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ABSTRACT 

 

This thesis focused on an implantable encapsulated structures that can deliver localized heating 

and controlled released of prodigiosin (PG) (a cancer drug) synthesized by bacteria (Serratia 

marcescens (subsp. marcescens)). Prototypical poly-dimethyl-siloxane (PDMS) packages, 

containing well-controlled micro-channels and drug storage compartments, were fabricated along 

with a drug-storing polymer produced by free radical polymerization of Poly(N-

isopropylacrylamide)(PNIPA)-based gels. The mechanisms of drug diffusion of P(NIPA)-based 

gels were elucidated.  Scanning electron microscopy (SEM) and optical microscopy were used to 

study the heterogeneous porous structure of the P(NIPA)-based gels. The release exponents, n, of 

the gels were found to be between 0.5 and 0.81. This is in the range expected for Fickian 

diffusion (n = 0.5). Deviation from Fickian diffusion was also observed (n > 0.5). The gel 

diffusion coefficients were shown to vary between 2.1 x10
-12

 m
2
/s and 4.8 x10

-6
 m

2
/s. Statistical 

analyses were carried out on the variations of the data presented using Minitab software package 

16. HPLC analysis on the purity of prodigiosin synthesized was determined to be 92.8%. The 

effects of localized release of PG and paclitaxel (PT) on cell viability were elucidated via 

clonogenic assay testing on MDA-MB-231 breast cancer cell line. The results were validated 

using models to establish the effective diffusivity of PG and bromophenol blue (BB) released 

from the devices into a surrounding scaffold that mimicked cancer tissue. Degradable implants 

made from poly(lactic-glycolic-acid) (PLGA) were also studied to determine their potential 

application for drug delivery. Degradation rates and drug release kinetics were elucidated. 

Implications in the results were discussed for localized treatment of breast cancer via controlled 

drug delivery systems combined with localized hyperthermia. 

Keywords: localized drug delivery, biomedical device, hydrogels, prodigiosin, biodegradable  

        devices, degradation rate, cancer drug delivery, cell viability and statistics. 
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CHAPTER ONE 

1.0 Background and Introduction 

1.1 Introduction 

 

The increasing incidence of cancer [1] has stimulated research on the development of novel 

implantable devices for the localized treatment of cancer [2-4]. Cancer is currently the second 

leading cause of death worldwide after cardiovascular disease [5, 6]. Current trends also suggest 

that cancer will become the leading cause of death by 2030 [5, 7]. Furthermore, standard 

treatment methods, such as bulk systemic chemotherapy [1, 4, 8] and radiotherapy [9-11], have 

shown severe side effects. There is, therefore, the need to develop localized cancer treatment 

methods to mitigate these side effects. 

One approach that can be used to reduce the potential side effects of cancer treatments is to 

use localized drug delivery that can reduce the higher concentrations of cancer drugs in a tissue. 

This can be achieved by using implantable drug eluting devices for the localized delivery of 

drugs [4, 12]. Such approaches can also be combined with localized hyperthermia in cancer 

treatment [13, 14]. Recent research by Yaoming et al., (2012) [12], has also shown that 

haematoporphyrin based-photodynamic therapy, combined with hyperthermia, provides an 

effective therapeutic vaccine against colon cancer growth in mice.  

The uptake, storage and delivery of cancer drugs can be facilitated by the use of gels [16-18]. 

These include environment-sensitive gels that can respond to local stimuli, such as temperature, 

pH, electric fields and solvent composition [2, 19-21]. The swelling and controlled release of 

cancer drugs [22, 23] from such gels can, therefore, provide the basis for the design of 

implantable biomedical systems for the localized treatment of cancer. However, such controlled 

release requires a good basic understanding of phase transitions [22, 23], swelling and diffusion-

controlled release from smart hydrogels. 
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Thermo-sensitive hydrogels have been explored for their potential use in drug delivery [4, 

12, 24, 25]. These include poly(N-Isopropyl acrylamide) P(NIPA), which is a thermo-sensitive 

hydrogel. PNIPA has a lower critical solution temperature (LCST) of about 32˚C in aqueous 

solution, especially when it has been cross-linked [12, 26]. P(NIPA) is produced by reacting 

TEMED with P(NIPA)-based gels through free radical polymerization. The process is terminated 

by exposing the samples to air. Freezing the samples below 9˚C also helps to produce 

heterogeneous microporous hydrogels with interconnected pores. It has also been reported that 

the LCST of P(NIPA) is dependent on the pH, with the LCST increasing with increasing pH [27].  

Furthermore, crosslinking P(NIPA) with acrylamide helps to effectively increase the LCST, 

while cross-linking with butyl-methylacrylate decreases the LCST [4]. Such control of the LCST 

makes P(NIPA)-based gels attractive for potential applications in drug delivery systems. 

However, there is a need for further research to prepare NIPA-based gels for potential 

applications in drug delivery systems for the localized treatment of diseases such as cancer. 

This thesis presents the results of an experimental study of the kinetics of cancer drug release 

(bacterial-synthesized prodigiosin drug release) from an implantable device in which prodigiosin 

(PG) is soaked in encapsulated P(NIPA) gels. The P(NIPA)-based gels were encapsulated in a 

poly-di-methyl-siloxane (PDMS) biocompatible package with micro-channels that facilitate the 

delivery of cancer drugs such as paclitaxel
TM

 (PT) and prodigiosin. Control experiments were 

also performed in which gel swellings and drug release kinetics was studied at temperatures that 

are relevant to hybrid treatments that involve chemotherapy and hyperthermia. This study also 

conducted the effect of cancer drugs (PG and PT) on cell viability. The implications of the results 

are then discussed for the design of implantable biomedical structures for the localized treatment 

of breast cancer.  
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The field of controlled release has since been borne out of this motivation to develop systems 

that release drugs in a controlled and effective manner. This can be appreciated by examining 

Figure 1.1. It shows the changes in the blood plasma levels following a single dose 

administration of a therapeutic agent. This figure shows the blood plasma level rises rapidly and 

later decays exponentially as drug is metabolized and excreted from the body [8]. Moreover, the 

figure shows drug concentrations above which the drug produces undesirable/toxic side effects. 

The therapeutic window is the difference between these two levels, which is usually based on a 

dose-response of the median 50% of a population [28]. 

 
Figure 1.1: Drug concentration following absorption of therapeutic agent as a function of 

time. Redrawn after Roseman and Yalkowsky, 1976 [29]. 

 

1.2.1 Implantable Biomedical Devices 

 

   Implantable biomedical devices represent a new class of devices that can be used to provide 

localized cancer drug delivery [30]. They can be inserted in regions that surround cancer tissue, 

and to deliver surgical drugs, in ways that reduce the short and long term effects of bulk 
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chemotherapy. Implantable biomedical devices typically contain a drug reservoir that can be 

used to provide drugs locally to tumor sites [28].  

The delivery can be achieved by a number of mechanisms. They include:  

a) Polymer drug release can be developed by incorporating swelling hydrogels as the membrane 

covers for the micro reservoirs;  

b)  Generate sufficient pressure to move the drugs;  

c)  Obtain enough displacement to achieve a desired flow rate and electromechanical response 

of a polymer material to an external source. The drug release kinetics relates to the surface 

properties, liquid uptake behavior and, swelling diffusion. 

 

1.2.2 Cancer and Cancer Statistics 

 

    According to the National Cancer Institute, cancer can be thought of as an uncontrolled 

cellular growth that is caused by the malfunction of specific genes that are responsible for 

regulating cell growth and division (Fig. 1.2). This malfunction is attributed to changes in 

deoxyribonucleic acid (DNA) sequence, and mutation of the genes. It is projected by World 

Health Organization (WHO) that global cancer rates could increase by 50 % to 15 million by 

2020 [31].  

    The incidence of different types of cancer that are observed in men and women are 

summarized in Table 1.1 [32]. Breast cancer is not only the most common form of cancer in 

women but also the second leading cause of death in women diagnosed with cancer. One in 

eight women will actually have breast cancer during their lifetimes. Forecasted changes in 

population demographics in the next two decades suggest that even if current global cancer 

rates remain unchanged, the estimated incidence of 12.7 million new cancer cases in 2008 [32] 
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will continue to rise to 21.4 million by 2030, with almost two thirds of all cancer diagnoses 

occurring in low- and middle-income countries [32]. 

    Recent reports from the American Cancer Society researchers estimated 1,529,560 new 

cancer cases and 569,490 deaths from cancer in 2010 [33]. In the United States, the incidence of 

breast cancer in women is on the increase. This was released following successful screening 

exercise done in some developed nations [34], including the United Kingdom, Denmark, the 

Netherlands, and Norway [35]. 

 

Figure 1.2: Shows the growth rate of cancer cells compared with the normal cell growth. 

(Redrawn from Ferley et al., 2010) [32]. 
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Table 1.1: World 10 Most frequent cancer in men and women in 2008 [32]. 

Commonest in Men Commonest in Women Both Cases 

Type of cancer Number % Type of 

cancer 

Number % Type of 

cancer 

Number % 

Lung 1,095,000 16.5 Breast 1,383,000 22.9 Lung 1,608,000 12.7 

Prostrate 913,000 13.8 Colorectum 570,000 9.4 Breast 1,383,000 10.9 

colorectum 663,000 10.0 Cervix uteri 529,000 8.8 Colorectum 1,233,000 9.7 

Stomach 640,000 9.6 Lung 513,000 8.5 Stomach 989,000 7.8 

Liver 522,000 7.9 Stomach 349,000 5.8 Prostrate 913,000 7.2 

Oesophagus 326,000 4.9 Corpus uteri 287,000 4.8 Liver 748,000 5.9 

Bladder 297,000 4.5 Ovary 225,000 3.7 Cervix 

uteri 

529,000 4.2 

Non-Hodgkin’s 

lympoma 

199,000 3.0 Liver 225,000 3.7 Oesophagu

s 

482,000 3.8 

Leukaemia 195,000 2.9 Thyroid 163,000 2.7 Bladder 386,000 3.0 

Liporal cavity 170,000 2.6 Non-

Hodgkin’s 

lymphoma 

156,000 2.6 Non-

Hodgkin’s 

lymphoma 

355,000 2.8 

 

 

1.2.3 Major Causes of the High Incidence of Breast Cancer 

 

Breast cancer incidence in women who obtained mammograms increased from 32 to 63 % in 

ages ranging from 40 to 49 between 1987 and 1998. Also, for women between the ages of 50 and 

64, the incidence of breast cancer increased from 31 to 73 %, upon receiving a mammogram, 

during the period between 50 and 64 [36]. 

   The increased incidence of breast cancer is attributed partly to risk factors such as smoking 

[37], fatty diets and or obesity [38, 39], the use of hormones for birth control [40], delay or 
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refraining from child birth in the Western or developed countries [41, 42], oral contraceptives 

[43], excessive alcohol consumption [44-46], genetic factors [47, 48], and previous exposure to 

radiation treatments [49]. 

Breast cancer has been recently reported as the second leading cause of cancer death among 

women [50]. Low doses of alcohol consumption (for example, ≤ 1 drink/day) increase the risk of 

breast cancer to about 4% [51], while heavy alcohol intake (for example, ≥ 3 drink/day) is 

reported to increase risk from 40-50% [52,53]. Moreover, regular high alcohol intake has also 

been reported to increased breast cancer mortality [54].  

The role of epigenetic mechanisms in alcohol-related breast cancer has also been 

investigated. In a recent study by  Christensen and coworkers (2010) [55], methylation profiles 

of 1,413 cytosines showed a strong trend toward decreased DNA methylation with increasing 

alcohol intake, and a trend toward increased methylation with increasing dietary folate. Other 

studies have shown altered methylation patterns for several genes associated with alcohol 

consumption, including hypermethylation of the estrogen receptor (ER-α) [56] and E-cadherin 

genes [57] and also hypomethylation of protein 16 (p16) [57]. 

In addition, sequential higher estrogen exposure is capable of inducing aberrant DNA 

methylation which is associated with breast carcinogenesis in both in vivo and in vitro conditions 

[58]. These elucidations suggest possible mechanisms of alcohol-induced carcinogenesis in 

breast cancer. Therefore, a woman is at risk of getting breast cancer depending on her overall 

exposure to estrogen across her life span. Earlier menstruations among women in addition to 

those who reach menopause at an older age have a higher cumulative estrogen exposure. This 

explains that, such women have a high risk of getting breast cancer than women with a shorter 

menstrual life. Postmenopausal alcoholic women have higher estrogen levels than women who 

are not alcoholic, increasing their overall estrogen exposure, which may in turn increase breast 

cancer risk [58]. 
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However, in the case of developing countries, where the lifestyles are different, reasons for 

the increased incidence of cancer are not fully understood. However, it is anticipated that the 

incidence of breast cancer will continue to increase in developing nations, as they experience 

economic growth that increases incidence of the risk factors associated with the lifestyles in 

developed nations.  

 

1.2.3 Stages in Cancer Development 

 

 Cancer begins when a cell breaks free from the normal restraints on cell division and begins 

proliferation indefinately. The stages of malignant tumor development over time are shown in 

Figure 1.3.  Tumors develop due to approximately four types of mutations though the number of 

mutations involved in different types of tumors differs. The exact number of mutations required 

for a normal cell to fully undergo malignancy cell is not known. It has been predicted that the 

number probably could be less than ten [59].  

 Generally, a tumor begins to develop when a cell experiences mutation in specific genes that 

control cell division. This makes the cell more readily divide than is normally the case. 

Moreover, because of this mutation, the altered cell and its descendants develop and divide more 

often to a condition termed as hyperplasia.  

 At some point, one of these cells experiences other mutations which further increase its 

tendency to divide. This cell's descendants divide excessively and also look abnormal, a 

condition called dysplasia.  

 Over time, one of these cells experiences yet another mutation. This cell and its descendants 

are very abnormal in both growth and appearance. If the tumor formed from these cells is still 

contained within its tissue of origin, then it is called in situ cancer which may remain indefinitely 

in the body. Any additional mutations to this in situ cancer cell grant the tumor the ability to 

invade neighboring tissues and also shed cells into the blood or lymph, which causes the tumor 
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to be malignant. This stage is very difficult as cells may escape to establish new tumors 

(metastases) at other locations in the body. 

 
Figure 1.3: Stages in Cancer Development (Modified after referece [59]). 

 

1.2.4. Metastasis 

 

 Metastasis occurs due to the adaptation of cancer cells to tissue microenvironments at 

distances from the primary tumor [60]. Metastasis involves several stages:  first, cancer cells 

break away from the primary tumor to invade the host stroma, intravasate and moved into the 

lymphatic or blood vessels. These cells then spread to the capillary bed of distant organs, where 

they basically invade the new surrounding tissues and proliferate to form secondary tumors [61, 

62] leading to colonization [63-65].  

 Detection at an early stage, before cells begins to spread can often be treated successfully by 

conventional cancer therapies such as surgery, chemotherapy and local irradiation [60]. 

Metastatic diffusion of cancer cells remains the most important clinical problem and late 

detection before cells metastasize renders treatment to be less successful [63]. The ability of 
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tumor cells to is dependent on their ability to exit from the blood circulation, to colonize distant 

organs, and to grow in distant organs.  

 However, only a very small number of tumor cells in the blood stream survive to reach the 

target organ [64-67]. Although several carcinoma cell enters the circulatory system, most of 

them die during transportation with only 1-5% of viable cells which later lead to the formation of 

secondary deposits in distinct sites [64-67]. Steps in the metastasis process are shown in Figure 

1.4. 

 

Figure 1.4: Steps in the Metastasis Process (Redrawn after Esquivel et al., 2013) [60]. 

 

 Cell-cell interactions and adhesion between tumor and the endothelium cells in distant tissues 

aid metastasis [68-70]. Significant contributions to the adhesion of cancer cells include; direct 

tumor cell interactions with platelets, fibroblasts and monocytes/macrophages, 

polymorphonuclear cells, soluble components, cytokines, chemokines, proteins of the 

extracellular matrix, growth factors including other molecules secreted by host cells, 

extravasation, and the establishment of metastatic lesions [71-74]. Metastatic cancer cells require 

conducive-microenvironments to adapt to their continued proliferation and survival [63-65]. 
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 My discussion with Dr. Karen from Princeton University revealed the importance of Caderin 

genes in cancer development, especially in metastasis. Cadherins genes make cells to adhere to 

one another. When a cancer cell escapes from the primary tumor site, the cadherins changes to 

enable the cell to leave its original site and then move into other tissues and loacations in the 

body. 

 

1.2.4 Microenvironment Promoting Tumor Migration 

 

 Tumor microenvironment is composed of stromal fibroblasts, myofibroblasts, myoepithelial 

cells, macrophages, endothelial cells as well as leucocytes/extracellular matrix (ECM) and 

soluble factors derived from tumor cells [60]. The inflammatory environment surrounding a 

tumor promotes the breaking of the basal membrane, a process required for the invasion and 

migration of metastatic cells [75]. Tumor cells produce cytokines and chemokines to facilitate 

evasion of the immune system and also help to establish the development of metastasis (Fig.1.5).  

 

Figure 1.5: The tumor microenvironment and its role in promoting tumor growth 

(Redrawn from César Esquivel et al., 2013) [60]. 
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The increase of tumor-associated macrophages (TAMs) is associated with poor prognosis 

through various mechanisms. This includes; a) release by macrophage IL-10 and prostaglandin 

E2 which suppress antitumor response, b) easy to release angiogenic factors such as vascular 

endothelial growth factor (VEGF), endothelial growth factor (EGF), endothelin-2 plasminogen 

activator promote tumor growth, and c) to facilitate cell invasion metastasis by releasing matrix 

metalloproteinase [76, 77]. The tumor microenvironment and its role in promoting tumor growth 

is shown (Fig. 1.5). 

 

1.3 Controlled Drug Delivery 

 

One way of managing the increased incidence of breast cancer is to reduce the side effects 

associated with bulk systemic chemotherapy. This may be achieved by introducing an 

implantable drug delivery system into a region in which cancer tissue has been removed by 

surgery (Fig. 1.6). The loaded drug is gradually released when polymer wafers dissolve away [1]. 

The drug delivery system can then release cancer drugs locally into the tissue surrounding the 

device. In this way, any remaining cancer cells or tissue can be killed, as the eluted drug flows 

into the surrounding tissue. Since the delivery of the drug is localized, the total quantity of drug, 

that is needed to have a therapeutic effect, is reduced significantly. Hence, the potential side 

effects associated with localized cancer drug delivery should be much lower than those 

associated with bulk systemic chemotherapy [4]. In addition, since less drug is used for localized 

treatment, the cost of treatment should be decreased. 
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Figure 1.6: polymer implants loaded with BCNU are lined in a human brain tumor 

resection cavity. (Moses et al., 2003) [78]. 

 

1.4 The Primary Goal 

 

 Diseases such as cancer require repeated administration of drugs over long periods of time, 

ranging from months to years with precise control for reasons of safety and efficacy. There are 

challenges for delivery due to the inaccessibility of the target tissue or organ. In view of this, the 

current work is focused on fabricating fully implantable, self-controlled drug delivery system to 

treat breast cancer. The goal is to produce an implantable biomedical device for localized breast 

cancer drug delivery within Africa and the world. 

 The main advantage of localized delivery is that it reduces the amount of drug that is needed 

to have a therapeutic effect [79]. Hence, localized drug delivery can reduce the side effects 

associated with chemotherapy. These can be further reduced by the synergy that can be 

engineered between localized hyperthermia and localized chemotherapy. 

1.5 Scope of Work 

  The primary objective of this work was to develop implantable biomedical devices for 

localized treatment of breast cancer. The materials that would be effective for localized drug 

release were elucidated. The research was carried out in the following steps: 
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 Poly-di-methyl-siloxane packages with well-controlled micro-channels and drug storage 

compartments were fabricated along with drug storing polymers that were produced from 

non-resorbable poly(N-isopropyl acrylamide) (P(NIPA)) and monomers of (acrylamide 

(AM) and resorbable poly(lactic) acid-co-poly(glycolic) acid. 

 The swelling and fluid release characteristics of the polymers and polymer composites were 

studied using the cancer drugs prodigiosin and paclitaxel
TM

 and also bromophenol blue as a 

control. The mechanisms of drug release were elucidated at temperatures that are relevant to 

cancer treatment. 

 The localized release of prodigiosin, paclitaxel
TM

 and bromophenol blue were studied under 

in-vitro conditions. The experiments establish the drug release rates from micro-channels, of 

different lengths. A combination of diffusion and micro-fluidics concept was then used to 

model the fluid flow through the micro-channels in an implantable cancer drug delivery 

device.  

 This study also considered the kinetics of prodigiosin release from implantable biomedical 

devices for localized cancer drug release. 

 Then the effects of prodigiosin release from an implantable biomedical device on cell 

viability were also studied. 

 This work also presents studies of biodegradable drug delivery systems for localized cancer 

drug delivery. Drug release kinetics, drug loading efficiency, encapsulation efficiency, 

degradation mechanisms, drug release rates, half-lives of drugs and polymer. These were 

studied at 37˚C in phosphate buffer saline solution (PBS) (pH 7.4) under mechanical 

agitation of 60 revolutions per minute (rpm) within an incubator shaker. 

 This work recommended the release of prodigiosin/paclitaxel on tumor shrinkage from 

laboratory rats for future work. This is clearly the challenge for future work. 
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2.0 Literature Review 

2.1 Introduction 

 

 The development of  drug delivery  devices,  a  part  of  which  this  work  addresses,  has  

been  the  focal  point  of research in recent years  [1,2]. In recent years, significant efforts have 

been made to develop devices for the localized treatment of cancer [3].  

 It has been reported that cancer is currently responsible for 20,000 deaths per day and 7.6 

million incidences per year across the globe [4]. In addition, 2.9 million new cases are expected 

to occur in the developed world and 4.7 million new cases are expected to occure in the less 

developed countries. According to the American Cancer Society (ACS); breast, colorectal, and 

lung cancer are the most common forms of cancer in women in developed countries [5], while  in 

developing countries, breast cancer still remains as the most common form of cancer among 

women, followed by cervical, and stomach cancer.  Among cancers in men, the most prominent 

type in developed nations is prostate cancer, followed by lung, and colorectal cancers, whereas 

stomach, lung, and liver cancers are the most common forms of cancer among men in the less 

developed world [5]. 

 This chapter presents a review of prior work and the underlying materials concepts that are 

relevant to the development of drug delivery devices for cancer treatment. These include: cancer 

statistics, challenges in cancer treatments, controlled drug delivery, mechanisms of drug release, 

biomedical implants, swelling characteristics of hydrogels, and drug release kinetics that are 

relevant to implantable drug delivery systems, as well as heat diffusion for localized 

hyperthermia. The chapter also presents work on drug delivery devices, the use of micro-fluidics 

and hydrogels in localized cancer drug delivery, and the use of poly(lactic-acid) (PLA)/ 

Poly(glycolic-acid) (PGA) composites in localized cancer treatment. Finally, the role of surface 
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coatings and surface textures were reviewed for the development of implantable devices that can 

adhere and integrate well with biological tissues. 

 Prior work [6] has shown that breast cancer typically starts in the breast, within thin tubes 

called the ducts. Early stages of breast cancer are within the breast or inside the glands under the 

arms known to be the lymph nodes (Figure 2.1a, b). During breastfeeding, breast milk is carried 

by the ducts, from the milk-producing glands, to the nipple. In the case of invasive breast cancer, 

cancer cells spread beyond the ducts and are found in the fatty tissues of the breast. The cancer 

eventually spreads throughout the body, when it breaches the cell membranes (basement 

membranes). When this occurs, cancer cells can be carried in the bloodstream to induce 

metastases, especially in the lungs and in the bone [6]. Most breast cancers usually arise from the 

lining of the milk ducts, or from the milk glands found within the breast lobes. The most 

common site is the upper outer part of the breast. 

(a)                                                           (b) 

  

Figure 2.1: Illustrating the anatomy of a woman’s breast: (a) without tumor and (b) with 

tumor located within the breast. (a) Adapted from (Paul Crea, St. Vincent’s Clinic (2007) 

and (b) ABC Health and Wellbeing (2005). 

 

  

a 
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2.2 Cancer Statistics 

 

 Cancer is reported to be increasing causing morbidity and mortality in all regions across the 

globe [7]. The increasing population growth suggested that, even if the current trends in cancer 

should remain unchanged, cancer would still contribute to 21.7 million new cases in 2008 [8]. 

Moreover, the statistics indicated that two thirds of the entire global incidence of cancer would 

occur in low and middle-income nations [8]. 

 The ACS report in 2008 projected 715,700 new cancer cases in Africa, 1,034,300 cases in 

Western Europe, 3,720,700 new cases in Eastern Asia, South-Eastern Asia is 725,600, South-

Central Asia, indicating 1,423,100, out of 12,667,500 worldwide estimates contributing to one 

death in eight. Hence, cancer deaths will be more than the deaths due to AIDS, tuberculosis, and 

malaria combined [8].  

 

2.3 The Symptoms of Breast Cancer  

 

 

 Although the origin of cancer is not fully understood, cancer is generally associated with an 

acceleration of cell growth, and errors in the replication of deoxyribonucleic acid (DNA), which 

changes the sequence of DNA. It is very unusual for breast cancer to produce symptoms in its 

early stage. This results in late detection and treatment, and becomes a challenge when cancer 

reaches the metastasis stage. Early detection and secondary prevention via screening are 

therefore the keys to early detection of pre-cancerous cells or tissue. The symptoms of breast 

cancer include; 

 Lymph thickening of breast tissue 

 Swelling in the armpit or around the collar bone 

 Changes in size or shape of the breast 
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 Changes in skin texture such as puckering or dimpling 

 Discharge from nipples such as blood 

 Constant pain in breast or armpit 

 An inverted nipple (changes in the nipple where the nipple is pulled back into the breast 

 Redness or a rash on the skin or around the nipple 

 

2.4 Challenges with Current Cancer Treatment  

 

 The existing bulk systemic cancer treatment methods include; surgery, radiotherapy, 

hyperthermia, chemotherapy, hormone therapy, and immunotherapy. However, the side effects 

of these current treatments are severe. Although surgery has been recognized as one way of 

treating cancer, it can disfigure the patient. Furthermore, there are no guarantees that all of the 

cancer cells or tissue will be successfully removed by surgery. Radiation on the other hand can 

be damaging to the local healthy organs and tissues as well as to the cancer. The use of bulk 

systemic chemotherapy as a method for cancer treatment also has some major challenges [9]. 

This is because only one tenth of one percent of the injected drugs reaches the desired tumor 

sites. Hence, most of the injected drugs kill or damage healthy cells or tissues that do not require 

chemotherapy [10].  

Gregoriadis (1976) [11] explored the potential of liposomes to serve as cancer drug carriers [9]. 

Conventional liposomes have been evaluated chemically and are used in treating Kaposi sarcoma 

(Fig. 2.2). However, they failed to release drugs in a controllable manner to tumors [9].  
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Figure 2.2: Summary of the mechanisms underlying liposome-based drug delivery to 

tumors for the heat-sensitive liposome system (Modified after David and Mark, 2001) [9]. 

 

2.5.0 Cancer Drugs 

 

 There exist many drugs that are used to manage/treat cancer. However, this study is aimed to 

test prodigiosin, a drug synthesized by bacteria, against the known cancer drug, Paclitaxel
TM

 

(PT). 

 

2.5.1 Paclitaxel
TM

 (PT) 

 

 Paclitaxel
TM

 is a chemically-synthesized form of Taxol
®
, which is produced from the bark of 

the Pacific Yew tree (an antileukemic and antitumor   agent from Taxus brevifolia) [12]. But PT 

can also be obtained from a taxane precursor from the needles of the European yew in a semi-

synthetic process. PT has anti-neoplastic property results from its ability to stabilize 

microtubules [13]. This, however, disrupts the normal cell division in the G2 and M phases 

during cell cycle [14] when microtubule function is required. PT is also a substrate for P-

glycoprotein which is a factor that is most likely responsible for multiple drug resistance of 
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tumor cells [15]. Even though the permeability of tumor capillaries is higher than that of the 

normal capillaries, P-glycoprotein actually reduces the concentration of PT in the neoplastic 

tissues [16].  

 The chemical structure of PT is a taxane ring (Fig. 2.3) together with a side chain at position 

C-13 (Fig. 2.3c). The C-13 side chain of the PT structure has been identified as the most vital site 

for biological activity (Horwitz, 1992) [17].  

 
 

Figure 2.3: (a) The Chemical Structure of PT, (b) Nomenclature of PT and (c) Complex of 

 α, β Tubulin Subunits and PT is shown as Yellow Stick. 

 

2.5.2 Prodigiosin (PG) 

 

 Prodigiosin (PG) is a tripyrrole red pigment that is biologically synthesized by bacteria, 

Serratia marcescens (MS) as well as other bacteria. Recent studies have shown that, PG could be 

used as a drug agent for; anticancer, antiproliferative, cytotoxic, antibacterial and also for 

immunosuppressive activities [18-20]. PG has been reported to effectively induce apoptosis in 

hematopoietic cancer cells as well as cells derived from other human cancers (e.g. gastric and 

colon cancers), with no marked toxicity in nonmalignant cell lines [19,21,22].  

 Moreover, Francisco and coworkers (2003) [23] reported the effect and mechanisms of 

action of PG against different human neuroblastoma cell lines (i.e. SH-SY5Y, LAN-1, IMR-32 

(N-type) and SK-N-AS (S-type). PG was described as a proton sequestering agent that has the 

ability to destroy the intracellular pH gradient. The cytotoxic effect of PG was allied with its 
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action on the mitochondria, thereby exerting uncoupling effects on the electronic chain transport 

of protons to mitochondrial Adenosine triphosphate (ATP) synthesis. This action causes the 

production of ATP to be reduced without any decrease in oxygen consumption.  This action is 

unique from those induced by the conventional chemotherapy drugs, showing the possibilities of 

the use of PG as an antitumor agent in the treatment of neuroblastoma. 

 Morphological study of cells treated with PG confirms that PG induces cell shrinkage, 

chromatin condensation, reorganization of actin microfilament architecture and detachment of 

cells from substrates [24]. Moreover, other activities of PG includes; induction of single-and-

double strand DNA breaks modulation of pH, regulation of mitogen-activated protein kinase, and 

inhibition of cell cycle progression [22].  

 PG is soluble in acetonitrile, methanol, chloroform and dimethyl sulfoxide (CH3)2SO 

(DMSO) and insoluble in water. Solutions of PG are stable in acidic pH and unstable under 

alkaline conditions. Solutions, at 2 mg/ml in DMSO or methanol, are stable for at least 6 months 

at -20 °C. The chemical structure of PG including synthesized prodigiosin from Serratia 

marcescens at Sheda Science and Technology Complex, Abuja-Nigeria, are presented (Fig. 2.4).  

 Sumathi and co-workers (2014) [25] presented the optimum conditions required for maximum 

production of prodigiosin were achieved at 30 h, 30˚C, pH 8 and 3% substrate concentration 

(Fig. 2.5). 

(a)     (b)    (c) 

     

Figures 2.4: Prodigiosin: (a) Chemical Structure of Prodigiosin, (b) synthesized prodigiosin 

from Serratia marcescens at Sheda Science and Technology Complex, Abuja, Nigeria. (c) 

Fractions of Purified Prodigiosin. 
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Figure 2.5: Optimum conditions required for maximum production of prodigiosin 

concentration were achieved (at time 30 h, 30˚C and pH 8.0). Reploted from [25]. 

 

2.6 Cancer Drug Delivery 

 

 Substantial progress has been made to develop drug delivery systems for localized cancer 

treatment. Meanwhile, the drawbacks accompanying bulk systemic chemotherapy have inspired 

current efforts toward the development of new approaches to enhance localized chemotherapy 

[2]. This section presents a review of drug delivery approaches that are relevant to localized 

treatment. Current developed drug delivery devices include: local chemotherapy; controlled 

cancer therapeutics; liposomal systems; transdermal drug delivery patches; microchips; micro-

pumps; microspheres; polymer conjugates (Figure 2.6a), and a multi-well silicon-based drug-

release device (Figure 2.6b).  

 However, these approaches of drug delivery lack specificity and consistency and also expose 

drugs to nontarget cells/tissues to drugs. These approaches also lack the ability to deliver 

controlled amounts of drugs to selected tissues. The primary objective of this work is to develop 

implantable biomedical devices for localized treatment of breast cancer. The materials issue 

associated with localized drug release will also be elucidated. 
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Figure 2.6a: A variety of different delivery strategies that are currently being used or in 

testing stage to treat human cancers (Hildebrandt et al., 2007) [26]. 

 

 

Figure 2.6b: Multi-well silicon-based drug-release device, adapted (Modified from Santini 

et al., 1999) [27]. 
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2.7 Micropumps 

 

 Micropumps, as well as microneedles, are microfluidic products used in the biomedical field, 

especially in drug delivery [28]. Micropumps are classified into two groups, depending on the 

actuation mechanisms involved in the device operation. For instance, there are those that operate 

mechanically, and others that are non-mechanical. A comprehensive review of prior work on 

micropumps has been presented by Ashraf et al., in 2011 [28]. This summarizes microfluidic 

design approaches, their performance parameters, working principles, fabrication techniques, and 

safety issues. Flow is usually controlled, although some devices may rely on natural driving 

forces (such as diffusion and osmosis) to deliver drug concentrations locally within the 

therapeutic window. 

 

Figure 2.7: Schematic illustration of transdermal drug delivery system: Redrawed from 

(Ashraf, et al., 2011) [28]. 

 

 There has been progress in recent times toward developing micro-fluid transdermal drug 

delivery devices [29]. A schematic illustration of a transdermal drug delivery system is shown 

(Fig. 2.7) above. In such a device, the actuator provides the necessary force required for fluid to 
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flow in the device. The valve also plays a significant role in micro-pumps, as it controls the flow 

of fluid through the device and closes when necessary. 

 

2.8 Drug Delivery Polymers 

 

 In recent years, there have been increasing efforts to develop biodegradable polymers for 

drug delivery systems [30-33]. These have favor because such systems do not require surgical 

removal, once the drug supply is depleted. There are efforts by major chemical companies to 

make monomers and polymers that are readily more accessible. The mechanism controlling 

biodegradation of a polymer is basically hydrolysis of the ester linkages, which gives an idea on 

the role played in in vivo performance of the lactide or glycolide materials. Moreover, the 

crystallinity of the materials and the intake of water are also factors that can determine the rates 

of the in vivo degradation of the polymer. 

 Poly-caprolactone and its copolymers have been explored for controlled drug delivery 

[34,35]. Natural and Synthetic polymers mostly are used for drug delivery because they have 

minimal effect on the biological systems after their integration into the body. Degradation in vivo 

is at a well-defined rate to nontoxic compounds, and this has been long explored to have readily 

excreted degradation products [36]. But a natural polymer remains more attractive since they are 

readily available. More to the point, the natural polymers are relatively inexpensive and they can 

be chemically modified. 

 

2.9 Hydrogels 

 

 Hydrogels are three-dimensional polymeric materials with enormous swelling capacity in 

aqueous medium due to their water-swollen network (Cross-linked structures) of hydrophilic 

homopolymers or copolymers [37,38]. Weaker forces such as Van der Waals forces and 
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hydrogen bonds serve as cross-links to create the swollen network. Polymeric material in its dry 

state is called a xerogel, regardless of the nature of its swelling medium. 

Thus: Xerogel  +  water → hydrogel         (2.1) 

Hydrogels can undergo structural changes due to changes in pH, temperature and environment 

[39]. Hydrogels are covalently bonded polymeric networks that contain water. They are formed 

by simply reacting one or more co-monomers [2,40]. Hydrogels can also be physically cross-

linked from entanglements, associated bonds such as hydrogen bonds or strong Van der Waals 

interactions between chains [37]. 

 

2.9.1 Poly(N-Isopropyl acrylamide) (PNIPA)-based Hydrogels 

 

 Considerable progress has been made in understanding P(NIPA)-based hydrogels [3,41,42]. 

Smart hydrogels have been studied in recent years to harness their swelling behaviors and the 

release of fluids from the polymer matrix in response to environmental stimuli such as 

temperature, pH, electric field and solvent composition [1,43,44]. P(NIPA)-based hydrogels can 

be used to store and release controlled amounts of drugs. They have the potential to be used for 

applications in drug delivery systems [45,46]. One drawback to P(NIPA) hydrogels is that they 

are not biocompatible, but that problem can be solved. 

Thermo-sensitive hydrogels have recently been explored for their potential in drug delivery 

[2,40,47]. The table (2.1) below shows some common monomers used in synthesizing 

temperature-sensitive hydrogels/microgels. 
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Table 2.1: Monomers Used in Synthesizing Temperature-Sensitive Hydrogels/Micorgels. 

                 

 

 

 P(NIPA) is a thermo-sensitive hydrogel with a lower critical solution temperature (LCST) 

(Fig. 2.8) of about 32˚C in an aqueous solution especially when it is cross-linked with other 

monomers [48].  
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Figure 2.8: Phase Diagram for P(NIPA)-based Hydrogel in Water (first figure from left); 

(a) when the application temperature is less than the lower critical solution temperature 

(LCST), (b) when the application temperature is greater than the LCST and (c) drug 

molecules will be released from the hydrogel if T > LCST through the loosely bonded gel 

structure or will not if T < LCST. 

 

   P(NIPA)-based hydrogels exhibit swelling transitions around 32˚C [49] although 33˚C [40] 

and 34˚C [2] were reported in recent studies for P(NIPA)-based homopolymers. Examples of 

some temperature-sensitive hydrogels have been presented (Table 2.2). 

Table 2.2: Structures of Some Temperature Sensitive Polymers

 

 

 It is also noted that the LCST can be modified through copolymerization/crosslinking to 

achieve LCSTs closed to the physiological human body temperature (~ 37˚C). This makes 

P(NIPA)-based hydrogels attractive for potential applications in controlled drug release. A recent 
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study shows that polyelectrolytes can affect the LCSTs of P(NIPA)-based hydrogels [50]. It has 

also been reported that the LCSTs of P(NIPA) is dependent on pH and its LCSTs increase with 

an increase in pH [50]. Moreover, crosslinking NIPA with acrylamide helps to effectively 

increase the LCST [2,40]. 

 When P(NIPA) is heated above a critical temperature of 32˚C-35˚C in water, it undergoes a 

reversible temperature phase transition from a swollen hydrated state to a shrunken dehydrated 

state, thereby losing about 90% of its mass [2,40,48]. The ability of P(NIPA)-based hydrogel to 

store and release incorporated drugs/fluids motivated many to investigate the possible 

applications of P(NIPA) to be used in controlled drug-delivery [2,40,51].  

 However, further work is needed to explore new ways of improving the swelling and drug 

release kinetics of P(NIPA)-based hydrogels [2,52,53,54]. This could help to obtain smart 

hydrogels for sensitive drug delivery systems. Other works improved upon the swelling 

performance of P(NIPA)-based hydrogels by forming interpenetration polymer networks inside 

the hydrogel [55].  

 In spite of the numerous advantages of hydrogels, they offer poor mechanical properties as 

earlier reported by Flory [39] including low strength and low modulus, especially in the swollen 

state. This has led to the development of new gel composites that consist of polyurethane foams 

and P(NIPA) [39].    

 

2.9.2 Polyacrylamide-based Composite 

 Acrylamide (AM) monomer can be cross-linked with small amounts of methylene-bis-

acrylamide (MBA) by polymerization. MBA is used as a cross-linking agent because of its two 

acrylamide molecules linked by a methylene group. The AM monomer usually polymerizes in a 

head-to-tail manner into long chains which contribute to building growing chains. This also 
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initiates other sites for chains to extend. The polymerization of AM is characterized by free-

radical catalysis [56], hence ammonium persulfate (APs) and the base N,N,N’,N’-tetra-methyl-

ethylene-diamine (TEMED) can serve as initiators (catalysis) for the process (Table 2.3).  

 

Table 2.3: Polymerization of PNIPA-Based Gel, copolymerized with BMA. 

 

1
Initiation, 

2
Propagation (free radicals are very reactive causing structural change), 

3
Polymerization stage, 

4
Crosslinking with MBA. TEMED catalyzes the decomposition of the 

persulfate ion to give a free radical (i.e. a molecule with an unpaired electron).  

 

 Furthermore, TEMED catalyzes the decomposition of the persulfate ion to give a free radical 

(i.e. a molecule with an unpaired electron) [57]. 
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S2O8
2− + e− → SO4

2− + SO4
−                                                   (2.2) 

 

The polymerization can be represented by equation (2.3). Suppose we let as Ṙ represent the free 

radical and M represent the acrylamide monomer molecule. This implies: 

𝑅 +𝑀 ̇ → 𝑅𝑀̇ 

𝑅𝑀̇ +𝐴̇ → 𝑅𝑀𝑀̇ 

RMṀ + M → RMMṀ, and so forth                              (2.3)  

  

where 𝐴̇ is an unpaired electron, Ṁ is a radical of acrylamide molecule, while 𝑅𝑀̇, 𝑅𝑀𝑀̇ and 

RMMṀ represents the growth of long chains until the polymerization process is terminated. This 

develops longer acrylamide chains, especially when an MBA molecule is introduced into the 

solution. Butyl-methyl-acrylamide (BMA) can also be used as a hydrophobic co-monomer for 

copolymerization. Figure (2.9), illustrates a polymerization step for P(NIPA)-based hydrogel 

copolymerized with BMA. 

 

2.10 Biodegradable Polymers  

 

 Biodegradable polymers studied in recent times belong to the polyester family: poly(lactic 

acid) (PLA) and poly(glycolic acid) (PGA). PLA, PGA, and their copolymers have countless 

clinical applications [58,59]. The polymer chains can degrade hydrolytically and or 

enzymatically. PGA is normally synthesized by rigid opening of glycolide. PGA is a highly 

insoluble polymer and it is unremarkable when used as a copolymer with PLA.  The table below 

(Table 2.4) shows a list of biodegradable polymers and their repeated unit structures [60]. PLGA 

can also be copolymerized with other monomers such as polyethylene glycol (Fig. 2.9) for 

biomedical applications [60-62]. 
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Figure 2.9: Shows the Polymer Unit Structures of PGA, PLA, PLGA and PLGA-

PEG:Polymer Unit Structures: Typical Synthetic Route of a PLGA-PEG Diblock 

Copolymer.  

 

Table 2.4: List of biodegradable polymers and their polymer repeated unit structures.

 

 

 Biodegradable microparticles have also been formulated from PLAs or PLGAs for controlled 

drug release [31]. PLAs or PLGAs have shown greater biocompatibility and biodegradability 

[32,33] than P(NIPA)-based hydrogels.  By altering a number of factors such as polymer 

composition, molecular weight, size and surface characteristics, well-defined degradation rates 

can be achieve to control the release of encapsulated therapeutic agents [30].   
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 The largest application of PLA/PGA polymers is in drug-delivery systems, resorbable 

sutures, and other orthopedic fixation devices such as pins, rods, and screws [63,64]. PGA is also 

known to be a rigid thermoplastic material with a high crystallinity (40-50 %). Its glass transition 

temperature and melting temperature are 36
˚
C and 225

˚
C, respectively [65]. 

2.11 Mechanism of Polymer Degradation 

 

 Degradation is a chemical process which alters both the chemical composition of the polymer 

as well as its physical parameters. These include; the polymer color, crystallinity, chain 

flexibility, cross-linking, chain conformation, molecular weight distribution and branching [66]. 

The nature of weak links and polymer end groups has an effect on the stability of a polymer [66]. 

Polymer degradation involves chain scission by cleavage of bonds between the monomers in the 

polymer backbones [66]. There exist four major modes of polymer degradations. These include; 

photo-degradation, mechanical degradation, thermal-degradation and chemical degradation. 

Predominantly, biodegradation of polymers occurs by chemical degradation where hydrolysis 

depicts the mode of chemical degradation [67]. Polymer degradation is characterized by weight 

loss when soaked in water/phosphate buffer saline (PBS). The weight change can be observed 

using: 

𝑀𝑡

𝑀𝑖
= √𝑡          (2.4) 

where Mt is the mass of the polymer at time t, Mi is the initial mass of the polymer, and t is the 

degradation time. The concentration of the solvent in the polymer is then determined from: 

𝐶(𝑡) =
𝑊𝑤−𝑊𝑑

𝑊𝑠𝑎𝑡 
         (2.5a) 

𝑊𝑠𝑎𝑡 = 𝜌𝑉          (2.5b) 
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where Wd is the dry weight of the polymer, Ww is the weight when immersed in a fluid for 

control duration, Wsat is the saturated polymer weight, ρ is the density of the water/PBS used and 

V is the volume of the sample.  Moreover, the chemical reactions can be estimated from the 

reaction kinetics: 

𝑑𝐶

𝑑𝑡
= −𝑘𝐶𝑛          (2.6) 

where k is the reaction rate constant, n is the order of reaction, C is the concentration of drug 

release at time t. Therefore, for a first order (n = 1) and at t = 0, C = Co. This gives an 

exponential time dependent of drug concentration and equation (2.7) becomes: 

𝐶(𝑡) = 𝐶𝑜𝑒
−𝑘𝑡         (2.7) 

In addition to the mass loss, the molecular mass change can be obtained using gel permeation 

chromatography, while thermal analyses are obtained using differential scanning calorimetry 

(DSC) and morphological features are obtained with scanning electron microscopes (SEM) and 

optical microscopes or similar techniques. The effect of the average molecular weight change 

due to the presence of moisture causes hydrolytic degradation as presented below [66]: 

𝑀𝑛
′ =

𝑀𝑛

[1+𝑥(
𝑀𝑛

1800⁄ )]
         (2.8) 

 

where 𝑀𝑛  is the initial average molecular weight of the polymer, 𝑀𝑛
′  is the average molecular 

weight after reaction with water and x is the water content (weight %). The rate of polymer melt 

degradation is generally represented by the equation [66]: 

1

𝑁
=

1

𝑁𝑜
+ 𝑘𝑜𝑒

(−𝐸 𝑅𝑇𝑡⁄ )         (2.9) 

where No and N are the initial and final number average degree of polymerization, respectively. 

Moreover, ko is degradation rate constant, E is activation energy, R is the universal gas constant, 
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T is the degradation temperature (K) and t is the time (m). However, due to the difficulty in 

obtaining the degree of polymerization, the intrinsic viscosity, 𝜂 is often related to the 

polymerization using Mark Howink equation: 

𝜂 = 𝑏𝑁𝛽          (2.10) 

𝐶𝜂 = 𝑘𝑀𝑛
𝛼 = 𝐶𝜂.𝑒−𝛼𝑘𝑡       (2.11) 

where η is the intrinsic viscosity, b  and 𝛽 are constants which depend on the type of polymer, 

and α is the Mark-Houwink exponent which depends on the solvent in which the polymer 

degrades. The rate of degradation of the polymer melts then becomes [66]: 

1

𝜂
1
𝛽⁄
=

1

𝜂0
1
𝛽⁄
+ 𝑘𝑜(

1
𝑏⁄ )

(1 𝛽⁄ )

𝑒(
−𝐸

𝑅𝑇𝑡⁄ )      (2.12) 

where ηo and η are the initial and final intrinsic viscosities, E is the activation energy of the 

polymer, while b  and 𝛽 are constants which depend on the type of polymer. 

 

The rate of polymer erosion can also be given as: 

𝑑𝑀

𝑑𝑡
= −𝑘          (2.13) 

where M is the polymer mass at any time, t and k is the kinetic rate constant of the degradation. 

For a 1-D erosion and constant density of fluid, 
𝑑𝑀

𝑑𝑡
= −𝑘 can be rearranged as: 

 
𝑑𝑙

𝑑𝑡
= −𝑘′          (2.14) 

where l is the dimension of the polymer in the direction of degradation front at any given time t, 

and k’ is the adjusted rate constant (l = lo – 𝑘′t). 



40 

Metters et al., [61,62] devised statistical kinetic models to predict polymer degradation behavior, 

which says that the probability (P) of any random PLA unit been hydrolyzed is given by: 

𝑃 =  1 − 𝑓𝑃𝐿𝐴  =   1 – 𝑒
−𝑘’𝑡        (2.15) 

where  𝑓𝑃𝐿𝐴 is the total fraction of polymer hydrolyzed (equal to the ratios of polymer 

concentration C/Co for before and after polymer degradation). 

 

2.12 Polydimethylsiloxane (PDMS) 
 

 

 Polydimethylsiloxane (PDMS) is a silicon-based organic polymer (Fig. 2.10) with unusual 

rheological properties. It is optically clear, and it is also considered to be inert, non-toxic, and 

biocompatible. PDMS has been approved by the U. S. Food and Drug Administration (FDA) as a 

biocompatible polymer for applications in implantable biomedical devices in humans [68-70], 

following several toxicity studies [71-73]. Biocompatible and inexpensive polymers, such as 

PDMS, are often the materials of choice for the fabrication of microfluidic devices [3].  

 Sylgard-184 kit is an elastomeric PDMS kit and its curing agents are manufactured by Dow 

Corning Corporation. These comprise mainly the constituents of a reaction mixture having vinyl 

endcapped oligomeric dimethyl-siloxane, a methyl hydrosiloxane as crosslinking agent, and a 

platinum complex, which can be used as a catalyst for the hydrosilation reaction (Dow 

Corning’s). 

 

Figure 2.10: Shows a Linear Poly-dimethyl-siloxane (PDMS) 
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2.13.0 Characteristics of P(NIPA)-based Hydrogels 

2.13.1 Swelling Kinetics 

 

 The swelling or shrinkage of P(NIPA)-based hydrogels is usually controlled by the diffusion 

of water molecules through the gel network [74]. Although, this process may be slow, especially 

near the critical point, the rate of response is inversely proportional to the square of the gel size 

[75]. Other studies reported that P(NIPA)-based hydrogels exhibit dangling chain structures near 

the phase transition temperature [76,77]. This implies the hydrogel would easily collapse and 

expand when an external stimulus is applied, as a result of the free dangling chains on the sides. 

The adsorption or desorption of fluid/drug solution occurs through interconnected pore structures 

by convection [78]. The macro-porosity of P(NIPA)-based hydrogels depends on: the phase 

separation that occurs during cross-linking; gel synthesis parameters such as temperature and 

crosslinker; monomer concentration, and also the pore-forming agent such as the type of the inert 

diluents used [79]. However, the gel preparation temperature appears to exert the greatest 

influence on the macroporosity within the P(NIPA) gel network [78]. This suggests that 

polymerization below the lower critical solution temperature (LCST) should help achieve the 

macroporous gel network.  

 

 However, prior work [80] has shown a rapid shrinking of P(NIPA) gels when they were 

prepared at temperatures above their LCST. It is also possible to produce fast responsive 

P(NIPA) gels at temperatures below freezing point (-18˚C). Poly(ethylene-glycol) (PEG) with 

various molecular weights as a co-monomer to P(NIPA) has shown a great macroporosity in the 

microstructure P(NIPA)-based hydrogels [81]. Zhang et al., [82] have shown that P(NIPA)-based 

hydrogels can be prepared to achieve higher degrees of porosity by increasing the cross-linker 

concentrations.  Critical cross-linker concentration possibly caused a heterogeneous macroporous 

network structure [83]. 
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  The swelling ability of a hydrogel is accomplished through direct weighing, prior to soaking 

the gel in fluid/drug solution at controlled temperatures inside a temperature-controlled water-

bath. The swelling ratio is given by: 

SR =
𝑊𝑡−𝑊𝑜

Wo
                                                                                                                    (2.16) 

where, Wt is the weight of swollen gel at temperature T, and W𝑜 is the weight of the dry gel. In a 

recent work by Fu and Soboyejo [84], the addition of sodium Alginate to P(NIPA)-based 

hydrogels influenced the swelling ratios. Sodium alginate is biocompatible and it also enhances 

the creation of interpenetrating polymer network [85]. 

 Other parameters used to characterize P(NIPA) network structures include; the polymer 

volume fraction in the swollen state (𝜈2,) as well as the corresponding mesh size ξ, given by [86]: 

𝜉 = (𝜈2,𝑆)
−1
3(𝑟̅0

2)
1
2 = 𝛼𝑁                                                                                    (2.17a) 

𝛼 = (𝜈2,𝑆)
−1
3𝑎𝑛𝑑 𝑁 = (𝑟̅0

2)
1
2 = (2𝑙𝐶𝑛

𝑀̅𝑐
𝑀𝑤
⁄ )      (2.17b) 

where 𝛼  is related to the polymer volume fraction (𝜈2), 𝑀̅𝑐 is a measure of the degree of cross-

linking, 𝐶𝑛 is the Flory characteristic ratio, 𝑙 is the length of the bond along the polymer 

backbone and 𝑀w is the molecular weight of the repeating units from which the polymer chain is 

composed. Schematics of the above parameters are presented below (Fig. 2.11). 

 

Figure 2.11: Illustration of Mesh Size in a Hydrogel at; (A) Swollen State and (B) De-

Swollen State. Modified after Lin and Metters, 2006 [87]. 
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2.13.2 De-Swelling Kinetics 

 

 De-swelling kinetics of P(NIPA)-based hydrogels can be determined by first soaking dried 

gels in fluid/drug solutions at controlled temperature to equilibrium. Then, the de-swelling 

experiment is carried out by transferring loaded gels into water bath, placed on a filter paper to 

study fluid/drug release at temperatures of choice. The fluid/drug release in the gels is obtained 

from the relative gel mass [78]: 

Mrel =
Mt

Ms
                                                                                                                      (2.18) 

where Mt is the mass of the gel at time, t and Ms is the swollen mass. An inorganic phase was 

incorporated into P(NIPA)-based gels to give faster de-swelling kinetics and as well as to 

improve upon the mechanical properties of the gels when prepared under homogeneous 

conditions [88]. Homogeneous synthesis creates microphase separation of P(NIPA) during 

polymerization, yielding a highly porous product structure.  

 

2.13.3 Equilibrium Swelling Measurements 

  

 Equilibrium swelling is determined by soaking the gels in distilled water at room temperature 

(25˚C) for two weeks [78] or in prodigiosin at 28˚C for a week [40]. The equilibrium volume 

ratio of gels at the swollen state (Veq) is determined from the measured diameters of the 

hydrogels. This gives: 

Veq =

{
 
 

 
 
𝜋𝐷2

4
𝜋𝐷𝑜

2

4

⁄

}
 
 

 
 

=
D2

𝐷𝑜
2                                                                                             (2.19) 

 

where Do and D are the diameters of the hydrogels, for before and after the equilibrium swelling. 
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2.14.0 Kinetics of Swollen Hydrogels 

2.14.1 Free Energy  

 

 Flory and Rehner earlier represented the swelling of cross-linked polymer gels by employing 

a Gaussian distribution model for the polymer chains [89]. They describe the equilibrium degree 

of cross-linked polymers by hypothesizing that the extent to which a polymer network swelled 

was structured by the elastic retroactive forces of the polymer chains as well as the 

thermodynamic compatibility of the polymer and the water molecules. In terms of the free 

energy of the system, the total free energy change upon swelling was given by: 

 

∆𝐺 = ∆𝐺𝑒𝑙 + ∆𝐺𝑚𝑖𝑥        (2.20) 

where ΔGel is the influence of the elastic retroactive forces and ΔGmix is the thermodynamic 

compatibility of the polymer. By differentiating equation (2.20) with respect to the number of 

water molecules in the system at constant temperature (T) and pressure (P), we can obtain the 

change in chemical potential in the water as a result of swelling. This gives: 

  

𝜇1−𝜇1,0 = ∆𝜇𝑒𝑙 + ∆𝜇𝑚𝑖𝑥       (2.21) 

where μ1 is the chemical potential of the swelling agent within the gel and μ1,0 is the chemical 

potential of the pure fluid. The chemical potential of the swelling agent that is inside and outside 

of the gel must be equal in equilibrium.  

  

2.14.2 Swelling Characteristics of Ionic Hydrogels 

 

 The general equations for the free energy (2. 22a) and the chemical potential (2.22b) of ionic 

hydrogels at equilibrium swelling is given by [90]: 

 

∆𝐺 = ∆𝐺𝑒𝑙 + ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑖𝑜𝑛       (2.22a) 

𝜇1−𝜇1,0 = ∆𝜇𝑒𝑙 + ∆𝜇𝑚𝑖𝑥 + ∆𝜇𝑖𝑜𝑛      (2.22b) 
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where ∆Gion and ∆µion are the changes in free energy and chemical potential due to ionic 

contributions of the swelling agent/system. 

 Through the mixing process, the chemical potential change was obtained from the heat of 

mixing and the entropy of mixing [91-93] (equation 2.23a). Similarly, the elastic contribution to 

the chemical potential change was obtained from statistical theory of rubber elasticity [91]. This 

elastic free energy therefore depends on the number of polymer chains within the network as 

well as the linear expansion factor in the presence of water (equation 2.23b). 

 

∆𝜇𝑚𝑖𝑥 = 𝑅𝑇[𝑙𝑛(1 − 𝜐2,𝑠) + 𝜐2,𝑠 + 𝜒1𝜐2,𝑠]       (2.23a) 

∆𝜇𝑒𝑙 = 𝑅𝑇 (
𝑉1

𝜐𝑀̅𝑐
) (1 −

2𝑀̅𝑐

𝑀̅𝑛
) 𝜐2,𝑟 [(

𝜐2,𝑠

𝜐2,𝑟
)
1 3⁄

−
𝜐2,𝑠

2𝜐2,𝑟
]     (2.23b) 

 

where 𝝊 is the specific volume of the polymer, υ2,s is the volume fraction of the polymer in the  

gel, υ2,r  is the volume fraction of the polymer in the relaxed state, χ1 is the polymer water 

interaction parameter  [91-93], v1 is the molar volume of the swelling agent, R is the 

Boltzmann’s constant, T is the reaction temperature, 𝑀̅𝑐 is the molecular weight of the polymer 

chains between junction points, and 𝑀̅𝑛 is the molecular weight of the polymer chains if no 

crosslinks had been introduced.  

The swelling of cross-linked networks in the presence of water can be obtained by combining 

equation (2.23a and 2.23b) above. This gives: 

 

1

𝑀̅𝑐
=

2

𝑀̅𝑛
−
(𝜐 𝑉1⁄

)[𝑙𝑛(1−𝜐2,𝑠)+𝜐2,𝑠+𝝌𝟏𝜐2,𝑠]

𝜐2,𝑟[(
𝜐2,𝑠
𝜐2,𝑟

)
1 3⁄

−
𝜐2,𝑠
2𝜐2,𝑟

]

      (2.24) 

 

where all the symbols have their usual meaning from equations (2.23a and 2.23b). 
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2.14.3 Factors Affecting the Swelling Characteristics of Ionic Hydrogels 

 

  

 There are several factors affecting the swelling characteristics of ionic hydrogels. The major 

factors include the degree of ionization in the network, ionization equilibrium and the nature of 

the counter-ions. Increase in ionic concentration of hydrogels due to environmental stimulus, 

increases the repulsive forces which make the polymer network more hydrophilic [90].  

 However, the ionic term in equation (2.22) strongly depends on the ionic strength as well as 

the nature of ions. 

 

 ∆𝜇𝑖𝑜𝑛 = 𝑅𝑇𝑉1∆𝐶𝑡𝑜𝑡         (2.25) 

 

where ∆Ctot is the difference in the total concentration of mobile ions within the gel network.  

 Several works have demonstrated the ionic contributions to the swelling of polyelectrolytes 

[94-96]. Brannon-Peppas and Peppas [96,97] developed the expressions for the ionic 

contribution to swelling of polyelectrolytes for anionic (equation 2.26a) and cationic (2.26b) 

materials, respectively: 

 

∆𝜇𝑖𝑜𝑛 =
𝑅𝑇𝑉1

4𝐼
(
𝜐2,𝑠
2

𝜐
) (

𝐾𝑎

10−𝑝𝐻+𝐾𝑎
)
2

       (2.26a) 

∆𝜇𝑖𝑜𝑛 =
𝑅𝑇𝑉1

4𝐼
(
𝜐2,𝑠
2

𝜐
) (

𝐾𝑏

10𝑝𝐻−14+𝐾𝑎
)
2

       (2.26b) 

 

where I is the ionic strength, and Ka and Kb are dissociation constants for the acid and base, 

respectively. The degree of swelling for crosslinked anionic polymer gels in water at equilibrium 

can be obtained by combining equations (2.23a-b) and (2.26a): 

 

𝑉1

4𝐼
(
𝜐2,𝑠
2

𝜐
) (

𝐾𝑎

10−𝑝𝐻+𝐾𝑎
)
2

= (𝑙𝑛(1 − 𝜐2,𝑠) + 𝜐2,𝑠 + 𝝌𝟏𝜐2,𝑠) + (
𝑉1

𝜐𝑀̅𝑐
) (1 −

2𝑀̅𝑐

𝑀̅𝑛
) 𝜐2,𝑟 [(

𝜐2,𝑠

𝜐2,𝑟
)
1 3⁄

−
𝜐2,𝑠

2𝜐2,𝑟
]  

           (2.27a)    
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Similarly, the equilibrium degree of swelling is also be obtained by combining equations (2.23a-

b and 2.26b): 

𝑉1

4𝐼
(
𝜐2,𝑠
2

𝜐
) (

𝐾𝑏

10𝑝𝐻−14+𝐾𝑎
)
2

= (𝑙𝑛(1 − 𝜐2,𝑠) + 𝜐2,𝑠 + 𝝌𝟏𝜐2,𝑠) + (
𝑉1

𝜐𝑀̅𝑐
) (1 −

2𝑀̅𝑐

𝑀̅𝑛
) 𝜐2,𝑟 [(

𝜐2,𝑠

𝜐2,𝑟
)
1 3⁄

−

𝜐2,𝑠

2𝜐2,𝑟
]            (2.27b) 

2.15 Strain on Hydrogels Due to Swelling 

 

 Brannon-Peppas and Peppas earlier explained the dynamic swelling of ionic hydrogels due to 

changes in the ionic strength [96]. For a one-dimensional transport, the swelling of ionic gels due 

to changes in pH, relates to the volume change or change in length. The strain, ε on the gel as a 

result of swelling, can be calculated at any time during the swelling as:  

𝜀 =
𝑙−𝑙𝑜

𝑙𝑜
          (2.28) 

 

where l is the length at any time and lo is the initial length. However, the responses of the strain 

to inputs were additive and also time-independent of the applied inputs. The time dependent 

strain is then given by: 

 

𝜀(𝑡) = ∫ 𝐿(𝑡 − 𝜏)
𝜕𝐼(𝜏)

𝜕𝜏

𝑡

0
𝑑𝜏        (2.29) 

 

 where  
𝜕𝐼(𝜏)

𝜕𝜏
 is the change in pH/ionic strength and L(t-τ) is the ionic mechanochemical 

compliance (it is a function of the polymer). For an isotropic swelling, the volume swelling ratios 

of the gels are given by: 

 

𝑄(𝑡) =
𝑉𝑠(𝑡)

𝑉𝑑
=

𝑙(𝑡)3

𝑙𝑜
= {1 + 𝜀(𝑡)}3       (2.30) 
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where VS(t) is the volume of the swollen gel at any time and Vd is the initial volume of the dry 

polymer. Therefore, combining equations (2.29. and 2.30), we can obtain the swelling of an ionic 

gel due to a change in the ionic strength [90]. This gives: 

 

𝑄(𝑡) = [1 + ∫ 𝐿(𝑡 − 𝜏)
𝜕𝐼(𝜏)

𝜕𝜏

𝑡

0
𝑑𝜏]

3

       (2.31) 

where all the parameters have their usual meanings.  

 The diffusional number, De was also given by the ratio of polymer relaxation time to 

characteristic diffusion time [90]: 

 

𝐷𝑒 =
𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
=

𝜆

𝜃
=

𝜆𝐷1,2

{𝛿(𝑡)}2
      (2.32) 

where λ is the characteristic relaxation time for the polymer due to swelling stresses and 𝛿 is the 

time for water to diffuse into the gel [98,99]. Also,  𝛿 is related to the square of the half thickness 

of a thin disc sample divided by the diffusion coefficient of water in the polymer (𝑖. 𝑒. 𝛿
2

𝐷1,2
⁄ ).  

2.16 The Goals of Drug Delivery  

 

 A novel implant device is proposed to provide an optimal drug delivery profile to the tumor.  

This device should be able to provide effective drug concentration to the desired region over a 

prolonged period of time. Such intratumoral implants must provide an optimal drug release 

profile that is characterized by the ability to deliver drug to a large area, to rapidly reach the 

therapeutic concentration and to maintain the therapeutic concentration for an extended time 

(Figure 2.12) [103].  
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 Implant “A” exhibits a zero-order release profile at a constant rate above the elimination 

rate. Local drug concentration could slowly rise, but may take a long time to reach tissue 

concentrations that are toxic enough to kill the surrounding cancer cells.  

 
Figure 2.12: Scheme of Drug Release and Local Drug Concentration from Three 

Theoretical Implant Types (Modified after Weinberg et al., 2008) [100]. 

 

 Implant “B” delivers a rapid dose of drugs that quickly surpass the effective concentration 

levels. However, drug release rates after the initial burst are insufficient to maintain this 

concentration for any extended length of time. Such release rates are undesirable because they 

allow cancer cells to remain viable and possibly gain drug resistance [101].  

 The ideal type of implant is “C” [100] that combines the best characteristics of both 

implants (A and B). Drug delivery rises rapidly to attain the effective dose and then maintains 

the dose within the therapeutic drug level. Achieving these goals will maximize the treatment 

success of intra-tumoral implants. 

 2.17 Drug and Tumor Transport Mechanisms 

 

  Mechanisms of drug transport and or drug elimination in a surrounding tumor tissue have a 

major influence on the approach by which an implant could deliver drugs to a tumor [102]. 



50 

Localized drug delivery into tumors has several possible problems that could alter the treatment 

[100].  

 Drug transport is generally achieved by either diffusion or convection [103-105]. During 

drug diffusion, drug molecules move from a region of higher concentration to neighboring region 

of lower concentration at rates proportional to the concentration gradients. The mode of drug 

release from a localized implant is often by diffusion [106]. However, the transport of drugs with 

bulk flow of fluid is usually a convection transport process [100].  

 It is important to note that convection places a vital role in organs with higher rate of 

interstitial fluid flows.  It is through convection that chemotherapy drug agents are transported 

through the vascular space to the tumor [102]. Chemo-drugs then travel along the same stream 

that delivers nutrients to the tumor [102]. However, diffusion/convection in drug delivery 

depends on the delivery system and the type of tissue [100]. For instance, in the brain, where 

interstitial fluid constantly flow from the ventricles to the surrounding parenchyma, convection 

has a substantial effect on the scope of drug penetration [107], while in situations with small 

molecular drugs (with limited flow), diffusion serves as the mechanism for drug transport. 

 

2.18 Hydrogels and their Drug Release Mechanisms 

 

 There have been efforts to developed models that can provide insights into the mechanism of 

drug release in polymeric hydrogels [108, 109]. The released exponent, n and the dependent 

constant via diffusion system, k can be determined from equation (2.33) [108]: 

 
𝑚𝑡

𝑚𝑜
= 𝑘𝑡𝑛                                                                                                                       (2.33) 
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where 
𝑚𝑡

𝑚𝑜
 is the fractional release of fluid/drugs at time t, k is the constant relating the geometry 

of the controlled release system/device, and n is the release exponent which indicates the 

mechanism of drug release. Interpretations on the values of release exponents associated with the 

different geometries are presented below (Table 2.5).  

 

Table 2.5: Summary of Release Exponents Associated with Diffusion Mechanisms in Drugs 

Eluting from Polymeric Films of Different Geometries [108, 109]. 

Slab Cylinder Sphere Drug Release Mechanism 

0.5 0.45 0.43 Controlled Diffusion      

(Fickian Diffusion) 

0.5 <  n < 1.0 0.45 < n < 0.89 0.43 < n < 0.85 Anomalous Transport           

(Non Fickian Transport) 

1.0 0.89 0.85 Controlled Swelling 

(Case II-Transport) 

n > 1 n > 0.89 n > 0.85 Super-Case-II transport 

 

Exemplary illustration of Fick’s law of diffusion in one dimension describing drug release 

profiles from a matrix type device and that of drug diffusion through a controlled channel are 

presented (Fig. 2.13). 

 

 

 

 

 



52 

(a)        (b) 

 
Figure 2.13: Schematics of Drug Release Profiles Resulting from Diffusion Controlled 

Release; (a) from a Matrix Type Device (B) From a Diffusion through a Controlled 

Channel. 

2.19 Determination of Drug Concentration in Tumors 

 

 The concentration of drugs in a tissue could be determined as a function of time. In 

determining the concentration of drugs in a tumor, the tissue could be mechanically or 

chemically homogenized. The following are drug detection techniques that could possibly be 

used; fluorescence detection, high performance liquid chromatograph (HPLC) [111,112], mass 

spectrometry, and atomic absorption spectroscopy (ASS) [113]. Drug concentrations can also be 

quantified with a liquid scintigraphy by labeling the targeted drug. Most importantly, the key 

reasons for measuring drug concentration in tissues are; to obtain definitive drug detection, to 

achieve a high sensitivity and hence, acquire the ability to detect low doses of drug within the 

tissue. These techniques are however, limited by spatial resolution and accuracy since 

measurements are averaged based on the entire piece of tissue [100]. Prior studies have shown 

that anti-tumor implants delivered drugs to few millimeters from the surface of the implant 

[100], while tumor ablation prior to drug delivery improved the amount of drug that penetrate 

(Fig. 2.14). 
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Figure 2.14: Average doxorubicin concentration in rabbit liver tumors as a function of 

distance from an implant for 4 days after tumor treatment. (Modified after Weinberg, 

2008)[100]. 

 

 

2.20 Tumor Drug Elimination 

 

 After drugs are delivered, there are several mechanisms that cause drugs to be eliminated 

from tissues by metabolism. Cells have extraordinary structures such as organelles which work 

by detoxifying any foreign molecules by way of enzymes or pH-mediated degradation [100].  

 In contrast, cells have protective molecules such as glutathione. Glutathione is specifically 

designed to bind foreign molecules and as well as to make them more hydrophilic and less 

effective [114].  

 Moreover, drugs can also be eliminated from a target tissue via perfusion from the target area 

of interest [115]. Drug perfusion causes drugs to be transported either by diffusion or convection 

through the two systematic circulations; the blood and the lymph. Thus, drug elution from an 

implant can be transported to the tumor tissue depending on the diffusion rate of the tumor 

[100,115] (Fig.15). The average porosity of a tumor enhances the effective diffusion. 
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 Most chemotherapy drugs exhibit short half-lives in the plasma. When chemotherapy drugs 

reach the plasma, they are most likely to be eliminated [115]. The approximate rate of drug 

elimination in first order drug transport in a tissue is determined by the equation: 

𝜕𝐶

𝜕𝑡
− 𝐷∇2𝐶 − 𝛾𝐶          (2.34) 

where C is the drug concentration, t is the time, ∇ is the gradient operator, D is the tissue specific 

rate of diffusion and 𝛾 is the elimination constant. 

.  
Dtumor 

Diffusion constant of drug in tumor, 
γtumor metabolism, γtumor perfusion

 Simultaneous modes of 

elimination, 
Dliver 

When drugs gets to the surrounding tissue, it continues to diffuse outward into 

liver tissue. 
γliver metabolism, γliver perfusion

 Different rates of elimination by metabolism or perfusion.  

 

Figure 2.15: Simplified scheme of drug transport from an implant centrally placed in a 

liver tumor (Modified after Weinberg, 2008) [100]. 

 

2.21 Imaging Techniques in Drug Detection 

 

 Imaging an ex vivo tissue improves upon the overall spatial resolution of bulk tissue. Usually 

imaging a tissue requires the tissue to be removed, and then sliced into pieces to enable drug 

detection in the sliced pieces. Autoradiography and fluorescence are two possible techniques 

used in drug detection [116].  Autoradiography requires that the drug be radiolabeled. Hence, the 

drug is detected by exposing the radiolabeled tissues to a flat panel detector [116,117]. This 

technique provides high sensitivity in drug detection with very low detection limits that gives 
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overall high resolution. However, autoradiography is limited by the fact that drugs have to be 

radiolabeled.  

 Also, fluorescent detection technique can be employed to characterize drug concentration in 

tissues using fluorescent microscopes or fluorescence scanners. During florescent microscopy, 

drug agents are inherently labeled with a fluorescent tag (e.g. fluorescent isothiocynate) (FITC) 

[118].  This method therefore offers low detection limits with a reasonable sensitivity and a good 

resolution. However, only few drug molecules can fluorescend. Fluorescent labeling of drugs 

inevitably modifies their transport and efficacy, unlike radiolabeling techniques. Moreover, 

fluorescent imaging suffers from much greater background noise than radiographic imaging. 

However, there has been recent development in tomographic fluorescence which offers the 

potential to reduce the noise and bestow a 3-D localization of drug [119].  

 Moreover, magnetic resonance imaging (MRI) can also be used to detect drugs. Drug carriers 

must therefore be labeled with MRI contrast agents (e.g. gadolinium or super-paramagnetic iron 

oxide (SPIO)). MRI technique offers the potential to noninvasively image anatomical features 

and drug concentrations, simultaneously [120,121]. Drug concentration can then be 

approximated by measuring the image intensity [122]. 

2.22 Effective Diffusion in Porous Media 

 
 Localized drug delivery can be achieved when drug is delivered directly at the target site. 

P(NIPA) gels are thermosensitive hydrogels with hydrophilic networks that are capable of 

absorbing great amounts of fluid/drug, while maintaining structural integrity [3, 40,54,124].  

 The network structure and the nature of components play key roles in the diffusional 

behavior and stability of the incorporated bioactive agent. The use of hydrogels allows not only 
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delivery of drugs, but also enhances controlled release. The mass transport due to diffusion for 

isotropic tissues was established [125]: 

𝜕𝐶

𝜕𝑡
= 𝐷𝑒𝑓𝑓∇2𝐶 +

𝜌

𝜀
= 𝐷𝑒𝑓𝑓 [

𝜕2𝐶

𝜕𝑥2
+ 

𝜕2𝐶

𝜕𝑦2
+ 

𝜕2𝐶

𝜕𝑧2
] +

𝜌

𝜀
           (2.35) 

where C is the average concentration of the medium, 𝜌 is the mass density of fluid/drug, ε is the 

average porosity of the polymer, 𝐷𝑒𝑓𝑓 is the effective diffusivity of fluid/drugs through the 

porous medium and, t, and is the time for fluid/drug release. The effective diffusivity, 𝐷𝑒𝑓𝑓 for 

an anisotropic tissue/porous medium was related to the tortuosity of the tissue/porous system (λ). 

This gives a general diffusion, equation in the Cartesian coordinates [125]: 

 

 𝐷𝑒𝑓𝑓 =
𝐷

𝜆2
+
𝜌

𝜀
 = [

𝐷

𝜆𝑥
2  
𝜕2𝐶

𝜕𝑥2
+

𝐷

𝜆𝑦
2  
𝜕2𝐶

𝜕𝑦2
+

𝐷

𝜆𝑧
2  
𝜕2𝐶

𝜕𝑧2
] +

𝜌

𝜀
     (2.36) 

 

where D is the coefficient of diffusion and λ is the tortuosity of the system, while the other 

symbols have their usual meanings. For the case of an isotropic porous medium, the effective 

viscosity, µ was related to the porosity [126]: 

𝜇̌

𝜇
=

1

𝜀
𝜆∗               (2.37) 

where  𝝁̃   is the effective dynamic viscosity of the medium. Tortuosity also relate to the porosity 

of packed beds by 𝝀∗ = √𝜺  [127]. 
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2.23 Hyperthermia and Heat Cycles for Cancer Treatment 

 

 The phrase “hyperthermia” refers to the techniques of applying heat to improve cancer 

treatment. Hyperthermia could be used in conjunction with conventional techniques to improve 

the outcomes of cancer treatment. For example, the synergy of hyperthermia combined with 

chemotherapy can effectively kill cancer cells within the framework of multimodal treatments 

[128].  

 Hyperthermia can be done locally or regionally depending on the system. The types of 

hyperthermia include whole-body hyperthermia (HBH), hyperthermia isolated limb perfusion 

(HILP), and hyperthermic peritoneal perfusion (HPP) [128].  Prior works gave suggestions on 

the effectiveness of hyperthermia in the clinical treatment of cancer [128-133]. 

 Hyperthermia on its own has low efficacy in conquering cancer. One aim of this current work 

is to combine hyperthermia with chemotherapy to deliver drugs locally to the target tumor using 

loaded thermo-sensitive P(NIPA)-based gels through microchannel-based devices. Experiments 

with hyperthermia in in-vitro experiments and animals have demonstrated effective cell death 

within temperatures of 41 to 47˚C [134-136].  

 However, the results from in-vivo experiments sometimes do not agree well with in-vitro 

observations made even under controlled conditions [137]. This may be due to interactions 

between different physiological factors that are absent in the in-vitro environment.  

Hyperthermia has been used successfully. Yu and co-workers (2011) [138] used a combination 

of arterial embolization hyperthermia with arsenic trioxide nanoparticles to treat solid 

malignancies in rabbit liver. 
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2.24 Nanoparticles for Drug Delivery 

2.24.1 Magnetic nanoparticles 

 

 There are attractive properties driven from magnetic nanoparticles which render them 

applicable in the biomedical field. Magnetite is the most magnetic among all naturally occurring 

minerals on earth [139]. Magnetite forms part of the spinel group, with a standard formula of 

A(B)2O4 where the letters; A and B are, receptively different metal ions that occupies specific 

sites within the crystal structure. Within magnetite (Fe3O4), the letters A and B correspond to 

Fe
+2 

and Fe
+3

, respectively.  

 The arrangement of Fe
+2

 and Fe
+3

 enables electron transfer between the different types of 

iron ions in the structure [140]. This generates magnetic field through an electric field vector. 

Figure 2.16 illustrate the arrangement of Fe
+2

 and Fe
+3

 ions on the face centered cubic (FCC) 

structure of magnetite. The iron ions are located within the tetrahedral and octahedral sites, 

surrounded by oxygen ions. Maghemite nanoparticles have also been explored for hyperthermia 

treatment of tumors under a magnetic field [141].  

 

Magnetic Relaxation properties of super paramagnetic particles 

Figure 2.16: Illustrate the Iron Oxide Crystal Structure Showing the Arrangement of Fe
+2 

and Fe
+3

 ions on the FCC structure of magnetite [140]. 



59 

2.24.2 Magnetic Nanoparticles Heating 

 

 Hyperthermia treatment of cancer tumor can be induced by generating heat in the tissue due 

to an alternating magnetic field within a region in which magnetic materials are implanted. The 

small magnetic nanoparticles within the tissue can induce heating due to hysteresis losses [142]. 

Hyperthermia by magnetic nanoparticles requires a magnetic material with the best heat 

evolution. In prior work [143], alternating magnetic fields have been used to induce 

hyperthermia around Bio-Micro-Electro-Mechanical-Systems (BioMEMS) which were designed 

to induce both heat diffusion and drug diffusion. Heating was associated with magnetic 

nanoparticles that were embedded in a PDMS and the fluid within P(NIPA)-based hydrogels. 

  

 It is important to relate the energy dissipation of magnetic fluid to the first law of 

thermodynamics. This gives: 

𝑑𝑈 = 𝑑𝑊 + 𝛿𝑄                                                            (2.38) 

where U is the internal energy, W is the magnetic work done on the system and, Q is the heat 

added to the system. Therefore, the magnetic work can be estimated from the internal energy for 

an adiabatic process (Q = 0). This is given by: 

∆𝑈 = −𝜇𝑜 ∫𝑀𝑑𝐻                                                                             (2.39) 

where M is the magnetization, H is the magnetic field intensity and 𝜇𝑜 is the permeability of free 

space [144]. The resulting heat can diffuse through the tissue and the implanted device to induce 

tumor shrinkage and cancer cell death via hyperthermia. Synergy can also be promoted by the 

combined effect of heat and drug diffusion for localized treatment of cancer. 
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2.25.0 Biomaterials and Tissue Integration 

2.25.1 Cell/ Surface Interactions 

 

 Efforts have been made to reduce the factors that caused loosening of an implant [145,146]. 

These factors include; modifying and or manipulating the surface chemistry as well as modifying 

the surface texture of the implant. Modifying the surface of an implant is advantageous. It has a 

greater impact on the multi-scale, which ranges from chemisorption and surface energies within 

the atomic scale [147] to surface roughness and texture at the micro-to-meso-scale [148]. 

 

 Experimental studies of surface texture and the interactions of human osteo-sarcoma (HOS) 

cells with Ti-6Al-4V has been studied using laser microgrooves formation on the surfaces of 

implants [149] (Fig. 2.7). This shows that contact guidance with improved cell or surface 

integration can be promoted by laser microgrooves, comparable to the cell size. Surface texture 

with proteins such as fibronectin, actin, vinculin, and integrin’s plays a significant role in cell 

adhesion [150]. Their interaction also helps to improve cell growth and differentiation [150-152].  

 

Figure 2.17: Schematic Representation of Cell or Surface Interaction of Cell Adhesion to A 

Biomaterial Substrate: (Modified from Chen et al, 2006) [149].  
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2.25.2 PDMS Surface and Cell Adhesion 

 

 PDMS have been considerably studied for fabricating microfluidic devices. Microfluidic 

devices are basically micro and nano-technology-based bioanalytical systems [153]. PDMS 

substrates possessed a universal appeal over other materials. This includes properties such as; 

optical transparency, tunable elasticity, biological inertness, inexpensiveness and hence its 

simplicity to be use in fabrication [153].  

 However, limited adhesion of cells to substrates suppresses cellular functions or causes cell 

death. PDMS has a very strong hydrophobic surface which limits cell adhesion and cell growth 

[154-156]. The hydrophobicity of PDMS makes it nonspecific for protein adsorption [157]. 

 Physicochemical properties of PDMS such as the stiffness and the oxidation states of the 

surface (hydrophobic to hydrophilic) possibly affect the growth of cells during cell culture [158]. 

Fabrication condition such as the curing temperature/time and the ratios of base to curing agent 

(ranging from 5:1 to 100:1) affects the stiffness of PDMS [158]. Weibel and co-worker (2006) 

[158] presented the effect of different composition of PDMS surfaces in altering cell attachment. 

The growth rates for primary human umbilical artery endothelial cells, transformed 3T3 

fibroblast, osteoblast-like MC3T3-E1 cells and HeLa cells (transformed epithetical cells) were 

found to improve by the different curing ratios of cured PDMS [159]. Sulfuric acid can also be 

used to generate hydroxyl groups, followed by vapor plasma methods to enhanced cell adhesion 

to various polymer surfaces [160]. 

 Mammalian cells usually attached to substrates/scaffolds in order to grow/function [161,162]. 

The topography and stiffness of PDMS also have an effect on the microenvironment regarding 

the differentiation of human epidermal stem cells, mesenchymal stem cells, etc. [163-165]. 
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2.25.3.0 Techniques for PDMS Surface Modification  

 

 The work of Toworfe et al. (2004) [166] has shown that, coated fibronectin on the surface of 

PDMS enhances MC3T3-E1 cellular functions which include; cell attachment and spreading on 

the PDMS surfaces. There are several techniques that can be used to modify the surface of 

biomaterials. These include: boiling PDMS slabs in deionized water, oxygen plasma treatment, 

UV-ozone radiation, self-assemble monolayer coating and polymer/peptide grafting techniques  

 

2.25.3.1 Boiling Water Approach 

 

 The presence of hydroxyl groups (-OH), on the surface of a substrate helps to promote cell 

adhesion [167,168]. Recent study conducted [169] proposes a very simple approach that can 

chemically modify upon the cytophilicity of hydrosilylation cured PDMS elastomers in boiling 

deionized water. This study involved placing cross-linked PDMS substrate in boiling deionized 

water for about an hour which generated hydroxyl groups (-OH) on the surface. This was 

attributed to the remaining SiH functional groups present in the cured elastomer, which then act 

as good binding sites for cell attachment. The proposed reaction at the near end of the PDMS 

elastomer surface in boiling water was given by [170]: 

(-SiH) + H2O 
𝑃𝑡
→ (-Si-OH) + H2↑       (2.40) 

 The SiOH groups formed simply provide polar “cell-friendly” hydrogen bonding sites that 

would offer relief from the strong hydrophobic environment of PDMS to promote cell adhesion. 

It will then be possible to use, Atomic Force Microscopy (AFM), Attenuated Total Reflection 

Infrared Analysis (ATR-IR), and Fourier transform infrared spectroscopy (FTIR) to analyze the 

changes in the PDMS surface chemistry. Only then can one determine the formation of 

hydroxyle groups on the surface of PDMS upon treatment.  
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2.25.3.2 Ultra-Violet (UV)/Ozone (O) Treatment of PDMS 

 

 Among the various techniques for modifying PDMS surfaces, UV [171-173] or UV/ozone 

exposures (UVO) [174,175] have been extensively explored. UVO treatment is a photosensitized 

oxidation process in which the molecules of the treated material are excited and then dissociated 

by the absorption of short-wavelengths from UV radiation [176,177]. Efimenko and co-workers 

[181] reported that, when PDMS was exposed to UV light or a combination of UV light and 

ozone, the silicone rubber experienced a drastic surface chemical changes that were very similar 

to those produced by the oxygen plasma. However, UV-UVO-based modification process were 

reported to be much slower (about an order of magnitude) than plasma-based modification 

techniques [176]. Contact angle experiments conducted have shown that UVO modification of 

PDMS surfaces were polar consisting of -OH groups [175]. During UVO surface modification, 

atomic oxygen is simultaneously generated when molecular oxygen is dissociated by λ1 =184.9 

nm and ozone by λ2 = 253.7 nm [176].  

 

2.25.3.3 FTIR-ATR Measurements  

 

 Fourier transform infrared spectroscopy (FTIR) is used in the attenuated total reflection 

(ATR) mode to chemically characterize surfaces of polymers. FTIR-ATR measurements are used 

to determine the various chemical functionalities present in an unmodified Sylgard-184 PDMS as 

well as examining the UVO- and UV- treated samples to a depth of several micrometers (Fig. 

2.8) [176]. 
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(I)       (II) 

 

Figure 2.18: FTIR-ATR spectra from: (I) Sylgard-184 treated for UVO equal to 0 min (A), 

10 min (B) and 60 min (C). (II) Extracted poly(vinyl methyl siloxane) (PVMS) samples 

treated with UVO for various times ranging from 0 to 30 min. [176]. 

 

2.25.3.4 Near-Edge X-Ray Absorption Fine Structure 

 

 Near-edge absorption fine structure (NEAFS) is often used to examine the surface and bulk 

chemistry as well as bond densities of samples. NEAFS involves the resonation of soft X-ray that 

excite the K or L shell electrons to vacant low-lying antibonding molecular orbitals of σ 

symmetry, σ∗, or π symmetry, π∗ [178]. The initial state of the K shell excitation gives NEAFS 

its element specificity, while the final-state of the empty molecular orbitals provide NEAFS with 

its bonding or chemical selectivity. Determining the intensity of NEAFS spectral features then 

make it possible for the identification of chemical bonds as well as their relative population 

densities within the sample [177]. 
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2.26 Conclusion  
 

 This chapter presents a review of prior work and the underlying materials concepts that are 

relevant to the development of drug delivery devices for cancer treatment. Topics covered 

include: cancer statistics, challenges in cancer treatments, drug delivery systems, mechanisms of 

drug release, biomedical implants, swelling characteristics of hydrogels, and drug release 

kinetics that are relevant to implantable drug delivery systems, as well as heat diffusion for 

localized hyperthermia. The chapter also presents the use of micro-fluidics, hydrogels and 

liposomes in localized cancer drug delivery. Finally, the role of surface coatings and surface 

textures were reviewed for the development of implantable devices that can adhere and integrate 

well with biological tissues. 
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3:0 Swelling of Poly(N-isopropyl acrylamide) (PNIPA)-Based Hydrogels with Bacterial-

Synthesized Prodigiosin for Localized Cancer Drug Delivery 

 

3.1 Introduction  

 

  In recent years, the incidence of cancer has increased along with cancer mortality rates across 

the globe [1].  Hence, in 2008, the World Health Organization estimated that cancer contributed 

up to 84 million deaths [2]. Should the current trends in cancer remain unchanged, the current  

data suggest that two thirds of the entire global incidence of cancer will occur in low and middle 

income countries [3]. Cancers also results in more deaths than AIDS, tuberculosis and malaria 

combined [4].  The early detection and treatment of cancer are the keys to the management of 

cancer [5-8]. However, since it is very unusual for most cancers, such as breast cancer, to present 

clear symptoms at their early stages, late detection and treatment are often conducted when the 

cancer reaches a metastasis stage.  

 

 Current treatment methods, such as bulk systemic chemotherapy [9-12] and radiotherapy [13, 

14], result in severe side effects. The uptake, storage and delivery of cancer drugs can be 

facilitated by the use of gels [15-17]. These include: environmentally-sensitive gels that can 

respond to local stimuli, such as temperature, pH, electric fields and solvent composition [18-

21]. The swelling and controlled release of cancer drugs [22, 23] from such gels can, therefore, 

provide the basis for the design of implantable biomedical systems for the localized treatment of 

cancer.  

 However, such controlled release requires a basic understanding of phase transitions [22, 23], 

swelling and diffusion-controlled release from smart hydrogels. In an attempt to reduce the side 

effects of cancer treatment, efforts have been made to develop drug delivery systems for 

localized cancer treatment [22, 23].  Since poly(N-isopropylacrylamide) (P(NIPA))-based 

polymers expels their  liquid contents at temperatures close to the human body temperature of  
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~37˚C, P(NIPA) has been investigated by several research groups for possible applications in 

controlled drug delivery [11, 12, 24, 25].  

The thermo-sensitive properties of P(NIPA) have been explored for potential applications in drug 

delivery systems [26, 27]. P(NIPA) is useful because of its lower critical solution temperature 

(LCST) of about 32˚C in aqueous solutions, especially when it is cross-linked [28, 29].  It has 

also been reported that the LCSTs of P(NIPA) are dependent on pH, with the LCST increasing 

with increasing pH [30, 31].  

Here we present the results of an experimental study of the swelling characteristics of P(NIPA)-

based hydrogels for the storage and localized release of a purified biosynthesized PG drug, 

which is produced from the bacterial, Serratia marcescens (SM) subsp. marcescens bacteria. The 

swelling characteristics of the hydrogels were studied using prodigiosin (PG), paclitaxel (PT), 

aqueous bromophenol blue (BB) and distilled water (DW) as controls over a range of 

temperatures (28-48˚C) that is relevant to implantable devices for the localized treatment of 

breast cancer via hyperthermia and drug delivery. 

 

3.2.0 Materials and Methods  

3.2.1 Materials 

 

 The PT
 
that was used in this study was procured from LC Laboratories (Woburn, MA, USA).

  

PT is a chemically-synthesized version of Taxol
®

, which was produced originally from the bark 

of the Pacific yew tree, Taxus brevifolia, which has anti-leukemic and anti-tumor activities [32]. 

PT was dissolved with dimethyl sulfoxide (CH3)2SO (DMSO) that was purchased
 
from BDH 

Chemicals (Poole Dorset, England).  Sylgard 184 kit silicon elastomer and a silicon elastomer 

curing agent (a cross-linker) were used for PDMS encapsulation. They were obtained from 

Sylgard Dow Corning Krayden Inc. (Midland, Michigan, USA). The materials used in the 
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P(NIPA) gel synthesis (Table 3.1) were purchased from Sigma Aldrich Co. (St. Louis, MO, 

USA). They include:  N-Isopropylacrylamide (NIPA) (purity = 97 %; Mw = 113.16 g/mol), 

N,N,N′,N′-Tetramethylethylenediamine (TEMED) (purity = 99 %; Mw = 116.2 g/mol), N,N′-

Methylenebisacrylamide (MBA) (purity > 99.5 %, Mw = 154.17 g/mol), Acrylamide (AM) 

(purity > 99.9 %, Mw = 71.08 g/mol), Butyl Methylacrylate (BMA) (purity = 99 %, Mw = 142.2 

g/mol) and Ammonium Persulfate (APS) (purity = 98 %, Mw = 228.2 g/mol).  

During High Performance Liquefied Chromatography (HPLC) analysis of the purity of PG, the 

followings chemicals were used: methanol (purity = 99.8%, Mw = 32.04 g/mol) and 10 mM 

triethylamine (purity = 99.5, Mw = 101.19 g/mol) (Sigma Aldrich Co., St. Louis, MO, USA), 

while pure PG (purity = 95%, Mw  = 323.4 g/mol) was procured from Santa Cruz Biotechnology 

(CA, USA). 

 

3.2.2 Preparation of P(NIPA)-Based Hydrogels 

 

 The materials used for P(NIPA) gel synthesis were obtained in powder form, as described 

above in Section 2.1 (Table 3.1). P(NIPA)-based hydrogels were prepared by free radical 

polymerization [33]. The concentrations of APS and MBA were 1.91 mol% and 1.15 mol%, 

respectively.  The amount of the cross-linker (MBA) was obtained from: 

(
𝑀𝑀𝐵𝐴

𝑀𝑤(𝑀𝐵𝐴)
)

(
𝑀𝑁𝐼𝑃𝐴

𝑀𝑤(𝑁𝐼𝑃𝐴)
)

𝑥 100% = 𝑚𝑜𝑙 %          (3.1) 

where, Mw(NIPA)
 is the molecular weight of the monomer, NIPA  (113 

g

mol
) ,MNIPA is the initial 

amount of the monomer (0.87 g), Mw(MBA)
 is the molecular weight of the cross-linker, 

MBA (154 
g

mol
) and 𝑀𝑀𝐵𝐴 is the unknown amount of MBA (g) to be used in the gel 

polymerization. The mole% of MBA was 1.15 %.  The calculated amount of the MBA based on 
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the 0.87 g of NIPA (monomer) from equation (3.1) was found to be 0.0136 g. Furthermore, the 

amount of APS was obtained by replacing MBA in equation (3.1) with APS. 

P(NIPA)-based homo-polymer, denoted by gel code A, was prepared by mixing 0.87 g of NIPA, 

0.0136 g of MBA, and 0.0335 g of APS (samples were weighed with an analytical balance 

(Mettler AE 100, Mettler-Toledo Ltd., Leicester, UK)). The samples were then dissolved with 

7.8 ml of DW, before stirring vigorously until a homogenous mixture was obtained from 4-9˚C. 

The mixing process was exothermic. The solution was then immersed in ice and sonicated, while 

nitrogen gas was bubbled through for 20 minutes at a pressure of 10 bars to remove all dissolved 

oxygen. The homo-polymer was initiated with 15 µl of TEMED. The mixtures were then swirled 

gently for 5 seconds.  

 The solutions were later poured into 5 mm diameter cylindrical molds that were opened to 

terminate the free radical polymerization. The samples inside the cylindrical molds were then left 

at 24˚C in a water bath (Model 2321, Fisher Scientific Inc., Loughborough, Leicestershire, UK) 

to strengthen the polymerized gels over 12 hr period. They were then washed 10 times with 

deionized water to remove any chemical residue. The resultant wet gels were then cut into discs 

and cylindrical samples with diameters of 5 mm and heights of 5 mm. They were then soaked in 

deionized water, while replacing the deionized water for two weeks. The samples were finally 

removed from the deionized water. They were subsequently dried in a laboratory environment 

(29˚C) to remove all moistures.  

 P(NIPA)-based co-polymer hydrogels were also prepared using the same procedure for the 

fabrication of the P(NIPA) homo-polymer. However, co-monomer species, AM and BMA were 

co-polymerized with P(NIPA) to form co-polymers gels. Samples of P(NIPA) co-polymer 

hydrogels which contained 5 or 10 mol% of BMA were initiated with 5 and 10 µl of TEMED, 

respectively, while gels that contained 5, 10 and 15 mol% of AM were initiated with 20, 30, 40 
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µl of TEMED, respectively. Controlled additions of TEMED reduced the turbidity of the 

hydrogels. It therefore, helped to produce transparent hydrogels.  

Since the transport characteristics of conventional P(NIPA)-based gels are largely dependent on 

the morphologies of the gels inner matrices, an LCD Deluxe digital optical microscope 

(Celestron #44345, Columbia St., Torrance-USA) was used to study the gel microstructures. 

 

3.2.3 Prodigiosin (PG) Extraction 

 

  PG was extracted from the bacterium, SM, at the Biotechnology and Genetic Engineering 

Advanced Laboratory, Sheda Science and Technology Complex (SHESTCO), Abuja, Nigeria.  

The process involved a prepared growth media, peptone glycerol agar (PGA) with composition 

of was 0.5% peptone, 1% glycerol and 15 g/l agar at pH “7”.  SM was inoculated onto the PGA 

culture plates and incubated at 28˚C for 48 hrs. The SM grew in the culture, producing a 

characteristic pink and red pigment, associated with the presence of PG [34].  

 

  The SM grown on the surface of the media was scooped into 100 ml of absolute ethanol, 

agitated vigorously to extract the pigment into the ethanol. The 100 ml SM-ethanol solution was 

filtered using Whatman filter paper (number 1). This was done to remove some debris from the 

solution.  The solution was then centrifuged at 5000 revolutions per minute (rpm) for 10 min to 

allow the bacteria to sediment. The supernatant containing the pigment, PG was collected and 

placed in a rotary evaporator (BUCHI, Rotavapor® 114 with Water Bath B-480, Bristol, 

Wisconsin, USA). This was used to remove the ethanol, leaving the crude extract of PG. 

 

 The PG was then purified using column chromatography.  The stationary phase was a silica 

gel (BDH Chemicals, 300624v, Poole Dorset, England), while the mobile phase was a mixture of 

ethyl acetate, chloroform and methanol in the ratio of 2:1:1, respectively. The PG crude extract 
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was layered at the top of the gel in the column and fractions were eluted by adding the mobile 

phase. Then, 5 ml fractions were collected over several minutes.  

 The collection was followed by UV-Vis spectrophotometric (UV-Vis) measurements of the 

fractions at a wavelength of 535 nm using a UV-Vis spectrophotometer (Cecil 7500 Series, Buck 

Scientific Inc., East Norwalk, USA). The fractions that absorbed at this wavelength were pooled 

together and subsequently dried in a lyophilizer (Labconco, Kansa City, Missouri, USA). 100 mg 

of dried PG was suspended in 1 mL methanol and stored at -20˚C. The PG samples were then 

stored in the dark, since the efficacy of PG could be affected by ultra-violet radiation [35].  

 

3.2.4 Determination of the Purity of Prodigiosin Extracted 

 

  HPLC was carried out using an HPLC system with a dual wavelength absorbance detector 

(Waters 2695 with 2487 Absorbance Detector, LabX, Midland, ON, Canada). This was used to 

determine the purity of the extracted samples by producing spectra at 535 nm. Methanol and 10 

mM triethylamine (17:3 v/v), with pH adjusted to 6.5 (using phosphoric acid), were used as the 

mobile phase at a flow rate of 1.0 ml/min through a reverse column at 40˚C. The acid was used 

to improve upon the chromatographic peak shape and also to provide a source of protons in the 

reverse phase. The concentration of the standard solution was matched to the sample solution to 

avoid peak mis-assignment due to peak shape effects. 500 µg of each sample; standard PG and 

the sample PG were separately dissolved in 2 ml of methanol to obtain equal concentrations of 

250 μg/ml.  

  The PG content was determined from the HPLC analysis by comparing the peak areas 

(normalization), as well as the symmetrical increase of the peak areas, as a function of the 

retention time. By comparing the retention time and response of the peak in the chromatogram of 

the standard solution, with the sample chromatogram, the peaks were assigned. The percentage 
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peak, AP, areas were obtained from [36]: 

 

𝐴𝑃 = % 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎  𝑝𝑒𝑎𝑘 =
𝐴𝑖

∑ 𝐴𝑎
𝑛
𝑖=1

 x100       (3.2) 

 

where Ai is the area of a particular peak, Aa is the peak-area of any peak observed on the 

chromatogram, which also include the peaks of other impurities in the sample. The amount of PG 

present in the sample (corresponding to a peak area) was obtained from [36]: 

 

𝐴𝐴 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒(𝜇𝑔/𝑚𝑙) =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟
    (3.3a) 

where the 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 (𝜇𝑔/𝑚𝑙)
     (3.3b) 

 

The sample peak indicates some degree of tailing or asymmetrical by deviating slightly from the 

ideal, symmetrical. The asymmetry factor (As) was obtained from: 

𝐴𝑆 =
𝑏

𝑎
           (3.4) 

where a and b are the front and back half widths measured at 10% of the peak height [37]. 

 

3.2.5 Phase Transition Temperature Measurements  

 

The lower critical solution temperatures (LCSTs) of the P(NIPA)-based hydrogels were 

determined using a Differential Scanning Calorimeter (DSC) (Perkin Elmer Inc., Waltham, 

Massachusetts, USA). To determine the LCSTs, samples were obtained from the polymerized 

P(NIPA)-based gels. They were soaked in DW (as a control) and PG for 5 days, prior to DSC 

measurement.  Fractions of gel were cut carefully and placed into empty hermetically sealed 

stainless steel containers. Each sample in the steel containers weighed 5 mg.  The stainless steel 

containers were then sealed to prevent the evaporation of DW/PG during the scanning 

calorimetric measurements.  
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The DSC scans for the samples were programmed to run for a period of 18 hours. After the 

complete scans at heating rates of 10˚C/min, plots of heat flow and temperature increase rate 

were obtained. The LCSTs were then determined using a calorimetric technique [38] that 

provides information on the heat released from the cleavage of hydrogen bonds between the 

water solvent and the polymer.  

 

3.2.6 Fluid/Drug Concentrations 

 

 Each sample of BB, PG and PT was accurately weighed to 0.1 g. The 0.1 g of PG was 

initially dissolved with 2 ml methanol (100%) to give a stock solution of 5 mg/ml. The 5 mg/ml 

solution was then adjusted with PBS to give a final concentration of 2.5 mg/ml. The other 

samples, such as BB and PT, were similarly prepared. However, the initial dissolution of BB and 

PT were done in 2 ml ethanol and 2 ml DMSO, respectively, while 38 ml PBS was used to adjust 

each solution to obtain final concentrations of 2.5 mg/ml. The ratios of DMSO:PBS, 

methanol:PBS, and ethanol:DW, were each 5:95 v/v% in the final drug/sample solutions.  

 

 The reactions of DMSO with PBS, as well as methanol with PBS, produced turbid solutions.  

Drug/sample solutions were filtered twice using Whatman filter paper (number 1) to remove 

debris. The swelling properties of the hydrogels were then characterized using the final 

concentrations of 2.5 mg/ml (PG, PT and BB) and DW, as described in section 3.2.7 below. 

 

3.2.7 Swelling Ratios and Transport Measurement 

 

Dried hydrogels were used to determine the swelling ratios of P(NIPA)-based hydrogels in 

PG, BB and PT. The solvents (PG, BB and PT) were dissolved with aqueous solvents, as 

presented in section 3.2.6. The swelling ratios of P(NIPA)-based hydrogels were determined by 
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immersing the hydrogels into 5 ml of the different solutions (2.5 mg/ml of PT, PG and BB) or 5 

ml DW, to absorb drugs/fluids. The swelling and release behavior of the loaded gels were then 

studied. The average swelling ratios (SRA) were obtained by soaking the P(NIPA)-based 

hydrogels in DW, PG and BB (at temperatures between 28 - 48˚C). These are given by [39]: 

 

𝑆𝑅𝐴 = (𝑀𝑡 −𝑀𝑜) 𝑀𝑜⁄                                                                                             (3.4) 

 

where Mt is the mass of the gel at time t and Mo is the mass of the dried gel at time, t = 0.  

The fluid/drug uptake in the gels was obtained from the relative gel mass [40]: 

 

𝑀𝑟𝑒𝑙 = 𝑀𝑡 𝑀𝑠⁄                                                                           (3.5) 

where Ms is the swollen mass at a given temperature and Mt  is the mass of the hydrogel at time, 

t. The equilibrium volume ratio was obtained from: 

 

𝑉𝑒𝑞 =
(
𝜋𝐷2

4
)

(
𝜋𝐷˳

2

4
)
=

𝐷2

𝐷˳2
         (3.6) 

where Do and D are the diameters of the hydrogels before and after equilibrium swelling.  

 

 

3.2.8 Strain Induced in Hydrogels Due to Swelling 
 

 Brannon-Peppas and Peppas earlier explained the dynamic swelling of hydrogels [41]. For 

one-dimensional transport, the swelling of gels were related to the change in lengths. The strain, 

ε, induced in the gel as a result of swelling, is given by equation (3.7) to be:  

 

𝜀 =
𝑙−𝑙𝑜

𝑙𝑜
          (3.7) 

 

where l is the length at a given time, t and lo is the initial length.  
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3.2.9 Drug/Fluid Release from PNIPA-based Hydrogels 

 

Peppas and co-workers [42] have also developed an equation for the modeling of drug 

release. This assumes a time-dependent power law function of the form: 

𝑚𝑡

𝑚𝑖
= 4(

𝐷

𝜋𝛿2
) 𝑡𝑛 = 𝑘𝑡𝑛                                                       (3.8) 

where 
𝑚𝑡

𝑚𝑖
 is the fluid/drug release fraction, k is the geometric constant of the release system, n is 

the fluid/drug release exponent, depicting the release mechanism, mi is the initial mass of the 

swollen hydrogel prior to drug release, 𝑚𝑡 is the mass of the hydrogel at time, t during drug 

elution, δ is the thickness of the gel and D is the diffusion coefficient. Equation (3.8) is applied to 

systems in which diffusion occurred within the polymeric networks [42]. The constants k and n 

were obtained from the linear form of equation (3.8).  This gives: 

𝑙𝑛 (
𝑚𝑡

𝑚𝑖
⁄ ) = 𝑙𝑛𝑘 + 𝑛 ln 𝑡                                              (3.9) 

where k and n were obtained, respectively, from the intercepts and slopes of the plots of 

ln(𝑚𝑡 mi⁄ ) versus ln t. The intercepts on the ln(𝑚𝑡 mi⁄ )  axis were equal to ln (k). The diffusion 

coefficients, Ds, were obtained from: 

 

𝐷𝑠 =
𝑘𝜋𝛿2

4
                                                                       (3.10) 

 

where k, π and δ  are the geometric constant of the release system, the mathematical constant 

reflecting the ratio of a circle circumference to its diameter and the thickness of the gel, 

respectively.  The diffusion coefficients were determined at different temperatures (28-48˚C). 

The activation energies for the different gels were also obtained from the Arrhenius equation. 

This gives: 
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D = Doexp(
−Ea
RT
)                                                                          (3.11a)   

and  

lnD = lnD𝑜 −
Ea
RT

           (3.11b) 

 

where D is the diffusion coefficient, Do is the diffusion constant at room temperature, R is the 

universal gas constant, T is temperature and Ea is the gel activation energy. The activation energy 

for each sample was obtained from the slope of a linear plot of ln(D) versus 𝑇−1(𝐾−1).  

 

3.2.10 Statistical Analysis 

 

Statistical analysis for each experiment was carried out for at least at three independent 

times and the average values ± standard errors (SE) were reported [43]. The present data were 

analyzed using Minitab software package (Minitab16, Minitab Inc., State College, PA, USA).  

 Analysis of variance (ANOVA) tests on the effect of temperature on the swelling ratios (Fig. 

3.4) were presented. In order to investigate these differences, a post hoc test was carried out 

using the least significant difference (LSD) test. ANOVAs tests for the effect of the different 

polymer ratios on the swelling ratios (Fig. 3.3) were also presented. Significance of the result 

was determined from the difference in the means. Moreover, repeated ANOVAs were also 

performed on the effect of different drugs/fluids on the swelling ratios of P(NIPA)-based 

hydrogels (Fig. 3.5). 

  

 Statistical variations of AM on the equilibrium volume ratios of P(NIPA)-based hydrogels 

(Fig. 3.6) at 95% confidence interval (CI) were also evaluated using student’s t-test statistic [43]. 

The significant difference in the LCSTs due to PG and DW was similarly evaluated (Fig. 3.7). In 

addition, the differences in strains induced on the P(NIPA)-based hydrogels (due to swelling in 
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DW and PG) were evaluated along with the effects of polymer ratios on increasing the strains 

(Table 3.7). The p-values less than 0.05 were considered statistically significant or vice versa. 

3.3.0 Results and Discussion 

3.3.1 Gel Characterization 

 

The optical microscopy images of the gels revealed collapsed walls within an 

interpenetrating matrix (Figs. 3.1a-d). This suggests that the gels can easily collapse and expand, 

when an external stimulus is applied. The P(NIPA)-based co-polymer matrices were cracked in 

multiple locations. The structure of the polymers shows clear evidence of micro-cracks and 

micro-pores (Fig. 3.1a-d).  

The homo-polymer matrix revealed dominant pore sizes of 0.15-10 µm (Fig. 3.1a), 

interconnecting pores sizes ranging from 0.5-15 µm were observed in P(NIPA-co-AM) (95:5 

mol%) (Fig. 3.1b), while spherical micro pores with sizes ranging from 5-25 µm were observed 

in the P(NIPA-co-AM) (90:10 mol%) (Fig.3.1c). Similarly, micro-voids and micro-pores were 

also observed in the P(NIPA-co-AM) (85:15 mol%) with pore sizes between 0.5 to 70 µm (Fig. 

3.1d).  

The gels co-polymerized with AM and BMA had different pores sizes in their structures (Fig. 

3.2a-3.2b). The micropores were uniformly distributed in the gel matrices, revealing dominant 

pore sizes of 0.1 - 17 µm (Fig. 3.2a), 0.12 - 20 µm (Fig. 2b) for P(NIPA) homo-polymer, and co-

polymers (with 5 mol% of AM), respectively.  

The average porosity of P(NIPA)-based homo-polymer hydrogels was found to be 0.34, 

while P(NIPA) co-polymers containing AM had average porosities  of 0.53, 0.58 and 0.67 for 

P(NIPA-co-AM) (95:5 mol%), P(NIPA-co-AM) (90:10 mol%) and P(NIPA-co-AM) (85:15 

mol%), respectively. However, P(NIPA-co-BMA) (95:5 mol%) had an average porosity of 0.39, 
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while the P(NIPA-co-BMA) (90:10 mol%) had an average porosity of 0.48. The amount of AM 

and BMA significantly increases the porosity of the hydrogels, which helps with solution uptake. 

 

3.3.2 Swelling Characteristics 

In drug delivery, it is very important to know the mechanism of solute transfer from the gel 

matrix [44].  Diffusion serves as the main mechanism of solute transport for non-biodegradable 

gels. However, the mass transfer in hydrogels can be attained from the swelling of the hydrogel. 

P(NIPA)-based hydrogels were exposed to drug solutions (PG, PT), DW and BB to absorb 

drugs/fluid. The swelling behaviours of the loaded gels were then studied.  When the hydrogels 

were exposed to the above solutions/fluids, they swelled until dynamic equilibrium conditions 

were attained at saturation.  

At equilibrium, the thermodynamically driven swelling force was counter-balanced by the 

retractive force of the cross-linked structure, leading to an equilibrium state. This swollen state 

then allows the gaps between the crosslinks and mesh size to be widened. This facilitates the 

transfer of different solutes through the gels.  

Most hydrogels used in biomedical applications have mesh sizes, ranging from 5-100 nm 

[45], in their swollen state. Once the gel has imbibed fluid/drug, the mesh size widens, allowing 

free passage of the solutes.  These size scales are much larger than most small molecular weight 

drugs that are used in pharmaceutical formulations. Hence, the diffusion of such drugs is not 

hindered in such swollen matrices. The transfer of solutes was controlled by the swelling of the 

gels. The small hydrodynamic radii of drugs molecules enabled them to diffuse through the gel 

network. Hence, the knowledge of gel swelling characteristics provides the necessary 

understanding of the network structure of the gels and their capacity to function as drug carriers. 
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The results obtained for the average swelling ratios (SRa) of P(NIPA)-based hydrogels, 

exposed to different fluids at 28˚C (room temperature) for 30 h are presented (Fig. 3.3). The 

differences in the SRa were due to the ion concentrations of the different solutions in which 

P(NIPA)-based hydrogels were soaked. Table (3.2) displays the ANOVA test for the effect of the 

different polymer ratios on the SRa (Fig. 3.3). The test revealed there is no significant difference 

on the effect of the different polymer ratios on SRa. Since there is no significant difference, there 

was no need for post hoc test. 

The dependence of the swelling temperature on the SRa of P(NIPA)-based gels in PG is 

presented (Fig. 3.4).  There is a clear evidence of a reversed temperature response to SRa (Fig. 

4). The SRa were higher at room temperature (28˚C) (Fig. 3.4), while drastic decreasing trends 

were observed at higher temperatures above 30˚C (Fig. 3.4). The increase in swelling ratios at 

lower temperatures resulted in greater solution uptake by the hydrogels. This is attributed to the 

thermo-sensitivity of the P(NIPA)-based hydrogels. 

Table (3.3A) displays the result on the analysis of variance (ANOVA) test of the effect of 

temperature on the SRs. The results revealed there was significant difference on the effect of 

temperature on the gel swelling. In order to investigate these differences, a post hoc test was 

carried out using the least significant difference (LSD) test. In table (3B) if you see * on the 

mean difference it means it is significant. The increase in temperature however, caused the 

aggregation of polymer networks [46].  

Furthermore, the P(NIPA)-based hydrogels experienced rapid uptake of DW, BB, PT and PG 

during the initial stages of immersing (Figs. 3.5a-3.5d), before attaining equilibrium swelling. 

Generally, the hydrogels swelled more rapidly, due to large swelling forces generated by 

electrostatic repulsion among the ionized acid groups and the osmotic pressure. Repeated 

ANOVAs for the swelling ratios of P(NIPA)-based hydrogels in different fluids (5 ml of 2 µg/ml 

of drug solutions) or distilled water at 28˚C is presented in Table 3.4. For all the polymer ratios 
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(A, B, C, D) (Fig. 3.5); there is no significant difference on the effect of the drugs on gel 

swelling ratios. Since there was no significant difference, there was no need for post hoc test. 

The osmotic pressures and chemical potential balance within and outside the gel network 

were contributing factors to the swelling properties of the gels in the different solutions. At 

equilibrium, the sum of the osmotic pressure for the mixing, rubber elasticity and ion interactions 

equals to zero. Decrease in the chemical potential of the swelling system directly affects the total 

volume uptake. 

 

The volume fraction of a hydrogel (in the swollen state) is a measure of the amount of 

fluid/drug absorbed and retained by the hydrogel. The results (Fig. 3.6) show that the equilibrium 

volume ratio (Veq) of P(NIPA)-based gels increases linearly with acrylamide concentration, with 

r
2
 = 0.991. Higher values of Veq (Fig. 3.6) were obtained for hydrogels containing acrylamide. 

This is attributed to the hydrophilicity of the hydrogels, as a result of the acrylamide added.  

Statistical analyses of the effects of polymer ratios on the Veq of P(NIPA)-based hydrogels 

(Fig. 3.6) revealed no significant differences with p-values greater than 0.05.  The variations in 

the data (Fig. 3.6), standard deviation (SD) and standard error of the mean (SEM) are presented 

to be 3.05 and 1.53, respectively.  

The swelling characteristics of P(NIPA)-based hydrogels are of practical importance.  The 

knowledge of gel swelling kinetics provided the understanding of the network structure of the 

gels and their capacity to function as drug carriers. 

 

3.3.3  LCSTs of P(NIPA)-based Hydrogels 

 

 The LCSTs of the P(NIPA)-based hydrogels are summarized (Table 3.5). The LCST for the 

homo-polymer soaked with distilled water was ~33˚C, while 32˚C was reported earlier [30] and 

34.6 ˚C in recent work [12]. 
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 With increasing concentration of acrylamide, the LCSTs of the hydrophilic co-polymer 

increased from 36.3˚C at 5 mol % of AM to 41.7˚C at 15 mol% of AM (Table 3.5). This is in 

agreement with results from prior studies [12, 30, 31, 47]. In contrast, increasing concentrations 

of hydrophobic co-monomer species, such as BMA (up to about 10 mol%), results in decreasing 

LCSTs, down to 29.0˚C. Hence, the LCSTs depend on the concentration of AM or BMA in the 

copolymers.  

 However, PG was also found to greatly increase the LCSTs of P(NIPA)-based hydrogels with 

p-value less than 0.05. This is shown (Fig. 3.7) in which plots of LCST versus P(NIPA)-based 

gels are presented.  

 The results on the LCSTs of P(NIPA)-based gels suggest that the release of drugs from the 

thermo-sensitive hydrogels can be managed with a heat trigger mechanism.  Such a mechanism 

could be used to heat up the soaked gels up to their LCSTs, or nearly above their LCSTs, to 

control the release of anti-cancer agents. Co-polymers can also be selected to have compositions 

with LCSTs corresponding to the desired cancer treatment. Such control of the LCSTs makes 

P(NIPA)-based hydrogels attractive for potential applications in drug delivery systems.         

                                                                                              

3.3.4 Gel Swelling and PG Release 

 

 The mechanism of hydrogel swelling is one of the most essential elements used in controlled 

drug release. During controlled-swelling, hydrogels experience a swelling-driven phase 

transition from a glassy state to a rubbery state. This occurs when the transition temperature is 

lower than the temperature of the fluid that surrounds the polymer matrix. In the glassy state, 

some drug molecules were trapped.  These molecules continue to accumulate, making drug 

diffusion difficult. However, in the rubbery state, the dissolved drug molecules diffused rapidly 
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through the swollen polymer. Furthermore, the glassy states of P(NIPA)-based hydrogels were 

cloudy in appearance, while the rubbery states were transparent.  

The fractions of PG released (mt/mi) from P(NIPA)-based hydrogels are presented in Figs. 

3.8a-3.8d. The release exponent, n, corresponds to the mechanism of drug release. The measured 

values of the release exponent (n) and the gel geometric constant (k) were obtained from 

equation (3.9), while the coefficients of diffusion (Ds) were obtained from equation (3.10). 

  

The results for n, k, and Ds were obtained from Figs. (3.8a-3.8d). They are also summarized in 

Table 3.6. The fractional releases of drugs (from the polymers) were exponentially related to the 

drug release time. For cylindrical gels, n = 0.45 corresponded to Fickian diffusion [48, 49], while 

the release rate was then dependent on t−0.45. This represents diffusion-controlled release. When 

n lies between 0.45 and 0.89 (i. e. 0.45 < 𝑛 < 0.89),  non-Fickian diffusional release 

(anomalous transport) [48, 49] occurs, while n = 0.85 corresponds to case-II transport (for a 

cylindrical sample).  

 

The values of n (Table 3.6) were greater than 0.45, but less than 0.89. The release exponents, 

n, provided some insights into the mechanisms of PG release from the P(NIPA)-based hydrogels. 

Such n values (0.62-0.81), therefore, suggest that the fractional release of PG from P(NIPA)-

based hydrogels at 37˚C occurred by an anomalous transport mechanism. The geometric 

constants (containing the diffusion term) were between 0.70 and 1.31 x 10
-3

s
-1

. The geometric 

factors decreased with increasing n. Also, the coefficients of PG diffusion from P(NIPA)-based 

hydrogels were between 4.97 and 9.29 x 10
-9

 m
2
/s. The diffusion rates of P(NIPA)-based 

hydrogel loaded with PG, in addition to their thermo-response could be used to control the 

release of drug for localized chemotherapy [50].  
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3.3.5 Strains (ɛ) Induced in Hydrogels Due to Swelling 

 

 The strains, ɛs, induced in the hydrogels, due to swelling in the fluids/drug solutions for 72 h 

at room temperature (29˚C), are summarized (Table 3.7). The strain, ɛ, corresponds to the 

extension in length during swelling. The ɛs in the P(NIPA)-based hydrogels soaked in PG varied 

from 0.44 - 1.73, while those in the gels soaked in DW varied from 0.29 - 1.28. The results show 

significant elongation in the hydrogels after soaking in PG (44-173%) and DW (29-128%). 

 The differences in strains induced on the P(NIPA)-based hydrogels (due to swelling in 

DW/PG) (Table 3.7) were not statistically significant with p-value (of 0.12) greater than 0.05. 

Also, the effects of polymer ratios (Table 3.7) on increasing the strains was not statistical 

significant with a p-value (of 0.99) greater than 0.05. 

  

3.3.6 Purity of Extracted Prodigiosin 

 

 Single peaks were obtained from the chromatographs for the test sample and the standard 

sample. The peaks grow and retain symmetry, given a tentative confirmation of the sample (PG) 

[36, 51].  

 It is important to note here that the peak areas were used to determine the concentrations of 

PG in the samples [36, 51]. These were used instead of the peak heights, since the peak heights 

varied, while the peak areas remained almost constant. The test sample shows good asymmetry, 

based on the As determined to be 1.4.  

 Other smaller peaks were observed in the test samples due to impurities present. Also, the 

greatest peak was obtained at 5.01 min of retention time, with a percentage area of 95.42, as 

compared to 4.87 min for the standard sample, which also had a percentage area of 97.66. The 

purity of the standard sample was 95 %. This translated by ratio to a sample purity of 92.8 %.  
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3.4 Summary and Concluding Remarks 

 

  The swelling kinetics of P(NIPA)-based hydrogels were studied at temperatures between 

28˚C to 48˚C. P(NIPA) forms a three-dimensional hydrogel, when cross-linked with MBA. The 

addition of AM and/or, BMA to NIPA improved the swelling behavior of P(NIPA)-based 

hydrogels. The osmotic pressure or chemical potential balance within and outside the gel 

network contributes to the swelling properties of the gels. A decrease in the chemical potential of 

the swelling system directly affects the total volume uptake. 

 

 The increase in the SRs of P(NIPA)-based hydrogels (in fluids/drugs at lower temperatures) 

results in higher solution uptake by the hydrogels during swelling, while the decrease in the SRs 

at higher temperatures explains the observed reduction of solutes in the hydrogel.  

 The effects of temperature on the swelling capacity of the gels suggest that drug loading can 

be done effectively at lower temperatures (room temperature, 29˚C), while drug elution can be 

controlled by regulating the environmental temperature to 37˚C, and or above (41, 43 and 45˚C).  

Furthermore,  the phase transition results in a mass loss of about 90% in gels containing PG, and 

even greater mass loss (approx. 95%) in gels containing water or BB.   

 The co-polymer ratio of the P(NIPA)-based hydrogel (95-5 mol%) with LCST of 36˚C results 

in a more controlled release of PG drug at 37˚C. Such a co-polymer ratio should be considered 

for the localized release of PG in physiological temperature range.  

The diffusion coefficients of PG released from the hydrogels were between 4.97 −

9.29 x  10−9 m2/s  at 37˚C.  However, there is a need for further studies for localized release of 

cancer drugs (such as PG and PT) loaded with P(NIPA)-based gels, while observing their effects 

on cancer cells.  There is also a need for biocompatibility studies of the gels. These are clearly 

some of the challenges for future work.   
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 The swelling capacities of P(NIPA)-based hydrogels were greatly affected by temperature 

(swelling environment). The result on the analysis of variance (ANOVA) test of the effect 

temperature on the swelling ratios revealed that there was a significant difference on the effect of 

temperature on the swelling. In order to investigate these differences, a post hoc test was carried 

out using the least significant difference (LSD) test. Moreover, PG was also found to 

significantly increase the LCSTs of P(NIPA)-based hydrogels.  

 However, for all the polymer ratios (A, B, C, D); there was no significant difference in the 

effect of the drugs/fluids on the swelling ratios. Similarly, there was no significant difference in 

the effect of the different polymer ratio on the SRs as depicted in all the ANOVA tables. Hence 

there was no need for post hoc test. In addition, there was also no significant differences on the 

effects of polymer ratios on the equilibrium volume ratios of P(NIPA)-based hydrogels. 

 The diffusion rates of P(NIPA)-based hydrogel loaded with PG, in addition to their thermo-

response, can also be used to control the release of drugs during localized chemotherapy. 
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Figure 3.1: LCD Microscopy Analysis of PNIPA-Based Hydrogels: (a) Homopolymer  (100 

mol% of NIPA and (b) 95 mol% of P(NIPA)-5 mol%  of AM; (c) 90 mol% of  P(NIPA)-10 

mol%  of AM;  and (d) P(NIPA) with 85 mol% of P(NIPA)-15 mol%  of AM. 

 

160 

x 

Micro cracks 

Micro pores/voids 

Interconnecting pores Voids 



98 

 

(a)      (b) 

    

(c)       (d) 

 

Images (A) And (B) Were Taken With LCD Deluxe Digital Optical Microscope (Celestron, Columbia, St. Torrance, USA), While Images 

(C) and (D) Were Taken with Nikon Inverted Microscope, TS 100; Supported with Nikon Digital Camera DXM1200F. 
Phases 1

 

Interconnecting Matrix Phase, 
Phase 2

 Regions of Micro Pores/ Voids. 

Figure 3.2: Microscopy Analysis of P(NIPA)-Based gels: (a) P(NIPA-co-AM-co-BMA) 

(90:5:5 mol%); (b) P(NIPA-co-AM-co-BMA) (85:5:10 mol%)(imaged with Celestron 

Microscope); (c) P(NIPA-co-AM-co-BMA) (90:5:5 mol%) and (d) P(NIPA-co-AM-co-

BMA) (85:5:10 mol%) (Imaged with Nikon Inverted Microscope). 

 

 

 

 

Regions of 
interconnecting pores 

Cracks 
walls 

Collapse walls 

Micro pores 

Phase 2  

Phase 1  Phase 1  

Phase 2  

Micro voids 



99 

 Prodigiosin

 Paclitaxel

 Distilled Water

 Bromophenol Blue

A B C D E F
0

2

4

6

8

10

12

14

16

18

20

A
v

er
ag

e 
S

w
el

li
n

g
 R

at
io

Gel Code  

P(NIPA)
N-Isopropylacrylamide, 

AM
Acrylamide, 

BMA
ButylMethylacrylate, 

APS
Amonium persulfate,

TEMED
 N,N,N′,N′-

Tetramethylethylenediamine; Gel codes; 
A
P(NIPA) Homopolymer (100 mol% of P(NIPA)), 

B
P(NIPA-co-AM) (95:5 mol%), 

C
P(NIPA-co-

AM) (90:10 mol%), 
D
P(NIPA-co-AM) (85:15 mol%), 

E
P(NIPA-co-BMA) (95-5 mol%) and 

 F
P(NIPA-co-BMA) (90:10 mol%). 

Figure 3.3: Average Swelling Ratios of P(NIPA)-based Hydrogels at 28˚C (room 

temperature) for 30 hrs. 
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Figure 3.4: Effect of Temperature on the Average Swelling Ratio of P(NIPA)-Based 

Hydrogels in 2.5 mg/ml 30 hrs in PG. 
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Figure 3.5: Swelling Ratio of P(NIPA)-Based Hydrogels in Different Fluids (5 ml of 2 µg/ml 

of drug solutions) or distilled water at 28˚C. 
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Figure 3.6: Equilibrium Volume Ratio of PNIPA-Based Hydrogels Soaked in Prodigiosin at 

28˚C. 
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Figure 3.7: Effects of PG on the LCSTs of P(NIPA)-based Hydrogels. 
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(a) Homopolymer (100 mol% of PNIPA and (b) 95 mol% of PNIPA-5 mol%  of Acrylamide; (c) 90 mol% of PNIPA-10 mol% of 

Acrylamide;  and (d) PNIPA with 15 mol%  of Acrylamide. 

 

Figure 3.8: Fraction of Drug (20 µg/ml of Prodigiosin) Release from P(NIPA)-Based 

Hydrogels Versus lnt (s) at 37˚C. 
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Table 3.1: Gel Materials and their Role in Gel Polymerization. 

Gel materials and their reagent grade Active Role in P(NIPA)-Based Gel 

Polymerization 

N-Isopropylacrylamide (NIPA), 97 % Monomer 

N,N,N′,N′-Tetramethylethylenediamine 

(TEMED), 99 % 

Catalytic agent used in conjunction with APS 

to accelerate the rate of polymerization 

 

N,N′-Methylenebisacrylamide (MBA), 99.5 % Cross-linker 

Ammonium persulfate (APS), 98 % Radical Initiator 

Acrylamide (AM), 99.9 % Hydrophilic Compound 

Butyl Methylacrylate, 98.8 % Hydrophobic Compound 

 

 

Table 3.2: Displays the ANOVA Test for the Effect of the Different Polymer Ratio on the 

Swelling Ratios. 

ANOVA 

Response 

 Sum of Squares df Mean Square F Sig. 

Between Groups 26.350 3 8.783 .419 .741 

Within Groups 418.861 20 20.943   

Total 445.211 23    

 

 

 

Table 3.3A: Displays the Analysis of Variance (ANOVA) Test of the Effect of Temperature 

on the Swelling Ratios. 

ANOVA 

       Response 

 Sum of Squares df Mean Square F Sig. 

Between Groups 19.015 5 3.803 5.738 .001 

Within Groups 19.882 30 .663   

Total 38.897 35    
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Table 3B: Least Significant Difference (LSD) Test 

                  LSD                                             Multiple Comparisons 

(I)  

Temperature 

(˚C) 

(J) 

Temperature 

(˚C) 

Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

28  37 1.5150
*
 .4700 .003 .5551 2.4749 

41 .5261 .4700 .272 -.4338 1.4860 

43 1.4638
*
 .4700 .004 .5039 2.4237 

45 1.8409
*
 .4700 .000 .8810 2.8007 

48 2.0373
*
 .4700 .000 1.0774 2.9972 

37  28  -1.5150 .4700 .003 -2.4749 -.5551 

41 -.9888
*
 .4700 .044 -1.9488 -.0290 

43 -.0512 .4700 .914 -1.0110 .9087 

45 .3259 .4700 .493 -.6340 1.2857 

48 .5224 .4700 .275 -.4375 1.4823 

41  28 -.5261 .4700 .272 -1.4860 .4338 

37 .9888
*
 .4700 .044 .0290 1.9488 

43 .9377 .4700 .055 -.0222 1.8976 

45 1.3148
*
 .4700 .009 .3549 2.2746 

48 1.5113
*
 .4700 .003 .5514 2.4711 

43  28 -1.4638 .4700 .004 -2.4237 -.5039 

37 .0512 .4700 .914 -.9087 1.0110 

41 -.9377 .4700 .055 -1.8976 .0222 

45 .3770 .4700 .429 -.5828 1.3369 

48 .5735 .4700 .232 -.3864 1.5334 

45  28 -1.8408 .4700 .000 -2.8007 -.8810 

37 -.3258 .4700 .493 -1.2858 .6340 

41 -1.3147 .4700 .009 -2.2746 -.3549 

43 -.3770 .4700 .429 -1.3369 .5828 

48 .1965 .4700 .679 -.7634 1.1563 

48  28 -2.0373 .4700 .000 -2.9972 -1.077 

37 -.5224 .4700 .275 -1.4823 .4375 

41 -1.5112 .4700 .003 -2.4711 -.5514 
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43 -.5735 .4700 .232 -1.5334 .3864 

45 -.1965 .4700 .679 -1.1563 .7634 

*. The mean difference is significant at the 0.05 level. 

 

 

Table 3.4: Repeated ANOVAs for the Swelling Ratios of P(NIPA)-based Hydrogels in 

Different Fluids (5 ml of 2 µg/mL of drug solutions) or distilled water at 28˚C. 

Response     Repeated ANOVAS 

Polymer Ratio  Sum of Squares df Mean Square F Sig. 

(A) Homopolymer 

(100 mol% of 

NIPA) 

Between Groups 3.760 3 1.253 .106 .956 

Within Groups 236.446 20 11.822   

Total 240.206 23    

(B) P(NIPA-co-

AM) (95-5 mol%) 

Between Groups 8.668 2 4.334 .449 .647 

Within Groups 144.847 15 9.656   

Total 153.515 17    

(C) P(NIPA-co-

AM) (90-10 

mol%) 

Between Groups 10.290 3 3.430 .316 .813 

Within Groups 216.944 20 10.847   

Total 227.234 23    

(D) PNIPA-co-

AM(85-15 mol%) 

Between Groups 16.935 3 5.645 .345 .793 

Within Groups 327.016 20 16.351   

Total 343.952 23    
df 

Degree of freedom. 

 

Table 3.5: Activation Energy and LCST of PNIPA-Based Hydrogels in Distilled Water. 

Gel Code Activation Energy  

(kJ/mole) 

Lower Critical Solution  

Temperature (˚C) 

A 122 ± 6 33 ± 1.7 

B 163 ± 8 36 ± 1.8 

C 166 ± 8 38 ± 1.9 

D 291 ± 15 42 ± 2.1 

E 114 ± 6 29 ± 1.5 

NIPA
N-Isopropylacrylamide, 

AM
Acrylamide, 

BMA
ButylMethylacrylate, 

APS
Amonium persulfate, Gel codes; 

A
P(NIPA) Homopolymer (100 

mol% of P(NIPA)), 
B
P(NIPA-co-AM) (95:5 mol%), 

C
P(NIPA-co-AM) (90:10 mol%), 

D
P(NIPA-co-AM) (85:15 mol%) and 

E
P(NIPA-co-

BMA) (95:5 mol%). 



106 

Table 3.6: The Values of n, k and D at 37˚C from PG Release. 

Compositions of 

Cylindrical 

Gel Samples 

Release Exponent 

(n) 

Geometric constant 

k (x 10
-3

s
-1

)  

Diffusion Coefficients 

Ds (x 10
-9

m
2
/s)     

Homopolymer  

(100 mol% of PNIPA) 

0.81 1.15 8.11 

P(NIPA-co-AM) 

(95:5 mol%) 

0.62 0.85 6.24 

P(NIPA-co-AM) 

(90:10 mol%) 

0.80 0.70 4.97 

P(NIPA-co-AM) 

(90:10 mol%) 

0.80 1.31 9.29 

 

P(NIPA)
N-Isopropylacrylamide, 

AM
Acrylamide 

 

 

 

 

Table 3.7: Strain Induced on Hydrogels Due to Swelling. 

Gel Code 

 

Prodigiosin 

strain (ɛ) 

Distilled Water 

 (ɛ) 

A 0.44 ± 0.02 0.29 ±0.02 

B 1.08 ±0.05 1.04 ±0.05 

C 1.35 ±0.07 1.22 ±0.06 

D 1.73 ±0.04 1.28 ±0.06 

 

NIPA
N-Isopropylacrylamide, 

AM
Acrylamide, 

BMA
ButylMethylacrylate, 

APS
Amonium persulfate, Gel codes; 

A
P(NIPA) Homopolymer (100 

mol% of P(NIPA)), 
B
P(NIPA-co-AM) (95:5 mol%), 

C
P(NIPA-co-AM) (90:10 mol%) and

 D
P(NIPA-co-AM) (85:15 mol%).  
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Appendix A. Supplementary Data 

(a)                                                                           (b) 

 
(c)                                                                      (d)  

    
(e)                                                                         (f)  

  
Average Swelling Ratio of P(NIPA)-Based Hydrogels Soaked in Distilled Water Versus 

Time (s): (a) at 28˚C; (b) at 37˚C; (c) at 41˚C; (d) at 43˚C; (e) at 45˚C, and (f) at 48˚C. 
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(a)                                                                     (b) 

 

 
 

       (c)                                                                          (d) 

 

 

Original DSC curves of LCST for typical P(NIPA)-based Hydrogels: (a) Homopolymer  

(100 mol% of NIPA): P(NIPA-co-AM) (85-15 mol%), (c) P(NIPA-co-BMA) (90:10 mol%) 

and (d) P(NIPA-co-AM-co-BMA) (85:5:10 mol%). 

 

(a)                                                    (b) 

                       

Schematic Illustration of P(NIPA)-based Hydrogel in Glassy and Rubbery State Matrix. (a) 

Glassy state (appears opaque) and (b) Rubbery state (appears transparent). 
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HPLC Analysis of Sample Purity: Plots of Standard Prodigiosin and Tested Sample 

(Prodigiosin), respectively. 

 

P(NIPA)-based hydrogel configuration and their compositions 

 

P(NIPA)
N-Isopropylacrylamide, 

AM
Acrylamide, 

BMA
ButylMethylacrylate, 

APS
Amonium persulfate,

TEMED
 N,N,N′,N′-

Tetramethylethylenediamine; Gel codes; 
A
P(NIPA) Homopolymer (100 mol% of P(NIPA)), 

B
P(NIPA-co-AM) (95:5 mol%), 

C
P(NIPA-co-

AM) (90:10 mol%), 
D
P(NIPA-co-AM) (85:15 mol%), 

E
P(NIPA-co-BMA) (95-5 mol%), 

 F
P(NIPA-co-BMA) (90:10 mol%),

 G
P(NIPA-co-

AM-co-BMA) (90:5:5 mol%),
 H

P(NIPA-co-AM-co-BMA) (85:5:10 mol%). 

 

Preparation of drug/sample solution into working concentrations. 

Drug/sample Initial 

dissolution 

Final dissolution 

(Topped up with) 

Final Concentration 

0.1 g of Paclitaxel 2 ml DMSO 38 ml PBS 2.5 mg/ml 

(DMSO:PBS) (5:95 %) 

0.1 g of Prodigiosin 2 ml methanol 38 ml PBS 2.5 mg/ml 

(Methanol:PBS) (5:95 %) 

0.1 g of  

Bromophenol 

2 ml ethanol 38 ml DW 2.5 mg/ml 

(ethanol:DW) (5:95 %) 

Gel  

Code 

P(NIPA)  

(mol%) 

AM  

(mol%) 

APS 

(g) 

 MBA 

(mg) 

TEMED 

(µl) 
 

 

BMA 

(mol%) 

A 100 - 0.0335 0.0136  5  - 

B 95 5 0.0335 0.0136 10  - 

C 90 10 0.0335 0.0136 20  - 

D 85 15 0.0335 0.0136 30  - 

E 95 - 0.0335 0.0136 5  5 

F 90 - 0.0335 0.0136 10  10 

G 90 5 0.0335 0.0136 20  5 

H 85 5 0.0335 0.0136 30  10 
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4.0 Prodigiosin Release from an Implantable Biomedical Device: Kinetics of  Localized 

Cancer Drug Release 

 

4.1 Introduction 

 

The increasing incidence of cancer [1] has stimulated research on the development of novel 

implantable devices for the localized treatment of cancer [2-5]. Cancer is currently the second 

leading cause of death worldwide, after cardiovascular disease [6,7].  Current trends also suggest 

that cancer will become the leading cause of death by 2030 [6,8]. Furthermore, standard 

treatment methods, such as bulk systematic chemotherapy [1,4,9] and radiotherapy [10], have 

exhibited severe side effects. There is, therefore, a need to develop localized cancer treatment 

methods that mitigate these side effects. 

One approach that can be used to reduce the potential side effects of cancer treatments is to 

use localized chemotherapy to reduce the concentrations of cancer drugs that are needed for 

effective treatment. This can be achieved by using implantable drug eluting devices for localized 

drug delivery [4,11]. Such approaches can also be combined with localized hyperthermia in 

cancer treatment [12-14]. Recent research by Yaoming et al. [15] has also shown that 

haematoporphyrin based-photodynamic therapy, combined with hyperthermia, provides an 

effective therapeutic vaccine against colon cancer growth in mice.  

This paper presents the results of an experimental study of the kinetics of cancer drug release 

(bacterial-synthesized prodigiosin (PG)) from an implantable device in which PG is soaked in 

encapsulated PNIPA gels. The P(NIPA)-based gels are encapsulated in poly-di-methyl-siloxane 

(PDMS) packages with micro-channels that facilitate the delivery of cancer drugs, such as 

paclitaxel
TM

 and prodigiosin. The implications of the results are then discussed for the design of 

implantable biomedical structures for the localized treatment of breast cancer. 



111 

4.2 Experimental Materials and Procedures 

4.2.1 Materials and Methods 

 

The Paclitaxel
TM

 (PT)
 
that was used in this study was procured from LC Laboratories 

(Woburn, MA, USA). Paclitaxel
TM

 was dissolved in dimethyl sulfoxide (CH3)2SO (DMSO) that 

was purchased from BDH Chemicals (Poole Dorset, England). DMSO is a polar aprotic solvent 

that dissolves both polar and nonpolar organic solvents. The prodigiosin (PG) that was used in 

the study was obtained from the Biotechnology and Genetic Engineering Advanced Laboratory, 

Sheda Science and Technology Complex (SHESTCO), Abuja, Nigeria. The prodigiosin was 

extracted from the bacteria, Serratia marcescens (SM) subsp. marcescens and purified by size 

exclusion chromatography. It was then characterized with a UV-Vis spectrophotometer (CECIL 

7500 Series, Buck Scientific Inc., East Norwalk, USA).  Sylgard 184 kit silicon elastomer, with a 

silicon elastomer curing agent (a cross linker), was used for PDMS encapsulation. The material 

was obtained from sylgard Dow Corning Krayden Inc. (Midland, Michigan, USA). The materials 

that were used in the PNIPA gel synthesis (Table 4.1) were purchased from Sigma Aldrich Co. 

(St. Louis, MO, in the USA). 

 

4.2.2 Preparation of P(NIPA)-Based Hydrogels 

 

The materials that were used in the PNIPA gel synthesis (Table 4.1) were used directly in the 

powdered form in the as-received condition. The gels were prepared by free radical 

polymerization [16]. The homopolymer (100 mol% of P(NIPA) (denoted by gel code A) was 

prepared by weighing 0.87 g of PNIPA, 0.0136 g of methylene-bis-acrylamide (MBA) and 

0.0335 g of ammonium persulfate (APS) with an analytical weighing balance (Mettler AE 100, 

Mettler-Toledo Ltd., Leicester, UK).  
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The samples were subsequently topped up with 7.8 mL of distilled water. They were then 

stirred vigorously until a homogenous mixture was obtained at temperatures ≤ 9˚C using 

sonicater water bath (Mettler, Mettler-Toledo Ltd., Leicester, UK). The mixing process was 

exothermic. The solution was then immersed in ice and sonicated, while nitrogen gas was 

bubbled through for 20 minutes at 10 bars of pressure to remove all of the dissolved oxygen. 

Depending on the gel composite, different amounts of the initiator, N,N,N′,N′-

­Tetramethylethylenediamine (TEMED), were added to the solution. The mixture was then 

swirled gently.  

P(NIPA) copolymer hydrogels with 5 or 10 moll% of Butyl-methacrylate (BMA) were 

initiated with 5, 10 µl of TEMED, respectively, while gels with acrylamide levels of 5, 10 or 15 

moll% were initiated with 20, 30, 40 µl of TEMED, respectively. A homopolymer was initiated 

with 15 µl of TEMED. This reduces the turbidity of the hydrogels and also helps to produce a 

transparent gel. The solution was poured into cylindrical molds and opened to terminate the free 

radical polymerization. Samples inside the cylindrical molds were then left at 24˚C in a water 

bath to complete the polymerization process over a period of 12 hours.  

P(NIPA) gel composites (denoted by codes B to G to facilitate their presentation in Table 

4.2) were also prepared by the same procedure. However, co-monomer species, acrylamide 

(AM) and butyl-methacrylate (BMA) were co-polymerized with P(NIPA), as summarized in 

Table 2. The AM co-monomers were used to produce hydrophilic copolymers, while the BMA 

co-monomers were used to produce hydrophobic copolymer [4,5]. After co-polymerization, the 

gels were carefully remolded and washed several times with deionized water to remove any 

chemical residue. They were then subsequently cut into discs and cylindrical shapes, and soaked 

in deionized water, while replacing the deionized water for two weeks. The samples were 

removed after the second week, before air drying to remove any chemical residue. They were 
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then characterized using optical and scanning electron microscopy techniques described 

previously in reference 4 and 5. 

 

4.2.3 Poly (Di-methyl-Siloxane) (PDMS) Fabrication 

 

Molds for the processing of PDMS packages were fabricated from aluminum and bronze 

metal slabs that were fabricated at Princeton University (Figs. 4.1a-c).  The outer section was 

fabricated from aluminum (dimensions between 10.12 mm and 15.89 mm), while the internal 

dimensions varied between 9.66 mm and 13.00 mm. Bronze was machined into cylindrical rods 

at the middle section that contained the reservoir for the drug carrier polymer (PNIPA). This 

cylindrical rod had diameters of 4.00 mm to 7.06 mm and heights of about 5.24 mm to 11.20 

mm. Holes with a diameter of 1.12 mm were drilled into four locations in the aluminum mold, 

while similar holes were drilled into the bronze cylindrical rod (Fig. 4.1a-b). These were 

introduced to enable the resulting microchannels (obtained after the molding process) to provide 

a path for drug diffusion from the encapsulated hydrogel. These paths enabled drugs (from the 

loaded gels) to be delivered to the surrounding tissue in a controlled manner. 

PDMS packages with different channel lengths and reservoirs were fabricated by mixing 

Sylgard 184 kit silicon elastomer with a silicon elastomer curing agent (a cross linker) (Sylgard 

Dow Corning, Krayden Inc., Midland, Michigan, USA). These were mixed in a ratio of 10:1 by 

weight. The mixture was stirred vigorously, de-gassed with a GALVAC vacuum oven (LTE 

Scientific Ltd., Greenfield State) set at -24 mm Hg equivalent, with no heat, for an hour. A 

complete mold was fixed with the aid of nuts and bolts, while 1.12 mm diameter thick surgical 

needles were passed through the four faces to produce the micro-channels. In order to induce 

temperature responsiveness in the gels, 5-10 turns of thin copper wire (0.1 mm diameter) were 

incorporated into some devices to induce Joule heating. Degassed PDMS was poured gently into 
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the fabricated molds. The samples were then cured at 60˚C for 3 hours and then exposed to 

room-temperature (28˚C) for 12 to 24 hours. 

 

4.2.4 Encapsulation of P(NIPA) into PDMS Capsules 

 

 

Although P(NIPA)-based hydrogels have been shown to have improved biocompatibility 

compared to PNIPA solids [17], a special effort was made to encapsulate the non-biodegradable 

PNIPA-based hydrogels in PDMS, which is a biocompatible polymer that has been approved by 

the U. S. Food and Drug Administration (FDA) for applications in implantable biomedical 

devices in humans [18-20], following several toxicity studies [17, 21-23]. 

The PDMS capsules consisted of Sylgard 184 kit silicon elastomer and a silicon elastomer 

curing agent of 10:1 ratio by volume (Sylgard Dow Corning, Krayden Inc., Midland, Michigan, 

USA). Dried P(NIPA)-based hydrogels were then inserted into the reservoir of the PDMS 

capsules. Before sealing the PDMS packages, the 10:1 ratio by volume mixture of Sylgard 184 

kit silicon elastomer and curing agent were applied on both edges of the encapsulate and its 

cover. The two layers were properly sealed using a clamping device to apply a slight pressure to 

the axes perpendicular to the edges.  

Ten sealed packages were then incubated at 40˚C for 24 hours to ensure that the two layers 

stuck together tightly (i.e. complete polymerization).  The devices were later saturated in 

prodigiosin or paclitaxel
TM

 drug or dye solutions. The microchannels, which were created 

initially, enabled the P(NIPA) gels to load drugs or dye solution at 28˚C. Thus, loading the 

device after encapsulation allows the gels to load up to the maximum volume of the device. The 

devices were then subjected to Joule heating at (37, 39, 43, 44, 45˚C) (Fig. 4.1e). This was done 
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to simulate potential exposures to normal body temperature (37˚C) and hyperthermic 

temperature ranges (43-45˚C) [24]. 

The time required for the fluid to flow across the devices with different channel lengths was 

used to ascertain the diffusion coefficient, D, which is given by: 

L= √𝐷𝑡         (4.1) 

where L is the channel length and t is the time taken for the fluid to flow across the channel 

length. 

 

4.3.0 Results and Discussion 

4.3.1 Gel Morphology 

 

An EVO
R
 analytical scanning electron microscope (SEM) (Oxford Instruments, Tubney 

Woods Abingdon, Oxfordshire, United Kingdom) was used to study the microstructures of the 

gels. The scanning electron microscopy (SEM) analysis showed that the porosity increased with 

increasing acrylamide copolymerization (Figs. 4.2a and 4.2b). 

 

4.3.2 Swelling and Re-swelling Ratios 

 

Although PG, bromophenol blue (BB) and PT are solids, aqueous solvents were used to 

dissolve them. For example, bromophenol blue was dissolved with ethanol (70%:30% water), 

while PT was dissolved with methanol (100%) and DMSO (100%) was used to dissolve PT and 

subsequently toped up with 70:30% of DMSO: phosphate buffer saline (PBS)). The working 

concentrations were between 1-100 𝜇g/ml. The resulting hydrogels (with average diameters of 

about 4 mm and 2 mm thick each) were then soaked into drug solutions (i.e. PG, PT, distilled 
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water or BB) to absorb drugs. The swelling and release behavior of the loaded gels were then 

studied.  

The swelling ratios (SR1) were obtained by soaking the P(NIPA)-based hydrogels in distilled 

water (DW), PG, PT and BB (at 28 ˚C below the LCST of the hydrogels). The P(NIPA)-based 

hydrogels used for the swelling experiments were dried in a vacuum oven at 40˚C for 3 days 

before they were reswelled in DW, PG, PT and BB (at 28 ˚C below the LCST of the hydrogels). 

The swelling and reswelling ratios were obtained from equation (4.2a) and (4.2b), respectively. 

These are given by: 

 

𝑆𝑅1 = (𝑀𝑡 −𝑀𝑜) 𝑀𝑜⁄                                                                                                (4.2a) 

𝑆𝑅2 = (𝑀𝑡 −𝑀𝑜) 𝑀𝑜⁄                                                                                                (4.2b) 

 

where Mt is the mass of the gel at time t and Mo is the mass of the dried gel at time, t = 0.  

 

4.3.3 Swelling and Re-swelling Characteristics 

 P(NIPA)-based hydrogels were exposed to penetrant solvents (DW, PG/PT (anticancer drugs) 

or BB). These hydrogels were soaked and allowed to swell for 30 hours to equilibrium 

conditions ratios. As soon as the hydrogels were exposed to these solvents, they swelled until 

dynamic equilibrium conditions were reached at saturation. At equilibrium, the 

thermodynamically driven swelling force is counter-balanced by the retroactive force of the 

cross-linked structure, leading to an equilibrium state. This swollen state allows for the widening 

of the gaps between the crosslinks and mesh size. This facilitates the transfer of different solutes 

through the gels.  

Most hydrogels used in biomedical applications have mesh sizes, ranging from 5-100 nm 

[25], in their swollen state. These size scales are much larger than most small molecular weight 
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drugs that are used in pharmaceutical formulations, and, therefore, diffusion of these drugs in the 

swollen matrices was not hindered. The transfer of the solute was controlled by the swelling of 

the gel. The small hydrodynamic radii of drug molecules then allow the drugs to diffuse through 

the gel network. Hence, knowledge of gels swelling characteristics enables the understanding of 

the network structure of the gels and their capacity to function as carriers for drug delivery. 

P(NIPA)-based hydrogels swells very well in DW than in PG, BB and PT (Figs. 4.3a-d). 

Acrylamide and butyl-methacrylate, improves the swelling ratios [26,27,28] (Figure 4). 

However, the data clearly shows that the swelling ratios of PNIPA-based hydrogels and its 

copolymers were much higher than the re-swelling ratios. The swelling ratios were greater than 

the re-swelling ratios (Figs. 4.5-4.8).  In comparison with the swelling ratios, the greatest re-

swelling ratios were observed in distilled water. These were followed by the re-swelling ratios in 

BB, PG and PT. There was a very closed patterned of swelling and re-swelling ratios from 

hydrogels loaded with distilled water, while there exist a wider gap (difference) between 

swelling and re-swelling ratios of P(NIPA)-based hydrogels loaded with prodigiosin (Figs. 4.5-

4.8). The swelling and re-swelling ratios of P(NIPA)-based hydrogels in BB, PG and PT were 

included for comparison. 

 

4.3.4 Diffusion and Swelling Mechanisms  

 

The fluid release exponent, n, and the diffusion constant, k, were determined from the 

following expression [29]: 

𝑚𝑡

𝑚𝑜
= 4(

𝐷

𝜋𝛿2
) 𝑡𝑛 = 𝑘𝑡𝑛                                                                                               (4.3) 

where  
mt

mo
  is the fluid or drug (prodigiosin/paclitaxel

TM
) release fraction at time, t, δ is the 

thickness of the gel and D is the diffusivity. Equation (4.3) suggests that the diffusion coefficient, 
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D, is independent of the drug concentration. The fractional release of drugs from the polymer is 

exponentially related to the release time. The release exponent, n, corresponds to the mechanism 

of drug release. Hence, n = 0.5, corresponds to Fickian diffusion, and the release rate is then 

dependent on t−0.5.   

When n > 0.5, Non-Fickian diffusional release was assumed and n = 1.0, corresponds to 

case-II transport. In the latter case, the release rate is independent of time (i.e. zero-order release 

rate kinetics [30]. Equation (4.3) has been applied to systems in which diffusion processes occur 

within polymeric networks [31]. Increasing porosity, due to copolymerization, leads to n < 0.5, 

since the diffusion mechanism is a combination of partial diffusion through a swollen matrix and 

partly through fluid/drug-filled pores. Therefore, these shift the release exponent toward smaller 

values [31]. The measured values of n, k and D are summarized in table 4.3. The constants k and 

n were obtained from the linear form of equation (4.3).  This gives: 

𝑙𝑛 (
𝑚𝑡

𝑚𝑜
⁄ ) = log 𝑘 + 𝑛 log 𝑡                                                                                 (4.4) 

where k and n are obtained, respectively, from the intercepts and slopes of the plot of 

ln(𝑚𝑡 mo⁄ ) versus ln t (s) (Figs. 4.4a-f). The diffusion coefficient, D, was obtained from: 

 

𝐷 =
𝑘𝜋𝛿2

4
                                                                                                                        (4.5) 

The geometric factor, K, decreases as the release exponent, n, increases. Hence, the diffusivity 

also increases in response to increasing n. The value of n obtained for gel A suggests Fickian 

diffusion (i. e. n = 0.5), while the values obtained for gels B to D suggest that non-Fickian 

diffusion dominates (anomalous case, n > 0.5) [31].  
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4.3.5 Modeling of Fluid Release 

 

The drug release from the loaded gels (at temperatures between 28˚ and 48˚C), were modeled 

using the early-time approximation [32,33]. This model assumes Fickian diffusion. The release 

rate is then dependent on t−0.5 .  This gives: 

𝑑𝑀𝑡

𝑑𝑡
= 2𝑀𝑡𝑜𝑡𝑎𝑙 (

𝐷

𝜋𝛿2𝑡
)
1
2⁄

                                                                                            (4.6) 

where the above constants have their usual meanings. The release rate is best described by a 

linear equation of the form: 

𝑑(
𝑀𝑡

𝑀𝑡𝑜𝑡𝑎𝑙
⁄ )

𝑑𝑡
= 𝐴(𝑡)− 

1

2                                                    (4.7) 

where log A corresponds to the intercept of the linear plot from  𝑙𝑜𝑔
𝑑(
𝑀𝑡

𝑀𝑡𝑜𝑡𝑎𝑙
⁄ )

𝑑𝑡
  versus log time 

(s), thus,  A = 𝑙𝑜𝑔 (
𝐷

𝜋𝛿2
)
1
2⁄

 and the diffusivity, D, was obtained from equation 4.6. This 

corresponds to the diffusion coefficient (Figs. 5.4a-b) for gels (C to D). The activation energy for 

the gels was obtained from the Arrhenius equation. This gives: 

𝐷 = 𝐷𝑜𝑒𝑥𝑝(
−𝐸𝑎
𝑅𝑇
)                                                                                                         (4.8) 

where D is the diffusivity, Do is the diffusion constant, R is the universal gas constant, T is 

temperature, Ea is the activation energy for each gel. The activation energies were obtained from 

the slopes of linear plots of ln D versus 𝑇−1(𝐾−1) (Figs. 4.6a-b). The activation energies and 

LCSTs obtained for the gels are presented in table 4.3. This shows that activation energies and 

their LCSTs depended mostly on gel composition. The activation energy for the NIPA 

homopolymer was 122 kJ/mole, while those of the hydrophilic copolymers were between 163 

kJ/mole (at 5 mol% of AM) and 291 kJ/mole (at 15 mol% of AM).  
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   These above results are similar to reports from prior work [4], where 124 kJ/mole was 

reported for the homopolymer and 142.46 kJ/mole for the hydrophilic polymers at (5 mol % of 

acrylamide (AM)). Similarly, we obtained the LCST for the homopolymer to be at 

32.9 ± 0.01˚C, while 32˚C was reported earlier [30] and 34.6 ± 0.01˚C in recent work [4].  

   With increasing concentration of acrylamide, the hydrophilic co-monomer resulted in an 

increase in the LCST from 36.3 ± 0.01˚C at 5 mol % of AM to 41.7 ± 0.01˚C at 15 mol % of 

AM. Furthermore, Oni et al. [4] reported that increasing concentration of acrylamide resulted in 

an increase in LCST from 39˚C (at 5 mol % of AM), to about 48˚C (at 15 mol % of AM). These 

results are in agreement with those from prior studies [4,11,34,35]. Increasing concentration of 

hydrophobic co-monomer (at 5 mol % of BMA) resulted in LCST of 28.95 ± 0.01˚C. This shows 

that the LCSTs depend on the composition of the polymer composite.  

   The release of bromophenol blue, as a function of time, is shown (Figs. 4.7a-b) for gels (A to 

D). The initial release of the dye was rapid. However, the subsequent release rates of the dye 

decreased significantly with increasing time. Furthermore, the more porous co-polymers 

containing the acrylamide co-monomer exhibited higher initial fluid release rates than the PNIPA 

homopolymer (Figs. 4.7a-b). However, the late time release profiles were similar in all the gels 

that were loaded with the anti-cancer drug, prodigiosin (Fig. 4.7c). 

   Table 4 summarizes the diffusion coefficients obtained for P(NIPA) and P(NIPA) co-

polymers at different temperatures, while the diffusion coefficients obtained for hydrogels 

soaked with different fluids at 37˚C are presented in Table 4.5. The diffusion coefficients 

obtained from P(NIPA)-based hydrogels and PNIPA-based copolymers soaked with prodigiosin 

were 2.1 x10
-12

 m
2
/s and 4.8 x10

-6
 m

2
/s, respectively. Similarly, the diffusivity values for 

P(NIPA)-based gel soaked with BB were 2.0 x10
-17

 m
2
/s and 8.0 x10

-9
 m

2
/s, respectively. The 

diffusivities of fluids released at 37˚C, in the copolymer containing 5 mol% AM, were higher 
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than those of fluids released from the other compositions (10 mol%, 15 mol% AM). This may be 

due to its LCST (noted at 36˚C), which causes it to collapse (phase transformation) by shrinking 

more quickly than the other compositions (Fig. 4.8). 

   The above results have shown great improvement and are consistent with prior work 

[4,16,36]. Furthermore, from recent work [4,5], the diffusion coefficient obtained for Rhoda 

mine dye release from P(NIPA)-based hydrogels, was estimated to be 1.21 x10
-9

 m
2
/s and 6.33 

x10
-10

 m
2
/s,  for copolymers with increasing amounts of acrylamide (i.e. from 5 mol % to 10 mol 

%). Finally, the diffusivities of paclitaxel
TM

 were found to be 2.38 x10
-16

 m
2
/s and 6.33 x10

-12
 

m
2
/s in the P(NIPA) homopolymer and hydrophilic copolymers (with 5 mol % to 10 mol % of 

BMA), respectively.  

 

4.3.6 Effect of Drug Diffusion across Channel Lengths 

 

Finally in this section, it is important to discuss the effects of drug diffusion across the 

channel lengths within the PDMS capsules (Figs. 4.1d-e).  A plot of L (m) versus √𝑡 (𝑠)
1
2  gives 

a straight line with an R
2
 of 0.98 (Fig. 4.3a). The slope of this line gives the diffusion coefficient 

of BB at 43˚C to be 1.43 x10
-8

 m
2
/s. This is higher than the diffusion coefficient of 4.51 x10

-9
 

m
2
/s reported previously by Oni et al. [4], for diffusion of rhodamine dye at 37˚C.  

From equation 4.1, the effective diffusion coefficient, D, across a different channel length, L, 

can be obtained from D = 𝐿
2

𝑡⁄ , where t is the duration of flow. A plot of L
2 

versus t is presented 

(Fig. 4.3b). This shows the expected linear dependence of L
2 

on t, and a slope corresponding to 

the effective diffusivity of 2.0 x 10
-8

 m
2
/s with an r

2
 = 0.97. Hence, shorter channel lengths 

facilitated the flow of fluid/drug molecules through the device into the treatment area or vice 
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versa. Moreover, the shorter channel lengths also require lower pressures to push the drugs 

through the device into the tumor tissue.  

 

Hence, the current work suggests that flow across the channels (in the PDMS packaging) is 

well described by a diffusion process, for the range of channel lengths (1.5-7.5 mm) that was 

used in this study. Similar results have also been reported by Oni et al. [4] for drug elution from 

PDMS packages. However, it is important to note that such behavior applies to relatively large 

channels, such as the ones studied in the current work and prior work by Oni et al. [4]. Further 

work is clearly needed to study possible microfluidic phenomena in smaller channels with micro-

scale dimensions. 

It is also clear from the current study that the final release rate of drugs into the tumor tissue 

can be managed by the diffusion across the channels. This is particularly important for the 

control of initial burst effects during the early stages of drug/fluid from the P(NIPA)-based gels. 

Such burst effects can be moderated by the flow of drugs across the channel lengths. For 

example, diffusion across the channel lengths examined in this study resulted in about ~ 8 days 

of drug diffusion. This is in contrast to ~ 12 hours of direct delivery from encapsulated 

P(NIPA)-based gels. 

 

4.4 Implications  

 

The studies suggest that, temperature-responsive PNIPA hydrogels encapsulated with a 

biocompatible polymer (PDMS) can be used for the controlled delivery of prodigiosin or 

paclitaxel
TM

 cancer drugs to targeted tumors or cancer cells [4,37]. The diffusion times and rates 

are in the range that is relevant to cancer treatment. 
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This work demonstrates the potential for the controlled release of prodigiosin (PG) as an 

anticancer drug. However, in-vitro and in-vivo experiments are needed to determine the effects 

of the localized release of prodigiosin on the viability of cancer cells or tissue. The effects of heat 

shock proteins (in the hyperthermic regime) should also be studied along with the potential for 

engineering synergy via the controlled release of prodigiosin at hyperthermic temperatures.  

In any case, the bacterial synthesis of prodigiosin could greatly reduce the cost of cancer 

drugs (compared to conventionally synthesized drugs such as paclitaxel
TM

), while the localized 

delivery of the cancer drugs could greatly reduce the amount of drugs that are needed for 

therapeutic cancer treatments. Hence, it is possible to envisage implantable cancer treatment 

devices, in which prodigiosin produced by bacteria is released at temperatures at which cancer 

cell viability is also reduced by localized hyperthermia. 

The heating of the above devices could be achieved by the use of Joule heating using wound 

copper wires that are embedded in the PDMS structures [4,5]. The heating could also be 

controlled with Proportional Integral Differential (PID) controller and in-situ sensors that could 

be used to regulate the local temperatures in the surrounding tissue to levels between 41 and 

44˚C that are required for typical hyperthermic treatment. These could be achieved using 

hyperthermic treatment cycles that include heating between 41 and 44˚C for ~ 15-30 minutes 

[38-41], followed by relaxation for duration of ~ 24 hours to manage the effects of heat shock 

proteins. 

The potential device could be used for treating solid tumors (between Stage I and Stage III).  

Since the treatment is localized, lower drug dosages and higher efficacy are possible [42]. The 

implantation of the device could be done, after the removal of a tumor for the device to deliver 

cancer drugs locally to the affected region. The device could then be removed after achieving the 

desired drug delivery therapy. Alternatively, the device could be left in the body, since PDMS is 



124 

biocompatible (U. S. FDA approved) and poses no toxicity threat in long term applications in 

humans [20].  

Further work is clearly needed to develop the local temperature and drug sensors as well as 

the control systems that are needed to control the delivery of heat and drugs in potential future 

devices. The system will need to compensate for temperature effects on the drug delivery rates 

from the PNIPA-based gels and the channels. These are relatively weak for temperatures close to 

the human body temperature (~ 37˚C) in the range between 37 and 39˚C, and stronger in the 

hyperthermic temperature range between 41 and 45˚C. Future systems will, therefore, need 

controllers and local sensors for the management of local drug release and heat diffusion. These 

are clearly some of the challenges for future work. 

 

4.5 Conclusions 

 

The diffusion kinetics of PNIPA gels has been studied at temperatures of 28˚C to 48˚C that 

are relevant to the treatment of cancer via localized heating (hyperthamia) and drug delivery. The 

drug release rates were governed by the earlier time approximation, while the diffusion rates of 

drug molecules were strongly influenced by temperature. Fickian diffusion behavior is observed 

in gel A, while Non-Fickian diffusion dominates the behavior of gels B-D [43]. Furthermore, 

since PDMS is biocompatible (US FDA), it is recommended as a packaging material for 

controlled drug release [4].  

The porous structures of the PNIPA gel (with mesh size of about 5-100 nm) enhances the 

controlled release of prodigiosin and paclitaxel
TM

 drugs. Furthermore, the gel microstructure 

does not hinder the flow of drug molecules because of their small hydrodynamic radii, as 

compared to the polymer mesh size. Since the delivery of the prodigiosin and paclitaxel drugs is 

localized by the use of the device, the total quantity of drug that is needed for therapeutic 
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treatment should be much less than that required for bulk systematic chemotherapy. Hence, the 

potential side effects of localized cancer drug delivery will be reduced by the application of the 

proposed device. 

The effective diffusion coefficient, D, across a different channel length, L, was obtained from 

D = 𝐿
2

𝑡⁄ , where t is the duration of flow. The linear dependence of L
2 

and t, gave a slope 

corresponding to the effective diffusivity of 2.0 x 10
-8

 m
2
/s corresponding to an R

2
 of 0.97. Since 

lower pressures are required to drive fluid/drug flow across devices with shorter channel lengths, 

shorter channel lengths ease the flows of fluid/drug molecules across the device. However, 

channel lengths can be used to manage the initial burst release of fluid/drug, since the delivery of 

drugs from the channels (into the tumor tissue) will then be controlled largely by diffusion across 

the channels. A balanced approach is, therefore, required for the design of optimal channel 

lengths. 
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(a)      

            
 

(b)                              (c)         (d) 

 

 

 

 
(e) 

All the measurements were in mm 

 

Figure 4.1: Schematic Diagrams of Mold and PDMS Components; (a) Aluminium slab; (b) 

Brass slab with Central Cylindrical rod; (c) Fabricated Mold; (d) Encapsulated Biomedical 

Device with Microchannels for Drug Elution; and 1(e) Hyperthermia System with a PID 

Temperature Controller (Fabricated by Dr. Yusuf Oni). 
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(a)                                                                        (b) 

    

(c)                                                                          (d) 

  

 

Figure 4.2: SEM Image of P(NIPA)-Based Hydrogels: (a) Homopolymer and (b) P(NIPA)-

Composite (With15 mol% of acrylamide (AM)), (c) P(NIPA)-Copolymer (5 mol% of AM 

and 5 mol% of BMA) and (d) P(NIPA)-Copolymer (5 mol% of AM and 10 mol% of MA). 
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(a) Homopolymer (100 mol% of PNIPA and (b) 95 mol% of PNIPA-5 mol%  of Acrylamide; (c) 90 mol% of PNIPA-10 mol% of 

Acrylamide;  and (d) PNIPA with 15 mol%  of Acrylamide. 

Figure 4.3: Swelling Ratio of P(NIPA)-Based Hydrogels and P(NIPA)-Based Copolymers in 

Different Fluids at 28˚C. Error Bars Show 95% Confidence Interval of the Mean. 
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Figure 4.4: Swelling Ratios of PNIPA-based Hydrogels in Prodigiosin at 28˚C. Error Bars 

Show 95% Confidence Interval of the Mean. 
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Figure 4.5: Swelling and Reswelling Ratios of P(NIPA)-based Homopolymer in aqueous 

medium: (a) Distilled Water; (b) Prodigiosin; (c) Paclitaxel
TM

 and (d) Bromophenol Blue. 

Error Bars Show 95% Confidence Interval of the Mean.    
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Error Bars Show 95% Confidence Interval of the Mean 

Figure 4.6: Swelling and Reswelling Ratios of P(NIPA)-based copolymer (95 mol% of 

P(NIPA)-co-5 mol% of AM) in aqueous medium:(a) Distilled Water; (b) Prodigiosin; (c) 

PaclitaxelTM and (d) Bromophenol Blue.  
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Error Bars Show 95% Confidence Interval of the Mean 

Figure 4.7: Swelling and Reswelling Ratios of P(NIPA)-based copolymer P(NIPA-co-10 

mol% of AM) in aqueous medium: (a) Distilled Water; (b) Prodigiosin; (c) Paclitaxel
TM

 

and (d) Bromophenol Blue.  
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Error Bars Show 95% Confidence Interval of the Mean 

Figure 4.8: Swelling and Reswelling Ratios of P(NIPA)-based copolymer ((85 mol% of 

P(NIPA-co-15 mol% of AM)) in aqueous medium: (a) Distilled Water; (b) Prodigiosin; (c) 

PaclitaxelTM and (d) Bromophenol Blue.  
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Error Bars Show 95% Confidence Interval of the Mean. 

Figure 4.9: Plots: (a) Fluid Flow Via Channel Length (cm) Against Travel Time at 43˚C; 

(b) Estimation of the effective diffusivity from L
2
 versus Time. 

 

 

500 1000 1500 2000 2500 3000
0

1

2

3

4

5

6
x 10

-5

Time (s)

C
h

an
n

el
 L

en
g

h
t 

(L
2
/m

2
)

 

 

L
2
 versus t

R
2
 = 0.97



136 

(a) (b) 

     
(c)                                                                      (d)  

       
(e)                                                                            (f) 

    

Figure 4.10: Diffusion Fits for Bromophenol Blue Dye Obtained From; Plots of ln(mt/mo ) 

Versus In(t) (s) for P(NIPA)-Based gels Hydrogels at 28˚C, 37˚C, 41˚C, 43˚C, 45˚C and 

48˚C. 
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Error Bars Show 95% Confidence Interval of the Mean. 

Figure 4.11: Release Rates of Bromophenol Blue at 41˚C: (a) Homopolymer; (b) 

Hydrophilic Copolymer (Containing 15 mol% of Acrylamide). 
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Figure 4.12: Plots of ln D versus T
-1

 (K
-1

): (a) Homopolymer, and (b) Co-polymer (With 15 

mol % of AM).  
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Figure 4.13: Release Rates of Bromophenol Blue Dye at 37˚C: (a) Homopolymer, (b) 

Hydrophilic Copolymer (With 15 mol% of Acrylamide), (c) Release Profiles of P(NIPA)-

Based Hydrogels at 41˚C and(d) Moles of Prodigiosin Release Per Gram of Polymers 

(P(NIPA). 
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Gel codes; 
A
P(NIPA-co-AM) (95-5 mol%), 

B
P(NIPA-co-AM) (90-10 mol%) and 

C
P(NIPA-co-AM) (85-15 mol%). 

Figure 4.14: Fluid/Drug Elution in P(NIPA) Copolymers. 

 

 

 

Table 4.1: Gel Materials and their Role in Gel Polymerization. 

Gel materials and their reagent grade Active Role in PNIPA-Based Gel 

Polymerization 

N-Isopropylacrylamide (NIPA), 97 % Monomer 

N,N,N′,N′-Tetramethylethylenediamine 

(TEMED), 99 % 

Catalytic agent used in conjunction with 

APS to accelerate the rate of polymerization 

 

N,N′-Methylenebisacrylamide (MBA), 99 % Cross-linking Agent 

Ammonium persulfate (APS), 98 % Radical Initiator 

Acrylamide (AM), 99.9 % Hydrophilic Compound 

Butyl Methylacrylate, 98 % Hydrophobic Compound 
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Table 4.2: P(NIPA)-Based Hydrogel Configuration and their Compositions. 

Gel Codes PNIPA (mol%) Acrylamide (mol%) Butyl Methyl Acrylate (mol%) 

A 100 - - 

B 95 5 - 

C 90 10 - 

D 85 15 - 

E 95 - 5 

F 90 - 10 

G 90 5 5 

H 85 5 10 
 

 

Table 4.3: Diffusivity, D, of P(NIPA)-loaded Prodigionsin, Drug Release Exponent (n), and 

Geometric Constant of P(NIPA)-Based Hydrogels (K) at 37˚C (Obtained with Fickian 

Diffusivity Equations) [29]. 

Gel 

Codes 

Release exponents 

 (n) 

Geometric constants 

(k) 

Diffusion Coefficients 

 D (m
2
/s) 

A 0.5 ± 0.025 0.01 ± 0.002 3.6 x 10
-10

 ± 0.18 

B 0.6 ± 0.03 0.01 ± 0.010 9.7 x 10
-10

 ± 0.485 

C 0.6 ± 0.03 0.01 ± 0.006 9.7 x 10
-10

 ± 0.484 

D 0.7 ± 0.035 0.01 ± 0.003 11.4 x 10
-10 

± 0.57 

 
P(NIPA)

N-Isopropylacrylamide, 
AM

Acrylamide, 
BMA

ButylMethylacrylate; Gel codes; 
A
P(NIPA) Homopolymer (100 mol% of P(NIPA)), 

B
P(NIPA-co-AM) (95-5 mol%), 

C
P(NIPA-co-AM) (90-10 mol%), 

D
P(NIPA-co-AM) (85-15 mol%), 

E
P(NIPA-co-BMA) (95-5 mol%), 

 

F
P(NIPA-co-BMA) (90-10 mol%),

 G
P(NIPA-co-AM-co-BMA) (90-5-5 mol%),

 H
P(NIPA-co-AM-co-BMA) (85-5-10 mol%). 
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Table 4.4: Diffusion Values of P(NIPA)-loaded Prodigiosin at Different Temperatures. 

(Obtained with the Early-Time Approximation Equation) [32,33]. 

 Diffusion coefficients ( m
2
/s) at different temperatures 

Gel Code 37˚C 41˚C 43˚C 45˚C 48˚C 

A 1.1x10
-10

 1.9x10
-9

 1.0x10
-9

 4.2x10
-8

 5.6x10
-9

 

B 2.5x10
-10

 1.4x10
-11

 1.6x10
-11

 4.4x10
-11

 1.4x10
-11

 

C 1.0x10
-9

 2.1x10
-8

 5.6x10
-9

 1.9x10
-9

 2.8x10
-9

 

D 1.0x10
-9

 2.1x10
-8

 5.6x10
-9

 1.9x10
-9

 2.8x10
-9

 

 
P(NIPA)

N-Isopropylacrylamide, 
AM

Acrylamide, Gel codes; 
A
P(NIPA) Homopolymer (100 mol% of P(NIPA)), 

B
P(NIPA-co-AM) (95-5 

mol%), 
C
P(NIPA-co-AM)(90-10 mol%), 

D
P(NIPA-co-AM)(85-15 mol%). 

 

Table 4.5: Diffusion Coefficients for the Hydrogels in Different Fluids Were Compared at 

37˚C. 

Gel 

Codes 

Diffusion coefficients in 

distilled Water (m
2
/s) 

Diffusion coefficients (m
2
/s) 

in Bromophenol blue 

Diffusion coefficients 

(m
2
/s) in Prodigiosin 

A 1.76 x10
-10

 8.07 x10
-10

 2.45 x10
-10

 

B 4.65 x10
-9

 1.14 x10
-8

 5.09 x10
-8

 

C 1.56 x10
-9

 4.51 x10
-10

 7.86 x10
-9

 

D 1.41 x10
-8

 1.24 x10
-9

 1.50 x10
-9

 

 

P(NIPA)
N-Isopropylacrylamide, 

AM
Acrylamide, Gel codes; 

A
P(NIPA) Homopolymer (100 mol% of P(NIPA)), 

B
P(NIPA-co-AM) (95-5 

mol%), 
C
P(NIPA-co-AM) (90-10 mol%), 

D
P(NIPA-co-AM) (85-15 mol%). 
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5.0 Prodigiosin Release from an Implantable Biomedical Device: Effect on Cell Viability  

 

5.1 Introduction 

 

 The increasing incidence of cancer [1] has stimulated research on the development of 

novel implantable devices for the localized treatment of cancer [2-5]. Cancer is currently the 

second leading cause of death after cardiovascular diseases [6-7]. Current trends suggest that 

cancer will overtake cardiovascular disease as the leading cause of death by 2030 [6,8]. Since 

standard cancer treatment methods, such as bulk systematic chemotherapy [1,4,9] and 

radiotherapy [10], have severe side effects, there is a need for alternative cancer treatment 

methods with reduced side effects. Using bulk systemic chemotherapy for cancer treatment 

has major challenges. Most of the injected drugs kill or damage healthy cells or tissues that 

do not require chemotherapy [11]. Generally, chemotherapy damages cells undergoing 

division. Hence, the parts of the body in which normal cells divide frequently are likely to be 

affected by chemotherapy (the mouth, intestines, skin, hair, bone marrow are 

examples).  This causes undesirable short and long term side effects [12]. 

 One approach that can be used to reduce the potential side effects of cancer treatments is 

localized chemotherapy [4,13]. This can reduce the concentrations of cancer drugs that are 

needed for effective treatments. Localized cancer treatment can be achieved by using 

implantable drug eluting devices for localized drug release [4,13,14]. This current study 

demonstrates the feasibility of a regional chemotherapy using approaches from 

experiments/simulations modules that show increases in the local concentrations, while 

minimizing systemic exposure from drug eluted from an implantable biomedical devices into 

a scaffold model (mimicking a surrounding tumor). Efforts have been made to develop drug 

delivery systems for localized cancer treatment using P(NIPA)-based gels encapsulated with 
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(PDMS) [5,14].  

 P(NIPA) forms a three-dimensional hydrogel, when cross-linked with N,N’-methylene-

bis-acrylamide (MBA), butyl methalcrylate and or both [14]. Previous studies have shown 

that when PNIPA is heated in water/fluid at temperatures above 32°C, it undergoes a 

reversible phase transition at its lower critical solution temperature from a swollen hydrated 

state to a shrunken dehydrated state, losing about 80-90% of its mass [14]. The objective of 

this work is to develop an implantable device loaded with a biosynthesized drug, prodigiosin 

(PG) for the localized treatment of breast cancer [14]. The device is tested under in-vitro 

conditions in which controlled levels of cancer drugs, PG and paclitaxel (PT) were released 

by in-vitro experiment into environments containing MDA-MB-231 breast cancer cells. The 

effects of localized PG and PT are tested using clonogenic assay techniques. Statistical 

evidence of the effect of PG inhibition on cancer cell viability is also evaluated before 

discussing the implications for localized cancer treatment. 

 

5.2.0 Materials and Methods 

5.2.1 Materials  

 

   The PT
 
that was used in this study was procured from LC Laboratories (Woburn, MA, 

USA). PT was dissolved in dimethyl sulfoxide (CH3)2SO (DMSO) that was purchased from 

BDH Chemicals (Poole Dorset, England). The PG that was used in this study was obtained 

from the Biotechnology and Genetic Engineering Advanced Laboratory, Sheda Science and 

Technology Complex (SHESTCO), Abuja, Nigeria.  Sylgard 184 kit silicon elastomer, with a 

silicon elastomer curing agent (a cross linker) were obtained from Sylgard Dow Corning 

Krayden Inc. (Midland, Michigan, USA). The materials that were used in the PNIPA gel 

synthesis were purchased from Sigma Aldrich Co. (St. Louis, MO, USA). MDA-MB-231 cell 

line was procured from American Type Culture Collection (ATTCC and Manassas, KS, 
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USA).  Trypsin-EDTA, L15 medium, Fetal Bovine Serum (FBS) and penicillin-streptomycin 

were procured from Sigma-Aldrich (St. Louis, MO, USA). 

 

5.2.2 P(NIPA)-based Scaffold 

 Syntheses of P(NIPA)-based hydrogels were presented in our earlier studies [14]. 

P(NIPA)-based scaffolds were prepared by free radical polymerization [15]. Samples were 

weighed with an analytical weighing balance (Mettler Model AE 100, Mettler-Toledo Ltd., 

Leicester, UK) (Table 5.1), followed by mixing 15.56 g of P(NIPA), 0.244 g of methylene-

bis-acrylamide (MBA) plus 0.598 g of ammonium persulfate (APS). The samples were 

dissolved with 140.0 ml of deionized water, shaken until a homogenous mixture was 

obtained. Samples were placed in ice inside a vacuum oven to degas for 20 minutes at -24 

mmHg. This was done to remove the dissolved oxygen.  Subsequently, 200 µL of N,N,N′,N′-

Tetra-methylethylene-diamine (TEMED) was added to initiate polymerization. Other 

scaffolds were obtained by similar procedure but this time, copolymerized with 14.78 g, 

14.00 g, 13.22 g of acrylamide (AM), representing 5 mol%, 10 mol% and 15 mol%, 

respectively. These samples were then initiated with 200, 300 and 400 µL of TEMED, 

respectively. The solutions were poured into plastic cylindrical molds (4 cm in diameters) 

and then left at room temperature (~ 28˚C) overnight inside a water bath to complete the 

polymerization process. The samples were carefully remolded and washed several times with 

deionized water.  

 

5.2.3 Implantable Device 

 

  Implantable devices were fabricated from PDMS capsules containing different channel 

lengths with reservoirs for drug storing as earlier presented [14]. Briefly, PDMS capsules 
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were fabricated by mixing Sylgard 184 kit silicon elastomer with a silicon elastomer curing 

agent (a cross linker) (Sylgard Dow Corning, Krayden Inc., Midland, Michigan, USA). These 

were mixed in a 10:1 ratio by volume, degassed at -24 mmHg under a vacuum oven 

(Precision Vacuum 19, Artisan Technology Group, Champaign, IL, USA) and then 

subsequently poured into square aluminum molds. They were cured at room temperature (~ 

28˚C) for 24 hours. PNIPA-based hydrogels were prepared as presented earlier [14]. They 

were then soaked with cancer drugs (PG/PT) and bromophenol blue (BB) before inserting 

into the PDMS capsules (Fig. 5.1). 

 

5.2.4 Cell Culture 

 

 Trypsin-EDTA, L15 medium, Fetal Bovine Serum (FBS) (Sigma-Aldrich, St. Louis, MO, 

USA) and penicillin-streptomycin were pre-warmed in a water bath to 37˚C.  The growth 

medium (L15
+
 medium) contains 10% FBS plus 2% penicillin-streptomycin (i.e. antibiotics). 

The growth medium was prepared by mixing 45 ml of L15 medium with 5 ml of FBS plus 1 

ml of penicillin-streptomycin. MDA-MB-231 cell line was subsequently divided into two. 

One group was cultured in a T25 flask containing 7 ml of L15
+
 media, while the other group 

was divided into two T75 flasks containing 10 ml of L15
+
 media. Cells were incubated in a 

humidified environment containing 5% CO2-95% air at 37˚C (Water-Jacketed CO2 

incubators, Model 6.5W, VWR Scientific Product, San Dimas, California, USA). 

 Cells were monitored on daily basis with an inverted optical microscope (Nikon ACT-1, 

TS100 with Nikon Digital Camera, DXM1200F, Melville, NY, U.S.A.). The growth medium 

(L-15
+
 medium) was changed in every two days by adding 7 mL of a new media. Splitting 

was carried out when the cells were more than 80% confluent (at least, once every 6 days). 

The remaining cells were counted and splited on the sixth day. 1 ml of cells solution were re-

suspended into 6-well plates, diluted with 7 ml growth media to obtain 3x10
2
 cells/mL 
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concentration. These were incubated for 8-10 days. Cells were subsequently detached with 

trypsin-EDTA. Cells were then centrifuged at 100 rcf (relative centrifuge force) for 8 minutes 

using an Eppendorf Centrifuge 5804 (Eppendorf, North America, Westbury, NY USA). 

Subsequently, they were stained with Trypan blue and the numbers of colonies formed were 

counted. Cell counting was carried out using a hemocytometer. This was used to monitor cell 

viability and cell growth (proliferation and colony formation).   

  During cell counting, a mixture of 100 µl of cell suspension plus 150 µl of phosphate-

buffered saline (PBS) were added to 250 μl of trypan blue (TB) (in a 1.5 micro-centrifuge 

tube). Then, 10 µl of cell-dye was mixed and injected carefully into each chamber of a 

hemocytometer, allowed to sit for five minutes until the counting was conducted under an 

inverted optical microscope. Cell counting was conducted in each corner and in the center of 

the chamber, making a total of 5 squares. Cells within the counting areas were the only cells 

considered [16].  The total numbers of viable cells were obtained (colorless) as well as the 

number of dead cells (dyed blue). The cell concentration was determined by counting the 

number of cells in a specific number of squares, while accounting for the dilution factor. This 

was used to calculate the original concentration in cells/ml. Note that the cells were usually 

diluted to make the counting easy.  

 

5.2.5 Clonogenic Assay  

 Clonogenic assay was used to assess the effects of localized cancer drugs (PG and PT) 

release on MDA-MB-231 cells. The cells were cultured for ten days in a growth medium 

without changing the media. On the tenth day, the growth medium was carefully drained 

from the cells and some of these cells were stained with TB, while the other samples were 

induced with chemotherapy agents (PG and PT). A cluster of blue-staining cells were 
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considered a colony, if they comprise of at least 20-50 cells. The number of colonies formed 

(i.e. the number of clones that evolved from single cells) prior to the number of cells plated 

were determined. The number of cells per unit volume was also determined with a 

hemocytometer. The plating efficiency (PE), as well as the surviving fraction (SF), was 

obtained as follows: 

PE =
Number of colonies observed on a plate

Number of cells plated
     (5.1) 

SF =
Number of colonies observed on a plate

Number of cells seeded x (PE 100)⁄
     (5.2) 

where  𝑃𝐸 100  ⁄ represents the correction term for the plating efficiency.  

 

5.2.6 Scaffold Diffusion Experiment 

 

     The biomedical devices consisted of PNIPA-based gels encapsulated in a PDMS capsules 

(Fig. 5.2). The devices were initially loaded with PG, PT and BB prior to elution into a 

molded P(NIPA)-based scaffold that mimicked surrounding tumor. The scaffold had an 

average porosity of ~0.34, compared to the porosity of remnant tumor which was reported to 

be ~ 0.35 [17]. The transport properties of P(NIPA)-based scaffold are summarized in table 

5.2, while considerations were made from the diffusive and permeability data for a remnant 

tumor (Table 5.3). Fluid/drug releases from the devices were controlled with a Proportional 

Integral Differential (PID) temperature controller (Fabricated at Princeton University, NJ, 

USA) (Fig. 5.2). This was set to 37˚C to mimic the body temperature. After 12, 48, 72 hours, 

the molded scaffolds that were used to mimic the tumors were then sliced into 1 mm thick 

sections along the x-axis. The resulting samples were pre-warmed at 37˚C in phosphate 

buffer saline (PBS) (at a pH of ~ 7.4) in a water bath (Model 2321, Fisher Scientific 

International Inc., OH, USA). Following that, a tissue tearor (Model 985370, Biospec 
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Production Inc. OK, USA) was then used to reduce scaffolds into smaller particles. This was 

done to enhance the release of absorbed dye/drug in the scaffolds. The concentration, C, of 

PG, PT and BBD were then related to the absorbance via the Beer Lambert Law [18]:  

 

C = A/ (L𝜀)               (5.3) 

 

where L is the path length (1 cm), A is the absorbance of UV-VIS and 𝜀 is the coefficient of 

absorptivity. 

 

5.2.7 Diffusion Model 

 

 The mass transport due to diffusion in isotropic tissue is given by [19]: 

𝜕𝐶

𝜕𝑡
= 𝐷𝑒𝑓𝑓∇2𝐶 +

𝜌

𝜀
                  (5.4) 

where C is the concentration of the medium (drug), 𝜌 is the density of fluid, 𝜀 is the average 

porosity of the tissue/scaffold and t is the time for effective drug delivery from an 

implantable device into a tissue/scaffold. The effective diffusivity, 𝐷𝑒𝑓𝑓 , was related to the 

tortuosity (𝜆) of the tissue and the diffusivity, D, in a porous medium. This is given by [19]: 

𝐷𝑒𝑓𝑓 =
𝐷

𝜆2
                                 (5.5) 

The effective viscosity,  𝜇,  was also related to the porosity [20]: 

𝜇̌

𝜇
=

1

𝜀
𝜆∗             (5.6) 

where   𝜇   is the effective dynamic viscosity of the medium. The tortuosity  (𝜆∗) is also 

related to the porosity (𝜀)  by 𝜆∗ = √𝜀   [21]. In the case of diffusion through anisotropic 

tissue, the diffusion equation was given by Nicholson [19] to be: 
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𝐷𝑒𝑓𝑓 =
𝐷

𝜆𝑥
2  
𝜕2𝐶

𝜕𝑥2
+

𝐷

𝜆𝑦
2  
𝜕2𝐶

𝜕𝑦2
+

𝐷

𝜆𝑧
2  
𝜕2𝐶

𝜕𝑧2
+
𝜌

𝜀
               (5.7)   

 

where all the symbols have their usual meanings for a 3-dimension tissue/scaffold. 

 Diffusion model was used to determine the effective diffusivity of anti-cancer drugs in 

porous P(NIPA)-based scaffolds. Although the optical micrographs of the P(NIPA)-based 

scaffolds revealed heterogeneous porosity, the transports through the porous structures were 

treated using a simplified homogeneous transport models with effective transport properties 

(Tables 5.2-5.3) [19,22]. The models were implemented using COMSOL Multiphysics Finite 

Element Analysis Software Package (COMSOL 4.3, Stockholm, Sweden). The models 

considered the diffusion of PG and BB that were released from the biomedical devices into a 

surrounded scaffold. Transport of anticancer drug species from an implantable biomedical 

device adopted an approach that represents the typical tissue by a P(NIPA)-based scaffold 

model. It was assumed that a tissue is made of cells and body fluid. These cells sort of have 

an effect on the diffusion of fluid through the tissue. The dimensional version of the diffusion 

model gives: 

 
𝜕𝐶

𝜕𝑡
+ ∇(−𝐷∇𝐶) = 0                      (5.8) 

 

where C is the drug concentration and D is the diffusion coefficient of the solute in the 

tissue/scaffold. The diffusivities were obtained by procedures earlier presented from previous 

experiments [14]. The biomedical device had a diffusion coefficient of 9.7 x 10
-10

 m
2
/s, 

whiles the surrounding scaffold showed a diffusivity of 3.6 x10
-10

 m
2
/s [14]. Illustration of 

the model is shown (Fig. 5.2). The boundary conditions were: C = Cmax for the left vertical 

boundary, where Cmax is a given concentration, 3.1 µmol/ml (obtained by dissolving 0.1 g of 

PG in 10 mL of ethanol-water (70:30 vol%). The boundary condition for the right vertical 
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axis was (−𝐷∇𝐶)𝑛 = 𝑘𝑚(𝐶 − 𝐶𝑜𝑢𝑡), while all the other boundaries were insulated according 

to (−𝐷∇𝐶)𝑛 = 0.   Where    𝑘𝑚  is the mass transfer coefficient (5 mol/min) and 𝐶𝑜𝑢𝑡  is the 

concentration at the boundaries of the porous structure (Fig. 5.2). The maximum 

concentration was set at x = 0 at a corresponding value of C = Cmax.  

This gives: 

𝐶(𝑡𝑜) = 𝐶𝑚𝑎𝑥exp (−𝑎𝑥
2)                        (5.9) 

where a is a dimensionless constant (1000).  

 The second part of this exercise considered homogenized one-dimensional (1-D) model 

geometry with effective transport properties and an average porosity. The equation for 1-D 

diffusion was then modified from prior work = [23], by considering the average porosity of 

the scaffold from  

 

𝜀
𝜕𝐶

𝜕𝑡
+ ∇(−𝐷𝑒𝑓𝑓∇𝐶) = 0                                 (5.10) 

where 𝜀 is the average porosity (0.34), C is the concentration and 𝐷𝑒𝑓𝑓 is the effective 

diffusivity. Simulation was carried out by assuming different release times (0, 1, 6, 12, 24, 

48, 72, 96, 192, and 384 hours). The average flux (𝐹𝑎𝑣𝑒𝑟𝑎𝑔𝑒) was obtained from: 

𝐹𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

𝐿𝑥
∫ 𝑘𝑚(𝐶 − 𝐶𝑜𝑢𝑡)𝑑𝐴
𝐿𝑥

0
             (5.11) 

 

where A is an infinitesimal surface area and Lx is the length of the geometry along the x-axis. 

It was then possible to determine the effective diffusivity from: 

 

𝐷𝑒𝑓𝑓 =
𝐹𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐿𝑥

(𝐶𝑚𝑎𝑥−𝐶𝑜𝑢𝑡)
                         (5.12) 

 

where 𝐶𝑜𝑢𝑡 denotes the average concentration (mol/m
3
) at the flux boundary, and Lx is the 

length of the geometry along the x-axis. The average concentration, 𝐶𝑜𝑢𝑡, was obtained by: 
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𝐶𝑜𝑢𝑡 =
𝐶𝑚𝑎𝑥𝐴

𝐿𝑥
           (5.13) 

where all the variables have their usual meanings. 

 

5.3.0 Results and Discussion 

5.3.1 Cancer Cells and Colony Growth 

 

 Cultured MDA-MB-231 Breast Cancer Cells floats in a growth media immediately after 

detachment (Fig. 5.3a). However, cells begin to adhere to the bottom of the flask after few 

hours (Fig. 5.3b). When MDA-MB-231 adheres on a flask, growth began after few hours 

leading to huge proliferation (Fig. 5.3c). The growth curve of MDA-MB-231 breast cancer 

cells is presented (Fig. 5.4). The growth curve of cells describes the relationship between the 

proportions of cells surviving over a period of time in a growth medium. MDA-MB-231 cells 

growths to two folds in three days. When cells reached confluence, some cells began to die 

because they were competing for nutrients.  

 Clonogenic assay [24-26] was used to examine MDA-MB-231 cell growth and colonies 

formed by single MDA-MB-231 cells evolving into large communities of cells 

(~50 cells)[27,28] (Fig. 5.5). These are cells that retained their reproductive capability to 

form large clones. Such cells were referred to as clonogenic [29]. When a cell becomes 

incompetent of synthesizing proteins and DNA, or fails to divide and produce a large number 

of progeny after going through one or two mitoses, such a cell is considered non-viable [29]. 

We observed a plate efficiency of ~80-90%. This is in agreement with the literature [30,31]. 

However, the plating efficiency of cells affects the results and interpretation of colon forming 

assays [32]. This result may also be affected by bumping the door of the incubator, which 

may cause cells to shed and settle as new colonies, thereby leading to an increase in the 
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number of colonies counted. Care was, therefore, taken when opening/closing the door to the 

incubator as well as proper handling cells. 

 

5.3.2 Effects of Drug Release on Cell Viability 

 The MDA-MB-231 breast cancer cell line was used to test the effects of cancer drugs 

released from the biomedical device. The cells were treated with 30 µM concentrations of 

(PG) and (PT) for 72 hours.  By inducing cells with the various chemotherapy agents, PG and 

PT, the damage of cells productiveness was elucidated (Fig. 5.6a). It was generally observed 

that PG and PT prevented colony formation and they contributed greatly to the loss of cell 

viability. The loss of cells reproductive integrity or their inabilities to proliferate indefinitely 

were as a result of the drugs release onto the cells.  Lowering cell viability was due to 

increasing cytoxicity of cancer drugs and the sensitivity of these drugs to induce apoptosis to 

diseased cells. PG is a promising anticancer agent because of its effect on inducing apoptosis 

[33,34]. Tsing-Fen et al. [35] have recently shown that prodigiosin down-regulates survivine-

protein (member of the inhibitor of apoptosis family). Down-regulation of survivine 

facilitated the sensitivity of paclitaxel in human breast carcinoma cell lines [35]. PG has also 

been reported to have a synergistic effect on cell death, especially when it was combined 

with paclitaxel [35].  

 

5.3.3 Effect of Temperature on Cell Viability  

 

 In this study, localized hyperthermia was conducted on cells in a culture plate using a 

temperature PID controller. The results (Fig. 5.6b) indicated a rapid drop in cell survival 

associated with the release of heat shock proteins at temperatures close to 43-45˚C. Heat 

shock protein 70 is largely associated with anti-tumor activities induced by heated cancer 
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cells. Its presence enhances the loss of viable cells as was examined (Fig. 5.6b). The heat 

associated with hyperthermia induces heat stress on tumor cells, which causes the release of 

heat shock protein 70 [36]. It was earlier reported that hyperthermia induces heat shock 

protein 70 expression in treated cells. Similar results have been reported by Theriault et al. 

[37]. At these temperatures, the cells were subjected to heat stresses and they become 

compromised and then lose the ability to survive. Therefore, cells multiplication breaks down 

due to the heat at temperatures (43-45˚C). 

 

5.3.4 Effect of Temperature and Drug Release on Cell Viability 

 

 When cells were subjected to temperatures above 37˚C, they were found floating on top 

of the cultured medium and they fail to adhere to the surface of the culture flask, similar to 

Figure 5.3a. They were showing the responds to an unfavourable environment. The release of 

heat shock proteins as a result of hyperthermia temperatures in addition to heat stress 

significantly induces apoptosis especially when the same cells were subjected to different 

concentration of cancer drugs (PG and PT at 0.01 µM, 1.0 µM, 10 µM, 20 µM and 30 µM) 

for 60 hrs. The synergistic effect of hyperthermia and drugs are discussed below. The 

combined effects of hyperthermia and drugs release were the most effective therapy that was 

demonstrated (Fig. 5.6c). The effects of temperature (below the melting temperatures (Tm) of 

drugs) plus drug release were presented (Fig. 5.6c). This result has shown possible improved 

outcomes and is consistent with earlier results presented in the literature [38]. In the earlier 

work, the death of cancer cells were attributed to the loss of β-actin detection, when a 

controlled dose of drugs were released [38].  The control experiments at 37˚C without drugs 

gave a rise in cell viability from 100-200% (Figs. 5.6a-b) in 72 hrs and 100-140 % in 60 hrs 

(Fig. 5.6c). The effect of drug release/hyperthermia reduces the test samples below 100 % 

(Figs. 5.6a-c).  
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 The combined effect of 1 µM PG or 1 µM PT with hyperthermia (at 43˚C) (Fig. 5.6c) 

attained ~80 %, ~95 % cell viability, respectively as compared to 1 µM PG and or 1 µM PTx 

with both yielding ~100 % at 37˚C. Similarly, 10 µM PG and or 10 µM PT  at 43˚C reduces 

cell survival to ~75 % for PG and ~85 % for PT as compared to ~134 % at 37˚C. The results 

from 100 µM (PG/PT) at 43˚C showed a great reduction in cell viability (down to ~35 % for 

PG and ~20 %) as a result of drug release. This shows that, there was a significant increase in 

cell death (reducing cell viability) as dose of drug increases with increase in temperature. 

However, there wasn’t a clear difference on the effects of PG and PT on cell death, though 

the results at one point show a slight increase in cell death due to PT than PG. Drug release at 

37˚C yielded a reduction of cell death to ~20 folds as compared to the controlled. Similarly, 

drug release and hyperthermia temperatures reduce cells to ~100 folds.  

 

5.3.5 Cytotoxicity of the PG and PT 

 

  Cell death was quantified by flow cytometric analysis of trypan blue dye (TBD), which 

stain cells that are dead or those undergoing death. Cultured MDA-MB-231 cells were 

induced with 30.0 µM PG/PT for 72 hrs (Fig. 5.6a). This gave rise to cell death of ~ 80 % 

(with ~20 % of viable cells remaining). These results show the therapeutic effect of PG and 

PT at higher dose is highly significant.  However, following dosages  ≤ 1.0 µM of PG/PT, the 

total percentage of dead cells and cells undergoing death were ~5 % (i. e. ~95 % of viable 

cells remaining) for PG and ~20 % (i.e. ~85 % of viable cells) for PTx (Fig. 5.6c). The effect 

of drug release on cell death at concentrations ≤ 1.0 µM were not greatly significant, while 

concentrations from 10-100 µM have shown a great effect on reducing cell viability due to 

increased toxicity of drug agents. The controlled concentration for drug release on cell death 

was ~30 µM. 
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5.3.6 Statistical Testing on Cell Viability 

 

 Statistical analysis for each experiment was carried out for at least at three independent 

times and the average values ± standard errors (SE) were reported [39]. The present data 

were analyzed using Minitab software package (Minitab16, Minitab Inc., State College, PA, 

USA). We proposed a synergistic effect of drug (PG) and temperature on the viability of 

MDA-MB-231 cancer cells. Statistical variations of drugs effects, hyperthermia effect and 

drug-temperature effect on cell viability were evaluated using student’s t-test statistic [39] at 

95% confidence interval (CI). This is a hypothesis test concerning the mean of the 

population, when the standard deviation δ, is unknown, and the sample size is small. The test 

[39,40] gives: 

T =
x̅−μo

σ √n⁄
                 (5.14) 

where T is the T-test statistical parameter, x̅ is the sample mean, μo is the population mean, 𝜎 

is the population standard deviation and n is the sample size. Thus, the significant difference 

in the cell viability due to PG/PT and temperature were evaluated (Fig. 5.6). A comparison 

with a difference of P < 0.05 was statistically significant or vice versa.  

 

 

5.4 Effective Diffusivity of Drug Release into Scaffolds 

 

 

 P(NIPA)-based scaffold is presented in Fig. 5.7. Transparent P(NIPA)-based scaffolds 

were produced with reduced turbidity. BB was experimentally eluted from an implantable 

biomedical device onto a P(NIPA)-based scaffold (mimicking a surrounding tumor) after 24 

hrs. When BB loaded device was implanted into the scaffold, the contours of the dye eluted 

from the implantable device into the porous scaffold were observed (Fig. 5.7). The eluted dye 

into the scaffold (with average porosity of 0.34) shows that the dye was successfully diffused 
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to ~ 10 mm radially away from the implanted device. This means that a tumour with 

diameters ≤ 15 mm can be treated with this implantable device with minimal exposure (1 

x10
-7

 mol/m
3
) on surrounding tissues. The homogenous distribution of pores in the scaffold 

permitted the dye to uniformly diffuse into the scaffold. However, some regions of the 

scaffold have varying porosity and varying tortuosity’s which affected dye diffusion at such 

locations in the scaffold. This creates a visual image of high or low dye concentrations as 

illustrated (Fig. 5.7). 

 The diffusivities in the scaffold were found to vary from 1.01-9.74 x 10
-8

 m
2
/s from 3 

hours to 192 hours, respectively. The effective diffusivity increases exponentially with time 

(Fig. 5.8). This implies that local drug concentrations were high over time in as much as the 

device continues to elute drug into the surrounding scaffolds. The effective diffusivity of 

drug eluted from the implantable devices was maintained at ~9.7 x 10
-8

 m
2
/s from 3-6 days’ 

after implantation (Fig. 5.8). Devices with channel length of ~2 mm help to maintain the 

diffusivity at ~9.7 x 10
-8

 m
2
/s for over 6 days.  

 From the simulation result (Figs. 5.9a), it shows that drug diffusion in a surrounding 

scafold from the implantable biomedical device is depended on the scaffold/tumor porosity 

or tortuosity and the delivery time. For instance, contour of drug concentration along the 

length of the geometry (x-coordinate) were much pronounced at regions closed to the 

implant, while drug concentrations decreased exponentially along the x-coordinate (1D) at 

different times: 3, 6, 12, 48, 72, 96 (Fig. 5.9b). The presence of drugs detected along the x-

coordinates at 6, 12, 48, 72, 96 hrs, were respectively achieved at 3.5 mm, 4.5 mm, 6 mm, 8 

mm, 9.5 mm and 10 mm along the length of a solid scaffold. Implanting the device in the 

middle section of the scaffold via surgery then suggest that local tumors could be 

managed/destroyed without affecting surrounding tissues containing useful and viable cells. 
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 From the simulation model, at a steady flow, the average flux becomes 25 x 10
-15

 mol/ms.  

Comparism of the simulation with scaffold experiment (Fig. 5.10a) showed that, drug 

concentration decrease exponentially along the geometry of the x-coordinate, especially 

during the early time of drug release.  This is a characteristic of equation (9), where drug 

concentration was exponentially dependent on time and position. The earlier time releases 

exponentially increases with concentration rising high at the immediate boundaries to the 

drug delivery device as presented (Figs. 5.9b and 5.10a).  

 From the simulation model, appears to slightly deviate from the experiment (scaffold 

model) conducted (Fig. 5.10a-b). This is attributed to the fact that the average porosity, 0.34 

of the scaffold was used in the simulation. However, the porosity of the scaffold varied, 

ranging from 0.27-0.70. In fact, some of these pores were interconnected, while others were 

mesopores, micropores and macropores [14]. However, the experimental results validated the 

simulation by explaining to us that the heterogeneous network structure of the scaffolds 

creates a complex pore structures. Knowing that the tortuosity (𝜆∗) is also related to the 

porosity (𝜀) by 𝜆∗ = √𝜀 . Therefore the tortuosity of fluid/drug within the scaffolds provided 

different fluid dynamism. The cumulative drug eluted from the implantable biomedical 

devices into scaffolds from experimental and computational simulation is presented at 37˚C 

(Fig. 5.10b). The scaffold model indicated that ~ 65 % of drugs were eluted from the device 

after 100 hrs, while ~ 90 % was observed from the simulation results after 100 hrs. The 

simulation assumed an isotropic scaffold model with an average porosity.  

 

5.5 Implications  

 

 From the above results, the biosynthesized PG was comparable to PT on their effects on 

cell apoptosis. PG is more affordable since it can be processed locally and purified for 

potential applications. Moreover, this preliminary study was governed by a controlled drug 
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elution from an implantable biomedical devices delivering drugs/dye at diffusivities between 

4.9 x 10
-9

 m
2
/s and 9.29 x 10

-9
 m

2
/s. The implantable device could reduce the amount of drug 

that is needed for a therapeutic effect. It also reduces the side effects of chemotherapy 

greatly. 

 The result shows that hyperthermia also reduces cell viability. The combination of 

chemotherapy and hyperthermia reduces cell viability which indicates there is a synergy of 

the combined effect. The studies suggest that, temperature-responsive PNIPA-based 

hydrogels encapsulated within a biocompatible polymer (PDMS) can be used for the 

controlled release of PG or PT to targeted solid tumors (at stage I – Stage III) or cancer cells 

[4,41].  Since the delivery approaches are localized, lower drug dosages and higher efficacy 

are possible [4,41]. This work demonstrates the potential for the controlled release of PG as 

an anticancer drug. It is possible to envisage an implantable device in which PG produced by 

bacteria is released at temperatures in which cancer cell viability is also reduced by 

hyperthermia. Implantation of the device could be done after the removal of a tumor for the 

device to deliver cancer drugs locally to the affected region.  

 The effective concentrations of PG and PT for cell viability were ~30 µM. These 

concentrations reduced the toxicity of PG and PT as cancer drug agents.  Hence, PG and PT 

or both promoted the loss of cell viability with increasing drug concentration (Figs. 5.6a, 

5.6c). Furthermore, temperatures of 41- 45˚C also induced the loss of cell viability (Fig. 

5.6b). This suggests that a combination of localized hyperthermia and drug delivery can be 

used to treat breast cancer via controlled delivery of heat and drugs from future implantable 

devices. This study provides information for relevant mechanism towards the design of a 

delivery device for potential synergy.  
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 Tumor shrinkage was also demonstrated using the scaffold model. This demonstrated the 

feasibility of a regional chemotherapy which increases the local concentrations, while 

minimizing systemic exposure to surrounding tissues. However, there is the need for in-vitro 

studies on multiple human cancer cell lines to further study the effects of cell viability with 

cancer drugs. There is also the need for toxicity studies on lab animals and human clinical 

trials to develop the appropriate drug concentrations for future work. These are clearly some 

of the challenges for future work. 

 

5.6 Conclusions 

 This current study demonstrates the feasibility of a regional chemotherapy using 

approaches from experiments/simulations that show increases in the local concentrations, 

while minimizing systemic exposure from drug eluting devices into cancer tumors/scaffolds 

(mimicking a surrounding tumor). The scaffold model indicated that ~ 85 % of drugs were 

eluted from the device within ~ 400 h, while ~ 90 % was observed from the simulation 

results. The simulation assumed an isotropic scaffold model with the target drug-PG, a tri-

pyrollel isolated from a soil borne microbe (Serratia marcenses, subsp marcenses), PG is 

also an immune suppressor that induces apoptosis in haemotopoietic cancer cells with no 

marked toxicity in nonmalignant cells. The effects of PG release (on cancer cell viability) 

were compared with those of PT
 
release over a range of temperatures (37 - 43˚C) that are also 

relevant to hyperthermia-induced loss of cancer cell viability. The results show that localized 

release of PG reduces the viability of human MDA-MB-231 breast cancer cells. Similar 

reductions in the viability of MDA-MB-231 human breast cancer cell lines are also observed 

when cancer drug, PT, was released locally. The results obtained provide a proof-of-concept 

for the controlled release of PG for the very first time in the management of post-operative 

tumor removal.  
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The synergistic effects of temperature and drug agents (PG/PT) on cell death, were tested at 

α = 0.05. The means were compared using the student’s T-test and a comparison with a 

difference of P < 0.05 was statistically significant. 

 The porous structures of the P(NIPA)-based, 3-D scaffold enhanced controlled release of 

fluid/drugs. Since the delivery of fluid/drugs were localized by the use of the implanted 

devices, the total quantities of drug that are needed for therapeutic treatment are much less 

than those required for bulk systematic drug.  For these particular models 

(experiment/simulation solutions), we can conclude that simple diffusion is sufficient for the 

drugs (PG/PT) to spread through a tissue. In the context of drug delivery systems, it is 

essential for this to occur so that drugs such as PG/PT can have the proposed effect on the 

tumor/cancer cells. Hence, the potential side effects of localized cancer drug delivery could 

be much less than those associated with bulk systemic chemotherapy.  
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(a)    (b) 

 

 

Figure 5.1: (a) Schematic Diagram of Encapsulated Biomedical Device with 

Microchannels for Drug Elution, (b) PID Temperature Controller (Used to Set and 

Monitor Local Temperatures). 

 

 

(a)        (b) 

 

 

Figure 5.2: Transport of Anticancer Drug Species Delivered from an Implantable 

Biomedical Device: (a) Schematic Diagram for a Typical Tissue, (b) Schematic PNIPA-

based Scaffold Model. 
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   (a)       (b) 

    

 

      (c) 

     

 

Figure 5.3: MDA-MB-231 Breast Cancer Cells in Culture Flask: (b) Cells Floats on 

Growth Media Immediately after Detachment; (c) Detached Cells Adhered to Flask 

after 2 hours; (a) Cells Adhered on the flask after Several Days. 
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Figure 5.4: Growth Curve of Viable Cells Versus Time (days). Error Bars Show 95% 

Confidence Interval of the Mean. 

 

 

 

 

 (a)                (b) 

      

Figure 5.5: Colonies of MDA-MB-231 breast cancer cells on flask: (a) 7 days of culture; 

(b) 14 days of culture. 
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Effects of Temperature and Drug Concentration after 60 hrs. Error Bars Show 95%CI of Mean. 

 

Figure 5.6: Cell Viability (MDA-MB-231 Cell Line): (a) Effect of drugs (Prodigiosin 

and PaclitaxelTM) after 72 hrs; (b) Effect of Temperature on Cell Viability after 72 

hrs; (c) Combined Effect of Drug Release and Temperature on Cell Viability. 
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Figure 5.7: Dye Eluted from an Implantable Biomedical Device onto PNIPA-based 

 Scaffold Mimicking Tumor after 24 hrs. 
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Error Bars Show 95% Confidence Interval of the Mean 

Figure 5.8: Effective Diffusivities of Dye Elution versus Time in a P(NIPA)-Based 

Scaffold.  
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(a)        (b) 

 
 

Figure 5.9a-b: (a) Contour of drug concentration along the length of the geometry (x-

coordinate) (b) Exponential Decay of Drug Concentration Eluted along the length of the 

geometry (x-coordinate) at 37˚C. 
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Error Bars Show 95% Confidence Interval of the Mean. 

 

Figure 5.10: Comparing the Experimental and Simulation: (a) Models and Experiment 

along the Geometry Length from the implanted device boundary at 96 hrs. (b) 

Percentage of Drug Release from an Implantable Biomedical Device into a Scaffold. 
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Table 5.1: P(NIPA)-based Scaffolds Configuration and Compositions. 

 

 

 

 

Table 5.2: Transport Properties of P(NIPA)-based Scaffolds. 

Scaffold 

code 

Average porosity 

(ε) 

Average Tortuosity 

(λ) 

Diffusion Coefficient at 37˚C 

(m
2
/s) x 10

-10
 

A 0.34 5.81 8.11 

B 0.53 7.27 6.24 

C 0.58 7.64 4.97 

D 0.67 8.21 9.29 
 

PNIPA
N-Isopropyl acrylamide, 

AM
Acrylamide, 

BMA
ButylMethylacrylate, 

APS
Amonium persulfate,

TEMED
 N,N,N′,N′-

Tetramethylethylenediamine; Gel codes; 
A
PNIPA Homopolymer (100 mol% of PNIPA), 

B
PNIPA-co-AM- (95-5 mol%), 

C
PNIPA-co-

AM-(90-10 mol%), 
D
PNIPA-co-AM-(85-15 mol%). 

 

 

 

 

 

 

Scaffold 

Code 

PNIPA 

(g) 

AM 

(g) 

APS 

(g) 

MBA 

(mg) 

TEMED 

(µl) 

Deionized 

Water (ml) 

A 15.56 _ 0.598 0.244 100 140 

B 14.78 0.78 0.598 0.244 200 140 

C 14.00 1.56 0.598 0.244 300 140 

D 13.22 2.34 0.598 0.244 400 140 
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Table 5.3: Diffusive and Permeability Data. 

Parameter Cavity Remnant Tumor Normal Tissue 

Volume fraction of interstitial/Extracellular 

space 1 0.35 0.2   [19] 

Volume fraction of intracellular space 0 0.55 0.65 [19] 

Blood vessel exchange area (m
-1

) N/A 20,000 7,000 

Darcy's permeability (m
2
) 1x10

-11

 6.4x10
-14

 6.4x10
-15

 

Rate of fluid gain from the capillary blood 

flow per unit volume of tissue N/A 4.4 x10
-5

 2.8x10
-7

 

Diffusion coefficient in interstitial phase 

(m
2
/s) 9.0x10

-10 
[22]

 

interstitial osmotic pressure (Pa) N/A 1,110 740 

Viscosity of the interstitial fluid (Pa-s) 

 Density of fluid (kg/m
3
) 1,000 
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6.0 Pulsated Drug Release from PLGA-Based composites for Extended 

Delivery 
 

6.1.0 Introduction 

 

 There has been higher incidence of cancer in recent years causing high cancer mortality 

rates across the globe [1].  In 2008, the World Health Organization (WHO) estimated all 

global deaths arising from cancer to be up to 84 million [2]. It was reported that cancers also 

gives rise to more deaths than death expected from HIV/AIDS, tuberculosis and malaria all 

combined [3]. Early detection and treatment are crucial for successful management of cancer 

[4-7]. However, it is difficult to detect breast cancer at their early stages. This causes late 

detection and chances of treatment becomes almost unsuccessful especially when the cancer 

has reached a metastasis stage, before detection.  

 Meanwhile, reports have shown that the current treatment methods such as bulk systemic 

chemotherapy [8-11] and radiotherapy [12, 13] have severe side effects. Drug release kinetics 

as well as the rates of polymer degradation could be used to enhance controlled release of 

drugs. Localized drug delivery has been fairly successful and gained wider acceptance. 

 The major goal of localized administration of drugs to tumor-bearing organs is to achieve 

high drug concentration over time in tumors while sparing the host tissues from drug toxicity. 

Localized chemotherapy has a greater potential to reach tumor cells. Anticancer drugs may 

have higher tumor selectivity, while surgery does not offer tumor cell selectivity. 

 Since the last decade, there have been increasing efforts to develop biodegradable 

polymers for drug delivery systems [14, 15, 16]. These have flourished because such systems 

do not require surgical removal, once the drug supply is depleted.  

 Natural and synthetic polymers are mostly used for drug delivery and they have minimal 

effect on the biological systems after they have been integrated in the body. In vivo 

degradation is at a well-defined rate, while the degradation products are nontoxic and this has 
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been long explored to yield readily excreted degradation products [17].  

 Biodegradable polymers studied in recent times belongs to the polyester family: 

poly(lactic-acid) (PLA) and poly(glycolic-acid) (PGA). PLA, PGA, and their copolymers 

(i.e. PLGA) have countless clinical applications [18,19]. PLGA can also be copolymerized 

with other monomers such as polyethylene glycol for biomedical applications [20-22]. 

 Biodegradable microparticles have also been formulated from PLAs or PLGAs for 

controlled drug release [23]. PLAs or PLGAs have practicality shown greater 

biocompatibility and biodegradability [24, 25].  By altering a number of factors such as 

polymer composition, molecular weight, samples size and surface characteristics, well-

defined degradation rates can be achieve to control the release of encapsulated therapeutic 

agents [26].  

 The major challenges observed in degradable drug delvery systems are based on a 

sustained and controlled release of encapsulated agents to achieve long release periods 

required in cancer treatment. The objective of this work is to develop drug encapsulated 

PLGA minirods for controlled and sustain drug delivery.  

 

6.2.0 Materials and Methods.  

6.2.1 Materials 

 

 PLGA with different ratios of lactide to glycolide compositions and molecular weights 

(50:50 (Mw = 30,000-60,000), 65:35 (Mw = 40,000-75,000), 75:25 (Mw = 66,000-107,000), 

85:15 (Mw = 75,000-120,000)) were obtained from Sigma Aldrich (St Louis, MO, USA). 

The drug paclitaxel
TM

 (anti-proliferative/anti-restenotic/anti-cancer drug) was obtained from 

LC Laboratories (Woburn, MA, USA), while the prodigiosin (PG) (anticancer drug) was 

obtained from Sheda Science and Technology Complex (Genetic and Biotechnology 

laboratory, Abuja, Nigeria). PT was dissolved with dimethyl sulfoxide (CH3)2SO (DMSO) 
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that was purchased
 
from BDH Chemicals (Poole Dorset, England).  For the dissolution of 

PLGAs, dichloromethane (DCM) was obtained from BDH Chemicals (Poole Dorset, 

England). A binder, polyvinylpyrrolidone (PVP) was also obtained from BDH Chemicals 

(Poole Dorset, England).  

 

6.2.2 Preparation of Drug Concentrations 

 

 Drug samples were weighed with an analytical balance (Mettler AE 100, Mettler-Toledo 

Ltd., Leicester, UK). 0.1 g of PG was initially dissolved with 2 ml methanol (100%) to give a 

stock solution of 5 mg/ml. Then, the 5 mg/ml solution was adjusted with PBS to give a final 

concentration of 2.5 mg/ml. PT drug solutions were similarly prepared. A summary of the 

drug/sample dissolution is presented in Table 6.1A. However, the initial dissolution of PT 

was done in 2 ml DMSO, respectively, while 38 ml PBS was used to adjust the stock solution 

to obtain final concentrations of 2.5 mg/ml.  The ratios of DMSO: PBS and methanol:PBS 

were each 5:95 v/v% in the final drug solutions. The reactions of DMSO with PBS, as well 

as methanol with PBS, produced turbid solutions.  These were filtered twice using Whatman 

filter paper (number 1) to remove debris.  

 

6.2.3 Dissolution of Polymers 

 

 Degradable devices were formed from different polymer ratios as presented above; 50:50 

65:35, 75:25 and 85:15. In the first case, 1 g of PLA:PGA (50:50) was dissolved with 1 ml 

DCM in an airtight plastic container to prevent the DCM from evaporating because of its 

volatility) for 15 min. Subsequently, the samples were gently stirred with a spatula to form a 

homogeneous polymer blend. This experiment was then repeated for other PLA:PGA 

compositions (i.e. 65:35, 75:25 and 85:15). 
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6.2.4 Formation of PLGA-Based Minirods 

 

 In forming the degradable minirods, 1 ml of drug solutions (2.5 mg/ml of PG or PT) were 

separately transfered to the PLGA polymer-blends. These mixtures comprised of PLGA-PG 

and PLGA-PT formulations. The polymer-drugs mixtures were then stirred for homogeneity, 

while, 1 ml of PVP stock solution (0.2 g/ml of PVP:DCM  was used as a cross-linker/binder) 

was finally added to the polymer-drugs mixtures (PLGA-PG/PLGA-PT) in separate 

hermetically sealed containers. These were also blended vigorously to form PLGA-PG-PVP 

or PLGA-PT-PVP. Samples were immediately casted into fabricated cylindrical molds, while 

casted samples were compressed with 250 N/m
2
 on the opposite side of the molds to form 

devices with diameter of 5 mm and 6 mm thick. Summary of the percentage ratios of 

polymer-drug-PVP minirods formulation is summarized in Table 6.1B. The samples were 

then dried at room temperature (29˚C) for 12 hrs with no immediate heat before they were 

remolded.  They were subsequently dried at 40˚C under vacuum for 2 hrs (GALVAC 

vacuum oven, LTE Scientific Ltd., Greenfield State) set at -24 mm Hg equivalent for 24 hrs 

to ensure the DCM evaporates and also to provide complete elimination of moisture. This 

experiment was repeated for other copolymers of PLGA (65:35, 75:25 and 85:15) where PG 

and PT were used as drugs agents to form different devices.  

 

6.2.3 Characterization of Samples 

 

 Prior to optical imaging, samples were washed thoroughly with distilled water to remove 

soluble products, salts or other impurities and then dried under vacuum conditions until a 

constant weight was achieved. Proscope HR 640 (Bodelin Technologies, Oswego, USA) 

equipment and personal scanning electron microscope (PSEM) (ASPEX 3020, ASPEX 

Corperation, Oregon, USA) were used to observe and monitor structural changes during 

degradation process. 
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 Samples were clearly viewed from their surfaces, while Proscope image analyzing 

software (HR 640, Bodelin Technologies, Oswego, USA) was employed to scale and identify 

features observed on the micrographs.  

 The experiment was followed by UV-Vis spectrophotometric (UV-Vis) measurements of 

drugs released at a wavelength of 535 nm for PLGA-PG samples and 210 nm  for PLGA-PT 

samples using a UV-Vis spectrophotometer (CECIL 7500 Series, Buck Scientific Inc., East 

Norwalk, USA).  

 Thermal analyses were carried out with DSC equipment (500A Series, Sno. 

20130626094, Japan). The glass transition temperatures (Tg), crystallization temperatures 

(Tc), as well as the melting temperatures (Tm) were investigated. 5 mg of each sample of 

either PLGA-PG/PLGA-PT, were placed in a small aluminum pan and led into the DSC 

machine. Samples were heated at 10˚C/min from room temperature to 200˚C with nitrogen 

supplied at a flow rate of 50 ml/min. The flow of nitrogen was maintained to establish an 

oxygen free atmosphere. Thermal properties were then obtained after complete scans. 

 

6.2.4.0 Degradation and Drug Release  

6.2.4.1 Polymer Degradation  

 

 Initial weights of samples were determined before they were incubated in glass test tubes 

with each containing 5 ml PBS (pH 7.4). Drug release and hydrolytic degradation were 

simultaneously carried out in a digital incubator shaker (Innova 4300, New Brunswick 

Company Inc., NJ, USA) set at 60 revolution per minute (rpm) with temperature at 37˚C. 

This environment assumed physiological conditions for localized drug delivery. The polymer 

degradation was characterized by weight loss when soaked in PBS. The weight change was 

observed using: 

𝑀𝑡

𝑀𝑖
= √𝑡          (6.1) 
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where Mt is the mass of the polymer/sampler at time t, Mi is the initial mass of the sample, 

and t is the degradation time. It was ensured that, the samples were removed from the PBS 

each time measurements were to be taken and then placed on a filter paper. They were then 

dried under vacuum conditions until constant masses on a balance. This was done to avoid 

residual moisture in the samples during weighing. The rates of polymer erosions were 

determined from the absorption of PBS over 2-5 months for the different samples: 

𝑑𝑀

𝑑𝑡
= −𝑘          (6.2) 

 

where M is the change in polymer mass at time, t and k is the kinetic rate constant of the 

polymer degradation.  

 

6.2.4.2 Determination of Drug Release  

 

 The release of incorporated therapeutics agents were observed via UV-Vis measurements 

over regular time interval. The 5 ml PBS were changed regularly at 7 days interval until the 

samples finally degraded. The amount of drugs released was examined with the UV-Vis.  

Moreover, the rate of drug released was estimated from the reaction kinetics: 

 
𝑑𝐶

𝑑𝑡
= −𝑘𝐶𝑛          (6.3) 

where k is the reaction rate constant, n is the order of reaction and C is the concentration of 

drug release at time t. The order of reaction was estimated by plotting a graph of lnC versus 

degradation time. This gives a linear relation: 

 

 lnC = lnCo – kt        (6.4a) 

                       

where C is the concentration of drug released at time, t, k is the rate of reaction and t is the 
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drug release time. For a first order drug release, n = 1 and at t = 0, C = Co. This gives an 

exponential time dependent of drug concentration and equation (6.4a) becomes: 

 

𝐶(𝑡) = 𝐶𝑜𝑒
−𝑘𝑡  `       (6.4b) 

 

 The drug loading content (DL %) in addition to the drug encapsulation efficiency (DEE 

%) were given, respectively by: 

 

𝐷𝐿 %  =  𝑊𝑑/(𝑊𝑑 +𝑊𝑝)𝑥 100      (6.5a) 

𝐷𝐸𝐸 % =  (𝑊𝑑/𝑊𝑖) 𝑥 100       (6.5b) 

 

where Wd is the amount of drug loaded, Wi is the initial mass of drug and Wp is the mass of 

the polymer incorporated. 

 The effect of the average molecular weight change due to the presents of PBS/moiture 

causes hydrolytic degradation as presented [27]: 

 

𝑀𝑛
′ =

𝑀𝑛

[1+𝑥(
𝑀𝑛

1800⁄ )]
         (6.6) 

 

where 𝑀𝑛  is the initial average molecular weight of the sample, 𝑀𝑛
′  is the average molecular 

weight after reaction with PBS and x is the moisture content (weight %).  

 

6.2.4.3 Estimation of Fluid Diffusion in PLGA 

 

 Time-dependent power law equation was earlier on developed by Peppas and co-workers 

[28] for the modeling of drug release from polymeric materials. This is given by: 

𝑚𝑡

𝑚𝑖
= 4(

𝐷

𝜋𝛿2
) 𝑡𝑛 = 𝑘𝑡𝑛                                                                                               (6.7)    

            

 where 
𝑚𝑡

𝑚𝑖
 is the fraction of drug release, k is the geometric constant of the release system, n 
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is the drug release exponent, depicting the release mechanism, mi is the initial mass of the 

sample prior to its immersion in PBS, 𝑚𝑡 is the mass of the sample at time, t during 

incubation at regular interval, δ is the thickness/height of the sample and D is the coefficient 

of diffusion. Equation (6.7) was applied to systems in which diffusion occurred within the 

polymeric networks [28]. The constants k and n were obtained from the linear form of 

equation (6.7).  This gives: 

𝑙𝑛 (
𝑚𝑡

𝑚𝑖
⁄ ) = 𝑙𝑛𝑘 + 𝑛 ln 𝑡                                                          (6.8) 

k and n were respectively, obtained from the intercepts and slopes of the plots, ln(𝑚𝑡 mi⁄ ) 

versus lnt. The intercepts on the ln(𝑚𝑡 mi⁄ )  were equal to ln(k). The diffusion coefficients, 

Ds, were obtained from: 

 

𝐷𝑠 =
𝑘𝜋𝛿2

4
                                                                                       (6.9) 

where k, is the geometric constant of the release system, π is the mathematical constant 

reflecting the ratio of a circle circumference to its diameter and ẟ  is the thickness of the 

sample, respectively.  

 

6.3.0 Results and Discussion 

6.3.1 Characterization and Morphological Changes 

 

 The standard curves for drug released profiles from PLGA-based minirods are presented 

(Figs. 6.1a-6.1b). The figures all indicated similar relationship between the amounts of drug 

release versus absorbance from PG and PT encapsulated into PLGA. The relationship 

between concentration and absorbance showed a gradient of 2.48 x 10
-6

 (μg/ml.au).  



179 

 The proscope images revealed the microstructures of the degradable PLGA-Based 

minirods (Figs. 6.2a-6.2c).  The microstructures on the first day prior to degradation have 

shown uniform mixing of drug and polymer with no distinct phases of the two. This indicated 

that the dissolution method stands a better chance to incorporate polymer and drug for 

degradable systems made of PLGA-based polymers. The images taken on the 36
th

 and 45
th

 

days have shown evidence of surface erosion as well as bulk degradation. There exist a 

change in color due to the removal of drugs and degradable products. This was more 

pronounced in (Fig. 6.2b). PLGA (50:50) indicated the presences of polymer chains where 

the amorphous region absorbs moisture and degraded faster than the crystalline regimes. The 

other images of PLGA (65:35 PG/75:25 PT) indicated some kind of chain rapture as water 

penetrates more into the polymer matrix.  

 Generally, the optical images revealed microfragments of the polymers as degradation 

time increases. The samples loaded with PT showed brittleness (Fig. 6.2c) as they easily 

break apart as the incubation time (duration of degradation) extent in PBS especially toward 

45 days and above. Despite the long range release of drugs from PLGA with PT loaded as 

compared to PLGA, the samples containing PT were hard and brittle. This was more 

pronounced in PLGA (75:25) loaded with PT. They easily fracture and loose the geometry or 

shape when hydrolysis intensifies. 

 Porosities of samples were characterized with Gwyddion software package (version 

2.40). SEM images of samples are presented (Fig. 6.2d-6.2f). PLGA samples with ratio; 

65:35 (loaded with PT) (Fig. 6.2d, left) prior to incubation has pore sizes ranging from 1.3-20 

μm (with a mean pore size of 4.75 μm), while PLGA (75:25) loaded with PT (Fig. 6.2e, left) 

has pore sizes between 0.4-14.8 μm (with a mean pore size of 2.54 μm), whereas PLGA ratio 

85:15 loaded with PT (Fig. 6.2f, left) has pores sizes ranging from 0.5-14.80 μm (with a 

mean pore size of 4.57 μm).  
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 Surface and bulk erosion revealed different pore sizes beginning from the 19
th

 day of 

incubation in PBS with clear indications of new smaller pores. Microspores were observed 

ranging from 0.5-12.7 μm (with a mean pore size of 3.19 μm) for PLGA ratio 65:35 loaded 

with PT (Fig. 6.2d, right), while PLGA (75:25) loaded with PT (Fig. 6.2e, right) revealed 

pore sizes ranging from 0.2-16.2 μm (with an average pore size of 3.65 μm) and finally, 

PLGA (85:15) loaded with PT (Fig. 6.2f, right) gave pore sizes between 0.5-14.80 μm (with 

an average pore size of 4.57 μm). PLGAs samples loaded with PG gave similar results with 

no significant difference in pore sizes.  

 These results indicate dominants of micropores with an increase in 

degradation/incubation time. The porosities of the scaffolds within the internal core of the 

samples were much greater than that at their surfaces. Though samples loaded with PG and 

PT revealed more pores structures, the samples loaded with PT showed greater dominance of 

microcracks as compared to samples loaded with PG. Complete evaporation of DCM/DMSO 

ended up with a poros structure.  

 Differents in molecular weights, polymer ratio and the type of drug loaded into polymer, 

surface erosion and bulk degradation by hydrolysis were responsible for polymer degradation 

under the in vivo conditions at 37˚C under a mechanical agitation (60 rpm) in a PBS at pH 

7.4. These conditions were considered to simulate physiological conditions. Both the optical 

and SEM images revealed hetereogeneous networks of the polymer matrix which contributes 

to an autocatalyzed bulk degradation process. 

 

6.3.2 Water Absorption and Mass Loss 
 

 Determination of fluid uptake gives an indication of the hydrophilicity/hydrophobicity 

nature of the PLGA-drug loaded polymer materials and hence, their ability to be degraded by 

hydrolysis. The rates at which the PBS penetrates into the interior part of the PLGA-based 
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minirods were very slow (it took few days from day 1-5 and in some case 1-10 days). This 

gave an understanding about the hydrophobic nature of PLGA-based minirods.  

 Hence the uptake of PBS was found to increase with the degradation time due to an 

increase in the permeability of PLGA matrix since porous structures were obtained with 

porosity becoming more pronounced as a result of degradation products release over time 

(Figs. 6.2a, 6.2b, 6.2c-6.2e). 

 An increase in the content of lactide in PLGA-based minirods generally decreased the 

PBS absorption capacity. It therefore required longer time in water or aqueous environment 

to breaks the covalent bonds that will improve upon the maximum release of drugs.  

 

6.3.3 Drug Diffusion and Reaction Rates 

  

 The results established a first order reaction release profiles which gave an exponential 

time dependence of drug concentration. The half-life of drug was estimated from the gradient 

of lnC versus time as shown (Figs. 6.3a-6.3d). This gives the results as summarized in table 

6.2.  

 The cumulative drug released profiles for PLGA-based minirods are presented (Figs. 

6.4a-6.4b) for samples loaded with PG and PT, respectively. The release rates have clearly 

indicated an initial burst from the polymer matrix. This is also necessary to meet the initial 

concentration required for therapeutic treatment. However, the release rates were much 

slower for PLGA (85:15) (Fig. 6.4a) than for the other polymer ratios. The release rates 

shows that samples incorporated with PG will easily degrade within the 50-100 days as 

compared to PT loaded which lasted between 100-140 days. 

 Drug release versus mass loss as a result of polymer degradation at 37˚C in PBS at pH 

7.4 is presented (Figs. 6.5a-6.5d). These results indicated that the release time is clearly 
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shorter than the polymer half-life. However, the result for PLGA ratio 50:50 (Fig. 6.5a) has a 

closer duration of drug release as compared to the polymer half-life.  

 There were initial exponential decays in drug concentrations with incubation time. 

However, multi-pulses of drug release profiles were observed over time (Fig. 6.5a-6.5d). 

This is sometimes preferable to continuous release of drug, which may lead to 

downregulation of receptors or even development of drug resistance [29].  The results (Fig. 

6.5a-6.5d) show that, a novel device can be designed or fabricated with programmed delivery 

to achieve pulsatile drug delivery over an extended time. Such devices may ensure a 

programmed off period followed by a prompt and transient drug release in a cycle until the 

device is completely degraded [29]. Moreover, the release of PG from PLGA-based 

composites has shown the possibility of fabricating devices with multi-pulse delivery 

because of its tunable properties. 

 Diffusion and degradation represents the mechanisms of drug release from PLGA-based 

minirods. Degradation was associated with water penetration into the interior areas of the 

PLGAs which was later followed by the hydrolysis of the functional groups and the 

absorption of water molecules. Further hydrolysis then led to the cleavage of covalent bonds. 

This causes both surface and bulk erosion. 

 The half-lives for the different degradable systems are summarized in Table 6.2. The 

kinetic rate constant (k) for degradation corresponded to the time dependent of polymer mass 

loss. The plots of mass loss versus time (for PLGA-PG samples) gave an exponential decay 

(Fig. 6.6a) for the various samples. The k values obtained are also summarized in Table 6.2. 

 Moreover, the result in Figure (6.6b) has shown an increase in polymer half-life as the 

degradation rate declined. The degradation rate was quick for the PLGA 50:50 ratio, follow 

by 65:35, 75:25 and 85:15, respectively.  This makes one polymer to degrade more rapidly 

than the other. The mass loss for the PLGA-PG minirods approached almost 90%; at 170 
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days for the 85:15 ratio, 120 days for 75:25 ratio, 70 days for the 65:35 and finally, 45 days 

for the 50:50 ratio.  

 The mechanism controlling the degradation of PLGA minirods was basically dominated 

by autocatalyzed bulk degradation within half of the degradation time, while surface erosion 

subsequently sets in via the hydrolysis of the ester linkages. The crystallinity and intake of 

PBS including other intrinsic properties affects the rates of the in vitro degradation of the 

polymer. However, the hetereogeneous network of the polymer matrix contributes to 

autocatalyzed bulk degradation. These results provide important insights for the design and 

selection of biodegradable polymers for biomedical applications. 

 Summary of drug encapsulation efficiency (DEE) as well as drug loading content are 

presented in Table 6.3 for PLGA-based polymers. The DEE ranges from 43-92% when PG 

was encapsulated as compared to the 50-89% DEE when PT was encapsulated. The DL for 

PLGA encapsulated with PG minirods varied from 2.53-5.43%, while the DL of 3.77-4.82% 

was reported when PT was encapsulated.  

 The diffusion coefficients for the initial burst were obtained from equation (6.9) 

following figure (6.7). The initial diffusion rates for samples encapsulated with PG were 

between 14.77-25.11 x10
-6

 m
2
/s, while the case for samples encapsulated with PT were also 

between 2.00-22.70 x10
-6

 m
2
/s. These are summarized in Table 6.4. 

 

6.3.4 Thermal Analysis 

 

 The thermal analysis data obtained in the current work includes the; Tg, Tc and Tm. 

Typical DSC curve for PLA:PGA (50:50) is presented (Fig. 6.9a). Thermal properties of the 

polymers decreased drastically with increased in hydrolysis time due to molecular weight 

loss. 
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The Tg shows a point at which the mechanical properties of the polymer begins to change 

from a rubber-like state to a glassy state. Below the Tg, there is limited polymer flow, while 

above the glass transition more motion occurs. The transition in polymers doesn’t suddenly 

occur but takes place within a range of temperature. For instance the graph for PLGA (50:50) 

for 24 days of degradation gave Tg within the range of 52.55-73.53˚C with the Tg obtained 

from the middle of the curve (Fig. 6.9a) to be 63.56˚C. Thus, the values of the Tgs were 

obtained from the midpoint of the inclined part of the DSC curve. 

 Above the Tg, the polymer chains possess remarkable mobility. The chains thus, twist and 

turn, with no change in position until they gain enough energy as temperature gradually 

increased. The energy gained allows the chains to move into a very ordered manner 

(crystalline arrangement). During the crystalline arrangement process, heat is given off to the 

system. Tc was an exothermic process indicated by a lower point of the dip (Fig. 6.9a). 

 The Tm was represented by an endothermic transition upon which the polymer begins to 

melt due to heat absorption. The Tm involves a first order transition whereby intermolecular 

bonds absorb heat energy and the polymer chains then become weak and more relaxed. At 

this state, the material changes from a solid phase to a liquid phase. Moreover, the samples 

loaded with PG experienced low melting temperatures as compared to samples loaded with 

PT. The polymer degradation decreases the thermal properties with increasing incubation 

period (Fig. 9b). 

 

6.4 Implications 

 

 Polymer degradation rates and drug release profiles differed greatly though the same 

polymer matrix and drug loading (8% by weight) were considered. This implies that, in the 

design of a biodegradable implant from PLGA for drug delivery device, the amount of drug 

as well as the type of drug loaded affects drug release and device degradation as expected.  
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 The result on degradation rates and drug release kinetics can be used to design a 

multimodal device incorporated with different polymer ratios with a desired cancer drugs, 

while controlling the amount of drug loaded.  

 The release of PG from PLGA-based composites has shown the possibility of fabricating 

devices with multi-pulse delivery over an extended time because of its tunable properties. 

Understanding of polymer erosion and the mechanism of drug release from PLGA-based 

minirods can be used to design a multimodal device to provide desirable and more controlled 

drug release kinetics. Moreover, suitable biodegradable polyester with controlled degradation 

and drug release rate could be selected for controlled drug delivery. 

 However, thorough studies of biodegradation and mechanical change of polyesters 

(PLGA) will provide significant understanding into the interactions between polyesters and 

the biological environments. The size and shape of the implant could also be modeled to 

achieve the desired treatment model. These are clearly some of the challenges for future 

work. 

 

6.5 Conclusion 

  

 Drug release kinetics as well as polymer degradation mechanisms were studied to provide 

the basis for the design of implantable biodegradable systems for the localized treatment of 

cancer. Hydrolysis begins with water penetrating deeply into the interior areas of the 

polymer. The water molecules caused the functional groups in the polymer chains to 

hydrolyze and absorb the PBS by a natural diffusion and convection resulting in the cleavage 

of covalent bonds. Release of degradable products led to mass loss which is a characteristic 

for polymer erosion. The extent of degradation was determined by the percentage weight 

loss.  
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 Despite the long range release of drugs from PLGA-PT (paclitaxel loaded) as compared 

to PLGA-PG (prodigiosin loaded), the samples containing PT were hard and brittle. They 

easily fracture and loose the geometry or shape. However, the release and degradation of 

PLGA loaded with PG was faster. The samples containing PG were soft and flexible and 

could be seen as good scaffolds for implantable devices.  

 The percentage release of PG from PLGAs ratios; 50:50, 65:35, 75:25, 85:15 gave 

cumulative releases of 91, 96, 92 and 93.5 %, respectively. On the other hand, the percentage 

release of PLGAs 65:35, 75:25, 85:15 loaded with PT were 84, 98 and 94, respectively. The 

PLGA-based minirods revealed distinct structural changes with different degradation rates 

during the in vitro experiments. These results provide important insights for the design and 

selection of biodegradable polymers for biomedical applications.  
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Figure 6.1: Standard Curve for Drug Released from PLGA-based Polymer (PLGA 

65:35): (a) PG Released from PLGA-Based millirods and (b) PT Released from PLGA-

based Millirods. 
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(a) PLA:PGA (50:50) 

 

 
 

(b) PLA:PGA (65:35) 

 

(c) PLA:PGA (75:25) 

 

Figure 6.2a-c: Optical Images of PLA:PGA During Degradation and Drug Release at 

37˚C, pH 7.4, 60 rpm; (a) PLA:PGA (50:50)-Based Minirods Loaded with PG, 

(b)PLA:PGA (65:35)-Based Minirods Loaded with PG and (c) PLA:PGA (75:25)-Based 

Minirods  Loaded with PT. 
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(d) PLGA (65:35)  PT: Day 1           Day 19 

    
(e)  PLGA (75:25) PT Day 1  Day 19 

   
(f) PLGA (85:15) PT: Day 1  Day 19 

  
Figure 6.2 (d-f): Poros SEM Images of PLA:PGA During Degradation and Drug  Release at 

37˚C, pH 7.4, 60 rpm Minirods  Loaded with PT.        
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Figure 6.3: First Order Estimation of Rate Constant and Drug half-life from Drug 

Loaded PLGA-based Minirods: (a) PLGA (50:50)-PG, (b) PLGA (65:35)-PG, (c) PLGA 

(75:25)-PG and (d) PLGA (85:15)-PG. 
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Figure 6.4: Cumulative Drug Release from PLGA, Drug-Based Minirods Incubated at 

37˚C, pH 7.4 and under a mechanical agitation of 60 rpm. 
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Figure 6.5: Drug Release Versus Degradation of PLGA Drug-based Minirods at 37˚C, 

pH 7.4, 60 rpm. 
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Figure 6.6: Polymer Degradation Rate: (a) Polymer Mass Loss versus Time and (b) 

Effect of Degradation Rate on Polymer Half-life. 
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Figure 6.7: Determination of the initial Diffusion Rate from PLGA-based Polymers; (a) 

Encapsulated with PG and (b) Encapsulated with PT. 
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Figure 6.8: Thermal Characteristics of PLGA-based minirods incubatd in PBS at 37˚C 

Under Mechanical Shaking (60 rpm): (a) PLGA 50:50 Loaded with PG for 24 days and 

(b) Decrease in Thermal Properties with Increase in Incubation Time. 

 

 

 



194 

Table 6.1A: Preparation of Drugs Solutions into Working Concentrations. 

Drug/sample Initial 

dissolution 

Final dissolution 

(Topped up with) 

Final Concentration 

0.1 g of Paclitaxel 2 ml DMSO 38 ml PBS 2.5 mg/ml 

(DMSO:PBS) (5:95 %) 

0.1 g of Prodigiosin 2 ml methanol 38 ml PBS 2.5 mg/ml 

(Methanol:PBS) (5:95 %) 

 

 
 

 

 

Table 6.1B: Ratios of Polymer, Drug and PVP Used in PLGA-Drug-Based Minirods 

Formation. 

 

Polymer Drug PVP 

Amount (g) 1 0.1 0.2 

Percentage (% w/w) 77 8 15 

 

 

 

 

 

 

Table 6.2: Polymer Degradation and Drug Diffusion Terms at 37˚C in PBS pH “7.4”. 

Polymer 

Ratio 

(PLA:PGA) 

Decay 

Term 

(k1) 

K2  

1/(-k1) 

Half-life of 

Polymer 

(t1/2) 

 

Offset 

yo 

Degradation 

rate, k =k2/t1/2 

mg/day 

Half-life of 

Drugs 

Release 

50:50 in PG -24.05 -0.042 50 0.0259 0.832 16.9 

65:35 in PG -68.799 -0.015 70 0.4621 0.208 6.1 

75:25 in PG 44.332 0.023 130 -0.1411 0.174 4.4 

85:15 in PG -50.839 -0.020 170 0.00291      0.116 3.8 
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Table 6.3: Summary of Encapsulation Efficiencies and Drug Loading for PLGA-Based 

Polymer. 

Polymer Ratio 

(PLA:PGA) 

Drug Encapsulation Efficiency 

(DEE%) 

Drug Loading Content 

(DL%) 

50:50 in PG 92.00 3.8 

65:35 in PG 82.10 2.53 

75:25 in PG 56.20 3.60 

85:15 in PG 43.00 5.43 

65:35 in PT 89.10 4.82 

75:25 in PT 62.1 3.83 

85:15 in PT 50.00 3.77 

 

 

 

 

 

Table 6.4: Initial Diffusion Terms for the Initial Burst Release of PG and PT from 

PLGA-based Polymers. 

Polymer Ratio in 

PG 

Released Exponent 

(n) 

Geometric 

Constant (k) 

Diffusion Coefficient 

x 10
-6

 m
2
/s 

50:50 in PG 0.34 1.33 14.77 

65:35 in PG 0.09 1.09 17.95 

75:25 in PG 0.09 1.28 25.11 

85:15 in PG 0.12 1.21 23.77 

65:35 in PT 0.33 0.14 22.70 

75:25 in PT 0.25 0.02 2.00 

85:15 in PT 0.19 0.15 22.70 
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7.0 Perspectives and Conclusions 

 

The work in this dissertation was focused on developing strategies for regional cancer 

drug delivery, especially in localized breast cancer drug delivery. The work demonstrated to 

a large extent, the significance of polymeric drug delivery systems that are capable of 

achieving controlled drug release. The materials issues associated with localized drug release 

have been elucidated and the research was carried out in the following steps: 

 We presented the results for the swelling kinetics of P(NIPA)-based hydrogels using 

weight gain experiments with bacterial-synthesized prodigiosin for localized cancer drug 

delivery (Chapter 3). The swelling due to the uptake of prodigiosin by P(NIPA)-based 

hydrogels at temperatures between 28-48˚C was investigated. This is a temperature range that 

might be encountered during the implantation of biomedical devices for localized cancer 

treatment via drug delivery and hyperthermia. The mechanisms of drug diffusion and swelling 

of P(NIPA)-based hydrogels from the polymer matrices were elucidated.  

 

 The swelling kinetics revealed a considerable shift in the swelling ratios of P(NIPA)-

based hydrogels. The differences in the swelling kinetics were due to the ionic concentration 

in the different drug solutions. Moreover, the osmotic pressure or chemical potential energy 

balance within and outside the gel network was also a contributing factor that affects the 

swelling properties of the gels. Thus, at equilibrium state, the sum of the osmotic pressure 

regarding to the mixing, rubber elasticity and ion interaction equals to zero. This implies that 

a decrease in the chemical potential of the swelling system directly affects the total volume 

uptake. Statistical analyses were carried out on the variations in data using one-sample T-test 

and or a paired T-test depending on the data. The implications of the results were then 

discussed for the design of implantable biomedical devices in which P(NIPA)-based hydrogel 

can be encapsulated as a drug carrier for localized treatment of breast cancer. 
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 Poly-di-methyl-siloxane packages with well-controlled micro-channels and drug storage 

compartments were fabricated along with drug storing polymers produced from non-

resorbable P(NIPA)-based hydrogels by free radical polymerization (chapter 4).  This study 

considered the kinetics of prodigiosin release from micro-channelled implantable biomedical 

devices for localized cancer drug delivery. The mechanisms of drug release were studied at 

temperatures that are relevant to cancer treatment. Combination of diffusion and micro-

fluidics concepts were then used to model the flow of fluid/drug through the micro-channels 

in the implantable device. The experiments established drug release rates from micro-

channels with different lengths. The channel lengths can be used to manage the initial burst 

release of drugs from the devices into a tumor tissue. Drug release was largely controlled by 

natural diffusion across the channel lengths. However, a balanced approach is required for 

the design of an optimal channel length. The implications of the results were then discussed 

for localized treatment of cancer via hyperthermia and controlled delivery of prodigiosin 

from encapsulated P(NIPA)-based devices. 

 

 Controlled release of cancer drugs (paclitaxel and prodigiosin) from an implantable 

biomedical device on the effect of cell viability was presented in chapter 5. The cytotoxicity 

of cancer drugs were studied to developed the dosage ranges required for localized 

chemotherapy. The effects of localized release of drugs on cell viability were elucidated via 

clonogenic assay on MDA-MB-231 breast cancer cell line. The results were validated using 

models to establish the effective diffusivity of fluid/prodigiosin released from implanted 

device into a surrounded scaffold that mimicked cancer tissue. The trends in the results were 

analysed using statistical models before discussion their implications for localized treatment 

of breast cancer via hyperthermia and controlled drug delivery. 
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 Biodegradable and bioresorbable minirods were moulded from polymers: poly(lactic- 

acid)-co-poly(glycolic-acid) with different ratios. Polyvinylpyrrolidone was used as a cross-

linker which also ensured good binding between the drug and polymer (This was presented in 

chapter 6). The rates of polymer degradation were significantly affected by the polymer ratio 

and molecular weight. Cumulative release of drugs for an extended duration was achieved 

via varying the polymer ratio, especially those containing high concentration of lactic-acids. 

The PLGA-based millirods revealed distinct structural changes with different degradation 

rates during the in vitro experiment. These results provided important insights for the design 

and selection of biodegradable polymers for biomedical applications. It is therefore 

recommended that further investigation on the influence of structural changes and 

mechanical degradation in the design of a multimodal drug delivery system for a sustained 

controlled release for 4-6 month. These are currently some of the challenges for future work. 

 The porous structures of the 3-D scaffolds in addition to the encapsulated micro-channel 

devices enhanced controlled release of drugs. The proposed method of localized drug 

delivery ensure the total quantities of drug needed for therapeutic treatment of cancer could 

be much less than those required for bulk systematic drug.  Hence, the potential side effects 

of localized cancer drug delivery could be much less than those associated with bulk 

systemic chemotherapy.  

 In conclusion, the research in this dissertation clearly presented the results from in vitro 

experiments from conceptual ideas geared toward in vivo biomedical applications.  
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7.1.0 Recommendations for Future Work 

7.1.1 Surface Modification and Cell Adhession 

  

 Previous work on cell culture (chapter 5) indicated poor growth and adhesion of human 

cancer cells to the surfaces of the biomaterial (PDMS). This call for experiments to be 

conducted on surface modification of the PDMS in other to examine the surface effects on 

cell morphology during cell cultures. The substrate could be coated with fibronectin, collagen 

or Bovine Serum Albumin (BSA) to enhance surface morphology. It is most likely that the 

adsorption of proteins on the surface of PDMS could increase by achieving improve surface 

roughness. 

 The topography and stiffness of PDMS also have an effect on the microenvironment 

regarding the differentiation of human epidermal stem cells and mesenchemal stem cells. 

Several techniques exist to modify the surface of the biomaterial. These include: boiling 

PDMS slabs in deionized water, oxygen plasma treatment, UV-ozone radiation, self-

assemble monolayer coating, or polymer/peptide grafting techniques and surface texture with 

gold (Au) or extracellular matrix (ECM). The modified surface of the biomaterial could 

enhance cell/surface interaction. Experiments could be conducted to examine pre-stretch 

effects of PDMS, while coating PDMS with Au, fibronectin, collagen BSA and extracellular 

matrix (ECM) to enhance cell orientation and adhession. 

 

7.1.2 Mechanical Characterization of Polymers 

 

Mechanical characterization of the polymers should be well studied to enhance their 

incorporation into tissues as biomaterials. Even though the P(NIPA)-based hydrogels have 

shown excellent drug loading competence [1,2,3,4], their use for drug delivery have been 

mainly imperfected by poor mechanical properties [5]. It is therefore recommended that more 
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work should be carried out to strengthen these properties while maintaining their porous 

structures. 

 

7.1.3 Design of a Novel Degradable Implant 

 

Concerning the degradable implants, a multimodal device can be designed to incorporate 

different copolymer ratios. This will take care of the initial burst effect and as well ensure 

prolonged and sustained release of cancer drugs. Proposed designs for the multimodal 

implants are shown below (Figs. 7.1a-c). The copolymers with low PLA ratio (50:50 and 

65:75) have higher degradation rate which can ensure the early time concentrations are met 

as they are susceptible to degrade and release drug quicker (they have low molecular 

weights), whiles those polymers with higher amount of lactic acid (eg. PLGA 75:25 and 

85:15, they have higher molecular weights) can ensure that an extended time of drug delivery 

for 4-5 months is acertain. Future work(s) should also incorporate the activity of enzyme(s) 

in the degradation process. 

(a)    (b)    (c)  Polymers  

                      

 

Figure 7.1: Schematics of Novel Biodegradable Drug Delivery Systems. 

 

 

7.1.4 Animal Trials 

 

 In other to develop a system that will model the entire metastatic process, it is 

recommended that animal trial should be carried out. In doing so one can inject aggressive 
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basal MDA-MB-231 human breast carcinoma cells orthotopically into the mammary fat pads 

of severely immunocompromised NOD scid gamma (NSG) rats and then, monitor the rats for 

the development of a primary xenograft tumors. The rats can be sacrificed when a tumors 

reaches about 10% of body weight (day 53 post-injection) and then study tumor shrinkage 

with different drug concentrations on loaded biomedical device. The study can then continue 

to examine tumor shrinkage with loaded biomedical device with chemotherapy drugs at 

43˚C. This temperature takes care of both hyperthermia and drug delivery. Finally, a 

histopathology study could be done on the tumor tissues including other organs such as the 

liver, kidney, etc, to identify the active components of cancer drugs. The results from 

sections of tumors can further be analysized with a florescent microscope and HPLC to 

determine the amount of drug present in sourrounding tissues. These are clearly some of the 

challenges for future in-vivo work. 
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