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ABSTRACT 

In this research a variety of drug delivery systems were synthesized and characterized. 

For the most part, these consisted of a matrix of poly(lactic-co-glycolic acid) (PLGA), 

polyethylene glycol (PEG), and polyvinyl alcohol (PVA) containing encapsulated 

anticancer drugs as chemotherapy agents. The drug release from biodegradable 

nanoparticles was analyzed mathematically using new approaches that simultaneously 

incorporates the three major mechanisms of release: initial burst, nanoparticle 

degradation-relaxation, and diffusion. The theoretical release studies were corroborated 

experimentally by evaluating the cytotoxicity effectiveness of PHT-427-loaded 

nanoparticles over pancreatic cancer cells in vitro. These studies showed that the 

encapsulated PHT-427 drug in the nanoparticles is more accessible and thus more 

effective when compared with the drug alone. Also, the PHT-427-loaded nanoparticles 

cytotoxicity was evaluated in vivo studies with pancreatic tumors. The results show that 

the drug is more effective when is loaded into polymeric nanoparticles compared to drug 

alone, by reducing orthotopic pancreatic tumor growth. In addition, a selection of 

hydrophobic to hydrophilic drugs were encapsulated into polymeric nanoparticles to find 

optimal drug loadings by using single or double emulsification techniques. The release of 

these drugs from PLGA nanoparticles was evaluated to determine the overall release 

profile characteristics. The encapsulation of the drug pemetrexed was improved by using 

polyethileneimine. The high positive charge density of polyethileneimine causes a strong 

electrostatic interaction with the carboxylic acids of pemetrexed; this complex decreases 

the solubility of pemetrexed and boosts the encapsulation efficiency. Additionally, a drug 
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release mathematical analysis that considers the effects of the temperature of release was 

effectively established. The analysis was performed by using two different models: the first 

one simultaneously incorporates the mechanisms of initial burst and nanoparticle 

degradation – relaxation, and the second model, besides of the mechanisms of the first 

model, includes the diffusion of the drug. Both models were successfully employed to 

describe the experimental release of rhodamine 6G from PEGylated nanoparticles at 

different temperatures. From the parameters obtained by the fit using each model, it was 

possible to define a set of new relations of the form of Arrhenius to estimate the 

parameters of release at other temperatures.   
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CHAPTER 1. INTRODUCTION 

1.1.  Nanotechnology in therapeutics 

Nanotechnology is considered now an established, interactive and relevant 

multidisciplinary technical field that involves the design and engineering of nanoobjects or 

nanotools of <500 nanometers in size (Cuenca et al., 2006). The understanding of the 

nanotechnology principles has been continuously increasing and has permitted the control 

of the structure of matter among atoms and molecules at the nanoscale. This 

understanding has been used to create unique nanoscale systems, and to develop new 

and improved materials for many different applications. One of those applications is the 

use of nanotechnology in therapeutics, where one of the most important branches is 

associated with cancer research. Figure 1.1, adapted from literature (Xue et al., 2011), 

presents the data for the number of publications and citations in the last decades, 

according to the Web of Science database with keyword search of nano* and therapy*. 

This figure shows an exponential grow in the number of publications and citations in the 

last decades. In addition, from the increased interest in the application of nanotechnology 

in medicine, a new area called nanomedicine appeared recently (Freitas, 2005). The 

interest and importance of the research in nanomedicine has received immense attention 

driven by the need to find new and effective approaches to major public health problems, 

like cancer, cardiovascular and infectious diseases. Nanomedicine is related to the 

application of nanodevices and tools in the treatment and diagnosis of many different 

diseases, including several types of cancer. The different nanodevices, for example in 

drug delivery for cancer therapy, are designed principally from polymeric, liposomes, 
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metallic, ceramic, carbon, and composite materials (Cuenca et al., 2006; Z. Liu et al., 

2010). These materials could be structured to perform a specific activity or activities, and 

also to contain explicit characteristics. 

 

 

Figure 1.1. Research & development history of nanosystems applied in therapeutics over the past 
two decades. A. Number of publications per year. B. Number of citations per year. The data are 
generated through the Web of Science database with keyword search of nano* and therap*(Xue et 
al., 2011). 
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The design of nanostructures should consider the numerous biological barriers that exist 

to protect the human body from invasion by foreign particles (Alexis et al., 2008). Part of 

this considerations are reflected in fundamental characteristics like size, shape, 

composition and surface properties; which have a key role in the circulation time, 

extravasation, targeting, immunogenicity, internalization, intracellular trafficking, 

degradation, flow properties, clearance, and uptake mechanisms (Mitragotri and Lahann, 

2009; Petros and DeSimone, 2010). The size, surface characteristics, and shape of a 

nanoparticle has a key role in its biodistribution in vivo (Petros and DeSimone, 2010).The 

size of these nanostructures should be large enough to prevent their rapid leakage into 

blood capillaries but small enough to escape capture by fixed macrophages that are 

lodged in the reticuloendothelial system, such as the liver and spleen (Alexis et al., 2008; 

K. Cho et al., 2008; Petros and DeSimone, 2010). PLGA-nanoparticles are internalized in 

cells partly through fluid phase pinocytosis and also through clathrin-mediated 

endocytosis. PLGA-nanoparticles rapidly escape the endo-lysosomes and enter the 

cytoplasm within 10 min of incubation. This facilitates interactions of nanoparticles with 

the vesicular membranes leading to transient and localized destabilization of the 

membrane resulting in the escape of nanoparticles into the cytosol (Danhier et al., 2012; 

Vasir and Vinod Labhasetwar, 2007). Besides, nanoparticles have in general, relatively 

higher intracellular uptake compared to microparticles (Desai et al., 1996; Panyam and 

Vinod Labhasetwar, 2003). The shape of the nanostructures also plays an important role 

on the rate of cell internalization; particles with similar volumes but different shapes were 

internalized at vastly different rates (Champion and Mitragotri, 2006; Petros and 

DeSimone, 2010). Nanoparticles should ideally have a hydrophilic surface to escape 

macrophage capture. In order to obtain this hydrophilic surface, PLGA is usually 
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functionalized with PEG, a step that has been incorporated in some of our drug 

encapsulations in this research. The purpose of these PEG chains is to create a barrier 

layer to block the adhesion of opsonins present in blood serum, so that the particles can 

remain camouflaged or invisible to phagocytic cells (Owens and Peppas, 2006). Park et 

al. maximized the efficacy of the drug encapsulated where the dose-limiting cardiotoxicity 

was minimized by controlled release from PEGylated nanoparticles (Jason Park et al., 

2009).  

1.2. Drug delivery 

The delivery of drugs and other therapeutic compounds is a subject of great interest due 

to the different applications in health-related problems. The worldwide market for 

advanced drug delivery systems is projected to approach $175.6 billion by 2016, this is an 

increase of $44 billion over the 2010 market (Santini, 2013). The goal of drug delivery is 

to get the right amount of drug in the right place at the right time for the right length. 

Although an improvement in the convenience of drug administration is desired, it cannot 

come at the expense of safety or efficacy (Santini, 2013). The methods of drug delivery 

are varied, from oral, transdermal, pulmonary, implantable, etc. From all the methods of 

drug delivery, nanoformulations are the ones that received more attention in the last 

decades. Properly engineered nanoformulations as drug carriers (nanocarriers) can 

increase the exposure of cells/tissues/tumors to therapeutic agents and result in improved 

treatment effects by prolonging circulation times, protecting entrapped drugs from 

degradation, and enhancing tumor uptake through the enhanced permeability and 

retention effect as well as receptor-mediated endocytosis. Multiple therapeutic agents 

such as chemotherapy, antiangiogenic, or gene therapy agents can be simultaneously 
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encapsulated and delivered by nanocarriers to tumor sites to enhance the effectiveness 

of therapy and as such have received generalized attention and suited quite broadly (Peer 

et al., 2007; Shi et al., 2010). These nanosystems could be tuned to offer several 

advantages over free drugs, for example, they could protect the drug from undesired 

interactions with other organic tissues, as well as target specific tissues, boosting the 

desired interactions. In addition, by using nanosystems for drug delivery, the drug release 

from the matrix could be effectively controlled to deliver only needed amount of drug 

(Danhier et al., 2012; Makadia and S. J. Siegel, 2011; Mu and Feng, 2003; Peer et al., 

2007). The nanosystems should also meet several characteristics, for example, they 

should be made from biocompatible and biodegradable materials and processing should 

not be a difficult enterprise (Mu and Feng, 2003; Peer et al., 2007).  

Polymeric nanoparticles are defined as nanoscale drug delivery platforms assembled by, 

for example, biodegradable polymers, dendrimers, and micelles (Zolnik et al., 2010). 

Several polymers can be used to produce polymeric nanoparticles: poly(amides), 

poly(amino acids), poly(esters), poly(orthoesters), poly(urethanes), and 

poly(acrylamides), etc. (Jain, 2000). A summary of pharmaceutically used polymers with 

respect to their physicochemical characteristics and factors affecting drug delivery 

abilities, as well as the fundamental drug delivery systems are reported in the literature 

(Jain, 2000; Khandare and Haag, 2010; Liechty et al., 2010; Moghimi et al., 2001; Parveen 

and Sahoo, 2008). Among the materials used in drug delivery, one of the most successful 

is the poly(ester): poly-d,l-lactide-co-glycolide (PLGA), which shows immense potential as 

a drug delivery carrier and as scaffold for tissue engineering (Danhier et al., 2012; Makadia 

and S. J. Siegel, 2011). PLGA is one of the most used biodegradable polymers for the 

development of nanomedicines because it undergoes hydrolysis in the body to produce 
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the biodegradable metabolite monomers, lactic acid and glycolic acid, which at the same 

time are biodegraded to CO2 and water (Danhier et al., 2012; Jain, 2000; Kumari et al., 

2010). Depending of the ratio of these monomers, PLGA will exhibit different 

biodegradation rates, structural and mechanical properties (Danhier et al., 2012; Jain, 

2000). Another advantage of PLGA is that it contains a large number of accessible 

carboxyl groups that allow their easy functionalization with other molecules prior and after 

nanoparticle preparation. Additionally, PLGA is an approved polymer by the Food and 

Drug Administration (FDA), and the European Medicine Agency (EMA) and as such is 

already used in a host of therapeutic devices owing to their biodegradability and 

biocompatibility (Danhier et al., 2012; Parveen and Sahoo, 2008). 

PLGA nanoparticles have been prepared by several methods, the most common 

technique is the emulsification–solvent evaporation technique (Danhier et al., 2012; 

Grazia Cascone et al., 2002; Jain, 2000; J. Yang et al., 2007). However, other methods 

are also applied, like emulsification-solvent diffusion (Hideki Murakami et al., 2000; 

Sahana et al., 2008), nanoprecipitation (Chorny et al., 2002; Dhar et al., 2008), etc. 

Practically, any hydrophobic or hydrophilic drug could be considered for encapsulation 

into polymeric nanoparticles. The encapsulation of cytotoxic chemotherapeutic agents in 

biodegradable PLGA nanoparticles may offer advantages over other delivery systems, 

including liposomes (Jason Park et al., 2009). Several anticancer drugs and other different 

compounds have been encapsulated into PLGA nanoparticles using these methods for 

the synthesis of nanoparticles. For example, paclitaxel, doxorubicin, 5-fluorouracil, 9-

nitrocamptothecin, cisplatin, triptorelin, dexamethasone, etc., have been successfully 

encapsulated on PLGA nanoparticles (Kumari et al., 2010). Along the present work, we 

encapsulated the chemotherapeutic drug Doxorubicin  (DOX), an anthracycline antibiotic 
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widely used in many types of cancers like breast carcinomas (Amjadi et al., 2012; Blum 

and Carter, 1974; R. Lin et al., 2005). It works by interfering with the growth of rapidly 

growing cancer cells where it binds and intercalates into the DNA strand, thus, inhibiting 

further DNA and RNA biosynthesis, eventually causing cell death (R. Lin et al., 2005). 

Nevertheless, DOX was found to be toxic principally inducing heart failure, an effect 

probably due to the total dose of doxorubicin administered (Daniel D. Von Hoff et al., 

1979).  Also, in this work an AKT/PDK1 kinase inhibitor was encapsulated into polymeric 

nanoparticles. AKT, also known as protein kinase B, is a serine/threonine kinase involved 

in the regulation of cell proliferation, survival/apoptosis, angiogenesis, metabolism, and 

protein synthesis (Mortenson et al., 2004). AKT is known to be a key component of the 

PtdIns-3-Kinase cell survival signaling pathway which is activated in pancreatic cancers 

(Mortenson et al., 2004). PHT-427 is a novel AKT inhibitor that binds to the Pleckstrin 

Homology PH domain of the kinase, thus preventing its binding to phosphatidylinositol 

(PtIns)-(3,4,5) P3 at the plasma membrane and subsequent activation of AKT (Meuillet et 

al., 2010; S. A. Moses et al., 2009). Other drug used in this research was Gemcitabine 

(GEM) (2’,2’-difluorodeoxycytidine, dFdC), which is a chemotherapy drug used against 

pancreatic cancer, and also is used in combination therapy for non-small cell lung cancer, 

ovarian cancer, and metastatic breast cancer (Sloat et al., 2011). GEM mechanism of 

action requires intracellular phosphorylation that results in the accumulation of 

difluorodeoxycytidine triphosphate (dFdCTP). The dFdCTP competes with deoxycytidine 

triphosphate (dCTP) for incorporation into DNA, which in turn inhibits DNA synthesis 

(Burris et al., 1997). In this research, we also encapsulated the drug Pemetrexed (PMTX), 

a new-generation antifolate, approved for the treatment of mesothelioma and non–small 

cell lung cancer, currently being evaluated for the treatment of a variety of other solid 
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tumors (Chattopadhyay et al., 2007). PMTX has effects over the enzymatic synthesis of 

thymidine and purine nucleotides and thereby inhibit cell proliferation by disrupting DNA 

synthesis (Muhsin et al., 2004). 

1.3. Mathematical modeling of drug release from bio degradable nanoparticles 

The drug release from biodegradable nanoparticles is a complex problem that involves 

many factors, such as the temperature, the size and shape, the molecular weight, pH, the 

dissolution of oligomers inside the matrix, the drug solubility, amount and location of the 

drug, drug-drug interactions, polymer-drug interactions, etc. For example, the 

experimental release of doxorubicin at different temperatures from poly(N-

isopropylacrylamide-acrylamide-allylamine)-coated magnetic nanoparticles showed that 

temperature plays a significant role by increasing the release rate with a  temperature 

increase (Rahimi et al., 2010). In the same regard, the degradation rate of PLGA 

microspheres was found to increase with an increase in  incubation temperature (Dunne 

et al., 2000). As temperature, other many factors that affect the drug release has been 

investigated in literature, but in general there are only three possible ways for drug 

molecules to be released from a PLGA-based drug delivery systems: (i) transport through 

water-filled pores, (ii) transport through the polymer, and (iii) release due to dissolution of 

the encapsulating polymer (which does not require drug transport) (Fredenberg et al., 

2011). The typical profiles of release obtained from PLGA nanoparticles depend on  all 

the factors mentioned above, and could contain one, two or three phases of release, but 

usually at least a biphasic behavior is observed. These phases of release are directly 

related to the three ways mentioned above for drug molecules to be released from a 

PLGA-based drug delivery systems. The transport though water-filled pores could be 



27 

 

 

 

described basically by diffusion through the nanoparticle, but also it is related to the initial 

drug burst release, a process of interfacial diffusion between the solid sphere surface and 

the liquid media, such that the drug release rate is considered proportional to the 

difference between the concentration of drug in the sphere most external polymer layers, 

and the concentration of drug in the surrounding liquid media at the time of analysis. This 

phenomenon is also the result of other factors such as the concentration of drug on the 

surface, the surface area, the interphase properties, the solubility of the drug, and the 

electrostatic interactions between the drug and the solid polymer matrix. 

The nanoparticle degradation – relaxation phenomenon is related to the degradation by 

hydrolysis of the PLGA in the aqueous solution. In this stage, the nanoparticle interphase 

with the liquid is the first portion exposed to hydrolysis, and is related to the surface area, 

and the molecular weight of the polymer. Initially, the nanoparticle is organized in a very 

compact way. As time increases, the polymer in the nanoparticle surface is fragmented in 

small oligomers by degradation, promoting water penetration, and consequently 

nanoparticle relaxation. Previous work demonstrates that a linear relationship between the 

degradation rate and the particle size exists, with the larger particles degrading the fastest; 

this is explained in the sense that larger particles have to deal with longer paths of diffusion 

of its oligomers to reach the surface of the particle compared to small particles (Dunne et 

al., 2000). As the degradation continues from the nanoparticle surface, new paths for 

water penetration are originated. At this point, the degradation of the nanoparticle could 

follow two simultaneous routes, one reducing the radius of the nanoparticle, and the other 

one increasing the porosity of the nanoparticle. As the porosity increases, the nanoparticle 

gets more relaxed by the water penetration and the hydrolysis now could continue in 

several directions simultaneously. The PLGA nanoparticle degradation – relaxation effects 
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over the drug release has been explained with a first order equation for the change in the 

molecular weight of the polymer with respect to time (Deng et al., 2008; Mohammad and 

Reineke, 2013), and also by using a drug release a relationship known as the Prout-

Tompkins equation (Dunne et al., 2000; Fitzgerald and O. I. Corrigan, 1993), which was 

initially introduced to describe the thermal decomposition of potassium permanganate 

(Prout and Tompkins, 1944). Drug release kinetics from biodegradable devices have been 

described in the literature by combining and using different mechanisms of release 

(Fredenberg et al., 2011; Lao et al., 2011). Mathematical models of drug release include 

processes that consider first order rates for the initial burst release combined with a 

second stage that considers bulk degradation of the polymer in microparticles (Gallagher 

and O. I. Corrigan, 2000) and nanoparticles (Owen I. Corrigan and Xue Li, 2009). In these 

particular cases the bulk degradation of the polymer was considered by using also the 

Prout-Tompkins equation (Fitzgerald and O. I. Corrigan, 1993; Prout and Tompkins, 

1944). In other mathematical models reported in the literature, the mechanisms of release 

involve a combination of first order rate initial burst with diffusion of the drug through 

polymeric microspheres (Batycky et al., 1997; He et al., 2005; Raman et al., 2005). Other 

more complex models of release from biodegradable polymeric microspheres consider 

three mechanisms: drug diffusion, drug dissolution, and polymer erosion and are 

described by three equations that  consider drug concentration in the liquid phase, a virtual 

solid phase, and an effective solid phase (M. Zhang et al., 2003). Similar complex systems 

model the entire drug release profile as the summation of the three mechanisms: first order 

burst release, first order bulk degradation of the polymer, and diffusional release, but in 

consecutive time periods for each release stage (Lao et al., 2009). The work in this 

dissertation describes the development of a mathematical model that incorporates the 
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simultaneous contribution of three phases of controlled release and used to effectively 

describe the release of the kinase inhibitor and anticancer drug, AKT/PDK1.   

1.4. Cancer facts 

Cancer is a major public health problem in the United States and many other parts of the 

world. Currently, one in 3 women and one in 2 men in the United States will develop cancer 

in their lifetime (R. Siegel et al., 2012). The estimated new cases of cancer in United States 

for 2013 are 1,660,290, and it is projected that there will be 580,350 cancer related deaths 

(American Cancer Society, 2013; R. Siegel et al., 2013). Cancer is the second most 

common cause of death in the US, exceeded only by heart disease, accounting for nearly 

1 of every 4 deaths (American Cancer Society, 2013; R. Siegel et al., 2013). 

Among men, cancers of the prostate, lung and bronchus, and colorectum will account for 

about 50% of all newly diagnosed cancers; prostate cancer alone will account for 28% 

(238,590) of incident cases in men. The 3 most commonly diagnosed types of cancer 

among women in 2013 will be breast, lung and bronchus, and colorectum, accounting for 

51% of estimated cancer cases in women. Breast cancer alone is expected to account for 

29% (232,340) of all new cancer cases among women (R. Siegel et al., 2013). 

Lung cancer is the leading cause of cancer-related death in the U.S. and will account for 

about 14% of all new cancers (American Cancer Society, 2013). Based on type and stage 

of lung cancer, treatments include surgery, radiation therapy, chemotherapy, and targeted 

therapies such as bevacizumab (Avastin), alimta (Pemetrexed), erlotinib (Tarceva), and 

crizotinib (Xalkori) (American Cancer Society, 2013). Pancreatic cancer is one of the most 

aggressive cancers; for all the stages combined, most of the patients will die within the 

first year of diagnosis, and the relative survival rates for 5 years is just 6% (American 
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Cancer Society, 2013). The treatments for pancreatic cancer also include surgery, 

chemotherapy, chemoradiation therapy, and targeted therapy. The combination of 5-FU, 

leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX) can help prolong life in patients with 

advanced disease, though many patients are too ill to tolerate this regimen. Other 

treatment options include gemcitabine alone or in combination with a platinum agent, 

erlotinib (Tarceva), or fluoropyrimidine (American Cancer Society, 2013). 

In 2009, Americans had a 20% lower risk of death from cancer than in 1991, when cancer 

death rates are compared (R. Siegel et al., 2013). Though chemotherapy is successful to 

some extent, the main drawbacks of chemotherapy is the limited accessibility of drugs to 

the tumor tissues requiring high doses, their intolerable toxicity, development of multiple 

drug resistance and their non-specific targeting. Nanoparticles, have the potential to 

successfully address these problems related to drug delivery and retention and are 

considered potential candidates to carry drugs to the desired site of therapeutic action. 

Polymeric nanoparticles, such as the ones proposed in this research, can be used in 

nanoparticle therapeutics containing small-molecule drugs, peptides, proteins, and nucleic 

acids.  Compared to conventional therapeutic strategies, they can improve the solubility 

of poorly soluble drugs and increase drug half-life and specificity to the target sites.  

Polymeric nanoparticles allow for enhancing the intracellular drug concentration in cancer 

cells while avoiding toxicity in normal cells, resulting in potent therapeutic effects.  

1.5. Dissertation description 

In this research a variety of drug delivery systems were synthesized and characterized 

consisting of a matrix polymer PLGA, polyethylene glycol and polyvinyl alcohol containing 

anticancer drugs as the chemotherapeutic agents. In this work, the drug release from 
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biodegradable nanoparticles was analyzed and described mathematically using new 

approaches that include the three more significant mechanisms of release: initial burst, 

nanoparticle degradation – relaxation, and diffusion.  This model contemplates that the 

three drug release mechanisms, occurs simultaneously, a better representation that could 

describe more accurately the behavior of a real system. In addition, the drug loaded 

nanoparticle cytotoxicity for cancer cells was evaluated in vitro and in vivo. 

In Chapter 2, the experimental formulation parameters in the synthesis and 

characterization of poly(lactic-co-glycolic acid) (PLGA) nanoparticles (PNP) were 

investigated, in order to find the ideal conditions of nanoparticle preparation. In addition, 

a wide range of hydrophobic to hydrophilic drugs were encapsulated into these polymeric 

nanoparticles to find optimal drug loadings. The drug Doxorubicin was encapsulated using 

a single emulsification – solvent evaporation technique. On the other hand, the drugs 

Gemcitabine and Pemetrexed were encapsulated using a double emulsification – solvent 

evaporation technique. The effects of theoretical drug loadings over the nanoparticle 

characteristics were examined. The release of these drugs from PLGA nanoparticles was 

evaluated to determine the general release profile characteristics. The encapsulation of 

Pemetrexed was improved by using polyethileneimine (PEI), since the high positive 

charge density of PEI causes a strong electrostatic interaction with PMTX carboxylic acids; 

this complex decreases the solubility of PMTX and boosts the encapsulation efficiency. 

In Chapter 3, a mathematical model that incorporates the simultaneous contribution of 

three phases of controlled release was developed and used to effectively describe the 

release of the kinase inhibitor and anticancer drug, AKT/PDK1.  The encapsulation of this 

drug into PLGA nanoparticles was performed at different theoretical drug loadings (TDL).  

The nanoparticles were prepared by emulsification/solvent evaporation methods and 
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release determined in phosphate buffer pH 7.4 at 37 °C. The size of nanoparticles was 

obtained in a range of 209-413 nm. The experimental release profiles showed three well 

defined phases: an initial fast drug release, a nanoparticle degradation–relaxation slower 

release and a diffusion release phase. A parametric analysis of the model was performed 

to assess the effect of the controlled release most relevant parameters such as drug 

diffusivity, initial burst constant, nanoparticle degradation-relaxation constant, and the time 

to achieve a maximum rate of drug release. The theoretical release studies were 

corroborated experimentally by evaluating the cytotoxicity effectiveness of the inhibitor 

AKT/PDK1 loaded nanoparticles over BxPC-3 pancreatic cancer cells in vitro. These 

studies show that the encapsulated inhibitor AKT/PDK1 in the nanoparticles is more 

accessible and thus more effective when compared with the drug alone, indicating their 

potential use in chemotherapeutic applications. 

In Chapter 4, PLGA nanoparticles loaded with a kinase inhibitor were prepared and 

characterized. The release of the kinase inhibitor was experimentally determined at 

physiological temperature (37°C) and pH 7.4. The results suggest the use of this systems 

for long term therapies. The drug loaded nanoparticles cytotoxicity was evaluated in vitro 

and in vivo studies with pancreatic cancer cells. The results show that the kinase inhibitor 

is more effective when is loaded into polymeric nanoparticles compared to drug alone, by 

reducing MiaPaCa-2 orthotopic pancreatic tumor growth. Finally, metastases to the liver 

are also inhibited by the PLGA nanoparticles loaded with a kinase inhibitor compared to 

the polymeric nanoparticle controls (without drug encapsulated) and with the drug alone. 

Chapter 5 describes the mathematical analysis that incorporates temperature effects over 

the controlled drug release from biodegradable nanoparticles. The hydrophobic dye, 

Rhodamine 6G (R6G) was used as a drug model in the loading of PEGylated PLGA 
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nanoparticles. The release of the drug was evaluated at different temperatures and well 

defined profiles were obtained when the three characteristic phases of release: initial 

burst, nanoparticle degradation – relaxation and diffusion were considered. Two coupled 

models with combinations of two or three mechanisms of release were used to describe 

the resulting profiles. For both models, the temperature effect was mainly in the 

nanoparticle degradation - relaxation constant rate. Both models described and analyzed 

showed a very good fit with the experimental data with the adjusted parameters in each 

model. In general, an increase in the system’s temperature produced an increase in drug 

release rate and a parametric analysis was performed to determine the relationship 

between the temperature effect and the drug release rate. From the parameters obtained 

by the fit using each model, it was possible to define a set of new relations of the form of 

Arrhenius to estimate the parameters of release at other temperatures.  
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF POLYME RIC 

NANOPARTICLES WITH ENCAPSULATED ANTICANCER DRUGS  

2.1. Abstract  

The formulation parameters in the synthesis and characterization of poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles (PNP) using single emulsification – solvent evaporation 

technique were investigated first without drug in order to determinate the ideal conditions 

for effective preparation and eventual drug encapsulation. The particle size in the different 

formulations obtained was in of 145-307 nm with the zeta potential from -20 to -27 mV. 

Several drug-loaded PLGA nanoparticles (Drug-PNP) were prepared using this single 

evaporation approach in addition to a double emulsification-solvent evaporation method. 

Both techniques were employed according to the hydrophobic and hydrophilic properties 

of each drug, in order to obtain the optimal drug loading and encapsulation efficiency. The 

chemotherapy drug Doxorubicin hydrochloride salt (DOX) was encapsulated using the 

single emulsification – solvent evaporation technique while the chemotherapeutic drugs 

Gemcitabine hydrochloric salt (GEM) and Pemetrexed disodium salt (PMTX) were 

encapsulated using the double emulsification – solvent evaporation technique. Also, the 

PMTX encapsulation process was improved by using polyethileneimine (PEI), as an ion 

exchange adsorbent thus decreasing the solubility of PMTX and increasing the 

encapsulation efficiency. Drug loading in polymeric nanoparticles ranged from 0.01% to 

2% depending of the drug utilized. The size and zeta potential of drug-PNP were related 

to the theoretical drug loading and the specific drug, ranging from 155-413 nm, and from 

0 to -23 mV correspondingly. The in vitro release studies ranged from hours to days 
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depending of the characteristics of the drug and the drug-polymeric nanoparticle system. 

In addition, the release rate for doxorubicin was studied at different temperatures, showing 

a clear correspondence between the temperature and the rate of release.   

2.2. Introduction 

The delivery of drugs and other therapeutic compounds is a subject of great interest due 

to the different applications in health problems, like the specific case of cancer. Among 

several approaches, the capability of nanosystems to deliver compounds has been 

broadly studied (Peer et al., 2007; Shi et al., 2010). These nanosystems could be tuned 

to offer several advantages over free drugs, for example, they could protect the drug from 

undesired interactions with other organic tissues, as well as target specific tissues, 

boosting the desired interactions. In addition, by using nanosystems for drug delivery, the 

drug release from the matrix could be controlled more effectively (Danhier et al., 2012; 

Makadia and S. J. Siegel, 2011; Mu and Feng, 2003; Peer et al., 2007). The nanosystems 

should also meet several characteristics, for example, they should be made from 

biocompatible and biodegradable materials. In addition, they should be easy to process 

(Mu and Feng, 2003; Peer et al., 2007). Among all the materials used in drug delivery, 

one of the most successful is PLGA, showing immense potential as a drug delivery carrier 

and as scaffolds for tissue engineering (Danhier et al., 2012; Makadia and S. J. Siegel, 

2011). PLGA undergoes hydrolysis in the body to produce the biodegradable metabolite 

monomers, lactic acid and glycolic acid, which are further biodegraded to CO2 and water 

(Danhier et al., 2012; Jain, 2000; Kumari et al., 2010). Depending of the ratio of these 

monomers, PLGA will exhibit different biodegradation rates, structural and mechanical 

properties (Danhier et al., 2012; Jain, 2000). Another advantage of PLGA is that it has 
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carboxyl groups that allow easy functionalization with other molecules prior to and after 

nanoparticle preparation. Practically, any hydrophobic or hydrophilic drug could be 

considered for encapsulation into polymeric nanoparticles. The encapsulation of cytotoxic 

chemotherapeutic agents in biodegradable PLGA nanoparticles may offer advantages 

over other delivery systems, including liposomes (Jason Park et al., 2009). Additionally, 

PLGA is approved by the food and drug administration (FDA), and the European Medicine 

Agency (EMA) (Danhier et al., 2012; Parveen and Sahoo, 2008). PLGA nanoparticles 

have been prepared by several methods, the most common technique is the 

emulsification–solvent evaporation (Danhier et al., 2012; Grazia Cascone et al., 2002; 

Jain, 2000; J. Yang et al., 2007). However, other techniques are also applied, like 

emulsification-solvent diffusion (Hideki Murakami et al., 2000; Sahana et al., 2008), 

nanoprecipitation (Chorny et al., 2002; Dhar et al., 2008), etc. Several anticancer drugs 

and other different compounds have been encapsulated into PLGA nanoparticles using 

these methods for the synthesis of nanoparticles. For example, the cancer related drug 

paclitaxel, doxorubicin, 5-fluorouracil, 9-nitrocamptothecin, cisplatin, triptorelin, 

dexamethasone, etc., have been successfully encapsulated on PLGA nanoparticles 

(Kumari et al., 2010).  

DOX, an anthracycline antibiotic, is a chemotherapy widely used in many types of cancers 

like breast carcinomas (Amjadi et al., 2012; Blum and Carter, 1974; R. Lin et al., 2005). It 

works by interfering with the growth of rapidly growing cancer cells where it binds and 

intercalates into the DNA strand, thus, inhibiting further DNA and RNA biosynthesis, 

eventually causing cell death (R. Lin et al., 2005). Nevertheless, DOX was found to be 

toxic principally inducing heart failure, an effect probably due to the total dose of 

doxorubicin administered (Daniel D. Von Hoff et al., 1979).  
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GEM (2’,2’-difluorodeoxycytidine, dFdC) is chemotherapeutic drug  used against 

pancreatic cancer, and also in combination therapy for non-small cell lung cancer, ovarian 

cancer, and metastatic breast cancer (Sloat et al., 2011). GEM mechanism of action 

requires intracellular phosphorylation that results in the accumulation of 

difluorodeoxycytidine triphosphate (dFdCTP). The dFdCTP competes with deoxycytidine 

triphosphate (dCTP) for incorporation into DNA, which in turn inhibits DNA synthesis 

(Burris et al., 1997).  

The drug PMTX is a new-generation antifolate, approved for the treatment of 

mesothelioma and non–small cell lung cancer, currently being evaluated for the treatment 

of a variety of other solid tumors(Chattopadhyay et al., 2007). PMTX has effects over the 

enzymatic synthesis of thymidine and purine nucleotides and thereby inhibits cell 

proliferation by disrupting DNA synthesis (Muhsin et al., 2004). 

The present work studied the formulation parameters in the synthesis of drug free PLGA 

nanoparticles (PNP) using the single emulsification – solvent evaporation technique to 

determinate the ideal conditions of preparation. In addition, several drug-loaded PLGA 

nanoparticles (Drug-PNP) were prepared using drugs ranging from hydrophobic to 

hydrophilic by using single or double emulsification-solvent evaporation technique. The 

theoretical drug loading over the properties of the nanoparticles were studied. The 

chemotherapy Doxorubicin hydrochloride salt was encapsulated using single 

emulsification – solvent evaporation technique. The drugs Gemcitabine hydrochloric salt 

and Pemetrexed disodium salt were encapsulated using double emulsification – solvent 

evaporation technique. Also, Pemetrexed disodium salt encapsulation process was 

improved by using polyethileneimine, since the high positive charge density of 

polyethileneimine causes a strong electrostatic interaction with Pemetrexed disodium salt 
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carboxylic acids; this complex decreases the solubility of Pemetrexed and boosts the 

encapsulation efficiency. The results of all different nanoparticle preparations 

demonstrated the feasibility to encapsulate diverse compounds into PLGA nanoparticles. 

2.3. Materials and Methods  

2.3.1. Materials 

PLGA acid terminated (50/50 DL-lactide/glycolide copolymer, IV midpoint 0.2 dl/g) was 

purchased from Purac Biomaterials, Gorinchem, The Netherlands. PLGA with 

composition 50:50, acid terminated, and a molecular weight of 7,000-17,000 a.m.u. was 

purchased from Sigma-Aldrich, Inc. (Milwaukee, WI). Dichloromethane (CH2Cl2) was 

purchased from Fisher Scientific Inc. (Fair Lawn, NJ). Chloroform, Polyethylenimine 

branched with an average molecular weight of ~25,000 a.m.u., and poly(vinyl alcohol) 

(PVA) with an average molecular weight of ~31,000 a.m.u. and 86.7-88.7 mol% hydrolysis 

were obtained from Sigma Aldrich, Inc. (St. Louis, MO). Doxorubicin hydrochloride salt, 

Gemcitabine hydrochloric salt, and Pemetrexed disodium salt were purchased from LC 

Laboratories (Woburn, MA). The kinase inhibitor and anticancer drug PHT-427 was 

provided by the laboratory of Emmanuelle J. Meuillet in the Cancer Center at The 

University of Arizona. 

2.3.2. Single emulsification technique for polymeri c nanoparticle preparations  

PLGA nanoparticles (PNP) were synthesized by following a single nanoemulsion method. 

The schematic of the procedure for the preparation of PNP is presented in Fig. 2.1 when 

no drug encapsulation. Briefly, PLGA (50/50 DL-lactide/glycolide copolymer, IV midpoint 

0.2 dl/g) was dissolved in CH2Cl2. Next, an aqueous PVA solution, used as a stabilizer, 
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was gently added to the organic phase. Subsequently, the mixture was emulsified for 1 

min with an ultrasonicator Qsonica 500, using an ice bath. The amounts of chemicals and 

conditions used in all the different preparations of polymeric nanoparticles without drugs 

are summarized in Table 2.1. After emulsification, the organic solvent was removed by 

evaporation in a bath system operated at 40°C and low agitation velocity with occasional 

manual shaking. Afterwards, the nanoparticles were washed using three 10 min 

centrifugation cycles at 20,000 rpm and further resuspended in 10 ml of DI water after 

each cycle. 
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Figure 2.1. Schematic of the procedure for creating chemotherapy loaded PLGA nanoparticles 
with single emulsification-solvent evaporation technique. 
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Table 2.1. Arrangement to study the effects of different formulation parameters on the 
zeta potential, particle size, and polydispersity index of PLGA nanoparticles without 
encapsulated compounds (n=3). 

 

 

2.3.3. DOX loaded PLGA nanoparticles 

Doxorubicin hydrochloric salt (DOX) were encapsulated into PLGA nanoparticles using 

the above single emulsification solvent evaporation technique. The schematic of the 

procedure for the preparation of DOX-PNP is described in Fig. 2.1. Briefly, 50 mg of PLGA 

(50/50 DL-lactide/glycolide copolymer, IV midpoint 0.2 dl/g), 0.5 mg of DOX (or 1 mg or 

2mg, depending of the preparation) and 5µL of triethylamine (or 10 µL or 20 µL, 

corresponding to the mass of DOX used in the preparation) were dissolved in 5 mL of 

chloroform. The solution was cooled to -20°C and then 10 ml of 5% PVA aqueous solution 

cooled to 4°C were added. The solution was mixed using vortex and then sonicated for 4 

min (using a sequence of 20 sec of sonication and 5 sec off) at 45% of amplitude in the 

sonicator Qsonica 500 using an ice bath. Then, 5 ml of 0.5% PVA aqueous solution were 

added and the organic solvent was evaporated overnight at room temperature using 

magnetic stirring. The nanoparticles were purified by three 10 min centrifugation cycles at 

20000 rpm. Afterwards, the nanoparticle suspensions were frozen using liquid nitrogen 

Sonication amplitude PVA PLGA concentration Solvent:wa ter

(%) (%) (mg/ml) ratio

1 25 3 10  1:2

2 35 � � �

3 45 � � �

4 � 1 � �

5 � 5 � �

6 � 3 5 �

7 � � 15 �

8 � � 10  1:1

9 � � �  1:5

Sample
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followed by lyophilization and finally stored at -20°C until further use. All experiments were 

performed in triplicate.  

2.3.4. GEM loaded PLGA nanoparticles 

The chemotherapeutic drug Gemcitabine hydrochloride salt (GEM) was encapsulated into 

PLGA nanoparticles using the double emulsification solvent evaporation technique. The 

schematic of the procedure for creating GEM-PNP is presented in Fig. 2.2. Briefly, a 

solution of GEM was prepared at 20 mg/mL. Aliquots of 50, 125, and 200 µL were taken 

to make 500 µL with 5% pluronic F68 aqueous solution. Next, the 500 µL solution 

containing GEM wass added to 5 mL of CH2Cl2 (previously cooled to -20°C) containing 50 

mg of PLGA (50/50 DL-lactide/glycolide copolymer, IV midpoint 0.2 dl/g). Then, the 

mixture was emulsified for 1 min at 22% of amplitude in the sonicator Qsonica 500 over 

an ice bath. Then, 10 mL of 3% PVA aqueous solution (previously cooled to 4°C) was 

added and a second emulsification was run at 45% of amplitude for 1 min in the sonicator 

Qsonica 500 over an ice bath. Afterwards, the emulsion was placed on a water bath at 

40°C to evaporate the organic solvent overnight. Subsequently, the nanoparticles were 

washed by three centrifugation cycles of 30 min at 5100 rmp. Then they were frozen using 

liquid nitrogen followed by lyophilization and finally stored at -20°C until further use. All 

experiments were performed in triplicate.  
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Figure 2.2. Schematic of the procedure for creating chemotherapy loaded PLGA nanoparticles 
with double emulsification-solvent evaporation technique. 

2.3.5. PMTX PLGA nanoparticles 

The chemotherapeutic drug Pemetrexed disodium salt (PMTX) was encapsulated into 

PLGA nanoparticles using the double emulsification solvent evaporation technique. The 



44 

 

 

 

schematic of the procedure for creating GEM-PNP is presented in Fig. 2.2. Briefly, 20 mg 

of PMTX were dissolved in 300 µL of 5% Pluronic F68 aqueous solution. After solid 

dissolution, 200 µL of PEI (25 kDa) solution in water (2.5 mg/mL) was added under vortex 

agitation. The dispersion was aged for 15 min and then was added to 4 mL of CH2Cl2 

(previously cooled to -20°C) containing 60 mg of PLGA (50/50 DL-lactide/glycolide 

copolymer, IV midpoint 0.2 dl/g). Then, the mixture was emulsified for 1 min at 22% of 

amplitude in the sonicator Qsonica 500 over an ice bath. Then, 8 mL of 3% PVA aqueous 

solution (previously cooled to 4°C) was added, and a second emulsification was run at 

45% of amplitude for 1 min in the sonicator Qsonica 500 over an ice bath. Afterwards, the 

emulsion was placed on a water bath at 40°C for organic solvent evaporation. This 

process was carried out overnight. Subsequently, the particle solution was cooled to 4°C 

for 1 h to get the polymer under the glass transition temperature. Then, the resulting 

solution with nanoparticles was centrifuged at low velocity for 5 min to remove large 

aggregates. Next, the nanoparticles were washed by three centrifugation cycles of 30 min 

at 5100 rmp and then frozen using liquid nitrogen followed by lyophilization and finally 

stored at -20°C until further use. All experiments are performed in triplicate. 

2.3.6. Nanoparticle size and zeta potential analysi s 

The particle size of all the nanoparticles was measured with the particle size analyzer 

Zetasizer Nano ZEN3600, Malvern Instrument (Westborough, MA). The refraction index 

used in the experiments was 1.33 and the dispersant used water. The size analysis of 

each sample consisted on an average of 10 measurements. 
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2.3.7. Drug loading and encapsulation efficiency 

The drug loading and encapsulation efficiency were determined in function of the drug of 

analysis. For all the chemotherapeutic drugs DOX, PH-427, GEM, and PMTX, the solution 

containing the polymeric nanoparticles was centrifuged and the supernatant removed. 

Next, the polymeric nanoparticles were dissolved in 1 M sodium hydroxide, and 

hydrochloric acid was used to equilibrate the pH of the solution. The drug content of DOX, 

PH-427, and GEM was analyzed by spectrophotometry using a UV-1800 

spectrophotometer (Shimadzu Co., Ltd., Japan) at 481nm, 270 nm, and 280 nm 

respectively. The PMTX content was quantified by HPLC using a column (15 cm × 5 mm) 

packed with 1.96 cm3 of silica C18. A flow rate of 1 mL/min and detection at 226 nm were 

used. After sample injection of 200 µL (sample in 10 mM PBS buffer pH 7.4), a gradient 

was used starting from 0-0.2 min with 100% A, then changed to 70% A in 9.8 min, then to 

100% A in 2 min, and kept at 100% A for 4 min. Solvent A was 100 mM PO4 (pH 6.5) and 

solvent B was acetonitrile. The concentration of drugs into the nanoparticles was 

determined by standard calibration curves in 10 mM PBS buffer pH 7.4 using the same 

techniques described above. Finally, the drug loading was determined as the mass ratio 

of drug entrapped in the nanoparticles to the mass of nanoparticles recovered using the 

following formula (Lei et al., 2011): 

    100
  %

      

amount of drug innanoparticles
Drug loading

amount of nanoparticlesobtained bythe process

×=  (2.1) 

The encapsulation efficiency (EE) is determined as the mass ratio of entrapped drug in 

nanoparticles to the theoretical maximum loading, which is taken to be the point where the 

entire supplied drug is encapsulated in the nanoparticles, this is given in the following 

formula (Jason Park et al., 2009): 
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       100
 %

          

amount of drug per amount of nanoparticles
EE

amount of drug per amount of polymer used in formulation

×=  (2.2) 

2.3.8. In vitro drug release  

The release of drugs from the nanoparticles was determined by a dialysis membrane 

method (Avgoustakis et al., 2002; Liang et al., 2011; Sahana et al., 2008). Polymeric 

nanoparticles dispersed in 2.5 ml of 10 mM sodium phosphate buffer pH 7.4 were placed 

into a dialysis membrane of standard cellulose 25 mm MWCO 12,000-14,000, Spectrum 

Laboratories, Inc. (Rancho Dominguez, CA), and were incubated in 30 ml of the same 

buffer at specific temperature. At certain time intervals, 1 ml samples were withdrawn from 

the incubation medium and analyzed for the drug by the techniques described in section 

2.3.9. Each volume withdrawn was replenished with 1 ml of 10 mM sodium phosphate 

buffer pH 7.4, and the concentration of drug in the nanoparticles was determined by 

standard calibration curves in 10 mM PBS buffer pH 7.4 using the same detection methods 

described in section 2.3.9.  

2.4. Results and Discussion  

2.4.1. Single emulsification technique for polymeri c nanoparticle preparation 

The properties of free drug polymeric nanoparticles prepared using the single 

emulsification – solvent evaporation technique are summarized in Table 2.2. Four different 

variables in the formulation experiments were studied. First, the emulsifying effects on the 

nanoparticle properties were considered using 25%, 35%, and 45% of sonication 

amplitude. The size of the polymeric nanoparticles decreases as the amplitude increases, 
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while the polydispersity index only presents a slight increase, which means that sonication 

amplitude played a significant role in the nanoparticle size, as is showed in Fig. 2.3A. On 

the other hand, the zeta potential did not show correspondence with the amplitude, but 

was maintained in the same range as described in Fig. 2.4, corroborating that the power 

used in the sonication did not affect the zeta potential. Three different concentrations of 

PLGA were used in the formulations. From these formulations, the nanoparticles with 

small diameter and polydispersity were associated to the formulation of PLGA of 10 

mg/mL, as is presented in Fig. 2.3B. These results are similar to the ones reported by 

Cheng in literature (Cheng et al., 2007) where they prepared docetaxel-loaded PLGA 

nanoparticles using the nanoprecipitation method and reported a direct correspondence 

between the size of nanoparticles and the amount of PLGA used in the formulations for 

different solvents used. Furthermore, in this work the zeta potential showed slight 

decrease only for the maximum concentration of PLGA used (15 mg/mL) as is shown in 

Fig. 2.4. This could be explained by the readily increase in carboxylic acids associated 

with the higher concentration of PLGA used in the formulations. Fig. 2.3C shows the 

results from three different sets of formulations using different concentrations of aqueous 

PVA solution. While the polydispersity presents a correspondence with the increase in the 

PVA concentration, the small size of the nanoparticles was found for the intermediate 

concentration of 3% PVA. The zeta potential for all these three formulation sets was below 

-20 mV, observing only a considerable variation with lower concentrations of PVA as is 

showed in Fig. 2.4. These results corroborate that the remaining PVA associated to the 

nanoparticles after washing is closely related to the concentration of PVA used in the 

formulation (Sahoo et al., 2002). Murakami et al. prepared PLGA nanoparticles using PVA 

and found that after washing the nanoparticles several times, some amount of PVA 



48 

 

 

 

remained strongly adsorbed to the nanoparticle surface (H. Murakami et al., 1999). On the 

other side, the solvent – water proportions in the nanoparticle formulation were 

investigated by using three different ratios: 1:1, 1:2, and 1:3. Then, the solvent - water 

ratio that resulted in small nanoparticle size and small polydispersity was 1:2, observing a 

decrease in the size of the nanoparticles of about of 100% compared to the solvent – 

water ratio of 1:1, as is shown in Fig. 2.3D. 

 

Table 2.2. Properties of polymeric nanoparticles without encapsulated compounds. 
Charge, size and polydispersity variations are function of  the formulation parameters like 
sonication amplitude, concentration of PVA, concentration of polymer, and the ratio of 
solvent-water (n=3). 
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Figure 2.3. This figure presents the variation in particle size and polydispersity index due to 
changes in the nanoparticle formulation parameters for nanoparticles without encapsulated 
compounds. A) Sonication amplitude. B) PLGA concentration. C) PVA concentration. D) Solvent-
water ratio. 

It has been reported in the literature that the most significant variation in nanoparticle size, 

when PLGA nanoparticles are prepared by nanoprecipitation method using different 

solvents, was found when comparing the solvent – water ratios of 1:1 and 1:2, but minor 

differences were found when the same comparison was carried out between the ratios 

1:2, 1:5 and 1:10 (Cheng et al., 2007). Previous literature reports could be extrapolated to 

the emulsification – solvent evaporation technique based on the results shown in Fig. 

2.3D. Fig. 2.4 shows that the use of different ratios of solvent – water in the nanoparticle 

formulation by the emulsification – solvent evaporation technique do not present a 

substantial influence over the zeta potential. The best conditions observed within the 

range of analysis for drug free PLGA nanoparticles preparation were at 45% of sonication 
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amplitude, 10 mg/mL of PLGA concentration, 3% of PVA, and a solvent – water ratio of 

1:2.   

 

Figure 2.4. This figure presents the variation in nanoparticle charge due to changes in the 
nanoparticle formulation parameters for nanoparticles without encapsulated compounds.  

2.4.2. DOX loaded polymeric nanoparticles 

The calibration curve for DOX is presented in Fig. 2.5. The drug has a good correlation 

between absorbance and concentration at 481 nm. The extinction coefficient obtained 

from this analysis (E=9724 M-1∙cm-1) was used in the characterization of all the drug 

loadings, encapsulation efficiencies, and drug release experiments. Table 2.3 shows the 

different size, zeta potential, polydispersity, drug loading and encapsulation efficiency 

when DOX theoretical drug loading is varied from 1% to 4%. The size of the polymeric 

nanoparticles don’t show correlation with the theoretical drug loading, but the 

polydispersity index is lower for the nanoparticles with 4% theoretical drug loading; the 
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polydispersity index for 1% and 2% theoretical drug loading remain constant as could be 

corroborated in Fig. 2.6A. 

 

 

Figure 2.5. Calibration curve for Doxorubicin hydrochloric salt (DOX) in 10 mM PBS buffer pH 7.4 
with detection at 481 nm. The extinction coefficient is E = 9724 M-1∙cm-1. 

 

Table 2.3. DOX loaded polymeric nanoparticles properties. Charge, size, polydispersity, 
drug loading and encapsulation efficiency as a function of the theoretical drug loading 
(n=3). 

 

 

The zeta potential for all the three different set of preparations remained constant around 

-22 mV, which means that in this range of study, the theoretical drug loading has no 

implications over the surface potential as depicted in Fig. 2.6B. Figure 2.6C presents the 

y = 16.766x + 0.006
R² = 0.9994
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DOX-PNP 1 -22.3 ± 0.1 155.6 ±  2.0 0.232 ± 0.033 0.55 55.38

DOX-PNP 2 -23.8 ± 0.8 185.9 ± 25.2 0.238 ± 0.029 1.03 51.59

DOX-PNP 4 -22.7 ± 3.5 161.7 ±  3.1 0.136 ± 0.070 1.97 49.26

Description PDI
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encapsulation efficiency and the drug loading in function of the theoretical drug loading. 

The encapsulation efficiency presents a slight decrease in percentage as the drug loading 

increases but always around 50%. The DOX loading obtained for all the different 

formulations presents a linear correspondence between the DOX employed in the 

formulation and the DOX loading. By using this linear expression, and also working in a 

close range of theoretical drug loading, the amount of drug loading could easily be 

determined after nanoparticle formulation. The DOX release in vitro for the PLGA 

nanoparticles with a theoretical drug loading of 4% was studied at three different 

temperatures: 37°C, 41°C, and 45°C. Fig. 2.7A presents DOX release at 37°C, quite 

similar to other literature reports from the same polymer-drug system (Yoo et al., 1999). 

The release of DOX at 41°C is more rapid than at 37°C (Fig. 2.7B). This effect could be 

explained by the sum of two different contributions on the release behavior, the first is the 

increase of the DOX solubility with the increase in temperature, and the second effect is 

the increase in the nanoparticle degradation-relaxation rate induced by the increase of 

temperature. The same behavior is obtained when the temperature rises to 45°C (Fig. 

2.7C), where the release is even faster than at 41°C. From this results, it could be inferred 

that the release rate is directly proportional to the temperature. 
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Figure 2.6. This figure presents the variation in the properties of DOX loaded polymeric 
nanoparticles due to changes in the theoretical drug loading. A) Particle size and polydispersity. B) 
Nanoparticle charge. C) Drug loading and encapsulation efficiency. 
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Figure 2.7. This figure presents the DOX release behavior at three different temperatures from 
polymeric nanoparticles with a theoretical drug loading of 4%. A) Release curve at 37°C. B) 
Release curve at 41°C. C) Release curve at 45°C. 
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2.4.3. GEM loaded PLGA nanoparticles 

The calibration curve for GEM presents a good correlation between absorbance at 280 

nm and concentration (Fig. 2.8). The extinction coefficient found was E=9724 M-1∙cm-1, 

and used in the characterization of all the drug loadings and encapsulation efficiencies. 

The results from characterization of GEM-loaded PLGA nanoparticles using theoretical 

drug loadings of 2%, 5%, and 8% are summarized in Table 2.4.  The size of the polymeric 

nanoparticles, and also the polydispersity index remained constant for theoretical drug 

loadings of 2% and 5%, but increased when the theoretical drug loading increased to 8% 

(Fig. 2.9A). This effect could be due to the increase of GEM in the formulation process 

that produced also an important increase in the drug loading. The zeta potential remained 

practically constant when the theoretical drug loading increased, which means that in this 

range of theoretical drug loadings no effects of the primary amine contained in the 

structure of GEM were observed, or more studies to decrease the error bars are needed, 

as depicted in Fig. 2.9B. Figure 2.9C presents the encapsulation efficiency and the drug 

loading as a function of the theoretical drug loading.  The encapsulation efficiency shows 

a direct relation with the theoretical drug loading increases, which means that theoretical 

drug loadings larger than 8% could be possible. The GEM loading obtained over all the 

formulations for this range of experiments, presented a linear correspondence between 

the GEM employed in the preparation and the GEM loading, which means that theoretical 

drug loading could be used to predict the amount of drug loaded into PLGA nanoparticles.  
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Figure 2.8. Gemcitabine hydrochloric salt calibration curve in PBS pH 7.4 with detection at 280 
nm. The extinction coefficient is: E = 5771 M-1∙cm-1. 

 

 

Table 2.4. SEM loaded polymeric nanoparticles properties of charge, size, polydispersity, 
drug loading and encapsulation efficiency as a function of the theoretical drug loading 
(n=3). 

 

 

 

y = 19.259x + 0.0044
R² = 0.9999

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.01 0.02 0.03 0.04 0.05

A
bs

 a
t 2

80
 n

m

C (mg/mL)

TDL Zpot Size DL EE

(%) (mV) (d. nm) (%) (%)

GEM-PNP 2 -6.9 ± 0.7 204.7 ±  7.3 0.051 ± 0.037 0.041 ± 0.002 0. 511 ± 0.025
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Description PDI
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Figure 2.9. This figure presents the variation in the properties of GEM loaded polymeric 
nanoparticles due to changes in the theoretical drug loading. A) Particle size and polydispersity. B) 
Nanoparticle charge. C) Drug loading and encapsulation efficiency. 
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2.4.4. PMTX loaded PLGA nanoparticles 

The characterization of free PMTX was performed using a HPLC method with a column 

packed with C18 at 226 nm. The calibration curve obtained presents a good correlation 

between the areas under the chronogram peak and the PMTX concentrations (Fig. 2.10). 

The peaks times using this HPLC method were obtained around 8.7 min. The extinction 

coefficient found was E = 326.33 M-1∙cm-1, and was used in the characterization of all the 

drug loadings, encapsulation efficiencies, and drug release studies. Table 2.5 shows the 

effects of PEI in the properties of PMTX loaded PLGA nanoparticles. The size apparently 

decreased when PEI was employed in the formulation (Fig. 2.11A), but more studies are 

necessary to have a clearer conclusion. The polydispersity index was maintained for both 

set of preparations indicating that PEI has not a significant effect over this parameter as 

is presented in Fig. 2.11A.  

 

 

Figure 2.10. Pemetrexed disodium salt calibration curve in 10 mM PBS buffer pH 7.4 with detection 
at 226 nm. The extinction coefficient is: E = 326.33 (mAU·s)∙ M-1∙cm-1. 
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Table 2.5. PMTX loaded PLGA nanoparticles properties of charge, size, polydispersity, 
drug loading and encapsulation efficiency by adding PEI. 

 

 

The drug loading and encapsulation efficiency are highly influenced by PEI as is clearly 

observed in Fig. 2.11B. The encapsulation efficiency increased around 55 times more 

when PEI was used compared to the nanoparticle formulation without PEI. Similarly, the 

drug loading increased around 57 times more when the same comparison was made. The 

significant effects when PEI are used are explained basically by the decrease in the PMTX 

solubility by the high electrostatic interaction formed between high positive charge density 

of PEI and PMTX carboxylic acids; boosting the drug loading and the encapsulation 

efficiency. On the other hand, when no PEI was used, the sonication process for the 

second emulsification produces a high migration of PMTX to the continuous aqueous 

phase, resulting in a very poor entrapment in the polymer matrix, as was reported 

previously for proteins (C. X. Song et al., 1997). 

 

TDL PEI Zpot Size DL EE

(%) (mg) (mV) (d. nm) (%) (%)

PMTX-PNP 40 0.0  0.02 ± 1.19 229.8 ± 33.8 0.073 ± 0.052 0.012 ± 0.011 0.031 ± 0.028

PMTX-PNP 40 0.5  -0.56 ± 2.27 204.2 ±  8.7 0.102 ± 0.004 0.687 ± 0.219 1.717 ± 0.547

Description PDI
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Figure 2.11. This figure shows the effect of PEI in the properties of PMTX loaded PLGA 
nanoparticles. A) Particle size and polydispersity. B) Drug loading and encapsulation efficiency.  

The drug release from PLGA nanoparticles prepared in the presence of PEI with a 

theoretical drug loading of 40% was studied at 37°C. The results presented in Fig. 2.12 

display that more of 60% of the drug was released within the first two hours of the study. 

This release behavior could be explained by an unusual and drastic initial burst, possibly 

due to the high solubility of PMTX. Another factor that could have influenced the rapid 

release is the low molecular weight of PLGA when PEI is used, since at low molecular 

weights ratios, the release is much faster than at high molecular weights ratios. This effect 

was reported previously in the literature with the release of a protein from PLGA 

nanoparticles (C. X. Song et al., 1997). 
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Figure 2.12. PMTX release behavior at 37°C from PLGA (MW 7,000 - 17,000) nanoparticles 
prepared with PEI for a TDL of 40%. 

2.5. Conclusions 

PLGA nanoparticles were prepared effectively by an implemented emulsification –solvent 

evaporation technique. The formulation parameters effects over the nanoparticle 

properties were investigated. The encapsulation of hydrophobic and hydrophilic drugs 

were carried out by either single or double emulsification –solvent evaporation techniques. 

In vitro release studies ranged from hours to days depending of the characteristics of the 

drug and the drug-polymeric nanoparticle system. Release rate for doxorubicin was 

studied at different temperatures, showing correspondence between the temperature and 

the rate of release. The hydrophilic drug PMTX was successfully complex to PEI by the 

strong electrostatic interaction with PMTX carboxylic acids and primary amines of PEI, 

boosting the drug loading. The study demonstrated that a wide variety of water soluble 

and insoluble bioactive agents can be incorporated into PLGA nanoparticles with a high 

efficiency and adjustable drug loadings. 
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CHAPTER 3. MATHEMATICAL MODELING AND PARAMETRICAL A NALYSIS 

OF THE CONTROLLED RELEASE OF THE HYDROPHOBIC KINASE  

INHIBITOR AKT/PDK1 FROM BIODEGRADABLE POLYMERIC 

NANOPARTICLES 

3.1. Abstract 

A mathematical model that incorporates the simultaneous contribution of three phases of 

controlled release was developed and used to effectively describe the release of the 

kinase inhibitor and anticancer drug, AKT/PDK1.  The encapsulation of this drug into 

PLGA nanoparticles was performed at different theoretical drug loadings (TDL).  The 

nanoparticles were prepared by emulsification/solvent evaporation methods and release 

determined in phosphate buffer pH 7.4 at 37 °C. The size of nanoparticles was obtained 

in a range of 209-413 nm. The experimental release profiles showed three well defined 

phases: an initial fast drug release, a nanoparticle degradation–relaxation slower release 

and a diffusion release phase. A parametric analysis of the model was performed to 

assess the effect of the controlled release most relevant parameters such as drug 

diffusivity, initial burst constant, nanoparticle degradation-relaxation constant, and the time 

to achieve a maximum rate of drug release. The theoretical release studies were 

corroborated experimentally by evaluating the cytotoxicity effectiveness of the inhibitor 

AKT/PDK1 loaded nanoparticles over BxPC-3 pancreatic cancer cells in vitro. These 

studies show that the encapsulated inhibitor AKT/PDK1 in the nanoparticles is more 

accessible and thus more effective when compared with the drug alone, indicating their 

potential use in chemotherapeutic applications. 
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3.2. Introduction 

The delivery of drugs in a controlled fashion plays a critical role in the effective 

administration of bioactive molecules for diverse clinical applications. The use of 

biodegradable polymers as carriers in controlled drug delivery has been widely explored 

and used in the synthesis of micro and nanoparticles with encapsulated drugs. Polymers 

used to produce nanoparticles have been for the most part poly(amides), poly(amino 

acids), poly(alkyl-a-cyano acrylates), poly(esters), poly(orthoesters), poly(urethanes), 

poly(acrylamides), etc (Jain, 2000). A summary of pharmaceutically used polymers 

together with their physicochemical characteristics and factors affecting drug delivery 

abilities, and fundamental drug delivery systems have been reported widely in the 

literature (Jain, 2000; Khandare and Haag, 2010; Liechty et al., 2010; Moghimi et al., 2001; 

Parveen and Sahoo, 2008). In this manuscript we report the experimental and theoretical 

work with poly(esters), more specifically poly-d,l-lactide-co-glycolide (PLGA), one of the 

few food and drug administration (FDA) approved polymer for drug delivery and other 

biotechnological applications (Parveen and Sahoo, 2008). PLGA is one of the most 

successfully used biodegradable and biocompatible polymers for the development of 

nanomedicines because it undergoes hydrolysis in the body to produce the biodegradable 

metabolite monomers, lactic acid and glycolic acid, which themselves are biodegraded 

further to CO2 and water (Jain, 2000; Kumari et al., 2010). Depending of the ratio of its 

monomers, PLGA exhibits different biodegradation rates, structural and mechanical 

properties (Jain, 2000). The encapsulation of hydrophobic and hydrophilic cytotoxic 

chemotherapeutic agents in to biodegradable PLGA nanoparticles is one of the benefits 

over other delivery systems such as  for example liposomes (Jason Park et al., 2009), that 

for the most part are mainly used to encapsulate hydrophobic drugs. PLGA nanoparticles 
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have been prepared by several methods, including solvent emulsion–evaporation (Grazia 

Cascone et al., 2002; Jain, 2000), solvent emulsification–diffusion (Hideki Murakami et al., 

2000; Sahana et al., 2008), nanoprecipitation (Chorny et al., 2002; Dhar et al., 2008), etc. 

Several anticancer drugs and other different compounds have been encapsulated into 

PLGA nanoparticles, including paclitaxel, doxorubicin, 5-fluorouracil, 9-nitrocamptothecin, 

cisplatin, triptorelin, dexamethasone, etc. (Kumari et al., 2010). In this work, we report the 

encapsulation of the hydrophobic kinase inhibitor AKT/PDK1 (PHT-427).  The biological 

action of this inhibitor is on the protein kinase AKT, also known as protein kinase B, a 

serine/threonine kinase involved in the regulation of cell proliferation, survival/apoptosis, 

angiogenesis, metabolism, and protein synthesis (Mortenson et al., 2004). AKT is known 

to be a key component of the PtdIns-3-Kinase cell survival signaling pathway which is 

activated in pancreatic cancers (Mortenson et al., 2004). The drug PHT-427 is a novel 

AKT inhibitor that binds to the Pleckstrin Homology PH domain of the kinase, thus 

preventing its binding to phosphatidylinositol (PtIns)-(3,4,5) P3 at the plasma membrane 

and subsequent activation of AKT (Meuillet et al., 2010; S. A. Moses et al., 2009). The 

emphasis of the work reported here is however, on the development of a three-stage 

mathematical model that describes the controlled release of this drug under physiological 

conditions and to assess its application and effectiveness in the cytotoxicity of the PLGA 

encapsulated drug in vitro cancer studies. 

Drug release kinetics from biodegradable devices have been in general presented in the 

literature by combining and using different mechanisms of release (Fredenberg et al., 

2011; Lao et al., 2011). Mathematical models in this respect, involve processes that 

consider, in a first stage, first order rates for an initial burst release, combined with a 

second stage that considers bulk degradation of the polymer in microparticles (Gallagher 
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and O. I. Corrigan, 2000) and nanoparticles (Owen I. Corrigan and Xue Li, 2009). In these 

particular cases the bulk degradation of the polymer is considered analogous to the 

thermal decomposition of potassium permanganate crystals (Fitzgerald and O. I. Corrigan, 

1993; Prout and Tompkins, 1944). In other mathematical models reported in the literature, 

the mechanisms of release involve a combination of first order rate initial burst with 

diffusion of the drug through polymeric microspheres (Batycky et al., 1997; He et al., 2005; 

Raman et al., 2005). Other more complex models of release from biodegradable polymeric 

microspheres involve three mechanisms: drug diffusion, drug dissolution, and polymer 

erosion and are described by three equations that consider drug concentration in the liquid 

phase, a virtual solid phase, and an effective solid phase (M. Zhang et al., 2003). Similar 

complex systems model the entire drug release profile as the summation of the three 

mechanisms: first order burst release, first order bulk degradation of the polymer, and 

diffusional release, however, in a sequential  time intervals for each release stage (Lao et 

al., 2009). 

In this manuscript, the release of the encapsulated kinase inhibitor is analyzed by an 

effective mathematical drug release model that considers from the beginning of the drug 

release phenomenon, a combined contribution of three mechanisms of release in a 

simultaneous fashion. The release stages involve a first order rate burst release, the bulk 

degradation of the polymer release (Fitzgerald and O. I. Corrigan, 1993), and the release 

by diffusion of the drug through the nanoparticle. A parametric study of the model to 

assess the main parameters that affect the effective release of the drug under specified 

physiological conditions was also performed. In vitro studies helped corroborate the 

effectiveness of the model to predict the release of the drug by measuring and comparing 

the expected cytotoxicity effects of the drug released concentration with pancreatic cancer 
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cells. The studies show that the encapsulated drug and its controlled release has a clear 

advantage of cytotoxicity on cancer cells when compared with the effects of cytotoxicity 

using similar concentrations of drug alone. 

3.3. Materials and Methods  

3.3.1. Materials 

PLGA acid terminated (50/50 DL-lactide/glycolide copolymer, IV midpoint 0.2 dl/g) was 

purchased from Purac Biomaterials, Gorinchem, The Netherlands. Dichloromethane 

(CH2Cl2) was purchased from Fisher Scientific Inc. (Fair Lawn, NJ). Poly(vinyl alcohol) 

(PVA) with an average molecular weight of ~31,000 a.m.u. and 86.7-88.7 mol% hydrolysis 

were obtained from Sigma Aldrich, Inc. (St. Louis, MO). The kinase inhibitor and 

anticancer drug PHT-427 was provided by the laboratory of Emmanuelle J. Meuillet in the 

Cancer Center at The University of Arizona. 

3.3.2. Preparation of PLGA nanoparticles 

The chemotherapeutic drug PHT-427 was encapsulated into PLGA nanoparticles (PHT-

427-PNP) by following the single emulsion – solvent evaporation technique (Danhier et 

al., 2012; Grazia Cascone et al., 2002; Jain, 2000; J. Yang et al., 2007). The procedure 

for preparing the PHT-427-PNP derivatives is schematically shown in Fig. 3.1.  Briefly, 50 

mg of PLGA and 0.5 mg of PHT-427 (or 1.5 mg or 2.5 mg, depending on the preparation) 

were dissolved in 5 mL of CH2Cl2. The solution was cooled to -20°C and then 10 ml of 

5% PVA aqueous solution (cooled to 4°C) was added. The solution was mixed using 

vortex and then sonicated for 4 min (using a sequence of 20 sec of sonication and 5 sec 

off) at 45% of amplitude in a sonicator Qsonica 500 (Newtown, CT) over an ice bath. 
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Afterwards, the organic solvent was evaporated at room temperature using magnetic 

stirring. The nanoparticles were purified using three 10 min centrifugation cycles at 20,000 

rpm. Finally, the nanoparticles were frozen using liquid nitrogen followed by lyophilization 

and then stored at -20°C until further use. All experiments were performed by triplicate. 

Free drug polymeric nanoparticles (PNP) were prepared in an analogous way following 

the same methodology but without the drug. 

 

Figure 3.1. Schematic of the synthesis process for the encapsulation of the kinase inhibitor and 
chemotherapeutic drug PHT-427 into PLGA loaded nanoparticles. 
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3.3.3. Nanoparticle size and zeta potential analysi s 

The particle size was measured with a particle size analyzer, a Zetasizer Nano ZEN3600, 

Malvern Instrument (Westborough, MA). The refraction index used in the experiments was 

1.33 and the dispersant used was water. The size analysis of each sample consisted of 

an average of 10 measurements. 

3.3.4. Scanning electron micrographs (SEM) 

The morphological characteristics of nanoparticles were observed using a scanning 

electron microscope (Hitachi S-4800 Field Emission Scanning Electron Microscope, 

Tokyo, Japan) from the Spectroscopy and Imaging Facilities at the University of Arizona. 

The samples were prepared by immobilization onto carbon-coated 400-mesh copper grids 

(Ted Pella Inc., Redding, CA).  

3.3.5. Drug loading and encapsulation efficiency 

The drug loading and encapsulation efficiency were determined by first dissolving a known 

mass of PNP with 1 M sodium hydroxide, followed by the addition of hydrochloric acid to 

equilibrate the solution’s pH. The PHT-427 content was analyzed by spectrophotometry 

at 270 nm using a spectrophotometer UV-1800 Shimadzu Co., Ltd., Japan. The 

concentration of PHT-427 was determined by standard calibration curves in 10 mM PBS 

buffer pH 7.4. The drug loading (DL) was determined as the mass ratio of drug entrapped 

in the nanoparticles to the mass of nanoparticles recovered, using the following formula 

(Lei et al., 2011):  

    100
 %

      

amount of drug innanoparticles
DL

amount of nanoparticlesobtained by the process

×=  (3.1) 
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The encapsulation efficiency (EE) was determined as the mass ratio of entrapped drug in 

nanoparticles to the theoretical maximum loading, a value considered when the entire 

supplied drug is encapsulated in the nanoparticles, as described in the following formula 

(Jason Park et al., 2009): 

       100
 %

          

amount of drug per amount of nanoparticles
EE

amount of drug per amount of polymer used in formulation

×=  (3.2) 

3.3.6. Experimental drug release analysis 

The drug release from PLGA nanoparticles was determined by a dialysis membrane 

method (Avgoustakis et al., 2002; Liang et al., 2011; Sahana et al., 2008). Polymeric 

nanoparticles dispersed in 2.5 ml of 10 mM sodium phosphate buffer pH 7.4 were placed 

into a dialysis membrane of standard cellulose 25 mm MWCO 12,000-14,000, Spectrum 

Laboratories, Inc. (Rancho Dominguez, CA), and were incubated in 30 ml of the same 

buffer at 37°C. At certain time intervals, 1 ml samples were withdrawn from the incubation 

medium and the concentration of drug in the solution was determined by 

spectrophotometry at 270 nm by using the standard calibration curve. Each volume 

withdrawn was replenished with 1 ml of 10 mM sodium phosphate buffer pH 7.4. The 

release of the drug was followed for over 50 days in order to observe all the stages of 

release. 

3.3.7. Drug release mathematical analysis 

The drug release from biodegradable nanoparticles is a complex problem that involves 

many factors, the temperature and pH of the system, size and shape of nanoparticles, 

molecular weight of both drug and carrier, dissolution and distribution of oligomers inside 

the matrix, drug solubility, drug loadings and molecular drug and matrix interactions, etc., 
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but in general there are only three possible ways for drug molecules to be released from 

a PLGA-based drug delivery systems: (i) transport through water-filled pores, (ii) transport 

through the polymer, and (iii) due to dissolution of the encapsulating polymer (Fredenberg 

et al., 2011). The typical profiles of release obtained from PLGA nanoparticles are 

dependent of all the factors mentioned above, and could contain one, two or three phases 

of release, but usually at least a biphasic behavior is observed. The transport though 

water-filled pores could be described basically by diffusion through the nanoparticle, but 

also is related to the initial burst release, a process of interfacial diffusion between the 

solid sphere surface and the liquid media. In the latter case, the release rate is considered 

proportional to the difference between the concentration of drug in the matrix most external 

polymer layers, and the concentration of drug in the surrounding liquid media at the time 

of analysis. This phenomenon is also the result of factors such as concentration of drug 

on the surface, surface area, the interphase properties, the solubility of the drug, and the 

electrostatic interactions between the drug and the carrier. In this initial release stage, the 

rate of drug dissolution is proportional to the dissolved drug and all the aforementioned 

effects are combined into a proportionality constant. Under all these considerations, the 

following first order rate equation results: 

b

C
k C

t

∂ = −
∂

 (3.3) 

where bk  is the initial burst constant, and C  is the concentration of the drug at time t . The 

solution of Eq. (3.3) can be obtained by considering that initially, the concentration of drug 

in the sphere is equal to the initial mass of solute per volume of sphere.  
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The mass released at time t  is obtained from the difference between the initial mass in 

the sphere and the remaining mass in the sphere at that time, this gives the following 

equation:  

1 bk ttm
e

m
−

∞

= −  (3.4) 

where tm  is the cumulative amount of drug released at time t , and m∞ is the initial amount 

of drug loaded in the nanoparticle.  

The nanoparticle degradation – relaxation phenomenon is related to the hydrolysis of the 

PLGA in the aqueous solution. In this stage, the nanoparticle interphase with the liquid is 

the first portion exposed to hydrolysis, and is associated to the surface area, and the 

composition and molecular weight of the polymer. Fig. 3.2 describes schematically,  the 

phenomenon of hydrolysis time over the molecular weight of the polymer ( M ), as 

illustrated in the literature (Lao et al., 2009), and the entanglement number ( N ), results 

from the relaxation of the nanoparticle. Initially, the nanoparticle is structured in a very 

compact way. As time increases, the polymer in the nanoparticle surface is fragmented in 

small oligomers by degradation, promoting water penetration, and consequently 

nanoparticle relaxation. Work reported in the literature has demonstrated  that a linear 

relationship between the degradation rate and particle size exists, with the larger particles 

degrading the fastest; this is explained in the sense that larger particles have to deal with 

longer paths of oligomers diffusion to reach the surface compared to small particles paths 

(Dunne et al., 2000). As the degradation continues from the nanoparticle surface, new 

paths for water penetration are originated. At this point, the degradation of the nanoparticle 

could follow two simultaneous routes, one towards the reduction of the radius of the 

nanoparticle, and the other one towards the porosity increase of the nanoparticle. As the 
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porosity increases, the nanoparticle gets more relaxed by the water penetration and the 

hydrolysis continues. The PLGA nanoparticle degradation – relaxation effects over the 

drug release has been explained using the Prout-Tompkins equation (Owen I. Corrigan 

and Xue Li, 2009; Dunne et al., 2000; Fitzgerald and O. I. Corrigan, 1993), initially 

introduced to describe the thermal decomposition of potassium permanganate (Prout and 

Tompkins, 1944). This equation can be written in the following form, 

1 r r max

x
ln k t k t

x
  = − − 

 (3.5) 

where x  is the fractional mass released at time t ; x  is equivalent to the fraction of drug 

released  tm m∞ , rk  is the rate of degradation - relaxation constant, and maxt  is the time 

to achieve a maximum rate of drug release or the time to achieve 50% of release. Using 

these new variables, Eq. (3.5) can be written as, 

( )

( )1

r max

r max

t

k t t

k t t

m e

m e∞

−

−=
+

 (3.6) 

 

 

Figure 3.2. Illustration of polymeric nanoparticle relaxation due to degradation and swelling.  
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The third and last mechanism of release considered in the analysis is the drug release by 

fickian diffusion. The diffusion phase can be evaluated with a general mass balance in 

spherical coordinates in the radial direction and under transient conditions. Considering 

symmetry conditions, the concentration of drug is uniform at a fixed radius, also 

considering the effective diffusion coefficient ( eD ) constant and with no chemical reaction 

or decomposition of the drug in the system, the following governing equation results: 

( ) ( ) ( )2

2

, , ,2
e

C r t C r t C r t
D

t r r r

 ∂ ∂ ∂
= + ∂ ∂ ∂ 

 (3.7) 

where the concentration (C ) is function of the time and radial position in the nanoparticle.  

The following initial and boundary conditions are considered in the model. 

( )0,
0           0

C t
t

r

∂
= >

∂
 (3.8) 

( )1, 0             0C r t t= >  
(3.9) 

( ) 1,0       0
s

m
C r r r

v
∞= < <  

(3.10) 

Equation (3.8) indicates that symmetry conditions exists at the center of the particle. 

Equation (3.9) indicates that the concentration of drug on or close to the surface of the 

sphere for times larger than zero, is considered negligible since all the drug that arrives to 

the surface of the nanoparticle is immediately removed to the media (considering that no 

accumulation exists), where 1r  is the nanoparticle radio. Equation (3.10) indicates that 

initially all the encapsulated drug is homogeneously distributed over the entire volume of 

the particle ( sv ). An analytical solution with these conditions is obtained and given by Eq. 

(3.11). 
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∞

∞

π

π

 
 −
  
 

=
= − ∑  

(3.11) 

Thus, the entire release phenomenon in this study is presented as a linear combination of 

the equations given by Eq. (3.4), Eq. (3.6), and Eq. (3.11) and coupled in a single equation 

that considers the three phases of release occurring simultaneously, given here as: 

{ }
( )

( )

2 2

2
1

2 2
1

6
1 1

1

e

r max

b

r max

D n t

rk t t
k tt

rb dk t t
n

m e e
e

m ne

π
∞

θ θ θ
π

 
 −
 
 −

−
−

=∞

 
     = − + + −   

+    
  

∑  (3.12) 

where bθ , rθ , and dθ  are the initial burst, nanoparticle degradation – relaxation, and 

diffusion mechanisms contribution fractions respectively, over the total mass drug release. 

In the analysis, to introduce mathematically consistency is necessary to complement the 

equation with the relation, 1rb dθ θ θ+ + = . 

The resulting coupled model given in Eq. (3.12) contains six unknown parameters, which 

were determined by adjusting the equation to the experimental data of drug release, using 

a nonlinear least-squares algorithm in MATLAB® (MathWorks, USA).  

To study further the effects of the experimental parameters in the mathematical model, a 

theoretical parametric analysis study of the resulting coupling model was introduced in 

order to describe the effects of the release parameters involved in this experimental study, 

such as drug diffusivity, initial burst constant, nanoparticle degradation-relaxation 

constant, and the time to achieve a maximum rate of drug release. 
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3.3.8. Cell culture 

Human BxPC-3 pancreatic cancer cells were obtained from the American Type Culture 

Collection (Rockville, MD).  Cells were maintained in bulk culture in complete media, 

RPMI-1640, supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4.5 g/L 

glucose, 100 U/mL penicillin and 100 µg/mL streptomycin in a 5% CO2 atmosphere.  Cells 

were passaged using 0.25% trypsin and 0.02% EDTA.  Cells were confirmed to be 

mycoplasma free with an ELISA kit (Roche-Boehringer Mannheim, Indianapolis, IN). 

3.3.9. Western blot analysis 

Detection of phospho-Ser473Akt was evaluated using Western blot analysis as described 

previously (Meuillet et al., 2003).  Briefly, BxPC-3 cells were grown in standard 6-well 

plates with 5% CO2 atmosphere at 37°C to 75% confluence in complete media and 

subsequently serum starved for 12 hours. Cells were then drugged for periods of 2 and 4 

hours using 10 µM of free drug, 10 µM of drug loaded nanoparticles and also for 

comparison, the corresponding amount of drug free nanoparticles. Cells were then 

stimulated with 100 ng/mL of insulin-like growth factor (IGF) for 20 minutes. As controls, 

cells were also prepared without IGF stimulation. The culture media was aspirated, and 

cells were then lysed and harvested using a cell scraper. Rabbit polyclonal antibodies to 

phospho-Ser473Akt were purchased from Cell Signaling (Danvers, MA) and β-Actin was 

used as a loading control. 

3.3.10. Cell viability assays 

A standard 96-well micro-cytoxicity assay was performed by plating cells. 4000 cells per 

well of BxPC-3 were seeded for the first five day studies, from the first to the fifth and 2500 
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cells per well were seeded for the seventh day as described previously (Meuillet et al., 

2010; S. A. Moses et al., 2009).   

Drugs encapsulated and non-encapsulated were added directly to the media at various 

concentrations ranging from 1 to 200 µM.  The concentrations of the encapsulated drug 

in the PLGA nanoparticles was determined by spectrophotometry at 270 nm using a 

previously determined standard calibration curve, as described before. DMSO was used 

as the vehicle control for the dissolution of the non-encapsulated PHT-427 drug. The 

endpoint was the spectrophotometric determination of the reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).  

 

3.4. Results and Discussion  

3.4.1. PLGA nanoparticles preparation and character ization 

Polymeric nanoparticles were synthesized following a single emulsion – solvent 

evaporation technique. The extinction coefficient of PHT-427 determined at 270 nm was 

E = 7531 M-1∙cm-1. Table 3.1 displays the different nanoparticle PHT-427-PNP 

characteristics when theoretical drug loadings were varied from 1% to 5%. The size of the 

polymeric nanoparticles exhibits a clear correlation with the theoretical drug loading (Fig. 

3.3A). The increment correspondence between size and theoretical drug loading, could 

be most likely due to the hydrophobic interactions produced between the hydrophobic 

drug PHT-427 and the hydrophobic groups in the nanoparticle, and also possibly due to 

drug-drug interactions that would tend to produce aggregation.  
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Table 3.1. Characteristics of PHT-427-PNP prepared at theoretical drug loading of 1, 3 and 5%. 

 

 

In addition, after solvent evaporation, precipitates were observed in the nanoparticle 

solutions, thus the drug that cannot be incorporated inside the nanoparticles tends to 

aggregate outside the nanoparticles and crystalized due to the high concentration of drug 

and the low solubility in the bulk aqueous solutions. During the nanoparticle synthesis, 

PVA plays an active role in the prevention of these agglomerations, but at the end of the 

washing steps only a small amount of  PVA is present at the nanoparticle surface (Hideki 

Murakami et al., 1997). The polydispersity index of PHT-427-PNP increases when the 

theoretical drug loading rises from 1% to 3%, but remains constant when the theoretical 

drug loading changes from 3% to 5% as could be verified in Fig. 3.3A. The zeta potential 

obtained from the three sets of theoretical drug loadings is more or less in the same range 

from -20 to -22, this means that the change of  theoretical drug loading, does not affect  

significantly the change in zeta potential (Fig. 3.3B). In Fig. 3.3C, the encapsulation 

efficiency and the drug loading are plotted as a function of the theoretical drug loading. 

The encapsulation efficiency does not display a direct correlation with the percentage of 

theoretical drug loading, but the larger encapsulation efficiency is obtaining when the 

theoretical drug loading is 3%.  

Description
TDL Zpot Size

PdI
DL EE

(%) (mV) (d. nm) (%) (%)

PH-427-PNP 1 -20.6 ± 0.3 209.0 ± 19.0 0.278 ± 0.020 0.27 ± 0.04 26.50 ± 4.33

PH-427-PNP 3 -22.5 ± 0.2 376.1 ± 44.6 0.577 ± 0.021 1.19 ± 0.16 39.83 ± 5.38

PH-427-PNP 5 -21.5 ± 0.9 413.0 ± 29.9 0.559 ± 0.015 1.46 ± 0.27 29.23 ± 5.40
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The PHT-427 loading obtained for all the different formulations presents a trend with the 

theoretical drug loading that only fairly can be adjusted into a straight line. It seems 

however, that by using this linear fitting expression, in the appropriate range of theoretical 

drug loading employed in these studies, the amount of drug encapsulated could be 

regulated by considering simply the theoretical drug loading analysis. 
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Figure 3.3. Variation in the properties of the derivatives PHT-427-PNP prepared with the 
conventional method with different values of theoretical drug loadings. (A) Particle size and 
polydispersity. (B) Nanoparticle charge as values of zeta potential (Zpot). (C) Drug loading (DL) 
and encapsulation efficiency (EE). 
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Considering the results obtained for the PHT-427-PNP formulations described in Table 

3.1, which presented crystals and aggregations, an extra step was practiced in the 

preparation of the nanoparticles to remove the larger particulates. Basically, after the 

solvent evaporation step, one cycle of 5 min centrifugation at 6000 rpm was employed to 

remove drug crystals and agglomerations, afterwards, 3 cycles of centrifugation-washing 

were applied. The nanoparticles properties obtained by applying this new extra step are 

summarized in Table 3.2. In the new preparations, the morphology of PNP and PHT-427-

PNP presented a very smooth surface as evidenced by scanning electron microscopy 

analysis and shown in Fig. 3.4 part A and B, respectively.  

Table 3.2. Polymeric nanoparticles characteristics obtained at 5% theoretical drug loading used 
in the studies after effective removal of precipitates in drug release analysis. 

 

 

The inserts in Fig. 3.4A and B are the SEM of single nanoparticles of PNP and PHT-427-

PNP, respectively. In these inserts also could be corroborated the smooth morphology of 

the nanoparticles. The dynamic light scattering spectra for PHT-427-PNP and PNP, also 

obtained with no aggregates, are presented in Fig. 3.4C. Based on these results the 

aggregation issues encountered in the encapsulation of the hydrophobic drug PHT-427 

was resolved effectively by simply separating aggregates and precipitates by filtration and 

or by centrifugation and decantation. 

Description
TDL Zpot Size 

PdI
DL EE 

(%) (mV) (d. nm) (%, w/w) (%)

PNP - -24.1 ± 2.0 162.9 ± 5.9 0.059 ± 0.008 - -

PH-427-PNP 5 -21.5 ± 0.9 254.9 ±33.2 0.371 ± 0.052 1.38 ± 0.18 27.58 ± 3.59
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Figure 3.4. Characterization of the nanoparticles used in the release studies. (A) SEM of drug free 
PLGA nanoparticles, and insert of single nanoparticle, bar 500 nm and 60 nm respectively. (B) 
SEM of PHT-427 - loaded PLGA nanoparticles, and insert of single nanoparticle, bar 500 nm and 
60 nm respectively. (C) Dynamic light scattering spectra for PNP and PHT-427-PNP. 
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3.4.2. Drug release analysis 

The drug release from PLGA nanoparticles was evaluated at physiological temperature 

(37oC degrees) and pH 7.4. The experimental results of drug release are shown in Fig. 

3.5 (A-D) with a continuous time release analysis of up to 50 days, where different shapes 

of release can be clearly observed. This long term drug release analysis suggests that in 

fact the nanoparticles with the encapsulated drug can be used effectively in the application 

of such drugs as long term therapeutic drug delivery systems. The release curve shows 

that approximately 40% of the drug is released within the first days, which means that the 

initial burst mechanism plays in fact, a clearly defined role of controlled fast initial release. 

In Fig. 3.5A, the dotted line represents the mathematical model describing the release 

mechanism as only governed by the initial burst effect. Obviously, this process alone does 

not correlate appropriately with the behavior of the drug release over the entire release 

profile. Based on the experimental curve of release, after the dominant initial burst stage, 

a slower release similar to a lag phase is observed, where at this point, the polymer 

degradation becomes more important and dominant in the release process due to the 

swelling and the degradation - relaxation of the nanoparticle. In the Fig. 3.5B, the dash 

line represents the fitting of the mathematical model to the experimental data when only 

governed the nanoparticle degradation – relaxation. Here also could be observed that the 

fitting does not correlate well with the experimental drug release profile. In the last stage 

of the experimental curve of release, a plateau seems to appear, where the porosity of the 

nanoparticle increases to a certain extent, and now the diffusion process becomes the 

dominant mechanism of drug release. In the Fig. 3.5C, the long dash dot represents the 

model fitting to the experimental data when only the contribution of diffusion is considered. 

Again could be observed that the correlation between the experimental release curve and 
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the model, when only governed by one mechanism of release does not correlate 

appropriately with the behavior of the drug release over the entire release profile. Based 

in these results, it is evident that the three mechanisms should be considered to happen 

simultaneously, however in each case, a rate controlling step appears evident. The results 

of this simultaneous approach provide a good fitting as illustrated in Fig. 3.5D.   

 

 

 

Figure 3.5. Experimental and theoretical PHT-427 release profile from PLGA nanoparticles at 
37°C. The circles represent the experimental data (part A to part D) and the error bars indicate the 
range of these values. (A) The dot line represents the fit to the experimental data when only the 
contribution of initial burst is considered (� = 1) in Eq. (3.12). (B) The dash line represents the fit 
to the experimental data when only the contribution of nanoparticle degradation – relaxation is 
considered (�! = 1) in Eq. (3.12). (C) The long dash dot represents Eq. (3.12) fit to the experimental 
data when only the contribution of diffusion is considered (�" = 1). (D) The continuous line 
represents the fit of Eq. (3.12) to the experimental data when the three mechanisms are 
simultaneously considered (� = 0.2612; �! = 0.4032; �" = 0.3355). 
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In previous reports, a model that considers the three general release mechanisms has 

been used to describe the drug release from films (Lao et al., 2009). This literature model 

contemplates the individual contribution of each mechanism only over a certain time 

period, where the release contribution of the other two mechanisms are not considered in 

the calculation (Lao et al., 2009). In the present work, the model in spherical coordinates 

with a Prout-Tompkins degradation approach incorporates quite effectively all the release 

stages when the three mechanisms of release are added and solved simultaneously, this 

is in fact the difference with other models reported in the literature where the contributions 

of each stage of release are considered only as sequential stages and in some cases only 

two simultaneous steps are considered. In this work, the experimental data is effectively 

modeled with a spherical coordinates system that considers the degradation of PLGA 

nanoparticle surface degradation due to water uptake that as a consequence promotes 

further polymer degradation. The PHT-427 release profile from PLGA nanoparticles was 

fitted quite well to the model given by Eq. (3.12), with the resulting parameters presented 

in Table 3.3. When each contribution was taken individually, the model does not fit at all 

the experimental data over the entire release profile, as shown in Figs. 3.5A-C. The 

resulting model however, with the simultaneous addition of the three release stages, 

provided a very good fit with all the experimental data, as seen in Fig. 3.5D.  
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Table 3.3. Parameters of PHT-427 release determined and used in the mathematical 
development of the model from polymeric nanoparticles. 

 

 

The results of the parametric analysis provided a clear picture of the effects of the 

contributions of each drug release mechanism over the effective drug release 

performance. Fig. 3.6 shows the effects of the contributions of each drug release 

mechanism over the drug release performance. The effect of the initial burst contribution 

over the drug release curve is given in Fig. 3.6A. As expected, when the contribution of 

initial burst increases from 0.15 to 0.75 by intervals of 0.20, the first stage of the release 

curve also increases, which means that more drug is released at shorter times. This effect 

of larger initial burst contributions could be more important in systems where the drug is 

not homogeneously encapsulated into the nanoparticle, and is mainly entrapped in the 

outer layers of the nanoparticle. The effect of particle degradation-relaxation, when the 

Parameter Description Unit

Initial burst 
(IB)

Degradation 
(DePT)

Diffusion 
(Di)

IB - DePT-
Di

Value Value Value Value

r Nanoparticle radius cm - - 1.2745E-06 1.2745E-06

kb Burst constant days-1 0.0598 - - 0.0202

θb Fraction of burst release - 1.0 - - 0.2612

kr Degradation-relaxation constant days-1 - 0.1199 - 0.2665

tmax Time to achieve 50% of release days - 13.8181 - 18.0420

θr Fraction of NP relaxation release - - 1.0 - 0.4032

De Effective diffusion coefficient cm2/s - - 6.1000E-18 1.0459E-16

θd Fraction of diffusion release - - - 1.0 0.3355

R2 Coefficient of determination - 0.9599 0.9640 0.9587 0.9905
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contribution of degradation – relaxation increases from 0.05 to 0.6 is presented in Fig. 

3.6B, here it appears clearly that when the contribution of the degradation – relaxation 

increases, the release of the drug takes more time, since is controlled by the hydrolysis of 

the particle, however, as the degradation of the nanoparticles increases and becomes 

substantial, the effects of this mechanism of release over the total release profile are 

shared also with the diffusion of the drug. This section of the curve is observed just after 

the initial burst, supporting the fact that when the three mechanisms are solved 

simultaneously, the model still describes the system quite effectively. The diffusion effects 

when evaluated or incorporated in Eq. (3.12), are mainly observed in the beginning (along 

with initial burst) of the release, and after the nanoparticle degradation – relaxation, when 

diffusion is more relevant. At the beginning of the release curve, the effect of diffusion is 

similar to the effect of the initial burst and can be explained by a fast diffusion transport 

effect of the drug close to the nanoparticle surface to the interphase, effect seen in (Fig. 

3.6C). However, depending of the diffusion coefficient, and the intrinsic properties of the 

drug encapsulated, the effect observed in the release curve for short periods of time (along 

with initial burst) could change dramatically. For instance, in microparticles larger than 100 

µm it has been shown that drug distribution on the particles is strongly influenced by the 

drug properties, this observation helps determine  if the drug concentrates in the interior 

or outer layers of the particles for hydrophobic or hydrophilic compounds respectively 

(Berkland et al., 2003). In these cases, hydrophilic drugs cannot be incorporated in the 

nanoparticle homogeneously, the drug instead, during the preparation, once the organic 

solvent evaporates, it concentrates mainly on the more exterior layers of the nanoparticle, 

resulting in a substantial drug release during the initial release phase.  
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Figure 3.6. Parametric studies in this figure evaluates the effects of the specific contributions of 
each drug release mechanism fractions over the entire drug release profile. (A) Initial burst release 
with changes in the �  fraction contribution. (B) Nanoparticle degradation-relaxation release with 
changes in the �! fraction contribution. (C) Diffusion release with changes in the �" fraction 
contribution.  
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The initial burst constant effects over the total drug release indicates that increases in the 

initial burst constant, produces an increase in the slope of the initial burst contribution, but 

also increases the total drug release rate, as observed in Fig. 3.7A. Here it can be seen 

that in the range of the initial burst constant from 0.5 to 1.5 days-1, the effects of that 

constant are only observed in the initial burst mechanism, but for small values of this 

constant, all the three mechanisms are affected. This appears to indicate that the drug 

release in this case is not influenced predominantly by the initial burst and the drug in 

principle, could be released more uniformly during longer time periods. The effect of the 

effective diffusivity ( eD , in Eq. 3.12) over the entire release curve performance is shown 

in Fig 3.7B. It can be observed that by increasing the value of the effective diffusion 

coefficient, the slope of the curve at the initial period also increases, complementing the 

initial burst release effect. A similar outcome was also observed when the initial burst 

constant was changed, thus, showing that in fact these two mechanisms of release are 

closely related, and the effective diffusion coefficient has a relevant influence not only on 

the stages of diffusion controlled release, but also on the initial burst stage. Thus, the 

present model, by incorporating in the analysis simultaneous contributions of all the three 

main controlled release stages is able to predict the variation of all experimental 

parameters that other models do not take into consideration. Fig. 3.7C shows the effect of 

maxt , the time to achieve maximum drug release,  and a function of the drug loading and 

the size of nanoparticles.  In the figure, it can be seen that a decrease of the maxt , has a 

significant effect on the polymer degradation and relaxation, where this stage of release 

becomes practically negligible compared to the effect of initial burst and diffusion stages. 

The different values of maxt  can be reached by changing the nanoparticle size and drug 
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loadings as well. Fig. 3.7D shows the effects of the rate of degradation over the entire 

drug release curve. At low degradation values of the rate constant, the effects of initial 

burst and diffusion are the dominant stages of controlled release, and as the values of the 

rate constant increase, so the effect of particle degradation and the three stages of release 

at these values play also a relevant role in the overall degradation. This parametric 

analysis provides information about the direction of controlled release expected for a wide 

range of polymer systems or polymers with different compositions.   

 

 

 

Figure 3.7. Parametric studies evaluates the effects of the values of kinetic constants of initial 
burst, degradation, time to achieve maximum release (as 50% release) and effective diffusion 
coefficient in the entire drug release profile. (A) Effects of the initial burst constant over the drug 
release curve profile. (B) Effects of the effective diffusion coefficient over the drug release profile. 
(C) Effects of the time to achieve 50% of release over the drug release curve profile. (D) Effects of 
the rate of degradation - relaxation constant over the drug release profile. 
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3.4.3. In vitro studies 

The evaluation of in vitro cytotoxicity in response to the drug derivatives in encapsulated 

and non-encapsulated form is summarized in Fig. 3.8. Here it is shown that in the absence 

of IGF in the cell stimulation studies (represented by the symbols (-)) in the two time drug 

exposure periods A and B, and in the 3 cases, when the cells were grown with only PNP, 

with the drug dissolved in DMSO and with the encapsulated drug in the nanoparticles 

(PHT-427-PNP), the levels of pAKT ser 473 are practically non- detectable. In comparison, 

in the presence of IGF (+), the cell cultures with the nanoparticles (PNP) alone, shows a 

substantial stimulation and high levels of pAKT ser 473. With the drug PHT-427, the levels 

of pAKT ser 473 are also evident; however, considerably lower than with the PNP 

preparations. On the other hand, the cell preparations with the encapsulated drug, in the 

last columns in both A and B, the presence and therefore the stimulation of pAKT ser 473 

appears completely absent. This last result indicates that the encapsulated drug is 

effectively inhibiting the synthesis of the protein in all cases. 
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Figure 3.8. Western blot results for 2h and 4h of treatment with the PNP, PHT-427 alone, and PHT-
427-PNP.  

In Fig. 3.9, the results are shown in terms of IC50 studies for each single day of analysis. 

Only the daily mass of PHT-427 bioavailable (not the total PHT-427 contained in the 

nanoparticles) was considered in the comparison studies. The bioavailable mass of PH-

427 was calculated using the analysis and values predicted by the mathematical model. 

The results show very clearly that the PHT-427 cytotoxic effects are more significant when 

the drug is provided to the cells in the encapsulated form as PHT-427-PNP than the drug 

PHT-427 in DMSO alone. The IC50 results in all cases are below 25 even from day one 

compared to values with the drug alone where these fluctuate between 58 (first day to 33 

for the seventh day. These results we hypothesize, are due to the inherent bioavailability 

of the drug in the encapsulated form. The nanoparticle in this case acts as an effective 

carrier and most likely is internalized easier by the cell, and once inside the cell, the 

release of the drug is more cytotoxic.  The drug alone, on the other hand, by the fact that 
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is quite hydrophobic, has more difficulty accessing the cell surface and therefore takes 

longer to produce the desired or observed cytotoxicity effects.  

 

 

Figure 3.9. BxPC-3 IC50 results and comparison between the treatments with the drug PHT-427 
alone and the encapsulated drug PHT-427-PNP at days 1-5, and 7th day of treatment. Data are 
expressed as the mean±SD (n=4).     

 

3.5. Conclusions 

A drug release mathematical model that takes into consideration the simultaneous 

contribution of drug initial burst, polymer particle degradation and diffusion effects was 

developed and that effectively describes the  controlled release of the hydrophobic protein 

kinase inhibitor PHT-427, for periods of as long as 50 days. The effective encapsulation 

of the hydrophobic drug PHT-427 was carried out by a single emulsion method. The 

encapsulation of the drug into polymeric nanoparticles with different theoretical drug 

loadings showed significant changes in the polymeric nanoparticle size and size 

distribution. Removal of precipitates and aggregates present in the nanoparticle 

encapsulation was performed by a simple centrifugation step. The experimental drug 
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release of PHT-427 presented a well-defined initial burst release phase, a particle 

degradation–relaxation release phase, and a diffusion controlled release phase as well. 

The model was able to fit quite well all the stages of drug release with the simultaneous 

incorporation of these three relevant contributions over the entire drug release 

performance period. The model parameters, such as the initial burst rate constant, kinetic 

degradation rate constant, drug effective diffusion coefficient and maximum release rate, 

were obtained using the experimental data with a very good correlation. A parametric 

analysis study performed provided a very good description of the effects of the individual 

contribution of each drug release mechanism over the entire release behavior.  The 

parametric study could be used to predict and better understand other different systems 

of release. The model was used to determine the bioavailable of the drug in vitro studies 

with pancreatic cancer cells. The in vitro studies, showed clearly the effective and potential 

use of AKT/PDK1 inhibitors in cancer therapeutics when loaded into polymeric 

nanoparticles as drug carriers. 
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CHAPTER 4. NANOPARTICLE DELIVERY OF A AKT/PDK1 INHI BITOR 

IMPROVES THERAPEUTIC EFFECT AGAINST HARBORING A K-R AS 

MUTATION  

4.1. Abstract  

The K-ras mutation in pancreatic cancer (PCA) is known to inhibit drug delivery and 

increase drug resistance. PH-427 inhibits AKT activity in BxPC-3 PCA with wildtype K-ras 

but not in MiaPaCa-2 PCA with mutant K-ras. To increase the therapeutic effect of PH-

427 against MiaPaCa-2 PCA, we encapsulated PH-427 into polylactide-co-glycolide 

nanoparticles (PH-427-PNP). PH-427 showed a biphasic release from PH-427-PNP over 

30 days during solution studies, and in vitro studies revealed that the PNP was rapidly 

internalized into MIaPaCa-2 tumor cells, suggesting that the PNP can improve PH-427 

delivery into the cells harboring mutant K-ras.  In vivo studies of an orthotopic MiaPaCa-2 

PCA model showed reduced tumor load with PH-427-PNP relative to treatment with PH-

427 alone or with no treatment, and ex vivo studies validated the in vivo results, suggesting 

that the PNP can improve drug delivery to PCA harboring mutant K-ras. 

4.2. Introduction 

Pancreatic cancer (PCA) is an aggressive malignancy, often diagnosed late in the course 

of the disease. For all the stages combined, the relative survival rates in the 1-and 5-year 

are 26% and 6%, respectively. Even for those people diagnosed with local disease, the 5-

year survival is only 22% (American Cancer Society, 2013). The treatments for pancreatic 

cancer include surgery, radiation therapy, and chemotherapy. These treatments could 
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extend survival and/or relieve symptoms in many patients, but seldom produce a cure 

(American Cancer Society, 2013). To date, systemic treatment for PCA, either with a 

single agent or combinations of agents, has shown only modest benefits 

(Kollmannsberger et al., 1998).  Drug delivery is a particularly confounding problem for the 

treatment of PCA (Dimou et al., 2012; D. Mahadevan and D. D. Von Hoff, 2007).  This 

type of cancer can form an extensive desmoplasia caused by tumor-stroma interactions, 

resulting in a dense extracellular matrix that surrounds the tumor.  Inefficient drug delivery 

through this stromal extracellular matrix can contribute to chemoresistance in PCA.  As 

evidence for the role of stroma in chemoresistance, inhibition of the tumor-stroma 

interactions or enzymatic degradation can deplete the extracellular matrix and improve 

chemotherapeutic efficacy (Hideaki Ijichi et al., 2011; Provenzano et al., 2012).  

The K-ras gene mutation is a common molecular biomarker of PCA that promotes tumor-

stroma interactions and desmoplasia (Hidalgo, 2010).  Mutant K-ras upregulates 

Hedgehog signaling, RAC1, and STAT3 that can each stimulate the formation of 

fibroinflammatory stroma (Corcoran et al., 2011; Heid et al., 2011; Olive et al., 2009).  

Mutant K-ras potentiates the effects of TGFβ inhibition or INK4m/ARF deficiency, which 

lead to the formation of an extensive extracellular matrix (Aguirre et al., 2002; H. Ijichi, 

2011).  Mutant K-ras is correlated with the recruitment of myeloid cells to the stroma, and 

the appearance of lipidic deposits at the tumor-stroma interface (Grippo et al., 2012; 

Pylayeva-Gupta et al., 2012).  Therefore, drug delivery to pancreatic tumors that harbor 

the K-ras mutation may be particularly challenging.   

Previous research exemplifies the difficulty in treating PCA that has a K-ras mutation. PH-

427 has been developed as a novel AKT inhibitor that binds to the pleckstrin homology 

PH domain of this kinase (Meuillet et al., 2010; S. A. Moses et al., 2009).  AKT is a key 
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component of the PtdIns-3-Kinase cell survival signaling pathway that is activated in PCAs 

(Fahy et al., 2003; Mortenson et al., 2004).  When PH-427 prevents phosphatidylinositol 

(PtdIns)-(3,4,5)P3 from binding and activating AKT at the plasma membrane, then AKT 

cannot initiate an important PtdIns-3-Kinase cell survival signaling pathway, leading to a 

pancreatic tumor cell death. We have previously shown that PH-427 is highly efficient in 

treating a BxPC-3 xenograft model that has wildtype K-ras, but is poorly efficient in a 

MiaPaCa-2 subcutaneous xenograft model with mutant K-ras.  These previous results 

suggest that PCAs with mutant K-ras require a higher dose or longer drug exposure to 

PH-427 to overcome the protective stromal layer surrounding the pancreatic tumor.  

Therefore, methods that improve drug delivery or retention may potentially improve 

treatment of PCAs with mutant K-ras. Another hallmark of the K-ras mutation in PCA is 

enhanced drug resistance.  For example, mutant K-ras is a strong predictor of 

chemoresistance against rapamycin (Wei et al., 2012) and MEK1/MEK2 inhibitors as a 

monotherapy or combination therapy (Diep et al., 2011; Jing et al., 2012).  The K-ras 

mutation can amplify the activation of Src, PEAK1 and ErbB2 in PCA, leading to multiple 

pathways of oncogenesis that can survive the therapeutic inhibition of a single pathway 

(Kelber et al., 2012).  As an additional example, our in vitro studies have shown that PH-

427 inhibits AKT activity at low µM concentrations in BxPC-3 PCA cell lines, whereas 

MiaPaCa-2 PCA cell lines were more resistant to PH-427 with half maximal inhibitory 

concentrations (IC50 values) above 100 µM concentrations (Meuillet et al., 2010; S. A. 

Moses et al., 2009).  Therefore, delivering and retaining a greater amount of drug to PCA 

that harbors the K-ras mutation would seem required for effective therapy. 

Polymeric nanoparticles (NP) have the potential to successfully address problems related 

to drug delivery and retention.  Poly(lactic-co-glycolidic acid) (PLGA) is a FDA approved 
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polymer that is used in a host of therapeutic applications, and is arguably one of the most 

successfully used biodegradable polymers for nanomedicine (Parveen and Sahoo, 2008).  

PLGA undergoes hydrolysis in the body to produce monomeric lactic acid and glycolic 

acid, which are further biodegraded to CO2 and water (Jain, 2000; Kumari et al., 2010). 

PLGA nanoparticles have been prepared by several methods, including solvent emulsion–

evaporation (Grazia Cascone et al., 2002; Jain, 2000), solvent emulsification–diffusion 

(Hideki Murakami et al., 2000; Sahana et al., 2008), and nanoprecipitation (Chorny et al., 

2002; Dhar et al., 2008), which provides several routes for loading drugs based on the 

drugs’ physicochemical properties. Depending on the preparation and composition of the 

polymer, PLGA will exhibit different biodegradation rates, structural arrangements, and 

mechanical properties (Jain, 2000). These properties may be tuned to improve the 

average nanoparticle size, size distribution, drug loading load capacity, and drug release 

rate for specific drug delivery applications. 

We hypothesized that encapsulating PH-427 into a PLGA PNP (PH-427-PNP) would 

improve the delivery and therapeutic effect of this treatment in a PCA tumor model of 

MIaPACA-2 that harbors mutant K-ras. We performed a drug release study over a period 

of 50 days to evaluate the stability of the PH-427-PNP. We also investigated the cytotoxic 

effects of PH-427-PNP compared to the drug alone, during in vitro studies with the BxPC3 

and MiaPaCa-2 PCA cell lines.  Finally, we conducted in vivo imaging studies with an 

orthotopic MiaPaCa-2 tumor model, followed by ex vivo studies to complement the 

imaging results, to evaluate the potential improvement offered by PH-427-PNP relative to 

PH-427 alone.  Together, these studies represent a useful multidisciplinary approach for 

investigating improvements in the treatment of PCA with a PNP-encapsulated 

chemotherapy. 
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4.3. Materials and Methods  

4.3.1. Materials 

PLGA with 50:50 acid termination and a molecular weight of 7,000-17,000 a.m.u. and 

poly(vinyl alcohol) (PVA) with an average molecular weight of ~31,000 a.m.u. and 86.7-

88.7 mol% hydrolysis were obtained from Sigma Aldrich, Inc. (St. Louis, MO).   

Dichloromethane (DCM) was purchased from Fisher Scientific Inc. (Fair Lawn, NJ). The 

kinase inhibitor and anticancer drug PHT-427 was provided by the laboratory of 

Emmanuelle J. Meuillet in the Cancer Center at The University of Arizona. 

4.3.2. Polymeric nanoparticles synthesis 

Polymeric nanoparticles (PNP) with encapsulated hydrophobic drug PH-427 (PH-427-

PNP) or NBD (NBD-PNP) were prepared with PLGA using a single nanoemulsion method 

(Fig. 4.1) (Grazia Cascone et al., 2002; Jain, 2000). Briefly, 50 mg of PLGA and 2.5 mg of 

PH-427 or 2.5 mg of NBD were dissolved in 5 mL of dichloromethane.  Next, 10 mL of 

aqueous 5% PVA was gently added to the organic phase. The mixture was emulsified 

over an ice bath during 1 min with a Misonix XL2020 ultrasonicator (Misonix Inc., 

Farmingdale, NY), operating at 55 W power output. Subsequently, the organic solvent was 

removed by evaporation in a rotary evaporator operated at 38°C and low agitation velocity 

during 1 h. Next, a 10 min centrifugation cycle at 6000 rpm was employed to remove 

agglomerations. The solution was washed by three centrifugation cycles at 6000 rpm for 

50 min. On the first two centrifugation cycles, the supernatant was removed and PH-427-

PNP or NBD-PNP was resuspended in 10 mL of distilled water. On the final centrifugation 

cycle, the nanoparticles were resuspended in 0.3 mL of 10 mM sodium phosphate buffer 

with pH 7.4. 
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Figure 4.1. A schematic of the procedure for creating PLGA polymeric nanoparticles loaded with 
the PH-427 chemotherapeutic agent (PH-427-PNP). 
 

 

4.3.3. Nanoparticle characterization 

Nanoparticle sizes were measured with a Zetasizer Nano ZEN3600 particle size analyzer 

(Malvern Instruments, Westborough, MA). The refraction index used in the experiments 

was 1.33 and the dispersant used was water. The average of 10 measurements was used 
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for each size analysis.  The morphological characteristics of PH-427-PNP were observed 

using a S-4800 field emission scanning electron microscope (Hitachi Corporation, Tokyo, 

Japan). The samples were prepared by their immobilization onto carbon-coated 400-mesh 

copper grids (Ted Pella Inc., Redding, CA). 

The encapsulation efficiency was determined as the mass ratio of entrapped PH-427 in 

PNP to the theoretical maximum loading, which was taken to be the point where all the 

supplied PH-427 was encapsulated in the PNP (Jason Park et al., 2009).  The solution 

containing the PH-427-PNP was centrifuged and the supernatant removed. Next, the PH-

427-PNP in the solid residue after centrifugation were dissolved in 1 M sodium hydroxide, 

and hydrochloric acid was used to equilibrate the pH of the solution at 7.4.  The drug 

content was analyzed by spectrophotometry with absorbance at 270 nm using a UV-1800 

spectrophotometer (Shimadzu Corporation, Ltd., Japan). The drug loading was 

determined as the mass ratio of drug entrapped in the PNP to the mass of PH-427-PNP 

recovered (Lei et al., 2011).   

4.3.4. Drug release studies in vitro 

The release of drug from the PH-427-PNP derivative was determined using a dialysis 

membrane method (Avgoustakis et al., 2002; Liang et al., 2011; Sahana et al., 2008). PH-

427-PNP dispersed in 2.5 ml of 10 mM sodium phosphate buffer at pH 7.4 was placed 

into a dialysis membrane with 12,000-14,000 MWCO (Spectrum Laboratories, Inc., 

Rancho Dominguez, CA), and incubated in 30 ml of 10 mM sodium phosphate buffer at 

pH 7.4 and 37°C. At time intervals ranging from 0-50 days, 1 ml samples was withdrawn 

from the incubation medium and analyzed for content of PH-427 by spectrophotometry at 
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270 nm using a UV-1800 spectrophotometer. Each volume withdrawn was replenished 

with 1 ml of 10 mM sodium phosphate buffer at pH 7.4.  

4.3.5. Cell culture 

Human MiaPaCa-2 PCA cells were obtained from the American Type Culture Collection, 

Rockville, MD.  Cells were maintained in bulk culture in complete media, RPMI-1640, 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4.5 g/L glucose, 100 

U/mL penicillin and 100 µg/mL streptomycin in a 5% CO2 atmosphere.  Cells were 

passaged using 0.25% trypsin and 0.02% EDTA.  Cells were confirmed to be mycoplasma 

free with an ELISA kit (Roche-Boehringer Mannheim, Indianapolis, IN).  MiaPaCa-2-LucE 

cells were obtained from the Experimental Mouse Shared Service of the University of 

Arizona Cancer Center, and were maintained similarly as described above.  To develop 

this cell line, the MiaPaCa-2 cell line was transfected with a luciferase plasmid and a stable 

clone was selected.  This cell line was grown for 12 weeks in culture and luminescence 

was validated every 2 weeks to ensure that the cell line was stably transfected. 

4.3.6. Fluorescence microscopy 

Sterile coverslips were placed into 6-well plates and seeded with MiaPaCa-2 cells at 1000 

cells/well in the presence of complete media. Just prior to adding NBD-PNP to the wells, 

and 1 and 24 hours after adding NBD-PNP, the samples were analyzed under a 

fluorescence microscope equipped with a LCD camera (Olympus Corp., Central Valley, 

PA), using excitation and emission wavelengths of 460 and 540 nm, respectively. 
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4.3.7. Cell viability assays 

A standard 96-well micro-cytoxicity assay was performed by plating cells. 25,000 cells per 

well of MiaPaCa-2 were seeded for the first to five days, and with 15,000 cells for the 

seventh day, as described previously (Meuillet et al., 2010; S. A. Moses et al., 2009). 

Drugs encapsulated and non-encapsulated were added directly to the media at various 

concentrations ranging from 1 to 150 µM.  The concentration of the encapsulated drug in 

the PLGA nanoparticles was determined by spectrophotometry at 270 nm using a 

previously determined standard calibration curve, as described before. DMSO was used 

as the solvent for the dissolution of the PHT-427 drug. The percentages of cell survival 

were determined by spectrophotometric determination of the reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).  

4.3.8. In vivo animal studies and bioluminescence imaging 

All animal procedures took place at the Experimental Mouse Shared Service and the 

Cancer Imaging Shared Service of the University of Arizona Cancer Center with approval 

from the Institutional Animal Care and Use Committee of the University of Arizona. 

Housing and care of the animals was provided by the Animal Resource Center of the 

Arizona Health Sciences Center.  Eight female SCID mice that were 4-5 weeks old were 

utilized to create orthotopic xenograft model of PCA.  These models were developed by 

exposing the pancreas using a single abdominal incision using sterile surgical technique, 

directly injecting 1 million cells into the exposed pancreas, and suturing the incision.  Eight 

mice were injected with MiaPaCa-2 PCA cells that were trans-genetically modified to carry 

the Luciferase gene (MiaPaCa-2-LucE) for bioluminescence imaging (BLI) studies.  The 

average weight of each mouse at the beginning of the experiments was 16 g.  Mice were 
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scanned with BLI prior to treatment to confirm the presence of viable pancreatic tumors.  

PNP and PH-427-PNP treatments were injected i.v., and PH-427 was injected i.p., once 

per week for 4 weeks (Fig. 4.2).  Mice were then monitored with BLI at the end of treatment. 

At the end of the study, mice were sacrificed, half of the pancreatic tumors were flash 

frozen, the other half were paraffin embedded and the number, size and location of 

metastases were recorded.  

 

 

 

Figure 4.2. Schematic of the weekly mice PH-427-PNP treatments (injected i.v.). 
 

 

Bioluminescence images were acquired using an AMI1000 scanner (Spectral Instruments 

Imaging, Inc., Tucson, AZ) and AMIView software for acquisition and analysis (Tuli et al., 

2012).  All scans were acquired with 30s exposure time, 8-fold binnin, 1.2 f/stop, and a 25 

cm field of view. All mice were injected i.p. with 100 mg/kg firefly luciferin ten minutes 

before image acquisition. Four minutes after injection, mice were anesthetized with 4% 

isoflurane gas at 1 L/minute oxygen flow and sedation was maintained during imaging with 
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1.5% isoflurane gas at 0.5 L/min oxygen flow. Mice were oriented in a supine position in 

the scanner. Regions of interest (ROIs) with were carefully placed around the all 

bioluminescent signals while minimizing the inclusion of scatter signal. Radiance units 

were used for relative comparison of the sum of photons between scans. 

4.3.9. Immunohistochemistry (IHC) 

Tissues were harvested, fixed in 10% neutral buffered formalin for 24 hours, processed 

and embedded in paraffin.  Routine hematoxylin and eosin (H&E) stains were performed 

on sections of tissue cut with a width of 3 microns from the formalin fixed, paraffin 

embedded (FFPE) blocks.  Immunohistochemistry (IHC) of AKT (clone 11E7) and 

phosphor-S6 were performed using rabbit monoclonal antibodies (#4685S and #2211S, 

Cell Signaling Technology, Danvers, MA), with human prostate cancer tissues and colon 

cancer tissues used as the positive tissue controls. IHC of Ki67 was performed using a 

rabbit polyclonal antibody (#NCL-Ki67p, Leica Biosystems GmbH, Nussloch, Germany), 

using human tonsil tissue as a positive control. Tissue sections were stained with a 

Discovery XT Automated Immunostainer (Ventana Medical Systems, Inc., Tucson, AZ; 

VMSI) using VMSI validated reagents for deparaffinization, cell conditioning (antigen 

retrieval with a borate-EDTA buffer), primary antibody staining, detection and amplification 

using a biotinylated-streptavidin-HRP and diaminobenzidine (DAB) system and 

hematoxylin counterstaining.  Following staining on the instrument, slides were 

dehydrated through graded alcohols to xylene and coverslipped with mounting 

medium.  Images were captured using a Nikon LaboPhot-2 microscope, a CellSens® DP72 

camera and PXcam3 imaging software (PAX-it Digital Image Management & Image 
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Analysis, Villa Park, IL).  Images were standardized for light intensity. An experienced 

clinical pathologist performed the IHC analyses. 

4.4. Results  

4.4.1. Preparation and characterization of polymeri c PLGA nanoparticles  

Polymeric PLGA NPs were synthesized with 1% w/w PH-427 following a single 

nanoemulsion method to create PH-427-PNP, resulting in a 18.8% encapsulation 

efficiency (Fig. 4.1). Both NPs had a smooth surface as depicted by scanning electron 

microscopy (Fig. 4.3A). Dynamic light scattering spectra confirmed the average diameter 

of PNP to be 165±2.2 nm with a polydispersity index of 0.063±0.001, while the average 

diameter of PH-427-PNP was 274±0.9 nm with a polydispersity index of 0.39±0.027 (Fig. 

4.3B).  

The release curve of PH-427 from the PH-427-PNP at 37°C showed that 26.2% of the 

drug was released within 1 day, followed by a slow release of an additional 13.5% of drug 

by the seventh day, followed by a moderate drug release of an additional 47.1% by the 

30th day, and finally the remaining 13.2% of drug was then released by 50 days (Fig. 

4.3C). The release curve showed a biphasic behavior that relates to a relatively rapid initial 

release followed by a moderately slow second release stage due to particle relaxation or 

polymer degradation. The control release studies show a profile in agreement with other 

release studies described in the literature for hydrophobic encapsulated drugs (Owen I. 

Corrigan and Xue Li, 2009)  where a first burst of drug is observed in the initial stage of 

release followed by a secondary release due to polymer hydrolysis. 
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Figure 4.3. Characterization of the nanoparticles.  A) Scanning Electron Microscopy images show 
a smooth surface for PNP and drug-loaded PH-427-PNP. (B) Dynamic light scattering spectra of 
PNP and PH-427-PNP were used to determine the average diameter and polydispersity index of 
each nanoparticle.  (C) The experimental release of PH-427 from the PNP was carried in PBS 
buffer pH 7.4, and 37°C. 
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4.4.2. In vitro studies 

Using fluorescence microscopy, MiaPaCa-2 cells treated with NBD-PNP demonstrated 

cellular uptake of the PNP within one hour (Fig. 4.4). Cells retained fluorescence after 24 

hours of incubation with NBD-PNP, with no toxicity as observed using a DAPI stain (Fig. 

4.4).   These results demonstrated that an intracellular environment surrounded the PNP 

during in vitro studies, which differed from the purely aqueous environment used to test 

the release of PH-427 during chemical solution studies.   

  

 

Figure 4.4. Fluorescence images show that NBD-labeled PNP were internalized in MiaPaCa-2 
PCA cells following 1 hour and 24 hours treatment of the cells. Cells were visualized by detecting 
a DAPI stain (top), and NBD-labeled PNP was visualized by detecting NBD (bottom).   
 

 

PCA cell viabilities following treatment with PH-427 or PH-427-PNP were evaluated with 

BxPC3 and MiaPaCa-2 PCA cell lines (Fig. 4.5A,B).  PH-427 caused greater cytotoxicity 

in BxPC3 PCA with wildtype K-ras relative to MiaPaCa-2 PCA with mutant K-ras (Fig. 
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4.5A,B), which agreed with previous results (Meuillet et al., 2010; S. A. Moses et al., 2009). 

To compare the therapeutic efficacy of PH-427-NP relative to PH-427, we assumed that 

the biphasic release effect is identical in solution and in vitro.  Our assumption was based 

on attributing the rapid initial “burst” of the biphasic release to adsorbed drug to the 

nanoparticles surface, which may be similar in solution and in vitro (Kumari et al., 2010).  

Therefore, we used the released concentration of PH-427 measured each day in solution 

to evaluate the therapeutic efficacy in vitro (Fig. 4.5C,D).  These results showed that 

encapsulating PH-427 in the PNP improved the therapeutic efficacy against MiaPaCa-2 

PCA (Fig. 4.5B vs 4.5D), and had the same therapeutic efficacy against BxPC3PCA (Fig. 

4.5A vs. 4.5C), relative to treatment with PH-427 alone. We then investigated an 

alternative assumption that the PH-427-PNP rapidly delivered its entire contents to the 

cytosol soon after cell internalization. We used the total concentration of PH-427 in the 

PNP that was added to the cell samples to evaluate the therapeutic efficacy in vitro (Fig. 

4.5E,F).  These results showed that encapsulating PH-427 in the PNP did not improve 

therapeutic efficacy against MiaPaCa-2 PCA (Fig. 4.5B vs. 4.5F), and the inclusion of the 

PNP reduced therapeutic efficacy against BxPC3 PCA (Fig. 4.5A vs. 4.5E). Our 

assumption of rapid intracellular drug release was based on rapid degradation by enzymes 

and an acidic environment that PH-427-PNP may experience during endocytosis or 

pinocytosis, which may accelerate the release of all of the PH-427 from the PNP (Vasir 

and Vinod Labhasetwar, 2007).  In addition, the in vitro studies of MiaPaCa-2 PCA cells 

treated with PH-427-PNP did not show consistently greater cytotoxicity between Day 1 

and Day 7 (Fig. 4.5D), which did not match the consistent release of an additional 13.5% 

of PH-427 from the PNP between Day 1 and Day 7 (Fig. 4.3C), which may suggest that 

the biphasic release effect was not present during in vitro studies. 
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Figure 4.5. Relative in vitro cell survival following drug treatments.  A,B) BxPC3 and MiaPACA-2 
cell lines were treated with PH-427 alone, which showed a lower therapeutic response for 
MiaPaCa-2 cells than for BxPC3 cells. C,D) BxPC3 and MiaPACA-2 cell lines were treated with 
PH-427-PNP.  The concentration of PH-427 was assumed to be the concentration recorded 
following the biphasic release effect (Fig. 2C).  E,F) The concentration of PH-427 was assumed to 
be the total concentration of drug in the PNP that was added to the cell system.  The % cell survival 
was measured daily with a standard MTT micro-cytotoxicity assay. Data are expressed as the 
mean±SD (n=4). 
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4.4.3. In vivo studies 

We evaluated the anti-tumor effects of PH-427 and PH-427-PNP in a MiaPaCa-2-LucE 

orthotopic PCA model using BLI (Figs. 4.6, 4.7A). The amplitude of the BLI signal is a 

semi-quantitative indication of the pancreatic tumor load.  These imaging results were 

validated with ex vivo necropsy analysis (Fig. 4.7B).  Control mice with no treatment 

showed high average BLI signal amplitude from the pancreas, indicating high pancreatic 

tumor load.  Treatment with PH-427 also showed high average BLI signal amplitude, 

indicating that the drug had no effect on pancreatic tumor load. This result matched our 

previous studies with PH-427 treatment of the orthotopic tumor model of MiaPaCa-2 

without the luciferase gene (Meuillet et al., 2010). Treatment with PH-427-PNP showed 

low average BLI signal amplitude, indicating low tumor load and a significant therapeutic 

effect by the drug-loaded nanoparticles in this tumor model.  The standard deviations 

represented by error bars in Fig. 4.6B were approximately 10% for the control group and 

the group treated with PH-427-PNP.  This indicated that the BLI study was performed with 

high fidelity, which is critical for interpreting results from this semi-quantitative imaging 

technique.  The PH-427-treated group showed a higher standard deviation, which may be 

due to the low number of mice assessed in the group.  Despite this higher standard 

deviation for the PH-427-treated group, the average BLI signal amplitude of this group 

was significantly higher than the signal of the group treated with PH-427-PNP as evaluated 

with a Student's t-test (p<0.001).  Similarly, the average BLI signal amplitude resulting 

from PH-427-PNP treatment was significantly lower than the results from the control 

group.  PH-427 alone or PH-427-PNP was not toxic to normal tissues and no change in 

body weight was observed during the experiment (data not shown). 
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Figure 4.6. In vivo bioluminescence imaging following drug treatments.  (A) Bioluminescence 
images at 7 weeks after initiating treatment showed high average BLI signal amplitude for control 
mice and mice treated with PH-427, while low average BLI signal amplitude was observed in mice 
treated with PH-427-PNP.  The average BLI signal and the number of metastasis to the liver 
determined from ex vivo assessments are shown below each image.  (B) Quantitative comparison 
of average BLI signal amplitudes between the control group, the PH-427-treated group, and the 
PH-427-PNP-treated group.  (C) Ex-vivo pancreatic tumor volumes were measured using calipers.  
Data are expressed as the mean±SD. 
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4.4.4. Ex vivo studies 

At the end of the study, the mice were sacrificed, pancreatic tumors were excised and 

their volumes were measured, and metastases to the liver were also counted. Following 

treatment with PH-427-PNP, pancreatic tumor volumes were significantly lower as 

compared to control or treatment with PH-427 alone (Fig. 4.6C).  These results agreed 

with the BLI study (Fig. 4.6B).  Pancreatic tumors were also analyzed for their proliferative 

status using Ki67 as a biomarker (Fig. 4.7).  PH-427 and PH427-PNP both reduced the 

overall staining for Ki67 relative to control, indicative of a less aggressive tumor.  However, 

staining for Ki67 was lower following PH-427-PNP treatment relative to PH-427 treatment, 

which validated an improved therapeutic effect with PH-427-PNP.  Treatment with PH-

427-PNP also caused direct target inhibition and downstream target inhibition, as 

evidenced by increased staining for tAKT and phosphor-S6 relative to PH-427 treatment. 
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Figure 4.7. In vivo inhibition of tumor proliferation and AKT downstream target. Representative 
stainings are shown for Eosin and Hematoxilin, Ki67, total AKT, and phosphor-S6 of control, PNP, 
PH427 and PH427-PNP treated mice. 
 

4.5. Discussion 

Our current in vitro and in vivo studies with PH-427 alone validated previous results that 

evaluated the therapeutic efficacy of this drug (Meuillet et al., 2010). The BxPC3 cell line 

and tumor xenograft model are sensitive to PH-427 while the MiaPaCa-2 cell line and 

xenograft model are resistant to PH-427.  We have attributed this difference between 

BxPC3 and MiaPaCa-2 PCAs to the difference in their K-ras status, based on extensive 
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evidence for the role of mutant K-ras in PCA.  These results drove our interest in 

investigating the PLGA PNP as a method for improving PH-427 efficacy against PCA with 

mutant K-ras.  

Our in vitro studies with PH-427-PNP were interpreted with and without the biphasic 

release effect observed in solution.  These two interpretations emphasize that the physico-

chemical properties of a drug-loaded PNP must be evaluated in solution to facilitate an 

understanding of in vitro studies, and yet the cellular environment and cell uptake 

mechanisms must also be considered during in vitro studies.  Most importantly, the 

combination of these interpretations showed that PH-427-PNP either improved the 

therapeutic effect or was not detrimental to the treatment of MiaPaCA-2 PCA, and either 

reduced the therapeutic effect or was not detrimental to the treatment of BxPC3 PCA.  

Therefore, these results demonstrated drug delivery with PNP may be beneficial when 

treating drug-resistant PCA with mutant K-ras, but may not be beneficial for PCA with 

wildtype K-ras. 

The in vivo and ex vivo results also demonstrated that PNP provides benefit when treating 

PCA harboring mutant K-ras that can inhibit drug delivery.  These studies tested only 2 to 

4 mice in each treatment group (Fig. 4.6).  Even with a limited number of mice, a 

statistically significant difference in tumor load was detected with bioluminescence 

between the group of mice treated with PH-427-PNP relative to the PH-427-treated and 

untreated groups of mice.  Yet studies with additional mice and other mouse models are 

warranted to further corroborate the relationship between the benefits of drug-loaded 

nanoparticles for treating PCA with mutant K-ras vs. wildtype K-ras. 

PLGA PNPs have been used in one other study of PCA. The PLGA nanoparticles were 

augmented with a polyethylene glycol coating to prolong circulation during in vivo studies 
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(H. Ding et al., 2011).  Yet this study only tested the drug-loaded nanoparticle against a 

single model of PCA.  Based on the promising results of our current study, a PEG-coated 

PLGA nanoparticle should be tested against multiple PCA models to ensure that the 

coating is sensitive to the K-ras status of the PCA.  

Other nanoparticles have been used to improve drug delivery and retention in PCA.  

Examples include liposomes (Teni, 2009), proteins (Casaluce et al., 2013), inorganic 

nanoparticles consisting of silica, gold, iron, or semiconductors (F. Yang et al., 2012), and 

nanoparticles with targeting moieties (Yu et al., 2010).  These nanoparticles have been 

used to improve the therapeutic effects of cisplatin (Teni, 2009), paclitaxel (Casaluce et 

al., 2013), chemoradiation therapy (Werner et al., 2012), and gene therapies (J. Xu et al., 

2010).  Almost all of these previous studies have only tested the drug-loaded nanoparticle 

against one type of in vivo PCA model.  Our results indicate that drug-loaded nanoparticles 

should be tested against multiple pancreatic tumor models, such as models that have 

wildtype K-ras and mutant K-ras genotypes, to investigate phenotypes that have different 

characteristics of drug delivery and retention. 

4.6. Conclusions 

Encapsulating PH-427 in a PLGA PNP improved the therapeutic effect of PH-427 against 

an in vivo MiaPaCa-2 PCA model that harbors the K-ras mutation.  These results were 

validated by ex vivo histopathology studies.  Furthermore, in vitro studies demonstrated 

that the PLGA PNP rapidly internalized into MiaPaCa-2 PCA cells. This study also showed 

that care should be taken when interpreting results of drug release in solution and in vitro.  

The combination of these results indicate that investigations of drug-loaded nanoparticles 
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for treating PCA should test multiple PCA cell types and tumor models to ensure that 

different phenotypes of drug delivery and retention are interrogated. 
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CHAPTER 5. MATHEMATICAL MODELING AND PARAMETRICAL A NALYSIS OF 

THE TEMPERATURE DEPENDENT CONTROL DRUG RELEASE FROM  

BIODEGRADABLE NANOPARTICLES 

5.1. Abstract 

A mathematical analysis that considers the influence of temperature over the controlled 

drug release from biodegradable nanoparticles was effectively established. The effects of 

temperature over the drug release were analyzed by using two different models that 

simultaneously incorporates two or three mechanisms of release. These models evaluate 

the phases of release by coupling different mechanisms that estimate the contribution of 

each phase over the total drug release. The experimental release of Rhodamine 6G (R6G) 

as the drug model from PEGylated PLGA nanoparticles (R6G-PNP-PEG) of 142 nm in 

size, was performed at 37°C, 47°C, and 57°C. Three defined phases of release were 

identified: an initial and fast drug release, a slower release due to nanoparticle 

degradation–relaxation, and a diffusion controlled release. An increase in the drug release 

rate when the temperature was increased was observed. A parametrical analysis for each 

one of the two models was presented in order to evaluate the relationship of the 

temperature with the release parameters, such as the drug diffusivity, the initial burst 

constant, the nanoparticle degradation-relaxation constant, and the time to achieve a 

maximum rate of drug release. The results, in general, displayed a direct increment of the 

initial burst rate constant and the nanoparticle degradation-relaxation rate constant with 

temperature. On the other hand, the time to reach the maximum release rate performed 

in an inversely proportional way to temperature. From the parameters obtained by the fit 
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using each model, it was possible to define a set of new relations of the form of Arrhenius 

to estimate the parameters of release at other temperatures. 

5.2. Introduction 

The use of biodegradable polymers in drug delivery has been extensively studied (Jain, 

2000; Khandare and Haag, 2010; Liechty et al., 2010; Moghimi et al., 2001; Parveen and 

Sahoo, 2008). One of the most successful polymers used is drug delivery is the poly(ester) 

poly-d,l-lactide-co-glycolide (PLGA), which is hydrolyzed in the presence of water to 

produce the biodegradable monomers, lactic acid and glycolic acid, which at the same 

time are metabolized to CO2 and water (Jain, 2000; Kumari et al., 2010). Depending of 

the ratio of these monomers, PLGA showed different biodegradation rates, structural and 

mechanical properties (Danhier et al., 2012; Jain, 2000). Another advantage of PLGA is 

that it has carboxyl groups that allow their easy functionalization with other molecules. 

Biodegradable polymers has been extensively used in the preparation of different 

nanosystems for drug delivery (Peer et al., 2007; Shi et al., 2010). These nanosystems 

could be tuned to offer several benefits over free drugs, for example, they could protect 

the drug from undesired interactions with other organic tissues, as well as target specific 

tissues, boosting the desired interactions with the target. The encapsulation of practically 

any hydrophobic or hydrophilic drug into PLGA nanoparticles could be considered 

(Danhier et al., 2012). Likewise, the encapsulation of cytotoxic chemotherapeutic agents 

in biodegradable PLGA nanoparticles may offer advantages over other delivery systems, 

including liposomes (Jason Park et al., 2009). Additionally, PLGA is approved by the Food 

and Drug Administration (FDA), and the European Medicine Agency (EMA) (Danhier et 

al., 2012; Parveen and Sahoo, 2008). Several factors, such as temperature, pH, 
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nanoparticle size, polymer molecular weight, polymer composition, nanoparticle 

processing, drug hydrophobicity, drug loading, interactions like drug-drug and polymer-

drug, among others factors, could influence the release of drugs from PLGA nanoparticles 

(Fredenberg et al., 2011; Jun et al., 2006). However, by using these nanoparticles in drug 

delivery, the drug release from the matrix could be controlled (Danhier et al., 2012; 

Makadia and S. J. Siegel, 2011; Mu and Feng, 2003; Peer et al., 2007). In the same 

regard, polymers that respond to external signals, like pH and temperature (including 

PLGA) has been studied for different geometries (Bajpai et al., 2008; Zha et al., 2011). 

The glass transition temperature (Tg) of PLGA copolymers are above the physiological 

temperature of 37°C and hence they are glassy in nature (Jain, 2000). The degradation 

rates of PLGA microspheres was found to increase with increasing incubation temperature 

(Dunne et al., 2000). Also, the experimental release of doxorubicin at different 

temperatures from poly(N-isopropylacrylamide-acrylamide-allylamine)-coated magnetic 

nanoparticles showed that temperature plays a significant role by increasing the release 

rate when increases temperature (Rahimi et al., 2010).  The understanding of the 

properties of the controlled drug release from biodegradable systems could translate into 

improved therapeutic techniques. Drug release kinetics in vitro from biodegradable 

devices could be described by different mechanisms of release (Fredenberg et al., 2011), 

such as initial burst, nanoparticle degradation, and fickian diffusion. In addition, a 

mathematical analysis of drug release kinetics could expand the understanding of these 

properties of release as well as predict the release profiles and drug bioavailability. 

Different mathematical models have been proposed to describe the polymer erosion and 

degradation in different systems of release (Dunne et al., 2000; Rahimi et al., 2010; 

Sackett and Narasimhan, 2011), but in general the complete profile of drug release, 
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especially for hydrophobic drugs, is explained by more than one mechanism of release. 

The drug release behavior has been explained mathematically by a biphasic model that 

consider initial burst first order equation combined with the bulk degradation of the polymer 

in microparticles (Gallagher and O. I. Corrigan, 2000) and in nanoparticles (Owen I. 

Corrigan and Xue Li, 2009) by describing the bulk degradation of the polymer using the 

Prout-Tompkins equation (Fitzgerald and O. I. Corrigan, 1993; Prout and Tompkins, 

1944). In the same regard, another’s biphasic models of initial burst first-order mechanism 

were combined with diffusion to describe the drug release in polymeric microspheres 

(Batycky et al., 1997; He et al., 2005; Raman et al., 2005). Similarly, a triphasic model of 

drug release from biodegradable polymeric microspheres that considers drug diffusion, 

drug dissolution, and polymer erosion, is described by introducing a system of three 

equations which take into account the drug concentration in the liquid phase, virtual solid 

phase, and effective solid phase (M. Zhang et al., 2003). Likewise, a triphasic model that 

describes the drug release in films as the combination of first-order burst release, first-

order bulk degradation of the polymer, and diffusional release has been used by 

considering that each phase has only a specific contribution period over the total drug 

release (Lao et al., 2009). In the same regard, a triphasic model that described the overall 

drug release in nanoparticles by the simultaneous combination of first-order burst release, 

Prout-Tompkins nanoparticle degradation-relaxation, and diffusional release was 

introduced in Chapter 3 of this dissertation. In the present work, the release at three 

temperatures of R6G from PLGA nanoparticles conjugated with PEG (R6G-PNP-PEG) 

was studied. The release of this drug model molecule was analyzed by two coupled 

models that incorporate the temperature effects over the total drug release model. These 

models consider the simultaneous contributions of two or three mechanisms of release, 
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depending of the model of analysis. The mechanisms of release involved are a first-order 

burst release, a fickian diffusion controlled release, and the controlled release by the bulk 

degradation of the polymer, defined in analogous in form to the Prout-Tompkins equation, 

that was originally introduced to determine the thermal decomposition of potassium 

permanganate crystals (Fitzgerald and O. I. Corrigan, 1993). The temperature effects are 

introduced in the degradation rate constant, which is determined by the Arrhenius 

equation. A parametric study of each one of the two models proposed is also introduced 

to understand the effects of the temperature over all the variables involved in the drug 

release behavior. 

5.3. Materials and Methods 

5.3.1. Materials 

PLGA with composition 50:50, acid terminated, and a molecular weight of 7,000-17,000 

a.m.u., Rhodamine 6G (R6G), and Poly(vinyl alcohol) (PVA) with an average molecular 

weight of ~31,000 a.m.u. and 86.7-88.7 mol% hydrolysis were purchased from Sigma 

Aldrich, Inc. (St. Louis, MO).  Dichloromethane (CH2Cl2) was purchased from Fisher 

Scientific Inc. (Fair Lawn, NJ). O,O′-Bis(2-aminopropyl) polypropylene glycol-block-

polyethylene glycol-block-polypropylene glycol (PEG) with an average molecular weight 

of 1900 a.m.u., N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), and N-

Hydroxysuccinimide (NHS) were also obtained from Sigma Aldrich, Inc. (St. Louis, MO). 

5.3.2. Preparation of PLGA nanoparticles 

The drug model R6G was encapsulated into PLGA nanoparticles (R6G-PNP) by following 

a single emulsion – solvent evaporation technique (Danhier et al., 2012; Grazia Cascone 
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et al., 2002; Jain, 2000; J. Yang et al., 2007).  Briefly, 50 mg of PLGA and 2.5 mg of R6G 

were dissolved in 5 mL of CH2Cl2. The solution was cooled to -20°C and then 10 ml of 5% 

PVA aqueous solution (cooled to 4°C) were added. The solution was mixed using vortex 

and then sonicated for 1 min at 25% of amplitude in the sonicator Misonix XL2020 in an 

ice bath. Then, the organic solvent was evaporated in a bath at 37°C and 120 rpm. The 

nanoparticles were purified using 3 cycles of centrifugation at 13,000 rpm during 30 min 

each one. Finally, nanoparticles were resuspended in 5 mL of 10 mM PBS buffer pH 7.4. 

All experiments were performed by triplicate. 

5.3.3. Nanoparticle PEGylation 

In order to conjugate PEG with the polymeric nanoparticles, 50 mg of R6G-PNP were 

resuspended in 6 mL of 10mM PBS buffer pH 7.4 and mixed with 0.0714 mmol of EDC 

and 0.0714 mmol o NHS. Then, 0.0714 mmol of PEG were added to the previous solution, 

and the coupling was left to react at room temperature. After 4 h, the polymeric 

nanoparticles were purified with two cycles of centrifugation at 13,000 rpm for 30 min each 

one. 

5.3.4. Nanoparticle Characterization 

The morphological characteristics of nanoparticles were observed using a scanning 

electron microscope (Hitachi S-4800 Field Emission Scanning Electron Microscope, 

Tokyo, Japan) from the Spectroscopy and Imaging Facilities at the University of Arizona. 

The samples were prepared by immobilization onto carbon-coated 400-mesh copper grids 

(Ted Pella Inc., Redding, CA). The particle size was measured with a particle size 

analyzer, a Zetasizer Nano ZEN3600, Malvern Instrument (Westborough, MA). The 
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refraction index used in the experiments was 1.33 and the dispersant used was water. 

The size analysis of each sample consisted on an average of 10 measurements. 

The drug loading and encapsulation efficiency were determined by first taking the solution 

containing the polymeric nanoparticles and centrifuging to collect the nanoparticles. Next, 

the polymeric nanoparticles were dissolved in 1 M sodium hydroxide, and hydrochloric 

acid was used to equilibrate the pH of the solution. The R6G content was analyzed by 

spectrophotometry at 524 nm using a spectrophotometer UV-1800 Shimadzu Co., Ltd., 

Japan. The concentration of R6G was determined by standard calibration curves in 10 

mM PBS buffer pH 7.4. The drug loading (DL) was determined as the mass ratio of drug 

entrapped in the nanoparticles to the mass of nanoparticles recovered (Lei et al., 2011). 

The encapsulation efficiency (EE) was determined as the mass ratio of entrapped drug in 

nanoparticles to the theoretical maximum loading, which is taken to be the point where the 

entire supplied drug is encapsulated in the nanoparticles (Jason Park et al., 2009). 

5.3.5. Drug release studies 

The drug release from PEGylated PLGA nanoparticles was determined by a dialysis 

membrane method (Avgoustakis et al., 2002; Liang et al., 2011; Sahana et al., 2008). The 

R6G release from PEG-PNP was evaluated at 37°C, 47°C, and 57°C. Polymeric 

nanoparticles dispersed in 3 ml of 10 mM sodium phosphate buffer pH 7.4 were placed 

into a dialysis membrane of standard cellulose 25 mm MWCO 12,000-14,000, Spectrum 

Laboratories, Inc. (Rancho Dominguez, CA), and were incubated in 30 ml of the same 

buffer at controlled temperature. At certain time intervals, 1 ml of sample was withdrawn 

from the incubation medium and the concentration of drug in the solution was determined 

by spectrophotometry at 524 nm using the standard calibration curve. Each withdrawn 
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volume was replenished with 1 ml of 10 mM sodium phosphate buffer pH 7.4. The release 

of the drug was followed for over 27 days in order to observe all the stages of release. 

5.3.6. Drug release analysis 

The release of drugs from biodegradable PLGA nanoparticles was analyzed by using two 

different coupled models of release. Each one of these coupled models contain at least 

two mechanisms of release. The analyzed individual mechanisms are initial burst, 

nanoparticle degradation-relaxation, and diffusion. The initial burst was analyzed by 

considering the release of drugs as an interfacial diffusion process between the solid 

sphere and the liquid media. Then, the release rate was considered proportional to the 

difference between the concentration of drug in the sphere, and the concentration of drug 

in the surrounded liquid media at the time of analysis. Moreover, this phenomena could 

be related to the concentration of drug in the surface, the surface area, the interphase 

properties, the solubility of the drug, and also to electrostatic interactions between the drug 

and the solid sphere. All these mentioned effects are combined into the proportionality 

constant, and considering that there is no drug dissolved at an initial time, the phenomena 

results in the following first-order equation: 

b
C

k C
t

∂ = −
∂

 (5.1) 

where bk  is the initial burst constant, and C  is the concentration of the drug at time t . 

The solution of Eq. (5.1) is obtained by considering that at the initial time the concentration 

in the sphere is equal to the initial mass of solute per volume of sphere. In addition, the 

mass released at time t  becomes from the difference between the initial mass in the 
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sphere and the remaining mass in the sphere at that time, resulting in the following 

equation: 

1 bk ttm
e

m
−

∞
= −  (5.2) 

where tm  is the cumulative amount of drug released at time t , and m∞  is the initial amount 

of drug loaded in the nanoparticle. In addition, the initial burst dependence with 

temperature was evaluated by an equation of the form: 

abE

R T
b bok k e

−
⋅⋅=  (5.3) 

where bok  is a constant, abE  is the energy of activation for the burst phase, R  is the gas 

constant (cal/deg mole), and T  is the absolute temperature. 

The second mechanism of release considered is the nanoparticle degradation-relaxation. 

This phenomena is related to the degradation by means of the hydrolysis of the PLGA in 

the nanoparticles. The nanoparticle interphase with the liquid is the first portion exposed 

to hydrolysis, and is related to the surface area. The polymer in the nanoparticle also could 

be fragmented in small oligomers promoting in this way the penetration of water. 

Nevertheless, previous works demonstrated that a linear relationship between the 

degradation rate and particle size existed, with the larger particles degrading fastest; this 

is explained since the larger particles have to deal with longer paths of oligomers diffusing 

to reach the surface of the particle compared to small particles (Dunne et al., 2000). As 

the degradation continue from the nanoparticle surface, new ways for water penetration 

are originated. Then, the degradation of the nanoparticle could follow two simultaneous 

approaches, one reducing the radius of the nanoparticle, and the other increasing the 

porosity. As the porosity increases, then the nanoparticle are relaxed by the penetration 
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of water and the hydrolysis now could be heading in several directions simultaneously. 

This mechanism of release can be described by the Prout-Tompkins equation (Owen I. 

Corrigan and Xue Li, 2009; Prout and Tompkins, 1944): 

1 r r max
x

ln k t k t
x

  = − − 
 (5.4) 

where x  is the fractional mass released at time t ; x is equivalent to the fractional release 

tm m∞ . rk  is the rate of degradation - relaxation constant, and maxt  is the time to 

maximum rate of drug release or the time to achieve 50% of release. Rearranging Eq. 

(5.4), it becomes, 

( )

( )1

r max

r max

t

k t t

k t t

m e

m e∞

−

−=
+

 (5.5) 

Also, the nanoparticle’s degradation-relaxation constant is function of the temperature 

(Dunne et al., 2000). This temperature dependence is evaluated by the Arrhenius 

equation: 

arE

R T
r rok k e

−
⋅⋅=  (5.6) 

where rok  is a constant, arE  is the energy of activation, R  is the gas constant (cal/deg 

mole), and T  is the absolute temperature. In similar way, the maxt  was considered function 

of the temperature, and it was evaluated also by using Arrhenius equation: 

atmaxE

R T
max maxot t e

−
⋅= ⋅  (5.7) 

where maxot  is a constant, atmaxE  is the energy of activation, R  is the gas constant (cal/deg 

mole), and T  is the absolute temperature. 
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The third mechanism of release proposed in this work is the drug release carried by 

diffusion. The diffusion phase was evaluated with a general mass balance that considers 

the drug release only in radial coordinates because of symmetry, the concentration of drug 

is uniform for a fixed radius, the effective diffusion coefficient ( eD ) constant, and no 

chemical reaction. The model that results get defined by Fick’s law: 

( ) ( ) ( )2

2

, , ,2
e

C r t C r t C r t
D

t r r r

 ∂ ∂ ∂
= + ∂ ∂ ∂ 

 (5.8) 

where the concentration ( C ) is function of the time and radial position in the nanoparticle.  

The following initial and boundary conditions are considered in the model. 

( )0,
0           0

C t
t

r

∂
= >

∂
 (5.9) 

( )1, 0             0C r t t= >  
(5.10) 

( ) 1,0       0
s

m
C r r r

v
∞= < <  

(5.11) 

Equation (5.9) indicates symmetry conditions exists at the center of the sphere. Eq. (5.10) 

indicates that the concentration of drug on or close to the surface of the sphere for times 

larger than zero, is considered negligible because all the drug that arrives to the surface 

of the nanoparticle is immediately removed to the media (no accumulation is considered, 

nor expected), where 1r  is the nanoparticle radio. Eq. (5.11) indicates that initially all the 

encapsulated drug is homogeneously distributed over the entire volume of the sphere          

( sv ). An analytical solution with these conditions is obtained and given by Eq. (5.12). 
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The dependence of the effective diffusion with temperature was evaluated with an 

equation of the form: 

aDe
E

R T
e eoD D e

−
⋅= ⋅   (5.13) 

where eoD is a constant, 
eaDE  is the energy of activation, R  is the gas constant (cal/deg 

mole), and T  is the absolute temperature. 

The drug release mechanisms described by Eq. (5.2), Eq. (5.5), and Eq. (5.12) are 

coupled in two different models to describe the effects of temperature over the profiles of 

R6G release from PLGA biodegradable nanoparticles. The first coupled model presented 

in this work (M1) is a linear combination of Eq. (5.2) and Eq. (5.5). The second model 

analyzed (M2) is obtained by adding the fickian diffusion to the last coupling model, and 

is formed by the linear combinations of Eq. (5.2), Eq. (5.5), and Eq. (5.12).  

The first model of release considered, M1, represents the contributions over the total drug 

release profile of initial burst and the Prout-Tompkins nanoparticle degradation-relaxation. 

The equation obtained for this biphasic model is expressed as 

( ){ } ( )
( )

( )1 1
1

r max
b

r max

k t t
k tt

b b k t t

m e
e

m e
θ θ

−
−

−
∞

  = − + −  
+  

 (5.14) 

where bθ  is the contribution of the initial burst release over the release of the total mass 

drug. The coupled model M1 was adjusted to the experimental data by a nonlinear least-

squares algorithm in the software MATLAB® (MathWorks, USA) in order to obtain the 

parameters: bθ , bk , rk , and maxt . In addition, a parametric analysis of this coupled model, 
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when the temperature of release changed is presented. Eq. (5.3) was used to describe 

the effects of temperature over the initial burst constant ( bk ) behavior. The rate of 

degradation - relaxation constant ( rk ), and the time to maximum rate of drug release or 

the time to achieve 50% of release ( maxt ) were evaluated with Eqs. (5.6) and (5.7), 

respectively. 

The second model presented in this manuscript (M2) was composed by three mechanisms 

of release: initial burst, Prout Tompkins nanoparticle degradation – relaxation, and fickian 

diffusion from Eq. (5.2), Eq. (5.5), and Eq. (5.12) respectively. The equation that result 

from the coupling of these three mechanisms of release becomes, 
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∑  (5.15) 

where bθ , rθ , and dθ  are the contributions of initial burst, nanoparticle degradation-

relaxation and diffusion mechanisms over the total mass drug release. The relation 

1rb dθ θ θ+ + =  was introduced to the system in order to give mathematical consistency. 

The M2 model composed by the linear system showed in Eq. (5.15) contains six unknown 

parameters ( bθ , rθ , bk , rk , maxt , and eD ), which were determined by adjusting to the 

experimental data by a nonlinear least-squares algorithm in the software MATLAB® 

(MathWorks, USA). In the same regard tan for M1, a parametric analysis to evaluate 

temperature effects over the drug release profiles was performed. The effects of 

temperature over the initial burst constant ( bk ), the rate of degradation - relaxation 
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constant ( rk ), the time to achieve 50% of release ( maxt ), and the effective diffusion ( eD ) 

were evaluated by using Eq. (5.3), Eq. (5.6), Eq. (5.7), and Eq. (5.13), respectively. 

In order to compare the two different models analyzed in this work, another criteria besides 

the coefficient of determination ( 2R ) was required, since these two models contain a 

different number of parameters. In that order, the adjusted coefficient of determination        

( 2
adjustedR ) was introduced to provide a more clear idea of the fitting obtained with both 

models (M1 and M2). 

( )
( ) ( )2 2

1
1 1adjusted

dp

dp

n
R R

n p

−
= − −

−
 (5.16) 

where dpn  is the number of data points ( tm m∞ ) and p  is the number of parameters in 

the model. Whereas the 2R  always increases or at least stays constant when adding new 

model parameters, 2
adjustedR  can actually decrease, thus giving an indication if the new 

parameter really improves the model or might lead to over fitting (Costa and Sousa Lobo, 

2001). 

5.4. Results and Discussion 

5.4.1. PLGA nanoparticles preparation and PEGylatio n 

R6G was characterized by spectrophotometry at 524 nm and an extinction coefficient of 

E = 51614 M-1∙cm-1 was found. Polymeric nanoparticles were synthesized with 5% w/w 

R6G following a single emulsion-solvent evaporation technique, and then PEGylated 

(R6G-PNP-PEG), resulting in a 0.59% drug loading and 11.71% encapsulation efficiency. 

The nanoparticles had smooth surface as depicted by scanning electron microscopy (Fig. 
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5.1A) The dynamic light scattering spectra for R6G-PNP-PEG corroborates the average 

diameter size to be 142.10±0.14 nm with a polydispersity index of 0.062±0.016 (Fig. 5.1B).  

5.4.2. Drug release studies 

The experimental release of R6G from PEGylated nanoparticles was evaluated at three 

different temperatures during 28 days to analyze the different phases of release. During 

the first 6 days of the release study at 37°C, the curve present a characteristic phase 

counting for the initial burst. After that phase the nanoparticle degradation – relaxation 

takes place, along diffusion describing the rest of the release profile (Fig. 5.2). The release 

at 47°C shows very clearly a triphasic behavior that relates initially to the first burst effect 

followed by a second release stage due to the particle relaxation or polymer degradation 

and finally a release phase due to diffusion (Fig. 5.2). However, the duration of the initial 

burst was around 4 days. In Fig. 5.2 it is observed that at 57°C the profile of release also 

contain the phase of initial burst, but the duration is smaller compared with the observed 

37°C and 47°C, indicating a clear effect of temperature over the degradation of the 

polymeric nanoparticle. From these results we infer that the rate of release is directly 

proportional to temperature. In other words, the rate of release increases by increasing 

the temperature. 
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Figure 5.1. Characterization of the R6G loaded PEGylated nanoparticles (R6G-PNP-PEG). (A) 
Scanning Electron Microscopy images show a smooth surface for nanoparticles. (B) Dynamic light 
scattering spectra R6G-PNP-PEG were used to determine the average diameter and polydispersity 
index nanoparticles.   
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Figure 5.2. Experimental release of R6G from the PEGylated nanoparticles at different temperatures. The 
circles represent the release at 37°C; the triangles represent the release at 47°C; the “x” represent the release 
at 57°C. 

 

5.4.3. Drug release analysis 

In this research, the experimental data of R6G release at different temperatures was 

effectively modeled using a system that considers the mechanisms of initial burst, 

nanoparticle degradation – relaxation, and diffusion as a function of the temperature. The 

model of drug release from biodegradable nanoparticles given by Eq. (5.14) (M1) was 

fitted to the R6G experimental release from PEGylated nanoparticles, with the resulting 

parameters presented in Table 5.1.  
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Table 5.1. Parameters of R6G release from PEGylated nanoparticles at different 
temperatures. The parameters were determined and used in the mathematical 
development of the model M1 for the drug release from biodegradable nanoparticles. 

 

 

This model of drug release (M1) resulted from the simultaneous addition of the two release 

stages of initial burst and nanoparticle degradation –relaxation, providing a very good fit 

with the experimental data at 37°C, as seen in Fig. 5.3A. The same model, when fitted to 

the experimental release at 47°C also presents a very good fit, as could be seen in Fig. 

5.3B. In the same way, a very good fit was obtained from comparing the model M1 with 

the experimental results at 57°C, as is depicted in Fig. 5.3C. Then, the model M1 is able 

to provide a very good description of the experimental data of release when biodegradable 

polymeric nanoparticles are employed. By analyzing the contributions of each mechanism 

of release is observed that the initial burst and the nanoparticle degradation relaxation 

contributions over the total drug release are almost constant when the temperature 

increase from 37°C to 47°C (Fig. 5.4A).  

 

Parameters Description Unit
Release temperature ( °C)

37 47 57

kb Burst constant days-1 1.8053 2.2306 2.7337

θb Fraction of burst release - 0.5567 0.5453 0.6139

kr Degradation-relaxation constant days-1 0.1109 0.1924 0.3198

tmax Time to achieve 50% of release days 20.1849 9.5761 5.1626

θr Fraction of NP relaxation release - 0.4433 0.4547 0.3861

R2 Coefficient of determination - 0.9929 0.9963 0.9931

R2
adjusted Adjusted coefficient of determination - 0.9923 0.9960 0.9925



135 

 

 

 

 

Figure 5.3. Experimental and theoretical R6G release profile from PEGylated nanoparticles at different 
temperatures. (A) The circles represent the experimental data at 37°C, and the square dot line represents the 
fitting to the experimental data when the model of Eq. (5.14) (M1) was applied (� = 0.5567). (B) The triangles 
represent the experimental data at 47°C, and the square dot line represents Eq. (5.14) fitting to the 
experimental data when � = 0.5453. (C) The “x” points represent the experimental data at 57°C, and the 
square dot line represents Eq. (5.14) fitting to the experimental data when � = 0.6139. 
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On the other hand, when the temperature increases from 47°C to 57°C, the initial burst 

contribution increases from 0.54-0.61, and in consequence the nanoparticle degradation 

– relaxation decreases in a relative way, as is indicated in Fig. 5.4A. The values of the 

parameters obtained with the fit of Eq. (5.14) to the experimental release of R6G from 

biodegradable nanoparticles at 37°C, 47°C and 57°C, and presented in Table 5.1, are 

used to determine a relationship between each one of these parameters and the 

temperature. In order of that, an Arrhenius equation system for each parameter is 

introduced. The values of the Arrhenius constant and the energy of activation for each 

parameter of release are summarized in Table 5.2. The value of the initial burst constant 

increases from 1.8053 to 2.2306 and then to 2.7337, when the temperature increases 

from 37°C to 47°C and then to 57°C, respectively, as show Fig. 5.4B. The electrostatic 

interactions between drug-drug and polymer-drug are affected by temperature. In addition, 

as a general rule, the drug solubility increases by increasing the temperature. These 

effects along others related to the interfacial diffusion are also considered in the initial 

burst constant. The effects of temperature in the Initial burst phase were considered over 

the constant of initial burst, and associated to one relation of the form of Arrhenius 

equation (Eq. (5.3)). The parameters of the Arrhenius equation ( bok  and abE ) were 

determined using the values of the initial burst constant obtained from the fit of Eq. (5.14) 

to the experimental data, and are presented in Table 5.2. The solid line in Fig. 5.4B 

represents the exponential growth of the initial burst constant with respect to temperature.  

The effects of temperature over the nanoparticle degradation –relaxation mechanism of 

release were analyzed using Eq. (5.6) and Eq. (5.7), that describe the temperature 

influence over the degradation – relaxation constant rate and the time for the maximum 

release rate, respectively. The PLGA nanoparticle degradation – relaxation was carried 
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by the systematic degradation of the monomers in the nanoparticle surface due to water 

uptake that as a consequence promotes further polymer degradation. Temperature plays 

a critical role in this process of degradation significantly increasing the release rate of the 

drug. The value of the degradation - relaxation constant increases from 0.1109 to 0.1924 

and then to 0.3198, when the temperature increases from 37°C to 47°C and then to 57°C, 

respectively.  This behavior indicate the high effect of temperature over the degradation – 

relaxation of the nanoparticle, as could be seen in Fig. 5.4C. Another factor that plays an 

important role in the relaxation of the nanoparticle is the glass transition temperature, 

which for PLGA is above the physiological temperature, but could be reached with some 

of the temperatures used in this study. The effects of temperature in the degradation - 

relaxation constant were described with a relation of the form of Arrhenius equation (Eq. 

(5.6)). The parameters of the Arrhenius equation ( rok  and arE ) were determined using 

the values of the degradation – relaxation constant obtained from the fit of Eq. (5.14) to 

the experimental data, and are presented in Table 5.2. The square dot line in Fig. 5.4C 

represents the exponential growth of the degradation - relaxation constant with respect to 

temperature. 

The effects of temperature over the time to achieve the 50% of release are also significant, 

as is depicted in Fig. 5.4D.  This parameter of release decreases from 20.1849 to 9.5761 

and then to 5.1626, when the temperature goes from 37°C to 47°C and then to 57°C, 

respectively. From these values is evident that this parameter of release is also sensitive 

to temperature, and the mechanism of release for the degradation – relaxation of the 

nanoparticle in general is very dependent on temperature. The effects of temperature in 

the time to achieve the 50% of release were described with a relation of the form of 

Arrhenius equation (Eq. (5.7)). The parameters of the Arrhenius equation ( maxot  and atmaxE
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) were determined using the values of the time to achieve the 50% of release obtained 

from the fit of Eq. (5.14) to the experimental data, and are presented in Table 5.2. The 

long dash line in Fig. 5.4D represents the exponential decay of the time to achieve the 

50% of release with respect to temperature.  

 

Table 5.2. Arrhenius constants and energies of activation for the determination of the 
parameters involved in the model of R6G release M1. 

 

 

 

Parameters Description Unit Values

kbo Arrhenius constant (burst) days-1 1703.0412

Eab Energy of activation (burst) cal/mol 4221.0936

kro Arrhenius constant (degradation) days-1 4321997.7158

Ear Energy of activation (degradation) cal/mol 10771.1213

tmaxo Arrhenius constant (tmax) days 3.3883E-09

Eatmax Energy of activation (tmax) cal/mol -13870.8904
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Figure 5.4.  Effect of temperature over the release parameters of R6G release from PEGylated 
nanoparticles when the model M1 is used. (A) Contribution of initial burst (black bar) and nanoparticle 
degradation – relaxation (dark gray) overall drug release phenomena. (B) Initial burst constant given by the 
M1 model (circles), and the continuous line represents the fit of Arrhenius equation to these points when � # =

1703.0412 days-1 and �$ = 4221.0936 cal/mol. (C)  Relaxation constant given by the model M1 (circles), and 
the square dot line represents the fit of Arrhenius equation to these points when �!# = 4321997.7158 days-1 
and �$! = 10771.1213 cal/mol. (D) Time to achieve the 50% of release given by the model M1 (circles), and 
the long dash line represents the fit of Arrhenius equation to these points when �%&' ( = 3.3883 × 10

)*  days, 
and �$ +,$- = −1.3871 × 10

). cal/mol. 
 

 

The second model of drug release from biodegradable nanoparticles that considers three 

mechanisms of release occurring simultaneously (Eq. (5.15)) (M2), was fitted to the 

experimental data of R6G release from PEGylated nanoparticles, and the resulting 

parameters are presented in Table 5.3. The M2 model comes from the simultaneous 

contributions of three release phases: initial burst, nanoparticle degradation – relaxation, 

and diffusion. This model, when fitted to the experimental data at 37°C presents a good 

correlation, as seen in Fig. 5.5A. M2 model presents an excellent fit to the experimental 
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data at 47°C, as could be seen in Fig. 5.5B. When the model M2 was fitted to the 

experimental data at 57°C, also an excellent fit was observed as is depicted in Fig. 5.5C.  

The contributions of each mechanism of drug release when the temperature changes, 

show that the initial burst contribution decreases from 0.5429 to 0.3988, but then increases  

to 0.4389 when the temperature of release is 37°C, 47°C, and 57°C, respectively (Fig 5.6). 

The contribution over the total release by the nanoparticle degradation – relaxation 

mechanism decreases from 0.2372 to 0.0688, and then to 2.6129 when the  temperature 

of release is 37°C, 47°C, and 57°C, respectively (Fig 5.6). The difference in these 

parameters values, when compared with the results obtained with the model of release 

M1 indicate that the mechanism of release by diffusion plays an active role in the 

description of the overall release behavior. The diffusion contribution over the total release 

for the three temperatures analyzed is increasing from 0.2992 to 0.5324, and then to 

0.6055, when the temperature of release is 37°C, 47°C, and 57°C, respectively (Fig. 5.6). 

 

Table 5.3. Parameters of R6G release from PEGylated nanoparticles at different 
temperatures. The parameters were determined and used in the mathematical 
development of the model M2 from polymeric nanoparticles. 

 

Parameters Description Unit
Release temperature ( °C)

37 47 57

kb Burst constant days-1 2.5244 3.9805 4.9722

θb Fraction of burst release - 0.5429 0.3988 0.4389

kr Degradation-relaxation constant days-1 0.1274 5.2914 10.7719

tmax Time to achieve 50% of release days 27.2836 13.1061 8.6364

θr Fraction of NP relaxation release - 0.2372 0.0688 2.6129E-09

De Effective diffusion coefficient cm2/s 3.4909E-18 4.7670E-18 9.2418E-18

θd Fraction of diffusion release - 0.2992 0.5324 0.6055

R2 Coefficient of determination - 0.9889 0.9931 0.9956

R2
adjusted Adjusted coefficient of determination - 0.9872 0.9920 0.9949
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Figure 5.5. Experimental and theoretical R6G release profile from PEGylated nanoparticles at different 
temperatures. (A) The circles represent the experimental data at 37°C, and the continuous line represents the 
fitting to the experimental data when the model of Eq. (5.15) (M2) was applied (� = 0.5429; �! = 0.2372). (B) 
The triangles represent the experimental data at 47°C, and the continuous line represents Eq. (5.15) fitting to 
the experimental data when � = 0.3988 and �! = 0.0688. (C) The “x” points represent the experimental data 
at 57°C, and the continuous line represents Eq. (5.15) fitting to the experimental data when � = 0.4389 and 
�! = 2.6129 × 10

)*. 
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Figure 5.6. Effect of temperature over the R6G release contributions of initial burst (black bars), nanoparticle 
degradation – relaxation (dark gray bars), and diffusion (light bars), when the model M2 is applied. 

 

The substantial increment in the diffusion contribution over the drug release profile when 

the temperature of release increments, could be due to several factors as for example the 

increase in the drugs solubility, the drug-polymer interactions could be altered, the glass 

transition temperature could be reached producing that the nanoparticle gets more 

relaxed, within others. 

The effective diffusion coefficient increase from 3.4909E-18 to 4.7670E-18, and then to 

9.2418E-18, when the temperature of release is 37°C, 47°C, and 57°C, respectively, as 

show Fig. 5.7A. The effects of temperature over the effective diffusion coefficient were 

associated to one relation of the form of Arrhenius equation (Eq. (5.13)). The parameters 

of Arrhenius equation ( eoD and 
eaDE ) were determined using the values of the effective 

diffusion coefficient obtained from the fit of Eq. (5.15) to the experimental data of R6G 

release from the biodegradables nanoparticles, and are presented in Table 5.4. The slash-

dot line in Fig. 5.7A represents the exponential increase of the initial burst constant with 

temperature. 
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The initial burst constant increase from 2.5244 to 3.9805, and then to 4.9722 when 

temperature of release is 37°C, 47°C, and 57°C, respectively, as show Fig. 5.7B. This 

behavior in the values of the initial burst constant increasing when the temperature of 

release increases, is the same observed when the M1 model was used to describe the 

experimental data of R6G release from PEGylated nanoparticles. The effects of 

temperature over the constant of initial burst were associated to one relation of the form 

of Arrhenius equation (Eq. (5.3)). The parameters of Arrhenius equation ( bok  and abE ) 

were determined using the values of the initial burst constant obtained from the fit of Eq. 

(5.15) to the experimental data of R6G release from the biodegradables nanoparticles, 

and are presented in Table 5.4. The continuous line in Fig. 5.7B represents the 

exponential increase of the initial burst constant with respect to temperature. 

The value of the degradation - relaxation constant increases substantially from 0.1274 to 

5.2914 and then to 10.7719, when the temperature of release increases from 37°C to 

47°C and then to 57°C, respectively.  This significant increase in this constant 

corroborates the effect of temperature over the degradation – relaxation of the 

nanoparticle, as could be seen in Fig. 5.7C. Here also, as in the analysis for the model 

M1, the glass transition temperature plays an important role in the nanoparticle relaxation, 

since temperature increase and could reach that point. The effects of temperature in the 

degradation - relaxation constant were described with a relation of the form of Arrhenius 

equation (Eq. (5.6)). The parameters of the Arrhenius equation ( rok  and arE ) were 

determined using the values of the degradation – relaxation constant obtained from the fit 

of Eq. (5.15) to the experimental data, and are presented in Table 5.4. The square dot line 

in Fig. 5.4C represents the exponential growth of the degradation - relaxation constant 

with respect to temperature. 
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The time to achieve the 50% of release decreases from 27.2836 to 13.1061 and then to 

8.6364, when the temperature goes from 37°C to 47°C and then to 57°C, respectively 

(Fig. 5.7D). The effects of temperature over the time to achieve the 50% of release are 

also significant, observing in general that the drug release rate increases when increasing 

temperature. This effect is also congruent with the results observed when the model M1 

was used. The effects of temperature in the time to achieve the 50% of release were 

described with a relation of the form of Arrhenius equation (Eq. (5.7)). The parameters of 

the Arrhenius equation ( maxot  and atmaxE ) were determined using the values of the time to 

achieve the 50% of release obtained from the fit of Eq. (5.15) to the experimental data, 

and are presented in Table 5.4. The long dash line in Fig. 5.7D represents the exponential 

decay of the time to achieve the 50% of release with respect to temperature. 

 

Table 5.4. Arrhenius constants and energies of activation for the determination of the 
parameters involved in the model of R6G release M2. 

 

Parameters Description Unit Values

kbo Arrhenius constant (burst) days-1 182729.2165

Eab Energy of activation (burst) cal/mol 6895.8899

kro Arrhenius constant (degradation) days-1 8.26324163268987E+30

Ear Energy of activation (degradation) cal/mol 45141.5073

tmaxo Arrhenius constant (tmax) days 1.5462E-07

Eatmax Energy of activation (tmax) cal/mol -11702.0531

Deo Arrhenius constant (diffusion) cm2/s 3.3314E-11

EaDe Energy of activation (diffusion) cal/mol 9904.2434
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Figure 5.7. Effect of temperature over the release parameters of R6G release from PEGylated 
nanoparticles when the model M2 is used. (A) Effective diffusion coefficient given by the model M2 
(circles), and the slash-dot line represents the fit of Arrhenius equation to these points when �/( =

3.3314 × 10
)00 cm2/s and �$12

= 9904.2434 cal/mol. (B) Initial burst constant given by the M2 

model (circles), and the continuous line represents the fit to Arrhenius equation when � ( =

182729.2165 days-1 and �$ = 6895.8899 cal/mol. (C)  Relaxation constant given by the model M2 
(circles), and the square dot line represent the fit of Arrhenius equation to these points when �!( =

8.2632 × 10
3( days-1 and �$! = 45141.5073 cal/mol. (D) Time to achieve the 50% of release given 

by the model M2 (circles), and the long dash line represent the fit of Arrhenius equation to these 
points when �,$- ( = 1.5462 × 10

)4days and �$ +,$- = −11702.0531 cal/mol. 

 

Starting from the fit of both mathematical models (M1 and M2) to the experimental data of 

release of R6G from biodegradable nanoparticles, where was possible to obtain the values 

of the parameters involved in the drug release for each model, then we propose a 

methodology to find the variation of the parameters of release with temperature. These 

values of the parameters, obtained in the fit of each mathematical model, as well as the 
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respective temperatures were used to find new relations (with the form of Arrhenius 

equation) that help to describe the variations of each parameters of release with 

temperature. Fig. 5.8A presents the results off the parametric analysis when the model 

M1 was used. All the parameters were calculated considering the temperature, by using 

the respective Arrhenius constants and energies of activation. The behavior of the overall 

drug release curve when all the parameters are considering the temperature increments, 

clearly shows that the drug release rate increases when increasing the temperature. The 

same outcome was obtained when the model M2 was evaluated by considering the 

variations of each parameter with temperature, as could be seen in Fig. 5.8B. The 

comparison between the two coupled models evaluated in this work by the 2
adjustedR  and 

also by the fit observed in the profiles of release presented in Fig. 5.3 and Fig. 5.5 for M1 

and M2, respectively, indicates that the values are similar for the three temperatures 

evaluated, and both models are able to successfully describe the experimental drug 

release curve. On the other hand, the addition of the fickian diffusion to the model of 

release, resulting in the model M2, helps to better understand the drug release 

phenomena. 
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Figure 5.8. Parametric analysis of the effects of temperature over the R6G release from PEGylated 
nanoparticles using the two models developed in this work. (A) Model M1 presented in Eq. (5.14). (B) Model 
M2 presented in Eq. (5.15). 

 

5.5. Conclusions 

A mathematical analysis that considers the influence of temperature over the controlled 

drug release from biodegradable nanoparticles was effectively established. The effects of 

temperature over the drug release were analyzed by using two different models that 

simultaneously incorporates two or three mechanisms of release. These models evaluate 

the phases of release by coupling different mechanisms that estimate the contribution 

fraction of each mechanism over the total drug release. R6G loaded PLGA nanoparticles 
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were produced and conjugated with PEG. The release of R6G was investigated at 37°C, 

47°C, and 57°C. Three defined phases of release were identified: an initial and fast drug 

release, a slower release due to nanoparticle degradation–relaxation, and a diffusion 

controlled release. An increase in the drug release rate when the temperature was 

increased was observed. The parametrical analysis of the two models showed that initial 

burst constant and the nanoparticle degradation – relaxation constant increase by 

increasing the temperature. On the other hand, the time to reach the maximum release 

rate decrease when increasing the temperature. The effect of temperature over the 

parameters of release could be described by relations of the form of Arrhenius equation. 
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CHAPTER 6. CONCLUSIONS 

In this research a variety of nanoparticle drug delivery systems were synthesized and 

characterized using as a biodegradable matrix carrier poly(lactic-co-glycolic acid) (PLGA), 

polyethylene glycol (PEG), and polyvinyl alcohol (PVA).  

PLGA nanoparticles were prepared effectively by an implemented emulsification –solvent 

evaporation technique and the formulation parameters effects over the nanoparticle 

properties were investigated. The encapsulation of hydrophobic and hydrophilic drugs 

such as doxorubicin, PH-427, gemcitabine, and pemetrexed, were encapsulated into 

polymeric nanoparticles to find optimal drug loadings by using single or double 

emulsification techniques.  In vitro release studies ranged from hours to days depending 

of the characteristics of the drug and the drug-polymeric nanoparticle system. Release 

rate for doxorubicin was studied at different temperatures, showing correspondence 

between the temperature and the rate of release. The hydrophilic drug PMTX was 

successfully complex to PEI by the strong electrostatic interaction with PMTX carboxylic 

acids and primary amines of PEI, boosting the drug loading.The study demonstrated that 

a wide variety of water soluble and insoluble bioactive agents can be incorporated into 

PLGA nanoparticles with a high efficiency and adjustable drug loadings. 

The nanoparticles were very effective in encapsulated anticancer drugs as chemotherapy 

agents. The drug release from these biodegradable nanoparticles was analyzed 

mathematically using an approach that included the three major mechanisms of release: 

initial burst, nanoparticle degradation-relaxation, and diffusion. The mathematical model 

was developed to describe the release of the hydrophobic, kinase-inhibitor drug PHT-427.  
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The drug release mathematical model takes into consideration the simultaneous 

contribution of drug initial burst, polymer particle degradation and diffusion and effectively 

describes the  controlled release of the hydrophobic protein kinase inhibitor PHT-427, for 

periods of as long as 50 days. The effective encapsulation of the hydrophobic drug PHT-

427 was carried out by a single emulsion method. The encapsulation of the drug into 

polymeric nanoparticles with different theoretical drug loadings showed significant 

changes in the polymeric nanoparticle size and size distribution. Removal of precipitates 

and aggregates present in the nanoparticle encapsulation was performed by a simple 

centrifugation step. The experimental drug release of PHT-427 presented a well-defined 

initial burst release phase, a particle degradation–relaxation release phase, and a diffusion 

controlled release phase as well. The model was able to fit quite well all the stages of drug 

release with the simultaneous incorporation of these three relevant contributions over the 

entire drug release performance period. The model parameters, such as the initial burst 

rate constant, kinetic degradation rate constant, drug effective diffusion coefficient and 

maximum release rate, were obtained using the experimental data with a very good 

correlation. A parametric analysis study performed provided a very good description of the 

effects of the individual contribution of each drug release mechanism over the entire 

release behavior.  The parametric study could be used to predict and better understand 

other different systems of release. The model was used to determine the bioavailable of 

the drug in vitro studies with pancreatic cancer cells. The in vitro studies, showed clearly 

the effective and potential use of AKT/PDK1 inhibitors in cancer therapeutics when loaded 

into polymeric nanoparticles as drug carriers. 

The theoretical release studies were corroborated experimentally by evaluating the 

cytotoxicity effectiveness of PHT-427-loaded nanoparticles (PH-427-PNP) over BxPC-3 
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and MiaPaCa-2 pancreatic cancer cells in vitro. These studies showed that the 

encapsulated PHT-427 drug in the nanoparticles is more accessible and thus more 

effective when compared with the drug alone, indicating their potential use in treatment 

applications.  

Also, the PHT-427-loaded nanoparticles cytotoxicity was evaluated in vivo studies with 

MiaPaCa-2 pancreatic tumors. The results show that the kinase inhibitor is more effective 

when is loaded into polymeric nanoparticles (PH-427-PNP), compared to PH-427 drug 

alone, by significantly reducing MiaPaCa-2 orthotopic pancreatic tumor growth. Also, 

metastases to the liver was inhibited by the PHT-427-loaded nanoparticles compared to 

the polymeric nanoparticle controls without drug and with the drug alone. In vivo imaging 

studies with animal models of BxPC3 and MiaPaCa-2 pancreatic cancer were used to 

evaluate the potential improvement offered by the PNP.  

In addition, a mathematical analysis that considers the influence of temperature over the 

controlled drug release from biodegradable nanoparticles was successfully established. 

This analysis permits the estimation of the impact of temperature over the parameters of 

release. The analysis was performed by using two different models that simultaneously 

incorporates two or three mechanisms of release. These models evaluate the phases of 

release by coupling different mechanisms that estimate the contribution fraction of each 

mechanism over the total drug release. R6G loaded PEGylated PLGA nanoparticles were 

produced, and the release of R6G at different temperatures was investigated. Both 

models, when fit to the experimental data of release of R6G at different temperatures 

provided a good correlation coefficients. From the parameters obtained by the fit, using 

each model, it was possible to define a set of new relations of the form of Arrhenius to 

estimate the parameters of release at other different temperatures. 
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Future drug release studies will involve the incorporation of targeted and controlled drug 

delivery systems by attaching to the polymeric nanoparticles specific ligands such as 

peptides, folic acid and antibodies. In this work we also incorporated and worked on this 

areas and obtained promising results, however, their application was not explored further 

because of time constraints and therefore not included in this dissertation. 
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