NSAIDs, which may represent a more 

desirable alternative to their conventional counterparts.  
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Structure and metabolism of NO-donating NSAIDs 

 

 NO-releasing compounds are prodrugs that elevate NO levels, inhibit NO 

synthesis and act as NO scavengers 18.  Examples of NO-releasing compounds 

are the NO-chimeras, a pharmacophore plus a NO mimetic group, 19, 

diphenyloxidazoles synthesized as cyclooxygenase (COX)-2 inhibitors/NO 

donors 20, and the NO- NSAIDs such as NO-ASA, NO-ibuprofen, NO-salicylic 

acid and NO-indomethacin (Fig 4).  

  NO-NSAIDs represent a group of anticancer agents that exploit the 

biological properties of NO, one of the simplest yet most powerful biological 

molecules in nature. Initially identified as a signaling molecule in the 

cardiovascular system 21, NO, a free radical, is the product of the conversion of 

L-arginine to L-citrulline by three nitric oxide synthases (NOS).  This small 

molecule is an important mediator in physiological as well as pathological 

functions, including the regulation of blood flow, thrombosis and inflammation.   

 NO-NSAIDs have three structural components; the conventional NSAID, 

the NO-donating moiety (–ONO2), and a chemical spacer that links the two. The 

spacer as well as the conventional NSAIDs can vary providing a rather large 

number of possible NO-NSAIDs. Indeed, given the ease of formation of these 

nitrate-ester compounds, for a given spacer, the number of derivatives is almost 

equal to the number of available conventional NSAIDs. In the case of NO-ASA, 

the best studied NO-NSAID; the benzene ring of the spacer provides three 

positional isomers (ortho, meta and para with respect to the ester bond linking 

ASA and spacer).  

The defining character of NO-NSAIDs is their ability to release NO. By 

using electron paramagnetic resonance, Govoni et al have provided direct 

evidence that NO-flurbiprofen, in the presence  of hemoglobin, generated NO in 

erythrocytes 22. Their work and that of others indicates that –ONO2 undergoes 1 

e- reduction to NO2
-, which is then either converted to NO or oxidized to NO3

-. 
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Their data also revealed that NO-flurbiprofen released NO at a slower rate than 

nitroglycerin, which may account at least in part for the NO-NSAIDs’ lack of a 

hypertensive effect (in contrast to organic nitrates). The proposed metabolism of 

NO-NSAIDs involves two steps 22-24. First, the parent NSAID and the spacer 

moiety attached to the NO-donating group are released through the rapid 

hydrolysis of the carboxyl ester, likely catalyzed by esterases, which, as of now, 

have not been identified. The second step involves the release of NO, a slow 

process, which may proceed as described above.  This biotransformation utilizes 

cytosolic glutathione-S-transferases found in the liver. Following the oral 

administration, NO-ASA (the only one studied) survives essentially intact in the 

stomach, with its O-deacetylated derivative being the only metabolite identified 

there at very low concentrations. Neither intact NO-NSAIDs nor their denitrated 

derivatives have been detected in the circulation 23. Whether this explains the 

safety of NO-ASA remains unclear. 

          

 The safety of NO-NSAIDs 

 

 Numerous animal data as well as human studies indicate that NO-NSAIDs 

have very limited side effects, having, in particular, superior gastrointestinal 

safety25,26. Further clinical trials are needed to determine the full range of their 

side effects, as existing studies are limited in scope.    

 A relevant issue is whether the NO released from NO-NSAIDs can 

promote cancer. The background to this question is the well-known property of 

NO to not only inhibit carcinogenesis but also promote it, including the possibility 

of genotoxicity. Data from the Farmingham Heart and Offspring Study indicated 

that long-term use of nitrates, pharmacological agents not too dissimilar from 

NO-NSAIDs, did not increase the incidence of colorectal cancer 27.  The apparent 

safety of NO-ASA, if this is indeed proven, remains puzzling, especially since the 
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parent compounds, which as far as can be assessed are released during their 

biotransformation, can have by themselves significant toxicity. 

 Two critical requirements of  any anticancer drug are safety and efficacy, 

both of which are not met by conventional NSAIDs 28. That NO-NSAIDs may 

represent a promising alternative to conventional NSAIDs is mainly based on in 

vitro and in vivo preclinical studies. The mechanistic studies performed to date 

indicate that NO-NSAIDs have a fairly wide range of effects on the cancer cell, all 

consistent with anticancer activity. Although delineating their mechanism of 

action is important, what is needed the most at this stage are further clinical 

studies assessing their anticancer effect.   

 

Mechanisms of action of NO-donating NSAIDs  

 

 Reported data on the mechanism of action of NO-NSAIDs against cancer 

can be grouped into four major categories: the structure-activity relationships 

(SAR), the cell kinetic effect, the effect on cell signaling pathways and effects on 

the redox status of the target cell.   

 Structure-activity studies of NO-ASA have established the roles of the 

acetyl group of ASA moiety, the NO-releasing moiety and its positional 

isomerism, and the spacer moiety for their biological effects. The best-known 

pharmacological activity of ASA is its ability to inhibit of cyclooxygenase (COX) 

through the acetylation of COX. The deacetylated analogs of NO-ASA have 

similar effects on cancer cell growth compared to the full molecule, suggesting 

that COX inactivation via acetylation is not required, at least for its in vitro effect 
29. One interesting aspect of NO-ASA pharmacology that is yet not fully explained 

is the effect of positional isomerism on cancer cell growth. The NO-donating 

moiety seems to play an essential role in the inhibition of cancer cell growth, but 

this effect depends on the position of the NO-donating group. The ortho and para 
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isomers have similar IC50s (1-5 �M) for colon cancer cell growth inhibition, 

whereas the IC50 of the meta isomer is 200-500 �M. Animal studies have  shown 

a similar but less pronounced difference in efficacy 29. Previous studies have 

shown that the rate of release of NO by the three positional isomers of NO-ASA, 

the presence of the NO-donating group and the type of spacer are directly 

correlated with the ability of NO-NSAIDs to inhibit cell growth29-31.   

 Interestingly, our most recent studies seem to suggest an entirely different 

explanation of these observations. The NO-releasing moiety of NO-ASA may not 

even be needed, while the spacer moiety is the moiety vital to its biological 

function 32. The mechanism of action of NO-ASA seems to involve the formation 

of quinine methide from its para and ortho isomers and of a carbocation from the 

meta. If this is the case, the NO-releasing moiety will function only as a leaving 

group. However, the relevance of these findings to the overall biology of NO-

NSAIDs remains to be established. Our current data and previous findings can, 

however, be easily reconciled by considering that the –ONO2 functions as a 

leaving group. 

  The induction of apoptosis by NO-ASA appears to be a major cytokinetic 

effect.  Gao et al. performed a detailed study of the proapoptotic effect of NO-

ASA  in the SW480 colon cancer cell line 30. Enhanced levels of reactive oxygen 

species were found in the target cells, signifying the induction of oxidative stress. 

This first and crucial event is partially due to the reduction by NO-ASA of the 

levels of glutathione, the major antioxidant in mammalian cells. Subsequent 

steps included the activation of the intrinsic apoptotic pathway that culminated in 

cell death.  

  We and others have attempted to understand the enhanced potency of 

NO-NSAIDs by assessing their effects on potentially informative pathways. Most 

of these studies concern NO-ASA, which has been shown to influence  MAPK, 

NOS, Wnt, NF-κB and COX pathways (Fig 5) 33. According to the studies of 

Hundley et al on MAPK, the ability of NO-ASA to inhibit the growth of HT-29 

colon cancer cells is dependent on both p38 and JNK (Fig 6). NO-ASA blocked 
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the activation of both these signaling proteins, which decreased the 

phosphorylation of downstream targets ATF-2 and cJun34.   NO-ASA has also 

been demonstrated to inhibit the expression and the catalytic activity of the 

inducible form of NOS (iNOS or NOS2), an enzyme implicated in colon 

carcinogenesis 35,36.    Another important event, likely contributing to cell death, 

was and the inhibition of Wnt signaling (Fig 7). Interestingly, Wnt signaling was 

inhibited by a dual mechanism: inhibition at low concentrations of the formation of 

the transcriptionally active �-catenin/TCF complex (dominant mechanism) and 

cleavage of �-catenin at higher NO-ASA concentrations 30.  NF-κB, a protein 

dimer, acts as regulator of genes that promote cell proliferation and cell survival 

and such response depends on the cell type. NF-κB is constitutively expressed in 

most cancer cells leading to increased in cell proliferation and tumor growth37. 

NF-κB levels are inhibited by increasing levels of NO-NSAIDs. -Results regarding 

the COX pathway are conflicting. Williams et al first reported that the inhibition of 

COX-2 is not required for the role of  NO-ASA on colon cancer cell growth 38. A 

recent animal study showed that both NO-ASA and NO-indomethacin inhibited 

COX-1 and COX-2 activity in the colonic mucosa of azoxymethane-treated rats 
36. However, Tesei et al and Corazzi et al failed to observe a similar inhibition 

phenomenon after treatment with NO-ASA. Using two different cell lines 

compared to the cell lines used by Williams et al the induction of COX-2 by NO-

ASA was observed 31. This study was supported by experiments done by Corazzi 

who showed both the expression of COX-1 and COX-2.This finding was thought 

to be mainly due to the acetyl group of the ASA moiety with NO making at best a 

modest contribution 39.  These finding indicates the COX effect caries base on 

the type of cells and the NO-NSAID utilized for treatment. The effect of COX and 

cancer is further expanded below. 

 The various mechanistic effects of NO-ASA indicate that it modulates a 

large array of molecular targets. Each of these targets alone can, in theory, 

inhibit or suppress carcinogenesis but whether only one, all or a combination of 
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more than one of these effects are required to achieve the anticancer effect of 

NO-ASA  is still unclear.   

  

1.7 COX-2 and Cancer 
 

One of the possible mechanisms previously mentioned underlies the 

association between chronic inflammation and cancer is the upregulation of the 

enzyme Cyclooxygenase (COX) (COX pathway: Fig.8). COX is the key enzyme 

that catalyzes the conversion of arachidonic acid into prostaglandins and other 

eicosanoids. Two isoforms of COX have been identified to date, COX-1 and 

COX-2. COX-1 expression is constitutively active in a wide variety of cells where 

its primary role involves the homeostatic production of prostaglandins, 

represented by balanced blood flow to the kidney and protection of the 

gastrointestinal tract. COX-2 expression is inducible by factors such as cytokines, 

growth factors and tumor promoters 40. COX-2 expression is believed to be 

selectively expressed in the inflammatory response and its products are involved 

in pain and inflammation following injury 41. Non-selective inhibition of COX 

enzymes with long-term use of nonsteroidal anti-inflammatory drugs (NSAIDs) 

has been shown to increase the risk of gastric ulcer and, to a lesser extent 

kidney failure via their inhibition of COX-1. Selective COX-2 inhibitors do not 

exhibit these side effects 42. Previous studies have shown that colon produce 

greater amounts of prostaglandins than normal tissue derived from the same 

organ 43,44. Studies have also shown that in a number of cancerous tissues such 

as breast, ovarian, prostate, lung, colon and pancreas, the associated tumors 

and cells exhibit increased COX-2 expression. Furthermore, when these cancers 

are treated with NSAIDs, their growth is inhibited in-vitro 45-52. Additional reports 

have implicated COX-2 expression and Prostaglandin E2 (PGE2) production with 

increased mitogenesis, cell differentiation to malignancy, increased metastasis, 

decreased immune responses and decreased apoptosis as well as linking COX-2 

expression with tumor angiogenesis. These findings suggest a role for COX-2 in 
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the development of cancer 53-58. COX-2 expression has also been correlated to 

increased formation of reactive oxygen species (ROS), due primarily to the 

peroxidase action of COX. ROS molecules have been shown to result in 

increased oxidative DNA damage, which is thought to lead to tumorigenesis 59. 

For cancers where COX-2 expression is specifically upregulated and is important 

to tumor survival and tumor progression, selective inhibition of COX-2 enzymes 

may prove to be beneficial in the prevention and treatment. Knockout studies of 

COX-2 have given credence to this theory showing that Min (multiple intestinal 

neoplasia) mice with homozygous COX-2 deletion have 75-80% less tumor 

formation than wild type Min mice. In tumors not showing COX-2 expression this 

may also be true as it has been shown that colon cancer cell lines lacking COX-2 

are induced to undergo apoptosis with COX-2 inhibitors 60. The use of COX-2 

inhibitors in preventing colon and pancreatic cancer in animal models has shown 

to be quite promising. This hypothesis is strengthened by epidemiologic evidence 

that shows inverse relationships between intake of NSAIDs and risk of prostate, 

ovarian, gastric, breast, skin and colon cancer in humans. In fact, celecoxib, a 

COX-2 inhibitor, has been approved by the Food and Drug Administration for the 

chemoprevention of colon cancer in familial adenomatous polyposis patients 61. 

 

 

1.8 Cox-2, NSAIDs and Apoptosis 

 
 Increased expression of the COX-2 gene is associated with increase in a 

number of cancer cells. Evidence suggests that these increases are not only due 

to enhanced cell proliferation, but also decreased death of cancer cells. The 

process by which most cells undergo death is apoptosis 62. The mechanism by 

which COX-2 overexpression might inhibit apoptosis is still unknown. However, 

studies point to alterations in the bcl-2 family of proteins as the end product of 

increased COX-2 expression. Studies showing the overexpression of COX-2 

protein, which increase inhibition of apoptosis in colon adenocarcinoma cells in 
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vitro, show statistically significant increases in expression of the antiapoptotic 

protein, bcl-2 63. It is further shown that in vitro administration of a COX-2 

metabolic byproduct, PGE2, leads to a 4.5 fold increases in bcl-2 expression after 

administration. Further, this increase expression of bcl-2 after the administration 

of PGE2 is preceded by a 4 to 5 fold induction of MAPK (MAP kinase) activation 

leading to speculation that the MAPK pathway is involved in COX-2/PGE2 

mediated apoptosis resistance 55. Similar phenomena are also shown in vivo in 

transgenic Min mice forced to overexpress COX-2. In addition to increased bcl-2 

expression, another anti-apoptotic protein bcl-xl is upregulated and the pro-

apoptotic protein bax is reduced in expression in the studies 62. Based upon the 

observed findings mentioned above, it would seem most likely that NSAIDs, 

which block the action of the COX enzymes and hence block production of 

prostaglandins, the effectors of COX, bring about increased apoptosis by 

reducing the levels of bcl-2 and bcl-xl and raising the levels of bax. One NSAID 

which upregulates bax levels is indomethacin 62,64,65. Interestingly, studies have 

shown that the upregulation of bax by indomethacin in some esophageal 

adenocarcinoma cell lines is independent of COX-2 protein expression indicating 

that other pathways other than the COX pathway may be affected by certain 

types of NSAIDs 64. In fact, multiple mechanisms have been shown for NSAIDs 

increasing the level of apoptosis in cancer cells. Kinzler et al has reported on a 

mechanism for non-prostaglandin repression mediated NSAID induced 

apoptosis. In their work, two colon cancer cell lines, SW480 and HCT116, were 

shown to undergo apoptosis in response to the COX inhibiting drug, sulindac 

sulfide. The mechanism by which these cells underwent apoptosis was shown to 

be due to an arachidonic acid increase. The increase in arachidonic acid 

stimulated neutral sphingomyelinase, which converted sphingomyelin into 

ceramide, a known inducer of apoptosis. Ceramide levels were shown to 

increase up to 10 fold and this induction of apoptosis occurred in immortalized 

keratinocytes and primary fibroblasts treated with sulindac sulfide, however not to 

the degree of the colon cancer cells 66. In another report arachidonic acid 

accumulation as a mechanism for apoptosis induction was also found. In this 
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report, increases in arachidonic acid were brought about in COX-2 expressing 

colon cancer cells, HT-29, by either a COX inhibiting drug, sulindac sulfide or by 

a triascin C, a drug which blocks the action of fatty acid CoA ligase, an enzyme 

that like COX, utilizes arachidonic acid. Apoptosis was induced by using either 

sulindac or triascin C, however in a non-ceramide increasing manner that 

resulted in the activation of caspase-3 63. Lastly, it has been reported that very 

high doses of NSAIDs inhibit the activity of other pathways such as NF-kappa B 

pathway and could bring about non-prostanoid mediated cell death in this 

manner 67. 

 

1.9 Obstacles of chemoprevention 
 

Chemoprevention is not a short term fix as the risk of cancer is ongoing. 

Therefore lifelong prevention and usage of any chemopreventive agent will be 

required to provide adequate protection68. There are several challenges which 

have to be overcome when developing chemopreventive agents. They include 

the bioavailability of the compound, the half-life of the compound within the body, 

the route of eliminations and the toxicity of the compounds. Without knowing the 

metabolic activity of the chemopreventive compounds it becomes difficult to 

determine whether there is sufficient active compound available for the desire 

chemopreventive effect.  The lack of bioavailability is one of the leading problems 

in chemopreventive agents, and needs to be carefully considered when 

developing new chemopreventive agents. At the present there are efforts to 

modify natural compounds and develop better NSAIDs derivatives so that they 

are more biologically available within the body and delivered to their favored site 

of action.  Another consideration in using chemopreventive agents is the potential 

drug-drug interaction. Many patients who have multiple medications for other 

conditions and drug-drug interaction can be serious leading to hospitalization 

even death. Therefore the need for new chemopreventive agents with effective 

mechanisms of action to prevent cancer is still perhaps the most urgent need in 
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the field of cancer prevention. It is the problem with the side effects of NSAIDs 

that lead to the proposal to determine the components of the compounds which 

are necessary for its potency and to develop new derivatives of NSAIDs for 

chemoprevention. Although there are numerous chemopreventive agents’ 

studies and ongoing studies to discover better, more effective compound, the 

route of delivery is still a crucial stage of treatment.   

Drug delivery is a method of administering the chemical compounds such 

as chemopreventive agents, to achieve maximum therapeutics effect to treat the 

disease such as cancer. In this thesis, NSAIDs are used as a tool for the 

treatment of cancer and incorporated in a biocompatible polymer system for 

controlled drug delivery. 

 

1.10 Polymers 
 

Polymers consist of structural or repeating units of low molecular weight 

small molecules covalently connected to each other to give high molecular 

weight compounds. The small molecules that combine with each other to form 

these macromolecules are called monomers. Based on their architecture 

polymers can be classified into linear polymers and branched polymers (Fig 9). 

Likewise, branched polymers can be sub-classified according to their structure 

into starlike, ramified, comb-like or dendrimers69.  Polymers that consist of only 

one type of repeating unit are referred to as homopolymers, whereas polymers 

containing two different repeating units are named copolymers (Fig 10). The 

sequence in which two different repeating units appear gives rise to a further 

classification within copolymers. A copolymer in which the repeating units 

alternate is called an alternating copolymer, if the repeating units do not have any 

specific sequencing the copolymer is known as a random or statistical 

copolymer70.If relative long segments of a monomer are present in a block 

fashion, it is termed a block-copolymer.  
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Block-copolymers (Fig 11) consist of at least two, covalently bound, 

segments or blocks of different homopolymers71. For instance, a triblock-

copolymer can have a general form Aa-Bb-Cc, with A, B, C, being different 

monomer types constituting the different blocks. The subscripts a, b, and c, 

represents the average number of each monomer (the degree of polymerization) 

present in each respective block. Branched structures can also be found among 

copolymers. Graft copolymers are one type of branched copolymer.  Graft 

copolymers can be considered as a special case of block-copolymers, a comb-

like structure in which several blocks of homopolymer B are grafted as branches 

onto a main chain of homopolymer A, known as the backbone71. By covalently 

linking two intrinsically different homopolymers, i.e. hydrophilic and hydrophobic 

homopolymers, this gives rise to the wide variety of morphologies of Amphiphilic 

block copolymer. These morphological structures include micellar structures, 

depending on the relative volume fractions of the blocks and  have the tendency 

to self-assembly in solution.  

 

1.11 Aggregation of amphiphilic block-copolymers in 

aqueous media 

 

 Amphiphilic block-copolymers, hydrophobic and hydrophilic blocks, 

covalently linked together72,73,assembly behavior in selected solvents depends 

on numerous factors 74-78. It has been found that the formation of different 

morphologies is a function of total and relative block lengths, temperature, block 

(chemical) composition, type of solvent, and concentration among other 

variables79-81. One special feature of block-copolymer chemistry is that it enables 

the change of the chemical composition, length, and structures of the constituting 

blocks in order to tune the association characteristics and thus the obtained 

various morphologies. Although it is broadly accepted that an aqueous 

medium is a prerequisite for the self aggregation of low molecular weight 
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amphiphiles into macrostructures, this is not necessarily the case for block-

copolymer amphiphiles. Many examples have been presented in which 

aggregation takes place in other solvents than water82,83. Nevertheless, the 

aggregates formed in aqueous solutions still pose the main interest since they 

closely resemble biological systems. The most interesting macrostructures 

obtained from block copolymers in solution are vesicles and micelles.  

 

1.12 Vesicles 

 

 Vesicular structures are particularly interesting since they are 

straightforward encapsulation devices, can be used as transport systems, and 

protection devices for unstable substances.  Vesicles in the case of lipids consist 

of a closed spherical bilayer75. Diblock-copolymer vesicles also form closed 

hollow spherical aggregates with bilayer walls75, whereas triblock-copolymers 

self-assemble into vesicles with a more complex association, such as bilayer and 

stretched or spanning polymers in the membrane (Fig 14). Polymer vesicles are 

known for their higher stability and toughness when compared to liposomes84.  

 

1.13 Micelles 

 

 Simple micelles are aggregates with a core-shell structure, occurring in a 

given concentration range. Micelles form above what is known as the critical 

micelle concentration (cmc). In aqueous solutions, micellization results from the 

selective solubilization of the shell forming block, whereas the core is formed by 

the hydrophobic non-soluble block.  This intermicellar chain exchange is mainly a 

function of the type of blocks, i.e. their relative polarity, the overall chain length, 

and relative block lengths73,79. On advantage of these types of aggregates 
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compared aggregates formed from low molecular weight surfactants, is that self-

assembled structures based on block-copolymers show higher structural stability.  

Depending on the asymmetry of the constituting block copolymer, a variety of 

structures can be obtained. Micellar diblock structures can be classified as crew-

cut micelles and star micelles85-87. In crew-cut micelles the relative long blocks 

form the core where the short ones constitute the corona, whereas star micelles 

have their cores filled with the short hydrophobic chains, and coronas formed by 

the long hydrophilic ones (Fig 12). In the case of triblocks with hydrophobic 

middle block, normal micelle structures are formed. However, for triblocks with 

hydrophobic side chains, flower-like micelle structures are observed as shown in 

Fig 12). These different structural assemblies are useful for encapsulation of 

labile molecules.  

 

1.14 General concept of encapsulation 

 

 Encapsulation of labile molecules is an important technology field found in 

many areas of chemistry, pharmaceutics, and biotechnology. Different strategies 

have been developed and established as encapsulations units’ i.e microspheres, 

microcapsules, nanoparticles and liposomes. Nevertheless, it is still a challenge 

for scientists to design and to fabricate micro- and nano-containers for various 

substances with the desired storage, release, and stability properties required for 

each specific application, therefore this research field for the purpose of drug 

delivery is in constantly active.  
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1.14 General concept of drug delivery 
 

The concept behind drug delivery is to provide more constant 

concentrations of a drug to the organism, and to bring the compound with 

pharmaceutical activity directly to the site of need in order to enhance the 

effectiveness of action. One way to bring the active substance to the site of 

action is to modify their bio-distribution by entrapping them in particulate drug 

carriers such as nanospheres, nanocapsules, or liposomes88. The need for 

encapsulation lies in the instability of many drugs, and in some cases it can 

improve the bioavailability of the therapeutic compounds. By using drug carriers 

or delivery systems are the poor solubility of some drugs, which may be 

enhanced by choosing the right “carrier”. For hydrophobic meolecules/drugs, 

usually micellar systems are used since the hydrophobic molecules/drugs will 

solubilize in the micellar cores. By encapsulating drugs in designed carriers, 

labile drugs are protected from the hostile conditions that they might encounter 

for instance at the low pH of the stomach. Furthermore, in many cases 

adsorption can be enhanced and side effects of therapeutic compounds can be 

minimized. Within the concept of drug delivery two mechanisms must be taken 

into account to design such carrier systems, site directed drug delivery and 

sustained or controlled drug delivery. Site directed or targeted drug delivery 

occurs when the drug, with the aid of a carrier is delivered to a specific site or 

organ. Whereas, controlled drug delivery takes place when a polymer, whether 

natural or synthetic, is combined with a drug or therapeutic agent in such a way 

that the active agent is released from the material in a pre-designed fashion. 

Additionally, the release can be externally triggered by environmental events or 

devices.  
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1.16 Drug delivery based on liposomes 

 

One exhaustively explored research area in the field of drug delivery, 

controlled drug delivery and targeted drug delivery is the use of liposomes as 

carriers for hydrophilic drugs 84,89. The interest in liposomes as carriers of 

molecules was based on their potential to enclose and protect different materials 

of biological interest and to deliver them, functionally intact and in significant 

quantities to the interior of many cell types. Two mechanisms are basically used 

to deliver the substances when using liposomes, a general mechanism of 

membrane fusion and the more specific receptor mediated endocytosis. 

Nevertheless, in many instances, the use of liposomes proved to be 

inadequate89-91. One of the main limitations of liposomes is their storage 

instability which leads to leaking of the encapsulated material. By combining 

liposomes with hydrophilic polymers, more stable systems could be obtained, 

such as “Stealth liposomes92,93. In these systems, liposomes are covalently 

attached to PEG chains and helps prolonging the circulation times.  

 

1.17 Polymer based drug delivery systems 

 

Since the use of liposomes as drug delivery systems are plagued with 

some technical limitations, the need to find new and more stable systems has 

increased and new preparation methods for drug delivery units are continoulsy 

being developed. Several systems have been tested within the last decade or so, 

mainly consisting of polymeric drug carriers94-96.  Similar to liposomes, polymeric 

carriers could provide a protective environment for labile molecules to deliver 

them intact to desired targets. Parameters of the polymeric carriers such as size, 

surface charge, membrane fluidity and stability, presence of coupling groups on 

the surface can be used to design the carrier to be adapted to a wide range of 



 
 

23 
 

experimental conditions. The use of polymeric carriers for drug delivery brings 

several advantages; one of which is the control release of the labile molecule.   

 

1.18 Controlled-release systems 

 

 Controlled drug delivery is one of the most rapidly developing areas of 

medical technology.  It is aimed at obtaining enhanced effectiveness of the 

therapeutic treatment by minimizing both under- and over-dosing. It offers 

numerous advantages compared to conventional dosage forms including 

improved efficacy, the enhancement of the activity of labile drugs protect the 

labile drug against hostile environment, reduced toxicity, and improved patient 

compliance and convenience88,97,98. For example, in the field of chemotherapy 

treatment of cancer, a conventional method involves the systemic administration 

of anti-cancer drugs to kill cancer cells. This exposes the entire body to the drug 

and usually results in severe side effects. Controlled drug delivery provides a 

method to deliver anti-cancer drugs only to cancer cells. This increases the local 

drug concentration at the tumor, yet maintains a low concentration in the whole 

body, thus reducing toxic side effects.  

 Controlled-release systems can be classified according to the mechanism 

that controls the release. Three types of processes are involved in the delivery of 

substances from a carrier system: diffusion, degradation, and swelling followed 

by diffusion or a combination of processes.  The most common release 

mechanism is diffusion. Controlled-release based on diffusion takes place when 

a compound diffuses through the delivery system, usually a polymer system. The 

type of polymer system dictating whether macroscopic diffusion occurs is usually 

a polymer matrix containing pores. On the other hand, diffusion can also occur 

between the polymer chains. These types of delivery systems are the simplest 

ones in the sense that the polymer matrix does not undergo any changes in the 
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body, when this happens the system is known as stimuli-responsive. Swelling-

controlled release systems are initially dry and, when in contact with body fluids 

will swell. Consequently, in the case of nanospheres, the swelling increases the 

pore size of the matrix and promotes the diffusion of the active agents into the 

bulk medium. 

 One property that is desirable in control release system is their ability to 

degrade. Biodegradable polymers are of great interest since these materials are 

processed within the body under biological conditions giving degraded sub-units 

that are easily eliminated by the normal pathways of excretion.  In most cases, 

hydrolysis is the degrading reaction which produces smaller and biologically 

acceptable by-products. Mainly two types of degradation exist: uniform hydrolysis 

throughout the matrix and surface degradation, or erosion95. The last process 

results in a release rate that is proportional to the surface area of the particle. 

The most commonly used biodegradable polyesters are poly (lactic acid) (PLA) 

and poly (glycolic acid) (PGA), and especially their copolymers poly (lactic-co-

glycolic acid) (PLGA), their degradation is controlled by both drug diffusion and 

polymer erosion99. 

 More sophisticated features can be introduced in the control release drug 

delivery systems in order to obtain systems that might deliver the active 

substance by responding to changes in the environment. These systems are 

then collectively known as environmentally- or stimuli-responsive systems, and 

can be designed in such a way that they are incapable of releasing the 

encapsulated material until it is placed in an appropriate biological environment.  

Other features of a polymer can be used to externally trigger the drug delivery 

system, such as changes in pH, temperature, or ionic strength80,84,100-103. These 

systems are usually termed intelligent or environmentally stimulated systems. 

One additional requirement of these triggered systems is that the structural 

changes are reversible and repeatable upon additional changes in the external 

environment.   
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 Amphiphilic copolymers, such as Pluronic, are polymers that have a 

hydrophobic (water repelling) part and a hydrophilic (water attracting) part on the 

same molecule. They can self–assemble to core-shell structures in aqueous 

solutions and thus form micelles79,98,104. The hydrophobic core of the polymeric 

micelle can trap hydrophobic drugs, while their hydrophilic shells make the 

micelle soluble and decrease the rate of clearance from the blood. The release of 

the drug from theses micelles can be achieved by exposure to stimuli such as 

ultrasound 84, thus providing a mechanism by which the drug can be deposited at 

the desired place and desired time. Polymeric micelles dissolve if their 

concentration drops below the critical micelle concentration (CMC), which is 

defined as the concentration at which micelles form at a given temperature; thus 

most non-stabilized micelles would dissolve into individual polymer molecules 

quickly when injected into the blood and therefore no longer retain hydrophobic 

drugs. Drug delivery systems that dissolve, degrade, or are readily eliminated are 

preferred. 

 This dissertation research focused on developing a stable polymeric 

micelle system using a triblock copolymer, Pluronic F127, which may be 

externally thermally regulated.    

 

1.19 Pluronic 

 

Pluronic is a trade name (BASF Corporation) of a family of nonionic 

polymer surfactants with the structure containing poly (ethylene oxide)-poly 

(propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO), as shown in Fig 15. 

Pluronic is formed by first polymerizing the moderately hydrophobic PPO middle 

segment to the desired molecular weight. Ethylene oxide is finally polymerized 

onto both hydroxyl ends to form the flanking hydrophilic blocks. Pluronics are 

widely used by industry as de-foamers, surfactants and cleansing agents.  
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 Both polymer blocks of Pluronic,  PEO and PPO,  are lower critical 

solution temperature (LCST) polymers. The LCST of PPO is around 10°C, and it 

is insoluble in aqueous solutions at room temperature105. The LCST of PEO is 

around 100°C. Pluronics are amphiphilic at temperatures between the LCST of 

PPO and PEO, and thus they may form spherical micelles in this temperature 

range at concentrations higher than their CMC. When the temperature of 

Pluronic aqueous solution approaches the LCST of PEO, the micelle undergoes 

a sphere-to-rod transition before finally forming a macroscopic gel and 

precipitating out from the aqueous solution, and exhibit thermo-reversible 

properties.  

 At low concentrations, Pluronics exist in aqueous solutions as individual 

Pluronic chains. As concentration is increased, Pluronic polymers undergo a 

transition from individual chains to loose aggregates interpenetrated with water to 

dense micelles that almost entirely exclude water 106-108. This transition from 

individual chains to dense micelles occurs over a concentration range of an order 

of magnitude or more. At higher concentrations (typically >20 %wt), a “gel” region 

appears. The viscosity in Pluronic micelles is much higher than that observed in 

conventional surfactant micelles and depends strongly on the size of the 

hydrophobic PPO block. The larger the PPO block, the higher the viscosity109. 

 In pharmaceutical applications, Pluronic has been found to be a suitable 

drug carrier because of its amphiphilic nature and low toxicity97,108. Anderson et 

al. report at low temperatures, some types of Pluronic solutions containing drugs 

are liquid that can be injected into the body 97. At higher temperatures, but lower 

than body temperature, the micelles, into which hydrophobic drugs can dissolve, 

will form. At body temperature, the micelles can subsequently undergo transition 

to the gel state, and thus the release rate of anti-cancer drugs is reduced. This 

may allow for a simple method of targeting drug release to a specific location in 

the body, while keeping the drug within the micelle when a stimulant is not 

present. 
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 The major problem of using Pluronic micelles as a drug delivery system is 

that the polymer concentration will decrease when injected into the body because 

of dilution in the blood circulation.  When the concentration of polymer drops 

below the CMC, the micelle dissolves and the drug inside the micelle will be 

released immediately.  
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1.20 Research Objectives 

 

 The overall goal of this research was to design and investigate several 

NSAIDs derivatives to evaluate their structural requirements for potential 

chemopreventive agents.  And finally to design new polymeric hydrogel stystem 

that allows for the control release of chemopreventive agents. The overall goal 

was divided into the following three objectives: 

1. To determine the pharmaco-dynamics and pharmaco-kinetics of NO-NSAIDs, 

one of the well known NSAID derivatives 

2. Investigation the structural requirements of NSAID derivatives for its anti 

cancer effect 

3. Design, develop and evaluate a new implantable drug delivery system using 
the photo-cross-linked Pluronic F127 hydrogel    
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Figure 1.  Progression model of pancreatic cancer4 
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Figure 2.  Progression model of colon cancer8 
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Figure 3. Structure of NO-NSAIDs illustrating the three components of NO-

NSAIDs.   
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Figure 4. Chemical Structures of NO releasing -NSAIDs and conventional 
NSAIDs110 
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Figure 5. Model of the effect of NO-ASA on Molecular targets of Colon 

Carcinogenesis  
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Figure 6. Model of the signaling effect on Molecular targets of Colon 

Carcinogenesis 

  



 

 

 

 

 

Figure 7. Model of the effect of NO
Oxygen species due to the induction of Oxidative Stress 
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Model of the effect of NO-ASA on Enhanced levels of Reactive 
Oxygen species due to the induction of Oxidative Stress  
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Figure 8. An Overview of the Cyclooxgenase Cascade. Pictured above is the 
pathway from which arachidonic acid s converted into mediators of inflammation, 
specifically prostaglandins, thromboxanes and leukotrienes. As seen, the non-
steroidal anti-inflammatory drugs are able to block this cascade by inhibiting the 
conversion of arachidonic acid into downstream products via their inhibition of the 
cyclooxygenase enzymes. (Table from Bertolini et al. 2001 (188)).  



 

 

 

 

 

 

 

Figure 9. Representation of the different ty
architecture 
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Representation of the different types of homopolymer 
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Figure 10. Representation of linea
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Representation of linear copolymer 

  

 

 



 

 

 

 

 

 

 

Figure 11. Representation of different architectures of block
linear diblock, triblock, star, and graft copolymer
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Representation of different architectures of block-copolymers; 
lock, star, and graft copolymer 

 

 

copolymers; 



 

 

 

 

 

 

Figure 12. Schematic representation of: 1) di
star micelle (diblock-
micelles (triblock-copolymer), 3) vesicle formation for a 
triblock-copolymer 
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Schematic representation of: 1) di- and triblock copolymer, 2) 
-copolymer) and normal (ABA) and flower

copolymer), 3) vesicle formation for a 

 

and triblock copolymer, 2) 
flower-like (BAB) 

copolymer), 3) vesicle formation for a diblock and 
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Figure 13. General Structure of Pluronic. Pluronic consists of locks of PPO 
and PEO. n and m represents the number of blocks of PEO and PPO, 
respectively 
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Chapter 2. Pharmacokinetic and pharmacodynamic 

study of NO-donating aspirin in F344 rats 

 

2.1 Introduction 

 

 NO-donating aspirin is the best studied member of an emerging class of 

compounds, the NONSAIDs, which hold significant promise as chemopreventive 

agents against colon and other cancers111.  NO-ASA consists of an aspirin 

molecule which has been covalently modified to contain a NO-releasing moiety. 

Extensive preclinical data both in vitro and in vivo indicate that NO-ASA is a 

pleiotropic agent that may bring about its chemopreventive effect by modifying 

multiple signaling pathways in the preneoplastic cell, including inhibition of 

proliferation, induction of apoptosis and inhibition of cell cycle phase transitions. 

 Certain aspects of NO-ASA pharmacology and its effects on the 

eicosanoid cascade remain, however, unclear. It has been previously shown that 

while NO-ASA induces the expression of COX-2 in colon cell lines, it inhibits the 

production of eicosanoids by intestinal mucosa in rats37,112. NO-ASA’s effect on 

PGE2 and TxA2 production is of particular importance since PGE2 is considered a 

mediator of carcinogenesis 113,114, whereas TxA2 is critical to vascular tone and 

platelet aggregation, both significant parameters of vascular physiology115. At 

present, it would appear that NO-ASA traverses the low pH environment of the 

stomach intact, followed by progressive deacetylation and hydrolytic cleavages at 

its salicyloyl ester and/or benzyl nitrate ester bonds116-119. The exact stage of NO 

release remains unclear, but it seems to be tightly linked to these 

biotransformation; esterases are likely involved in its hydrolytic cleavage120. To 

date no complete pharmacokinetic and pharmacodynamic study of NO-ASA has 

been reported. Therefore, we undertook the present study to assess both its 
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pharmacokinetics and its pharmacodynamic effect on the levels of PGE2 and 

TxB2 in tissue and plasma (TxB2 is the spontaneous degradation product of TxA2 

and reflects the levels of TxA2 accurately). In our study, NO-ASA was 

administered either by oral gavage or admixed with their diet, thus assessing two 

commonly employed methods of drug administration to experimental animals. 

Here, we describe the pharmacokinetics of NO-ASA in rats and document 

its significant suppressive effect on PGE2 levels in colon tissue and plasma and 

its suppressive effect on plasma TxB2 levels. 
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2.2 Experimental Methods and Materials  

 

Animals, diets, NO-ASA 

 

 Weanling male F344 rats were from Charles River Breeding Laboratories 

(Kingston, NY). NO-ASA (NCX-4016; meta positional isomer) was provided by 

the NCI’s DCP repository. The purity of NO-ASA, ascertained by HPLC analysis, 

was �98%. All ingredients of the semi-purified diet (Bioserv, Frenchtown, NJ) 

were stored at 4°C prior to its preparation. The composition of the modified AIN-

76A semi-purified diet was as follows: casein, 20%; DL-methionine, 0.3%; corn 

starch, 52%; dextrose, 13.2%; alphacel, 5.0%; corn oil, 5.0%; mineral mix, 3.5%; 

vitamin mix, 1.0%; and choline bitartrate, 0.20%. NO-ASA was incorporated into 

the diet with a Hobart mixer; its uniform distribution in the diet was monitored as 

described 121. Control and NO-ASA-containing diets were prepared weekly in our 

laboratory and stored at 4°C. NO-ASA was stable in the diet under our 

experimental conditions, as determined periodically in multiple samples by 

HPLC; recoveries from the diet were >96%. 

 

Experimental design 

 

 At seven weeks of age, 144 male F344 rats were randomized into 9 

groups [16 rats/group (Table 1)] and fed the AIN-76 modified control diet. At eight 

weeks of age groups 2–5 were administered four different doses of NO-ASA (33, 

66, 132 and 264 mg/kg) by gavage for two weeks. NO-ASA was dissolved in 

corn oil every day prior to its administration to rats by gavage. At eight weeks of 

age, groups 6–9 were fed for 2 weeks diets containing 350, 700, 1,400 and 2,800 
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ppm NO-ASA. The control group (Group 1) received no NO-ASA and was fed 

only AIN-76 modified control diet. Body weights were recorded twice weekly. All 

animals were examined daily for signs of toxicity. Rats were sacrificed 2 and 10 h 

after completion of the two weeks of treatment with NO-ASA either by gavage or 

through their diet. At each of these two time-points rats were bled and plasma 

was harvested after centrifugation. All rats were necropsied and the colonic 

mucosa was harvested by scrapping the mucosal epithelial layer with a glass 

slide at 4°C. Plasma and mucosal samples were stored at −80°C until analyzed. 

 

Reagents 

 

 Phosphoric acid, aspirin (ASA), salicylic acid (SA) and acetonitrile were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). All general solvents 

and reagents were of HPLC-grade or of the highest grade commercially 

available. 

 

HPLC analysis 

 

 A Waters 2690 series HPLC System with a HP (G1314A) UV absorbance 

detector and a LiChrospher C8 reverse-phase column (250×4.6 mm; particle size 

5, Alltech Inc., Beerfied, IL) with a manual sample injector was used to analyze 

metabolites of NO-ASA. The column was maintained at room temperature. Buffer 

A consisted of water-acetonitrile-phosphoric acid (9:1:0.01, v/v/v); Buffer B 

consisted of acetonitrile. The flow rate was 1 ml/min. We applied gradient elution 

from 100% buffer A to 60% buffer B from 0 to 30 min; it was maintained at 60% 

buffer B until 43 min, becoming 100% buffer B at 50 min. The linearity and 

recovery of the method regarding salicylic acid were assessed; salicylic acid was 
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the major metabolite of NO-ASA detectable in plasma. The response was linear 

between salicylic acid concentrations of 19.3 and 483.1 �g/ml (R2 = 0.9996); the 

recovery (defined as: Recovery = Detected Salicylic Acid ÷ Actual Salicylic Acid × 

100)% was complete. 

 

Eicosanoid assays 

 

 0.7–0.9 g of tissue samples were sonicated in homogenization buffer (0.1 

M phosphate, pH 7.4, containing 1 mM EDTA and 10 �M indomethacin) and 500 

�l of plasma samples were used for the analysis. Several samples were spiked 

with tritium-labeled PGE2 and all samples were purified in accordance with the 

manufacturer’s protocol (Prostaglandin E2 EIA Kit Monoclonal/Thromboxane B2 

EIA Kit; Cayman Chemicals, Ann Arbor, MI). All purified samples were stored at 

−80°C until assayed. TxB2 and PGE2 concentrations were measured directly by 

the enzyme-linked immunosorbent assay (ELISA) kits according to the 

manufacturer’s directions. Sample and standard dilutions were made with 

experimental medium. 

 

Statistical analysis 

 

 Experimental values were expressed as mean ± SEM. Differences 

between mean values were evaluated using Student’s t-test and the association 

between variables was determined using regression analysis; p<0.05 was 

considered statistically significant. 
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2.3 Results 

 

2.3.1 Pharmacokinetic results 

 

 In agreement with previous findings 120, the most prominent and 

consistently detectable peak in the HPLC chromatograms was that 

corresponding to salicylic acid. Shown in Table 2 and Fig. 14 are the 

concentration of salicylic acid in plasma at 2 and 10 h post-dosing. At either time 

point, no intact NO-ASA was detected in the plasma, which is in line with the 

findings of Carini et al 117,118. The higher the dose of NO-ASA, whether by gavage 

or through diet, the higher the salicylic acid levels; this was true for both time-

points. The ratio of the salicylic acid level between the highest and the lowest 

drug intake ranged between 3.74 and 4.93. Thus, at every level of NOASA 

intake, gavage produced consistently higher plasma salicylic acid levels at both 

time- points. The ratios of plasma salicylate levels between gavage and diet for 

each corresponding level of NO-ASA were always >1 (range 1.33–2.76). 

 In all instances, the highest salicylic acid levels occurred at 2 h. By 10 h 

salicylic acid levels were substantially lower than those at 2 h. For gavaged 

animals, the 10 h levels were on average 83% (range 75.22–90.77) of those at 2 

h. For animals receiving NO-ASA admixed with their diet the corresponding value 

was 56.67% (range 44.21–63.12). In all instances the levels of the diet groups 

were lower than those of the gavage groups. Specifically, the 10 h salicylic acid 

levels of the diet group were on average 68.27% (range 58.77–74.65) of those of 

the gavage group. 
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2.3.2 The effect of NO-ASA on colon tissue and plasma levels of 

PGE2 and TxB2 

 As summarized in Table 3 and Fig. 15, NO-ASA inhibited strongly the 

levels of PGE2 in colonic tissue in a manner that was: a) dose-dependent, b) 

time-dependent, and c) administration route-dependent. Compared to controls, 

the colon tissue levels of PGE2 at 2 h in the gavage groups were decreased 

progressively from 53.78 at the lowest NO-ASA dose to 77.89% at the highest 

(average 66.49%). At 10 h the corresponding values were 48.74 and 68.75% 

(average 63.57%). 

 The diet groups displayed a similar pattern wherein the PGE2 colon tissue 

levels at 2 h decreased between 29.52% for the lowest NO-ASA dose and 

58.45% at the highest (average 43.18%) and at 10 h between 26.63% and 

60.18% (average 49.18%). In all instances the values for the gavage group were 

significantly lower than the corresponding values for the diet group. On average, 

at 2 h the PGE2 levels of the gavage groups were lower by 35% compared to diet 

groups and 27% at 10 h. The apparent association between NO-ASA dose and 

the suppression of colon tissue PGE2 levels is statistically significant (p<0.001–

0.05 for all except for gavage at 10 h where it is significant for trend). 

 As shown in Table 4 and Fig. 16, the inhibitory effect of NO-ASA on tissue 

levels of PGE2 was also observed in plasma PGE2 levels. Gavaged NO-ASA 

reduced plasma PGE2 levels dose-dependently. This reduction at 2 h was 17.1% 

at the lowest dose increasing to 97.61% at the highest (average 48.39%) and 

correspondingly at 10 h, 9.66 increasing to 77.26% (average 53.87%). PGE2 

plasma levels were also inhibited in those groups receiving NO-ASA through the 

diet. At 2 h this reduction went from 30.5% for the lowest dose to 83.3% for the 

highest (average 56.94%) and at 10 h from 70.4% to 79.28% (average 46.38%). 

In all cases, the degree of association between the dose of the drug and the 

levels of PGE2 was statistically significant (p<0.001–0.05). The levels of salicylic 

acid correlated with the levels of PGE2 in colon tissue, the target tissue for its 
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chemopreventive effect. As shown in Fig. 17, there is a statistically significant 

inverse association (p<0.05) between salicylic acid levels and PGE2 levels at 

both 2 and 10 h, suggesting that it was indeed the NO-ASA treatment that 

brought about the suppression of the PGE2 synthesis in the colon. 

 NO-ASA also had a significant inhibitory effect on plasma levels of TxB2 

(Table 5 and Fig. 18). As was the case for PGE2, suppression of TxB2 plasma 

levels was both dose- and time-dependent. NO-ASA decreased TxB2 levels in 

the gavage group on average by 68.3% at 2 h and by 33.4% at 10 h. The diet 

group displayed similar responses: 61.8% average reduction at 2 h and 35.8% at 

10 h. It is of interest that the levels of TxB2 were nearly completely suppressed at 

the two highest NO-ASA doses at 2 h (below our analytical methodology). In 

general, NOASA administered through the diet was less effective in suppressing 

plasma TxB2 levels than when given by gavage  
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2.4 Discussion and Conclusion  

 

 The findings presented here demonstrate that in rats NO-ASA undergoes 

metabolic transformations similar to those previously described in rats117, 

humans118, rat liver116 and in cultured cells119, regardless of its route of 

administration. The results also demonstrate that NO-ASA has a significant and 

unambiguous in vivo inhibitory effect on the metabolic transformations of 

arachidonic acid via the cyclooxygenase pathway. 

 There are three notable findings from our pharmacokinetic study. First, no 

intact NO-ASA was detected in plasma examined at 2 and 10 h post last dosing. 

Second, NO-ASA is rapidly metabolized, producing predominantly salicylic acid. 

Both findings are in close agreement with studies previously reported by us and 

others on the metabolic fate of NO-ASA37,111,112. Third, the route of administration 

of NO-ASA has a significant effect on the plasma levels of its main metabolite, 

salicylic acid. Compared to administering NO-ASA though the diet, gavaging 

consistently generated much higher salicylic acid levels over a wide range of 

doses and over a relatively broad time period (10 h). Although the reason for this 

result is unclear, it is possible that the ‘bolus’ administration, such as represented 

by gavage, may allow NO-ASA to overcome a saturable inactivation mechanism, 

albeit alternative explanations are also plausible. Nevertheless, this finding may 

have practical implications for the administration of NO-ASA to humans. 

 The data herein also demonstrate that NO-ASA inhibits the transformation 

of arachidonic acid. The levels of PGE2 in colon tissue and in plasma as well as 

the plasma levels of TxB2 were all suppressed by NO-ASA in a manner that is 

clearly dose- and time-dependent. In keeping with the pharmacokinetic findings, 

the prostanoid levels of gavaged animals were, in general, lower than those of 

animals receiving NO-ASA in their diet. These findings are consistent with those 

reported by Ukawa et al 122, who studied the effect of NO-ASA on the ulcerogenic 

and healing responses of the stomach. Gastric prostaglandin levels in murine 
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stomach were reduced by NO-ASA, including increased prostaglandin generation 

in the ulcerated mucosa. Consistent with the present finding on the effects of 

NONSAIDs on rat colonic mucosa are results previously published by us112, 

showing that NO-indomethacin and NO-ASA significantly inhibited the total COX 

of colon tumors, including COX-2 activity and formation of PGE2, PGF2�, 6-keto-

PGF1� and TxB2 from arachidonic acid. 

 The significant correlation between salicylic acid levels and colon PGE2 

levels indicates that this effect is brought about by NO-ASA. It is uncertain, 

however, whether salicylic acid per se is responsible for the observed effect. 

Both salicylic acid and NO-salicylic acid inhibit the growth of cancer cell lines, 

with the latter being more potent than the former 110. While no in vivo 

comparisons are available, NO-ASA is much more potent than either one in vitro. 

It is conceivable that salicylic acid may merely reflect the decomposition of NO-

ASA that may generate with similar kinetics other bio-active moieties, such as 

NO or its spacer or both116-119. It is noteworthy that here too the suppressive 

effect of NO-ASA on eicosanoid production extends to two products, PGE2 and 

TxB2, and is not restricted to a single tissue. 

 In conclusion, our data determined the pharmacokinetics of NO-ASA in 

rats, established its differential bioavailability depending on its mode of 

administration and demonstrated a direct effect on arachidonic acid metabolism 

leading to markedly suppressed levels of PGE2 and TxA2. Whether suppression 

of arachidonic acid metabolism by NO-ASA is responsible for its 

chemopreventive effect is more difficult to assess, since both COX-dependent 

and COX-independent effects have been described for conventional ASA and 

NO-ASA 123. These findings could prove useful in devising strategies for future 

human applications of NO-ASA. 
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Figure 14. Salicylic acid plasma levels in rats treated with NO-ASA. F344 
rats were treated with NO-ASA administered by oral gavage and added into their 
diet. Four increasing NO-ASA doses were used as previously described. Plasma 
salicylic acids levels, 2 and 10 h post dosing, were determined by HPLC as 
described in Materials and Methods. Values are mean ± SEM 

 

 

 

 



 
 

53 
 

 

 

Figure 15. Prostagladin E2 colon tissue levels in rats treated with NO-ASA. 
F344 rats were treated with NO-ASA administered by oral gavage or added into 
their diet. Four increasing NO-ASA doses were described. Colon tissue PGE2 
levels, 2 and 10 h post dosing, were determined by ELISA as in Materials and 
Methods. Values are mean ± SEM 
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Figure 16. Prostagladin E2 plasma levels in rats treated with NO-ASA. F344 
rats were treated with NO-ASA administered by oral gavage or added into their 
diet. Four increasing NO-ASA doses were described. Plasma PGE2 levels, 2 and 
10 h post dosing, were determined by ELISA as in Materials and Methods. 
Values are mean ± SEM 
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Figure 17. Association between plasma salicylic acid levels and colon PGE2 
levels in NO-ASA treated rats. The 2 h salicylic levels in rats treated with NO-
ASA administered to rats either by gavage or added to their diet are significantly 
correlated (p<0.05 for both) with the corresponding PGE2 levels in colon tissue. 
Both parameters were determined as in Materials and Methods   
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Figure 18 . Thromboxane B2 plasma levels in rats treated with NO-ASA. 
F344 rats were treated with NO-ASA administered by oral gavage or added into 
their diet. Four increasing NO-ASA doses were described. Plasma TxB2 levels, 2 
and 10 h post dosing, were determined by ELISA as in Materials and Methods. 
Values are mean ± SEM 
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Table 1 

Experimental design to determine the optimal and effective dose of NO-

ASA 

 

Group No. NO-ASA Route of administration 

1 0 ppm Diet 

2 33 mg/kg BW Gavage 

3 66 mg/kg BW Gavage 

4 132 mg/kg BW Gavage 

5 264 mg/kg BW Gavage 

6 350 ppm Diet 

7 700 ppm Diet 

8 1,400 ppm Diet 

9 2.800 ppm Diet 

16 F244 rats/group; all treated for 2 weeks; BW body weight 
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Table 2 

The effect of NO-ASA on rat plasma salicylic acid levels 

Salicylic acid, �g/ml, mean ± SEM 

Gavage, mg/kg BW 

33 66 132 264 

2 h 

73.46±4.00 132.70±7.47a 189.55±8.70b 275.30±21.64c 

N=8 N=8 N=8 N=8 

10 h 

58.48±1.27 99.82±1.48 172.06±5.52d 237.88±7.46e 

N=8 N=8 N=8 N=8 

Diet, ppm  

350 700 1,400 2,800 

2 h 

35.64±1.52 100.00±17.57f 122.44±10.25 175.54±7.74 

N=8 N=8 N=8 N=8 

10 h 

21.18±3.39 44.21±7.32 77.28±13.29 105.19±13.79 

N=8 N=8 N=8 N=8 
Salicylic acid was not detected in vehicle control animals. The differences in salicylic acid levels 
between the gavage and diet groups were statistically significant for all doses at both time pointes 
except for: a vs. f, b vs. d and c vs. e.  
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Table 3 

The effect of NO-ASA on rat PGE2 colon tissue levels.   

PGE2, ng/ml, mean ± SEM 

Gavage, mg/kg BW 

0 33 66 132 264 

2 h 

25.01±1.93a 11.60±0.83b 9.23±1.02c 7.26±2.04d 5.55±0.70e 

N=4 N=8 N=8 N=8 N=6 

10 h 

26.14±1.93f 13.40±2.59g 7.36±0.52h 9.16±2.67i 8.17±2.34j 

N=3 N=8 N=6 N=5 N=8 

Diet, ppm  

0 350 700 1,400 2,800 

 2 h 

25.10±1.93k  17.69±2.40l 16.16±3.56m  12.77±4.43n  10.43±3.02o 

N=4 N=7 N=5 N=6 N=7 

10 h 

26.14±7.62p  19.18±3.70q   11.65±1.17r  11.90±2.12s  10.41±2.66t 

N=3 N=4 N=6 N=4 N=7 

Statistical comparisons were made between controls and PGE2 levels of individual NO-ASA 
doses; between 2 and 10 h for each NO-ASA level in the gavage and diet groups; and between 
gavage and diet groups at each dose and time-point. All differences were statistically significant 
except for the following: d vs. n; e vs. o; g vs. q; i vs. s; j vs. t; k vs. m; f vs. g; p vs. q; p vs. s; d 
vs. i; e vs. j; l vs. q; n vs. s; o vs. t. 
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Table 4 

The effect of NO-ASA on rat plasma PGE2 levels 

PGE2, ng/ml, mean ± SEM 

Gavage, mg/kg BW 

0 33 66 132 264 

2 h 

0.50±0.09a  0.41±0.05b  0.25±0.05c 0.21±0.02d  0.16±0.00e 

N=6 N=7 N=4 N=3 N=4 

10 h 

0.50±0.09f   0.45±0.07g  0.21±0.04h 0.15±0.04i  0.11±0.02j 

N=6 N=3 N=6 N=7 N=4 

Diet, ppm  

0 350 700 1,400 2,800 

 2 h 

0.50±0.09k  0.35±0.02l  0.34±0.05m  0.09±0.05n  0.08±0.02o 

N=6 N=3 N=4 N=3 N=3 

10 h 

0.50±0.09p  0.46±0.07q  0.40±0.08r  0.10±0.00s  0.10±0.01t 

N=6 N=5 N=4 N=3 N=4 

Statistical comparisons were made between controls and PGE2 levels of individual NO-ASA 
doses; between 2 and 10 h for each NO-ASA level in the gavage and diet groups; and between 
gavage and diet groups at each dose and time-point. The following differences were statistically 
significant: g vs. q; h vs. r; k vs. n; k vs. o; f vs. h; f vs. i; f vs. j; p vs. s; p vs. t. 
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Table 5 

The effect of NO-ASA on rat plasma TxB2. 

TxB2, ng/ml, mean ± SEM 

Gavage, mg/kg BW 

0 33 66 132 264 

2 h 

3.77±0.65a  3.91±0.27b  0.77±0.18c  0.02±0.01d  0.08±0.02e 

N=5 N=5 N=4 N=4 N=3 

10 h 

2.39±1.31f  2.30±0.56g  2.74±0.80h  0.81±0.13i  0.51±0.19j 

N=2 N=4 N=3 N=5 N=3 

Diet, ppm  

0 350 700 1,400 2,800 

 2 h 

3.77±0.65k  2.78±0.30l  2.37±0.35m  0.32±0.11n  0.29±0.07o 

N=5 N=8 N=6 N=3 N=3 

10 h 

2.39±1.31p  2.37±0.45q  2.80±0.60r  0.44±0.12s 0.53±0.13t 

N=2 N=5 N=6 N=3 N=4 

Statistical comparisons were made between controls and TxB2 levels of individual NO-ASA 
doses; between 2 and 10 h for each NO-ASA level in the gavage and diet groups; and between 
gavage and diet groups at each dose and time-point. All differences were statistically significant 
except for the following: g vs. q; h vs. r; i vs. s; j vs. t; a vs. b; k vs. l; k vs. m; f vs. g; f vs. h; f vs. i; 
f vs. j; p vs. q; p vs. r; p vs. s; p vs. t; e vs. j; l vs. q; m vs. r; n vs. s; o vs. t. 
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Chapter 3. Structure-Activity Relationship Study of 

Novel Anticancer Aspirin-based Compounds 

 

3.1 Introduction 

 

 Accounting for nearly one quarter of the deaths in the US, cancer remains 

one of the major medical challenges of our time. In 2009, it is estimated that 

292,540 and 269,800 American males and females, respectively, died of cancer.1 

The US death rate from cancer has remained unchanged in recent decades, in 

contrast  to that of heart disease, which has decreased by >60%1. Much of the 

progress in cardiology stems from the development of a wide variety of novel 

agents aimed at both the treatment and prevention of cardiovascular diseases. 

The oncology field, although it has witnessed some remarkable advances, is still 

in considerable need of new and effective agents. 

 We have recently reported our findings on the anti-cancer activity of a 

novel benzyl ester-based derivative of acetylsalicylic acid (ASA) or aspirin 

provisionally named phospho-aspirin (Fig 19, compound 1a). This compound 

showed two potentially significant properties: a) anticancer efficacy in a murine 

model of cancer, achieving over 60% reduction in tumor volume of xenografted 

HT-29 human colon cancer cells, and b) no apparent toxicity, evidenced, among 

other parameters, by no reduction in body weight during treatment and no organ 

damage on necropsy124 .The mode of action of this compound includes, at the 

cytokinetic level, brisk induction of apoptosis and to a lesser degree, suppression 

of proliferation. Of note, similar cytokinetic effects were observed in cultured HT-

29 cells, in which the 24-h IC50 for compound 1a was 276 µM124. The para 

positional isomer of phosphoaspirin (compound 1b) inhibited the growth of 10 
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human cancer cell lines originated from colon, lung, liver, pancreas and breast, 

with an 18- to 144-fold greater potency than conventional ASA125. 

 Prompted by these encouraging results, we developed a new series of 

ASA-benzyl esters, based on conventional ASA, which consist of benzyl 

derivatives having an ASA or an acyloxy substituent (Fig 19). We have pursued 

the study of ASA-based benzyl esters (ABEs), primarily for their anticancer 

effects. In addition to synthesizing positional isomers of compound 1a, we 

undertook an SAR study to ascertain those features of the molecule that 

contribute to its pharmacological activity. It is worthy of mention that compound 

1a is much more potent than conventional ASA124 of which it can be considered a 

derivative. 

 The potential importance of ASA and other NSAID (nonsteroidal anti-

inflammatory drugs) derivatives in cancer control originates from their well-

established efficacy in the prevention of human cancer and the accompanying 

understanding of their mechanisms of action, one of which centers on the role of 

cyclooxygenase-2 (COX-2) overexpression in carcinogenesis; inhibition of COX 

enzymes is the best recognized mode of action of NSAIDs. For example, 

epidemiological studies demonstrated that NSAID use prevents cancer of the 

colon by up to 50%, whereas interventional studies showed that ASA prevents 

21-30% of colon polyp recurrence in humans126-128.  Combined with a vast 

amount of preclinical data, such findings underscore the potential of NSAIDs for 

cancer control129. 

 Here, we report the synthesis of several congeners of compound 1a and a 

SAR study with respect to their ability to inhibit cancer cell growth, a parameter 

that defines whether a drug can suppress cancer. Our findings provide a 

mechanistic understanding of the novel ABEs in terms of their chemistry. 
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3.2 Experimental Methods Materials 

 

Synthesis of ABEs 

 

 Compounds 1c, 1d, 1e, 1f, 1g and 2d were prepared according to a 

published method130. For the preparation of the diethyl phosphate esters, a 

general method is described illustrated by the synthesis of 1b, which in this and 

all other cases began with the corresponding alcohol. 

 

Reagents and Relevant Methods  

  

 All reagents and solvents were of commercial grade and used as such 

unless otherwise specified.  1H NMR spectra were recorded on Varian 300 

spectrometer.  Samples prepared for NMR analysis were dissolved in CDCl3. 

Chemical shifts are reported in ppm relative to TMS. Electron ionization mass 

spectra were recorded on a Thermo Scientific DSQ (II) mass spectrometer.  

Thin-layer chromatography (TLC) was performed on silica gel sheets (Tiedel-

deHaën, Sleeze, Germany) containing a fluorescent indicator.  Flash column 

chromatographic separations were carried out on 60 Å (230-400 mesh) silica gel 

(TSI Chemical Company, Cambridge, MA). All experiments dealing with 

moisture- or air-sensitive compounds were conducted under dry nitrogen. The 

starting materials and reagents, unless otherwise specified, were the 

commercially best grade available (Aldrich, Fluka) and were used without further 

purification.  All new products showed a single spot on TLC analysis in two 

different solvent systems, after purification.  
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General Procedure  

 

 Synthesis of 2-acetoxy benzoic acid 4-(diethoxy phosphoryl 

oxymethyl) phenyl ester (1b): Diethylchlorophosphate (2.5 mL, 17.26 mmole) 

was added drop-wise to a solution of alcohol (1e, 1.9 g, 6.64 mmole) in 

methylene chloride (10 mL) containing diisopropylethylamine (2.2 mL, 13.28 

mmole), followed by 4-(dimethylamino)pyridine (25 mg) as a solid.  The reaction 

mixture was heated under reflux overnight. The reaction solution was washed 

with water (2 x 25 mL), dried over anhydrous sodium sulfate, filtered and 

concentrated.  The crude residue was purified by column chromatography using 

hexane:ethyl acetate (60:40) as the eluant. The pure fractions were combined 

and evaporated to give a solid which was triturated with hot hexane several times 

to give pure title compound 1b as a solid (690 mg, 25%). 1H NMR (CDCl3): δ 1.3 

(m, 6H), 2.3 (s, 3H), 4.05 (m, 4H), 5.05 (d, 2H), 7.2 (m, 3H), 7.4 (t, 1H), 7.45 (d, 

2H), 7.62 (t, 1H), 8.20 (d, 1H).  MS: 422 (M+). 

Using the above general procedure, the following compounds were made, all of 

which were isolated as viscous oils. 

 2-Acetoxy benzoic acid 3-(diethoxy phosphoryloxymethyl) phenyl 

ester (1a): Yield 29%, 1H NMR (CDCl3): δ 1.3 (m, 6H), 2.32 (s, 3H), 4.1 (m, 4H), 

5.08 (d, 2H), 7.2 (m, 3H), 7.28 (d, 1H), 7.4 (m, 2H), 7.65 (t, 1H), 8.20 (d, 1H).  

MS: 422 (M+). 

 2-Acetoxy benzoic acid 3-(diethoxy phophoryloxymethyl)-4-methoxy 

phenyl ester (1h): Yield 29%, 1H NMR (CDCl3): δ 1.3 (m, 6H), 2.3 (s, 3H), 3.8 (s, 

3H),   4.15 (m, 4H), 5.1 (d, 2H), 6.9 (d, 1H), 7.1 (d, 1H), 7.2 (m, 2H), 7.4 (t, 1H), 

7.6 (t, 1H),), 8.20 (d, 1H).  MS: 452 (M+). 

 2-Acetoxy benzoic acid 4-(diethoxy posphoryloxymethyl)-3-methoxy 

phenyl ester (1i): Yield 26%,  1H NMR (CDCl3): δ 1.4 (m, 6H), 2.4 (s, 3H), 3.9 (s, 
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3H), 4.2  (m, 4H), 5.2 (d, 2H), 6.8 (s, 1H), 6.83 (d, 1H), 7.22 (d, 1H), 7.5  (m, 2H), 

7.75 (t, 1H) 8.3 (d, 1H).    MS: 452 (M+). 

 2-Acetoxy benzoic acid 3-chloro-4-(diethoxy phosphoryloxymethyl) 

phenyl ester (1j): Yield 24%, 1H NMR (CDCl3): δ 1.39 (m, 6H), 2.3 (s, 3H), 4.15 

(m, 4H), 5.18 (d, 2H), 7.18 (m, 2H), 7.2 4(d, 1H), 7.4 (t, 1H), 7.6  (d, 1H), 7.62 (t, 

1H) 8.2 (d, 1H).  MS: 456 (M+). 

 Acetic acid, 2-(diethoxy phosphoryloxymethyl) phenyl ester (2a): 

Yield 28%, 1H NMR (CDCl3): δ 1.38 (m, 6H), 2.05 (s, 3H), 4.22 (m, 4H), 5.2 (s, 

2H), 7.17 (t, 1H), 7.32 (t, 1H), 7.4 (m, 2H).  MS: 302 (M+). 

 Acetic acid, 3-(diethoxy phosphoryloxymethyl) phenyl ester (2b): 

Yield 29%, 1H NMR (CDCl3): δ 1.3 (m, 6H), 2.3 (s, 3H), 4.05 (m, 4H), 5.02 (d, 

2H), 7.02 (d, 1H), 7.1 (s, 1H), 7.24 (d, 1H), 7.4 (t, 1H).  MS: 302 (M+). 

 Acetic acid, 4-(diethoxy phophoryloxymethyl) phenyl ester (2c): Yield 

30%, 1H NMR (CDCl3): δ 1.38 (m, 6H), 2.4 (s, 3H), 4.1 (m,   4H), 5.05 (d, 2H), 

7.18 (d, 2H), 7.5 (d, 2H).  MS: 302 (M+). 

 Acetic acid, 3-chloro-4-(diethoxy phosphoryloxymethyl) phenyl ester 

(2d):  Yield 24%, 1H NMR (CDCl3): δ 1.3 (m, 6H), 2.3 (s, 3H), 4.1 (m, 4H), 5.12 

(d, 2H), 7.0 (d, 1H), 7.18 (s, 1H), 7.55  (d, 1H).  MS: 336(M+). 

 Benzoic acid, 3-(diethoxy phosphoryloxymethyl) phenyl ester (3): 

Yield 24%, 1H NMR (CDCl3): δ 1.33 (m, 6H), 4.11 (m, 4H), 5.09 (d, 2H), 7.20 (d, 

1H), 7.26 (m, 2H), 7.5 (m, 3H), 7.62 (m, 1H), 8.20 (d, 2H).  MS: 364 (M+). 

 Phosphoric acid, 4-(diethoxy phosphoryloxymethyl) phenyl diethyl 

ester (4):  Yield 27%, 1H NMR (CDCl3): δ 1.34 (m, 12H), 4.12 (m, 4H), 4,22 (m, 

4H), 4.66 (s, 2H), 7.2 (d, 2H), 7.32 (d, 2H).  MS: 398 (M+). 

 Phosphoric acid, diethyl 4-fluoro benzyl ester (5):  Yield 26%, 1H NMR 

(CDCl3): δ 1.3 (m, 6H), 4.05 (m, 4H), 5.0 (d, 2H), 7.02 (m, 2H), 7.4 (m, 2H).  MS: 

262 (M+). 
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 Phosphoric acid, benzyl diethyl ester (6):   Yield 29%, 1H NMR (CDCl3): 

δ 1.3 (m, 6H), 4.05 (m, 4H), 5.02 (d, 2H), 7.4 (m, 5H).  MS: 244 (M+). 

 Acetic(diethyl phosphoric) Anhydride (7): Yield 28%, 1H NMR (CDCl3): 

δ 1.4 (m, 6H), 2.2 (s, 3H), 4.3  (m, 4H).  MS: 196 (M+) 

 

Cell culture studies 

 

 Stock (200 mM or 100 mM) solutions were prepared in DMSO (Fisher 

Scientific, Fair Lawn, NJ).  

 

Cell lines 

 

 HT-29 and SW480 human colon adenocarcinoma cell lines, and BxPC-3 

and MIA PaCa-2  human pancreatic adenocarcinoma cell lines  (American Type 

Culture Collection, Manassas, VA) were grown as monolayers in either McCoy 

5A medium (HT-29), RPMI 1640 (SW480 and BxPC-3) or DMEM (MIA PaCa-2). 

Media were supplemented with 10% fetal bovine serum (FBS; Mediatech, 

Herndon, VA), except for DMEM that was supplemented with 2.5 % horse 

serum); penicillin (50 units/mL); and streptomycin (50 mg/mL) (Life Technologies, 

Inc., Grand Island, NY). Cells were seeded at a density of 1.5-3×104 cells/cm2 in 

a culture dish and incubated at 37°C in 5% CO2 at 90% relative humidity. Single-

cell suspensions were obtained by trypsinization (0.05% trypsin/EDTA), and cells 

were counted using a hemacytometer. Viability was determined by the trypan 

blue dye exclusion method. 
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Determination of IC50 

 

 Cells, plated into 96-well plates (424 cells/mm2), were grown overnight 

and then treated with various concentrations of each test compound for 24 h. The 

final DMSO concentrations were adjusted accordingly, but never exceeded 1%. 

After treatment, viable cells were assayed using the “MTT cell proliferation 

assay” according to the manufacturer’s instructions (Sigma). The plates were 

read at 595 nm and the data were handled with SoftmaxPro Version 3.1.1 

(Molecular Devices, Sunnyvale, CA). For each compound and each cell line, 

IC50s were determined at least in triplicate. 
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3.3 Results  

 

 We synthesized the compounds listed in Fig 19 and used their ability to 

inhibit the growth of cancer cells in vitro as a measure of their anticancer 

pharmacological effect.  For each compound, we determined its 24-hr IC50, i.e. 

the concentration of the test compound that inhibits cell growth 50% at 24 hr. 

Under our experimental conditions, IC50 values >500 �M could not be determined 

accurately. We employed four human cancer cell lines, two derived from colon 

(HT-29 and SW480) and two from pancreatic cancer (BxPC-3 and MIA PaCa-2). 

In each pair, one cell line expresses COX-2 (HT-29 and BxPC-3) whereas the 

other does not. This is of potential mechanistic value, because our compounds 

are structurally related to ASA, whose best-recognized molecular target is COX, 

which is thought to play a role in carcinogenesis131,132. 

 

3.3.1 The effect of the X group  

 

 To assess the effect of the salicyloyl group (X group in Fig 19) on the 

anticancer potency of the drug, we studied a series of compounds containing the 

benzyl spacer and diethylphosphate as the leaving group and as the X moiety 

any one of the following groups: a salicyloyl group (1b), an acetoxy group (AcO-, 

2a, 2b and 2c), a benzoyloxy group (C6H5COO-, 3), a diethylphosphate group (-

OP(O)(OEt)2, 4), a fluorine atom (-F, 5), or hydrogen (-H, 6) (Table 6). Most of 

these compounds are p- isomers.  

 It is clear from the results summarized in Table 6 and Fig 19, that the X 

group plays a role in determining the anticancer potency of ABEs. We studied six 

different X groups in compounds sharing the same benzyl spacer and leaving 

groups. Of them, only the salicyloyl, acetoxy and benzoyloxy showed appreciable 
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(<500 �M, i.e. measurable) potency in inhibiting cancer cell growth. All three 

have an enzyme cleavable ester bond. A convincing demonstration of the 

importance of the ester bond for biological activity was obtained when the 

acyloxy group was replaced by –OP(O)(OEt)2 (4), F (5) or H (6). In all three 

cases, this change prevented the formation of drug intermediates and led to 

complete loss of biological activity. Of further interest, the IC50 of the p-acetoxy 

containing compound (2c) was 5 - 20 fold lower than that of the p-ASA containing 

compound (1b). The proposed mechanisms for compounds 1b and 2c are shown 

in Fig 21, where compound 1b needs one more step to generate quinone 

methide, thus leading to a  lower reaction rate and lower pharmacological 

potency. It is, however, possible that the differential biological activity of 1b and 

2c is due to different rates of hydrolysis of the ester bond (k1>>k1′). 

  

3.3.2 The requirement of the spacer for biological activity 

 

 The importance of the spacer for the biological activity of ABEs was 

directly accessed by omitting it from the most potent compound 2c. This 

shortened version (compound 7) shows virtually no activity against any of the cell 

lines (data not shown). If we consider compounds 3, 5, 6 as not containing a 

spacer molecule (which is reasonable), then the requirement for the spacer is 

underscored further; none of them have any detectable biological activity as 

determined in our assays. 

 

3.3.3 The effect of the leaving group 

 

 To determine the effect of the leaving group on the pharmacological 

activity of ABEs, we studied a series of analogues in which X = ASA or AcO, and 
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the leaving group was one of four different moieties, namely diethylphosphate [-

OP(O)(OEt)2], chloro (-Cl), hydroxyl (-OH) and nitrate (–ONO2) (Fig 22). Since 

previous work with nitrate esters established the essential equivalence of the 

ortho- and para- positional isomers, we restricted our study to the meta- and 

para- isomers. 

 The para isomers are significantly more potent than the meta isomers. 

The m-/p- potency ratios ranged between 4.1 and >5.5 for the diethylphosphate 

derivatives, and between >4.5 and 29.6 for the nitrate derivatives; it was not 

possible to calculate such ratios for the –OH derivatives because the IC50s of 

both isomers for all four cell lines were >500 �M. Indeed, the –OH compounds 

(1d and 1e) had such a low potency that their IC50s for cell growth could not be 

reliably established in our experimental system.  Of the remaining three, the 

nitrates (1f and 1g) and diethylphosphates (1a and 1b), roughly equipotent, were 

much more potent than the –OH compounds. The potency of the corresponding -

Cl derivative (1c) was considerably less, which could be due to lower solubility or 

other factors. There were individual variations in IC50, based on the cell line. For 

example, in the case of HT-29 colon cancer cells, the nitrate and phosphate 

compounds were equipotent, whereas in the SW480 cell line the nitrate 

compound was 5.6-fold more potent than the diethylphosphate (1b and 1g). 

 Thus, the leaving group had a clear effect on the potency of ABEs. Both 

the –OP(O)(OEt)2  and ONO2 groups are absolutely critical to their biological 

activity; their function as leaving groups determines the formation of drug 

intermediates. Of the four leaving groups that we examined, -OP(O)(OEt)2 and –

ONO2 where roughly equivalent, whereas the –Cl was slightly less effective. The 

–OH group, a non-leaving group, appeared to eliminate the ability of ABEs to 

inhibit cancer cell growth. 
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3.3.4 The effect of the electron density of the spacer  

 

 To assess the importance of the spacer group (the benzyl moiety) on the 

pharmacological effect of ABEs, we studied a series of compounds based on 

X=ASA or AcO and LG=diethyl phosphate in which the spacer was modified by a 

second substituent (Y in Fig 19). This substituent was either an electron-donating 

methoxy group (-OMe, 1i), or an electron-withdrawing chloro atom (-Cl, 1j, 2c) 

(Table 8). Most of these spacer modifications were positioned ortho to the benzyl 

ester group.  

 As seen in Table 8 and Fig 23, the electron density of the spacer had a 

profound effect on the potency of the ABE molecule. The -OMe group 

consistently and significantly reduced the potency of the compound (1i vs. 1b). In 

contrast to the effect of the -OMe, the chloro group increased the potency of the 

compound, reducing its IC50 on average 3.3-fold (1j vs. 1b; 2c vs. 2d). The 

biological effects of additional substituents on the benzylic ring (-Cl or -OMe) 

reflect either differences in accommodation at the active site or differences in the 

rates of elimination of the diethylphosphate groups. It is conceivable that the 

electron density of the spacer affects the formation of the drug intermediate.  –

OMe, an electron-donating group, could stabilize a quinone methide; whereas –

Cl, an electron-withdrawing group, could increase the reactivity of the quinone 

methide.  

 

3.3.5 The effect of positional isomerism in the relationship of X 

to the leaving group 

 

 Positional isomerism plays an important role in determining the generation 

of the drug intermediate and thus drug potency. In all instances where direct 
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comparisons were possible, the para isomers were significantly more potent than 

the meta (Table 7 and 8, Fig 22 and 23). Overall, the para isomers were between 

5-100 times more potent than the meta isomers in inhibiting the growth of 

pancreatic and colon cancer cells (1a vs. 1b and 1f vs. 1g). The reason for this 

striking difference may be found in the general mechanism of action of these 

compounds, outlined in Fig 20. We have previously studied in detail the effect of 

positional isomerism on the pharmacological behavior of compounds 1f and 1g 

and also of their ortho isomer133,134. 
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3.4 Discussion and Conclusion 

 

 We examined the contribution to the pharmacological activity of ABEs by 

their three structural components shown in Fig  19: LG (leaving group), X (usually 

ASA) and the spacer group linking the two. Our SAR findings can be viewed in 

the context of a mechanism of action recently proposed independently by 

Hulsmann et al135 and by us134 concerning ASA-based ABE compounds in which 

the leaving group is –ONO2. The main feature of this mechanism is that it 

considers the spacer as the predominately active moiety (Fig  20). Briefly, the 

spacer forms a reactive intermediate, either a quinone methide (from its para and 

ortho positional isomers) or a carbocation (from the meta isomer). This drug 

intermediate can react with a nucleophile (i.e. glutathione or a suitable group of 

an enzyme), accounting for most, if not all, of the compound’s biological activity. 

The properties of both the leaving group (LG) and the X group affect the 

formation of the drug intermediate of each ABE, and thus its biological activity. 

Fig 20 provides an illustrative example: compound 1b, the para derivative of 

ASA, undergoes such a series of reactions. The first step is catalyzed by 

hydrolase(s), e.g., acetylsalicylate O-acetylhydrolase136,137. The next two steps 

forms the drug intermediate quinone methide, which then reacts with a 

nucleophile to generate a biological functionality. It is clear that in this formulation 

positional isomerism plays an important role in determining drug intermediate 

activity and thus drug potency (We have studied in detail the effect of positional 

isomerism on the pharmacological behavior of compounds 1f, 1g and also of 

their ortho isomer133. 

  In conclusion, we have developed a series of novel aspirin 

derivatives (ABEs), some of which are active against several human cancer cell 

lines. We have identified the elements in these compounds critical to their 

biological activity, namely the nature of the acyloxy/salicyloxy function; the 

leaving group; and the electron density of the benzylic spacer, provided by 
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secondary substituents. This SAR study also provides clear evidence that 

positional isomerism of ABEs is influential with regard to their inhibitory action on 

cancer cell growth in vitro. Our findings suggest that optimizing the structural 

elements of these novel ABEs may enhance their anticancer properties and 

hopefully provide a class of compound useful in the prevention and/or treatment 

of cancer. 
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Figure 19. The chemical structure of ABEs. X represents the salicyloyl/acyloxy 

group; the benzyl group is regarded as the spacer; LG represents the leaving 

group; the X group is at the meta or para position with respect to the benzylic 

methylene and the Y group is a second substituent on the benzyl ring. 
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Figure 20. Proposed mechanism for the generation of ABE drug 

intermediates. Upper panel: Most ABEs generate one of the three 

intermediates, para or ortho quinone methide or a methylphenol zwitterion, as 

discussed in the text. Lower panel: The transformation of para phosphoaspirin 

(1b), these reactions follow the mechanism shown in the upper panel. 
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Figure 21. The effect of the X group on the IC50 for cell growth. Upper panel: 

The four different cell lines shown in the inset were treated with the compounds 

indicated in the abscissa for 24 h and their IC50 for cell growth (ordinate) was 

determined as in Methods. The average IC50 for each compound for all four cell 

lines is indicated by the horizontal line. * IC50>500 �M; the results of several cell 

lines overlap and are not clearly delineated. Lower panel: Metabolic 

transformations of representative compounds. Compounds 1b and 2c proceed 

through the general pathway outlined in Figure 2 (the latter has one step less) to 

generate quinone methide (boxed) which reacts with a nucleophile giving the 

final product. Compounds 4, 5 and 6 cannot generate quinone methides. 
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Figure 22. The effect of the leaving group on the IC50 for cell growth. Upper 

panel: The four different cell lines shown in the inset were treated with the 

compounds indicated in the abscissa for 24 h and their IC50 for cell growth 

(ordinate) was determined as in Methods. Compounds have been organized 

according to their positional isomerism (para vs. meta) and the leaving ability of 

their leaving groups (in decreasing order).The average IC50 for each compound in 

all four cell lines is indicated by the horizontal line. * IC50>500 �M; in some cases 

the results of several cell lines overlap and are without clear demarkation. Lower 

panel: Metabolic transformations of para compounds generating quinone 

methide. 
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Figure 23. The effect of the benzyl ring electron density on the IC50 for cell 

growth. Upper panel: The four different cell lines shown in the inset were treated 

with the compounds indicated in the abscissa for 24 h and their IC50 for cell 

growth (ordinate) was determined as in Methods. Compounds have been ordered 

according to their positional isomerism (para vs. meta) and the electron density 

of their spacer (in increasing order).The average IC50 for each compound for all 

four cell lines is indicated by the horizontal line. * IC50>500 �M; for 1j the results 

of several cell lines overlap and are not clearly identified. Lower panel: Metabolic 

transformations of representative para compounds generating quinone methide 

followed by the addition of a nucleophile. 
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Table 6 

The effect of the acyloxy group on the IC50 for cancer cell growth 

 

 

  IC50, µM 

Compound 

 

R5

PO(OEt)2

R4 R3  
BxPC-3 

MIA  

PaCa-2 
HT-29 

SW48

0 

1b R3 = H R4 = H R5 = ASA 
57.1±1.

8 

90.8±0

.9 
39.3±2.9 

90.3±2.

8 

2a 

R3 = 

CH3CO

O 

R4 = H R5 =  H  >500 >500 >500 >500 

2b R3 = H 
R4 =  

CH3COO 
R5 = H >500 >500 >500 >500 

2c R3 = H R4 = H 
R5 = 

CH3COO 
4.2±0.7 

17.3±2

.2 
8.2±1.2 4.5±0.5 

3 R3 = H 

R4 = 

C6H5CO

O 

R5 = H 
91.2±0.

5 
>500 

447±14.

3 

347±23

.5 

4 R3  =   H  R4 = H 

R5 = 

P(O)(OEt)

2 

>500 >500 >500 >500 

5 R3 = H R4 = H R5 = F >500 >500 >500 >500 

6 R3 = H R4 = H R5 = H >500 >500 >500 >500 
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Table 7 

 The effect of the leaving group on the IC50 for cancer cell growth  

 IC50, µM 

Compound 

 

O

O

OAc

R1

R2  

BxPC-3 
MIA  

PaCa-2 
HT-29 SW480 

1a R1 = H 
R2 = 

OP(O)(OEt)2 
236±5.0 >500 

207±9.

5 
418±33 

1b 
R1 = 

OP(O)(OEt)2 
R2 = H 57.1±1.8 90.8±0.9 

39.3±2.

9 
90.3±2.8 

1c R1 = CH2Cl R2 = H 33.6 ± 0 .4 >500 
86.7±3.

9 
146±8.0 

1d R1 = H R2 = CH2OH >500 >500 >500 >500 

1e R1 = CH2OH R2 = H >500 >500 >500 >500 

1f R1 = H 
R2 = 

CH2ONO2 
269±2.0 >500 >500 346±24.3 

1g 
R1 = 

CH2ONO2 
R2 = H 9.1±0.1 110±3.8 

35.4±2.

8 
16.0±1.3 
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Table 8 

 The effect of the electron density of the spacer on the IC50 for cancer cell 

growth 

 

Compound 

 

R1

PO(OEt)2

R2 R3  

 IC50, µM 

BxPC-3 
MIA  

PaCa-2 
HT-29 SW480 

1b 
R1 = 

ASA 
R2 = H R3 = H 57.1±1.8 90.8±0.9 39.3±2.9 90.3±2.8 

1i 
R1 = 

ASA 

R2 = 

H 

R3 = 

OCH3 
114±2.0 >500 >500 >500 

1j 
R1 = 

ASA 

R2 = 

H 
R3 = Cl 6.9±1.8 47.2±3.5 19.3±0.5 

109.3±0.

8 

2c 
R1 = 

OAc 

R2 = 

H 
R3 = H 4.2±0.7 17.3±2.2 8.2±1.2 4.5±0.5 

2d 
R1 = 

OAc 

R2 = 

H 
R3 = Cl 7.9±0.5 30.1±4.5 12.4±1.7 22.8±3.5 
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Chapter 4. Control Drug Delivery Unit Part 1: Structure 

and Rheological Studies of Pluronic F127 Cross-linked 

Hydrogels 

 

4.1 Introduction 
 

 Hydrogels are a class of material composed of hydrophilic polymer 

networks with high water retention capacity.  In the medical field, biocompatible 

hydrogels have broad potential application, including surgical aids and drug 

delivery.  In recent years, considerable effort has been made to understand the 

hydrogel properties of block polymers which consist of poly (ethylene oxide-poly 

(propylene oxide) (PEO-PPO). These polymers, commonly termed Pluronics, are 

widely used as nonionic polymeric surfactants. Various studies have been done 

to investigate the micelle formation, micelle structure and the gelation of PEO-

PPO copolymer solution138-142. The incentive for these studies is due to its 

potential applications in biotechnology and drug delivery143-147.  In dilute solution, 

the observed micellar behavior of PEO-PPO block polymers is now relatively 

clear. The block copolymers form micelles in aqueous solutions. These micelles 

are comprised of a hydrophobic compact core (PPO) and hydrophilic outer core 

or shell (PEO).  The critical micelle concentration (CMC) and critical micelle 

temperature (CMT) strongly depends on the composition and architecture of the 

block copolymer. Generally, the CMC and CMT decreases with increasing 

content of the more hydrophobic block (PPO).  The micelle structure also 

remains unchanged within certain concentration ranges, but with increasing 

temperature the aggregation of the number of micelle increase. For some 

systems, such as Pluronic F127, the packing of the micelles account for the 

gelation of copolymer148-151. 
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 Pluronic F127, an FDA approved biocompatible triblock copolymer, 

consist of PEO and PPO blocks (Fig. 24).  Aqueous solutions of Pluronic F127, 

at 20% (w/v) or higher concentrations, exhibit a reverse thermal sol-gel transition. 

During this transition, temperature increase starting at 40C, Pluronic F127 is 

transformed from a mobile viscous solution to a semisolid gel. This gelation is 

reversible upon a decrease in temperature. This sol-gel phenomenon is 

attributed to the closed packed micellar structure described earlier149,152-154. The 

hydrogel formed by Pluronic F127 has been studied extensively in biomedical 

application such as drug delivery, specifically as an injectable system.  However, 

when the physical gel formed is exposed to large volume of aqueous solutions, 

rapid dilution of the copolymer concentration occurs. This in turn leads to the 

immediate lost of the copolymer gel structure and integrity145,155-160.  The sol-gel 

transition behavior of Pluronic F127 can also be affected by other factors. One 

factor that has been of interest is the cross-linking of the Pluronic F127. Cross-

linking of the Pluronic F127 leads to the formation of a 3-D network, resulting in 

an improved retention of gel structure and integrity as described by Cohn et al157. 

Earlier rheological data has demonstrated that the modification of Pluronic F127 

with di-methacrylate terminal group provides us with a method of cross-linking 

the hydrogel while only slightly changing the Pluronic F127 behavior. Swawheny 

et. al were able to show cross-linking of Pluronic F127-DMA in aqueous solution 

using the APS/sodium metabisulfite redox catalytic system as review by Cohn157.  

This system although quite capable of cross-linking the hydrogel system requires 

the use of toxic materials. Therefore, the need for a non-toxic material which 

would allow for the cross-linking of the Pluronic F127 hydrogel is required.  

 In this paper, we introduce a non-toxic method of cross-linking Pluronic 

F127 based on photo-polymerization. We also characterized the effect of photo-

cross-linking on the gelation behavior of Pluronic F127 hydrogel using a photo-

initiator (1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one). 

Photo-polymerization is used in a broad range of commercial and biological 

applications such as printing, dentistry, and optical materials138,141,158,161,162. 

These systems, because of their ability to rapidly convert liquid monomer or 
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macromer solutions to a cross-linked network under physiologic conditions, are 

also being used for an increasing number of biomedical applications138,141,158,163.  

The development of biocompatible photo-polymerizable polymers for application 

use in drug delivery has the potential to provide controlled release of therapeutic 

agents for diseases such as cancer. This is achieved due to the fact that photo-

polymerization reactions are driven by chemicals that produce free radicals when 

exposed to specific wavelengths of light. A photon from a light source excites or 

dissociates the photo-initiator into a high-energy radical state. This radical then 

induces the polymerization of a macromer solution161. Thus, by using a photo-

initiator and subjecting modified Pluronic F127 to a specific exposure time to UV 

irradiation we can generate a biomedical delivery system for medicinal agents. 

Thus, by varying treatment exposure time of UV irradiation the behavior of the 

photo-cross-linked hydrogel can be characterized based on its swelling, 

degradation, rheological and release profiles, as well as the cytotoxicity of the 

photo-initiator and Pluronic F127.   
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4.2 Experimental Methods and Materials 
 

 Pluronic F127 [(PEO)99(PPO)69(PEO)99]  and 1-[-4-(2-Hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one were gifts from BASF (Florham 

Park, NJ). Triethylamine, toluene, chloroform, petroleum ether, methacryloyl 

chloride, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 

sodium dodecyl sulfate (SDS), hydrochloric acid (HCl) and Bovine Serum 

Albumin (BSA) were purchased from Sigma Aldrich (St. Louis, MO). All 

chemicals and reagents were of analytical quality. 

 Cell lines: The cell lines used in this study included HT-29 colon cancer 

cells (American Type Culture Collection Manassas, VA) and NCM 460 Cell Line 

(INCELL Corporation, San Antonio, TX). 

Cell culture reagents: McCoy’s 5A medium, Fetal bovine serum, penicillin-

streptomycin solution (Mediatech, Manassas, VA) and M3:10TM medium 

(INCELL Corporation, San Antonio, TX) were used to grow and maintain cell 

cultured lines.  

  

Synthesis of dimethacrylated Pluronic F127  

 

 Dimethacrylated Pluronic was synthesized and analyzed as previously 

described157. In brief, Pluronic F127 (50 g) was poured into a three-neck flask 

and dried at 1200C under vacuum for 2 hours. The polymer was dissolved in 40 

ml of dry chloroform and the solution cooled to 00C in an ice bath. Subsequently, 

Triethylamine (26 mmoles) was added to the mixture. Freshly distilled 

methacryloyl chloride (26 mmoles) was diluted in 10 ml of chloroform and added 

drop-wise for 2 hours into the cooled mixture. The reaction was allowed to 

proceed for 24 hours at room temperature. After 24 hours, the mixture was 

resuspended in 150 ml of toluene being heated on a hot plate. The 

triethylammonium hydrochloride salt generated by this procedure was removed 

by filtration of the hot mixture. The toluene mixture was subjected to precipitation 

in petroleum ether. The precipitate was isolated by vacuum filtration and washed 
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with petroleum ether. The white product, Pluronic F127 di-methacrylate was dried 

under vacuum at room temperature. . The extent of acrylation was determined by 
1H-NMR (Oxford, Oxfordshire, UK: 300 MHz) and FTIR (Nicolet iN10, Thermo 

Fisher Scientific Inc., Madison, WI). 

Synthesis of Pluronic hydrogels 

 

 To fabricate Pluronic hydrogel, Pluronic F127 was dissolved in distilled 

water to make a 25% (w/v) solution. 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-

2-methyl-1-propane-1-one (molecular formula C12H16O4), at a concentration of 
2/3% (w/v) relative to the polymer, was used as a photo-initiator. The sol-state 

solution was placed at 40C and mixed until the mixture became homogeneous. 

To fabricate gel-disks, 500 �l of solution per disk were poured into a mold at 

room temperature. After the gel state mixture equilibrated at room temperature, it 

was irradiated for 5, 10, 20 and 30 min by long-wavelength UV (365 nm)  at 2745 

�W/cm2 intensity. Samples were UV irradiated in a UV cross-linker (Spectronics 

Corporation, Westbury, NY).  All samples were placed 15 cm away from the bulb. 

After UV-induced polymerization, gel-disks were washed thoroughly to remove 

unreacted macromers and other impurities. 

 

Determination of the extent of Swelling 

 

 

 Swelling ratios of hydrogels were obtained at 4, 25 and 37 0C. The initial 

masses of hydrogel were measured and the hydrogel disks were incubated in 

phosphate-buffered saline (10mM, pH 7.4) at the desired temperature. After 24h 

the final mass of the hydrogel disk were measured. At each temperature, the 

swelling ratios were calculated by the following equation: 

• Swelling ratio %: [(Ws -Wd)/Wd] x100 

• (Wd: initial weight of hydrogel, Ws: final weight hydrogel) 
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All experiments were performed in triplicates.  

 

Determination of mass degradation  

 

 Mass degradation profile of hydrogels was obtained at 370C. The initial dry 

masses of the hydrogels were measured. Subsequently, the hydrogel disks were 

incubated in phosphate-buffered saline (10mM, pH 7.4) at 37 0C. At 

predetermined time points, the hydrogels were freeze dried and weighed.  Mass 

erosion percent was calculated by the following equation: 

• Degradation ratio %: [(WI –WF)/WI] x100 

• (WI: initial dry weight of hydrogel, WF: final dry weight hydrogel) 

All experiments were performed in triplicates.  

 

In vitro cytotoxicity of the photo-initiator and Pluronic F127 

 

 In vitro cytotoxicity of the Pluronic F127 polymer and the photo-initiator 

was quantitatively analyzed using the MTT assay. HT-29 colon cancer and NCM 

460 normal colon cells were seeded in a 96-well plate at a density of 1x104 cells 

per well and allowed to adhere by incubation overnight at 370C in a 5% CO2 

humidity chamber. To determine the possible in vitro effect of these agents, cells 

were treated with Pluronic F127 polymer solution and with 1-[-4-(2-

Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (photo-initiator). 

Cells were treated with designated concentrations of Pluronic F127; 0.10, 0.25, 

0.50, 1.00, 2.50, 5.00, 7.50 and 10.0 %w/v and photo-initiator (x10-3); 0.1, 1.0, 

2.5, 5.0, 7.5, 10.0. 50.0 and 100.0 %w/v for 24h. At this time point, 10 �l of MTT 

solution I (5mg/ml of MTT in PBS) was added to each well and incubated in a 5% 

CO2 humidity chamber for 4h at 370C. The precipitant formed was dissolved in 

100 �l of MTT 2 solution (10% SDS in 0.1% HCl) and incubated, again, in a 5% 

CO2 humidity chamber overnight at 370C. Cell viability was determined 

spectrophotometrically at a wavelength of 595 nm and the data were handled 
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with SoftmaxPro Version 3.1.1 (Molecular Devices, Sunnyvale, CA). Cell viability 

was expressed as the ratio between the fluorescence intensity of cells incubated 

with test agent and that of cells incubated with culture medium alone.  

 

Rheological study  

 

 Dynamic moduli of the hydrogels were measured by Bohlin Gemini HR 

Nano Rheometer�  (Malvern Instruments Inc., Westborough MA). Storage or 

elastic (G’) and loss or viscous (G”) moduli were measured as a function of 

stress, frequency and temperature.  Rheological behaviors of physical and photo-

cross-linked Pluronic hydrogel gels photo-cross-linked at different UV-irradiation 

times were evaluated at 250C for stress and frequency sweep and at 4-700C for 

temperature sweep. Samples were fabricated to match the diameter of the 

parallel plate. A force of 1N was applied to each sample.  

 

Statistical analysis 

 

 Experimental values were expressed as mean ± SEM. Differences 

between mean values were evaluated using Student’s t-test and the association 

between variables was determined using regression analysis; p<0.05 was 

considered statistically significant. All statistical analysis was performed using the  

GraphPad Software (LaJolla,CA)
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4.3 Results  

 

4.3.1 Preparation of Pluronic F127-DMA 

 

 Pluronic F127-DMA macromer was synthesized as the reaction of OH-

terminated according to the method described in procedure 2.2 (Fig 25). The 

structure was confirmed by 1H-NMR analysis (Fig 26A and 26B), which showed 

incorporation of methacrylic groups at both ends of the Pluronic polymer. The 

vinyl protons of the methacrylate group (=CH2) appeared at 5.58 ppm and 6.13 

ppm. Whereas, the three protons of the methyl substituent (=CCH3) are shown at 

1.95 ppm. The functionalization of Pluronic F127 was further determined by FTIR 

(Fig. 27A and 27B) which demonstrated the gradual peak appearance of weak 

peak at 1715.78 cm-1. This peak corresponds to carbonyl vibration of the ester 

group. As determined by 1H-NMR, the acrylation degree of Pluronic F127 was 

about 80.1%. 

 

4.3.2 Synthesis of hydrogels 

 

 A 25% (w/v) solution of Pluronic F127-DMA, a clear viscous fluid at low 

temperature, was prepared in deionized water. At room temperature, due to the 

formation of micelles, the solution became a physical gel.  Using 1-4-(2-

Hydroxyethoxy)-phenyl-2-hydroxy-2-methyl-1-propane-1-one as a photo-initiator, 

cross-linked and non dissolving hydrogels were produced by UV irradiation. The 

photo-polymerization of the acrylate groups of the Pluronic micelles resulted in a 

network of chains; thus, forming a chemically cross-linked hydrogels (Fig 28).  
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4.3.3 Swelling 

 

 The effect of UV irradiation on swelling behavior was studied. Swelling 

ratio values of the hydrogels, obtained as a result of varying their exposure time 

to UV irradiation, are shown in Fig. 29. This figure demonstrates that the swelling 

ratio of the hydrogels gradually decreases with prolonged UV irradiation time. 

Thus, a more tightly cross-linked polymer gel structure is formed at a lesser 

exposure time. In addition, at incubations of higher temperatures, 250C and 370C, 

the swelling ratio significantly decreased. For example at 40C, as the UV 

irradiation time increase from 5 min to 10, 20  and 30 min, the ratio of swelling 

decreased by 24.8, 41.6 and 51.0%, respectively. Also, the swelling ratio of the 

hydrogels UV irradiated for 5 min from 40C to 25 and 370C decreased by 67.9 

and 90.3% respectively. This indicates that these hydrogels, despite UV 

irradiation treatment, retained their thermo-responsive ability to respond to 

changes in temperature similar to that of the uncross-linked physical gel.   

 

4.3.4 Degradation profile 

 

 The mass erosion profile of the cross-linked Pluronic F127 hydrogels 

irradiated with different UV times is presented in Fig 30. Due to gradual cleavage 

of the ester linkage in the polymerized site, the hydrogels degraded slowly as a 

function of time. Loosely cross-linked hydrogels prepared by a low dose of UV 

irradiation shows faster degradation than more cross-linked hydrogels prepared 

by prolonged UV irradiation times.  Samples prepared using UV irradiation 

exposure times of 10, 20 and 30 min yielded degradation profile of 17.1, 27.6 and 

35.0%, respectively.  This degradation profile was slower compared to samples 

treated with 5 min UV irradiation. Thus, this demonstrates that the mass erosion 
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extent of the polymer gel network depends on the cross-linking density that 

directly affects the swelling ratio. 

 

4.3.5 In vitro cytotoxicity of photo-initiator and Pluronic F127 

 

 A comparison of the in vitro cell viability of HT-29 colon cancer and NCM 

460 normal colon cell lines after 24 h treatment with Pluronic F127 or the photo-

initiator at varying concentrations is presented in Fig 31. Since these components 

are part of the drug delivery systems and are likely to be release it is crucial to 

determine whether they may exert a cytotoxic effect.  

As the concentration of Pluronic F127 was increased, a concentration 

dependent effect on cytotoxicity was observed in both cancer and normal cells 

(Fig 31A). The effect of Pluronic F127 on the cell cytotoxicity of the cancer cells 

cell line was greater as compared to the normal colon treated at the same 

concentration. Consequently, the cell viability was 1.0 to 3.2 times higher for 

normal cells than that of cancer cells treated with Pluronic F127 (1.0 to 7.5%w/v, 

respectively). At concentrations of Pluronic F127 higher than 1%w/v, the 

differences in cell viability between normal and colon cells were statistically 

significant, p<0.005 in all cases.  

 The effect of the photo-initiator on cell viability for the normal colon (NCM 

460) and colon cancer (HT-29) cells is shown in Fig 31B. NCM 460 cells were 

less sensitive than HT-29 cells to the photo-initiator.  Thus, at the observed 

treatment concentrations, the photo-initiator had no cytotoxic effect on NCM 460 

cells. However, the photo-initiator exhibited a concentration dependent cytotoxic 

effect on HT-29 cells.  At the highest concentration of the photo-initiator 

(0.1%w/v), cytotoxicity increased by 1.2 times in cancer cells compared to normal 

cells. This increase in cytotoxicity was statistically significant, p<0.01. These 

cytotoxicity results emphasize the varying effect the cross-linking components 

exhibits on different cells.   
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Overall, the Pluronic F127 and the photo-initiator were more toxic to 

cancer cells than to normal cells. The lesser degree of cytotoxicity to normal cells 

treated with Pluronic F127 and 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one (the photo-initiator) underscores the potential use of 

these compounds in drug delivery systems.  

 

4.3.6. Rheological study  

 

 The dynamic moduli of the physical gel and the cross-linked hydrogel 

prepared at different UV exposure times were plotted and presented in Fig 32, 33 

and 34. Each cross-linked hydrogel was measured as a function of frequency (at 

250C:Fig.32), a function of stress (at 250C: Fig.33) and a function of temperature 

(at 4-700C: Fig.34).  

 As seen in Fig 32, indicating the frequency sweep, the hydrogels 

remained stable with increasing frequency. However, the dynamic moduli (G’ and 

G”) values were much higher than that of the physical hydrogel produced at 

250C. G’ and G” values gradually increased with prolong UV irradiation, revealing 

that the mechanical strength of the Pluronic hydrogel increased with increasing 

UV dose. This is due to the additional formation of cross-linked chain network 

structure. Over the entire range, the storage or elastic modulus (G’) values were 

greater than the loss or viscous (G”) values.  This data indicates that the photo-

cross-linked Pluronic hydrogels behaved as a viscous-elastic solid.  

 Stress sweeps, also referred to as amplitude sweeps, were used to 

characterize the stability of the physical gel and the cross-linked hydrogel. In 

general, the stability of a material increases as the linear visco-elastic range of 

the material widens.  G’ and G’’ (data not shown for G”) displayed the well known 

visco-elastic behavior. A standard amplitude sweep measured at a frequency of 

1 Hz at a temperature of 250C is shown in Fig 33. This behavior reveals that in 

the linear visco-elastic range G’ is constant with increasing stress. Whereas, at 
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the yield point, G’ decreases at higher shear stress values. Over the entire range, 

the storage or elastic modulus (G’) values were greater than the loss or viscous 

(G”) values.   This data indicates that the photo-cross-linked Pluronic hydrogels 

behave as a visco-elastic solid.  The storage modulus were further analyzed at 

shear stress equal zero and at the yield point. The data was gathered and plotted 

against the UV irradiation exposure time (Fig. 33B). We observed that the shear 

stress at shear stress equal zero and at the yield point of the hydrogels  

increased with UV irradiation time exposure. This demonstrated that the degree 

of photo-cross-linking of the hydrogels is dependent on UV exposure time.  This 

is in agreement with the frequency sweep results, which indicates as the degree 

of cross-linking increased the mechanical strength of the hydrogel increases due 

to the formation of a more densely formed polymeric network.  

 In our effort to further characterize the hydrogels, we explored the effect of 

temperature (Fig.34). In general, with an increase in temperature the dynamic 

moduli showed a build up regime followed by a plateau regime (Fig. 34A and 

34B).   The buildup of the dynamic moduli can be attributed to the increased 

formation of cross-linked networks.  The elevation of temperature accelerates 

molecular motion and thus, increases the chance of inter or intra molecular 

interaction. Therefore, this association or reaction may lead to significant 

acceleration of gelation. Fig 34D shows the plot of transition temperature of the 

hydrogel versus the UV irradiation time. The plot demonstrates that there was no 

significant change in transition temperature of the different hydrogel with 

increased time exposure to UV irradiation.  This demonstrated that the cross-

linked hydrogels were able to maintain the gelation ability of the physical gel. 

Whereas, the values for dynamic moduli showed a UV treatment dependence 

where the G” and G” values increased with increasing UV irradiation dosage.  

The transition temperature values do not show a UV dependence.  Comparing 

the initial and the final storage modulus (G’), the physical gel (uncross-linked) 

was found to have the highest change of 2,794.7 times increase between the 

maximum and minimum G’ values. Interesting, as the exposure time to UV 

increased a decrease was observed in the change of storage modulus from the 
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minimum to the maximum G’ values. The G’ values increased 6.0, 1.6, 1.4 and 

1.3 fold as the time of exposure to UV irradiation increased from 5, 10, 20 to 30 

min, respectively.  

 Stress (amplitude), frequency and temperature sweeps were performed to 

evaluate the effect of UV irradiation dosage on the mechanical strength of the 

hydrogel.  The visco-elastic material functions G’ and G” of the hydrogels showed 

significant changes with UV treatment.  An increase in UV irradiation time 

resulted in a corresponding increase in dynamic moduli. Temperature was seen 

as yet another key factor influencing dynamic moduli. Results generated from 

non-isothermal studies illustrates that physical interactions such as hydrogen 

bonding and a chemical interactions from the cross-linking process contribute to 

the visco-elastic property of the hydrogel. Indeed, we were able to show that 

increases in temperature resulted in an increase in dynamic moduli.  Thus, the 

UV irradiation-dependent rheological properties of the photo-cross-linked 

Pluronic hydrogels are consistent with the swelling and mass erosion 

demonstrated in Fig 29 and 30.  
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4.4 Discussion and Conclusion 

 

The thermo-reversible properties displayed in cross-linked hydrogels 

produced by functionalization of the Pluronic F127 triblock, aims to combine the 

reverse thermo-responsive behavior of the physical gel with the much improved 

mechanical properties of the cross-linked hydrogel. The method of synthesis 

utilized in this study resulted in a reverse thermo-responsive material that was 

able to immediately cross-link. By controlling the reaction parameter, various 

biodegradable Pluronic F127 hydrogels were synthesized using UV induced 

photo-polymerization. In accordance, earlier researchers synthesized and cross-

linked dimethacrylated Pluronic macromer into a micellar gel state141,158,163-166. A 

diverse range of hydrogels with different cross-linking densities and mechanical 

strength could be produced by altering the UV exposure time.     

Earlier rheological data has demonstrated that the presence of the two 

methacrylate terminal groups affects the Pluronic F127 behavior only slightly, 

with the native F17 triblock and the uncross-linked Pluronic F127-DMA showing 

very similar viscosity versus temperature behavior139,167,168.   

Previous method of cross-linking utilized ammonium persulfate 

(APS)/sodium metabisulfite redox catalytic system (Sawheny et al).  The two 

reagents used in this cross-linking process are both toxic. Based on information 

obtained from the MSDS, APS, an oxidizing agent which is used as a 

polymerization initiator, was found to have has low dermal toxicity and was 

moderately toxic when ingested. On the other hand, the reducing agent sodium 

metabisulfite has been found to be toxic to humans. Sodium metabisulfite has 

also been shown to be carcinogenic, have reproductive and developmental 

toxicity, neurotoxicity, and acute toxicity. These toxic properties of these cross-

linking agents limit their use for biological and drug delivery applications. The 

present study was initiated to determine whether a photo-initiator can be a 

potential alterative to cross-linking Pluronic F127. Pluronic F127-DMA aqueous 
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solution was cross-linked using a photo-initiator, a similar method used by Chun 

et al138. Numerous researchers have investigated photo-polymerization biological 

systems such as tissue engineering144,158,169,170. Earlier work done by Atsumi et 

al. studied the sensitivity of human submandibular-duct cells to two visible light 

sensitive photo-imitators, camphorquinone and 9-fluorenone. They showed that 

the photo-initiator induced intracellular reactive oxygen species (ROS). These 

species induced a ROS dependent cell death behavior, as the concentration of 

ROS increased cell viability decreased171,172. In yet another study, Bryant et al 

investigated the toxicity of multiple photo-initiators on The NIH 3T3 fibroblast cell 

line. They showed that indeed a few photo-initiators were particularly well 

tolerated by the fibroblast cells. Further work to determine the potential toxicity of 

photo-initiating agents for polymerization on different cell types was performed by 

Williams et al173.  Their work demonstrated that different cell lines manifested 

significantly different responses to identical photo-initiator concentrations and 

light exposure. This work supports our finding with 1-[-4-(2-Hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one as a photo-initiator. We 

demonstrated no cytotoxcity to NCM 460 normal cells.  We did, however, 

observe a slight increase of cytotoxicity in HT-29 colon cancer cells with 

increasing concentration of the photo-initiator. Since permeability through cellular 

membrane phospholipid bilayers increases with the hydrophobicity of 

compounds, the hydrophobicity characteristic of the photo-initiator is thought to 

explain part of its minor cytotoxic effect on HT-29.  Due to its polar hydroxyl end 

groups, the hydrophobicity of 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one has been found to be low. Thus, this particular property 

could explain the low cytotoxicity of 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one.  

Using 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-

one to cross-link the Pluronic F127-DMA solution a diverse range of hydrogels 

with different cross-linking densities and mechanical strength could be produced 

by controlling the UV exposure time. In order to optimize the mechanical 

properties of these hydrogels, the UV exposure time of Pluronic F127-DMA was 



 
 

99 
 

varied from 0 to 30 min. First, the dynamic moduli were measured in a frequency 

sweep of varying frequency from 0.01 to 16 Hz. The different gels displayed only 

initial elasticity.  The primary elasticity response observed by all hydrogels is 

quite evident by the fact the G’ increased only slightly as the frequency 

increased. The G” values were substantially lower than the G’ values over the 

entire frequency range being studied. This data is also substantiated by 

experiments report earlier by Cohn et al and Chun et al138,157.  

 Cohn et al157,174reported that the physical Pluronic F127 gel begins to yield 

at very low stress. We demonstrated that this phenomenon was also seen by 

cross-linking hydrogels. An abrupt change can be seen in the shear stress plots 

as the hydrogels reach its yield point. The cross-linked hydrogels have also been 

shown to have higher storage modulus than the Pluronic F127 physical gel. 

Again, this behavior can be attributed to the cross-linking density characteristic to 

the UV exposure time.  

The effect of temperature on hydrogels formation was also investigated. In 

accordance with earlier experiments by Cohn157,174, we found that 25% Pluronic 

F127-DMA cross-linked hydrogels exhibited similar behaviors as the physical gel.  

As is apparent by the plot (Fig 34A and B) G’ was higher than G” over the entire 

temperature sweep range from 40C to 700C. This behavior is in agreement with 

typical gel behavior. The higher storage modulus values demonstrated by the 

cross-linked hydrogels are mainly due to the reverse thermo-responsiveness of 

the Pluronic F127 building blocks. In contrast to the physical gel, the cross-linked 

hydrogel gels have limited mobility or flow of the of the cross-linked system as it 

undergoes temperature changes due to its cross-linked network138,157,174,175. This 

structural limitation resulted in the increase of the storage modulus. This was in 

turn dependent on the UV exposure treatment time. 

 These finding demonstrate that cross-linked density plays an 

important role on the mechanical strength of the hydrogel. This is reflected by the 

fact that the increase in UV exposure time generates an increasing stiffer gel as 

compared to the physical gel (uncross-linked). Evidently, when the temperature 
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of the hydrogel is reduced below the sol-gel transition temperature, the covalent 

bonds formed during the cross-link process prevented the hydrogels from 

reverting to its solution state. It is worth stressing, that the reverse thermo-

responsive of the hydrogel is maintained regardless of the degree of cross-

linking.  The increase in the mechanical strength of the cross-linked gels shown 

in the rheological results is supported by the data from the swelling and 

degradation study (Fig. 29 and 30). The swelling behavior and the degradation of 

the cross-linked hydrogels gradually decrease with increased UV exposure time. 

This supports our rheological finding that increase UV exposure time produced a 

tighter cross-linked polymer gel structure which attributes to its increased 

mechanical strength. The thermo-responsive behavior of the cross-linked 

hydrogel, which is supported by the rheological findings, is consistent with the 

results from the swelling studies (Fig. 29). Our finding show that the swelling ratio 

substantially decreased with increasing temperature. This thermo-responsive 

property was also observed in the physical gel.  If this hydrogel is to be used for 

drug delivery purposes, this thermo-responsive property is an important criterion.  

 Lastly, due to the degradation of the cross-linked hydrogel, the cytotoxicity 

of Pluronic F127 was measured.  To investigate the cytotoxicity of Pluronic F127, 

NCM 460 normal colon and HT-29 colon cancer cells were treated with various 

concentration of Pluronic F127 for 24 hr.  The cell viability was measure by 

standard MTT assay. MTT results confirmed that normal colon cells exhibited 

higher cell viability ratios in comparison to colon cancer cells. This could be 

explained by earlier work by Parnaud et al. In this study Parnaud et al176 showed 

that dietary polyethylene-glycol (PEG) suppressed the occurrence of colorectal 

adenomas and carcinomas in an accelerated model of carcinogenesis.  PEG 

also known as PEO, is the major monomer present in the Pluronic F127. This 

study showed the preventive effect of short-term PEG treatments in both male 

and female rats, when PEG was given in food or water. Taken together, these 

results suggest that PEG could be a potent anticancer agent in the post-initiation 

phase of carcinogenesis176-181. This finding supports our cytotoxicity behavior of 

Pluronic F127.  
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 In conclusion, biodegradable Pluronic hydrogel were prepared by photo-

cross-linking. Dimethacrylated Pluronic polymer was synthesized and cross-

linked in a micellar gel state. We were able to generate a wide range of 

hydrogels with different cross-linking densities and mechanical strength as 

produced by controlling the UV irradiation exposure time. Through the 

investigation of swelling ratio, degradation and rheological studies, we 

demonstrated that the mechanical strength of the hydrogels was dependent on 

temperature and exposure time to UV irradiation. The data compiled in this study 

reveals that the mechanical strength of the Pluronic hydrogel increased with 

increasing UV dose due to the formation of a network of cross-linked chains and 

that these photo-cross-linked hydrogels maintained their visco-elastic properties. 

Based on the cytotoxicity data we demonstrated that the photo-initiator was non 

toxic and provides us with a safe procedure for cross-linking the Pluronic F127-

DMA hydrogels. Hence, after making adjustment to different parameters of the 

hydrogel, photo-cross-linked Pluronic hydrogel could be utilized as a potential 

drug delivery system.  
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Figure 24. The chemical structure of Pluronic F127.   
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Figure 25. Schematic of the mechanism for the generation of Pluronic F127 
Di-methacrylate (Pluronic F127-DMA).  
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Figure  26. 1H-NMR spectra (CDCl3) of (a) Pluronic F127 and (b) Pluronic 
F127-DMA  
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Figure 27.  FTIR spectra of (a) Pluronic F127 and (b) Pluronic F127-DMA 

  



 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.  (a) Schematic representation of (a) Pluronic F127
mechanism of photo
Pluronic F127-DMA for the cross
solutions 
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Schematic representation of (a) Pluronic F127
mechanism of photo-initiator  and (c) mechanism of UV cross

DMA for the cross-linking process of Pluronic F127
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Figure 29. Swelling behaviors of Pluronic F127 hydrogels in PBS buffer as 
a function of UV irradiation. Samples were incubated at 40C, 250C and 370C 
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Figure 30. Degradation profiles of Pluronic F127 hydrogels prepared by 
exposure to UV for different periods. The samples were incubated at 370C  
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Figure 31. In vitro viability of HT-2 colon cancer cells and NCM 460 normal 
colon cells treated with (a) Pluronic F127 solution and (b) 1-[-4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one(photo-
initiator) (n=3) 

A 
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Figure  32. Frequency dependence of G’ and G” for 0, 5, 10, 20 and 30 min 
UV exposed cross-linked Pluronic F127-DMA exposed to UV irradiation for 
0, 5, 10, 20 and 30 min at a Strain of  0.05 and 250C 
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Figure 33. Amplitude sweep: (a) Loss modulus and (b) storage modulus as 
a function of temperature and (b) Maximum value of storage modulus (at 
shear stress equal zero and at yield point) as a function of UV exposure 
time for 25% w/v Pluronic F127 hydrogels exposed to UV irradiation for 0, 5, 
10, 20 and 30 min at a frequency of 1Hz and 250C 
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Figure 34. Temperature sweep: (a) Storage modulus a function of 
temperature, (b) loss modulus as a function of temperature, (c) maximum 
and minimum value of storage modulus as a function of UV exposure time 
and (d) Transition temperatures of the hydrogels as a function of UV 
exposure time for 25% w/v Pluronic F127 hydrogels exposed to UV 
irradiation for 0, 5, 10, 20 and 30 min at a frequency of 1Hz and strain 
amplitude of 0.05 
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Chapter 5. Controlled Release Drug Delivery Unit Part 2: 

Externally regulated controlled release of anticancer 

agents from photo-cross-linked Pluronic hydrogels 

 

5.1 Introduction 

 

 A wide range of natural and synthetic polymeric hydrogels have been 

extensively used for drug-delivery carriers, tissue engineering templates, and as 

medical devices. Among them, much attention has been paid to stimuli-sensitive 

synthetic hydrogels for their unique properties (i.e., thermo-sensitivity).  In 

particular, amphiphilic block copolymers, which show a reversible gel transition 

behavior in specific temperature ranges, have been used as injectable hydrogel 

materials.  At high concentrations (critical micelle concentration) and below the 

critical temperature, they exist in a viscous solution state, but at the critical 

temperature they turn into a physically cross-linked gel state. These hydrogels 

have been exploited for use in controlled drug delivery145,146,150. Water-soluble tri-

block copolymers of poly(ethylene oxide)-b-poly(propylene oxide)- b-

poly(ethylene oxide), commercially known as Pluronics or Poloxamers, exhibit a 

similar  thermal gelling property. Near room temperature and above a critical 

concentration (20% (w/v)) a once aqueous solution of Pluronic F127 transitions 

to a self assembled organized micelle gel structure150-152,168,182, as described in 

the previous chapter 

 A growing interest has been focused on a sustained delivery system of 

anticancer agents. The use of biocompatible hydrogels appears to be a more 

attractive approach in achieving sustained drug release. Biocompatible polymers 

such as Pluronic F127 posses the ability to readily control the drug release rate 

by modulating the network structure with adjusting cross-linking density.  The 
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cross-linking density of biocompatible polymers can be achieved by controlling 

the degree of chemically polymerization. One method of achieving effective 

cross-linked polymers is photo-polymerization, as characterized in the previous 

chapter (Chapter 4). 

 The development of biocompatible photo-polymerizable polymers for drug 

delivery applications has the potential to provide control release of therapeutic 

agents for diseases such as cancer. For instance, instead of taking therapeutics 

agents orally, physicians could potentially reduce cytotoxicity of therapeutic 

agents by externally controlling the release of these agents in a localized area. If 

fully developed into clinical practice, such a strategy could reduce the possibility 

of under or over dosing of therapeutic agents. In addition, this method would 

provide localized drug delivery at the site of the disease.  

 One potential disadvantage of the photo-polymerization processes the 

affect on the affect on the therapeutic agent. This process can potentially reduce 

the efficacy of the drug and inhibit the ability of the polymer to cross-link while the 

therapeutic agent is entrapped. Thus, to circumvent this problem, the drug 

loaded-poly(D,L-lactide –co-glycolide ) (PLGA) nanoparticles (NPs) were 

formulated.  

 Nanoparticles of biodegradable polymers as drug delivery systems are 

widely investigated for controlled and targeted delivery of various drugs. 

Numerous studies have demonstrated that this formulation provides a way to 

avoid the addition of harmful adjuvant to the drug, confer the drug with reduced 

side effects and to achieve better therapeutic efficacy than the pure agent183-186. 

PLGA is a biodegradable and biocompatible polymer, which has been approved 

for human use by the US Food and Drug Administration (FDA)183,187,188.  The 

protocols for preparation of drug/imaging-loaded PLGA NPs for various 

biomedical applications are numerous. Of these protocols, the 

solvent/extraction/evaporation technique was adopted for use in this study.  Due 

to reproducibility, high drug loading capacity and high stability189, this method 

was highly suitable for our study. 
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 Some of the most promising pharmaceutical agents described to date for 

the prevention of cancer are nonsteroidal anti-inflammatory drugs 

(NSAIDs)117,190. The potential importance of NSAID derivatives in cancer control 

originates from their well-established efficacy in the prevention of human cancer 

and the accompanying understanding of their mechanisms of action. One such 

mode of action centers on the role of cyclooxygenase-2 (COX-2) overexpression 

in carcinogenesis; inhibition of COX enzymes is the best recognized mode of 

action of NSAIDs191,192. Of all the various NSAIDs reported to inhibit the 

development of tumors, sulindac sulfide seems to be one of the most effective in 

experimental animal models. Sulindac sulfide is a potent nonselective inhibitor of 

COX. Other NSAID derivatives have also emerged as a promising group of drugs 

for the prevention and treatment of cancer. NSAID derivatives consist of a 

releasing moiety covalently attached to conventional NSAIDs via a spacer. They 

have been shown to have significant promise as chemopreventive agents against 

a number of cancers. Several studies have shown NSAIDs derivatives such as 

NO-NSAIDs to be more tolerable than conventional NSAIDs, as well as several 

hundred times more potent in inhibiting the growth of cancer cell lines derived 

from a variety of human cancers including colon, pancreatic and breast cancer.  

For this study utilized a conventional NSAID, sulindac sulfide (Fig 35A) and a 

new derivative of NSAID containing a diethyl phospho-releasing group, Drug D 

(Fig 35B). 

  In this study we also examined the use of a thermoelectric (TE) module, a 

semiconductor based electronic component which functions as a small heat 

pump, as a controlled releasing mechanism. By applying a low voltage to the TE 

module, heat was transferred through the module from one side to the other. 

Therefore, one side was cool while the opposite side was simultaneously 

hot193,194. This phenomenon can be made reversible by changing the polarity of 

the applied voltage. This reversal causes the heat to be transferred to the 

opposite side of the TE module. Consequently, TE module can be used for both 

heating and cooling; thus, making it suitable for precise application for 

temperature control.  Besides the ability to direct both heating and cooling with 
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the same module, other advantages of TE module that allow them to be suitable 

for temperature release application in drug delivery exist. These advantages 

include the fact that TE module contains no moving parts, is small and 

lightweight, has a wide variety of temperature ranges, is environmentally friendly 

and, based on the design of the module; can be cooled to very low 

temperatures195-197.  

 Attaching the cross-linkable polymer onto the TE modules is crucial to 

enabling control release of the drug-loaded PLGA NPs from the polymer via 

thermo-stimulation.  To enable the attachment of the drug-loaded thermo-

reversible hydrogel to the TE module, we utilized poly(methyl methacrylate), 

PMMA. PMMA is a versatile polymeric material that is well suited for many 

imaging and non-imaging microelectronic applications198-200. It is most commonly 

used in x-ray and deep UV microlithographic processes. PMMA is also used as a 

protective coating for wafer thinning, and as a bonding adhesive198. In this study 

we exploited the interactive characteristic of PMMA with PEO moiety of Pluronic 

F127. This interaction is generally thought to be a weak interaction. The specific 

interaction may occur between the carbonyl carbon atoms of the PMMA and the 

oxygen atoms of the PEO. However, the exact nature of these interactions is still 

unknown198.  This interaction facilitates the attachment of the cross-linkable 

hydrogel to the PMMA coated TE module.  

 In this study a novel drug delivery system has been developed utilizing a 

thermoelectric module acting as platform to initiate the thermo-responsiveness of 

the hydrogel.  The drug formulation and in vitro release kinetic of a Pluronic 

system made of dimethacrylated Pluronic F-127 was examined as a function of 

ultra-violet (UV) irradiation dose. Particularly, sustained (1-15 days; UV exposure 

0, 5, 10, 20 or 30 min) and externally regulated delivery (0, 10 or 30 min; UV 

exposure 10 min) of anticancer drug from the Pluronic hydrogels was 

investigated by using different UV irradiation doses.  Here, we demonstrate our 

ability to generate such as system and to release into HT-29 colon cancer cells, 

in an externally regulated control manner, PLGA packaged chemopreventive 

agents.  
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5.2 Experimental Materials and Methods 
 

Materials 

 

 Pluronics F-127 [(PEO)99(PPO)69(PEO)99]  and 1-[-4-(2-Hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one were gifts from  BASF (Florham 

Park, NJ). Triethylamine, toluene, chloroform, petroleum ether, dichloromethane, 

acetonitrile, methacryloyl chloride, ethanol, hydrogen peroxide, sulfuric acid, 

formaldehyde, poly vinyl alcohol (PVA), sodium hydroxide, triton X-100, 

poly(lactic-co-glycolic acid) (PLGA L:G molar ration 50:50 MW 30,000-70,000), 

Poly(methyl methacrylate (PMMA, average Mw ~120,000g/mol) , coumarin-6, 

phalloidin-TRITC,3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT), 4�,6-Diamidino-2-phenylindole dihydrochloride (DAPI) and 

sulindac sulfide were purchased from Sigma Aldrich (St. Louis, MO). 4-

(diethoxyphosphoryoxy) butyl 2-(4-isobutyl phenyl) propamoate (Drug D) was 

manufactured and purchased from Chem-Master International, Inc (Stony Brook, 

NY). All chemicals and reagents were of analytical quality. 

 Cell lines: HT-29 colon cancer (American Type Culture Collection 

Manassas, VA) and NCM 460 cell Lines (INCELL Corporation, San Antonio, TX) 

were used in this study. 

Cell culture reagents: Cell lines were grown and maintained in either 

McCoy’s 5A medium supplemented with Fetal bovine serum and penicillin-

streptomycin solution (Mediatech, Manassas, VA) and M3:10TM medium 

(INCELL Corporation, San Antonio, TX).  
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Synthesis of dimethacrylated Pluronic F-127 

 

 Dimethacrylated Pluronic was synthesized and analyzed as previously 

described157. In brief, Pluronic F127 (50 g) was poured into a three-neck flask 

and dried at 1200C under vacuum for 2 hours. The polymer was dissolved in 40 

ml of dry chloroform and the solution cooled to 00C in an ice bath. Subsequently, 

Triethylamine (26 mmoles) was added to the mixture. Freshly distilled 

methacryloyl chloride (26 mmoles) was diluted in 10 ml of chloroform and added 

drop-wise for 2 hours into the cooled mixture. The reaction was allowed to 

proceed for 24 hours at room temperature. After 24 hours, the mixture was 

resuspended in a solution of toluene (150 ml) which was being heated on a hot 

plate. The triethylammonium hydrochloride salt generated by this procedure was 

removed by filtration of the hot mixture. The toluene mixture was subjected to 

precipitation in petroleum ether. The precipitate was isolated by vacuum filtration 

and washed with petroleum ether. The white product, Pluronic F127 di-

methacrylate was dried under vacuum at room temperature. The extent of 

acrylation was determined by 1H-NMR (Oxford, Oxfordshire, UK: 300 MHz) and 

FTIR (Nicolet iN10, Thermo Fisher Scientific Inc., Madison, WI). 

 

Synthesis of Pluronic hydrogels 

 

 To fabricate Pluronic hydrogel, Pluronic F127 was dissolved in distilled 

water to make a 25% (w/v) solution. 1-[-4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-

2-methyl-1-propane-1-one (molecular formula C12H16O4), at a concentration of 
2/3% (w/v) relative to the polymer, was used as a photo-initiator. The sol-state 

solution was placed at 40C and mixed until the mixture became homogeneous. 

To fabricate gel-disks, 500 �l of solution per disk were poured into a mold at 

room temperature. After equilibration at room temperature, the gel state mixture 

was irradiated for 5, 10, 20 and 30 min by long-wavelength UV (365 nm)  at 2745 
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�W/cm2 intensity in a UV cross-linker (Spectronics Corporation, Westbury, NY).  

All samples were placed 15 cm away from the bulb. After UV-induced 

polymerization, gel-disks were washed thoroughly to remove unreacted 

macromers and other impurities.  

 To make hydrogel discs encapsulated with drug-loaded NPs the above 

procedure was used with the exception that the drug-loaded NPs were added to 

the dissolved F127 DMA solution after adding the photo-initiator. This was mixed 

until the solution became homogenous.   

 

Preparation of nanoparticles 

 

 Sulindac sulfide and Drug D -loaded PLGA nanoparticles were prepared 

using a solvent evaporation method described by Dong and Feng185,187. In brief, 

a solution of 4 ml of dichloromethane (DCM) containing 100 mg of PLGA and 5 

mg of sulindac sulfide was poured into a 1% (w/v) aqueous solution of polyvinyl 

alcohol (PVA). The mixture was subjected to sonication (Ultrasonic sonicator, 

Fisher Scientific, Pittsburg, PA) for 5 min.  To promote evaporation of the organic 

solvent, the resulting emulsion was stirred overnight at room temperature. 

Subsequently, the mixture was centrifuged at 11,500 rpm for 30 min. The 

nanoparticles were resuspended by sonication into 50 ml of distilled water 

followed by centrifugation at 11,500 rpm for 30 min. The nanoparticles were 

washed three times, and then freeze-dried. Fluorescent coumarin-6 (0.05%(w/v)) 

loaded NPs were prepared in the same manner.  

 

 

 

 

 

 

 



 
 

120 
 

Characterization of nanoparticles 

 

Particle size and size distribution 

 

 The size and size distribution of the PLGA NPs with and without sulindac 

sulfide and Drug D were measured using a Particle Sizer Brookhaven Instrument 

(Holtsville, NY). The value recorded was based on the mean of ten 

measurements. The size distribution unit is defined as the polydispersity index 

(PI). PI ranges from 0 to 1 where 1 indicated a large variation in particle size.  

 

Surface charge 

 

 The zeta potential of PLGA NPs with (sulindac sulfide or Drug D) and 

without drug was detected using laser doppler anemometry (Zeta plus, zeta 

potential analyzer, Brookhaven Corporation, Holtsville, NY). Before 

measurement, the samples were prepared by dilution in 0.1�m filtered deionized 

water. 

 

Surface morphology 

 

 The surface morphology of the PLGA NPs with and without drug (sulindac 

sulfide or Drug D) was investigated by scanning electron microscopy (SEM) 

(JEOL, Tokyo, Japan: Model# JSM-35CF). The samples were prepared by 

placing a suspension of the NPs on silicon wafer and dried overnight at room 

temperature.  The samples were coated with a gold layer for 30 s before imaging 

using SEM.  
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Drug encapsulation efficiency and drug content  

 

 For quantification of sulindac sulfide or Drug DD via HPLC (Waters 

Corporation, Milford, MA), 2 mg of each of the drug encapsulated NPs were 

resuspended and dissolved in 1 ml of acetonitrile: water (50:50).  The drug 

encapsulation efficiency was determined as the ratio of the amount of drug 

encapsulated versus the amount of drug added. The drug content was 

determined as the ratio of the amount of drug encapsulated versus the mass of 

NPs used for the analysis. 

 

In vitro drug release 

 

 To study the release rate of the drug-loaded NPs, in vitro drug release of 

drug-loaded NPs entrapped in cross-linked F127 DMA and drug-loaded PLGA 

NPs were measured in triplicate. Drug-loaded PLGA NPs were dispersed by 

mixing in PBS at 37 0C. In addition, 2 mg of drug-loaded NP was dispersed into 

each hydrogel disc before photo-cross-linking. The drug encapsulated hydrogels 

were immersed in 5 ml of PBS at 4 0C and 37 0C. At the designated time 

intervals, the supernatant was isolated and the pellet (drug-loaded NPs) or 

hydrogel was resuspended in fresh PBS medium.  The drug released in the 

supernatant was extracted with DCM. After the removal of DCM by nitrogen flow, 

the deposited drug was dissolved in 1 ml acetonitrile: water (50:50) and analyzed 

via HPLC. 

 

Determination of the integrity of the anticancer agents  

 

 The chemical integrity of the drug (sulindac sulfide) encapsulated in PLGA 

NPs was investigated using FTIR spectra.  FTIR analysis of void PLGA NPs, 

native sulindac sulfide and sulindac sulfide-loaded PLGA NPs was performed in 

the range between 4000-500cm-1. FTIR analysis was also performed on Pluronic 

F127 DMA hydrogel with or without either sulindac sulfide or sulindac-loaded 
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PLGA NPs. To further determine the effect of UV irradiation on the integrity of the 

anticancer agent, native and PLGA encapsulated sulindac sulfide as well as a 

sulindac-sulfide/DMSO solution were UV irradiated for 30 min in the presence of 

photo-initiator. These samples were analyzed before and after UV irradiation by 

HPLC as described above.  

 

In vitro cellular uptake of NPs 

 

 Ht-29 cells (10,000 cell per well) were seeded onto a 96-well plate and left 

to attach overnight. The cells were treated with 100µl of 0.25mg/ml of coumarin-6 

loaded NPS for 0.5, 1, 2 and 4 h respectively. At the designated interval, samples 

in each well were washed three times with 50 �l cold PBS; thus, eliminating 

traces of the NPs left in the wells.  To lyse cells, 50 �l of 0.5% Trition-X-100 in 

0.2M NaOH was added to samples in each well. The fluorescence intensity of 

each sample was measured using a microplate reader (Molecular Devices, 

Sunnyvale, CA) with excitation wavelength at 430nm and emission wavelength at 

485 nm.  

 To provide direct evidence of cellular uptake of the NPS rather than 

cellular attachment, confocal laser scanning microscopy was used to visually 

monitor the internalization of the NPs in HT-29 cells. The HT-29 colon cancer 

cells were seeded and grown overnight in 35mm plates.  The cells were 

incubated with 3 ml of 0.25 mg/ml coumarin-6-loaded PLGA NPs or coumarin-6 

for 2 h. After this time the medium was removed and the cells were washed three 

times with cold PBS. The cells were fixed by incubation for 5 min in an 

appropriate amount of 3.7% formaldehyde solution. The cell were washed three 

times with PBS and permeabilized with 0.1% Triton-X for 5 min. Subsequently, 

the cells were washed three times with PBS and actin filaments were attained by 

incubation in the dark for 40 min with 50µg/ml Phalloidin-TRITC.  Cells were 

washed three times and nuclei stained with DAPI. Cells were washed, left in PBS 

and observed under confocal laser scanning microscopy (Zeiss LSM 510 META 
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NLO Two-Photon Laser Scanning Confocal Microscope System, Thornwood, 

NY). 

 

In vitro cytotoxicity of the different formulations of PLGA NPs 

 

 In vitro cytotoxicity of the PLGA NPs (no drug), sulindac sulfide-loaded 

NPs, and Drug D-loaded NPs was quantitatively analyzed using the MTT assay. 

In brief, HT-29 colon cancer cells were seeded in 96-well tissue culture plates at 

a density of 1x104 cells per well, divided into two groups for treatment and 

allowed to adhere overnight. Cells were treated for 24, 48 or 72 h with PLGA NPs 

(no drug; relative to the concentration of Drug D and sulindac sulfide), Drug D- 

loaded PLGA NPs suspension (relative to the concentration of Drug D), Drug D 

(1 to 50µg/ml), sulindac sulfide- loaded PLGA NPs suspension (relative to the 

concentration of sulindac sulfide) or sulindac sulfide (1 to 200 µg/ml). At the 

designated time, 10 µl of MTT reagent I was added to the culture media and the 

samples incubated for 4h at 370C in a 5% humidity chamber. At the appointed 

time, 100 µl of the solubilization solution (MTT reagent II) was added and 

incubation continued overnight. Cellular viability was determined 

spectrophotometrically using microplate reader (Molecular Devices, Sunnyvale, 

CA) plate reader at 595 nm.  

 Meanwhile, the determine the possible effect of PLGA NPs  on the in vitro 

therapeutic effect, the in vitro cytotoxicity of PLGA NPs void of any drugs was 

examined. MTT assay, described above, was conducted using HT-29 colon 

cancer and NCM 460 normal colon cells. PLGA NPs suspension at 

concentrations ranging from 1- 200µg/ml was utilized in this experiment.  

The cell viability was expressed as the ratio between the fluorescence 

intensity of cells incubated with test agent and that of cells incubated with culture 

medium only. IC50, the drug concentration at which inhibition of 50% cell growth 

was observed in comparison to that of the control sample, was calculated  from 

cell viability versus the drug concentration curve at a given time point.  

All experiments were performed in triplicates.  
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Characterization of the thermoelectric module 

 The temperature change associated with the applied voltage was assessed 

for the thermoelectric (TE) module (Custom Thermoelectric, Bishopville, MD Cat# 

07111-5L31-06CL).  The TE module was placed on a heat sink (metal plate) or 

immersed in PBS. Various voltages were applied to the unit using DC power 

supply (Hewlett Packard, Santa Clara, CA) and the change in temperature on 

both the cold and hot side of the TE module was measured using a Fluke Digital 

Thermometer ( Everett, WA).   

 

Attachment of Pluronic F127 DMA to thermoelectric 

module/silicon wafer 

 

 Silicon wafers were cleaned in piranha solution (7/3v/v conc. H2S04/35wt% 

H202), washed thoroughly with deionized (DI) water, and dried under nitrogen 

gas. The cleaned wafers were coated with 50 and 100 mg/ml of poly(methyl 

methacrylate) (PMMA) solution by spin casting process. The coated wafer was 

annealed overnight at 1000C in a vacuum oven. After the wafer was cooled to 

room temperature, the thickness of the PMMA film was measured and  Pluronic 

F127 DMA containing photo-initiator was applied to the coated side of the 

module. The unit was irradiated with UV for 10 min to attach the hydrogel to the 

thermoelectric module. The unit was immersed in water with mixing to determine 

whether or not the hydrogel annealed. To determine the strength of attachment, 

using flowing water, a force was applied to the attached hydrogel.  

 All subsequent experiments utilized the TE module coated with100mg/ml 

of poly(methyl methacrylate) (PMMA) solution.  
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In Vitro Study of Drug delivery unit 

 

 In vitro cytotoxicity of the constructed drug delivery unit was quantitatively 

analyzed via cell count viability. In brief, HT-29 colon cancer cells were seeded in 

100 mm culture plates at a density of 2.5x106 cells per plate, and allowed to 

adhere overnight. On the following day, the hydrogel with or without drug-loaded 

NPs were attached to the thermoelectric module. The unit was then immersed in 

10 ml of McCoy media and a voltage output of 4.5V was applied for 0, 10 or 30 

min. At predetermined time points, HT-29 cells were treated with the collected 

media and incubated for 24 h at 37oC in 5% CO2 humidity chamber.  After the 

incubation period cells were collected and counted to determine cell viability. This 

experiment was performed  in triplicate.  

 

Statistical analysis 

 

 Experimental values were expressed as mean ± SEM. Differences 

between mean values were evaluated using Student’s t-test and the association 

between variables was determined using regression analysis; p<0.05 was 

considered statistically significant. All statistical analysis was performed using  

Graph Pad software (La Jolla, Ca).



 
 

126 
 

5.3 Results 

 

5.3.1 Preparation of Pluronic F127-DMA 

 

 Pluronic F127-DMA macromer was synthesized as the reaction of OH-

terminated according to the method described in procedure. Confirmation of the 

structure by 1H-NMR analysis revealed the incorporation of methacrylic groups at 

each ends of the Pluronic polymer. The vinyl protons of the methacrylate group 

(=CH2) appeared at 5.58 ppm and 6.13 ppm. Whereas, the three protons of the 

methyl substituent (=CCH3) are shown at 1.95 ppm. The functionalization of 

Pluronic F127 was further determined by FTIR. There was a gradual peak 

appearance of a weak peak at 1715.78 cm-1. This peak corresponds to carbonyl 

vibration of the ester group. As determined by 1H-NMR, the acrylation degree of 

Pluronic F127 was about 80.1%. 

 

5.3.2 Synthesis of hydrogels 

 

 Thirty percent (w/v) Pluronic F127 DMA was prepared in deionized water. 

At room temperature and above, the solution converted from a clear viscous 

liquid to a physical gel due to the formation of Pluronic micelles at increased 

temperatures. Using 1-4-(2-Hydroxyethoxy)-phenyl-2-hydroxy-2-methyl-1-

propane-1-one as a photo-initiator, cross-linked and non dissolving hydrogels 

were produced by UV irradiation. The photo-polymerization of the acrylate 

groups of the Pluronic micelles resulted in a network of chains which formed a 

chemically cross-linked hydrogels. 
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5.3.3 Characterization of nanoparticles 

 

5.3.3.1 Surface charge, particle size and distribution, 

encapsulation efficiency and drug content of PLGA NPs 

 

 The size, size distribution, and encapsulation efficiency of the 

nanoparticles with and without drug (PLGA NPs, Drug D-loaded PLGA NPs and 

sulindac sulfide-loaded PLGA NPs) are listed in Table 9.  The drug-loaded PLGA 

NPs exhibit an average size of around 280 nm with a polydispersity value less 

than 0.200. The PLGA NPs (no drug) exhibited an average size of 217 nm with a 

polydispersity value less than 0.050.  This data indicates that the particles devoid 

of drug are smaller and more uniformed in size compared to the drug-loaded 

NPs.  

 Zeta potential of the PLGA nanoparticles with and without drug was 

measured to be approximately -22.00 mV. This attribution may be due to the 

presence of the carboxyl group in the PLGA polymer. Incorporation of a positively 

charged antibody specific to the type of cancer model being targeted can be 

facilitated by the charge of the nanoparticles; thus, making this an excellent 

candidate for targeted delivery.  

 The drug encapsulation efficiency of the sulindac sulfide- loaded PLGA 

NPS and the Drug D-loaded PLGA was approximately 63.01% and 61.14%, 

respectively. There was no significant difference between the two drugs in 

respect to the amount of drug encapsulated. However, the drug content of the 

sulindac sulfide- loaded PLGA NPS and the Drug D-loaded PLGA was 

approximately 5.8% and 14.7%, respectively.  The quantity of drug contained in 

Drug D- loaded PLGA NPs was higher than the amount of drug per mg of PLGA 
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NPs contained in sulindac sulfide-loaded PLGA NPs. Drug D-loaded PLGA NPs 

had 2.5 times more drug than sulindac sulfide-loaded PLGA NPs.  

 

5.3.3.2 Surface morphology 

 

 Surface morphology of the PLGA NPs with and without anticancer agent 

was studied by SEM. It found from Fig. 36 that both NPs exhibit circular smooth 

surface (Data only shown for placebo PLGA NPs). The smooth surface may 

result in slower drug release, as it decrease the surface area compared to a 

rougher surface.   

 

5.3.4 In vitro drug release from PLGA NPs and photo-cross-

linked hydrogel 

 

 The in vitro drug release profile of the Drug D-loaded PLGA NPs and 

sulindac sulfide-loaded PLGA NPs are shown in Fig 37. The anticancer agents 

were released from the drug-loaded PLGA NPs in PBS buffer (pH 7.4) at 370C. 

We observed that Drug D-loaded PLGA NPs and sulindac sulfide PLGA NPs 

exhibited similar biphasic drug release kinetics, with an initial burst up to 

4.4±0.7% and 20.5±0.3% in the first day, followed by accumulative release of 

19.2±1.4 % and 56.7±5.9% after 15 days, respectively. The drug release of Drug 

D- loaded NPs was 3.0 times slower than for sulindac sulfide-loaded PLGA NPs.  

 To achieve sustained release of the anticancer agents from the photo-

cross linked Pluronic hydrogels, we examined the use of drug-loaded PLGA NPs. 
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Drug-loaded PLGA NPs were homogeneously mixed with di-methacrylated 

Pluronic F127 solution at 40C and the mixture was UV irradiated at room 

temperature at different exposure times. In vitro release profiles of anticancer 

agents -loaded PLGA NPs from the Pluronic hydrogel are shown in Fig. 38. For 

Pluronic hydrogels analyzed at 40C, entrapped anticancer agent was quickly 

released at an early incubation stage followed by a subsequent steady release 

rate up to 15 days. For Drug D-loaded PLGA NPs, entrapped in the hydrogel 

after 5 min UV irradiation, there was an initial burst release of 33.0% of the 

entrapped Drug D and a cumulative release of 98.7% after 15 days. Under the 

same conditions, a similar trend was observed for sulindac sulfide-loaded PLGA 

NPs sample. This initial burst release are attributed to the temperature and the 

loose cross linking network structure  that do not sufficiently retard the rapid 

diffusion of entrapped anticancer agent. Also, the gradual degradation of the 

hydrogel also contributes to the rapid anticancer agent release.  The initial burst 

and the extent of cumulative release were reduced with prolong UV irradiation 

time. Comparing the release rate of Drug D-loaded PLGA NPs after 10, 20 and 

30 min UV irradiation, there was 8.2, 23.0 and 44.2% reductions in the initial 

release rate and 22.1, 34.7 and 43.6% reduction in the cumulative release rate 

compared to the 5 min UV irradiation treatment time.  When the release profile of 

anticancer agents from hydrogel was analyzed at 370C, similar trends were 

observed as seen at 40C in regards to the initial burst and cumulative release of 

anticancer agents at the different UV irradiation times. However, at 370C, the 

observed initial burst release of anticancer agents from the hydrogel was 

considerably reduced and a more sustained release patterns, relative to the 

hydrogels at 40C, was observed with increase UV irradiation time. For example, 

Drug D-loaded PLGA NPs samples treated with 5 min UV irradiation showed a 

82.1% reduction in initial burst release and a 74.6%% reduction in cumulative 

release when the testing temperature was increase from 40C to 370C.  This 

means that the degree of cross-linking dictating the swelling ratio, the 

degradation ratio and the mechanical strength of the hydrogel, as well as the 
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temperature played a key role in determining the release pattern of anticancer 

agent. 

 

5.3.5. The effect of UV irradiation of the integrity of the 

anticancer agents 

 

 By varying the exposure time of UV irradiation, the cross-linking density of 

the Pluronic hydrogel changes, which in turn, allows for controlled release of the 

anticancer agent. Thus, after UV irradiation, it is questionable that the anticancer 

agents in or out of the drug-loaded PLGA NPs were structurally intact after 

entrapment within the hydrogels.  Therefore, the structural integrity of the UV 

irradiated anticancer agents was examined by FTIR and HPLC.  Firstly native 

sulindac sulfide, sulindac-sulfide/DMSO solution and sulindac-sulfide-loaded 

PLGA NPs were suspended in photo-initiator solution, UV irradiated for 30 min 

and examined by HPLC. The degradation of sulindac sulfide before and after UV 

treatment, as determined by HPLC analysis is depicted in Fig 39. In samples that 

were not UV irradiated, the presence of sulindac, sulindac sulfone and sulindac 

sulfide were detected. The only samples affected by UV irradiation were those 

samples solubilized in DMSO.  In this case, the presence of sulindac sulfide, 

sulindac and sulindac sulfone was 1.1 times less, 2.4 and 25.7 times more than 

the untreated samples, respectively.  

 The chemical integrity of sulindac sulfide and characterization of any 

chemical changes in the polymeric matrix was also investigated using FTIR 

spectra (Fig 40). FTIR spectra of void PLGA NPs, native sulindac sulfide, 

sulindac sulfide-loaded PLGA NPs, Pluronic F127DMA hydrogel and sulindac 

sulfide-loaded PLGA NPs or sulindac entrapped in hydrogel were scanned in the 

range between 4000-500 cm-1. Spectral analysis of native sulindac sulfide and 
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void PLGA NPs showed characteristic due to different functional groups. 

Sulindac sulfide has distinct bands at 1694cm-1 corresponding to the carbonyl 

group and bands at 1602cm-1 and 1589cm-1 both corresponding to the aromatic 

ring (C=C).  Whereas, PLGA NPs had a distinct band at 1751cm-1 .   This band 

corresponded to the carbonyl group.  The bands occurring in void PLGA NPs are 

similar to the bands in the sulindac sulfide-loaded PLGA NPs with the addition to 

some extra bands due to the sulindac sulfide (Fig 42A).  

 FTIR analysis of the photo-cross-linked with or without sulindac sulfide 

(native of PLGA NP formulated) was inconclusive. All three spectra were 

identical. This may be due to the large volume of water present in the hydrogels 

which mask the remaining bands (sulindac sulfide bands (Fig 40B).   

When cross-linking the native drug entrapped in the hydrogel we observed 

an inhibition if the cross-linking ability. The inhibition may be due to the oxidative 

free radicals generated from the photo- initiator by UV irradiation interacting with 

the native anticancer agents, quenching the cross-linking action of the hydrogel. 

Protection of the anticancer agents from the UV light by the PLGA shell enables 

the hydrogel to be cross-linked and maintain the integrity of the anticancer agent. 

We have also determined by HPLC of sulindac sulfide and sulindac sulfide-

loaded PLGA NPs that the Integrity of the anticancer agents is not affected by 

the internal acidic microenvironment created as a byproduct of the degradation of 

the PLGA polymer. This observation is supported by HPLC analysis of the native 

drug and drug-loaded PLGA NPs (Fig 39) and the cumulative release results.  

 

5.3.6 Cellular uptake of nanoparticles by HT-29 cells 

 

 Due to its biocompatibility, high fluorescence activity, low dye loading 

(<0.5% w/w) and low leaking rate, Coumarin-6 has been widely used as a 
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fluorescence marker in experiment of cellular uptake of NPs. In an effort to 

visualize and measure the cellular uptake of the polymeric NPs, coumarin-6 is 

often used to replace the drug in the NP formulation187,201-204. In this study, HT-29 

colon cancer cells were used to investigate the cellular uptake of the fluorescent 

PLGA NPs. The cellular uptake of the coumarin-6 loaded PLGA NPs (0.25 mg/ml 

nanoparticles) into HT-29 cells after 0.5, 1, 2 and 4 h incubation is presented in 

Fig 41. The cellular uptake of the NPs was expressed as the fluorescence 

strength of the internalized NPs relative to that of the NP concentration. This 

study demonstrated that coumarin-6-loaded PLGA NPs were into HT-29 cells 

more readily than the native dye. On average cellular uptake of coumarin-6 

loaded PLGA NPs was approximately 1.6 times (1/2 h to 2h) and 2.5 times (4h) 

more compared the cellular uptake of the native dye.  

 In addition to the formulation of the coumarin-6, the duration of incubation 

is also an important factor for determining the efficiency of cellular uptake.  Our 

study shows that the cellular uptake of coumarin-6-loaded PLGA NPs was 1.3, 

2.2 and 3.4 times more after 1, 2, and 4h of treatment respectively compared to 

the 30 min of treatment. From this data we conclude that the formulation of the 

anticancer agent and an extended time of incubation lead to a higher efficiency of 

cellular uptake.   

 

 HT-29 cells were incubated with 0.25mg/ml native coumarin-6, and 

coumarin-6 loaded PLGA NPs suspension for 2 hours at 370C and analyzed by 

Confocal microscopy (Fig 42). The red actin filament (TRITC stained) indicates 

the boundary and shape of the cells (Fig 42 A and E), the blue stained area 

(DAPI) indicates the nucleus (Fig. 42 B and F) and the green stained areas 

indicates the presence of coumarin-6 (Fig. 42 C and G). In the cytoplasm, the 

green coumatin-6 loaded PLGA NPs aggregate in and around the nucleus, 

indicating the NPs have been internalized by the cells. This data also supports 

the findings of the cellular uptake which demonstrated that there was a higher 

uptake of coumarin-6 loaded PLGA NPs than of the native dye.  
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5.3.7 In vitro cytotoxicity of the different formulations of PLGA 

NPs 

 

The in vitro cytotoxicity of HT-29 cells after incubation for 24 (upper), 48 

(middle), 72 (lower) h culture with native drug and drug-loaded PLGA  NPs is 

shown in Fig 43. The viability was measured by MTT assay.  Various 

concentrations of sulindac sulfide,  sulindac sulfide-loaded PLGA NPS, Drug D 

and Drug D-loaded PLGA NPs were utilized.  The in vitro effect of the different 

anticancer agent formulations can be quantitatively compared by IC50 values. 

The IC50 values given in Table 10 are obtained from the data generated and 

depicted in Fig 45.  HT-29 cells with sulindac sulfide- loaded PLGA NPs for 24, 

48 and 72 h have IC50 values which are1.5, 2.5 and 1.5 times, respectively, lower 

than native sulindac sulfide.  A similar trend is observed for Drug D IC50 values. 

We observed that the viability of HT-29 colon cancer cells decreased with 

increased drug concentration and time of incubation. We also observed that  the 

greatest negative effect on cell viability was exhibited by Drug D and the 

sulindac-loaded PLGA NPs. Thus,  It can this be concluded that the sulindac 

sulfide or Drug D-loaded PLGA NPs formulations can  increase the in vitro 

therapeutics effect in   comparison to sulindac sulfide or Drug D respectively. To 

achieve better targeting effect the NPs would have to be tagged with a specific 

antibody. 

 A comparison of in vitro cellular viability after 24 h treatment with PLGA 

NPs (varying concentration) of HT-29 colon cancer cell and NCM 460 normal 

colon cell is shown in Fig 44. Since PLGA NPs are part of the drug delivery 

systems and are released it is crucial to determine whether they may 

independently exert a cytotoxic effect on normal cells.  The placebo PLGA NPs 

(without anticancer agent) exhibits no significant cytotoxicity at the studied NPs 

concentration levels used for normal cells. This implies that the polymer is 

biocompatible. In addition, the observed cell viability of HT-29 cancer cells 

treated with placebo PLGA had on average 1.1 times lower compared to the 
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normal cells at corresponding concentrations of PLGA NPs. At higher 

concentrations (180 and 200µl/ml), the difference in cell viability was statistically 

significant, p<0.005 and p< 0.001, respectively.  

 

 

5.3.8 Characterization of TE module  

 

A depiction of the major components of the thermoelectric or peltier 

module used in this study is shown in Fig 45. The module consists of the N and 

P-type thermoelectric materials sandwiched between two electrical insulators. 

The cold end carries the heat load, thereby, creating a temperature difference 

across the device. As a result of this temperature difference, a heat flux occurs. 

The heat is transferred from the cold end, where the hydrogel will be placed, to 

the hot end via conduction.  

The TE module was attached to a DC power supply and various voltages 

were applied to the unit to determine the current output. As seen in Fig 46B, 

there is a direct relationship between the voltage and the current. As the voltage 

applied to the TE module increased the output current also increased.   Another 

parameter measured at various voltages was the temperature of the hot and cold 

side to the TE module in air and PBS (370C).  The temperature of the hot and 

cold side of the TE module was measured in air and PBS (Fig 46A). When 

exposed to air, there was an increase in the temperature of the hot side and a 

decrease in the temperature of the cold side of the TE module as the voltage 

increased. At a voltage of 4.0V, the net temperature change in air was 72.50C 

and 9.10C for the hot and cold side of the TE module, respectively. In 

comparison, the TE module immersed in PBS at 370C followed the same trend. 

Again, at 4.0V, the net temperature change in PBS was 34.30C and 18.50C for 

the hot side the cold side of the TE module, respectively.  This data indicates the 

hot side of the TE module was much cooler in PBS than air. Also, we observed 

that the change in temperature seen for the cold side of the TE module was 

greater in PBS than in air.  Even though the temperature of the TE module 
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increased with increasing voltage, the temperature of the PBS solution did not 

change. This data indicated that PBS, which acts as a heat sink and represents 

the physiological conditions in the body, is capable of dispersing the heat to 

prevent increases in temperature.   

                                                                                    

5.3.9. Attachment of hydrogel and TE module  

 

 The cooling capacity of the TE module is proportional to the magnitude of 

the applied current and the thermal conditions of each side of the TE module. By 

varying the applied current, it is possible to regulate the heat flow and control the 

surface temperature. In order to external regulate the control release from the 

Pluronic hydrogel, the hydrogels needs to be attached to the cold side of the TE 

module.   

 

5.3.9.1. Film thickness 

 

The spin casting of the PMMA on the silicon wafer was an efficient method to 

evenly coat the silicon wafer.  The thickness of the film was measured after the 

silicon wafer was spun casted with 50 and 100mg/ml of PMMA solution (Table 

11). Results showed that the thickness of the film depended on the concentration 

of the PMMA; a thicker the spin casted film corresponded to a higher PMMA 

concentration.   

 

 5.3.9.2 Strength of attachment 

 

 To determine whether the hydrogel would remain attached to the PMMA 

silicon wafer, the attached hydrogel/silicon wafer units were immersed in PBS.  

At designated time intervals, to determine whether the hydrogel remained 

attached to the silicon wafer or whether the bond (the adhesion) between the 

silicon wafer and hydrogel was broken, the units were monitored and 

photographed. After monitoring for 21 days, we were able to demonstrate that 
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the bond between the silicon wafer and hydrogel remained intact (Fig 47).  After 

1-6 days of attachment using PMMA concentrations below 50mg/ml, the bond 

between the hydrogel and silicon wafer was destroyed (data not shown).  Thus, 

indicating that the strength of the attachment of the hydrogel to the TE module is 

dependent on the concentration of PMMA.  The adhesive property of PMMA is 

greater at concentrations of 50mg/ml and higher.   

 We further examined the strength of the attachment of the hydrogel to the 

TE module. To achieve this, a constant force, the flow of water, was applied to 

the attached hydrogel/silicon wafer unit. A flow rate of 10 L/min or 1.67 x 10-4 m3/sec 

was applied to the attached gel. This applied flow was greater than 5.6 L/min; the 

normal blood flow rate in an average sized adult.  The type of flow was first classified by 

calculating the Reynold’s number (equation 1). The Reynold’s number characterizes 

the type of flow; a stable laminar flow is characterized by Rn < 2000, while Rn � 2000 

is indicative of unstable laminar or turbulent flow. The Reynold’s number was 

determined to be 10,565. Based on the flow rate and the size of the tubing, the flow of 

water was expected to be non laminar. Using equation 2, the force being applied by 

the flow of water onto the attached hydrogel was determined to be 74.5 �N. This 

force was exerted on the attached hydrogel continuously for 6.5 days, without 

detachment for the silicon wafer.  

µ
ρVd

Rnnumbersynold =)('Re  

h
AV

Force
µ=

 
 

 

 

 

 

 

 

fluid density (�        fluid velocity (V )   coefficient of viscosity (�) 

height of gel  (h)    area of wafer (A)   diameter (d) 

Equation 1 

Equation 2 
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5.3.10 In vitro release from drug delivery unit  

 

 In vitro release of the drug from the prepared drug delivery units was 

evaluated by cell viability assay using HT-29 cancer cells. Results of the cellular 

viability of cells exposed to the drug delivery unit harboring different anticancer 

agents for various time periods are presented in Fig 48. As shown in Fig 50A, 

when the units contained either only cross-linked Pluronic F127 hydrogel or 

sulindac sulfide-loaded PLGA NPs entrapped cross-linked Pluronic F127 

hydrogel with no voltage applied, there was no significant change in cells viability 

compared to the control cells. There was no significant change in cellular viability 

for cells treated in the presence of units containing either only cross-linked 

Pluronic F127  hydrogel (4.5 V applied) or sulindac sulfide-loaded PLGA 

NPs/cross-linked Pluronic F127 hydrogel (no voltage applied) as compared to the 

control cells (cells grown in media alone). However, the viability of cells in the 

presence of the “complete drug delivery unit” (sulindac sulfide-loaded PLGA 

NPs/cross-linked Pluronic F127 hydrogel with an applied voltage of 4.5V) was 

significantly lower than that of the control. As seen in Fig 48A, the viability of cell 

grown in the presence of the “complete unit” decreased as the duration of 

treatment increased.  Cellular viability of cells treated with the “complete unit” 

was 1.8 times lower when cell were treated at 30 min compared to cells treated 

at 10 min. This difference between cells treatment time is statistically significant 

(p<0.05).  The same trend is observed for drug delivery units prepared with Drug 

D-loaded PLGA NPs (Fig 48B).  

Therefore, we conclude that the effect of the release of anticancer agent 

from the drug delivery unit on the viability of cells was dependent on the 

presence of voltage ad duration of treatment. Thus, the prototype drug delivery 

unit that we prepared could be regarded as a safe drug delivery carrier and is 

promising device for externally regulated controlled drug delivery. 
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5.4 Discussion and Conclusion  

 

One of the greatest challenges of chemoprevention or chemotherapy 

involves localized distribution of the therapeutic agent for selective and 

successful transport to the site of the disease, such as cancer. There are 

numerous studies aimed at developing more efficient systems for the site specific 

delivery of drugs. One such study involves the use of response stimulated 

hydrogels, such as Pluronic F127.   Biocompatible Pluronic F127 hydrogels, 

capable of releasing anticancer agents in a sustained and controlled manner, are 

prepared by UV irradiation. By this method, di-methacrylated Pluronic macromer 

are synthesized and cross-linked forming a gel state. As we previously reported, 

a diverse range of hydrogels with different cross-linking densities and mechanical 

strengths were produced by controlling their exposure to UV irradiation. Through 

the investigation of swelling ratio and degradation it was demonstrated that the 

degree of cross-linking and mechanical strength were directly dependent on the 

duration of exposure to UV irradiation and to temperature.  We observed that the 

cross-linked hydrogels, while maintaining its cross-linked structure, retained the 

ability to respond to changes in temperature similar to that of the physical gel. 

Another essential property of the polymer that was essential was its ability to 

release anticancer agent from the cross-linked hydrogel.  In order to protect the 

anticancer agents from UV irradiation, the agents were formulated into PLGA 

NPs before entrapment into the hydrogel.  

The nanoparticle system is multifunctional.  It can provide a way to 

formulate anticancer drugs without the use of harmful adjuvants and can promote 

synergistic therapeutic effects. The drug-loaded PLGA NPs were prepared by a 

solvent extraction/evaporation technique. PLGA NPs were characterized as to 

determine the particle size, size distribution, surface morphology, chemical 

integrity, drug encapsulation efficient and loading content. In addition, the release 

profiles of the nanoparticles were investigated.  The characterization of the PLGA 
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NPs is important because the fate of the drug after it is administered depends on 

the physiochemical properties as well as the chemical structure of the drug 205. 

Particle size is an important parameter as it directly affects the physical stability, 

biodistribution, cellular uptake and the release of the entrapped drug from the 

nanoparticles187,201-204. In this study we developed drug loaded PLGA NPs which 

average in size of 280 nm with a negative zeta potential (-22.00mV); a highly 

stable drug carrier which has be found to be  capable of escaping the 

reticuloendothelial system in the body184,185,206.  Characterization of the 

physiochemical properties of the drug encapsulated in the PLGA NPs and 

entrapped in the hydrogel provides useful information about the integrity of the 

drug. Using FTIR and HPLC analysis helped in determining the integrity of the 

drug.  This data confirmed that the drug retained its properties after encapsulated 

and UV irradiation. In vitro release experiments were developed to measure the 

release of encapsulated drugs (sulindac sulfide and Drug D) in PBS buffer from 

the PLGA NPs and the cross-linked hydrogels. We observed an initial burst of 

drug from the drug-loaded PLGA NPs followed by a slower steady release.  The 

initial burst observed may be attributed to drug being weakly bonded to the large 

surface area of the PLGA NPs than to the drug encapsulated inside the 

nanoparticle.  This, the slower steady release that followed may be attributed to 

the surface morphology of the PLGA NPs.  The spherical and smooth surface 

morphology of the nanoparticles helps to determine their in vitro and in vivo 

performance.  Whereas, the release of anticancer agent from the cross-linked 

hydrogel was found to be dependent on two factor, the degree of cross-linking 

and the applied temperature. The therapeutic potency of the PLGA NPs 

formulation was proven in HT-29 cells treated with sulindac sulfide, sulindac 

sulfide-loaded PLGA NPs, Drug D, Drug D-loaded PLGA NPs and placebo PLGA 

NPs. MTT assays confirmed that the drug-loaded PLGA NPs exhibited lower IC50 

values compared to the native drugs and the placebo PLGA NPs. This can be 

explained by the degree of cellular uptake and by the efficacy of the therapeutic 

agent. In previous studies, coumarin-6 has been proven to be a useful 

fluorescence/confocal dye202-204. Here using the properties of coumarin-6, we 
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demonstrated that the internalization of the dye into HT-29 cells was higher for 

coumarin-6-loaded PLGA NPs compared to native dye. This evidence serves to 

indicate that, potentially, we can generate a system that could promote the 

effective intracellular delivery of drugs. In our observation, the intracellular uptake 

of uptake of coumarin-6-loaded PLGA NPs was 1.6-2.5 times higher than native 

dye. It is known that the uptake of native drug(s) in solution may be due to the 

diffusion of the drug molecules across the cellular membrane.  Therefore, the 

drug’s efficacy is limited to how much of the native drug is able to enter the cell.  

An advantage of the PLGA NPs is that cellular internalization of the PLGA NPs is 

mediated by non specific endocytosis. It has been demonstrated that the 

nanoparticles readily exit the endolysosomes and enter the cytoplasm under 

cellular in vitro condition183,184,203,205,207,208. The fractions of nanoparticle that enter 

the cytoplasm seem to release the encapsulated therapeutic agent in a sustained 

manner as the PLGA slowly degrades. This was also demonstrated by us as 

seen in Fig 39. The placebo PLGA, which did not contain any therapeutic, also 

entered the cell via non specific endocytosis but did not have a significant anti-

proliferative effect compared to the drug-loaded PLGA NPs.  Not done in this 

study bit of interest would be the attachment of a targeting moiety onto the PLGA 

NPs surface.  Thus, the anti-proliferative activity expected would be achieved 

through receptor mediated endocytosis of the particle binding to the targeted 

receptor on the cell membrane aiding in the intracellular accumulation of 

nanoparticles203,206,207. When evaluating the cytotoxicity of drugs formulated in 

the PLGA NPS, the cytotoxic effect of the drug carrier (PLGA NPs) alone must 

be taken into account. Here we have shown that the viability of normal and 

cancer colon cells treated with placebo (200µg/ml) was 93.7 ±2.5% and 

74.9±0.0% for 24 h respectively at. Thus, the cytotoxicity of the placebo PLGA 

NPs to NCM 460 normal colon cells was almost negligible. However, the placebo 

PLGA NPs did exhibit a marginal cytotoxic effect on HT-29 colon cancer cells. 

With this factor in mind, we can still conclude that PLGA NPs formulated sulindac 

sulfide or Drug D can achieve higher in vitro therapeutic effect than the native or 

pristine drug.  
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Controlled release has proven to be useful in areas such as food and 

cosmetics. Controlled release has had its largest impact in the field of drug 

delivery145,209.   The method by which a drug is delivered can have a significant 

effect on its therapeutic efficacy. Most drugs have an optimum concentration 

within which they retain the maximum therapeutic benefits.   Drug concentration 

above and below the optimal concentration can be toxic or produce no 

therapeutic effect. Conventional drug delivery methods, such as oral and 

injectible devices, are typically marked by a high increase in concentration 

followed by a rapid decrease in concentration until the drug concentration falls 

below therapeutic range.  Therefore the time spent optimizing the drug 

concentration for treatment is useless, as the optimal concentration may be short 

lived. In the field of controlled sustained release the initial focus is on achieving a 

controlled release of drug over an extended period of time. Most of the work on 

sustained drug delivery is centered on the use of biocompatible polymers. These 

polymers are capable of releasing the drug at a nearly constant rate, due to 

diffusion out of the polymer or by degradation of the polymer over time.  In 

numerous studies however, sustained release is not the optimal method of drug 

delivery. Instead delivery by pulses of drug at variable time periods, termed 

pulsatile release, works better in certain cases and is the sometimes preferred 

method. This is because the pulsating mechanism of delivery mimics the way in 

which the human body naturally produces some compounds, such as insulin. 

Previous work on methods of achieving pulsatile release has focused on 

developing polymers that respond to specific stimuli: such as exposure to 

ultrasound, enzymes and changes in pH or temperature. Pulsatile release 

systems can be self regulated (use of enzymes) or externally regulated (use of 

temperature).  

In this study, to our drug delivery system, a thermo-responsive polymer 

(Pluronic F127-DMA) of which we photo-cross-link to entrap drug-loaded PLGA 

NPs, a thermoelectric module was employed as an external regulator. Based on 

the release profile of the hydrogel containing drug-loaded PLGA NPs (Fig 38), 
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this system was capable of sustained controlled release over 15 days, the 

longest time period examined. We demonstrated that this sustained release from 

the hydrogel was dependent on the degree of photo-cross-linking as well as the 

degradation of the hydrogel.  

A thermoelectric (TE) module is a semiconductor based electronic 

component which functions as a small heat pump. TE modules have been and 

are currently being used for cooling of computer components and thermal cyclers 

used in polymerase chain reactions (PCRs).  Besides the ability to operate both 

heating and cooling within the same module, there are a few advantages of TE 

module that allow them to be suitable for temperature release application in drug 

delivery. The TE module contains no moving parts, is small and lightweight, has 

a wide variety of temperature ranges, environmentally friendly and can be cooled 

to very low temperatures based on the design of the module193,194. Due to the 

fact that the modules were to be inserted in cell culture media, it is necessary to 

seal the TE modules. Therefore, a moisture sealant (i.e., silicone based in 

nature) is applied to the edge of the device. The ceramic substrates or faces of 

the modules are made of Alumina ceramic (Al2O3). Less frequently they are 

made of more thermally conductive ceramics such as berrylium oxide (BeO) or 

aluminum nitride (AlN).  Attached to the ceramic substrates are interconnectors, 

both N and P type pellets, made of copper. They are arranged in an alternating 

pattern, much like a chess board, and form one long series circuit through the 

entire thermoelectric module. A schematic representative of a TE module is 

shown in Fig 45. By applying a low voltage to the TE module, heat was 

transferred through the module from one side to the other, depending on polarity 

of the applied voltage. Thus, we were able to obtain a TE module that can be 

used for both heating and cooling, making it a suitable mechanism for precise 

temperature control applications. If desired, the temperature of the thermoelectric 

module device can be controlled to vary in a pulsatile manner or the temperature 

can be maintained at a steady level over a period of time. The temperature 

change that is required for controlling the thermal response of the cross-linked 
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hydrogel is average to be 20.60C (Chapter 4). By applying a voltage of 4.0V to 

the thermoelectric, the recorded temperature was 18.80C, which is sufficient to 

induce the transition change required for release of the drug from the hydrogel.  

To stimulate the thermo-responsiveness of the hydrogel, the drug-loaded 

PLGA NPs entrapped hydrogel was attached to a TE module device. Attaching 

the cross-linkable polymer onto the TE modules is crucial for enabling the control 

release of the drug-loaded PLGA NPs from the polymer via thermo-stimulation.  

Poly(methyl methacrylate) (PMMA), a versatile polymeric material, is well suited 

for many imaging and non-imaging microelectronic applications198. PMMA is 

most commonly used in x-ray and deep UV microlithographic processes. PMMA 

is also used as a protective coating for wafer thinning, and as a bonding 

adhesive198,200. In our study PMMA interaction with PEO block of Pluronic F127. 

This interaction is generally thought to be a weak interaction. The specific 

interaction may occur between the carbonyl carbon atoms of the PMMA and the 

oxygen atoms of the PEO; however, the exact nature of these interactions is still 

unknown.  This interaction allows for the PMMA facilitated attachment of the 

cross-linkable hydrogel to the cold-side of the TE module.  Therefore, the degree 

of attachment is dependent on the concentration of PMMA used. Hence, with this 

in mind, we were able to devise a method that facilitated a sturdy attachment of 

the hydrogel to the TE module. 

 Overall, we have developed a new drug delivery system utilizing a 

thermoelectric module acting as platform to initiate the thermo-responsiveness of 

the hydrogel containing drug-loaded PLGA NPs. This hydrogel was synthesized 

by utilizing photo-polymerization methods, which allowed for the quick and 

efficient cross-linking of hydrogel. The mechanical strength of cross-linked 

hydrogel increased as the UV exposure time increased.   The formulation of the 

drug had many advantages which included protecting the drug from UV 

degradation and enabling more efficient uptake of the drug. Lastly, as proof of 

concept, the fully constructed drug delivery (UV exposed for 10 min) was utilized 

for the release of anticancer drug to treat HT-29 colon cancer cells.  Under all the 
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conditions examined, only fully constructed DDS with drug-loaded PLGA NPs 

given a voltage output of 4.5V was the difference in cell viability statistically 

significance as compared to control. Cell viability results imply that the anticancer 

agent release from our drug delivery unit is dependent on the presence of 

voltage and the treatment time. Therefore our prototype drug delivery unit could 

be regarded as a safe drug delivery carrier and is promising for controlled 

externally regulated drug delivery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

145 
 

 

Figure 35. Structure of chemopreventive compounds (a) Sulindac sufide  
and (b) Drug D (4-(diethoxyphosphoryoxy) butyl 2-)4-isobutyl 
phenyl)propamoate) 
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Figure 36. SEM image of PLGA nanoparticles.  
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Figure 37. Cumulative release of sulindac sulfide and Drug D from PLGA 
nanoparticles in PBS as a function of time. Results are shown as mean (n=3) 
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Figure 38. Cumulative release profiles from hydrogels.  A) Sulindac sulfide 
and B) Drug D are released from Pluronic hydrogels in PBS as a function of time. 
Results are shown as mean (n=3) 
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Figure 39. Chemical integrity of native and PLGA formulated sulindac 
sulfide, sulindac and sulindac sulfone before and after 30 min UV 
exposure.  
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Figure 40. FTIR spectra of A) PLGA, sulindac sulfide and sulindac sulfide-
loaded PLGA nanoparticles and B) Pluronic F127 photo-cross-linked 
hydrogels with either sulindac sulfide, placebo (no drug) and sulindac 
sulfide-loaded PLGA nanoparticles 
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Figure 41. Cellular uptake of the coumarin-6-loaded PLGA nanoparticles 
and native coumarin-6 after 0.5, 1, 2, 4 h incubation at 0.250mg.ml 
nanoparticles concentration by HT-29 colon cancer cells 
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Figure  42. Laser scanning microscopy of HT-29 colon cancer cells after 2h 
incubation with native coumarin-6 and coumarin-6-loaded PLGA 
nanoparticles at 0.250mg/ml concentration 
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Figure 43. In vitro viability of HT-29 colon cancer cells treated with placebo 

PLGA, sulindac sulfide-loaded PLGA nanoparticles and Drug D-loaded 

PLGA nanoparticles at varying concentrations after 24 (upper), 48 (middle), 

72(lower)h culture, respectively (n=3) 
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Figure 44. In vitro viability of HT-29 colon cancer cells and NCM 460 normal 
colon cells treated with placebo PLGA nanoparticles at the same 1, 30, 60, 
90, 120, 150, 180, 200�g/ml nanoparticles concentration after 24h culture 
(n=3) 
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Figure 45. Schematic of a thermoelectric (TE) module  
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Figure 46. Characterization of thermoelectric module. The above graph 
depicts A) the change in temperature of the hot and cold side of the TE module in 
air and PBS as a function of voltage applied, and B) the change in current output 
as a function of voltage applied.   



 
 

157 
 

 

 

 

 

 

 

 

Figure 47. Attachment of Pluronic F127 to silicon wafer coated with 50 and 
100mg/ml PMMA  



 
 

158 
 

 

 

Figure 48. In vitro viability of HT-29 colon cancer cells treated with Pluronic 
F127 drug delivery system (DDS) containing no drug (4.5V), drug (sulindac 
sulfide- or Drug D-loaded PLGA NPs) (0V) and  drug (sulindac sulfide- or 
Drug D-loaded PLGA NPs) (4.5V) . Drug treatment: A) sulindac-sulfide-loaded 
PLGA NPS and B) Drug –loaded PLGA NPs  
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Table 9. 

Size, polydispersity, charge, drug encapsulation efficiency and drug content of 
PLGA nanoparticles with Drug D, sulindac sulfide or placebo (no drug) 

Formulation  Particle 
size 
(nm)  

Polydispersity 
Index (PDI) 

Zeta 
potential 
(mV) 

± SEM  

% Drug 
Encapsulation 
±SEM 

%Drug 
content 
±SEM  

PLGA NPs 216.5 
±2.9 

0.041 ±0.016 -20.36± 
1.29 

--- --- 

Sulindac sulfide 
loaded PLGA 

NPs 

279.1± 
2.9 

0.160 ± .007 -23.43± 
0.90 

63.01± 0.47 5.8 ± 
0.04 

Drug D Loaded 
PLGA NPs 

281.8 
±4.2 

0.113 ± 0.015 -22.35± 
0.73 

61.14± 0.11 14.7 ± 
0.03 



 

 

 

 

 

 

 

 

Table 10. 

IC50 values of native sulindac sulfide, native Drug D and PLGA nanoparticles with 
sulindac sulfide, Drug D or without drug (placebo) after 24, 48, 72 h incubation 
with HT-29 colon cancer cells (n=3)

160 

values of native sulindac sulfide, native Drug D and PLGA nanoparticles with 
sulindac sulfide, Drug D or without drug (placebo) after 24, 48, 72 h incubation 

29 colon cancer cells (n=3) 

 

values of native sulindac sulfide, native Drug D and PLGA nanoparticles with 
sulindac sulfide, Drug D or without drug (placebo) after 24, 48, 72 h incubation 

 



 

 

 

 

 

 

 

 

 

Table 11.  

Thickness of PMMA film as a function of 
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Thickness of PMMA film as a function of PMMA concentrations 
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