
i 
 

DIFFUSION KINETICS FOR DRUG RELEASE AND 

FOOD PRESERVATION 
 

 

 

 

 

 

 

 

 

DISSERTATION 

Submitted to the Graduate Faculty 

In Partial Fulfilment of the Requirements for the  

Degree of Doctor of Philosophy in the  

Department of Materials Science and Engineering 

African University of Science and Technology, Abuja, Nigeria 

By: 

AINA TOYIN (ID No. 70174 B) 

October, 2022 

 

PhD Supervisor: 

Prof. Winston Soboyejo, Chair (Worcester Polytechnic Institute, MA, USA) 

 

PhD Dissertation Committee: 

Dr. Shola O. Odusanya (SHESTCO, Abuja, Nigeria) 

Prof. Ali A. Salifu (Worcester Polytechnic Institute, MA, USA) 

Prof. John D. Obayemi (Worcester Polytechnic Institute, MA, USA) 

Dr. Abdulhakeem Bello (African University of Science and Technology, Abuja, Nigeria)  

Dr. Madukwe Johnathan (National Hospital, Abuja, Nigeria) 

 



ii 
 

DIFFUSION KINETICS FOR DRUG RELEASE AND FOOD PRESERVATION 

By: 

Aina Toyin 

A THESIS APPROVED BY THE MATERIALS SCIENCE AND ENGINEERING 

DEPARTMENT 

                                                                                                                                       

RECOMMENDED: ……………………………………………………………………. 

Supervisor, Professor Winston Oluwole Soboyejo 

 

…………………………………………………………………….. 

Committee Member: Dr. O. Shola Odusanya 

…………………………………………………………………… 

Committee Member: Prof. Ali A. Salifu 

 

……………………………………………………………………... 

Committee Member: Prof. John D. Obayemi 

 

……………………………………………………………………… 

Committee Member: Dr. Abdulhakeem Bello 

 

……………………………………………………………………… 

Committee Member: Dr. Madukwe Johnathan 

            27/10/2022 

……………………………………………………………………….. 

Head, Department of Materials Science and Engineering: Dr. Vitalis C. Anye 

 29/10/2022 

…………………………………………………………………………. 

Acting President: Professor Azikiwe Peter Onwualu 

 

27-10-2022 

27-10-2022 

27-10-2022 

27-10-2022 

29-10-2022 

29-10-2022 



iii 
 

Date: …………………………………………………………………. 

 

 

Copyright by Aina Toyin,   October 2022. 

All Right Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

Dedication 

To my late parents Mr Sunday Aina Asepo and Mrs Marion Modupe Aina, their sacrifice and 

effort will forever remain indelible in my heart because they strove, and supported me to 

ensure that I get to the zenith of my education.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

 

Abstract 

 

This thesis presents silica nanoparticles for the controlled release of AMACR-conjugated 

doxorubicin for the inhibition of prostate cancer cell growth. Inorganic MCM-41 silica 

nanoparticles were synthesized, functionalized with phenylboronic groups (MCM-B), and 

capped with dextran (MCM-B-D). The nanoparticles were then characterized using Fourier-

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), zeta potential analysis, N2 sorption, X-ray diffraction, and 

thermogravimetric analysis before exploring their potential for drug loading and controlled 

drug release. This was done using a model prostate cancer drug, doxorubicin (DOX), and a 

targeted prostate cancer biomarker to facilitate the localized delivery of the drug, α-Methyl 

Acyl-CoA racemase (AMACR)-conjugated DOX, which attaches specifically to receptors 

that are overexpressed on the surfaces of prostate cancer cells.  The kinetics of controlled 

drug release over 30 days was then studied using zeroth order, first order, second order, 

Higuchi, and the Korsmeyer-Peppas models, while the thermodynamics of drug release was 

elucidated by determining the entropy and enthalpy changes. The flux of the released DOX 

was also simulated using the COMSOL Multiphysics software package. Generally, the 

AMACR-conjugated DOX drug-loaded nanoparticles were more effective than the free DOX 

drug-loaded formulations in inhibiting the growth of prostate cancer cells (PC-3 cell line) in 

vitro over a 96-h period.  Furthermore, the effectiveness of DOX-A cancer drug for the 

targeted treatment of prostate cancer was explored in vivo. AMACR-conjugated drug 

(AMACR-doxorubicin) and free doxorubicin drug injections into groups of 4-week-old 

athymic male nude mice were discovered to target and shrink tumors without any apparent 

cytotoxicity, as shown by ex vivo toxicity histopathology studies. Our findings demonstrate 

that prostate cancer cells/tumors with overexpressed AMACR receptors act as binding sites 
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for AMACR-conjugated drugs, which in both in vitro and in vivo tests prevented the growth 

of prostate cells/tumors. The ability to restrain the growth of prostate cancer cells/tumors 

effects are due to the adhesive contacts between the overexpressed AMACR receptors on the 

prostate cancer cells/tumors and the AMACR molecular recognition units on the drug 

doxorubicin, DOX and DOX-A. The implications of the results are then discussed for the 

development of drug-eluting structures for the localized and targeted treatment of prostate 

cancer.  

The second phase of the work, presents the release kinetics (RK) of a fungicidal antimicrobial 

agent (AMA), potassium sorbate (PS), that prolongs the shelf life of packaged food. The 

effects of PS release are explored on peanuts and fresh bread to determine the effects of PS 

on Aspergillus niger (A. niger) microbial growth. The A. niger was cultured in a potato 

dextrose agar (PDA) medium to obtain AMA activity on the film. AMA activity of PS 

incorporated into cellulose acetate (CA) based film was tested on peanuts and fresh bread for 

an extended period of time. The RK of PS from the films was obtained by studying the de-

swelling properties of PS loaded film at room temperature (24°C) and at elevated temperature 

(37°C). The diffusion coefficients of PS released through the film network were obtained to 

be between 8.32 × 10
−10

 to 7.3 × 10
−7

 m
2
/s. The release exponents (n) of PS from the film 

occurred by anomalous transport with n values ranging from 0.13 to 0.16 at 24°C and 0.5 to 

0.89 at 37°C. The average flux released from the CA film was consistent with the percentage 

PS release from the CA film showing that modelling the effective diffusion of PS from a 

porous media is feasible. The released PS was potent enough to inhibit the growth of A. niger 

for a week then over a period of 2 years. Thereafter, the implications of the results in 

designing smart food packaging for enhanced food preservation were discussed 

Keywords: functionalized, kinetics, Doxorubicin, mesoporous, biomaterial, tumorigenic,  -

Methyl Acyl-CoA racemase, potassium sorbate, cellulose acetate, fungicidal anti-microbial 

agent, swelling, Aspergillus niger  
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CHAPTER ONE 

1.0. Background and Introduction to prostate cancer  

1.1. Introduction  

The prostate gland is a tiny gland located in the lower abdomen of a man. It surrounds the 

urethra and is placed beneath the bladder (Figure 1.1). The prostate gland generates seminal 

fluid, often known as semen, which is controlled by the hormone testosterone. During 

ejaculation, sperm-bearing semen exits the urethra [1]. 

 

 

Figure 1.1: Prostate cancer: 3D illustration showing normal prostate gland and presence of 

tumor inside prostate gland which compresses urethra. (Picture by: Kateryna Kon / 

Shutterstock) 

 

Prostate cancer occurs when an abnormal, malignant growth of cells known as a tumor arises 

in the prostate [2], [3]. This malignancy has the potential to spread to other parts of the body 

[4]. Because the cancer is made up of cells from the prostate in these circumstances, it is still 

referred to as prostate cancer. Prostate cancer was the second most common disease and the 

fifth major cause of cancer death among men in 2020, with an estimated 1.4 million new 

cases and 375,000 deaths worldwide[5].  Adenocarcinoma being the most common kind of 

PC [6] and PC could be aggressive or non-aggressive depending on the speed of growth. 

Some of the predisposing factors that may lead to PC includes but are not limited to old age, 

family history of prostate cancer, genetic mutations, obesity and race (e.g., men of African 
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descent are more predisposed to PC) are some of the factors that raises the likelihood of PC 

in men [7].  

Hitherto, surgery, radiation therapy, cryotherapy, hormone therapy, chemotherapy, immune 

therapy and stereotactic radiosurgery are the known methods of treatment [8]. This research 

will focus on the aspect of chemotherapy and applying the knowledge of materials science to 

load the drug unto a nanomaterial and then control the drug delivery to the target site by 

conjugating it with molecular recognition units.  

1.2. Prostate cancer statistics 

The GLOBOCAN database conducted on 185 countries and 36 cancers by age and gender 

showed that in 2020, about 1,414,259 prostate cancer (PC) cases were recorded which 

amounts to 7.3% of the new cancer cases and about 375,304 deaths which amounts to 3.8% 

of deaths relative to the entire cancer cases globally [5], [9].  PC is also the most commonly 

diagnosed cancer among men in 112 nations [5]. Prostate cancer is the second leading cause 

of deaths in men in 48 countries, Figure 1.2. 

 

Figure 1.2: Most common type of cancer mortality by country in 2020 among men, with the 

numbers of countries represented in each ranking group being included in the legend. Source: 

GLOBOCAN 2020 
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In countries with a high human development index (HDI), prostate cancer mortality rate is 

the second being 37.5 per 100,000 after lung cancer (39 per 100,000). Whereas, in countries 

with low HDI the mortality rate of prostate cancer is the highest which is given as 11.3 per 

100,000, Figure 1.3.  

 

Figure 1.3: Incidence and mortality age-standardized rates in high/very high human 

development index (HDI) countries versus low/medium HDI countries among men in 2020. 

The 15 most common cancers in the world are shown in descending order of the overall age-

standardized rate. Source: GLOBOCAN 2020. 

 

The number of new cases of PC in Nigeria amounts to about 15,306 which is 12.3% of all the 

cancers in both sexes making it the second after breast cancer [10]. In males, PC takes first 

place among all the cancer reported in 2020, with about 15,306 new cases reported which 

amounts to 29.8% of all male cancers reported in Nigeria in 2020 [10] Figure. 1.4. Hence this 

statistical result provided the motivation for this project since Nigeria is in Africa and is 

classified under countries with low HDI. 
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Figure 1.4: Number of new cases of cancers in 2020, males, all ages 

 

1.3 Cancer Drugs  

 

The Food and Drug Administration (FDA) has authorized the medications listed below for 

the treatment of prostate cancer. Generic and brand names are included in the list. Degarelix 

(degarelix for injection) [11], eligard (leuprolide acetate) [12], erleada (apalutamide)[13], 

jevtana (cabazitaxel) [14], lupro depot (leuprolide acetate for depot suspension) [15], 

lynparza (olaparib) [16], nubeqa (darolutamide) [17], orgovyx (relugolix) [18], provenge 

(sipuleucel-T) [19], rubraca (rucaparib) [20], trelstar (triptorelin pamoate) [18], xofigo 

(radium Ra 223 dichloride) [21], xtandi (enzalutamide) [22], zoladex (goserelin acetate 

implant) [23], zytiga (abiraterone acetate) [24] and Doxorubicin hydrochloride [25].  

1.3.1 Nanoparticles used in cancer drug delivery  

 

A nanoparticle is a tiny particle with a diameter of 1 to 100 nanometres in size. Some of the 

treatment method involves the use of several kinds of nanoparticles as follows; a self-

assembled simple nanoparticle approach for delivering siRNA to silence the Skp2 gene in 

vivo for cancer therapy. The nanoparticles, dubbed siSkp2/Que NPs, are made by self-

assembly of siRNA targeting Skp2 (siSkp2) and the natural chemical quercetin (Que). The 

siSkp2/Que NPs offer a number of benefits: (a) carrier-free siRNA administration with rapid 

self-assembly and simple synthesis; (b) synergistic silencing effect with concomitant target 

degradation of Skp2 mRNA and protein; (c) efficient cellular internalization and tumor site 
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enrichment; and d) excellent biocompatibility and decreased toxicity [26]. In another work, a 

chemical precipitation approach was used to make superparamagnetic magnetite nanoparticle 

anchored on graphene oxide (GO/Fe3O4) nanoparticle hybrids with varied GO/Fe3O4 ratios. 

Physical ultrasound and vibration are used to prepare magnetic drug microspheres 

(GO/Fe3O4-DXR). The temperature of suspensions containing GO/Fe3O4-DXR nanoparticles 

with different mass ratios of Fe3O4 and GO (1:1, 1:1.5, 1:2) after 9 minutes in an AC 

magnetic field is 88.3°C, 70.6°C, and 54.9°C, respectively, which meets the temperature 

requirements of magnetic materials in medical applications. GO/Fe3O4-DXR nanocomposites 

can be employed as thermoseeds in magnetic hyperthermia therapy (MHT) as well as for 

targeted treatment to release anti-cancer medicines. Cancer can be treated more precisely and 

effectively using a combination of hyperthermia and targeted therapy [27].   

1.4 Mechanisms of mass transport 

Usually, the regulation of molecule release involves two principal mass transport systems. 

The first and most noticeable one is internal mass transfer, also known as diffusion, within 

the material. The second one is external mass transfer, which involves moving material's 

mass toward an external medium (atmosphere, food simulant, or biological material (in 

vitro/in vivo)). When the solution is thoroughly churned around the device, diffusional mass 

transport is typically thought of as the major stage and is virtually always involved in the 

regulation of active species release (external mass transfer resistance becomes thus 

negligible). The apparent coefficient of diffusion, also known as diffusivity, shows the 

capacity of the migrant to disperse through the material and is commonly thought to depict 

this process according to Fick's law (equation 1.1 and 1.2). For simulating the release from 

two media in contact, a different mass transfer parameter is especially significant. The 

partition coefficient k describes how the migrant is split across the two mediums at 

equilibrium. It is a sign of migratory affinities for the subject of the inquiry. Along with mass 
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transport of active species, diffusion of the simulant in contact with the material may also be 

involved, leading to swelling and/or plasticization of the polymer/material in use. So, it can 

prevent the release from happening [28]. The efficacy of controlled release systems for 

pharmaceutical applications has been predicted using mathematical models that have been 

applied to simulating the release of active species from biocompatible material and some 

polymers of known geometries [29] such as Polydimethylsiloxane (PDMS) [30], [31] and bio 

composites films and microcapsules [32]. 

    
  

  
                       1.1 

 
  

  
  

   

   
                                                                                                                               1.2 

 

Where J is the flux (moles/area/time), D is the diffusion coefficient/diffusivity, and C is the 

concentration. Equation 1.1 illustrates Fick's first law (one dimensional diffusion). Contrarily, 

when concentration varies over time, equation 1.2 reflects Fick's second law. utilizing the 

power law or Peppas equation, equation 1.3 is a well-liked and straightforward empirical 

model for describing the release of drugs and active compounds [33].  

  

  
                1.3 

At time t and infinite time, respectively,    and    represent the absolute cumulative 

quantity of drug/active species released;   is a constant combining the structural and 

geometric properties of the system; and n is the release exponent, reflecting the method of 

release. 

The mathematical value of n and the structure of the system provide details on the ensuing 

release mechanism. In terms of slab geometry alone, equation (1.3) has two distinct physical 

implications for n = 0.5 and n = 1. For n = 1, the system presents a way for controlled 

molecule release. The equation makes reference to a Fickian diffusion and a diffusion-

controlled drug release mechanism when n = 0.5 [34].  Since diffusional mass movement is 
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commonly considered of as the major component of the release mechanism, the release of 

active species intended for use in biological systems is most frequently studied using these 

types of models. Zero-order, first-, second-, and Higuchi models are further models. The 

initial and boundary conditions that are given, along with the specific geometry of the device 

under investigation, allow for the solution of Fick's second law-based models [28]. 

1.5 Scope of the projects 

1.5.1 Prostate cancer research 

a) To decrease the pore diameters of silica nanoparticles in order to limit the in vitro release 

of the prostate cancer medications DOX and DOX-A, as well as to identify the kinetics 

and thermodynamic parameters of drug release from the drug-loaded nanoparticles. Both 

the dextran-capped and uncapped nanoparticles will go through these procedures. 

b) Doxorubicin conjugated to AMACR will be examined as a representative cancer 

treatment in this research. By conjugating doxorubicin hydrochloride and cysteine 

AMACR, the synthesis will be completed and the result characterized.  Using the PC-3 

PC cell line and an athymic nude mouse model that has been generated with PC 

xenograft tumors, the effect of the AMACR-conjugated medication will be examined on 

cancer cells and tissues in vitro. It will be investigated whether the conjugated 

medication may target and reduce PC xenograft tumors over a period of twelve days 

throughout the progression of the prostate cancer. 
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CHAPTER TWO 

2.0. Background and introduction to food preservation 

2.1.  Introduction  

Food preservation procedures include those that limit the growth of microorganisms like 

yeasts [1](although other methods work by adding harmless bacteria or fungus to the food) 

and reduce the oxidation of lipids that produce rancidity [2].  Processes that prevent visible 

deterioration, such as the enzymatic browning reaction in apples after they are chopped 

during meal preparation, are examples of food preservation [3]. Food waste can be decreased 

by preserving food, which is an important approach to lower production costs and improve 

food system efficiency, improve food security and nutrition, and contribute to environmental 

sustainability [4][5]. Many food preservation systems combine many food preservation 

methods. Boiling (to lower the fruit's moisture content and kill bacteria, for example), 

sugaring (to inhibit re-growth), and sealing in an airtight container are all steps in the process 

of preserving fruit by converting it into jam (to prevent recontamination) [6][7].  The quality 

of food and food systems is affected differently by various food preservation technologies. 

When compared to modern techniques of food preservation, several old methods have been 

demonstrated to use less energy and produce a smaller carbon impact [8][9]. Carcinogens 

have been discovered in some food preservation procedures. Processed meat, defined as meat 

that has been salted, cured, fermented, and smoked, was classed as "carcinogenic to humans" 

by the World Health Organization's International Agency for Research on Cancer in 2015 

[10]. Some traditional technics of food preservation includes the following: 
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2.1.1 Boiling: Any existing microorganisms can be killed by boiling liquids. To destroy any 

hazardous bacteria that may be present in milk and water, they are frequently heated[11]. 

2.1.2 Canning: As a kind of sterilization, canning entails preparing food, sealing it in 

sterilized cans or jars, then boiling the containers to kill or weaken any remaining 

microorganisms [12]. 

2.1.3 Burial: Due to a multitude of variables, such as a lack of light, oxygen, cool 

temperatures, pH level, or desiccants in the soil, food can be preserved by being buried. Other 

procedures, such as salting or fermentation, can be used in conjunction with burial [13]. 

2.1.4 Confit: Involves preserving meat by salting it, frying it in a fat (such as lard or tallow) 

at or near 100°C, and then keeping it in the fat [14]. 

2.1.5 Cooling: Slows the growth and reproduction of microbes, as well as the action of 

enzymes that cause the food to decay [15]. 

2.1.6 Curing: Dehydration or drying, which was utilized as early as 12,000 BC, was the first 

type of curing followed by smoking and salting procedures which improves the drying 

process by adding antimicrobial agents [16]. Other traditional technics of food preservation 

includes the following; Fermentation [17], freezing [18], gelling [19], heating [20], lye [21] 

and pickling [21]. 

Modern industrial techniques of food preservation include the following: 

2.1.7 Hurdle technology: is defined as an intelligent combination of barriers that ensures 

food product microbiological safety and stability, as well as organoleptic and nutritional 

quality and economic viability. Some of the hurdles used for food preservation includes the 

following; high temperature, low temperatures, reduced water activity, increased acidity, 

reduced redox potential, bio preservatives and other preservatives like sorbates [22],  
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2.1.8 Non-thermal plasma: here the surface of the food is exposed to a "flame" of ionized 

gas molecules, such as helium or nitrogen, in this process. Microorganisms on the surface die 

as a result of the flame [23].   

2.1.9 High-pressure food preservation: here food is being processed to ensure that it 

preserves its fresh appearance, flavour, texture, and nutrients while inhibiting unwanted 

microbes and reducing deterioration by pressing it inside a vessel with a pressure of 70,000 

pounds per square inch (480 MPa) or more. By 2005, the method had been widely used for a 

variety of items, including orange juice, guacamole, and deli meats [24]. 

2.1.10 Pulsed electric field electroporation (PEF): is a form of low-temperature 

pasteurization procedure used to sterilize food. A substance is placed between two electrodes 

in PEF processing, and then a pulsed electric field is applied. The electric field causes the 

holes in cell membranes to expand, causing the cells to die and their contents to leak out [25]. 

Other methods of modern food preservation include; pasteurization [26], vacuum packing 

[27], freeze drying [28], artificial food additives [29], irradiation and modified atmosphere 

[30] 

2.2 Wasted food  

At several phases of the food production, consumption, and supply chain, food is lost or 

wasted [31]. According to the Food and Agricultural Organisation, „‟ Food loss is the 

decrease in the quantity or quality of food resulting from decisions and actions by food 

suppliers in the chain, excluding retailers, food service providers and consumers‟‟(FAO 

2019) [31], [32]. Whereas, “Food waste refers to the decrease in the quantity or quality of 

food resulting from decisions and actions by retailers, food service providers and consumers‟‟ 

(FAO 2019). According to the FAO's Food Loss Index (FLI), 13.8 percent of food produced 

in 2016 was lost from the farm to the retail stage [31]. In the US, Losses on farms are likely 

to be between 15 and 35 percent, depending on the sector. The retail industry has a loss rate 
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of over 26%, but supermarkets, unexpectedly, only lose approximately 1% with annual losses 

estimated to be between US$90 billion and US$100 billion [33], [34]. Food waste in Africa is 

a result of inefficient processing and drying, inadequate storage, and a lack of infrastructure. 

Post-harvest food losses in Sub-Saharan Africa are estimated to be worth $4 billion annually, 

enough to feed at least 48 million people [34]. 

 

2.3 Food preservatives 

Food preservatives can be referred to any of a number of chemical additions used in foods to 

prevent or delay spoiling caused by chemical changes such as oxidation or mold development 

[35].  Preservatives come in a variety of forms, each of which is suited to certain products 

and effective against specific chemical changes [36]. Drying, salting, use of sugar and 

fermentation are some of the oldest ways of preservation.  Food preservation has a number of 

advantages, including the ability to avoid deterioration and spoilage caused by mold, yeast, 

botulism, and other foodborne illnesses. Food preservation also saves money by extending 

the shelf life of the food product [37].  Physical and chemical methods of food preservation 

are the two methods available [38]. Physical preservation techniques include drying, 

refrigeration, and freezing [38]. Chemical preservation on the other hand involves adding 

substances to food to avoid oxidation, rancidity, bacterial development, and other problems 

[38], [39]. Some of the chemical agents are substances that can kill bacteria or inhibit mold 

development like benzoates, sorbates (including potassium sorbate, calcium sorbate and 

sodium sorbate), propionates, nitrites, antioxidants and inhibit oxidation, sulphites, (sodium 

sulphite, sodium bisulfite, sodium metabisulfite, potassium bisulfite and potassium 

metabisulfite, vitamin E  (tacopherol), vitamin C (ascorbic acid), butylated hydroxyanisole 

(BHA), butylated hydroxytoluene (BHT), disodium ethylenediaminetetraacetic acid (EDTA) 

Polyphosphates and citric acid [40]–[42] 
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2.4 Mechanisms of mass transport 

The regulation of molecule release typically involves two primary mass transport systems. 

Internal mass transport, also known as diffusion, is the earliest and most evident one. The 

external mass transfer from the substance to the external medium is the second one 

(atmosphere, food simulant, or real food). When the solution is vigorously churned around 

the device, diffusional mass transport is virtually always involved in the regulation of active 

species release and is frequently regarded as the primary step (external mass transfer 

resistance becomes thus negligible). This behavior is often modeled by Fick's law first and 

second law (equation 1.1 and 1.2), and the apparent coefficient of diffusion, also known as 

diffusivity, indicates how well the migrant may permeate the material. Unusually important 

for simulating the discharge from two media in contact is another mass transport parameter. 

The migrant's distribution between the two mediums at equilibrium is represented by the 

partition coefficient K. It is a sign of migrating affinities for the assumed medium. Along 

with the mass transit of active species, the diffusion of the simulant in contact with the 

material may also get in the way, causing the polymer to expand and/or become plastic. As a 

result, it could prevent the release [43]. When modelling the release of active species from 

food-packaging materials like protein films, mathematical models that were originally created 

to predict the performance of controlled release systems for pharmaceutical applications have 

been employed [44]. Cellulose acetate membranes [45] or biocomposite films and 

microcapsules [46] 

    
  

  
            1.1 

 
  

  
  

   

   
                                                                                                                               1.2 

 

Where equation 1.1 represents Fick‟s first law (one dimensional diffusion), J, the flux 

(moles/area/time), D is the diffusion coefficient/diffusivity, C represents the concentration. 

Equation two on the other hand represents Fick‟s second law when concentration changes 
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with time.  The Peppas equation or power law Equation 1.3 is one of the empirical models 

that is highly popular and simple to use to describe the release of drugs and active substances 

[47]. 

  

  
                1.3 

   and    are the absolute cumulative amounts of drugs or active species released at time t 

and infinite time, respectively; k is a constant combining the system's structural and 

geometric properties; and n is the release exponent, indicating the method of release. 

The system's shape and the numerical value of n give information about the resulting release 

mechanism. Equation (1.3) has two unique physical realistic implications for n = 0.5 and n = 

1 for slab geometry alone. The system describes a controlled molecular release method for             

n = 1. When n = 0.5, the equation alludes to a Fickian diffusion and a diffusion-controlled 

drug release mechanism [48]. The release of active species intended for use in food 

packaging is most typically modelled using these models since diffusional mass movement is 

generally thought of as the key component of the release mechanism. Other models include 

the Higuchi, first-, second-, and zero-order models. Fick's second law-based models may be 

solved with the help of the provided initial and boundary conditions, as well as the precise 

geometry of the device under study [43]. 

 

2.5 Scope of the projects 

2.5.1 Food preservation 

Here, the effects of the regulated release of fungicidal antimicrobials on the preservation of 

packaged goods (peanuts and bread) are examined in this work. In order to control the release 

of AM agents into packaged meals, they are encapsulated in films that are 2 mm thick. There 

are five sections in the article. After the introduction (section 1), Section 2 presents the 

materials and procedures. The theoretical foundation for the modelling of antimicrobial 
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release is then described in Section 3, which follows. Findings of the current study are 

addressed in Section 4, and the conclusions drawn from the current work in Section 5. 
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CHAPTER THREE 

3.0 Literature review 

3.1 Targeted drug release 

The term "drug delivery system" (DDS) refers to a method of distributing a pharmaceutical 

compound, formulation, or delivery system that is utilized to distribute a drug to humans or 

animals in order to have a therapeutic effect [1]–[3].  

 

Figure 3.1: Scheme of nanoparticles based targeted drug delivery [1] 

By regulating the timing, pace, and location of drug release in the body, it increases the 

therapeutic substance's effectiveness and safety. It mostly includes site targeting within the 

body [4]. The procedure of targeted drug delivery (TDD) primarily combines the drug dose 

type and mode of administration. It entails putting the therapeutic substance or formulation 
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into the body, allowing it to release its active elements, then moving those compounds to the 

site of action by passing them across biological membranes [3]. TDD is superior to traditional 

drug dose forms in several ways, including higher effectiveness, better drug bioavailability, 

less toxicity, and improved patient comfort. TDD is a recognized and legitimate treatments 

approach that creates platforms and nanoscale devices for the targeted delivery of tiny 

medicinal molecules and therapeutic genes to target cells. Figure 3.1 shows a scheme of 

targeted medication administration using nanoparticles. Molecular approaches to developing 

such delivery systems differ a great deal. When delivering treatments to the desired cells, the 

use of nanometer-sized entities or other types of nanocarriers is crucial [5], [6]. Three 

mechanistic components combine to form the basis of the nano drug delivery idea; each one 

is crucial to effective delivery. First, specific cellular binding via a receptor-ligand 

interaction, secondly, the targeted cells' intracellular absorption of drug-carrying 

nanomaterials through receptor-mediated endocytosis and lastly regulated intracellular 

release of drug molecules that were transported in their active state. In order for the drug to 

only display its biological activity in the targeted cell, the third phase, which involves drug 

release, must be carried out in a carefully regulated way [1]. Due to the improved 

permeability and retention effect, these drug carriers are suitable because tumors are 

passively targeted by them ideally suitable for chemotherapeutic drug delivery in cancer 

therapy 

3.1.1. Active passive targeting  

 

The "enhanced permeability and retention effect" (EPR) effect, a distinctive property of 

tumor cells, is used to deliver anticancer 

drugs to specific areas of the body 

[1]. The nanoparticle surface 
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may be altered with a range of ligands that would bind with certain receptors overexpressed 

on the surface of the tumor cells, providing selectivity for active targeting in addition to this 

passive targeting based primarily on size. Another cutting-edge technique for targeted 

administration is the site-specific release of a drug that is present in a nanoparticulate system 

when external stimuli, such hyperthermia, are applied to a thermosensitive device [7], [8]. 

 

 

 

 

 

 

Figure 3.2: Schematic of passive tissue targeting and active cellular delivery of anticancer 

medicines to tumors utilizing nanocarriers. Reproduced from [68], D. Peer et al., Nat. 

Nanotechnol. 2, 751, with permission (2007). Nature Publishing Group, 2007. [1] 

 

Two methods are often used to deliver therapeutic drugs using nanocarriers, as shown in 

Figure 3.2. The first is, non-targeted delivery (passive targeting) and targeted delivery (active 

targeting) 

Passive targeting makes use of the greater interstitial gaps greater than (200 –1200 nm) 

between nearby endothelial cells in tumors, which enhances the permeability of the 

endothelial blood microvasculature compared to normal tissue. On the other hand, active 

targeting tries to target specific cancer cells while also utilizing the EPR effect. 

3.1.2. Nanotechnology 

Nanotechnology is a new and effective therapeutic approach that employs nanoparticles 

(NPs) for disease detection to nanoparticle drug delivery systems that can circumvent life-
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threatening illnesses like cancer and associated treatments [9], [10]. 2 NPs have the potential 

to provide solutions to the current difficulties in conventional cancer therapy due to their 

unique size, which is generally falls into a size range (1–100 nm) which is similar to basic 

biological materials such as DNA, proteins and other macromolecular structures found inside 

living cells. Nanocarriers are a promising means of delivering anti-cancer medications to 

tumors, as shown in Figure 3.3's schematic of passive tissue targeting and active cellular use. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Nanocarriers that are often used in drug delivery applications. 

 

3.1.3. Biomarkers for prostate cancer 

Prostate cancer detection and treatment has undergone a radical change thanks to the 

emergence of biomarkers for the disease prognosis, diagnosis, treatment and screening. PSA 

is a helpful, but non-specific, biomarker for identifying prostate cancer. Prostate cancer 

biomarkers could be classified based on their location. Serum biomarkers are the biomarkers 

that are found in the blood such as: prostatic acid phosphatase (PAP) [11], [12], total prostate 

specific antigen (tPSA), free prostate specific antigen (fPSA) [13], prostate specific antigen 
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(PSA), prostate specific antigen density (PSAD) [14], prostate specific antigen velocity 

(PSAV) [15], prostate specific antigen doubling time (PSADT) [16], EPCA, and EPCA-2 in 

the blood [17], AMACR in the tissues [18], [19], methylation GSTP1 [20], [21], and the 

TMPRSS2-ETS gene rearrangement in the urine [22], and DD3PCA3/UPM-3 in the serum 

[23].  

3.1.4 Prostate cancer targeted drug delivery 

Several work has been carried out to validate the expression of AMACR on PC to enhance 

targeted/localized delivery of drug to targeted site. Candidate biomarkers and regulatory 

genes have been found as a result of molecular profiling of prostate cancer. The examination 

of prostate diagnostic specimens may be able to benefit from the discoveries made by these 

genome-scale techniques. To ascertain the expression and clinical relevance of alpha-

methylacyl coenzyme A racemase (AMACR), a gene discovered by global profiling 

techniques as being overexpressed in prostate cancer [19]. To carry out this analysis (n = 128 

specimens), four gene expression data sets from separate deoxyribonucleic acid (DNA) 

microarray investigations were analysed. Reverse transcriptase polymerase chain reaction 

(RT-PCR) was used to confirm the transcript level of the lead candidate gene AMACR, and 

immunoblot and immunohistochemistry analyses were used to confirm the protein level. In 

342 samples spanning various phases of prostate cancer growth, AMACR levels were 

assessed utilizing prostate cancer tissue microarrays. Protein expression was scored 

negatively (score = 1), weakly (score = 2), moderately (score = 3), or strongly (score = 4). 

Using 94 prostate needle biopsy samples, the clinical usefulness of AMACR was assessed. 

Using several experimental techniques and prostate cancer tissues, it was demonstrated that 

AMACR is overexpressed in prostate cancer. When interpreting prostate needle biopsy 

samples that provide a diagnostic challenge, AMACR may be helpful [19]. 
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In another research to inhibit the growth of Prostate cancer cell fluorescence imaging was 

used coupled with gelatin-doxorubicin conjugate (GLT-DOX) and epigallocatechin gallate 

(EGCG)-coated with gold nanoparticles (DOX-GLT/EGCG AuNPs) [24]. In another research 

targeting prostate cancer cells with mesoporous silica nanoparticles containing doxorubicin 

that have been funtionalized with decapeptide yielded an improved apoptotic activity in 

breast and prostate cancer cells [25].  

3.2 Food preservation 

Acquiring the expertise to preserve foods was one of the key revolutionary breakthroughs of 

human civilization since it was a requirement for man to settle down in one area and create a 

community. However, it remains crucial and difficult to extend food items' shelf life without 

sacrificing their original nutritional qualities. Food is a perishable organic product that can 

degrade as a result of microbiological, chemical, or physical processes [26]. In the past, a 

variety of traditional methods, including drying, chilling, freezing, and fermenting, have been 

developed to preserve food while preserving its nutritional content and texture [26]. 

Preservation methods have evolved and become more modernized throughout time in 

response to increasing needs. The newest developments in food preservation include pulsed 

electric field effect, high pressure food preservation, and irradiation [26]. Modern 

advancements are employed to extend food's shelf life. Additionally, other chemical agents 

have been developed as food additives and preservatives. However, due to potential health 

risks, there are rising worries about the use of chemical additives and preservatives in food 

products [26]. The food processing and preservation industry has been rapidly increasing in 

order to keep up with consumer demand. Understanding food deterioration mechanisms and 

food preservation procedures is vital for ensuring food safety and a long shelf life for foods. 



27 
 

3.2.1. Food spoilage: mechanism 

The process through which food loses its edibility is called food deterioration. Colour, smell, 

flavour, texture, or the appearance of the food can all indicate early food spoiling [26]. Food 

spoilage can result from a variety of physical, microbiological, or chemical events. Since the 

deterioration brought can trigger another, it therefore, implied that these mechanisms are not 

mutually exclusive. The main causes of food deterioration include temperature, pH, air, 

nutrition, and the presence of various compounds [27]. 

3.2.1.1. Physical spoilage 

Physical food spoilage/deterioration is the degradation of food brought on by physical 

changes or instability. Physical deterioration includes, but is not limited to, moisture loss or 

gain, moisture migration between various components, and physical separation of ingredients 

or components [26], [28], [29]. Moisture content, temperature, glass transient temperature, 

crystal development, and crystallization are the main elements influencing physical 

deterioration. 

 Moisture content 

A frequent cause of degradation of food products is the change in their water content. It may 

occur in the form of water loss, water gain, or migration of water [30]. Water activity (  ) is 

a thermodynamic property which is expressed as the ratio of the vapor pressure of water in a 

system to the vapor pressure of pure water at the same temperature [15, 27]. It is also possible 

to substitute equilibrium relative humidity at the same temperature for pure water vapour 

pressure. With increasing temperature, water activity in food items decreases. Generally 

speaking, foods have a water activity of 1 at room temperature, compared to 0.82 and 0.68 at 

20 and 40 °C, respectively. Alternatives to pure water vapor pressure include equilibrium 

relative humidity at the same temperature. As the temperature rises, the water activity in food 
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products decreases. The water activity of meals is typically 1.0 at room temperature, but it is 

0.82 and 0.68 at 20 and 40 °C, respectively.   

 Temperature 

The most important component in the deterioration of fruits and vegetables is temperature. 

For gradual ripening and to extend post-harvest life, there is a preferred temperature range. 

Optimal relative humidity and air flow around fruit and vegetables are also necessary for 

slow ripening. These ideal circumstances appear to be known as modified atmospheres (MA) 

[31]. Foods that are prone to freeze damage may suffer unfavourable effects as a result of low 

temperatures. Food goods become damaged when their cells break when partly frozen at 

lower temperatures. The majority of tropical fruits and vegetables are vulnerable to damage 

from chilling. When the temperature is between 5 and 15 degrees Celsius, this often happens 

before the food product begins to freeze [29].   

 Glass transition temperature 

 The shelf life of food items is influenced by the glass transition temperature (Tg). Both 

crystalline and amorphous metastable solids can be found in food products. This behaviour is 

dependent on the temperature, relative humidity, and solids composition [32]. The shift from 

a glassy to a rubbery state takes place at the glass transition temperature. This process of 

second-order phase change occurs at a temperature that varies depending on the food. The 

glass transition temperature and food physical stability are connected. The concentration of 

water and other plasticizers has a significant impact on the glass transition temperature (Tg) 

[33].  Due to the glass transition phenomenon, dry food items that are stored in extremely 

humid environments change in state [29].  

 Crystal growth and crystallization 
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Food deterioration can also be a result of freezing. Foods that are slowly frozen or frozen 

several times suffer greatly as a result of crystal development. They have significant 

extracellular ice accumulation. These foods are more stable than processed foods with 

gradual freezing because rapid freezing creates ice inside food cells [34]. Emulsifiers and 

other water binding agents can be applied during freezing cycles to reduce the formation of 

big ice crystals [35]. Foods with a high sugar content can crystallize sugar when the 

temperature rises or moisture builds up. As a result, sugar rises to the surface from within and 

takes on a gray or white colour. The effects of sugar crystallization include the staling of 

sugar cookies and graininess in candies and ice creams [29].  Fructose or starch can be added 

to sugar solutions to prevent crystallization. Time is also a key factor in the crystallization of 

sugar in food products above the appropriate glass transition temperature [24].  

3.2.1.2 Microbial spoilage 

Whenever food spoilage occurs as a result of the action of microorganisms such as bacteria, 

mould and yeast etc. it is referred to as microbial spoilage [26], [36]. Additionally, it is the 

main source of foodborne diseases. Different microbes frequently damage perishable foods, 

so by adjusting storage temperature, lowering water activity, lowering pH, adding 

preservatives, and using the right packaging may all slow or stop the growth of most 

microbes [37]. Microbial food spoilage is affected by some intrinsic properties like 

endogenous enzymes, substrates, light sensitivity, oxygen, pH, water activity, nutrient content 

oxidation and reduction potential while the extrinsic properties that affects the microbial food 

spoilage includes relative humidity, temperature and the activities of other harmful microbes 

[26], [38].  

3.2.1.3 Chemical spoilage 

Chemical spoilage occurs whenever there is a chemical or biochemical reactions in food 

items thereby leading to some unpleasant sensory results in food products [26]. Both 
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chemical and microbial food spoilage are affected by factors such as: oxidation (Ammonia 

and organic acids are produced when there is oxygen present in amino acids)[38], proteolysis 

(Proteolysis is a common and permanent post-translational modification that affects just a 

few, very specific peptide and iso-peptide links in a protein)[39], putrefaction (Putrefaction is 

a sequence of anaerobic processes in which amino acids divert to a combination of amines, 

organic acids, and sulphur compounds with foul-smelling aromas, such mercaptans and 

hydrogen sulfide) [40], Maillard reaction (This reaction happens in the amino acid or amino 

group of proteins when dry milk, dry whole eggs, and breakfast cereals are stored and this 

reaction is known as enzymatic browning) [26], Pectin hydrolysis (During fruit ripening, 

indigenous pectinases are produced or activated, causing pectin hydrolysis, which weakens 

the structure of food. And this can cause Mechanical damage on fruits and vegetables and it 

can also trigger pectinases and start a microbial attack)[41] and Hydrolytic rancidity (by 

using lipolytic enzymes, hydrolytic rancidity degrades lipids. In this process, free fatty acids 

are separated from triglyceride molecules while being in the presence of water. These free 

fatty acids have rotten tastes or odours)[42]. 

3.3   Effectiveness of antimicrobial food packaging  

For a long time, antimicrobial compounds have been utilized as direct food additives with 

success. Evidence from the literature suggests that some of these additives could work well 

when used as indirect food additives in food packaging materials. Antimicrobial food 

packaging aims to reduce surface contamination of processed, prepared foods like sliced 

meats, peanuts and Frankfurter sausages (hot dogs).  It is important to note that antimicrobial 

additives are not intended to replace basic sanitation methods, but rather to increase food 

shelve life by providing an extra barrier to the growth of harmful microorganisms. Studies 

have concentrated on developing procedures for coating barrier films or low-density 
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polyethylene (LDPE) film with methyl cellulose as a nisin carrier. Listeria monocytogenes 

has been greatly decreased using nisin antimicrobial films in solutions and vacuum-sealed hot 

dogs.  Other studies have concentrated on the use of chitosan to prevent L. monocytogenes 

growth and chlorine dioxide sachets to reduce Salmonella on fresh chicken breasts packaged 

in modified atmospheres. Hence, antimicrobial packaging has a lot of potential as a way to 

stop certain microorganisms from growing in food, but there are still obstacles in the way of 

its widespread commercial use [43].  

3.4 Antimicrobial packaging 

Active packaging has a variety of uses, including antimicrobial packaging [44]. When active 

substances are added to the packaging system or functional polymers are used, the packaging 

system achieves qualities above and beyond basic barrier properties [45]. The packaging 

technology known as antimicrobial packaging has the ability to destroy or suppress the 

microbes that contaminate food and causes food deterioration. By using antimicrobial agents 

in the packaging system and/or employing antimicrobial polymers that meet standard 

packaging criteria, the novel antimicrobial function can be accomplished [46]. Antimicrobial 

packaging is particularly made to manage microorganisms that often have a negative impact 

on the shelf-life extension, quality maintenance, and safety assurance. Hence, the primary 

objectives of an antimicrobial packaging system are (i) safety assurance, (ii) quality 

maintenance, and (iii) shelf-life extension, in that order. Antimicrobial packaging could 

contribute to food safety. All antimicrobial agents have unique properties that influence 

microbes in various ways. There isn't a single antimicrobial substance that can successfully 

combat all harmful and spoilage microorganism. Due to the distinctive antimicrobial 

processes and the diverse physiologies of the microorganisms. Selecting particular 

antimicrobial agent may benefit greatly from simple microbe categorization. These 
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classifications could include the need for oxygen (for aerobes and anaerobes), the 

composition of the cell wall (for Gram positive and negative bacteria), the growth stage (for 

spores and vegetative cells), the ideal growth temperature (for thermophilic, mesophilic, and 

psychrotropic bacteria), and the resistance to acid and osmosis. Understanding the 

antimicrobial agent's distinctive antimicrobial function is crucial for determining the activity's 

effectiveness and bounds. Some antimicrobial substances inhibit vital metabolic (or genetic 

reproduction) processes in microorganisms, while others change the composition of cell 

membranes and walls. For instance, lactoferrin and EDTA operate as coupling agents for 

essential cationic ions charged polymers, whereas lysozyme causes physical damage to cell 

walls without inhibiting metabolic processes. Microbial-cidal and microbial-static effects are 

two of the main purposes of microbial inhibition. To prevent the regrowth of the target 

microorganisms in the case of a microbial-static effect, the packaging system must actively 

maintain the concentration above the minimal inhibitory concentration during the whole 

storage period of shelf life. When antimicrobial properties are accomplished by the use of 

antimicrobial polymeric materials or by incorporating antimicrobial agents into the packaging 

system, there are typically three different modes of action: release, absorption, and 

immobilization. Antimicrobial drugs may enter foods or the headspace of packaging with 

certain types of release, which prevents the development of microorganisms. The 

antibacterial substances might either be a gas or a solute. But unlike gaseous antimicrobial 

agents, which may pass through any area, soluble antimicrobial agents cannot migrate 

through air gaps or across the voids between a packaging and a food product. The 

antimicrobial system's absorption mode stops the development of germs by removing crucial 

ingredients from food systems. For instance, the oxygen-absorbing device helps stop mold 

from growing within containers. Instead of dispersing antimicrobial agents, an 

immobilization system inhibits bacteria growth on the contact surface. Due to the lower 
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likelihood of interaction between the antimicrobial package and the complete food items, 

immobilization systems for solid foods may be less effective than those for liquid foods [45].  

3.5 Antimicrobial agents 

Antimicrobial agents are many and are have been employed in various food preservation 

purposes. The industry must abide by the rules and regulations of the nation in which it 

intends to utilize antimicrobial agents, such as the food and drug administration (FDA) and/or 

EPA in the United States, in order to do so. This indicates that only compounds that are FDA-

approved or notified-to-use within the concentration limitations for food safety enhancement 

or preservation may be used in the development of novel antimicrobial packaging materials. 

Chemical antimicrobials, antioxidants, biotechnology products, antimicrobial polymers, 

natural antimicrobials, and gas are only a few examples of the antimicrobial agents that may 

be used in the packaging system. The most often utilized materials in the sector are chemical 

antimicrobial agents. They comprise antibiotics, fungicides, organic acids, and alcohols [45]. 

As shown in the table below.    

 

Table 3.1: Antimicrobial agents and packaging systems [45] 

Antimicrobials Packaging materials Foods Microorganisms References  

Organic acids 

Benzoic acids 

Benzoic acids 

Benzoic & sorbic 

acids 

 

PE 

Ionomer 

PE-co-met-acrylates 

 

Tilapia fillets 

Culture media 

Culture media 

 

Total bacteria 

Pen. Spp., Asp. niger  

Asp. niger, Pen. Spp. 

 

 

Huang et al., 1997 

Weng et al., 1997 

Weng et al., 1999 

Enzymes 

Lysozyme, nisin, 

EDTA 

EDTA, propyl 

 

SPI, zein 

 

WPI 

 

Culture media 

 

Culture media 

 

E. coli. Lb. 

plantarum 

Typhimurium, E. 

coli, B. thermosph., 

 

Padgett et al., 

1998 
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paraben 

 

Immobilized 

lysozyme 

 

 

PVOH, nylon, 

cellulose acetate 

 

 

Culture media 

 

aueus 

Lysozyme activity 

test 

Rodrigues et al., 

2002 

 

Appendini & 

Hotchkiss, 1996; 

1997 

Bacteriocins 

Nisin 

 

 

Nisin, lauric acid 

Nisin, citrate, 

EDTA  

 

PE 

 

 

Zein 

 

PVC, nylon, LLDPE 

 

Beef 

 

 

Simulant 

 

Chicken  

 

B. thermosph. 

 

 

Migration test 

 

Sal. typhimurium 

 

Siragusa et al., 

1999  

 

Hoffman et al., 

2001  

Tatrajan & 

Sheldon 2000 

Fungicides 

Imazalil 

Imazalil 

 

Benomyl 

 

LDPE 

PE 

 

Ionomer 

 

Bell pepper 

Cheese 

 

Culture media 

 

Molds  

Molds 

 

Molds 

 

Miller et al., 1984 

Weng & 

Hotchkins, 1992 

Halek & 

Garg,1989 

Polymers 

Chitosan  

Chitosan, herb 

extract 

 

UV/excimer laser 

irradiated nylon 

 

Chitosan/paper 

LDPE 

 

 

Nylon  

 

Strawberry 

Culture media  

 

 

Culture media 

 

E. coli 

Lb. plantarum, E. 

coli, S. cerevisiae, 

fusarium oxysporum 

S. aureus, Pseudo. 

fluorescens 

Enterococcus 

faecalis 

 

Yi et al., 1998 

Hong et al., 2000 

 

 

Paik et al., 1998; 

Paik & Kelly 1995 

Natural extract 

Grapefruit seed 

extract 

Clove extract 

 

 

Eugenol, cinnam 

aldehyde 

 

LDPE, nylon 

 

LDPE 

 

 

Chitosan 

 

Ground beef 

 

Culture media 

 

 

Bologna, ham 

 

Aerobes, coli-forms 

 

L. plantaru, E. coli,  

F. oxysporum, 

S. cerevisae 

Enterobac., lactic 

acid bacteria, L.b. 

 

Ha et al., 2001 

 

Hong et al., 1998 

 

 

Outtara et al., 

2000b 
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sakei, Serratia spp. 

Oxygen adsorber 

Ageless  

BHT 

 

Sachet  

HDPE 

 

Bread 

Breakfast cereal 

 

Molds 

Molds  

 

Smith et al., 1989 

Hoojjatt et al., 

1987  

Gas 

Ethanol 

 

Hinokithiol 

 

CIO2 

 

Silica gel sachet 

 

Cyclodextrin/plactic 

(Seiwa) sachet  

Plastic films 

 

Culture media 

 

Bakery 

 

Bakery 

 

Molds 

 

Molds 

 

Migration test 

 

Shapero et al., 

1978 

Gontard, 1997 

 

Ozen & Floros 

2001 

Others 

Hexamethyleneteh 

tramine  

Silver Zeolite 

siver nitrate  

 

 

Antibiotic 

 

LDPE 

 

LDPE 

 

 

 

PE 

 

Orange juice 

 

Culture media 

 

 

 

Culture media 

 

Yeast, lactic acid & 

bacteria 

S. cerevisiae, E. coli 

, S. aureus, Sal. 

typhymurium , Vibrio 

parahyhaemolyticus   

E. coli, S. aureus, 

Sal. typhimurium, 

Klebsiella 

neumoniae   

 

Devlieghere et al., 

2000b 

Ishitani , 1995 

 

 

 

Han & moon, 

2002 

 

PE: polyethylene; LDPE: low density polyethylene; WPI: whey protein isolates; HDPE: high density polyethylene; BHT: 

Butylated hydroxytoluene;  EDTA; Ethylenediamine tetraacetic acid; PCV: polyvinyl chloride; UV: ultra violet; PVOH: 

poly(vinyl alcohol); LLDPE: linear low density polyethylene  

 

Hence, Antimicrobial packaging system can inhibit the growth of spoilage and pathogenic 

microorganisms, and contribute to the improvement of food safety and the extension of shelf 

life of the packaged food. Many factors are involved in designing the antimicrobial packaging 

system, however, most factors are closely related to the characteristics of antimicrobial 

agents, packaged foods and target microorganisms [45].     
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CHAPTER FOUR 

4.0 Sustained Release of AMACR Antibody-Conjugated and Free Doxorubicin from 

Silica Nanoparticles for Prostate Cancer Cell Growth Inhibition 

4.1. Introduction 

Prostate cancer (PC) is the most frequently diagnosed cancer second most common type of 

cancer in men [1][2]. It was also the fifth major cause of cancer death in 2020, with about 1.4 

million new cases and 375,000 deaths worldwide. Unfortunately,  the pathogenesis of 

prostate cancer is not well understood [3], although age, family history of prostate cancer 

patients, and certain genetic mutations (e.g., BRCA1 and BRCA2) are known risk factors [1]. 

The highest incidence rates of PC are found in men of African descent that are also known to 
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be highly susceptible to high risks of PC [1]–[3].  However, PC is most likely to develop in 

men during the later stages of life [1]–[3]. Commonly used PC treatment methods include 

minimally invasive ablation therapies [4]–[6]; radiation therapy [7]; surgery, such as radical 

prostatectomy [7], [8];  hormone therapy [9]; cryotherapy [10], and chemotherapy [11].  

In the case of bulk chemotherapy, significant side effects (erectile dysfunction, low libido, 

obesity, and bone mass loss) are often associated with the administration of relatively high 

concentrations of cancer drugs that need to diffuse through the blood vessels, capillaries, and 

pores to reach the intended cancer sites [12].  Furthermore, only a small fraction of the 

injected drugs reaches the intended tumour sites to induce the desired killing and shrinkage of 

prostate tumours. This makes the conventional bulk chemotherapy of PC difficult to achieve 

in practice. 

There is, therefore, a need for improved methods for the localized delivery of cancer drugs to 

prostate tumour sites. This can be achieved by the combined use of localized drug delivery 

methods, and the sustained targeted delivery of cancer drugs with molecular recognition units 

that can interact directly with receptors that are overexpressed on the surfaces of prostate 

cancer cells. This need has stimulated several studies in which nanotechnology and targeted 

drugs have been used to develop novel methods for the detection and treatment of prostate 

cancer [13]–[16]. 

Mesoporous silica nanoparticles have been widely studied as sustained release cancer drug 

nanocarriers to inhibit cancer cell growth. [17]–[21] This is due to their unique properties, 

such as high total specific surface area, high pore volume, large loading capacity, 

biocompatibility, and easy surface modification [21].  

Alpha-methylacyl-CoA racemase (AMACR) is a mitochondrial and peroxisomal enzyme 

involved in the beta-oxidation of dietary-branched fatty acids and C-27 bile acid 

intermediates [22]. An alyses of 22 studies involving 4385 participants concluded that 
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AMACR receptors are overexpressed in prostate cancers compared to lower expression in 

normal and benign prostatic tissue [22]. A recent study found that AMACR knockdown in 

prostate cancer cells resulted in decreased cell proliferation and increased apoptosis,  

suggesting that AMACR has an oncogenic role in prostate cancer [23].  Thus, AMACR could 

be used as a biomarker of prostate cancer [22], [24], [25], and AMACR receptors could be 

targeted to increase the uptake of anticancer drugs, such as doxorubicin (DOX), through 

receptor-mediated endocytosis to specifically kill prostate cancer cells. 

The possibility of developing localized drug delivery structures for inhibiting the growth of 

prostate cancer cells will be explored in the current work using silica nanoparticles in which a 

model free cancer drug (doxorubicin, DOX) and a model targeted cancer drug (AMACR-

conjugated DOX, DOX-A) will be released locally to target overexpressed AMACR 

receptors on the surfaces of prostate cancer cells. The localized and targeted release will be 

used to reduce the viability of prostate cancer cells under in vitro conditions. The 

thermodynamics and kinetics of drug release will also be discussed, along with the 

implications of the results for the development of sustained-release drug delivery systems for 

the targeted and localized treatment of prostate cancer.  

 

In this study, we will test the hypotheses that reducing the pore sizes of the silica 

nanoparticles will slow down the in vitro release of the drugs (DOX and DOX-A), while 

capping the drug-loaded nanoparticles with dextran will further slowdown and prolong drug 

release to inhibit prostate cancer cell growth in vitro. Hence, mesoporous silica nanoparticles 

will be synthesized and functionalized with phenylboronic acid groups to reduce their pore 

sizes. The nanoparticles will then be loaded with the model cancer drugs (DOX and DOX-A) 

and capped with dextran to produce different drug-loaded nanoparticle formulations. 

4.2. Materials and methods 
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4.3. Materials 

Tetraethyl orthosilicate (TEOS, 99%), N-cetyltrimethylammonium bromide (CTAB), 4-

carboxyphenylboronic acid (CPBA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), dextran and ethanol were purchased 

from Sigma-Aldrich, St. Louis, MO, USA. Alpha methyl Acyl-CoA racemase (AMACR) 

peptide (~54 kDa) was procured from Bio SB, Santa Barbara, CA, USA. Sodium 

hydrophosphite hydrated LR, sodium hydrogen orthophosphate dehydrates, succinic 

anhydride, N, N-dimethylformamide (DMF), paraffin liquid heavy and sodium hydroxide 

flakes were purchased from Fisher Scientific, Waltham, MA, USA. Dextran from 

Leuconostoc mesenteroides (MW approx. 50 kDa), was purchased from Sigma Aldrich, Saint 

Louis, MO, USA.  3-Aminopropyl triethoxysilane (APTES) was obtained from Alfa Aesar, 

Haverhill, MA, USA, whereas doxorubicin hydrochloride salt was supplied by LC 

Laboratories, Woburn, MA, USA.  Toluene and hydrochloric acid were purchased from 

Merck, Darmstadt, Germany. All chemicals were used as received. All cell culture reagents 

were procured from Thermo Fisher Scientific, Waltham, MA, USA, unless otherwise stated. 

 

 

4.3.1 Synthesis of MCM-41 silica nanoparticles 

MCM-41  (Mobil Composition of Matter No.41) silica nanoparticles were synthesized 

according to the method reported by the Mobil group [26]. Briefly, 1.0 g of N-

cetyltrimethylammonium bromide (CTAB) and 0.28 g of sodium hydroxide (NaOH) were 

both dissolved in 480 mL of Millipore water under continuous stirring at 600 rpm at 80°C in 

a glass bath containing paraffin and a magnetic bead to ensure homogeneity in the heating 

process. Next, 5 mL of tetraethyl orthosilicate (TEOS) solution was added dropwise to the 

CTAB/NaOH solution. After 2 hours of stirring, the white solution formed was centrifuged at 
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12000 rpm for 5 minutes and the white precipitate was washed with Millipore water and 

ethanol and dried in oven at 60°C overnight. To knockoff the CTAB surfactant, 50 mL of 

ethanol was added to the white substance and the pH was adjusted to 1 with concentrated 

hydrochloric acid. Then, the mixture was refluxed for 6 hours and washed with ethanol three 

times to obtain MCM-41 silica nanoparticles, which were dried in a vacuum oven at 60°C for 

6 hours. The dried sample was ground with a mortar and pestle to obtain a white powdered 

product. 

4.3.2. Synthesis of phenylboronic acid-functionalized MCM-41 silica nanoparticles:  

First, silanization of the silica nanoparticles was by adding 1.0 mL of 3-aminopropyl 

triethoxysilane (APTES) to 1.0 g of the synthesized MCM-41in a nitrogen gas environment, 

followed by the addition of 80 mL of anhydrous toluene and refluxing under stirring for 24 

hours to introduce amino groups to the nanoparticles. Afterwards, the resulting mixture was 

centrifuged at 12 000 rpm for 5 minutes and the pellet washed extensively with toluene, 

hexane and ethanol, and dried in a vacuum oven at 80°C for 6 hours. The amount of amino 

groups in 1.0 mg of the silanized MCM-41 nanoparticles (referred to as MCM-N), was 

estimated by the ninhydrin test [27], [28] to be approximately 30.27 wt.%. 

 

Subsequently, phenylboronic acid acid groups were attached to the MCM-N nanoparticles 

through the amino groups. First, 0.4 g of EDC and 0.2 g of NHS were dissolved in 10 mL of 

dry DMF in nitrogen gas inert environment, followed by the addition of 0.3 g of 4-

carboxyphenylboronic acid (CPBA) under continuous stirring at 500 rpm at room 

temperature for 15 minutes. Afterwards, a dispersion of MCM-N in 40 mL of dry DMF was 

added to the mixture and stirred for another 24 hours to tether the phenylboronic acid groups 

from CPBA to the amine groups attached to the MCM-N nanoparticles.  

 



45 
 

The functionalization process is illustrated in Figure 4.1. The resulting mixture was 

centrifuged at 12000 rpm for 5 minutes. The pellet was washed with DMF, Millipore water 

and ethanol, and dried at 60°C in a vacuum oven for 6 hours to obtain the phenylboronic acid 

-functionalized MCM-41silica nanoparticles (herein referred to as MCM-B in this paper). 
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of silanizing the silica nanoparticles (MCM-41) with amino groups (MCM-N) and followed 

by phenylboronic acid functionalization (MCM-B) before loading them with cancer drugs 

(DOX and DOX-A) and then capping the MCM-B nanoparticles with dextran. 

 

 

4.3.3. Conjugation of doxorubicin with AMACR peptide 

The conjugation was done by weighing 1.0 mg of DOX and adding it to 0.5 ml of dimethyl 

sulfoxide (DMSO) and 88.2 µl of 2 mg/ml EDC in 0.1 M MES buffer (pH 6.0) under 

vigorous stirring for 40 minutes in the dark. 105.9 µl of 2 mg/ml NHS in 0.1 M MES buffer 

(pH 6.0) was then added to the reaction mixture under stirring for 20 minutes. AMACR 

solution was prepared by adding 15 µl AMACR to 1.2 ml of a 0.1 M NaP04/0.15 M NaCl 

solution with a pH of 7.5. The AMACR solution was added to the reaction mixture in the 

dark. Then, 0.4ml of DMSO: Water (7.5: 2.5) was added to the reaction under gradual stirring 
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in ice for 5 hours to complete the conjugation process. Excess AMACR was removed from 

the conjugated DOX solution using a combination of 3 kDa Amicon Ultra-4 Centrifugal 

Filters Units, and Amicon Pro Purification System.  

4.3.4. Preparation of drug-loaded silica nanoparticles 

The free doxorubicin (DOX) and AMACR-conjugated DOX (DOX-A) drugs were loaded 

into the bare (MCM-41) and phenylboronic acid -functionalized (MCM-B) silica 

nanoparticles. This was done by adding 1 ml solutions of 2 mg/mL (in terms of their 

doxorubicin content only) of DOX or DOX-A (in PBS pH 7.40) to 10 mg of the different 

nanoparticles, stirring for 24 hours at room temperature, and centrifuging at 4000 rpm for 5 

minutes. The pellet was then frozen at -80°C for 2 hours and lyophilized at -105°C for 48 

hours using a VirTis SP Scientific BenchTop Pro Lyophilizer. The DOX-loaded MCM-41 

and MCM-B nanoparticles were designated as MCM-41-DOX and MCM-B-DOX, 

respectively. On the other hand, their DOX-A-loaded counterparts were designated as MCM-

41-DOX-A and MCM-B-DOX-A, respectively. Prior to drug loading, the concentration of 

doxorubicin in DOX-A was estimated through UV-Vis measurements at 484 nm (UV-1900, 

Shimadzu, Tokyo, Japan). 

Some of the drug-loaded MCM-B nanoparticles were capped with dextran to slow down the 

release of drugs from the silica nanoparticle pores after loading with drugs, as illustrated in 

Figure 4.1. The capping was done by adding 20% dextran (MW approx. 50 kDa) (in PBS pH 

7.4) to the drug-loaded MCM-B nanoparticles and homogenizing with an Ultra Turrax T10 

basic homogenizer at 30000 rpm for 30 seconds. After centrifuging at 1000 rpm for 5 

minutes, excess dextran solution was removed, and the pellet was lyophilized for 48 hours. 

The dextran-capped MCM-B, MCM-B-DOX, and MCM-B-DOX-A nanoparticles were 

designated as MCM-B-D, MCM-B-D-DOX, and MCM-B-D-DOX-A, respectively. The 

amount of drug effectively loaded into each nanoparticle formulation was estimated through 
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UV-Vis measurements at 484 nm (UV-1900, Shimadzu, Tokyo, Japan) to determine the 

concentrations of the stock drug suspension before and after drug loading. The encapsulation 

efficiency (EE) was then determined from equation 1. 

   
     

  
                                                                                                                                      

where Ci is the concentration of the stock drug suspension before loading and Cf is the 

concentration of the stock drug suspension after loading. 

4.3.5. Characterization of the nanoparticles 

Fourier-transform infrared spectroscopy (FTIR) was used to determine the chemical 

bonds/functional groups that were associated with the drug-loaded and unloaded silica 

nanoparticles. FTIR spectra of the lyophilized samples were obtained from an FTIR 

spectrometer (IRSpirit, Shimadzu, Kyoto, Japan) from an average of 128 scans at a resolution 

of 2 cm
-1

 over a wavenumber range of 400 – 4000 cm
-1

.  

Thermogravimetric analysis (TGA) was used to characterize the thermal stability of the 

nanoparticles. Thermograms of the lyophilized samples were obtained from a TG 209 F1 

Libra thermogravimetric analyzer (NETZSCH Instruments, Selb, Germany) in the 

temperature range of room temperature (RT) – 900 °C at a heating rate of 10°C/min in a 

nitrogen atmosphere with a 20 ml/min flow rate.  

Nitrogen sorption analysis was carried out on the nanoparticles to determine their specific 

surface areas using BET (Brunauer-Emmett-Teller) theory, and their pore diameters and pore 

volumes using the BJH (Barrett-Joyner-Halenda) method. To this effect, 40 mg of the 

nanoparticles were weighed and degassed for 6 hours under vacuum at 105°C. The degassed 

samples were then placed in sample tubes for nitrogen adsorption-desorption measurements 

at different relative pressures (P/Po) using the Quantachrome Autosorb iQ gas sorption 

analyzer. Nitrogen adsorption-desorption isotherms were obtained at 77 K and the BET 
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theory and BJH method were used to estimate the specific surface area and pore distribution, 

respectively. 

X-ray diffraction (XRD) analysis was carried out on the samples using a Rigaku D/max-3A 

diffractometer (Rigaku Corporation, Tokyo, Japan). XRD diffractograms were obtained using 

a using Cu Kα radiation (λ = 1.54 Å). The samples were scanned over a range of 2θ angles 

between 1° and 10° at a step size of 0.05° and scan speed of 1.0 second per step.  

The morphologies of the nanoparticles were examined using field emission scanning electron 

microscopy (FE-SEM) and transmission electron microscopy (TEM). For FE-SEM analysis, 

the nanoparticles were suspended in deionized water (1 mg/mL), sonicated for 30 minutes, 

and deposited on a freshly cleaved mica surface to dry. After drying, the samples were coated 

with gold/palladium and loaded into an FE-SEM microscope (Zeiss Gemini SEM 560, Jena, 

Germany) equipped with energy dispersive X-ray spectroscope (EDS) to visualize the surface 

morphology of the nanoparticles before and after functionalization and to determine the 

elemental composition of the nanoparticles.
 
In the case of TEM analysis, the nanoparticles 

were dispersed in ethanol and left overnight to dry before being collected with lacey carbon 

films and deposited on TEM grids. Detailed morphologies of the nanoparticles were then 

visualized using a JEOL 4000EX high-resolution TEM microscope (JEOL, Tokyo, Japan). 

 

Zeta potential measurements were carried out on the nanoparticles to determine their surface 

charge. Samples were prepared by dispersing 3 mg of the nanoparticles in 1 ml of deionized 

water under sonication for 30 minutes. 200  L of the suspensions were loaded into folded 

capillary zeta cells (DTS1070, Malvern Instruments, Malvern, UK) and run in a Zetasizer 

Nano ZS analyzer (Malvern Instruments, Malvern, UK).  

4.4 In Vitro drug release   
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In vitro drug release studies were used to characterize the release profiles of DOX and DOX-

A and to determine the kinetics and thermodynamics of sustained drug release from the silica 

nanoparticles. For each drug-loaded nanoparticle formulation, 5 mg of the lyophilized DOX- 

and DOX-A-loaded nanoparticles (MCM-41 and MCM-B) were suspended in a centrifuge 

tube containing 5 ml PBS buffer (at pH 6.50 and 7.40). This was used to replicate the tumor 

microenvironment, which is usually acidic at about pH 6.50, and the physiological condition 

of the body at pH 7.40 [29]. The samples were prepared in triplicates. The centrifuge tubes 

were placed on orbital shakers within an incubator shaker (Innova 44 Incubator, Console 

Incubator Shaker, New Brunswick, NJ, USA) that was operated at 60 rpm at temperatures of 

37°C, 41°C and 44°C. After 3, 6, 12 and then subsequently at 24-hour intervals over 30 days, 

750 μl aliquots were taken out of the tubes after centrifuging them for 5 minutes at 4000 rpm. 

The tubes were replenished with 750 µl of fresh PBS, before returning them to the incubator 

shaker to continue the drug release studies. The absorbance values of the released drugs 

(DOX or DOX-A) in the aliquots were measured using a UV-Vis spectrophotometer (UV-

1900, Shimadzu, Tokyo, Japan) at a wavelength of 484 nm. The concentrations of the 

released drugs (DOX or DOX-A) from the drug-loaded silica nanoparticle formulations were 

then interpolated from their respective standard curves. 

 

4.5. Modeling of drug release  

4.5.1 In vitro drug release kinetics 

To understand the drug release kinetics, various mathematical models were used to fit the in 

vitro drug release data. These included: the zeroth order, first order, second order, Higuchi , 

and Korsmeyer-Peppas models [30], [31]  that are described briefly in this section.  
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Zeroth order release describes the release of drugs from a material medium that does not 

disintegrate with time. It also takes time for the medium to elute its content under equilibrium 

conditions [32], [33].  The zeroth-order model can be expressed as: 

                                                                                                                                                        

where    represents the amount of active agent released in time t,    is the initial 

concentration of the active agent released and    is the zero-order constant [32], [34].  

The first order model, describes the rate at which active agents gets used up or the rate of 

release of the agent from a biomaterial [31], [32].  First order kinetics can be represented by:  

  

  
                 4.3   

Hence, the rate of change in concentration with respect to change in time is dependent only 

on concentration, where    is the first order release constant [32].  

Second order kinetics model, on the other hand, can be represented by the following 

expression  [35]–[37]: 
 

 

  
 

 

  
                                       4.4 

where    represents the second order rate constant,    and    represents the initial and the 

final concentration of the drug at time  .  

Furthermore, the Higuchi model describes the release of active agents from a solid and/or a 

semi-solid matrix under conditions in which the active agent is less soluble or very soluble in 

the matrix. Hence, the amount of drug released (e.g. concentration) is proportional to the 

square root of time
 
[32], [34], [38]. This is given by: 

     √                                                                                                                                                       

4.5 

In cases in which there is a change in concentration from    to    and   , the Higuchi release 

constant, then the Higuchi model can be expressed as: 
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         √                                                                                                                                    

4.6 

Finally, the Korsmeyer-Peppas model describes the rate at which a polymeric material elutes 

its content. This model is also called the power law model, which  provides a relationship 

between the release of the active agent (from the drug formulation) and the time taken for the 

release [32], [39], [40],[41]. 

  

  
                                      4.7 

where,   ,   ,      and   represent the amount of drug released at equilibrium, the quantity 

of drug release in time  , period of drug release, release rate constant and release exponent, 

respectively. The above equation can also be represented in terms of concentration, where    

is the concentration of the active agent at time   and    represents the as shown below. 

 
  

  
                                                                                                                                                  

4.8 

Hence, by taking the natural logarithm of both sides of equation 4.8, we obtain equation 4.9 

  (
  

  
)                                                                                                                                  

4.9 

The mechanism of drug release from the various silica nanoparticle formulations was 

examined by fitting the drug release results to the five kinetic models presented above. The  

   values closest to 1 were used to identify the models with the best fit [31].  

4.5.2. In vitro drug release thermodynamics 

This section presents the theoretical framework that was used to determine the 

thermodynamic parameters associated with controlled drug release from the silica 

nanoparticles. These include: the activation energy (Ea) [42]; the enthalpy change (ΔH); the 

sum of the internal energy change and the change in the product of the pressure and volume 

https://www.britannica.com/science/internal-energy
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of a thermodynamic system [43]; the Gibbs free energy change (ΔG) [44], and the change in 

entropy (ΔS) [44]. These were determined using methods described in detail in prior studies 

[15]. The Arrhenius equation (equation 10) was used to determine the activation energy (  ) 

from the slope of the plot of     versus   ⁄ .  

      
 
  
                                             4.10 

          
  

 

 

 
                                          4.11 

The Eyring equation (equation 4.12) was used to calculate the enthalpy change (  ) (from 

the slope) and the entropy change (  ) (from the intercept) of the plot of       versus   ⁄  

  
  

 
  

  

 

 

 
   

   

 
 
  

 
                                         4.12 

The change in Gibbs free energy (  ) was obtained from the following expression: 

                                                   4.13 

where   is the universal gas constant 8.314          ,   is the absolute temperature in 

Kelvin,    is the thermodynamic equilibrium constant,    is the activation energy,    is the 

change in entropy,    is the change in enthalpy,   is the transmission coefficient,    

represents the Boltzmann constant,                         and   represents the 

Planck‟s constant,                    

4.6 In vitro cell viability 

The in vitro viability of the prostate cancer cells with or without treatment with the DOX and 

DOX-A drug-loaded nanoparticles were determined using alamar blue assay to assess the cell 

metabolic activities, expressed as the percentage alamar blue reduction, as described 

previously [13], [31]. A larger percentage alamar blue reduction indicates that the cells are 

growing faster and, as a result, are more viable.  Human prostate cancer cells (PC-3 cell line, 

ATCC-CRL-1435) was obtained from American Type Culture Collection (ATCC), 

https://www.britannica.com/science/thermodynamics
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Manassas, VA, USA, and grown in a complete culture medium consisting of Kaighn‟s 

modification of Ham‟s medium (F-12K) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin. The cells were maintained in a humidified incubator at 37 °C 

and 5% CO2. Cells were harvested at 70-80% confluence using 0.25% trypsin-EDTA solution 

and subcultured in fresh T75 flasks.  

At passages 5-7, approximately 10
4
 cells/well were seeded in 24-well plates (n = 3) and 

incubated overnight at 37 °C and 5% CO2. Subsequently, the culture medium in each well 

was replaced with 1 ml of culture medium containing 1.0 mg/ml of the drug-loaded 

nanoparticles. The amount of drugs contained in 1 mg of each drug-loaded nanoparticle 

formulation is summarized in Table S1. The cells were also treated with 1 ml of 15    of 

free DOX, 1 ml of 15    DOX-A and 1 ml of 1.0 mg/ml bare nanoparticles (MCM-41, 

MCM-B and MCM-B-D) as controls. The nanoparticles and drugs were exposed to UV light 

for 3 hours to sterilize them prior to adding them to the cells in the well plates. 

At predetermined time intervals (0, 6, 24, 48, 72, and 96 hours) after treating the cells, the 

culture medium was replaced with culture medium containing 10% alamar blue reagent. 

After incubating for 3 hours at 37 °C and 5% CO2, 100    aliquots were transferred into 

black opaque 96-well plates for fluorescence intensity measurements (excitation/emission: 

544/590 nm) using a 1420 Victor3 multilabel plate reader (Perkin Elmer, Waltham, MA, 

USA). The percentage alamar blue reduction was calculated using equations 4.14. 

                        
                

               
                   4.14 

where         ,         and         represent the fluorescence intensity of treated cells, 

fluorescence intensity of 10% alamar blue, and fluorescence intensity of 100% reduced 

alamar blue, respectively.  
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4.6.1 Immunofluorescence staining of AMACR receptors  

Immunofluorescence (IF) staining was used to study the distribution of AMACR receptors on 

the surfaces of the PC-3 prostate cancer cell lines. IF staining of the AMACR receptors on 

the PC-3 cancer cell lines were carried out as previously reported [13], [14] with 

modifications. Briefly, 1 × 10
5
 PC-3 cells were cultured on sterile coverslips (CELLTREAT, 

Pepperell, MA, USA) in 60 ×15 mm cell culture Petri dishes (CELLTREAT, Pepperell, MA, 

USA) containing 2 ml of culture medium. After incubating them in a humidified incubator at 

37 °C and 5% CO2 until 70-80% confluence, the cells were washed twice with 10% PBS 

solution and fixed with 4% paraformaldehyde for 15 minutes. The cells were then incubated 

with 0.1% Triton X-100 for 15 minutes to permeabilize them, followed by blocking with 5% 

normal goat serum (in PBS) for 1 hour at room temperature (25 °C). The cells were further 

incubated with the anti-AMACR (primary) antibody (Bio SB, Santa Barbara, CA, USA) for 3 

hours at room temperature and rinsed with 10% PBS solution. This was followed by 

incubation with the secondary antibody (Goat anti-Mouse IgG (H + L) Superclonal, Alexa 

Fluor 488 conjugate) for 1 hour at room temperature and rinsing again thrice with 10% PBS 

solution. Finally, the nuclei were counterstained with 1 μg/mL of DAPI (in PBS) for 10 

minutes and rinsed again four times with 10% PBS solution. The coverslips were then 

mounted with mounting medium on glass slides and sealed with nail polish. The stained cells 

were then visualized with a Leica SP5 Point Scanning Confocal Microscope (Leica, Buffalo 

Grove, IL, USA) to obtain representative fluorescence images of the nuclei (blue color) and 

AMACR receptors on the surface of the PC-3 cells (green colour). 

4.6.2. Drug release simulations 

The flux of drugs from the porous nanoparticle structures was modeled using the COMSOL 

5.5 Multiphysics software package. Porous structures with different pore orientations were 
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considered in the models in which simplified homogeneity was assumed with appropriate 

transport across the porous surfaces [30].   

That gives: 

  

  
    (    )                                  4.15 

where   represents concentration in        and the diffusivity   is given in    ⁄  of the 

solute.  The use of the correct initial and boundary conditions is critical in fluid exchange and 

diffusion studies  [45].  Three boundary conditions were chosen based on the initial entry 

point of the fluid into the nanoparticle either from the left, right, upper part or the lower part 

of the geometry, with the flux exit point being the point directly opposite the entry point in a 

2D geometry and the insulating boundary, while the diffusion process is ongoing [30]. In the 

first phase of this simulation, the boundary conditions would be set based on some defining 

equations. 

The first boundary condition corresponds to the fluid entry boundary, and it is set as the 

concentration boundary.  This was  expressed as [30], [46]: 

                                     4.16 

where    is the initial concentration of the drug. 

The second boundary condition represents the flux exit boundary [30], [46].  This was 

represented as:  

(    )         (    )                               4.17 

Outside the porous nanoparticle,    is the concentration in the bulk solution and    

represents the mass transfer coefficient in   ⁄ . 

The third boundary condition represents the insulating boundaries [45], [47], as show below. 

(    )                            4.18 

The initial condition is represented by an exponential function as shown below 

 (  )        (   
 )                    4.19 
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The second phase of this simulation uses a homogenous model which is in one dimension.  It  

uses the effective properties for the modeling of fluid transport and  as a result, the model 

equation becomes similar to the inhibited nano bubble transported through a porous medium 

[45], [48].  

 
  

  
    (       )                                  4.20 

where   and      represent the average porosity and the effective diffusion coefficient, 

respectively. 

4.6.3. Statistical analysis 

The results are presented as mean ± standard deviation for three independent trials (n = 3), 

unless otherwise indicated. One-way ANOVA was used to analyze the differences in drug 

release from the various nanoparticle formulations, whereas two-way ANOVA was used to 

analyze the differences in cell viability after treatment with the nanoparticle formulations. 

Post hoc Tukey tests were used to identify the statistically significant groups, where p values 

< 0.05 were considered statistically significant. The analyses were carried out using the SPSS 

package (v28). 

4.7. Results  

4.7.1. Physicochemical properties of the silica nanoparticles  

To confirm the silanization and functionalization of the silica nanoparticles, the FTIR spectra 

of the MCM-41, MCM-N, MCM-B, and MCM-B-D are compared in Figure 4.2.  
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Figure 4.2: (a) FTIR spectra of the nanoparticles (b) TGA analysis of the nanoparticles 

The spectra confirmed the existence of the amino groups, the O-H group and the presence of 

phenylboronic acid on the silica nanoparticles [48]. The characteristic peaks for silica were 

observed at 798, 960, and 1079 cm
−1

 due to Si-O-Si symmetric stretching, Si-OH stretching, 

Si-O-Si asymmetric stretching vibrations, respectively, in all the nanoparticles. After grafting 

amino groups, obvious changes occurred in their spectra. The distinct bands appeared at 

3364, 2930 and 1559.8 cm
−1

 owing to vibrations of the –NH2 and N–H
+
 while the Si–OH 

band at 960 cm
−1

 was attenuated, suggesting that most of surface silanols were reacted with 

aminosilane [49]. The formation of MCM-B and attachment of phenylboronic acid can also 

be seen (Figure 4.2a). A sharp band of an amine group is present at 3440 cm
−1

 in MCM-N 

nanoparticles, which disappears in the MCM-B nanoparticles and a broad peak appears at 

3453 cm
−1

, indicating hydroxyl groups of phenylboronic acid [50]. The C-H stretching 

vibrations are also present at 3042 cm
−1

.  

Amide bond formation of 4-carboxy phenylboronic acid with MCM-N and carbonyl at 

1627 cm
−1

 and 1654 cm
−1

, respectively, confirm the formation of MCM-B [51], [52]. The 

signals corresponding to the C=O and C–N stretches of the formed APTES linkages between 

the silica and the phenylboronic acid functionality in compound silica at 1654 cm
−1

 may be 
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merged with the band of surface hydroxyl groups of silica and Si–O–Si band, respectively 

[48], [53].  

The characteristic peaks of both dextran and MCM-B are seen in Figure 4.2a where the 

spectrum for the dextran-capped MCM-B-D is shown. In this, the distinctive vibration bands 

at 3453cm
-1

 aligns with the classical signal of the polysaccharide dextran [54], [55]. We also 

observed bands at 942 and 800 cm
−1

 representing the pyranose ring and α-D-glucose, 

respectively[55].  The thermal stability of the nanoparticles was tested before 

functionalization, and after functionalization, using thermogravimetric analysis. From Figure 

4.2b, the percentage weight loss due to decomposition of the nanoparticles; MCM-41, MCM-

N, MCM-B and MCM-B-D were determined to be approx. 15%, 20%, 27.5%, and 30%, 

respectively. These imply that functionalizing the silica nanoparticles increased the rate of 

decomposition owing to the decomposition of the additional groups like the amine group (-

NH2) in MCM-N, phenylboronic acid group (B-O) in MCM-B, and dextran, (C6H10O6)n, in 

MCM-B-D nanoparticles.     

The results of the nitrogen sorption analysis [56] are also presented in this section and 

summarized in Figure 4.3.  

 

Figure 4.3: Nitrogen sorption analysis of the nanoparticles, showing the (a) nitrogen 

adsorption and desorption isotherms and (b) the Barret-Joyner-Halenda pore size distribution 

curves of the nanoparticles. 

 



59 
 

The synthesized MCM-41 nanoparticles had a specific surface area, pore volume and pore 

diameter of 1123.335 m
2
g

-1
, 1.701 m

3
g

-1
 and 2.342 nm, respectively. The BJH pore diameter 

was between 2 - 50 nm, indicating that the synthesized MCM-41 silica nanoparticles were 

mesoporous, according to the IUPAC nomenclature [57]. The silanized nanoparticle, MCM-

N, had lower specific surface area, pore volume and pore diameter values of 712.773 m
2
g

-1
, 

1.175 m
3
g

-1 
and 2.0842 nm, respectively, than the MCM-41 nanoparticles.   

Further functionalization of MCM-N nanoparticle with the phenylboronic acid groups to 

MCM-B caused further reductions in the specific surface area, pore volume, and pore 

diameter to 285.568 m
2
g

-1
, 0.869 m

3
g

-1
 and 1.781 nm, respectively.  Upon using dextran 

polymer to cap the pores of the MCM-B nanoparticles, slight increases were observed for the 

MCM-B-D than the MCM-B nanoparticles, such that the specific surface area and pore 

volume of MCM-B-D were greater than MCM-B by 102.261 m
2
g

-1
, 0.123 m

3
g

-1
, whereas the 

pore diameter was 0.178 nm less than that of MCM-B. The increase in the specific surface 

area showed that there was proper capping of the pores and the reduction in pore diameter 

was also due to the interaction of the matrix of the functionalized silica with the dextran that 

lowered the diameter.    

The hexagonal symmetry of the pore ordering is shown in the X-ray diffraction pattern of 

MCM-41 in Figure 4.4, which typically has four main reflection lines (d100, d110, d200, and 

d210) at low angles (2  = 10). MCM-41 has no atomic crystallinity since it is made up of 

amorphous silica [58]. From the XRD spectra in Figure 4.4, the peak for MCM-N, MCM-B 

and MCM-B-D reduces in intensity, attributed to the functionalization effect of the amine 

group, phenylboronic acid group, and dextran capping, respectively. Hence, their peaks (100) 

occur at ~2.11°, whereas that of MCM-BD occurs at 1.57°.  Furthermore, there were two 

other peaks that occur at 3.62°, 4.18° and at 5.68°, which correspond to (110), (200) and 
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(210), respectively. The peaks noticed at (110) and (200) are wide for MCM-41 and gradually 

disappear with further functionalization. 

 

Figure 4.4: The XRD patterns of the nanoparticles 

From the XRD spectra of all the nanoparticles, it is clear that surface functionalization of the 

MCM-41 with APTES and CPBA did not cause much alteration in the lattice of the silica. 

The broadening and gradual disappearance of the secondary peak could be due to the 

presence of some ligands on the pore surface of MCM-41 and or the functional groups that 

occupy the MCM-41 pores [59].  

Figure 4.5 presents the surface morphologies and elemental analysis from representative FE-

SEM images and EDS spectra of the synthesized MCM-B and MCM-B-D nanoparticles. 

Figure 4.5a shows that the particles are spherical as reported in the literature [32], [60]. The 

EDS spectrum (Figure 4.5c) reveals the presence of silica (19.77 wt.%), confirming that the 

material is silica based; oxygen (52.21 wt.%), suggesting the existence of the Si-O-Si bond; 

nitrogen (2.54 wt.%), from the silanization that led to the formation of MCM-N, and boron 

(0.54 wt.%) from the functionalization with the phenylboronic acid groups from CPBA to 

form the MCM-B nanoparticles. Figure 4.5d presents an FE-SEM image of MCM-B-D 

nanoparticles. The observed agglomeration of the nanoparticles shows that the gating agent, 
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dextran, was responsible for the structure. 

 

Figure 4.5: The morphology and elemental analysis of the silica nanoparticles, showing (a), 

(b) the FE-SEM micrographs of MCM-B nanoparticles. The presence of nitrogen and boron 

in the EDS spectrum in (c) confirms the possible functionalization of the silica nanoparticles 

with amino and phenylboronic acid, respectively and (d), (e) the FE-SEM micrographs of the 

MCM    -B-D nanoparticles. 

 

High resolution transmission emission microscopy (TEM) images are presented in Figure 4.6. 

These reveal spherical nanoparticles. When these images were analyzed with Image J, the 

average particle sizes of the nanomaterials synthesized (MCM-B and MCM-B-D) were found 

to be 72.36 ± 9.06 nm and 81.97 ± 9.01 nm, respectively. The pores in the TEM images of 

MCM-B were more visible than that of MCM-B-D.  This is attributed to the effects of 

dextran as a gating agent on the nanoparticle pores. Hence, the level of nanoparticle 

agglomeration in Figure 4.5e is more pronounced in MCM-B-D than in MCM-B. 
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Figure 4.6. High-resolution transmission electron micrographs of (a) MCM-B nanoparticles 

before capping with dextran and (b) MCM-B-D nanoparticles (after capping the MCM-B 

nanoparticles with dextran). 

 

The zeta potential values at pH 5.0, 6.5 and 7.4 showed that the MCM-41 nanoparticles had a 

negative surface charge, as shown in Table 4.1. This could be due to the ionization of silanol 

groups in aqueous solution. The surface has an acidic character, due to the possibility of 

proton displacement (-Si-O- + H+) [61]. Upon silanizing the silica nanoparticles with amine 

group (MCM-N), the surface charge increased to positive values, which decreased with 

further functionalization with phenylboronic acid groups (MCM-B) and capping with dextran 

(MCM-B-D).  

 

 

Table 4.1: A summary of the zeta potentials of the silica nanoparticles. 

 

 

 

 

 

 

pH MCM-41 

(mV) 

MCM-N 

(mV) 

MCM-B 

(mV) 

MCM-B-D 

(mV) 

5.00 -14.73 +40.03 +34.5 +9.05 

6.50 -30.77 +29.27 +11.4 +7.87 

7.40 -34.33 +14.53 +12.57 +2.59 

(a) (b) 
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4.7.2. Drug release from the nanoparticle formulations  

Prior to the drug release studies, the amount of drug effectively loaded into the nanoparticles 

and the encapsulation efficiencies were determined, and the results are summarized in Table 

4.1. The amount of drugs loaded into the nanoparticles and the encapsulation efficiency was 

generally higher for the free doxorubicin than the AMACR-doxorubicin conjugates. 

The drug release profile of doxorubicin (DOX) and doxorubicin conjugated with AMACR 

(DOX-A) was examined from the bare mesoporous silica nanoparticles (MCM-41), the 

functionalized nanoparticles with the phenylboronic acid groups (MCM-B), and the 

nanoparticles capped with dextran (MCM-B-D). The drug release studies were carried out 

using two different buffers of pH 6.5 and pH 7.4 at three different temperatures of 37°C 

(representing physiological temperature [62]), 41°C and 44°C (representing hyperthermia 

temperature region [62]). The following drug-loaded formulations were used: MCM-41-

DOX, MCM-41-DOX-A, MCM-B-DOX, MCM-B-DOX-A, MCM-B-D-DOX and MCM-B-

D-DOX-A. In general, the drug release profiles show that the highest DOX and DOX-A 

cumulative release were obtained at pH 6.5 for all the nanoparticle formulations, which is 

aimed at mimicking the tumor microenvironment [35], [36], as shown in Figures 4.7 (a-c) 

and (g-i).  

Cumulative drug release was lower at pH 7.4, which represents the human physiological pH 

value [35]–[37]. This lower drug release was observed in both MCM-B and MCM-B-D but 

the release profile of the latter was lower than that of the former, as shown in Figure 4.7 (a-f) 

for the  
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Figure 4.7: Cumulative AMACR-conjugated drug release from MCM-41-DOX-A, MCM-B-

DOX-A and MCM-B-D-DOX-A of DOX-A nanoparticles in a buffer of pH 6.5 at (a) 37
o
C 

(b) 41
o
C (c) 44

o
C, and in a buffer of pH 7.4 at (d) 37°C (e) 41°C (f) 44°C. Furthermore, the 

cumulative drug release from MCM-41-DOX, MCM-B-DOX and MCM-B-D-DOX of DOX 

nanoparticles in a buffer of pH 6.5 at (g) 37
o
C (h) 41

o
C (i) 44

o
C, in a buffer at pH 7.4 at (j) 

37°C (k) 41°C (l) 44°C.  

 

conjugated drug (DOX-A) and Figure 4.7 (g-l) for the free drug (DOX), meaning that 

capping the nanoparticle with a polymer can slow down the release of DOX and DOX-A in 

silica-based nanoparticle drug formulations over a period of time. In this study, the release 

was sustained for a period of thirty days. Hence, the reduction in the cumulative release is 

attributed to the capping of the pores by dextran, as well as the increase in the acidity of the 
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buffer. The release profile also tends to increase beyond 50%, with MCM-41 having the 

highest cumulative release and MCM-B-D having the least cumulative release, as shown in 

Figure 4.7 for the conjugated drug and the free drug-loaded nanoparticles. The release studies 

also showed that the highest cumulative drug release was obtained at 44
o
C, while at 37

o
C the 

lowest drug release was obtained, as shown in Figure 4.7 (a, d, g and j).   

Five kinetic models (Zeroth order model, First order model, Second order model, Higuchi 

model, and Korsmeyer–Peppas model) were used to characterize  in vitro drug release 

kinetics from the silica-based nanoparticle drug formulations [63].  Table 4.2 shows the 

correlation coefficients R
2
 obtained for the release kinetics. The release kinetics for the 

various silica-based nanoparticle formulations with the highest R
2
 correlation coefficients 

value fits the Korsmeyer-Peppas model, as shown in Table 4.2.  The release exponents for the 

free drug-loaded formulations MCM-41-DOX and MCM-B-DOX range from        

     which corresponds to anomalous transport [39], [64], while  MCM-B-D-DOX exhibited 

anomalous transport at 37 °C,  quasi-Fickian diffusion at 41 °C and a Fickian diffusion at 44 

°C. The conjugated drug-loaded formulations, on the other hand, predominantly exhibited 

quasi-Fickian diffusion [64]. This conclusion was drawn based on the standard created from 

drug release from a spherical drug formulation by Peppas and Sahlin [64].  

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/abs/pii/0378517389903062#!
https://www.sciencedirect.com/science/article/abs/pii/0378517389903062#!
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Table 4.2:  The correlation coefficients (R
2
), the drug release exponents (n), and the diffusion 

coefficients (D) from the various drug-loaded silica nanoparticle formulations determined 

from the drug release kinetic models.  

 

 

 

The thermodynamic parameters computed from in vitro drug release data are presented in 

Table 4.3. The change in Gibbs free energy  G value for MCM-41, MCM-B and MCM-B-D 

were all positive, indicating the nonspontaneous nature of the release of drugs from the 

nanoparticles. This nonspontaneous process could be ascribed to interactions of the loaded 

drugs with the nanoparticles MCM-41, MCM-B and MCM-B-D, which most likely aided the 

sustained drug release over a period of thirty days [15], [37].  The change in the enthalpy 

(   ) was found to have a positive value, indicating that drug release from the 

aforementioned nanoparticles was by an endothermic process [14], [65].  There was also a 

reduction in system disorder when the drug dispersed in the medium tried to attain 

 

 

Formulations 

 Zeroth 

Order 

First 

Order 

Second 

Order 

Higuchi Korsmeyer- 

Peppas 

( ) 

Temperatur

e 

R
2
 R

2
 R

2
 R

2
 R

2
 n 

 

 

 

 

Unconjuga

ted Drug 

MCM-41-

DOX 

37 0.71 0.91 0.98 0.90 0.84 0.61 

41 0.58 0.86 0.93 0.76 0.93 0.55 

44 0.65 0.89 0.95 0.87 0.88 0.62 

MCM-B-

DOX 

37 0.65 0.92 0.92 0.88 0.96 0.71 

41 0.77 0.96 0.90 0.92 0.94 0.57 

44 0.65 0.94 0.88 0.86 0.93 0.64 

MCM-B-D-

DOX 

37 0.68 0.88 0.87 0.88 0.91 0.45 

41 0.61 0.84 0.64 0.8 0.94 0.35 

44 0.63 0.86 0.80 0.87 0.88 0.43 

 

 

 

 

Conjugate

d Drug 

MCM-41-

DOX-A 

37 0.61 0.66 0.60 0.75 0.86   0.26 

41 0.61 0.61 0.54 0.70 0.91 0.26 

44 0.79 0.71 0.59 0.74 0.85 0.49 

MCM-B-

DOX-A 

37 0.72 0.74 0.61 0.75  0.83 0.35 

41 0.72 0.77 0.72 0.62 0.87 0.34 

44 0.81 0.68 0.51 0.71 0.86 0.36 

MCM-B-D-

DOX-A 

37 0.80 0.51 0.45 0.75 0.69 0.30 

41 0.67 0.58 0.34 0.62 0.88 0.28 

44 0.23 0.26 0.26 0.72 0.81 0.21 
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equilibrium, the very small negative readings of the entropy change (  ) for all the 

nanoparticle formulations clearly confirmed this. The activation energy (  ) indicates the 

amount of energy needed to transfer  

the drug molecule from the silica-based drug formulation to the media (e.g. PBS or PC-3 

cells). Hence, the positive value of the activation energy indicated that the in vitro drug 

release was mostly due to processes relating to anomalous transport mechanisms, super case 

II or quasi Fickian diffusion.   

Table 4.3: Thermodynamic parameters of MCM-41, MCM-B, and MCM-B-D nanoparticles 

loaded with doxorubicin (DOX) and doxorubicin conjugated with AMACR (DOX-A). 

 

 

 

Formulations Temperature 

(
o
C/K) 

Ea                  

(kJ mol
-1

) 

      

(kJ mol
-1

) 

      

(kJ mol
-1 

K
-1

) 

      

(kJ mol
-1

) 

 

MCM-41-DOX 

37/310.15 

41/314.15 

44/317.15 

 

10.973 

 

13.58 

 

-0.3869 

133.58 

135.13 

136.29 

 

MCM-B-DOX 

37/310.15 

41/314.15 

44/317.15 

 

7.107 

 

9.714 

 

 

-0.3774 

126.76 

128.27 

129.40 
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4.7.3. Simulation of drug release 

In this work, drug elution was simulated from five porous geometries (Figure 4.8).  The 

following assumptions were made in the simulations:  

(i) First, it was assumed that the porous structure was 2D and formed from the 

agglomeration of millions of nanoparticles with the mesopore interconnected to form 

the bulk material.    

(ii) Secondly, the fluid was assumed to be flowing from one boundary of the 2D 

rectangular geometry to the other end while keeping the third and fourth boundaries as 

insulating boundaries. After designing the 2D geometry, the fluid in each case was 

assumed to be flowing from the concentration boundary to the flux boundary, which 

are always perpendicular to each other. The two other boundaries were assumed to be 

insulating.  

(iii) The five geometries in Figure 4.8 were used in time-dependent studies that were used 

to simulate drug elution over periods between 10 days and 30 days.  The five 

geometries were designed with different orientations to control the directions of flow.   

For each of the geometries in Figure 4.8, the simulation was run for a period of 720 h (30 

days).  Steady state conditions were reached at different times, for the different geometries in 

Figure 4.8.  In the case of Figure 4.8a, steady state was reached between t = 0 h to t = 240 h.   

 

MCM-B-D-DOX 

37/310.15 

41/314.15 

44/317.15 

 

37.534 

 

14.548 

 

-0.4063 

140.55 

142.18 

143.40 

 

MCM-41-DOX-A 

37/310.15 

41/314.15 

44/317.15 

 

6.488 

 

3.882 

 

-0.352 

113.13 

114.53  

115.59 

 

MCM-B-DOX-A 

37/310.15 

41/314.15 

44/317.15 

 

21.403 

 

18.79 

 

-0.307 

114.10 

115.33 

116.25 

 

MCM-B-D-DOX-A 

37/310.15 

41/314.15 

44/317.15 

 

20.086 

 

17.479 

 

 

-0.311 

114.08 

115.32 

116.26 
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The average flux from the 2D model can be obtained by solving the average flux equation 

below 

         
 

  
∫   (    )  
  

 
                  4.21 

where    corresponds to the length over the flux boundary. At steady state, the average flux 

can be obtained from equation 4.21. The effective diffusion was also obtained from. 

    
(       )

  
                            4.22 

where    is the length of the 2D geometries that were created along the x-axis, and it is the 

average concentration at the flux border. Integrating according to the expression below yields 

the average concentration: 

     
 

  
∫    
  

 
                   4..23 

The relationship between the free diffusion coefficient and the effective diffusion coefficient 

is given by: 

      
 

 
                     4.24 

where   represents the tortuosity in length per unit length of diffusion through a porous 

medium, and the porosity of the particle is represented as  . At the end of the simulation, a  

relationship was established between the 1D homogenized model and the drug release profile 
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as shown in figure 4.8. 

 

Figure 4.8: (a) Average flux of the drugs through the multiple pores of the nanomaterial over 

a 30-day period and (b) Time-dependent transport of diluted species from the concentration 

boundary to the left down to the flux boundary to the right.   

 

4.8. Viability of prostate cancer cells 

In order to use the AMACR-conjugated drug-loaded nanoparticles to specifically target the 

prostate cancer cells, it was necessary to demonstrate the expression of AMACR receptors on 

these cells. The confocal fluorescence images in Figure 4.9 show that AMACR receptors 

(green color) are expressed on the surfaces of the PC-3 prostate cancer cell line. Upon 

binding anti-AMACR primary antibody to the AMACR receptors on fixed PC-3 cells and 

labelling them with Alexa Fluor 488-conjugated secondary antibody, the green fluorescence 

of the Alexa Fluor 488 dye was seen at areas with AMACR receptors under a confocal 

fluorescence microscope. 

 

Figure 4.9: Confocal fluorescence images showing the expression AMACR receptors (green 

stains) from human prostate cancer cells (PC-3), showing (a) the blue staining of the nuclei of 

PC-3 cells (b) the green staining of the expressed AMACR receptors on the surfaces of the 

PC-3 cells and (c) the composite image. 

 

Cell metabolic activity, as measured by the percentage alamar blue reduction, was used as an 

indirect measure of cell viability. Thus, a higher percentage alamar blue reduction value 
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corresponded to greater cell viability. The percentage alamar blue reduction by the PC-3 

prostate cancer cells treated with the unloaded drugs (DOX and DOX-A) and the different 

bare and drug (DOX and DOX-A) loaded nanoparticles was quantified at times 0, 6, 24, 48, 

72, and 96h after treatment, and the results are shown in Figure 4.10. Treating the PC-3 cells 

with the various formulations significantly reduced (p < 0.05) the PC-3 cell viability after 96 

h. Also, cells exposed to the bare nanoparticles generally exhibited higher cell viabilities than 

those treated with the drug-loaded nanoparticles, suggesting that the drugs released from the 

latter exerted anti-proliferative effects on the PC-3 cancer cells.   

 

0 6 24 48 72 96

0

20

40

60

80

100

%
 A

la
m

a
r 

B
lu

e
 R

e
d

u
c
ti
o

n

Time (hrs)

 Cells Only  DOX  DOX-A  MCM-41

 MCM-41-DOX  MCM-41-DOX-A  MCM-B  MCM-B-DOX

 MCM-B-DOX-A  MCM-B-D  MCM-B-D-DOX  MCM-B-D-DOX-A

**

* * *

*

*

**

*

*

*

**

*

*

*

**

* *

**

 

Figure 4.10: The effects of the different drug-loaded nanoparticle formulations on the 

viability of prostate cancer cells treated with them, as measured by the percentage alamar 
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blue reduction. The error bars represent the standard deviations for n = 3 independent trials. * 

p < 0.05. 

 

After 96 h of treatment, the DOX-loaded nanoparticles (MCM-41-DOX) reduced (p < 0.05) 

the PC-3 cell viability than the bare nanoparticles (MCM-41). When exposed to the DOX-A-

loaded nanoparticles (MCM-41-DOX-A) the PC-3 cell viability further declined (p < 0.05).  

The PC-3 viability under treatment with MCM-B-D nanoparticles displayed a similar trend as 

the MCM-41 nanoparticles above (i.e. MCM-B-D-DOX-A < MCM-B-D-DOX < MCM-B-

D). Both the DOX-A-loaded MCM-41 (MCM-41-DOX-A) and MCM-B-D (MCM-B-D-

DOX-A) nanoparticles gave rise to the lowest PC-3 cell viability after 96 h, and there was no 

significant difference in cell viability between these two groups at 96 h (p > 0.05). On the 

other hand, there was no significant difference between the cell viabilities associated with the 

DOX and DOX-A-loaded MCM-B nanoparticles (MCM-B-DOX vs. MCM-B-DOX-A) (p > 

0.05), although these were significantly lower than (p < 0.05) the bare MCM-B nanoparticles. 

Finally, after 96 h of treatment, no significant differences (p > 0.05) were observed between 

the viabilities of PC-3 cells exposed to the unloaded drugs directly added (DOX and DOX-

A), on one hand, and the MCM-41-DOX, MCM-B-DOX, MCM-B-DOX-A, and MCM-B-D-

DOX drug-loaded nanoparticles, on the other.  However, the viability of the cells treated with 

MCM-DOX-A and MCM-B-D-DOX-A drug-loaded nanoparticles were lower than (p < 0.05) 

those treated with DOX and DOX-A alone. 

4.9. Discussion 

The main goal of this study was to design a silica nanoparticle-based drug delivery system for 

the sustained release of model targeted and free cancer drugs (AMACR-conjugated and free 

doxorubicin, respectively) to inhibit the growth of prostate cancer cells. We hypothesized that 

functionalizing mesoporous silica nanoparticles with phenylboronic acid groups to reduce 
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their pore sizes would slow down the release of targeted or free doxorubicin drugs loaded 

into their pores. We also hypothesized that capping the drug-loaded phenylboronic acid -

functionalized silica nanoparticles with a polymer (dextran) would slow down the targeted or 

free doxorubicin drug release even further. 

To test these hypotheses, MCM-41 silica nanoparticles were synthesized. These were then 

functionalized with phenylboronic acid groups (MCM-B) that were tethered to amino groups 

previously grafted onto the MCM-41 nanoparticles. FTIR analysis (Figure 4.2) confirmed the 

formation of silica through the peaks for Si-O-Si symmetric stretching, Si-OH stretching, and 

Si-O-Si asymmetric vibrations observed at 798, 960, and 1079 cm
-1

, respectively. After 

grafting amino groups onto the MCM-41 silica nanoparticles to form MCM-N, distinct FTIR 

bands for amino groups were observed, which disappeared when the amino groups were 

tethered to phenylboronic acid groups to form MCM-B. An amide bond was expected to be 

formed between the amino groups of MCM-N and the display of peaks for C=O and C-N 

stretching at ~1654 cm
-1

 and ~1627 cm
-1

 confirmed the formation of MCM-B nanoparticles 

[37][38].  

The FE-SEM micrographs (Figure 4.5) showed that the silica nanoparticles were spherical in 

shape. However, the MCM-B-D nanoparticles were agglomerated due to the gelling effects of 

the dextran used to cap the nanoparticles. The spherical shapes were more evident when the 

nanoparticles were visualized at higher magnifications under high resolution TEM (Figure 

4.6). The TEM micrograph also revealed the pores on the silica nanoparticles. Using Image J 

to analyze the TEM images, the average diameter of the MCM-B nanoparticles was measured 

to b72.36±9.06  nm, which increased to 81.97±9.01 nm upon capping with dextran.   

Nitrogen sorption analysis indicated that the MCM-41 silica nanoparticles were mesoporous, 

but the pore volume and the pore diameter decreased, as expected, upon functionalizing the 

MCM-41 nanoparticles with phenylboronic acid groups to form MCM-B nanoparticles. 



74 
 

Therefore, doxorubicin was loaded into the pores of the MCM-41 and MCM-B nanoparticles 

as a model prostate cancer drug. 

AMACR receptors have been reported to be overexpressed on the surfaces of prostate cancer 

cells [66]. To this end, we stained for AMACR receptors on the PC-3 prostate cancer cell 

lines using immunofluorescence, and the confocal fluorescence images captured (Figure 4.9) 

indicated that AMACR receptors were expressed on the prostate cancer cells.  Therefore, we 

conjugated AMACR ligands to doxorubicin (DOX-A) that could bind to these expressed 

AMACR receptors to specifically target the prostate cancer cells for killing by the attached 

DOX drug. On this basis, the DOX-A drug was also loaded into the pores of the silica-based 

nanoparticles (MCM-41 and MCM-B). 

There is a need to slow down the release of doxorubicin-based drugs in smaller doses due to 

their high toxicity so as to reduce their side effects on healthy tissues. Thus, we capped the 

drug-loaded MCM-B nanoparticles with dextran to form MCM-B-D drug-loaded 

nanoparticles.  FTIR analysis (Figure 4.2a) confirmed the existence of dextran characteristic 

peaks at ~ 3453 cm
-1

, ~ 942 cm
-1

, and ~800 cm
-1

 [47], [48], in addition to the silica and 

phenylboronic acid peaks observed earlier, suggesting that dextran was successfully capped 

around the MCM-B nanoparticles. 

TGA analysis (Figure 4.2b) showed that there were successive weight losses after 

functionalizing the MCM-41 nanoparticles with phenylboronic acid groups and capping them 

with dextran. These excess weight losses were attributed to the decomposition of the 

additional groups (amino and phenylboronic acid groups and dextran), thus, indicating the 

successful grafting of phenylboronic acid groups and dextran to the silica nanoparticles.  

These observations were corroborated by the XRD patterns in Figure 4.4, which display 

characteristic peaks for MCM-41 silica nanoparticles that gradually disappeared with 

functionalization (MCM-B) and dextran capping (MCM-B-D). 
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We also determined the surface charges of the nanoparticles through zeta potential 

measurements at pH values corresponding to physiological conditions (pH 7.4) and the tumor 

microenvironment (pH 5.0 and 6.5). The negative surface charges of the MCM-41 

nanoparticles were attributed to their negatively charged silanol groups [55]. silanized to 

introduce amino groups to its structure,, the MCM-N nanoparticles exhibited positive surface 

charges consistent with the protonation of the -NH2 (amino) group, which confirmed the 

grafting of the amino groups to the MCM-41 nanoparticles. Tethering the phenylboronic acid 

groups to the amino groups decreased the positive surface charges of the MCM-B 

nanoparticles due to the negatively charged carboxyl groups of the phenylboronic acid, 

providing evidence for the successful grafting of phenylboronic acid groups to the MCM-41 

nanoparticles. Further evidence was obtained from the EDS elemental analysis of the MCM-

B nanoparticles (Figure 4.5c), which revealed the presence of silica and oxygen (from the 

MCM-41 nanoparticles), nitrogen (from the grafted amino groups), and boron (from the 

phenylboronic acid groups tethered to the MCM-41 nanoparticles). 

After successfully synthesizing and characterizing the silica-based nanoparticles and loading 

them with the model drugs (DOX and DOX-A), the next part of this study was to test the 

hypothesis that reducing the pore sizes of the mesoporous silica nanoparticles (MCM-41) 

through functionalization with phenylboronic acid groups (MCM-B) and capping the pores 

with dextran (MCM-B-D) would slow down and prolong the release of the model drugs 

(DOX and DOX-A) from the nanoparticles. The drug release studies were carried out in 

phosphate-buffered saline (PBS) at pH 7.4 and pH 6.5, corresponding to the physiological 

and slightly acidic tumor microenvironments, respectively, and at physiological (37 °C) and 

hyperthermic temperatures (41°C and 44 °C). 

It is evident from the drug release profiles (Figure 4.7) that there was a higher cumulative 

release of drugs (DOX and DOX-A) from the nanoparticles at pH 6.5 than at pH 7.4. This 
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was probably the result of the protonation of DOX and DOX-A in the acidic environment 

(pH 6.5) that weakened the electrostatic interactions between the drugs (DOX and DOX-A) 

and the silica nanoparticles [19], thus, releasing more drugs into the buffer. It is, therefore, 

expected that these drug-loaded silica nanoparticles would elute the drugs (DOX and DOX-

A) to the prostate tumor region when they are administered since the tumor 

microenvironment is acidic [59]–[61].   

As shown in Figure 4.7, the cumulative drug release was generally higher for the drug-loaded 

MCM-41 nanoparticles. However, functionalizing the MCM-41 with the phenylboronic acid 

groups (MCM-B) reduced the BJH pore volume and pore diameter by ~ 49% and ~ 24%, 

respectively. The lower cumulative release from the MCM-B nanoparticles is, therefore, 

attributed to the significant reduction in the pore sizes that slowed down the release of the 

loaded drugs (DOX and DOX-A). Drug release was further slowed down when the drug-

loaded MCM-B nanoparticles were capped with dextran (MCM-B-D). This was consistent 

with the reduction in the BJH pore size distribution observed in Figure 4.3b for the MCM-B-

D nanoparticles. The slow down in drug release was also attributed to the nonspontaneous 

nature of the release as determined from the thermodynamic parameters. 

It must be pointed out that the weight of the DOX-A molecules was expected to increase by 

~54 kDa (the molecular weight of the AMACR peptide), which will also increase the 

molecule size. As a result, the amount of DOX-A that can be loaded into the nanoparticle 

pores will decrease compared to the free DOX that has a smaller molecular weight and size. 

In addition, the larger molecular weight and size will slow down the release of DOX-A drugs 

from the pores. This contributed to the lower amounts of DOX-A loaded into the 

nanoparticles (Table S1) and the lower cumulative drug release profiles observed for the 

DOX-A formulations (Figure 4.7) than the free DOX formulations. 
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In this study, it was observed that the percentage cummulative drug released (Figures 4.7a-l) 

occurred in two phases for the DOX-loaded nanoparticles (Figures 4.7a-f), with the first 

phase being moderate all through to day 20, while the remaining 10 days showed that the 

drug release  profile was linear. In the case of DOX-A-loaded nanoparticles (Figure 4.7g-l), it 

exhibited three phases.  The first phase exhibited a very fast cumulative drug release within 

the first five days study, for the next fifteen days the realease was considerably reduced. 

hence the moderate slope of the curve. The last 10 days looks considerably consistent up till 

day 30 with the slope being almost linear. Hence the first phase drug release is as a result of 

drug burst release [67], while the second and the last phases of DOX-A release could be as a 

result of steady state drug release [68].   

As a result of the initial exposure of the nanoparticles to the phosphate-buffered saline,  burst 

release occurs. This is followed by the next phase in which a power-law relationship is 

observed between the cumulative amount of drug released and time [69].  The presence of  

dextran as a gating agent could also be the cause of the sustained DOX and DOX-A release. 

Thus, the presence of dextran appears to provide physical barriers to drug transport across the 

nanoparticles, while limiting diffusion and erosion processes [70], [71]. 

Next, we fitted the drug release data to the kinetic models to understand the kinetics of in 

vitro drug (DOX and DOX-A) release from the silica-based nanoparticle drug delivery 

systems developed. The kinetic model that fitted the release data with the highest R
2
 value 

was selected as the best model. Based on this criterion, the release of DOX and DOX-A drugs 

from the silica-based nanoparticles followed the Korsmeyer-Peppas kinetic model [69]–[71] 

(Table 4.2). The initial 60% of drug release is usually best fit by this power law model [72], 

[43]. This  models yields   values in the range            .  The release exponent, n, of 

the Korsmeyer-Peppas model was then used to assign the mechanism of drug release from the 

different silica-based drug formulations. Anomalous transport (non-Fickian diffusion) was 
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the mechanism driving the release of DOX from MCM-41 and MCM-B nanoparticles, while 

the release of DOX from MCM-B-D nanoparticles was driven by anomalous transport (non-

Fickian diffusion) at 37°C, quasi-Fickian diffusion at 41°C, and Fickian diffusion at 44 °C. 

The release mechanism of the DOX-A drug from all the silica-based nanoparticles (MCM-41, 

MCM-B, and MCM-B-D) were predominantly driven by quasi-Fickian diffusion. 

It is important to note that the release profile of MCM-B-D-DOX-A in Figure 4.7e appears 

different from its counterparts in Figures 4.7 d and f. As noted above, the MCM-B-D-DOX-A 

release profile in Figure 4.7e fitted a Korsmeyer-Peppas kinetic model with a quasi-Fickian 

drug release mechanism (release exponent, n = 0.28 (Table 4.2)). This means that DOX-A 

was partially diffusing into the surrounding medium through the swollen dextran capping the 

nanoparticles, thereby slowing down the amount of drug released. Although the release 

profile appears linear throughout, it is nonlinear for the first 2 days of release. This was likely 

the result of the initial release of the DOX-A drugs trapped in the dextran as it swelled. By 

the second day and over time, the fully swollen dextran continuously trapped the drugs 

diffusing out of the pores of the underlying nanoparticles and subsequently released them into 

the surrounding medium via quasi-diffusion at a relatively constant rate until day 30, 

accounting for the relatively linear profile observed between days 2 and 30. In addition, 

although not within the scope of this work, it is most likely that if the drug release duration is 

extended beyond 30 days, the release profile will eventually plateau when the dextran is 

degrading or has degraded and the drugs can directly diffuse out from the nanoparticle pores 

into the surrounding medium.     

The diffusion coefficients obtained for the conjugated drug (DOX-A) formulations were  

higher than those obtained for the unconjugated drug (DOX) formulations. The diffusion 

coefficient ( ) was in the range of                              for the 

unconjugated drug (DOX) and                              for the conjugated 
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drug (DOX-A). This shows that the conjugated drug diffuses faster into the medium than the 

unconjugated drug.  

 

Figure 4.11: Porous geometries used for the simulation: (a) multi-porous (b) horizontal pore 

alignment (c) vertical pore alignment (d) and (e) are both inclined at 45° to the horizontal.  

 

The COMSOL simulation shows the average flux of the drug through the multiple pores as in 

figure 4.11 of the nanomaterial over a month and the time-dependent transport of diluted 

species from the concentration boundary showing that a line plot can be expressed as a 1D 

homogenized model which is synonymous to the cumulative drug release profile. This shows 

that the assumption that the bare and the functionalized silica nanoparticle are having pores in 

different direction is a good assertion as the cumulative flux after 30 days converges to a plot 

shown in Figure 4.8 that is synonymous with the cumulative drug release in Figure 4.7.  

The release of drugs (DOX and DOX-A) from the drug-loaded nanoparticle formulations 

were correlated with reductions in the viability of PC-3 prostate cancer cells, hence the cell 

growth inhibition, to investigate whether the sustained release of DOX and DOX-A was 

beneficial for killing and inhibiting prostate cancer cell growth. A decrease in cell growth is 

expected to cause a reduction in cell viability. Therefore, lower percentage alamar blue 

reduction values corresponded to greater cell growth inhibition. On that basis, it was evident 

from Figure 4.10 that the drugs (DOX and DOX-A) released from the drug-loaded 

nanoparticles exerted significant antiproliferative effects on the PC-3 cells to cause the 

observed lower cell viabilities than the drug-free nanoparticles. Whereas the drug-free 

nanoparticles lowered cell viability by a factor of about 1.5, the drug-loaded nanoparticles 

(a) (d) (e) (b) (c) 
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reduced cell viability approx. 10-fold compared to the drug-free nanoparticles and approx. 

16-fold versus the untreated cells, suggesting that the drugs released from the nanoparticles 

were more responsible for killing the cancer cells than the nanoparticles themselves. 

The slow release of DOX and DOX-A drugs observed from the MCM-B and the dextran-

capped MCM-B nanoparticles (Figure 4.7) did not correspond to lower cell viabilities of the 

MCM-41 nanoparticles. This suggests that the slowdown in drug release from the MCM-B 

nanoparticles owing to their smaller pore sizes did not translate into greater cell growth 

inhibition in vitro. Therefore, longer in vitro cell viability studies beyond 96 h as well as in 

vivo studies are needed to explore the effects of the prolonged drug release. 

However, the slow release of AMACR-conjugated drugs (DOX-A) from the nanoparticles 

was generally the most potent in inhibiting PC-3 cell growth. We showed in this study 

through immunofluorescence staining (Figure 4.9) that AMACR receptors were expressed on 

the surfaces of the PC-3 prostate cancer cells. Therefore, the greater cell growth inhibition 

associated with the sustained release of the AMACR-conjugated drugs (DOX-A) from the 

nanoparticles was attributed to the binding of the AMACR attached to the DOX drug to the 

AMACR receptors on the PC-3 cancer cells. This had the tendency of increasing the uptake 

of the drugs (DOX) by the cells through receptor-mediated endocytosis, leading to increased 

cell death. 

It is worth noting that, although lower doses of drugs (DOX and DOX-A) were released from 

the drug-loaded nanoparticle formulations, the released drugs inhibited the growth of the PC-

3 prostate cancer cells at similar levels as the directly added/unloaded drugs (DOX and DOX-

A). Furthermore, the sustained release of low doses of AMACR-conjugated DOX (DOX-A) 

from the silica-based drug delivery systems inhibited the PC-3cancer cell growth more than 

the higher dose unloaded drugs (DOX and DOX-A). This suggests that by loading DOX and 

DOX-A into silica-based nanoparticles, the slowed release of the drugs can inhibit the growth 
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of prostate cancer cells in vitro at the same level or even better than adding the drugs (DOX 

and DOX-A) directly to the cells. 

Before closing, it is interesting to note that the three bare nanoparticles; MCM-41, MCM-B 

and MCM-B-D supported the growth of the PC-3 cells to some extent, as shown in Figure 

4.10. This work demonstrates that DOX and AMACR-conjugated DOX can be loaded into 

silica-based nanoparticles with varying pore sizes to slow down and prolong drug release 

over a 30-day period.  It also shows that AMACR-conjugated drug-loaded formulations were 

more effective in inhibiting the growth of the PC-3 prostate cancer cells because of the 

specificity that was enabled by the conjugation of the DOX drug with AMACR. The drugs 

are released in lower doses from the nanoparticles than the drugs that are directly treated to 

cells but inhibit the growth of prostate cancer cells at similar levels or even better. This is 

beneficial for reducing the amount of highly toxic cancer drugs, such as doxorubicin, in the 

patient and could potentially shrink/eliminate prostate tumors in vivo while reducing side 

effects. Further work is needed to demonstrate these effects under in vivo conditions.  

4.10. Conclusions 

This paper presents the results of a combined experimental and theoretical/computational 

study of the targeted delivery of untargeted (DOX) and targeted (DOX-A) cancer drugs from 

silica nanoparticles to prostate cancer cells. Salient conclusions arising from the study are 

summarized below. 

1. Silica nanoparticle structures can be engineered to have controlled pore sizes, volumes and 

surface areas. The cumulative drug release from these structures also increases with 

increasing temperature, for temperatures between 37  and 44 .    
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2. Drug release from the conjugated drug (DOX-A)-loaded nanoparticle formulations occurs 

predominantly by quasi-Fickian diffusion, while that of the unconjugated drug (DOX) 

formulation occurs predominantly by anomalous transport diffusion.   

3. The specific targeting of the prostate cancer cells is enhanced by the conjugation of 

doxorubicin to AMACR and loading them into the silica nanoparticles.  The sustained 

release of AMACR-conjugated doxorubicin enhances the specific targeting of prostate 

cancer cells for killing by the attached doxorubicin, through the binding of the AMACR 

moiety to the overexpressed AMACR receptors on the cells, thereby lowering prostate 

cancer cell viability.   

4. Estimated drug release profiles similar to the experimental results through a silica 

nanoparticle drug formulation can be obtained through simulations following set diffusion 

principles and valid assumptions based on the TEM particle size. This has been validated 

by the convergence of the 30-day simulation plot and the 1D homogenized plot.  
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CHAPTER FIVE 

5.0 AMACR-Conjugated Drug as Targeted Therapeutic Agents for the Specific 

Targeting and Localized Treatment of Prostate Cancer Cells (PC-3) 

5.1 Introduction  

Prostate cancer (PC) is the most commonly diagnosed cancer among men in 112 nations [1] 

and the second leading cause of deaths in men in 48 countries [1].  Cancers that form in the 

gland cells that line the prostate gland are known as adenocarcinomas [2][3]. Prostatic 

adenocarcinomas which accounts for 93 percent of prostate cancer cases [4], is the most 

frequent such as PC3, LNCap [5] and DU145  a prostate xenograft model cell line [2].   

Furthermore, PC-3 cells have hallmarks of a weakly differentiated adenocarcinoma, 

according to electron microscopy [2], PC3 cells also have a strong proclivity for spreading.  
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Studies has shown that prostate adenocarcinoma is the most common kind of prostate cancer 

PC stem cells with high phenotypic and functional variability, and the progeny can exhibit a 

wide range of plasticity [6][7].  From literatures, some of the immunohistochemical markers 

that are expressed on the prostatic adenocarcinoma are prostate specific antigen (PSA), 

prostatic acid phosphatase (PAP) [8], alpha-methyl acyl-CoA racemase (AMACR) [9], 

androgen receptor (AR) [10], and cytokeratin 7 [11], which can be targeted to aid PC 

treatment [4].  Hence to aid better treatment of prostate cancer (PC), combining the existing 

treatment options by targeting PC surface biomarkers while ensuring a balance in treatment 

efficacy with toxicity can result in better treatment [12].  Bulk chemotherapy and radiation 

treatment, for example, are some of the PC treatment methods that has been adopted but these 

options lack specificity and are linked with significant adverse effects [13].  

According to recent research, prostate cancer cells can develop or acquire inherent resistance 

to chemotherapy treatments [14].  This drug resistance is frequently linked to a complex 

tumor microenvironment [15]. Also when bulk chemotherapy is used, only a small proportion 

of the drug eventually reach the tumor locations of interest [16], [17]. As a result, there are 

negative consequences.  This causes pharmacological interactions with non-tumor-bearing 

healthy tissue and organs, resulting in adverse effects. Most targeted cancer drug delivery 

systems may connect selectively to antibodies, peptides, and hormone receptors created to 

treat cancers that overexpress these receptors [13]. Some examples of biomerkers that are 

overexpressed on the surface of PC are androgen receptors [18], estrogen receptors (ERα and 

ERβ) [19], nuclear receptors [20], alpha-methylacyl-CoA racemase (AMACR) and 

transmembrane serine protease 2 (TMPRSS2) [21]. Prostate cancer treatment poses 

difficulties since it is not adequately targeted by standard cancer treatments. As a result, 

chemotherapeutic drugs for the effective targeting and treatment of prostate cancer are 

needed. 
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In a work carried out on about 40 PC specimen it was discovered that over 30 out of the 

specimens have AMACR overexpressed on them [22].  

Tumor-specific markers were used in a given research by Dykman L. A., using laboratory and 

morphological differential diagnosis of prostate cancer [23]. Alpha-methylacyl-CoA 

racemase (AMACR) is one of the most promising tumor markers, with studies showing a link 

between AMACR expression, tumor differentiation, and tumor progression [23]. The most 

frequent method for detecting AMACR is immunohistochemistry [23]. Furthermore, 

colloidal gold nanoparticles' adjuvant characteristics was used to make rabbit polyclonal anti-

AMACR antibodies and compared them to commercially available monoclonal anti-AMACR 

antibodies [23]. ELISA revealed that the sensitivity of both antibody types was similar and 

close to 1  g mL
-1

, however a gold nanoshell-aided immunodot assay revealed that 

polyclonal gold-derived anti-AMACR antibodies had an eight-fold greater sensitivity [23].  

We solely target Prostate adenocarcinoma cells that have been found to overexpress AMACR 

receptors in this research. AMACR regulates the metabolism of lipids and medicines in all 

metabolic pathways. AMACR induces chiral reversal of 2-methyl acids by regulating  -

oxidation of branched chain lipids in peroxisomes and mitochondria [24].  In another work, 

Brice A. P. et al. Used stably produced short-hairpin RNA constructs, to establish that 

suppressing AMACR expression can inhibits the development of prostate cancer cell lines. 

This finding clearly implies that the AMACR enzyme might be a therapeutic target in 

prostate cancer [25]. Despite the fact that much research has been done into the 

overexpression of AMACR receptors in a variety of cancers such as prostate cancer, liver 

cancer, papillary renal cell carcinoma (pRCC), [24].   Only prostate cancer cells that have 

been demonstrated to overexpress AMACR receptors are studied in this study [24], [26].  

AMACR has been found as a novel diagnostic marker for PC, and to better understand the 

dysregulation of AMACR that occurs during prostate carcinogenesis and to start evaluating a 
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putative functional role for this protein in this process investigation of the enzymatic activity 

of AMACR in both clinical PC samples and tissue culture cells were studied to know if 

AMACR is required for PC cell line growth [27]. Hence lowering AMACR protein levels in 

PC cells causes the cancerous cell to proliferate less, and this impact appears to be 

independent of androgen action. The therapeutic potential of down-regulating AMACR in 

conjunction with androgen ablation was subsequently tested in vitro, and it was discovered 

that it had an additional antiproliferative impact which suggest that additional research into 

AMACR as a potential new therapeutic target in PC is necessary [27].  

In this paper, AMACR-conjugated doxorubicin was studied as a model cancer drug. The 

synthesis was done by conjugating cysteine AMACR to doxorubicin hydrochloride. The 

conjugated structure was characterised using Fourier Transform Infra-Red spectroscopy 

(FTIR) and UV-Vis.  The effect of the AMACR-conjugated drug was elucidated on cancer 

cells and tissues in-vitro using PC-3 PC cell line under in vivo condition athymic nude mouse 

model was induced with PC xenograft tumors.  The ability of the conjugated drug to target 

and shrink PC xenograft tumors for about two weeks in the prostate cancer tumour 

progression was studied. Hence, the results' shows the implications for selective targeting and 

localized therapy of PC are then highlighted. 

5.2 Materials and Methods  

5.2.1 Materials 

Alpha methyl Acyl-CoA racemase (AMACR) was procured from Bio SB, Santa Barbara, 

CA, USA.  doxorubicin hydrochloride salt was supplied by LC Laboratories, Woburn, MA, 

USA. (N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC HCl), Alamar Blue Assay (ABA) kits, Dubecco Phospate Buffer 

(DPBS), 24-well plate, and opaque 96-well plates were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA).  N.N-Dimethylformamide (DMF) and Dimethyl sulfoxide 
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(DMSO) were purchased from Sigma-Aldrich Co. LLC, (St. Louis, MO USA). 3 kDa 

Amicon Ultra-4 Centrifugal Filters Units and Amicon Pro Purification System were 

purchased from Millipore Sigma (Burlington, MA, USA).  The growth media F-12K, Fetal 

bovine serum (FBS), Human prostate cancer cells (PC-3 cell line, ATCC-CRL-1435) was 

obtained from American Type Culture Collection (ATCC), Manassas, VA, USA. 

5.2.2 Methods 

5.2.2.1 Conjugation of doxorubicin with AMACR peptide 

The conjugation was carried out by weighing 1.0 mg of DOX and mixing it with 0.5 ml of 

dimethyl sulfoxide (DMSO) and 88.2 μl of EDC for 40 minutes in the dark with vigorous 

stirring. Following that, 105.9 μl of NHS was added to the reaction mixture and stirred for 20 

minutes. 15 μl AMACR was mixed with 1.2 ml of a 0.1 M NaP04/0.15 M NaCl solution at a 

pH of 7.4 to make an AMACR solution. In the dark, the AMACR solution was mixed into the 

reaction mix. Then, for the final 5 hours of the conjugation process, 0.4ml of DMSO:Water 

(7.5:2.5) was gradually added to the reaction in ice with gentle stirring. A combination of 3 

kDa Amicon Ultra-4 Centrifugal Filters Units and the Amicon Pro Purification System was 

used to remove excess AMACR from the conjugated DOX solution. The conjugation of 

AMACR to DOX was then confirmed with FTIR and NMR as reported by (Aina T. et al. 

2022). 

5.2.2.2 FTIR Investigation 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

(IRSpirit, Shimadzu, Kyoto, Japan) was used to investigate the bare drug DOX and the 

conjugated drug DOX-A. To explore the functional groups, bonding types, and chemical 

features of the new  
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Figure 5.1: FTIR spectra of AMACR, DOX and DOX-A drug   

compounds, the FTIR was set to absorbance mode with the spectra as shown above figure 

5.1. 

5.2.2.3 UV-Vis 

Samples of DOX, DOX-A and AMACR dissolved in DPBS to form a solution. 700   of each 

of the formulations were poured in the cuvette for UV-Vis measurement to determine the 

wavelength at which all the drug formulations (DOX, DOX-A and AMACR) would produce 

a conspicuous peak. DOX, DOX-A and AMACR peaks occur at 481.5nm, 490nm and 

276.5nm respectively. After, conjugation the peaks for DOX-A shifts to the right that is from 

481.5nm to a broad peak of 490nm and the initial peak of 276.5nm becomes evident at 

253.5nm indicating the likelihood of conjugation between AMACR and DOX as in figure 

5.2.      
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Figure 5.2: UV-VIS spectra of DOX, DOX-A and AMACR dissolved in PBS pH7.4 

5.2.2.4 Cell culture 

American Type Culture Collection (ATCC), Manassas, VA, USA, provided us with the PC-3 

and PNT-2 cell line ATCC-CRL-1435 and the PNT-2 cell line. The PC-3 cells were grown in 

F-12K media supplemented with 10% fetal bovine serum whereas the PNT-2 cells (from 

normal prostate tissue) were grown in RPMI base medium (consisting of 10% FBS, 2mM 

glutamine with or without pen strip).  Cultures were maintained at 37°C in a CO2 incubator 

with a humidified environment of 95% air and 5% CO2. 

5.2.2.5 In vitro cell viability 

The in vitro survivability of prostate cancer cells with and without treatment with DOX and 

DOX-A drugs was assessed using the alamar blue test to quantify cell metabolic activities, 

represented as the percentage alamar blue decrease [28], [29].  The decrease in a greater 

proportion of the alamar blue suggests that the cells are developing more quickly and are thus 

more viable (figure 5.3).  Human prostate cancer cells (PC-3 cell line, ATCC-CRL-1435) 

were obtained from the American Type Culture Collection (ATCC), Manassas, VA, USA, 

and cultured in a complete culture medium made up of Kaighn's modification of Ham's 

medium (F-12K) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. At     and 5% CO2, the cells were kept in a humidified incubator. 
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Using a 0.25 percent trypsin-EDTA solution, cells were collected at 70-80% confluence and 

sub-cultured in new T75 flasks. Approximately 10
4
 cells/well were seeded in 24-well plates 

(n = 3) at passages 5-7 and incubated overnight at 37 °C and 5% CO2. Following that, each 

well's culture media was treated with 15 μM and 30 μM of free DOX and DOX-A. After 

treating the cells, the culture media was changed with culture medium #containing 10% 

alamar blue reagent at predefined time intervals (0, 6, 24, 48, 72, and 96 hours). 100 ml 

aliquots were put into black opaque 96-well plates for fluorescence intensity measurements 

after 3 hours of incubation at 37 °C and 5% CO2. Using a 1420 Victor3 multilabel plate 

reader (excitation/emission: 544/590 nm) (Perkin Elmer, Waltham, MA, USA). The eqations 

below were used to compute the percentage alamar blue reduction and the percentage cell 

growth inhibition.  

% Alamar Blue Reduction = 
                  

                 
            5.1 

% Cell Growth Inhibition =   
         

       
           5.2 

 Where          is the sample‟s fluorescence intensity,         is 10% Alamar blue reagent 

fluorescence intensity,         is 100% reduced Alamar blue fluorescence intensity, and 

        is the fluorescence intensity of untreated cells [28].  

 

  

 

 

 

 

 

 

 

(b) 

0 6 24 48 72 96

0

5

10

15

20

25

%
 A

la
m

a
r 

b
lu

e
 r

e
d
u

c
ti
o
n

Time (hrs)

 Cells only

 DOX (30um)

 DOX-A (30um)

(a) 

6 24 48 72 96

0

20

40

60

80

100

%
 C

e
ll 

g
ro

w
th

 i
n
h

ib
it
io

n

Time (hrs)

 DOX (30um)

 DOX-A (30um)

(d) 

0 6 24 48 72 96

0

5

10

15

20

25

%
 A

la
m

a
r 

b
lu

e
 r

e
d
u

c
ti
o
n

Time (hrs)

 Cells only

 DOX (15um)

 DOX-A (15um)

(c) 

6 24 48 72 96

0

20

40

60

80

100

%
 C

e
ll 

g
ro

w
th

 i
n
h

ib
it
io

n

Time (hrs)

 DOX (15um)

 DOX-A (15um)



95 
 

 

 

 

 

 

 

Figure 5.3: Percentage (a) *CGI for 30μM (b) **ABR for 30μM (c) *CGI for 15μM (d) 

**ABR for 15μM drug (DOX and DOX-A). *Cell Growth Inhibition; **Alamar Blue Reduction   

 

 

5.2.2.6 Flow cytometry  

To determine the method of cell death flow cytometry was carried out on DOX, DOX-A and 

the control sample using a flow cytometer BD Accuri
TM

 C6 Plus (San Jose, CA, USA). Here 

results are analyzed based on certain physical and chemical characteristics of PC-3 cells as 

the fluid passes through a fluid stream with the help of a beam of laser light as they flow 

across a series of detectors. By utilizing mechanical or electrical devices to separate and 

collect cells with one or more measurable properties falling within a range or ranges of values 

selected by the user, flow sorting improves flow cytometry [30]. Cells were cultured at 20 

000 cells in a T-75 flask at     for 48 hours using appropriate medium to allow them adhere 

and develop their characteristic protein expression. The cells were de-trypsinised using 

trypsin EDTA (2ml) and cells were collected into a sterile micro centrifuge tube. The cells 

were rinsed with dPBS and also added to the already collected cells and centrifuged at 

800rpm in order to collect both live and dead cells. 500ml of the cell apoptosis flow 

cytometry kit solution were added into the centrifuged cells and carefully agitated to ensure 

even distribution. The tubes were then wrapped with aluminum foil to avoid light effect. 

Hence measurements were taken using the flow cytometer and the result is as shown below 

figure 5.4.      
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Figure 5.4: Flow cytometry result showing the cell viability of PC-3 cell death in (a) control 

without drug (b) DOX treated PC-3 (c) DOX-A treated PC-3 (d) The apoptotic rates of PC-3 

cells treated with DOX and DOX-A. Data are presented as means   SD (n =3).         

 

   

5.2.3 In vivo Tumor Development and Targeted Drug Delivery 

Cell culture, tumor induction, and drug injection studies were carried out in this section. T75 

tissue culture flasks were used to cultivate 20 ml of 1 x 10
6
 PC-3 human prostate cancer cells 

(CELLTREAT, Pepperell, MA, USA). At 37°C, the cell culture was done until 70 % 

confluence was achieved. The cells were cultured in an F-12K medium with 10% FBS 

medium (ATCC, Manassas, VA, USA) supplemented with 100 I.U./ml penicillin/100lg/ml 

streptomycin at normal atmospheric pressure.  Envigo provided twenty-five (4-week-old) 

female Athymic Nude-Foxn1nu strain mice weighing approximately 28 g each (South 

Easton, MA, USA). The Worcester Polytechnic Institute Institutional Animal Care and Use 

Committee cleared these mice for use in this study (WPI IACUC). All of the mice were cared 

for in compliance with WPI IACUC standards and procedures. Each of the mice had 
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subcutaneous tumor xenografts introduced by injecting 5.0 x 10
6
 of PC-3 human prostate 

cancer cells (suspended in sterile saline) into the right femur/tibia-fibula area to promote 

angiogenesis. Palpation and digital calipers were used to assess the tumor formation 

and development respectively once in two days.  The volume of the tumor was determined 

using the modified ellipsoidal formula below, where   and   representing the width (shorter 

axis,    of the tumor measured perpendicular to the longer axis,  , of the tumor which is the 

length) and the length respectively.   

             
    

 
           5.1 

Due to animal welfare concerns, the mice were randomly allocated four treatment groups 

with each group consisting of three mice such that we had each of the groups being injected 

with saline only, DOX, DOX-A and then the control. A 12-day tumor development study was 

conducted on these mice. The weight of the mice and the tumor sizes were assessed every 

two days using digital calipers 

5.2.4 Studies on toxicity, histopathology, and electron microscopy 

After the administration of two doses of 10 mg/kg of DOX, DOX-A drugs to the athymic 

male nude mice which was induced subcutaneously for tumor shrinkage/treatment on a 

weekly basis for two weeks, qualitative toxicity was characterized by examining differences 

in mortality, changes in body weight, signs of poor health, general observations and the 

histopathology of the tumor, lungs, kidneys, liver and spleen. To screen for probable 

pharmacological side effects, daily observations and weight measurements were employed.  

For the various treatment groups, physiological changes, weight loss/gain, and the tumor 

volume and general well-being of the mice were measured.  Tissue samples from the mice's 

kidneys, lungs, liver, spleen and tumor regions were taken at the end of each research and 

promptly fixed in 4 percent paraformaldehyde, dried in a graded series of alcohol, and 
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embedded in paraffin. Following the administration of the drug, hematoxylin and eosin (H 

and E) staining was used to detect tumor necrosis and analyze histologic alterations on 

important organs.  5 μm formalin-fixed, paraffin-embedded tissue/organ samples (tumor, 

kidneys, liver, spleen and lungs) for mice injected with DOX and AMACR-conjugated DOX 

and DMSO. These were hydrated by immersing them in increasing concentrations of alcohol 

baths and water (70, 90, and 100%). After that, the hydrated tissue sections were stained for 5 

minutes in hematoxylin solution afterwards, 3 minutes of rinsing in a tap water and 5 minute 

of differentiation in 1% acid alcohol. After that, the parts were rinsed three times with tap 

water before being dipped in ammonia water for two minutes. then 10 minutes of eosin 

staining was done and the treated samples that has been sliced were subjected to dehydration 

using a solution of varying concentration of alcohol and xylene. In conclusion the samples 

were mounted using a few drops of Permount Mounting Medium. Using a TS100F Nikon 

microscope (Nikon Instruments Inc., Melville, NY, USA) and a DS-Fi3 C mount Nikon 

camera, the stained slides were ultimately photographed with a 20X objective lens.   

Finally, the following; penicillin/streptomycin, a cell medium supplement and antibiotic were 

purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).  Athymic Nude-

Foxn1nu strain mice with individual weights of approximately 17 g was purchased from 

Envigo (South Easton, MA, USA).  The Institutional Animal Care and Use Committee 

(IACUC) at the Worcester Polytechnic Institute, MA (IACUC docket # A2630 -17) approved 

all of the animal protocols, which were carried out in accordance with the National Institute 

of Health Guide for the Care and Use of Laboratory Animals.  
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5.2.5 AMACR Receptor Staining and In vitro cell viability  

 AMACR receptor staining was done using immunofluorescence staining of PNT-2 cells, 

which is a non-tumorigenic epithelial prostate cell line and PC-3 cells, an androgen-

independent human advanced adenocarcinoma cell lines with AR expression negative with 

the aim of examining the expression of AMACR receptors on PNT-2 and PC-3 cell lines as 

shown in figure 5.5. 

 

 

 

 

 

 

 

Figure 5.5: (a) PC3 cells (b) Overexpression of AMACR receptors (green) (c) Combined 

cells & AMACR stains (d) PNT-2 cells (e) Very low expression of AMACR receptors 

(green) (f) Combined cells & AMACR stains 

 

Additionally, we performed immunohistochemistry (IHC) staining of prostate cancer and 

enlarged prostate gland tissue as shown in figure 5.6.  
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Figure 5.6: Optical micrograph of Immunohistochemistry staining of tissues at magnification 

of X40 (a) No expression of AMACR receptors on a benign prostatic hyperplasia (BPH) (b) 

Prostate tissue with overexpression of AMACR receptors (brown stains). 

5.2.6 Immunofluorescence Staining  

Using a technique reported in previous work, immunofluorescence (IF) labeling was 

performed to characterize the overexpressed receptors on the triple negative breast cancer 

tumor[13], [31].  The overexpression of AMACR receptors on prostate cancers was studied 

using IF staining. The frozen tumor tissue was progressively embedded in an optimal cutting 

temperature (OCT) compound.  The tissues were frozen in a cryostat (Leica CM3050 S 

Research Cryostat, Leica Biosystems Inc., Buffalo Grove, IL, USA) to prevent them from 

thawing.  Using a Leica cryomicrotome, 10 μm thick slices of spleen, lungs, kidney, liver 

from frozen prostate cancer tumors (obtained from nude mice) these organs were sectioned 

on charged glass slides (Leica Biosystems Inc., Buffalo Grove, IL, USA). The sectioned 

organs were dried at room temperature (23 °C) overnight. This was done to make adherence 

to the glass slides easier for immunofluorescence staining later on.  The sliced tumor samples 

were incubated with 0.5 ml of 3% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, 

USA) (blocking agent) made with PBS mixed with 30 μl of triton X-100 after being adhered 

on glass slides (Life technologies Corporation, Carlsbad CA). This was done for 60 minutes 

at ambient temperature (23 °C). To detect the levels of AMACR, the blocking agents were 

removed from the samples and treated with drops of 100 μl of anti-AMACR Antibody 

(Millipore Sigma, Burlington, MA, USA), a primary antibody.  This was done in a desirable 

dilution with a concentration of 1 μg/ml. The samples were then incubated at 4 °C overnight 

before being dipped three times in 1X PBS (1 minute each time).  The treated tumors were 

then incubated for another 2 hours with 50 μl of anti-mouse IgG coupled with Alexa fluoro 

488 secondary antibody at 1 μg/mL. In a 1 % BSA solution, this secondary antibody was 
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produced at a concentration of 1 μg/ml. Thermo Fisher Scientific, Inc. (Waltham, MA, USA) 

was used to get both the primary and secondary antibody kits.  Afterwards, the stained 

samples were washed three times for one minute each in 10 ml 1X PBS.  In conclusion, drops 

of 5 μg/mL ProLong Gold antifade reagent with DAPI (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) were used to stain the cell nuclei of the tumor samples. The samples 

obtained after the above process in a glass slides were fixed in a coverslip using some drops 

of Permount Mounting Medium.  Using a Leica SP5 Point Scanning Confocal Microscope, 

the stained samples were imaged at a magnification of 60x (Leica TCS SP5 Spectral 

Confocal couple with Inverted Leica DMI 6000 CS fluorescence microscope, Leica, Buffalo 

Grove, IL, USA). 

5.2.7 Studies on toxicity, histopathology, and electron microscopy 

The athymic male nude mice that was used in this research was induced with PC-3 

subcutaneously after administering two doses of 10 mg/kg of DOX and DOX-A once in a 

week for two weeks. Several factors were observed in the course of the research on the mice 

ranging from differences in mortality, changes in body weight, poor health observation and 

the histology of the lungs, kidneys, spleen and liver (figure 5.7) at different phases of tumor 

development were used to characterize qualitative toxicity for tumor shrinkage/treatment. 

The mice were observed to ensure that there are no likely adverse effect arising from the bare 

and the conjugated drugs been injected to the mice intravenously, physiological changes, 

body weight gain/loss were measured once in three days on all the mice with the different 

drug formation and the control. At the end of each study, the aforementioned tissue samples 

were surgically removed from each mouse and then fixed in 4% paraformaldehyde, dried in 

alcohol of various grades and then embedded in paraffin. After injecting the mice with the 

bare and conjugated drug and upon completion of the study the haematoxylin and eosin 

staining was the method adopted to determine method of tumour necrosis and the organs 
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were analysed to see if there is any toxic effect of the drug on the organs (lungs, spleen, 

kidney and liver).  

 

 

 

 

 

 

 

Figure 5.7: Histopathological examination of tumour tissues and organs in PC-3 induced 

xenograft prostate tumour model mice after treatment (from 12-day treatment group) with 

unconjugated DOX and DOX-A drugs. 

 

5.3 Results 

5.3.1 Results of IHC, IF, drug conjugation and characterization 

Immunohistochemistry (IHC) was used to examine samples of prostate cancer tissues and 

enlarged prostate gland tissue taking in a national hospital in Abuja, Nigeria in Africa with 

the aim of examining the overexpressed receptor(s) on the PC and the enlarged prostate gland 

tissues to facilitate the localized drug delivery. The optical image result of the staining 

revealed that AMACR (brown stains) were overexpressed on the PC tissue and non was 

observed on the enlarged prostate gland figure 5.6. 

 Furthermore, immunofluorescence (IF) staining was done on PC-3 cells to revealed the 

expression of AMACR receptors (figure 5.5), it was observed that AMACR receptors were 

overexpressed on PC-3 cells (green stains) [32] stained with unblocked AMACR antibody 
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receptors, the receptor expression obtained using fluorescent confocal microscope is as 

shown in figure 5.5. Whereas the AMACR expression on the PNT-2 was very low.  

Hence, Doxorubicin (DOX) was conjugated with AMACR to form DOX-A in the presence of 

NHS as the hydrophilic linker that creates sites for the lysine group in the doxorubicin and 

the presence of EDC facilitates DOX cleavage to the N-H group thereby making the 

conjugation with AMACR easier. The conjugated protocol followed the principle highlighted 

in the work by T. Aina et al. 2022.  To determine whether the conjugation was properly done, 

the UV-Vis of DOX, DOX-A and AMACR, was compared as shown in figure 5.2. At a 

wavelength of 481.5nm a peak was observed for the DOX whereas that of DOX-A and 

AMACR existent at 490nm and 276.5nm respectively. This results shows that the bare drug 

and the conjugated drug exhibit distinct wavelengths as shown in figure 5.2 at which they are 

absorbed. The first peak of 276.5 nm becomes apparent at 253.5 nm, suggesting the 

possibility of conjugation between AMACR and DOX, and the peaks for DOX-A moved to 

the right, from 481.5 nm to a wider peak of 490 nm, as seen in figure 5.2. 

The FTIR result showed the following: N-H stretching vibrations at 3309.86 cm
-1 

[33], 

CH2 asymmetric and symmetric stretching vibrations at 2979.03 and 2897.82 cm
-1

[34].
 
The 

peak situated at 1734.41 cm
-1

 assigned to C=O stretching vibration [35] from the ester 

groups. The amide bound was located around 1617.50 cm
-1

. Ester bond stretching vibrations 

and C-N stretching vibrations are situated at 1296 cm
-1

, respectively. Absorption at 1026, 

1071, 951.68 and 703.6 cm
-1

 represents the presence of the aromatic bonds. Conjugated drug 

is seen from the new peaks formed at 3393.73 cm
-1

. 

5.3.2 In vitro cell viability 

After 96 hours, both the bare (DOX) and conjugated (DOX-A) drug significantly decreased 

the viability of PC-3 cells, hence, DOX-A has the higher cell growth inhibition as shown in 
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figure 5.3. Additionally, cells treated with the conjugated drug had lower cell viability than 

cells exposed to the bare nanoparticles, indicating that the conjugated drug formulation had 

stronger anti-proliferative effects on PC-3 cancer cells which is consistent with the aim of the 

paper. The conjugated drug, DOX-A reduced PC-3 cell viability more than the bare (DOX) 

drug after 96 hours of treatment and there was no significant difference between DOX and 

DOX-A groups at that time (p < 0.05). The percentage alamar blue reduction after 96 hours‟ 

treatment shows that in both concentrations, DOX-A resulted in lower ABR when compared 

with the bare drug, DOX as shown in figure 5.3(b and d). 

This result shows that AMACR-conjugated drug (DOX-A) were more effective in inhibiting 

the growth of the PC-3 prostate cancer cells because of the specificity that was enabled by the 

conjugation of the DOX drug with AMACR in vivo, and this was further aided by the force of 

adhesion between the overexpressed AMACR receptors on the prostate cancer cells and the 

AMACR peptide on the drug (DOX-A). Although both               were effective 

concentrations in preventing the cell growth, the smaller concentration,      was more 

effective in preventing the growth of PC-3 cells in vitro compared to the     .  

Further analysis was carried out to determine the method of cell death using a flow 

cytometer. Here results are analyzed based on certain physical and chemical characteristics of 

PC-3 cells as the fluid passes through a fluid stream with the help of a beam of laser light as 

they flow across a series of detectors. By utilizing mechanical or electrical devices to separate 

and collect cells with one or more measurable properties falling within a range or ranges of 

values selected by the user, flow sorting improves flow cytometry [30]. 

The result shows cells treated with DOX, 88.15% of the cell death occurs in the second 

quadrant and the remaining 11.85% cell death occur in the fourth quadrant which shows that 

cell death here was by early stage apoptosis. On the other hand, the cells that were treated 
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with the conjugated drug DOX-A, 91.25% of the cell death occurred in the fourth quadrant 

whereas the remaining cell death, 8.75% occurred in the second quadrant showing that the 

method of cell death is by late state apoptosis. The control shows that a greater number of the 

cell occurred in the third quadrant as shown in figure 5.4a above, which is a case of cells still 

alive because the cells were not treated with any drug formulation 

5.3.3 Result of tumor growth and shrinking in vivo 

On day 5, the mean tumor volume in the nude mice treated with DOX, DOX-A, saline and 

control without drugs are 50.3 mm
3
, 99.8 mm

3
, 75.9 mm

3
, and 64.1 mm

3
 respectively and at 

day 12, the mean tumor volume in the animals treated with DOX, DOX-A, saline and control 

without drugs are 49.4 mm
3
, 55.5 mm

3
, 241.6 mm

3 
and 151.9 mm

3
 respectively. The tumors 

reduced significantly after treating the mice with the respective bare and conjugated drug 

after 12 days following injection of 10 mg/kg DOX-A and DOX into each animal (one 

dosage per week) in the day-12 treatment group as shown in figures 5.8 a and b, the tumor 

sizes shows that both DOX and DOX-A are capable of causing tumor shrinkage with DOX-A 

causing a higher tumor shrinkage.  

 

 

 

 

 

Figure 5.8: (a) Anti-tumour efficacy and tumour reduction in male athymic nude mice treated 

with two injections of DOX, DOX-A, and Saline over a 12-day trial period (b) percentage 

tumour shrinkage (n = 3, P<0.05) 
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After two weeks (one per week) of administration of 10 mg/kg of DOX-A and DOX, 

substantial xenograft tumour reduction was observed in the 14-day treatment with a 

percentage tumour shrinkage been  82% and  75% for DOX-A and DOX treated xenograft 

tumours. The result shows that conjugating DOX with AMACR is a potential targeted drug 

delivery cargo capable of causing xenograft tumour shrinkage provided substantial amount 

(at least two doses) of drugs is been administered to the xenograft prostate cancer tumour.  

After receiving therapy (12-day treatment group) with unconjugated and AMACR-

conjugated DOX, tumor tissues and organs in PC-3-induced xenograft prostate tumor model 

mice were examined histopathologically. This tumor shrinkage was accomplished with no 

signs of toxicity (Figure. 4.7). The late-stage tumors that developed after 12 days 

significantly shrank under the same drug dose, with no discernible toxicity (Figure 4.7). This 

implies that additional therapies (beyond the two-week injection time investigated in this 

study) could be able to completely eliminate mid- and late-stage malignancies. 

5.4 Implications of the results 

The results of this research have important significance for the development of drugs targeted 

and localized for the treatment of prostate cancer. We have demonstrated that 

conjugating AMACR peptides to cancer drugs DOX to form DOX-A greatly improves the 

transport of those drugs to PC tumor locations. First the DOX was conjugated with AMACR 

antibodies. The targeted delivery of PC drug helps to lessens the adverse effects that usually 

arises as a result of bulk chemotherapy. To properly understand the cause of the conjugated 

drug adhering faster the unconjugated drug, the work done by J. Hu 2020 [13], [36] in the 

group provided an insight. Increased hydrogen bonds and Van der Waal interactions between 

AMACR attached to the drug and the overexpressed AMACR receptors on the surfaces of 

prostate cancer cells/tissue are possible factors responsible for the equivalent increase in 

adhesion forces between AMACR-conjugated drugs and the prostate cancers. Hence, the 
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immunofluorescence (IF) and immunohistochemistry (IHC) staining of the expressed 

AMACR receptors makes AMACR a potential target in PC drug delivery and may 

quantitatively confirm the assertions made by the adhesion forces been responsible for 

AMACR ligands binding to the receptors expressed on the cells/tissue. However, the findings 

from experiments on alamar blue cell viability (figure 5.3) demonstrate that the receptors 

work to increase the specificity of the conjugated drug to the AMACR receptors of the PC-3 

cell lines. Additionally, it is necessary to obtain additional understanding and decipher direct 

evidence of interactions or binding between AMACR ligand and their receptors expressed on 

cells and tissues utilizing a combination of tagged fluorescent receptors and CRISPR 

analysis. The intravenous injection of DOX-A administered via the tail vein also caused the 

xenograft tumors that were produced subcutaneously at the interscapular locations to 

decrease at the late stage of tumor growth. Furthermore, athymic nude mouse model was 

employed in the present work, the AMACR conjugation of the doxorubicin also considerably 

improved the precise targeting of PC. The drug's precise method of delivery had few adverse 

effects as well. It is significant to note that the tumors developed within the late stage of 

tumor growth shrunk in response to the second injection of 10 mg/kg of AMACR-conjugated 

doxorubicin (within 12 days) without any signs of toxicity, this tumor reduction was 

accomplished. This implies that if explored, additional treatments beyond the 12-day trial and 

beyond the two drug dosages might completely eradicate the PC cancers.  

As a result, the findings from the ex vivo histopathology/microscopy, immunofluorescence 

staining, drug-tumor adhesion prediction, and in vitro cell viability study demonstrated that 

the improved therapeutic effects are linked to the increased adhesion forces/interactions of 

the AMACR-conjugated cancer drugs DOX-A with the AMACR receptors overexpressed on 

the PC cells/tissue.  These lead to advancements in the precise targeting of PC cells and tissue 

as well as the eradication or contraction of PCs, all of which were seen in this study. To 
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further confirm this work more research will be required in the future to show the observable 

effects of the conjugated and unconjugated medications on animals. Additional research is 

required to examine the effects of various medication doses in animal models in order to 

target various cancer types such as kidney, liver, colon, and cells that express AMACR 

receptors. 

5.5 Statistical analysis  

The statistical data was examined with the help of OriginPro 2019 program. To compare the 

differences between the control and study groups, independent Student t tests and one-way 

analyses of variance (ANOVA) were performed.  The difference in their population means 

were used to assess the statistical significance of the percentage survival of drug-treated mice 

with the control mice.  The effects of bare drug (DOX) and conjugated cancer drugs (DOX-

A) were statistically analyzed. A p-value was obtained for p < 0.05 and it was deemed 

significant. 

5.6 Conclusion 

Targeting PC cells'/tissue's overexpressed AMACR receptors in both in vitro and in vivo 

settings, we have effectively produced a unique AMACR-conjugated DOX drug (DOX-A). 

Our findings imply that the higher adherence of the AMACR-conjugated drug to PC 

cells/tissues during in vitro and in vivo experiments enhances the selective targeting. 

Additionally, the AMACR-conjugated drug (DOX-A) increases PC-3 PC inhibition more 

than the unconjugated drug (DOX). Our findings for the in vivo investigations indicate that 

early stage prostate tumors shrank after receiving two injections of 10 mg/kg of AMACR-

conjugated doxorubicin (DOX-A) during a two-week period (12-days tumor-treatment group) 

in the athymic nude male mice. Therefore, the enhanced adherence of the AMACR to the 

AMACR receptors that are overexpressed on the surfaces of the PC cells/tissue during PC 
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development is responsible for the improved specificity of the AMACR-conjugated drug (in 

the targeting of PC).  

Furthermore, the results of the ex vivo histopathology studies did not provide any indication 

that the administration of an AMACR-conjugated drug caused any physiological alterations. 

After receiving the conjugated drug, DOX-A, there were no unfavorable variations in 

mortality or body weight compared to control mice. This indicates that DOX-A effectively 

and specifically suppressed the growth of the generated xenograft PC tumors in the athymic 

nude mice. Therefore, the current findings demonstrate that AMACR-conjugated DOX 

considerably improves the targeted and localized therapy of PCs without producing 

unfavorable toxicological consequences. 
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CHAPTER SIX 

6.0 Release kinetics of fungicidal antimicrobials into packaged foods 

6.1 Introduction 

The growth of pathogenic microorganisms on food leads to spoilage/degradation [1], [2]. To 

ensure that fresh and processed food reach desired consumers with little or no degradation, 

the food must be packaged in an environmental condition that limits the tendency of 

degradation by fungi attack during the period between packaging and consumption by the 

consumer [2], [3]. Antimicrobial food packaging includes any packaging system(s) adopted 

to control the growth of harmful microbes in food products [4]. Statistics by the United 

Nations Food and Agriculture Organization shows that, 32% of all food produced based on 

weight in the world is lost/wasted [5]–[8]. This amounts to     24% in calories of food lost 

globally [9], [10]. It is also important to note that 56% of total food lost/wasted occurred in 

developed countries like China, Japan and the remaining 44% occurs in developing countries 

[10] hence, the need to remedy this situation. There are different stages of food lost; 24% of 

global food lost/wasted occurs at the production stage, 24% in the process of handling and 

storage and 35% at the consumption stages. These three amounted to 80% of global food 

lost/wasted in 2009 [10]. There is, therefore, a need for improved methods for food 
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preservation. One approach to food preservation is to use the controlled release of 

antimicrobial agents (from food packaging) as a way of preserving packaged foods. 

Controlled release packaging (CRP) is a form of packaging technology that is currently 

employed in the food packaging industry [11], [12]. It uses the controlled release of 

antimicrobials and fungicidal (active) agents [9], [13]–[15] to manage the quality and safety 

of food, while extending the shelf lives of packaged foods. In this way, the active agent 

creates an enabling environment for the preservation of the packaged foods [16]. Gemili et al. 

(2010) has studied the effect of incorporating lysozyme into cellulose acetate (CA). The study 

revealed that the maximum release of the antimicrobial agent (into a packaged food) was 

obtained with 5% CA and 1.5% lysozyme and asymmetric CA film [7]. Other studies have 

also shown that the release of antimicrobial agents can be accomplished either by direct 

contact of the food with the package or by diffusion from the packing layer to the surface of 

food [7], [17]–[19]. This has paved the way for the development of “smart packaging” that 

can release different types of active agents that enable improvements in food preservation 

[20], [21]. Furthermore, to immobilize antimicrobials using ionic or covalent linkages, the 

polymer to be used and the antimicrobial agent must have a functional group. Examples of 

polymers that have functional groups are ionomeric films [22], polystyrene [23], polyvinyl 

alcohol [24], nylon 6, 6 resins, peptides [13], enzymes [25], and polyamines [26]. Moreover, 

antimicrobial films formed with chitosan based polymers are useful as a medium to 

transporting acids and spices to targeted materials [27]. Prior work has been done in the areas 

of antimicrobial food packaging to prove the efficacy of antimicrobial agents in preserving 

several kinds of food as earlier mentioned [22], [27], however, there is need for further 

research to improve on the existing work that has been done. Further study could help in 

controlling the release of antimicrobial food packaging by testing its efficacy on selected 

food items over a prolonged period of time. Applying mathematical model in ways that will 
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help in the optimization of antimicrobial food package designs to back up the experimental 

result will be helpful. Achieving further shelve life extension through the design of model 

packaging to further control the release of AM agents to packaged food stuffs will be a 

welcome development. 

Technological advancement also suggests the design of smart package that can notify the 

store keeper of the food expiry date. Finally, the formation of polymeric pellets that have 

antimicrobial agent incorporated into it is also an area with lots of potential for research. 

Essentially, potassium sorbate has the capacity to inhibit the following microorganisms; 

Fungi (e.g., Penicillium Commune), Mold (e.g., Alternaria, Cephalosporium, 

Helminthosporium, Penicillium), Yeast (e.g., Brettanomyces, Hansenula, Sporobolomyces), 

Bacteria (e.g., Acetobacter, Clostridium, Vibrio [28], [29]. A good example of the areas of 

application of PS is seen in Cheese where 1000 μg/mL of PS was able to inhibit the growth of 

Penicillium verrucosum var. cyclopium, also ≤ 6% of PS was able to inhibit the growth of 

Penicillium roqueforti; Mucor miehi. Hence, the choice of PS incorporated into polymers to 

prolong food shelve life [30], but little is known about its antimicrobial properties in CA. 

Edible films has recently found some application as AM agents and the AMA being released 

is regulated to ensure that exact concentration is permitted into the food [31] and this study is 

not an exception as it explores the above areas. In this article, we explore the effects of the 

controlled release of fungicidal antimicrobials in the preservation of packaged foods (peanuts 

and bread). These are encapsulated in films (2 mm thick) to regulate the AM agent release 

into packaged foods. The article is divided into five sections. Following the introduction 

(section 1), the materials and methods are presented in Section 2. This is followed by Section 

3 in which the theoretical framework for the modelling of antimicrobial release is presented. 

The results obtained from the current study are discussed in Section 4, before summarizing 

the conclusions arising from the current work in Section 5.   
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6.2 Materials and methods 

6.2.1 Materials 

PS (C6H7KO2), with relative molecular mass of 150.22 gmol
−1

 was obtained from Qualikems 

Laboratory Reagents (New Delhi, India). Chloramphenicol was procured from Merck (City, 

NJ). Acetone (CH3COCH3) with molecular weight of 58.08 g/mol was procured from Sigma–

Aldrich (Taufkirchen, Germany). Cellulose acetate with molecular weight of 29,000 g/mol 

was procured from Fluka (Milwaukee, Wisconsin). Sucrose (C12H22O11) with molecular 

weight of 342.30 g/mol, melting point of 185–187°C, and solubility of H2O:0.5 g/mL, was 

obtained from Sigma Aldrich (Taufkirchen, Germany), while Agar was obtained from Fisher 

Scientific (City, NJ), Celestron Pentaview LCD Digital microscope (Torrance, CA), The 

software used for the simulation was COMSOL Multiphysics® (COMSOL, Inc. Burlington, 

MA).  

6.2.2 Methods  

6.2.3 Preparation of Cellulose Acetate (CA) Film 

To make CA film, PS was dissolved in water, while cellulose acetate (CA) was dissolved in 

acetone [21]. Then PS/water solution was added to the CA/acetone solution using syringe in a 

drop wise fashion under stirring until there was fairly homogeneity in the mixture of CA 

solution in PS/water solution. The stirring of the mixture was done until there was complete 

dissolution of all the PS solution in the CA solution. After obtaining a homogenous mixture, 

the solution was kept in a vacuum oven for 30 min at 25
o
C. This was done to eliminate the 

bubbles formed on the antimicrobial films. The concentration of PS in the film was kept 

constant at 2% (w/w) during the experiments in which the concentration of CA was varied 

(10%, 13% and 15%, by weight). The films formed at 24°C are shown in Table 6.1. The 

films with the code    
 ,    

  and    
  represents the film with AMA whereas    

 ,    
  and 
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 , stands for films acting as control without AMA incorporated into it. 15, 13 and 10 are 

the weight percent of CA in the film.  

6.2.4 Characterization of the films 

The surface morphologies of the films and the cross-sectional areas of the films were 

examined using a Scanning Electron Microscope (SEM) (Philips XL-30SFG, Leuven, 

Belgium). A UV–vis Spectrophotometer (UV-1900i, Shimadzu, Kyoto, Japan) to measure the 

absorbance of potassium sorbate in a solution containing antimicrobial film dissolved in 

distilled water over a period of 10 days and also to check the effect of porosity in the release 

of the AM agent. 

6.2.5 Release tests 

Antimicrobial release tests were carried out on three films formed on a mini-glass petri dish 

as the mold. The films, with different concentrations of cellulose acetate, were placed on a 10 

cm glass petri dish containing 100 mL of distilled water (pH   7.00) at a temperature of 

25
o
C. The content of the petri dish was formed by stirring it in a beaker using a magnetic 

stirrer and a rod at a speed of 240 rpm, the mixture was poured into the dish. The release of 

the PS into distilled water was determined by collecting 100 μl samples at regular time 

intervals of 15 hr, while fresh volume of distilled water was replaced. After 1 mL dilution 

with distilled water, the absorbance of the PS was measured at 252 nm in UV–Vis 

spectrometer based on Beer–Lambert law, which gives a linear relationship between 

absorbance and concentration of an absorbing species: 

                                                                                                6.1 

where A is absorbance (au), ϵ is the molar absorptivity constant dm
3
/mol.cm, l is the path 

length (the distance of the solution that the light has to travel through, 1 cm) and C, is the 

concentration of the solution, expressed in molL
−1

 or moldm
-3

. 
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Table 6.1: Types of films and their codes prepared at 24°C 

Film code Number of 

layers 

Film thickness 

(mm) 

Composition 

of CA (%w/w) 

   
  

 Single  2 15 

   
   Single 2 13 

   
   Single 2 10 

   
  Single 2 15 

   
  Single 2 13 

   
  Single 2 10 

 

6.2.6 Preparation of potato dextrose agar (PDA) 

With the aid of an analytical weighing balance ABS Kern, ABS 80-4N + 963-101 (Sigma–

Aldrich, Kern, UK), 300 g of chopped Irish potato were weighed, while 1 L of distilled water 

was added to the sliced potato infusion. The mixture was boiled for 1 hr at 100°C. Soil 
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samples (2 g) were collected from a land fill refuse bin in Galadimawa, Abuja, Nigeria. These 

were used to isolate fungi A. niger. Two different soil samples were used (labelled samples A 

and B). To form the diluent solution (normal saline solution), 0.9 g of sodium chloride was 

dissolved in 200 mL of distilled water in a beaker. The solution was subjected to shaking to 

ensure complete dissolution of the salt in water. 90 g of Irish potatoes required the addition of 

300 mL of distilled water to make the broth. For soil samples A and B, 2 g of the soil was 

poured into the bottles with labels: sample A and sample B, respectively. Then 9 mL of 

normal saline solution was poured into each of the 12 bottles that were subsequently used for 

cell subculture. The source of nutrient for the microbes (fungi) are the potato broth and 

sucrose, 6 g of which was dispensed in 300 mL of distilled water using the standard of 20 g 

of sucrose in 1 L of distilled water 4.5 g of agar was dispensed in 300 mL distilled water 

using a standard of 15 g of agar in 1 L distilled water. The sucrose solution, agar solution and 

0.6 g of chloramphenicol were dispensed in potato broth that has been made up to 300 mL 

and this combined solution is called potato dextrose agar (PDA). Saline solution and PDA (in 

a conical flask) were autoclaved at 121°C for 15 min. The content of the autoclaved was then 

cooled for 15 min. The biosafety environment was then sterilized with 70% w/w ethanol. The 

biosafety cabinet was then turned on for 5 min to allow UV light to disinfect the hood. The 

content of the autoclaved samples was transferred to the biosafety cabinet. A Bunsen burner 

was used to kill any microbes around the petri dishes and the bottles. A stock solution was 

prepared using 2 g of soil dispensed in 8 mL normal saline solution. The bottles were labeled 

A, B, C, and D to represent 10
−1

, 10
−2

, 10
−3

 and 10
−4 

dilutions, respectively. With a syringe of 

1 mL, the stock solution was added to the bottle labelled A which contains 9 mL of the 

normal saline solution to make it up to 10 mL solution. Then, 1 mL of the content of the A 

bottle was taken and then transferred to the B bottle, and the process was repeated for sample 

B following serial dilutions [32], [33]. 
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6.2.7 Morphology of Aspergillus niger (A. niger)  

Aspergilus niger (A. niger) is a name coined out of the Latin name Aspergillum, which 

literally means holy water sprinkler due to its appearance under a microscope [34], [35]. It 

possesses a characteristic black color like a mold [36]. The microstructure reveals that the A. 

niger is filamentous with some hyphae, initially it was white but over time the color changed 

to black, after some days it produced a conidial spore. The conidiophores produced were 

emerging from the septate and hyphae and the conidial heads are spherical forming columns 

of biseriate. Metulea is a cellular subset of conidiophore and its duty is to provide support for 

the phialides. Hence, the image in Figure 6.1 observed using a Celestron microscope after 

staining with methyl blue. Hence, this image confirms the presence of A. niger as the test 

organism in the Petri dish. 

 

Figure 6.1: Optical micrograph of an A. niger 

6.2.8 Preparation of test organism 

The A. niger colony that were prepared were stored in bottles that were transferred from the 

PDA slant to the petri dish at 25°C for 30 min. An 80 μl section of the A. niger colonies were 

dispensed into six different glass petri dishes. After 3 days of growth, the grown A. niger 

spores were harvested using a sterile tween-20 solution (0.05% w/v). They were then added 

to the PDA in the slanting bottles. The slants were incubated at room temperature (25°C) for 

7 days. The harvest was done again using sterile tween-20 solution [37]. 
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6.2.8.1 Determination of number of A. niger spores 

A spore suspension was prepared. Using pipet,   9 μl of the cell suspension was put into the 

two counting chambers of a haemocytometer. Care was taken to avoid injecting bubbles into 

the chambers to overfill or under fill the chambers. The spores were counted in each of the 

four 0.1 mm
3
 corner squares, while the spores touching the top or left and or bottom or right 

borders were not counted [38], [39]. To determine the spore count, the total spores counted in 

the four corner squares were calculated using the equation: 

Spores/ml = (n) x 10
6  

               6.2 

where n stands for the number of cells per millilitre is the average cell count per square of the 

four corner squares counted. 

6.2.8.2 Test of zone of inhibition  

The antimicrobial activity exhibited by the antimicrobial agent was checked using the 

classical zone of inhibition test. 80 μl of the A. niger culture was transferred and spread using 

a sterile cotton bud on the PDA in the petri dish. Then 5 mm diameter antimicrobial films of 

the three 

different CA contents were placed in a glass petri dish. The petri dishes were kept at room 

temperature, 25 C, for 7 days. The growth of the A. niger was monitored and the diameter of 

the clear zone was measured with a calliper at regular intervals after three five and seven days 

[7], [40], [41]. 

6.3 Modelling antimicrobial release mechanism from films 

The Korsmeyer-Peppas model (KPM) (1983) [42] was used to model the Antimicrobial 

Release from the films. This gives: 

  

  
  (

 

   
)                              6.3 

                   6.4 
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where 
  

  
 is the release fraction, k is the geometric constant of the release system, n is the 

release exponent which depicts the release mechanism, mi is the absolute cumulative amount 

of PS released at time, t, mt is the amount of PS remaining in the film at time, t during drug 

elution, δ is the thickness of the film. From Equation (6.2), mo is the mass of the swollen film 

at equilibrium state prior to PS release, mf is the final mass of the film after drug elution, and 

D is the diffusion coefficient, the constants k and n were obtained from the linear form of 

Equation (6.1): 

  (
  

  
)                                6.5 

where ln(k), represents the intercept and, n, the slope of the plot, ln(mt/mi) versus ln(t). The 

intercepts on the ln(mt/mi) is equal to ln(k). The diffusion coefficients, Ds, were obtained 

from the equation below. 

 

   
    

 
           6.6 

 

 

where k is the geometric constant of the release system, π is the mathematical constant 

reflecting the ration of a circle circumference to its diameter and δ is the thickness of the film 

[14]. 

6.3.1 Modelling the effect of diffusion from the porous film 

Using some form of simple homogenous models possessing effective transport properties the 

mode of Transport (of fluid) through a porous material can be done. This has become 

necessary because the pores are usually smaller than the entire domain to be modelled. 

Assuming the CA film to be a homogenous domain with the structures well detailed, the 

simplified 3D geometry is as shown below from COMSOL multiphysics a finite analysis 

software [43], [44] (Figure 6.2). The modelled structure in the diagram above follows a time 

dependent equation 
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   (    )             6.7 

 

In the above equation, c and D signifies the concentration (in mol/m
3
) and the diffusion 

coefficient (in m
2
/s) respectively of the solute CA. The left vertical boundary represents the 

concentration boundary condition region and it was set in accordance with Equation (6.8). 

                 6.8 

with co denoting any given concentration. The right vertical boundary represents the flux 

boundary and it was set in accordance with the Equation (6.9) 

(    )      (    )                     6.9 

where km and c1 represents the mass transfer coefficient (in m/s) and the concentration in a 

bulk solution around the porous structure. Other boundaries are meant to be insulating in 

accordance with Equation (6.8).                                                                                                                                                                                                                                                                        

 (    )                                      6.10 

 

At x = 0, the maximum value is obtained along the abscissa and along the ordinate it is given 

as c = co. 

 (  )       (   
 )                                 6.11 

To generate a uniform 1D model geometry having efficient properties of transport and 

requisite average porosity, the equation boils down to this: 

 
  

  
   (       )                      6.12 

where ε and Deff represents the average porosity and the effective diffusivity respectively. 

These results are obtained by calculation from the solutions to the detailed structure. The 

result shows a time dependent simulation that runs from 0 to 52 hr as shown below          

(Figure 6.3). 
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Figure 6.2: (a) 3D CA porous structure with the gray colored portion as the surface that is 

accessible for diffusion. (b) 2D porous structure representing a segment of the surface of (a) 

  

6.3.2 Summary of the simulation 

For the 2D simulation, the concentration has almost reached steady state after 72 min. To 

calculate the flux, we need to integrate over the flux boundary and then divide by its length, 

L0, and this boils down to the equation below [43], [44]. 

         
 

  
∫   (    )  
  

 
                  6.13 

 

 

Figure 6.3: (a) Concentration flux in the 3D modelled CA porous film after 52 hr. (b) Surface 

concentration flux of a segment of the entire CA film in 2D after 72 min 

 

If the simulation is allowed to reach a steady state, then the average flux can be computed. 

The profile of diffusion of the PS through the film follows a linear trend; hence, the porous 

2D film can be replaced with a 1D film that is homogenous along the abscissa therefore 

calculating the effective diffusion becomes feasible using the formula shown below. 

(b) 

Flux 

boundary 

Concentration 

boundary 

(a) 
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(       )

  
                            6.14 

The average concentration in (mol/m
3
) and the geometry length along the abscissa are 

represented by cout and L1 respectively. To calculate the average concentration then the 

equation below was integrated 

     
 

  
∫    
  

 
                                                                                                                                                   

6.15 

From the result above the effective diffusivity was obtained using the equation 

 

     
             

       
                    6.16 

 

The above result is the effective diffusivity and this can be compared to the free diffusivity 

that has been given in COMSOL as D1. The relationship between the effective diffusivity 

and “free” diffusivity is based on this equation: 

      
 

 
                     6.17 

Hence, the porosity of the film and the tortuosity is represented as ε and τ respectively. The 

tortuosity represents the actual length per unit effective length a molecule of PS has to diffuse 

in a porous structure. The porosity can be obtained by solving the integral below.  

  
 

    
∫ ∫      

  

 

  

 
                   6.18 

The variables have their usual meanings. The resulting permittivity and the tortuosity were 

calculated. Furthermore, expressing tortuosity as a power of the porosity has led to the 

formula for effective diffusivity as shown below. 

                             6.19 

The calculated value for porosity is 1.60 which is very close to the experimental value for 

most porous material ranging from 1.5 to 2. Hence, we can leverage on the effective 
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diffusivity to model a homogenous 1D model with value that can be compared to the 2D 

model [43]. The diagram below shows the graph figure 6.4. 

 

Figure 6.4: Generalized average flux at the flux boundary in the detailed 2D model (solid 

blue line) and the 1D homogenized approximation (dashed green line) 

 

 

 

 

 

 

6.4 Result and Discussion 

6.4.1 Film Microstructure and Morphology 

The results of the scanning electron microscopy analyses are presented in figure 6.5. The 

SEM of the cross-section of single layer CA film with 2,300 μm thickness were determined 

after complete drying at room temperature (25°C). Increasing the concentration of CA in the 

film (from 10 wt% to 13 wt% and 15 wt%) leads to the formation of dense films with 

decreasing porosity, as the amount of polymer in the films increases. Films without 

antimicrobial agent 

had increasing pore sizes with increasing polymer content in the polymer film. As the 

antimicrobial film dries up, the crystalline nature of the PS was revealed, as shown in figure 

6.5. Further drying of the antimicrobial film resulted in increasing PS concentration in the 
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porous structures Figure 6.5b–d. Drying the antimicrobial film at a higher temperature of 

100°C resulted in even higher levels of porosity. Hence, the amount of crystals formed in a 

film depends on the porosity of the films. The pore sizes also increase with increasing 

cellulose: acetate ratio (Figure 6.5a–d). 

 

Figure 6.5: Effect of cellulose acetate ratio on the pore sizes: (a) crystals of antimicrobial 

film, (b) 10%w/w Composition of CA, (c) 13%w/w Composition of CA and (d) 15%w/w 

Composition of CA 

 

6.4.2 Potassium sorbate release 

 

Upon the dissolution of 2 wt% of potassium sorbate in distilled water, the peak absorbance of 

2.992 au was obtained via UV–vis at a wavelength of 252.0 nm. Similarly, the peak 

absorbance of the three other film samples were, 2.644 au, 1.271 au, and 2.084 au for films 

   
 ,    

         
 , respectively. Similar plots were obtained for the other days (Figure 6.6). 

The standard curve for PS release (obtained on a daily basis) was obtained for the period 

corresponding to the incubation of antimicrobial film in distilled water. The presence of 

potassium sorbate was observed on the samples for the three film samples. The standard 
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curve revealed a constant absorptivity (214.85 au.dm
3
/mol) of PS, irrespective of the type of 

film. Furthermore, after 10 days, the percentage/cumulative release of PS from the films was 

  64 to 66%. 

 

Figure 6.6: Percentage release of potassium sorbate (PS) from 15 w/w% CA, 13 w/w% CA, 

and 10 w/w% CA 

 

This gives a concentration range of 0.00787– 0.00831 mol.dm
−3

 of PS over a period of 10 

days of release [14], [40]. Plots of   (
  

  
) versus ln(t) are presented in Figure 6.7a–d, for 

different film types having antimicrobial agent added to it at room temperature and at 37°C, 

the slope of each of these graphs is equivalent to the fluid release exponent, n, as in Equations 

(6.1) and     (3.3) which in addition to the geometry determines the method of eluting the PS 

from the CA film to the microbial environment. The graph of the cumulative drug release has 

also been represented as the percentage PS release with both having the same trend for the 

different films in Figure 6.7. The release profile shows that the lower the concentration of CA 

in the film the higher the rate of diffusion of the PS from film hence, film code    
  has the 

lowest release whereas    
   has the highest release profile. KMP model validates the linear 

relationship between the natural logarithm of 
  

  
 and the natural logarithm of time. This 

implies that the rate of release of the antimicrobial film will either increases or decrease with 

time depending on the graph. The data obtained from the weight loss experiments were used 

to calculate the diffusion coefficients, the PS release exponents, and the geometric constants 
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of the films. The results are presented in Table 6.2. In most cases, the release exponents are 

consistent with an anomalous release, with n values that deviate from 0.5. However, in the 

case of the    
  film, the n value of 0.5 corresponds to a controlled diffusion mechanism at 

37°C. In other cases, super-case II anomalous transport mechanisms were observed with n 

values greater than 0.50. 

 

 

Figure 6.7: (a) and (b) Presents linear fit plot of   (
  

  
)  versus ln(t), for swelling and de-

swelling of antimicrobial film samples,    
 ,   

 and    
  respectively having antimicrobial 

agent added to it at room temperature 24°C, whereas, (c) and (d) was added at 37°C 

 

Table 6.2: (a) The values of the swelling and de-swelling ratios and the k, n, and D values of 

the antimicrobial films at room temperature 24°C. (b) The values of the swelling and de-

swelling ratios and the k, n, and D values of the antimicrobial films at room temperature 

37°C  
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Figure 6.8: Zone of inhibition of CA film by the agar diffusion method [45]–[47] 

 

between the natural logarithm of 
  

  
 and the natural logarithm of time. This implies that the 

rate of release of the antimicrobial film will either increases or decrease with time depending 

on the graph. The data obtained from the weight loss experiments were used to calculate the 

diffusion coefficients, the PS release exponents, and the geometric constants of the films. The 

results are presented in Table 6.2. In most cases, the release exponents are consistent with an 

anomalous release, with n values that deviate from 0.5. However, in the case of the    
 , the n 

value of 0.5 corresponds to a controlled diffusion mechanism at 24°C. In other cases, super-

case II anomalous transport mechanisms were observed with n values greater than 0.50.  
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6.4.3 Antimicrobial effects 

The restraining effects of the antimicrobial agent on the growth of A. niger was 

experimentally determined for antimicrobial agents containing 15 wt%, 13 wt%, and 10 wt% 

CA using the agar diffusion method which is synonymous with the endpoint method [28], 

[45]–[48]. After 7 days, there was no visible zone of inhibition with antimicrobial film that 

contained 2 wt% of CA. Further increase in the concentration of PS to 20 wt% resulted in a 

visible clear zone around the antimicrobial film. The rate of diffusion of PS through the PDA, 

results in a concentration gradient that is inversely proportional to the distance from the wall 

of the petri dish [28], [49]. The extent of inhibition is evident by the radius around the CA/PS 

film without the growth of A. niger and this is a function of the rate of diffusion of PS into 

the A. niger. The measured diameters of the visible clear zones of inhibition obtained from 

Vernier calipers measurements were:     60 mm,      65 mm and     50 mm for films    
 ,    

  

and     
 , respectively. After 4 days the zones were observed to be   30 mm,   35mm and   

45 mm, for samples    
 ,    

  and     
 , respectively. This suggests that the diffusion of PS 

to the agar medium (in the petri dishes) decreased with time and it also shows that the rate of 

diffusion of PS from the film is inversely proportional to film thickness. Hence, the lesser the 

concentration of CA in the film the higher the rate of diffusion of PS from the film to the A. 

niger in the petri dish. The antimicrobial films containing 2 wt% potassium sorbate (PS) was 

able to restrain the growth of the target microorganism, A. niger, in peanut and bread, with 

gradual increment in the amount of PS to 20 wt%, furthermore, the growth of A. niger was 

prevented (visible zone of inhibition) for about 8 days in the presence of PS as in Figure 6.8. 

Incorporating PS in linear low density polyethylene film (0.4 mm thick) lowered the growth 

rate of yeast and prolonged the lag period before mold growth became evident [50]–[53].  

6.5 Implication 



132 
 

The above results suggest that the controlled release of PS from antimicrobial packaging has 

the potential to reduce the growth of A. niger in packaged foods such as bread and peanuts. 

Such inhibition also has the potential to improve the lifespans of packaged foods in ways that 

could be engineered through the control of the release kinetics. Thus, the improved 

understanding of the release kinetics can be used to guide the design of packaging materials 

in which the polymer films can be used to encapsulate PS and other active materials that can 

be released to prevent microbial growth and prolong the lifespans of packaged foods. Such 

understanding of controlled release can be used to guide the development of smart packaging 

that contains multiple active components that can be released in stages to prolong the 

lifetimes of packaged foods. Furthermore, in the case of packaged foods such as bread and 

peanuts, smart packaging can be used to prolong the lifetimes of agricultural products that are 

produced largely in rural areas, where almost half of the foods (fruits and vegetables) that are 

produced are lost between the farm and the market [15], [54], [55]. Further work is needed to 

develop the manufacturing processes for the application of the polymer films to plastic 

packages. There is also a need for further studies to determine the lifetimes of packaging 

materials in which different concentrations of antimicrobials are used to inhibit the growth of 

microbes in different types of packaged foods [56]. It is anticipated that such packaging may 

also contain embedded sensors [56], [57] that could detect biochemical signals that may 

provide the opportunity to develop the next generation of smart packaging materials for food 

preservation. These are clearly the challenges and opportunities for future work.  
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CHAPTER SEVEN 

7.0 Perspectives and conclusions 

The development of methods for targeted prostate cancer drug delivery, in particular, was the 

main emphasis of this dissertation's study coupled with the development of antimicrobial 

cellulose acetate polymer for food preservation. The first and the second project results 

mostly illustrated the importance of nanoparticle drug delivery formulations to achieve 

regulated drug release for prostate cancer treatment and on the other, the third project looks at 

the materials science approach to the effect of antimicrobial drug delivery on the foodstuff to 

prolong the shelf life of packaged food. The first, second and the third projects were 

conducted based on the following steps, and the materials difficulties related to localized drug 

release and food shelf life longevity have been clarified. 
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We presented the results for the synthesis of mesoporous silica nanoparticles, loading the 

pores of the nanoparticle with a prostate cancer drug (doxorubicin) that has been conjugated 

with the overexpressed molecular recognition unit (AMACR) on the surface of prostate 

cancer cells/tissues to ensure targeted drug delivery. Furthermore, the naoparticle pores were 

reduced by loading it with a polymer (dextran) thereby sustaining the release of the bare and 

the conjugated drug in vitro on PC-3 cells over a prolonged period of time (Chapters 2 and 3). 

The drug release kinetics and the thermodynamic parameters were also determined. In 

addition, the mechanism of diffusion was also elucidated.  The effect of the conjugated drug 

on the tumor injected on some athymic nude male mice were potent enough to shrink the PC-

3 tumors in vivo and it was discovered that the conjugated drug was more effective in 

shrinking the tumor in vivo than the unconjugated ones. In vitro the conjugated drug also 

reduced the cell viability of the prostate cancer cells more than the unconjugated drug.  

In the third project, antimicrobial agent (potassium sorbate) was added to a polymer 

(cellulose acetate) and a disc was made out of the antimicrobial polymer formed. The 

swelling and deswelling ratios of the antimicrobial polymer was determined. The drug release 

kinetics was gotten from the antimicrobial disc. Aspergillus Niger, a fungus that was isolated 

from a soil sample, served as the test microorganism in this experiment. The effect of loading 

cellulose acetate with the antimicrobial agent was elucidated and over a prolonged period of 

time (two years) it was still effective. 

7.1 Recommendations for future work 

7.1.1 Application of AMACR conjugated doxorubicin to treat colon cancer  

 

The peroxisomal oxidation of branched-chain fatty acids from red meat and dairy products is 

significantly aided by an enzyme called -methylacyl CoA racemase (AMACR), also known 

as P504S [1]. Immunohistochemical analysis was used in an investigation to examine the 
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expression of AMACR in 242 instances of colonic malignancies, including 176 colorectal 

carcinomas, 38 colon adenomas, and 28 hyperplastic (non-neoplastic) polyps [1]. Real-time 

PCR was used to measure the messenger ribonucleic acid (mRNA) levels of AMACR 

expression in normal and colon cancer tissues. Real-time PCR was used to measure the 

mRNA levels of AMACR expression in healthy and colon cancer-related tissues. When 

compared to normal tissue, colon cancers were shown to have a significant up-regulation of 

AMACR mRNA. The expression of the AMACR protein was very low or absent in the 

normal colon, while it was substantially expressed in 76 and 75%, respectively, of well and 

moderately differentiated colon carcinomas as well as in 79% of adenomas. Only 4% of 

hyperplastic polyps, in contrast, exhibited AMACR [1]. So, for future research, doxorubicin 

conjugated to AMACR might be a powerful treatment to target the overexpressed biomarker 

on the surface of colon cancer.  

7.1.2 Application of AMACR conjugated doxorubicin to treat glioblastoma 

In glioblastoma, AMACR protein and mRNA levels were markedly increased. Cell 

proliferation was reduced by AMACR downregulation. The amount of AMACR expression 

was shown to be linked with the clinical outcome of glioma patients after thorough 

examination of the public REMBRANDT GBM dataset. As a result of these findings, which 

show that AMACR expression is elevated in a glioblastoma cell line and glioma patients, 

AMACR may be a viable diagnostic marker and therapeutic target for cancer, including 

glioma [2]. Hence, conjugating doxorubicin with AMACR could be helpful in targeting the 

overexpressed AMACR biomarker on the surface of glioblastoma in vitro and in vivo. 

Hence, the enzyme α-methylacyl CoA racemase (AMACR) is involved in the metabolism of 

branched-chain fatty acids and has been identified as a promising therapeutic target for 

prostate cancer, colon cancer and glioblastoma. Some of the ligands employed could include 

small compounds, peptides, antibodies, and aptamers; each having a unique affinity for 
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cellular receptor proteins, cancer-specific antigens, enzymes, and nucleic acids. Further 

research can help in the selection of ligands that are specifically directed against cancer, and 

it might also serve as inspiration for the ongoing development of novel conjugation 

techniques in various cellular and animal models. 

7.1.3 Application of polymer based antimicrobial agent in food preservation 

Since pathogen/microbial infection is one of the biggest risks to human health, there has been 

an increase in the demand for antimicrobial polymers globally in recent years. However, as 

microbes can enter through polymer fissures, mechanical damage to antimicrobial polymers 

may reduce their protective efficacy. As a result, antimicrobial materials with self-healing 

capabilities, which allow mechanical damage to be repaired on its own, have higher 

dependability and a longer lifespan [3]. Commercialized cationic antibacterial compounds 

like poly(ethylene imine) (PEI) and cetyltrimethylammonium bromide are some of the 

substances that may be blended with polymers to enhance their antimicrobial capabilities 

(CTAB)[3]. Some other antimicrobial peptides that can be used due to their cationic 

properties based on their structure includes;                             [4]. In 

conclusion, hybrid antimicrobial nanostructures or films can act as antimicrobials by 

themselves or deliver bioactive molecules for a variety of applications, including wound 

dressing, photodynamic antimicrobial therapy, food packing and preservation, and antifouling 

applications. Antimicrobial polymers can be grafted or self-assembled to inert or non-inert 

vehicles. [5] 
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