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Summary:  In this work, Active Pharmaceutical Ingredients (APIs) of varying 

solubility were taken through formulation development and manufacturing process 

optimization to achieve the desired controlled release profile.  Fat and wax matrices 

were used as the encapsulating shell material utilizing a moisture-free manufacturing 

process suited for APIs with poor solubility and moisture-sensitivity.  Oral route of 

administration was the targeted route of delivery.  The resulting API-loaded 

microspheres exhibited controlled release profiles in vitro and in vivo.  This approach 

enhanced the oral bioavailability of the poorly soluble model API (Nifedipine).   

Objectives:  The main objectives of this effort were to evaluate the feasibility of 

utilizing fats and waxes as drug delivery matrices to improve oral bioavailability and to 

identify the critical manufacturing parameters that enhance reproducibility of the API 

release profile.  The specific aims of the effort were as follows: 

1. Screen parameters (drug loading, drug particle size, microsphere size, 

cooling rate of molten fat/wax matrix, polymorph structure, etc.) and identify 

the critical parameters and techniques with the highest impact on the 
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polymorphic crystalline structure of the encapsulating matrix (fats and 

waxes) and its API release profile. 

2. Develop a process and manufacture an oral dosage form with modified 

release profile, utilizing fats and/or waxes.  

3. Generate in vitro release profiles and analyze the mechanism of drug 

release based on mathematical modeling and compare to established 

theoretical models. 

4. Determine the ability of fat and wax matrices to improve bioavailability (in 

vivo) of a model API. 

Materials and Methods:  Hydrogenated cottonseed oil (Sterotex NF) was used as 

the main shell material.  A full factorial experimental design was applied to screen for 

drug loading (10, 20, 30% wt./wt.), mixing technique (impellor, homogenizer, 

microfluidization), and encapsulation technique (spray congealing vs. granulation) and 

their impact on the release profile utilizing response surface plots.  Release Profiles 

were generated using Apparatus I and II Distek 2100C dissolution apparatus. 

Nifedipine was chosen as the model API to be evaluated in vivo.  Its poor aqueous 

solubility (19 µg/mL) and low oral bioavailability (45-56%) combined with its light and 

moisture sensitivity, made it the most challenging candidate and the choice API for this 

effort.  In vivo analysis was conducted in rats utilizing both Instant Release (IR) and 

Intra-Venous (IV) controls. After favorable results from the initial rat study, a second 

study was conducted increasing the number of rats per test group.   

Results:  The critical parameters affecting the release profile of Active 

Pharmaceutical Ingredients (API) from fat and wax matrices were evaluated.  Porosity 
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of the microsphere matrix was found to be one of the most important factors affecting 

release profile.  The drug loading directly affected the ultimate porosity of the matrix.  

The higher the drug loading, the larger the resulting porosity after the dissolution of the 

drug into the surrounding environment.  Percolation theory [Stauffer et al; Sahimi] 

proved helpful in explaining the observed release profiles from these monolithic systems 

(insoluble matrix with random and uniform distribution of drug within).  The resulting 

monolithic systems in our approach are diffusion-controlled, but require a continuous 

network of voids (porosity) to facilitate complete release of the encapsulated drug.  At 

10 % loading, this continuous network was not formed.  A phenomenon known as 

Percolation Threshold signifies the loading at which the drug particles form a tortuous, 

but connected path for release.  The literature [Zaller] report this to occur at about 15% 

drug loading (wt. of drug/total wt.), which is in line with results from this body of work. 

Release profile reproducibility diminished with drug loading >35%.  Reducing the 

drug particle size to below 10 microns enhanced reproducibility.  Granulation 

significantly reduced the release rate as compared to spray congealing.  This may be 

due to potential introduction of air bubbles within the matrix during atomization step of 

the spray congealing process.  The faster cooling rate produced microspheres with the 

less stable polymorphs.  With time, the Alpha and/or Beta Prime polymorphs 

transitioned to the more stable Beta Polymorph.  Differential Scanning Calorimetry 

(DSC) confirmed this transition when the lower melting temperature endotherm that had 

resulted with spray congealing, was eliminated over time.   Annealing was identified as 

a technique for accelerating the aging of the wax to the more stable polymorph (artificial 

accelerated aging) [Emas; Riiner].  Results demonstrated the elimination of the Alpha 
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endotherm (Tm = 48.72°C) by annealing.  The Alpha endotherm was not observed in 

the DSC thermogram of the granulated microparticulates.   

The rat plasma AUC (Area Under the Curve for plasma concentration vs. time) 

was improved from the Instant Release (IR) formulation’s 238 + 95 to as high as 2093 + 

526 (ng*hr/mL) with lower variability (IR= + 39.9%; Ex 2= + 25%).   This is about a nine-

fold increase in oral bioavailability. 

Conclusions:  APIs of various solubility (Biopharmaceutics Classification System: 

Class I and II) were encapsulated in fat and wax matrices by spray congealing and 

granulation techniques.  Dissolution experiments identified the parameters with the most 

significant impact on the release profile to be the drug loading that in turn affected the 

porosity of the matrix, encapsulation technique, API/drug particle size distribution, 

cooling rate of the matrices (affecting polymorph structure), and the microsphere size 

distribution.  Therefore, it is feasible to produce modified release matrices from fats and 

waxes by controlling the critical parameters.   

In vivo experiments in rats demonstrated sustained release as well as about a 

nine-fold increase in oral bioavailability of the model API (Nifedipine) over its IR 

formulation.  In vivo rat study was repeated and confirmed the enhanced bioavailability 

observed in the initial study.   Therefore, this approach was able to enhance the oral 

bioavailability of Nifedipine in rats.   
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CHAPTER 1 
BACKGROUND 

Pharmaceutical industry is in constant pursuit of new APIs to address therapeutic 

needs.  Many of these APIs possess properties that make it difficult or impossible to 

develop them into products.  The industry looks to formulation development to 

compensate for the molecules’ shortcomings.  Pre-formulation studies focus on 

identifying the API properties/characteristics and its suitability for formulation/product 

development.  The BioPharmaceutics Classification System categorizes APIs into four 

Classes: 

• Class I –  High permeability, high solubility 

• Class II –  High permeability, low solubility 

• Class III –  Low permeability, high solubility 

• Class IV -  Low permeability, low solubility 

The API models used in this work belong to Class I and II (see Figure 1-1 below).  

These model APIs are detailed under Experimental Design in Chapter 3.   
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Figure 1-1.  Biopharmaceutics Classification System  

 

Fats and waxes are naturally occurring molecules that belong to a subset of the 

lipid family.  This includes fatty acids, monoglycerides, diglycerides, and triglycerides 

(mono, di, and tri-esters of fatty acids, respectively).  Figure 1-2 depicts the chemical 

structure of such molecules. 
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Figure 1-2.  Chemical structure of fats.   A)  Stearic Acid (a fatty acid).  B) Tristearin 
(triglyceride)  

The hydrophobicity of the fatty acids increases with the length of the hydrocarbon 

chain length.  Figure 1-3 outlines the name and chemical structure of some common 

saturated fatty acids. 
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Common 
Name

Chemical 
Structure

# of Carbons

Caprylic acid CH3(CH2)6COOH 8

Capric acid CH3(CH2)8COOH 10

Lauric acid CH3(CH2)10COOH 12

Myristic acid CH3(CH2)12COOH 14

Palmitic acid CH3(CH2)14COOH 16

Stearic acid CH3(CH2)16COOH 18

Common Saturated Fatty Acids

 

Figure 1-3.  Name and chemical structure of common saturated fatty acids  

 

Fats and waxes have been considered for controlled release applications of Active 

Pharmaceutical Ingredients for many decades [Giannola; Miyagawa; Prasad; Reza; 

Schwartz (1968a&b); Varshosaz].  They have been utilized as tablet lubricants and 

coating ingredients, lotion and cream ingredients for topical applications, and sustained 

release applications for oral delivery of APIs [Wade et al.].  The hydrophobic nature of 

fats and waxes could be advantageous for protecting APIs that may be susceptible to 

moisture (hydrolysis) and/or oxidation [Phuapradit et al.].  However, fats and waxes 

possess a polymorphic crystal structure [deMan; Ensikat; Heertje (1987); Herrera; Hui; 

Rivarola] that makes it difficult to control the behavior of such systems.  The polymorphs 

of fats and waxes have been identified as Alpha, Beta prime, and Beta, which are 

mentioned here in order from least to most stable, respectively [Rivarola et al.].  Alpha 

has been observed to be the stable form at high temperatures near the melting point of 

fats and waxes [Ensikat et al.].  The rate of cooling has a tremendous effect on the 
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resulting morphology of the crystalline phase [Emas; Herrera; Litwinenko; Phuapradit; 

Rivarola; Heertje (1988)].  The faster the cooling rate, the more prevalent the Alpha 

form.  The reason may be that the Alpha form is the stable form at higher temperatures 

and due to the rapid cooling, the crystal structure is frozen in this polymorph without the 

opportunity to rearrange to the more favorable (stable) polymorph.  However, with time, 

this Alpha form transforms to Beta Prime and eventually to the Beta form, which is 

believed to be the most stable form.  The Alpha polymorph has a hexagonal, the Beta 

Prime, an orthorhombic, and Beta a triclinic unit cell crystal structure [Ensikat et al.].  

Beta polymorph is the most stable form and hence the desired polymorph to ensure 

product performance over its intended shelf life.  The polymorphs exhibit differences in 

melting points that are easily detected using Differential Scanning Calorimetry (DSC; 

Elem et al.).  Emas et al., conducted studies on the possibility of annealing the product 

to provide the molecular mobility to allow the rearrangement of the crystals into the 

more stable polymorph.  Their finding suggests that artificial aging of the crystal 

structure is feasible and can significantly reduce the amount of time it would normally 

take at room temperature for the crystal transformations to occur.  However, even 

though the energy state of the annealed samples were close to the reference bulk 

material, they were not able to reproduce the exact polymorph of a bulk material, which 

had been stored for 5 years.  This would be important since any changes in the 

polymorphic structure of the material could affect its properties (solubility, 

hydrophobicity, melting temperature, etc.) and the release profile of the API.  Other 

factors such as characterization (e.g. Differential Scanning Calorimetry, X-ray 

diffraction, etc.) and processing techniques (such as spray-congealing, granulation, etc.) 
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and their part in accomplishing the specific aims are covered in more detail in the 

Chapter 2 (Theoretical Approach).  The work outlined here, identifies the critical 

parameters with the most significant impact on the quality of the product.  
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CHAPTER 2 
THEORETICAL APPROACH 

In this effort three aspects of control are proposed that may enhance the feasibility 

of utilizing fats and waxes for pharmaceutical applications.  The proposed controls 

include scrutinizing materials properties, evaluating processing techniques, and 

modifying processing parameters to improve reproducibility of results (drug release 

profile).  It should be mentioned that even though this body of work is focused on fat 

and wax as encapsulating matrices, the covered processing and characterization 

techniques are applicable to other encapsulation applications. 

Material Properties 

It is very important to identify a qualified vendor that can provide the high quality 

material that is required to generate reproducible results.  For this reason, it is good 

practice to utilize the vendors suggested by APhA’s (American Pharmaceutical 

Association) Handbook of Pharmaceutical Excipients [Wade et al.].  Most fats and 

waxes are provided from the manufacturer with a certificate of analysis (C of A) that 

provides the specifications of the product that has been verified through their quality 

control.  It is recommended to assess and determine the critical material specifications 

for achieving the desired release profile and using them as an acceptance criterion for 

raw material.  This may result in a narrower set of specifications than even the vendor’s 

specifications.    Properties such as the crystalline polymorph composition can be 

manipulated by processing (annealing). 
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Saponification Value 

Saponification value (Hui, Vol. II: 55) is the weight of potassium hydroxide (in 

milligrams) needed to saponify one gram of fat.  The higher the molecular weight, the 

lower the saponification value. 

Iodine Value 

Iodine value (Hui, Vol. II: 55) is a test that determines the degree of unsaturation of 

fats and oils.  It represents the number of grams of Iodine absorbed by 100 grams of fat.   

Melting Characteristics  

Melting Characteristics (Hui, Vol II: 41) is probably the most important aspect of 

the fat/wax material as it pertains to its performance as a modified release formulation 

matrix.  However, this information is not supplied by the vendor.  This characterization 

will have to be conducted to qualify a material for use.  Each vendor may process their 

material differently.  A control sample will have to be generated that can act as the 

reference for future materials being purchased.  Differential Scanning Calorimetry (DSC, 

described in more detail in section 5.1) is a technique that can provide a fingerprint of 

the melting characteristics of the material.  DSC can provide the melting temperature 

(Tm) as well as the glass transition temperature (Tg) of the material. 

Polymorphism  

Fats and waxes can exist in many polymorph forms such as Alpha (α), Beta (β), 

and Beta prime (β’).  Alpha is considered to be the stable polymorph at higher 

temperatures near the Tm of the fat/wax.  Beta is considered to be the most stable form 

with the lowest energy state of all the polymorphs.  The Beta crystals range in size from 

5-25 microns and may be observed under the optical microscope [Hui, Vol. II: P41].  

However, visualizing the Beta Prime fat crystal, which are generally sub-micron, may 
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require utilization of other techniques such as Scanning Electron Microscopy (SEM) 

[Eldem et al (1991); Heertje (1997)].  The crystal structure of the naturally-aged bulk 

material may serve as a reference as to its most stable crystal form [Emas et al.].  

However, the crystal structure of the bulk material may not be important if processing 

takes the fat/wax to a molten state, which erases all traces of crystallization and 

provides the opportunity to engineer the desired crystal structure by controlling the 

processing parameters.  One of the most important of these parameters in forming the 

desired polymorph is the cooling rate of the fat/wax from its molten state.  This is 

covered in more detail in the processing sections (section 4.2). 

Micro-Encapsulation Processes  

There are many microencapsulation techniques that have been utilized in the 

industry.  For this effort, emulsion encapsulation, spray congealing (Appendix A), and 

the granulation processes have been chosen as the encapsulation methods.  The 

advantages and disadvantages of these processes (along with some others that were 

considered) are discussed below. 

Emulsion encapsulation 

In this case, the emulsion is an oil in water emulsion (O/W) [Varshosaz].  This 

technique utilizes water as the outer continuous phase, which is initially maintained 

above the melting temperature of the microsphere-forming matrix material (fat/oil/wax).  

The fat/oil/wax is heated to above its melting point to form a liquid.  API is added to this 

melt and mixed to form a homogenous suspension/solution.  This suspension/solution is 

then emulsified into the outer continuous phase and the system cooled down to below 

the solidification temperature of the fat/oil/wax.  The advantages and disadvantages of 

this process are outlined below: 
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Advantage:  In the case where the API is not hydrophilic and has a higher affinity 

for the oil phase, this may be an acceptable approach. 

Disadvantages:   

• Not Suitable for moisture-sensitive APIs. 

• If the API to be encapsulated is hydrophilic, it may result in significant loss of 

the drug to the outer continuous water phase.  The drug at the surface of the oil 

droplets during emulsification stage is constantly migrating to the continuous 

phase (water).  Therefore, it could be difficult to achieve high microsphere 

loading levels. 

• The microspheres can retain water (residual), which can affect the long term 

stability of the drug and the matrix shell material.  The residual moisture can 

also have a plasticizing effect on the shell material, lowering its melting 

temperature (Tm), which could be deleterious for the annealing stage. 

• The emulsion may not be stable resulting in rapid phase separation, which may 

require utilization of surfactants.  This also further enhances the loss of 

hydrophilic drugs to the outer continuous water phase. 

• This procedure may result in a large size distribution of the microspheres. 

• This technique would not be feasible if the melting temperature of the fat/wax is 

near the boiling point of water.   

Since the disadvantages outweighed the advantages, this process was 

abandoned. 

Spray-Congealing  

In spray-congealing [Emas; Ghebre-Sellassie; Phuapradit] as illustrated in 

Appendix A, the microsphere matrix material is heated to above its melting temperature, 
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at which point the API is added.  This mixture is then properly agitated to form a 

homogeneous suspension.   This homogeneous suspension is in turn sprayed into a 

chill zone as fine droplets to form solid microspheres. 

Advantages:   

• This is a high-volume technique suitable for industrial production. 

• The encapsulating fat/wax shell material can be heated to above its melting 

temperature without the complication of boiling water as in the previously 

mentioned emulsion technique. 

Disadvantage:   

The cooling rate of this procedure is very rapid, resulting in solidification from the 

molten state in less than one second.  This rapid solidification produces the less stable 

polymorph (Alpha), which given time will transform to the more stable crystal forms, 

namely Beta prime and Beta.  This can change the release profile significantly over the 

shelf life of the product. 

Granulation  

In granulation technique [Mathiowitz, Prasad], the matrix material is heated to 

above its melting temperature in a jacketed vessel with a mixing blade that rotates 

around the vessel in close proximity to its inner wall.  The desired amount of API is 

added to the melt and agitated to form a homogeneous mixture.  The vessel is then 

cooled at a predetermined cooling rate based on the re-circulating bath’s program.  This 

results in cooling at the surface of the vessel’s inner wall, which in turn results in 

solidification (crystallization) of the homogeneous mixture.  The rotating blades result in 

the fracture of the crystalline layers into smaller particulates.  This process repeats itself 

until the entire vessel content is solidified and broken into particulates.  The size of the 
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particles can be controlled by the level of crystallinity of the shell material as well as the 

amount of shear (intensity and time of mixing) introduced into the solidification process. 

Advantage:   

The cooling rate of the solidification can be precisely controlled.  With a slow 

cooling program, more stable polymorph can be generated in the solidification process. 

Disadvantage:   

The resulting multi-particulates are irregularly shaped (larger surface area than 

spheres) and have a wide size distribution. 

Conventional Methods for Controlling the Release Profile 

This section is not the focus of the research effort since the basic concepts of their 

effect are well understood.  However, to provide some review of the factors contributing 

to the final API release profile from the formulated microspheres, they are briefly 

discussed here. 

Microsphere Particle Size 

For a certain mass or volume of material, the smaller the particle size of the 

microspheres, the larger the surface area and hence the faster the release profile.   

Drug (API) Particle Size   

The drug particle size can be utilized to manipulate the release profile.  This can in 

turn determine the porosity of the matrix, and tortuosity of the resulting pathways for 

drug dissolution into the surrounding medium. 

Drug Loading 

For microspheres where the drug is uniformly distributed within an insoluble 

matrix, the release of the drug depends on the solubility of the drug, the porosity of the 

matrix, and the tortuosity of the pathway through which the solubilized drug would have 
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to travel.  The higher the drug loading, the higher the number of channels and pathways 

that are generated upon dissolution of the drug from the matrix.   

Coating 

Coating the microspheres can provide another control mechanism for manipulating 

the release profile.  This could modify the release of the drug by either acting as a 

permeable membrane or a secondary barrier to diffusion.  An example of the latter is 

enteric coating of microspheres to prevent the drug release in the gastric region (low pH 

region) until it is exposed to the higher pH region of the intestine.  It can also provide a 

permeability barrier to further control the release rate of the API. 

Physical Modification of Structure (Annealing)   

The most promising approach suggested by the literature for transforming the 

crystal structure into the more stable polymorph, is annealing (artificial accelerated 

aging) [Emas; Riiner].  This is done by heating the sample to above its glass transition 

temperature, but below its melting point.  This allows the extra molecular mobility that is 

required for the transformation of the crystal polymorphs into the more stable forms 

(lowest energy state). 

 
Discussion and Conclusions 

Literature and experience have proven the need for tight control on the shell 

material’s specifications.  Polymorphism, if not controlled, can affect the quality and 

reproducibility of the product over time.  The release characteristics of the product can 

change over time if the manufacturing process results in the less stable polymorphs, 

which will transition to the more stable form over time.   
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The emulsion microencapsulation was abandoned since it was not suitable for 

moisture-sensitive APIs.  Also, for shell materials with melting temperatures close to the 

boiling temperature of water, this is not a feasible process.     
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CHAPTER 3 
EXPERIMENTAL DESIGN 

Manufacturing Process Optimization 

In order to identify the critical parameters affecting manufacturing process, the 

polymorph structure of the MS shell material, and ultimately the release profile of the 

formulation, a full factorial design was applied.   

 

Figure 3-1.  Design of Experiment for Manufacturing Process Optimization 

As shown in Figure 3-1, the following parameters were evaluated: 

a) Effect of mixing technique – The microfluidization, homogenization, and 

stirrer mixing were examined.  

 b) Effect of solidification technique – Spray-congealing vs. granulation was 

examined. 

c) Effect of loading – Loadings of 10% and 20 % were examined. 

d) Reproducibility - The manufactured batches were duplicated to evaluate 

reproducibility of results.   

Sterotex®, NF (CAS Number: 68334-00-9), a hydrogenated vegetable oil of the 

cottonseed was used as the shell material.  Sterotex® NF conforms to United States 

Pharmacopeia/National Formulary (USP/NF) monograph for Hydrogenated Vegetable 

Oil, Type I.  Non-hydrogenated cottonseed oil’s fatty acid profile generally consists of 

70% unsaturated fatty acids including 18% (13% - 44%) monounsaturated (oleic), and 
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52% (33.1%-60.1%) polyunsaturated (linoleic & linolenic) [Daniel D. R.].  However, 

hydrogenated cottonseed oil predominantly contains stearic acid.  Stearic acid is the 

saturated fatty acid with an 18-carbon chain and has the IUPAC name octadecanoic 

acid.  It is a waxy solid with the chemical formula of CH3(CH2)16COOH.  The larger the 

number of carbon atoms in the structural back bone, the less water soluble the fatty acid 

becomes.   

The following is a schematic of the experimental design: 

Pretreatment 

 

 

 

Solidification 

 

 

Analysis 

 

 

 

Figure 3-2.  Experimental Design Schematic for Manufacturing Process Optimization 

 

Propranolol HCl was used as the model API for all batches prepared in the 

manufacturing process optimization effort.   In all cases, micronized Propranolol HCl 

was used (mean diameter of about 2 microns).  Sample procedures for spray 

Stirrer Mixing 
(10%&20 % Load) 

Homogenization 
(10%&20 % 

Load) 

 Microfluidization 
(10%&20% Load) 
 

Granulation Granulation Granulation Spray- 
Congealing 

Spray- 
Congealing 

Spray- 
Congealing 

 
(1) Dissolution Apparatus I (50 rpm, phosphate buffered media, pH 6.8, 37 C) 

 
(2) Differential Scanning Calorimetry (DSC) 
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congealing and granulation are provided in Appendix A.  The loadings of 10%, 20%, 

and 30% refer to wt. of API divided by total wt. of API plus the shell material.   

Model Active Pharmaceutical Ingredients (APIs) 

Model APIs chosen for sustained release formulation development plus some of 

their characteristics of interest are listed in Table 3-1. These APIs have been 

extensively utilized for controlled release applications in the literature. 
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Table 3-1.  Model APIs and their characteristics  

Chemical Structure
Half Life 
(Hours) BCS

Bioavailability 
(%)

Propranolol 4-5 1 26

Diltiazem 3-4.5 1 40

Nifedipine 2 2 45-56%

Theophylline 5-8 2 100
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Propranolol  

Propranolol (brand names Inderal, Inderal LA) is a Beta blocker (C16H21NO2; MW 

259.34 g/mol).  This is a water-soluble API, which is used to treat hypertension and has 

been modeled for controlled drug delivery [Mathiowitz; Varshosaz]. 
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Figure 3-3.  Chemical Structure of Propranolol 

 

Diltiazem 

This is a non-dihydropyridine (non-DHP) member of the class of drugs known as 

calcium channel blockers (C22H26N2O4S, MW 414.52 g/mol).This is a water-soluble API 

for hypertension (Ca channel blocker; Leeuwenkamp et al. (1994)).   
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Figure 3-4.  Chemical Structure of Diltiazem  

 

Nifedipine  

Nifedipine (brand names Adalat, Nifediac, Cordipin, Nifedical, and Procardia) is a 

dihydropyridine calcium channel blocker (C17H18N2O6; MW 346.34 g/mol).  It is poorly 

http://en.wikipedia.org/wiki/Carbon�
http://en.wikipedia.org/wiki/Hydrogen�
http://en.wikipedia.org/wiki/Nitrogen�
http://en.wikipedia.org/wiki/Oxygen�
http://en.wikipedia.org/wiki/Sulfur�
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soluble in water (19 micrograms per mL), as well as moisture and light-sensitive, 

combined with a short half life (2 hours; Frishman et al. (1989)).  All processing for this 

drug had to be done under red light.  This was the most challenging API in our list of 

model APIs and the one most in need of sustained release (shortest half life, 2 hours), 

improvement in aqueous solubility, and enhancement in oral bioavailability.  Therefore, 

this API was chosen as the model API for formulations developed for in vivo evaluation.  
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Figure 3-5.  Chemical Structure of Nifedipine  

 

Theophylline 

This is a methylxanthine drug used in therapy for respiratory diseases such as 

asthma (C7H8N4O2; MW 180.164 g/mol).  It is a poorly water-soluble and light-sensitive 

drug with a half life of 5-8 hours.   
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Figure 3-6.  Chemical Structure of Theophylline  

 

Table 3-2 below, summarizes the solubility of these compounds.  As can be seen, 

most have better solubility in oil than in aqueous phase.   

Table 3-2.  Partition coefficient and solubility of model APIs  
Solubility 
(mg/ml) Log P P

Oil Solubility 
(mg/ml)

Propranolol 63.5 1.05 11.22 712.48

Diltiazem 79.6 2.01 102.33 8145.41

Nifedipine 0.019 3.57 3715.35 70.59

Theophylline 5.5 -0.02 0.95 5.25
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Materials and Methods 

The following is a summary of the steps required to characterize the microspheres 

and generate the release profiles that will be presented in the results chapter.  The 

procedures mentioned below are detailed in Appendix A. 

1.  Microencapsulate the API 

a. Spray Congealing 

b. Granulation 

2. Sieve the microspheres generated is step 1a or 1b above. 

3. Characterize the sieved microspheres as well as the bulk sample 

a. Microscopy 

i. SEM – select formulations sent to contractor 

ii. Optical 

iii. Confocal – select formulations 

b. DSC analysis 

c. Dissolution 

d. HPLC analysis of samples from dissolution  

e. Generate the cumulative release profile from dissolution/HPLC data 

 

  

 
 
 

 

 



 

38 

CHAPTER 4 
EXPERIMENTAL RESULTS  

Manufacturing Process Optimization 

Solidification technique (spray congealing vs. granulating) and API loading 

(resulting porosity) were found to have the most significant impact on the release profile.  

Effect of solidification technique – The granulation batches showed slower release 

than spray congealing.  This difference was significant as observed in Figure 4-1 below: 
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Figure 4-1.  Release profile from granulated vs. spray congealed Microspheres 

 

Six microsphere batches are represented in Figure 4-1.  The loading for the six 

batches represented in this graph is fixed at 20%.    The variation between the three 

spray congealed lots are not significant as is the case between the three granulated 

lots.  It is therefore concluded that the encapsulation technique can significantly affect 
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the release profile.  This conclusion is further confirmed when the 3D response surface 

plots are examined (Figures 4-2, 4-3, and 4-4).   Figures 4-2 and 4-4 demonstrate the 

significant impact of the encapsulation technique.  These differences were evaluated 

using DSC thermal analysis that is detailed in the next section.  In summary the DSC 

results showed a lower melting point endotherm (at ~48.7ºC) for all un-annealed spray-

congealed products that were not observed in the un-annealed granulated samples.  

Annealing of the spray congealed product eliminated the lower endotherm.  

It is interesting to note that annealing the spray congealed microspheres, did not 

lower the release profile to the extent to resemble the slower release from the 

granulated microparticulates.  This may suggest to other reasons for the faster release 

observed with spray congealing.  The SEM cross section of the spray congealed 

Propranolol HCl microsphere shows void due to entrapped air bubbles (probably due to 

air atomization).  This added porosity is expected to be the reason for the faster release 

profile resulting from the spray congealing technique that cannot be remedied with 

annealing. 

API Loading (wt. API divided by total wt.; %wt. by wt.)- Loading affected the 

release profile as expected.  The higher the loading, the faster the drug was released 

(Figures 4-2 and 4-3).  This was expected since the higher loading results in a more 

porous matrix, enhancing drug dissolution and diffusion rate. 
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Figure 4-2.  3D Surface Plot of effect of Cooling Method (rate) and API Loading on the 
% API released in 24 hours. 

 

Figure 4-3.  3D Surface Plot of effect of API Loading and Mixing Technique on the % 
API released in 24 hours. 
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Figure 4-4.  3D Surface Plot of effect of API Mixing Technique and Cooling Method on 
the % API released in 24 hours. 

 

These surface plots can identify the experimental conditions that will lead to the 

desired effects.  These plots can be generated for any measured response to guide in 

choosing the correct experimental conditions. 

 

Reproducibility – Each one of the microencapsulation batch conditions generated 

by the factorial experimental design, was repeated to determine reproducibility between 

the two batches.  First and second set of batches were examined and showed good 

correlation (0.95-0.99).  The only variability in release profiles observed between repeat 

batches was between the two batches manufactured by microfluidization mixing and 

granulation technique at 20% loading.  There was no significant difference in the cooling 

rates of the two batches to account for this difference.  All other product preparations, 

regardless of pre-treatment and/or final solidification, exhibited good reproducibility.  For 
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batches that were microfluidized and spray-congealed, reproducibility was better than 

the homogenized or batches with stirrer mixing. 

Characterization Results 

Differential Scanning Calorimetry (DSC) 

DSC can provide a thermal signature for each material.  This procedure requires 

1-10 milligrams of material and measures the heat absorption (endotherm) or release 

(exotherm) by the material over a pre-specified temperature range.  This can provide 

information on glass transition and melting temperature as well as any phase 

transformations that may occur.  Many waxes have been evaluated by DSC [Eldem; 

Herrera; Nassu; Rivarola].   

An interpretation of these results is as follows:  Spray congealing results in a much 

faster cooling of the matrix (shock/immediate) than granulation.  The thermal analysis 

(DSC’s) suggests that this difference results in a mix of all three polymorphic crystal 

forms for un-annealed spray congealed samples.   
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Figure 4-5.  Spray-congealed product (20% spray congealed, un-annealed), 

before annealing, exhibiting the lower melting point endotherm.   

Thermogram above is the result of instantaneous matrix solidification with spray 

congealing.  The less stable endotherm (Tm = 48.72°C) observed with spray congealing 

is nonexistent in the granulated samples. This thermogram is representative of those 

generated from Un-annealed spray congealed samples.                                    
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Figure 4-6.  Spray-congealed product (20% spray congealed, annealed), after 

annealing, the low melting point endotherm was eliminated. 

 

A slight melt temperature shift in the primary melt endotherm can be noted 

compared to that seen in Figure 4-5 (previous thermogram). 

This thermogram is representative of those generated from all the spray 

congealed and annealed samples.                                    
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Figure 4-7.  The unannealed/granulated product batch (20% granulated, un-

annealed) lacked the low melting point endotherm. 

This thermogram is representative of those generated from all the un-annealed 

granulated samples.                                   
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Figure 4-8.  The annealed/granulated product batch (20% granulated, annealed) 

lacked the low melting point endotherm.   

This thermogram is representative of others generated from the granulated 

samples that are annealed.                        

Optical Microscopy 

This is probably the simplest approach to identifying the Beta polymorph (long 

range order; triclinic) since its characteristic long needles of 25-50 microns distinguish it 

from the short needles of Beta Prime (1 micron) and the 5 micron platelets of the Alpha 

polymorph.  Also, with the use of polarized light it can assist in distinguishing the 

crystalline regions from the amorphous ones (the crystalline region will be illuminated).  

Probably one of the most pertinent procedures for our application is the hot-stage 

optical microscopy [Rivarola, et al.].  This allows the temperature of the slide and hence 
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the sample to be controlled while it is being observed and recorded under an optical 

microscope.  Rivarola et al. utilized the hot-stage microscopy for determining the 

melting temperature of various Hydrogenated Vegetable Oils (HVOs). 

 

 

Figure 4-9.  Optical light microscopy of Propranolol MSs; 50x, bar = 500 microns   

 

Other techniques such as polarized light microscopy can be utilized if one 

constituent is crystalline and the other is not.  However, if both drug and matrix are 

crystalline, it would not be possible to distinguish them apart.  Figure 4-10 shows the 

microsphere illuminating under polarized light.   
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Figure 4-10.  Polarized light microscopy of Propranolol HCl microspheres, 50x 

However, polarized light microscopy could not be utilized to determine API 

distribution within the microspheres since both the drug and the shell material were of 

crystalline form and could not be distinguished from one another.    The technique also 

lacks the resolution to observe 1 micron particles and the ability to establish a focal 

point within the microsphere (feasible with Confocal Microscopy).   

X-Ray Diffraction 

This procedure utilizes Bragg’s law (nλ=2dsinθ) to provide information on the 

molecular and crystal structure of solids.  An X-Ray beam is directed at the sample.  

The sample can be in a powder or single crystal form.  The powder form is a qualitative 

analytical technique and may not provide the precise information that the analysis of a 

single crystal can provide [Bernstein, page 112].  The identifying d spacing values for 

the Alpha (hexagonal symmetry), Beta Prime (orthorhombic), and Beta (triclinic) 

polymorphs have been reported by Ensikat et. al. as  4.13, 3.72, and 4.58 Angstroms, 

respectively.  This technique can also determine the degree of crystallinity for the 

sample (crystalline vs. amorphous).   
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The main driver of the Alpha to Beta polymorph transition was determined to be 

the cooling rate.  This is in agreement with the literature on polymorphism of these 

materials.  It is important to note that having the most stable matrix results in the most 

stable end product.  X-Ray diffraction of spray congealed hydrogenated vegetable oil 

(Sterotex NF, cottonseed) showed 52% crystallinity with the Alpha polymorph 

constituting >60% of the composition.  Upon annealing the crystallinity increased to 

62%.  Data conditions for this powder X-Ray Diffraction are listed in Appendix A. 

 

Figure 4-11.  Powder X-Ray Diffraction of Spray Congealed Sterotex NF 

(hydrogenated cottonseed oil) 

Scanning Electron Microscopy (SEM)  

This technique provides high resolution topography images of its subjects.  It 

bombards the sample with an electron beam of varying intensity that excites the sample 

into emitting electrons that are captured by the detector.  If the sample is not 

conductive, localized over-charging (heating) can be destructive to the sample.  For this 

reason, a thin layer of conductive material (Gold/Palladium) can be plasma-coated onto 

non-conductive samples.  Heertje et al. (1997) have provided a procedure for visualizing 

the crystal structure of fats.   
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Analysis of SEM micrographs of spray congealed microspheres (Figure 4-12)  

prior to dissolution showed no signs of visible porosity.  

  

Figure 4-12.  SEM micrographs of Propranolol HCl microspheres at 100x and 1000x 
magnification (lacks surface porosity) 

 

Cross section of the spray congealed microspheres showed porosity (Figure 4-13)  

that is suspected to be the result of air bubbles introduced into the microspheres during 

the air atomization process.    

  

Figure 4-13.  SEM micrographs of cross section of Propranolol HCl microspheres at 
100x and 1000x magnification 
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Figure 4-14 shows the SEM micrographs of granulated microparticulates.  These 

microparticulates are formed by shearing the solidifying drug suspension (in wax) as it 

cools slowly over the course of hours.  See Appendix A for the procedure. 

 

  

 Figure 4-14.  SEM micrographs of granulated Propranolol HCl microspheres at 50x and 
500x magnification 

SEM is a characterization technique for observing topography and cannot 

distinguish between encapsulating matrix and drug particles.  Also, it cannot provide the 

distribution of API within the matrix.  This was accomplished by utilizing Confocal 

microscopy as outline later in this chapter. 

Dissolution Analysis 

A dissolution apparatus is an USP (United States Pharmacopeia)-approved 

equipment for analyzing the release of API from a matrix/capsule/tablet into a desired 

medium with controlled temperature and agitation.  The agitation is provided by rotating 

basket (apparatus I) or paddles (apparatus II).  For marketed products the approved 

procedures are listed in the USP.  All release profiles presented in this body of work, 

were generated using the Distek dissolution apparatus.  The procedure is outlined in 

Appendix A.  Dissolution analysis was conducted for Propranolol HCl microspheres at 
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both neutral pH (~7) and gastric pH (~2) showing no significant difference in release 

profile behavior (square root of time release type, see Figures 5-4 and 5-5). 

Particle Size Analysis 

Size distribution of the resulting microspheres can be determined by examining 

with optical or Scanning Electron Microscopy.  The microspheres were sieved (see 

Appendix A for the procedure) to enable release profile evaluation for the desired size 

range. 

The microspheres from the 43% loading of Diltiazem were sieved into different 

size fractions (between 20, 40, and 60 mesh sieves; see Appendix A for corresponding 

size range in micrometers) and tested for dissolution according to USP procedure Test 

5 (Apparatus I, 900 mL, 0.05 M phosphate buffer, pH 7.2, 37ºC, 50 rpm; see Appendix 

A for detailed dissolution procedure).  The drug release rate based on the size of the 

microspheres followed the expected trends (faster release with smaller microspheres 

due to larger cumulative surface area per unit mass, see Figure 4-15 below).   
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Effect of microspheres particle size (mesh) on release profile of Diltiazem HCl, 
Drug loading: 43%, Shell material: Dritex C, Phosphate buffer7.2, Basket 50 rpm
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Figure 4-15.  Effect of MS size on drug release profile 

 

Confocal Microscopy  

This technique provides the unique ability of looking within an object with better 

resolution than an optical microscope.  Confocal microscopy is a technique that has 

generally been utilized for biological applications (fixed or living cells and tissue).  

Confocal microscopy can focus on a shallow depth of field and eliminate out-of-focus 

glare.  These advantages over optical microscopy enable visualizing planes within the 

sample (in our case microspheres).  Nikon provides a web page that outlines the basic 

concepts of Laser Scanning Confocal Microscopy (LSCM) for further review [see 

reference under Nikon Corp.].  This technique allowed determination of the drug 

distribution within the microspheres. 

Figure 4-16 illustrates the concept of Confocal Microscopy. 
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Figure 4-16.  Principles of Confocal Microscopy (Courtesy of Wikipedia) 

 

A Confocal Microscopy (fluorescent emission) procedure was developed 

(Appendix A), which allowed observation of the drug distribution within the 

microspheres.  For biological samples, fluorescent probes need to be attached to 

conduct Confocal microscopy.  However, for our application, Nifedipine and Propranolol 

HCl, auto-fluoresce and did not require further modification.   

Figure 4-17 shows Confocal microscopy of a 35% loaded Propranolol HCl 

microsphere.  The image shows a uniform distribution of Propranolol drug particles 

within the microsphere. 
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Figure 4-17.  Confocal Microscopy of Propranolol loaded microsphere 

 
 
 

  
   a      b 

Figure 4-18.  Confocal Microscopy of Nifedipine loaded microsphere (a. unmilled API; b. 
milled API) 

 

Figure 4-18 shows Confocal microscopy results from microspheres that were 

prepared with unmilled (a) and milled (b) API.  The resulting images suggest that this 

technique is feasible for determining the API particle distribution within the 
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microspheres.  Image analysis of these Confocal micrographs with MatLab software 

package enabled assessment of the particle size distribution of the encapsulated API to 

assess potential aggregation of the particles during the encapsulation process.  The 

image analysis also enabled determining the porosity of the matrix that would result 

upon dissolution of the API from the matrix.  As previously discussed, porosity is one of 

the most important factors affecting the release profile of the API from these monolithic 

systems.  This technique has shown promise for predicting porosity of the microspheres 

and deserves further investigation.   

In Vivo Rat Experiments 

Several Nifedipine formulations were prepared for in vivo rat experiments 

(conducted at contract research organization under appropriate guidelines) to assess 

potential enhancement in oral bioavailability.  The first in vivo rat experiment suggested 

that some of the formulations are capable of enhancing the oral bioavailability of 

Nifedipine to almost 100%.  The in vivo rat experiment was repeated, doubling n per 

group (from 3 to 6), to confirm this observation.  Details of this effort are outlined below. 

The studies evaluated the pharmacokinetic (PK) profiles of sustained release (SR) 

oral formulations of Nifedipine in male rats in comparison to an immediate release (IR) 

oral solution and an intravenous dose.  Male Sprague-Dawley rats were divided into 7 

groups of 3 rats/group. Each group was dosed with one of 5 sustained release (SR) 

formulations, the immediate release (IR) formulation or the intravenous (IV) formulation 

as described in the following Table: 
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Table 4-1.  Rat In Vivo Experimental Design (Vaghefi et al; 2005)  

 

 

The Nifedipine load for each microsphere formulation was determined by HPLC 

and the appropriate weight of microspheres to deliver a dose of 3.6 mg/kg to a 250 g rat 

was placed in an opaque gelatin capsule. For dosing, the contents of the capsule were 

emptied into the hub of a gavage needle. A syringe filled with 3 mL of water was 

attached to the gavage needle and the microspheres were flushed into the stomach. 

The IR (0.5 mg Nifedipine/mL in a 30% sodium benzoate solution) and intravenous 

(0.05 mg Nifedipine/mL in a 30% sodium benzoate solution) dose solutions are 

prepared using the same lot of Nifedipine used to make the sustained release 

formulations. Nifedipine concentrations in the dose solutions were verified by UV 

absorbance. The IR dose solution (1.8 mL) was administered via oral gavage. For 

intravenous administration, each rat was restrained and 0.5 mL of the dose solution was 

slowly infused over 4 minutes by hand via the lateral tail vein. 
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Necessary precautions were taken during the preparation, storage and dosing of 

the formulations to protect the microspheres from natural and artificial light (Nifedipine is 

light-sensitive). 

Data Analysis 

For each pharmacokinetic profile, the highest observable concentration is 

assumed to be the maximum concentration (Cmax). The time that Cmax is reached is 

denoted Tmax. Area under the plasma concentration-time curve (AUC) is calculated from 

zero to the last quantifiable plasma concentration, AUC(tf).   

Results 

Individual concentrations of Nifedipine in plasma for the 7 formulations evaluated 

are reported in Tables 5-3. All analytical data met the acceptance criteria for the assay. 

Plasma concentrations that were below the quantifiable limit of 5 ng/mL were reported 

as zero. 

Following intravenous administration of Nifedipine, maximum plasma 

concentrations of Nifedipine are observed at the end of the 4-minute infusion. Plasma 

Nifedipine concentrations then declined rapidly and were not detectable 1.5 hours post 

infusion. The terminal half-life was estimated at ~15 minutes which is in close 

agreement with that reported in the literature following a 6 mg/kg intravenous dose to 

rats. The data are summarized in the following Table 5-2. 
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Table 4-2.  Results from IV route of administration (Vaghefi et al; 2005) 

 

 

Following oral administration of Nifedipine in solution (IR formulation), Nifedipine is 

rapidly absorbed and Cmax is observed at the first sampling time post dose (15 minutes). 

Plasma Nifedipine concentrations steadily declined out to 2 hours and then showed 

some fluctuation over the next 8 hours (Table 5-3). Once Tmax occurred, plasma 

Nifedipine concentrations are not maintained beyond this time. 

Table 4-3.  In vivo Rat experiment 1 plasma results of Nifedipine SR formulations 
(Vaghefi et al; 2005)  

Formulation Cmax (ng/mL) Tmax (hr) tfa (hr) AUC(tf)(ng*hr/mL) Durationb (hr)

Control Example A 81-120 10 10 508-680 6

 Control Example B 188-469 10 10 1068-1767 2-4

 Control Example C 260-406 4 10 1352-1745 2-4

Example 1 374-864 1-4 10 1980-2736 1-4

Example 2 471-611 2-6 10 2390-2917c
3-5

IR (Instant Release) 90-149 0.25 10 324-378 0.25  

a. Time of last quantifiable plasma concentration 
b. Time plasma concentrations are greater than half Cmax 
c. Normalized to a targeted dose of 3.6 mg/kg 

 
Compared to the IR formulation, there is a slower rate of absorption of Nifedipine 

from all of the microsphere formulations with Cmax generally being achieved 2-4 hours 

post dose. In addition, the duration that plasma Nifedipine concentration exceeds 
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greater than half Cmax generally ranged from 2 to 4 hours. There are, however, some 

marked differences in the extent of absorption of the Nifedipine load between the 

different microsphere formulations that resulted in some formulations having greater 

Cmax and associated AUC values than others. Although the intravenous dose is 36-

times less than the oral doses, it would appear, assuming linear pharmacokinetics, that 

the bioavailability of Nifedipine (based upon AUC ratios) from the two microsphere 

formulations would be about 100%.  The in vivo rat experiment was repeated with 

higher number of rats per group to validate initial results.  The second experiment 

confirmed results of the first experiment as evident in Table 5-4 below: 

Table 4-4.  Results of the in vivo Rat Experiment 2 (n per group doubled), validated 
observed results in Experiment 1 (Vaghefi et al; 2005) 

 Parameter Mean ± SD (Range) [N=5 or 6] 
 

Formulation 
Cmax 

(ng/mL) 
Tmax 
(hr) 

tfa 

(hr) 
AUC(tf) 

(ng•hr/mL) 
Control 

Example A 
25.0 ± 6.3 

(17.4 – 34.2) 
3.6 ± 0.9 
(2 – 4) 

N/A 
(8 – 12) 

129 ± 46 
(84.1 – 195) 

Control 
Example B 

170 ± 75 
(34.0 – 248) 

3.2 ± 1.3 
(1 – 4) 

N/A 
(6 – 12) 

612 ± 285 
(141 – 853) 

Control 
Example C 

119 ± 21 
(99.8 – 148) 

2.7 ± 1.0 
(2 – 4) 

N/A 
(8-12) 

536 ± 79 
(432 – 628) 

Example 1 674 ± 281 
(402 – 1030) 

1.4 ± 0.5 
(1 – 2) 

N/A 
(10 –12) 

1847 ± 542 
(1356 – 2676) 

Example 2 449 ± 125 
(216 – 588) 

2.7 ± 2.0 
(1 – 6) 

N/A 
(8 – 12) 

2093 ± 526 
(1288 – 2693) 

Control 
Example D 

37.0 ± 8.1 
(26.6 – 49.6) 

4.0 ± 1.3 
(2 – 6) 

N/A 
(6 –12) 

188 ± 75 
(132 – 320) 

Control 
Example E 

38.3 ± 7.3 
(28.3 – 46.3) 

4.8 ± 2.7 
(2 – 8) 

N/A 
(8 – 12) 

209 ± 29 
(167 – 248) 

Control 
Example F 

56.1 ± 7.8 
(44.1 – 66.9) 

2.8 ± 2.6 
(1 – 8) 

N/A 
(8 – 12) 

280 ± 33 
(235 – 323) 

Control 
Example G 

83.8 ± 41.9 
(31.0 – 124) 

3.2 ± 1.8 
(2 – 6) 

N/A 
(6 – 12) 

314 ± 145 
(99.2 – 468) 

IR 77.9 ± 19.0 
(55.7 – 97.6) 

0.25 N/A 
(8 – 10)b 

238 ± 95 
(103 – 374) 

N/A: Not applicable 
a: Time of last quantifiable plasma concentration 
b: Last collection time point for IR administration was 10 hours post dose 
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As can be seen from Table 5-4, the IR Tmax of 0.25 hours was increased to as high 

as 8 hours (most 4-6 hours).  It should be mentioned that Nifedipine half life in rat is 

much shorter than human (15 minutes vs. 2 hours respectively).  Therefore, the Tmax 

observed in this experiment should be longer in human.  The Nifedipine Cmax for the IR 

formulation of 77.9 + 19 ng/mL was increased to as high as 674 + 281 ng/mL (over 8 

fold) for one of the formulations.  These are promising results and as can be seen in 

Figure 5-14 below, with mean plasma levels much higher than the Instant Release or 

even the IV dose could achieve. 

 

Figure 4-19.  Nifedipine Mean Plasma Concentrations in Rat; x and o are Example 1 
and 2, respectively (Vaghefi et al; 2005)  
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The rat plasma AUC was improved from the Instant Release (IR) formulation’s 238 

+ 95 to as high as 2093 + 526 (ng*hr/mL) with lower variability (IR= + 39.9%; Ex 2= + 

25%; See Figure 5-15).   

 

 

Figure 4-20.  Nifedipine Plasma AUC in Rat 

 

It is therefore concluded that it is feasible to enhance bioavailability of the poorly 

soluble API, Nifedipine, in a Sustained Release (SR) formulation by utilizing this 

approach.  The results suggest that this approach may benefit other therapeutics and 

should be further investigated with other APIs in need of enhanced bioavailability. 
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Discussion and Conclusions 

It was feasible to encapsulate Class I and II APIs with this technique and showed 

sustained release.  It was possible to achieve desired release profile by manipulating 

the manufacturing conditions.  Percolation threshold was reached at between 10 and 20 

% loading (wt./wt.), which is in line with observations in literature (Zaller) for monolithic 

systems. 

Manufacturing Process Optimization (Screening Parameters) 

The experimental results revealed porosity to be one of the most important 

parameters affecting the release profile.  Drug loading directly affects the ultimate 

porosity and therefore is a high impact parameter.  Faster release rate was observed 

with the spray congealing technique as compared with granulation technique with all 

other parameters being the same.  It is suspected that the spray congealing process via 

air atomization, adds to the overall porosity by introducing air bubbles into the matrix 

enhancing the solvent penetration, dissolution of the API, and diffusion out of the matrix.  

The formation of the less crystalline Alpha and Beta Prime polymorphs may also 

contribute to the faster release.  They are known to be less hydrophobic than the most 

stable Beta polymorph and may enhance wettability of the narrow and tortuous 

channels within the matrix.  Response surface plots demonstrated the significant impact 

of the drug loading and encapsulation technique over the release profiles. 

Confocal Microscopy and Image Analysis 

A Confocal microscopy technique was developed that allowed visualization of the 

distribution of the drug particles within the microspheres.  Nifedipine and Propranolol 

auto-fluoresce eliminating the need to utilize fluorescent tags.  The results are promising 

and warrant further investigation.  By utilizing image analysis tools, it was feasible to 
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determine the diameter and the size distribution of the drug particles within the 

microspheres, which in turn was a measure of the ultimate porosity for the microsphere. 

In vivo Rat Experiments  

In vivo rat experiments were very promising demonstrating sustained release over 

the Instant Release (IR) formulation and enhance oral bioavailability (about 9-fold 

improvement in AUC; Area Under the Curve for plasma concentration vs. time).  The rat 

experiment was repeated and the number of rats per group were doubled from 3 to 6.  

The results confirmed findings from the first experiment.  Therefore, it is feasible to 

enhance oral bioavailability by utilizing this approach.
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CHAPTER 5 
MATHEMATICAL MODELING 

Modeling Release Kinetics 

Mathematical modeling has been used to predict the release profile of the APIs 

from the elaborate systems designed to control it.  These mathematical models can 

range from simple concentration-driven diffusion (Fick’s law) across a certain plane, to 

elaborate models considering tortuous path, three dimensional release, as well as 

considerations for concentration, time, and distance gradients.  In this chapter the basic 

concepts are introduced and the fitting of these models to the empirical data is 

analyzed.   

Fickian Diffusion 

 
Crank’s book on Mathematics of Diffusion is an invaluable source of information 

on this topic.   

Fick’s first law measures the rate of diffusion for the material of interest across an 

imaginary plane.  As can be seen from the equation below [Crank], this rate is directly 

proportional to the concentration gradient.    This is a one-dimensional assessment of 

diffusion in the direction of x, assuming a constant diffusion coefficient. 

Fick’s First Law:     
 

F = Flux = Rate of transfer per unit area of the diffusion plane; g/cm2s 

D = Diffusion Coefficient; cm2/s 

C = Concentration; g/cm3 

x = Distance from diffusion plane; cm 
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Fick’s second law measures change in concentration with respect to time.  The 

elements of the equation are the same as described above with the addition of the term 

t for time in seconds. 

 

Fick’s Second Law:   
 

The solution by integration yields: 

 

  
 

The equations above determine diffusion of a substrate through a media of choice.  

The Diffusion Coefficient will have to be determined empirically.  These equations are 

simplified in that D is assumed constant and not changing with time.  Also, it only 

addresses the diffusion in only one direction.  When taking into consideration diffusion 

in three dimensions, the shape of the model will have to be considered.  In rectangular 

coordinates, the equations will have to be adjusted to take into consideration the 

diffusion in x, y, and z directions: 

  

Notice that in this case D is considered to be anisotropic (not uniform in all 

directions).  This can be simplified by assuming a uniform media and one D can be 

applied to all directions.  Other shapes can be modeled, but since in this effort 

microspheres and their release are being considered, the focus will be on spherical 

coordinates.  In this case, x, y, and z will have to be replaced with radial coordinates: 
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x = r sin θ cos φ 

y = r sin θ sin θ 

z = r cos θ 

  

  

Q = Quantity of diffusing substance which passes through the spherical wall in 

time t 

a and b are the radius at C1 and C2, respectively. 

 

Monolithic Systems, Diffusion-Controlled Release Profile, and Percolation 

Release profiles from controlled release systems can vary widely.  However, most 

release profiles can be categorized into one of the three common types: 

1) Zero Order Release Profile:  This refers to a constant API release rate, resulting in a 

linear release profile.  The governing equation is as follows: 

a) dMt/dt = K ;  where K is a constant and Mt is the mass of the API released at time 

t.   

2) First Order Release Profile:  The rate of drug release declines exponentially as the 

API source within the system approaches exhaustion.   

a) dMt/dt = KM0e-Kt; M0 refers to the initial mass of API within the matrix 

3) Square Root of Time Release Profile: This is the most applicable type of release 

profile for our application.  

a) Mt = Kt1/2 
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For our application, we are considering the microspheres to be constructed of an 

insoluble shell material with the drug uniformly distributed within (Monolithic System) as 

illustrated below: 

 

Figure 5-1.  Illustration of uniform drug distribution within the shell matrix (Monolithic 
System) 

The model assumes a matrix without erosion, permeability, and/or swelling.  The 

microsphere shell material (matrix) is not soluble in aqueous environment, but the drug 

distributed within dissolves at a rate proportional to its solubility in the media.  The 

exposed drug at the surface is dissolved first, diffusing out of the microsphere and into 

the bulk media, driven by the concentration gradient (diffusing from high to low 

concentration region).  This is known as a monolithic system in which the drug release 

is controlled by diffusion.  In this case, the release of drug into the surrounding 

environment is governed by the solubility of the drug particles and diffusion through the 

porous matrix that is generated as the dissolution progresses.  The drug diffusion 

boundary starts at the surface of the microsphere and moves towards the center.  As 

the dissolution of the randomly distributed drug particles progresses, voids are 

generated that eventually form a porous network of connected channels through which 

the drug has to diffuse to be released into the surrounding environment.  The path 
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through which the dissolved drug has to diffuse is not linear and is referred to as a 

tortuous path.  The length of the path travelled divided by the linear distance between 

start and finish is a measure of Tortuosity.  A useful model that has been applied to flow 

of fluids through porous matrices is percolation.  These models are employed to 

evaluate flow of fluids through porous matrices.  The models assess the connectivity of 

void channels through which fluid can flow from point a to point b.  In our case, this can 

be applied to determine if there are enough voids to form a continuous path from any 

drug particle to the external surface of the microsphere.  Percolation threshold is a 

mathematical term that signifies the critical void fraction at which this connectivity is 

formed.  Below percolation threshold the voids are isolated and there is no path from 

point a to b.  Above percolation threshold there is a path through the void channels that 

connects the dissolving drug to the external surface of the microspheres allowing 

diffusion to occur.  In our case, this threshold occurred between 10 and 20% loading 

(wt./wt.).  As can be seen in Figure 5-2 below, the continuous connectivity of the pores 

had not occurred at 10%, whereas at 20% it had been reached (above the peak 

threshold). 
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Figure 5-2.  Propranolol Release Profiles at 10, 20, and 30 % loading (wt./wt.) 

indicating that percolation threshold had not been reached at 10 % loading.  Zaller had 

observed this connectivity, to form a continuous network, take place at 15% loading in 

three dimensional matrices.  This is in line with the above observation. 

Tortuosity and porosity are both captured in the Higuchi equation predicting drug 

release from monolithic systems.  Higuchi (1961) was the first to suggest a square root 

of time dependence for drug release rate from an insoluble matrix based on Fickian 

diffusion [Gohel et al.].  In his 1963 article, Higuchi provided an equation that accounted 

for the release of drug from a matrix system that would account for porosity and 

tortuosity.  This equation is listed as follows: 

Q=[D(ε/τ)(2A- εCs)Cst]0.5=m/S0=KH t0.5 

Q = Amount of drug release after time t per unit of exposed area 

m = Amount of drug released after time t 
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S0 = Surface area of matrix exposed to the fluid 

D = Diffusion coefficient of the drug in the permeating fluid 

ε = Porosity 

τ = Tortuosity 

A = Initial amount of drug in the matrix per unit volume 

Cs = Solubility of the drug in the permeating fluid 

KH = Release rate constant  

Yonezawa et al. have determined that this model started to fail for wax matrix 

tablets about the time that half the initial drug content had been released.  The 

Propranolol HCl release profile from the wax MSs (Figure 5-2), shows a very good fit to 

Higuchi model (Figure 6-1 and 6-2, below).  However, the total release in 24 hours for 

the Propranolol HCl Microspheres was 57%, which is not much beyond the limit 

Yonezawa suggested (50% for wax matrices) and within the limit Grassi et al suggested 

(60%, 2005, any matrix). 
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Figure 5-3.  Plot of time versus % released of Propranolol HCl compared with Higuchi 

model 
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Figure 5-4.  Plot of square root of time versus % released of Propranolol HCl compared 

with Higuchi model 

As can be seen in Figures 5-3 and 5-4, there is good correlation between the 

square root of time model equation proposed by Higuchi and the Propranolol HCl 

released from our wax matrix microspheres.  Analyzing these microspheres in acidic 

environment (dissolution at pH 2) to simulate gastric environment, did not affect the 

square root of time release behavior observed at neutral pH (7). 

 

 

 

 

 

 

 

Figure 5-5.  Release profile of Propranolol HCl microsphere in acidic environment (pH 
2) 
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Tortuosity is the ratio of the actual diffusion path length from point a to b, divided 

by the linear distance between the two points [Wu et al.].  This is generally measured 

empirically from dissolution release profiles.  Wu et al. have suggested an optical 

method and algorithm for determining tortuosity within compacted particles (45-75 and 

212-250 micron fractions).  In our case, it would be beneficial to determine the pore 

structure within the microspheres.  One potential option was to examine the distribution 

of the drug within the microsphere.  This was accomplished by utilizing Confocal 

Microscopy.  With this technique, it was feasible to determine the drug distribution within 

the microspheres (covered in the results section, Ch 5).  With image analysis, the mean 

particle size within the microspheres could be determined. 

In order to achieve reproducible controlled release, the drug size and distribution 

within matrix have to be controlled.  To allow for a uniform distribution of the drug within 

the desired 500 micrometer microspheres, improve solubility rate of drug, and reduce 

dose dumping, it was opted to reduce the drug particle size to below 10 microns by jet-

milling.  It is an acceptable pharmaceutical practice with very good control of particle 

size and proven GMP (Good Manufacturing Processes; required for pharmaceutical 

products) processing methods.  Figure 6-4 shows typical particle size distribution of 

Propranolol HCl achieved by jet-milling process.  Majority of the particles were below 3 

microns in size.  As can be seen from the size distribution chart, the apparatus had a 

lower limit of detection around 0.7 microns.  It is evident from the chart that the 

distribution is cut off at this lower limit and the calculated mean particle size of 1.96 may 
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be actually lower if the smaller particles were detected and included in the overall 

distribution.  However, the reduction in size due to milling reduced the dose dumping 

effect observed with encapsulations with larger drug particles.  This is suspected to be 

due to increased tortuosity that will result due to the smaller pores that will ultimately 

form.   

There was need for a methodology to determine if the API particles remained 

discreet or aggregated into larger masses within the Microspheres.  As previously 

mentioned, Confocal microscopy was utilized and proved to be an effective tool in 

answering this question.  By applying image analysis it was feasible to determine the 

size of the particles within the microspheres utilizing the Confocal micrographs.   
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Figure 5-6.  Sample size distribution chart for jet-milled Propranolol HCl showing that 
95% of the particles are below 10 microns with a volume averaged mean 
diameter of 1.96 microns. 

 

Discussion and Conclusions 

In this chapter mathematical models were applied to the resulting release profiles 

from our diffusion-controlled monolithic systems with very good correlation.  Higuchi et 

al developed models for release of drug from wax matrices that required introduction of 

some new parameters (tortuosity and porosity).  This model deviates from a true Fickian 

release (only dependent on concentration gradient) and are referred to as square root of 

time release type since a linear line is observed when the amount of drug released is 

graphed vs. square root of time.   There are many adaptations of Higuchi’s 

mathematical model customized to specific applications (anisotropic matrices, shape 

effects, etc.), but the original model has stood the test of time and is generally a good fit 
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if applied correctly.  The release profiles generated at low loadings (10 %) demonstrated 

the lack of connectivity between the pores in these matrices.  This critical drug loading 

at which the resulting porous structure forms a continuous network is referred to as 

percolation threshold, which is observed to occur at about 15% void volume (Zaller). 

The continuous network of porous structure is clearly demonstrated in the release 

profile of 20%-loaded Propranolol HCl microspheres. 
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CHAPTER 6 
CONCLUSIONS 

In summary, by applying the appropriate microencapsulation techniques, it was 

feasible to achieve the desired release profile utilizing fats and waxes as the 

encapsulating matrix.  The most significant finding from this body of work was that 

applying this approach to the model poorly soluble API (Nifedipine), increased oral 

bioavailability in rats.  In vivo rat experiments were repeated with larger n per group and 

confirmed the finding from the initial rat experiment.   Lot-to-lot variability of the raw 

material and the inherent change in morphology over time, may pose challenges for 

APIs with narrow therapeutic window.  Microfluidization did not show any significant 

advantage in release profiles over stirrer mixing or homogenization of the molten mix.   

The drug release rates from granulated samples, regardless of pretreatment, are 

significantly slower than spray congealed samples (see Figure 5-11).  This is suspected 

to be mostly due to the added air porosity introduced by the spray congealing 

atomization process.  Granulation techniques may prove to have more utility than spray 

congealing for formulation development.   

The loading trends behaved as expected with the higher loading microspheres 

showing faster release profiles as evident in both Appendix C and D.   

DSC results indicate that annealing of spray congealed samples can eliminate the 

lower melting point endotherm.  However, the crystal structure of the final products 

needs to be better understood.  The melting temperatures of the annealed/spray-

congealed and granulated formulations, independent of pre-treatment, exhibited slight 

differences.  The Alpha to Beta polymorph transition must be controlled to affect a 
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stable end product.  The parameters that drive/control the polymorph transition need to 

be characterized and understood in more detail.  Based on these results it appears that 

the Alpha to Beta transition is driven by time, temperature and cooling rate during 

processing steps. 

The literature has identified α, β’, and β polymorphs within fat matrices (mentioned 

here from least to most stable).  The unit cell structure of the α, β’, and β polymorphs 

has been identified as hexagonal, orthorhombic, and triclinic, respectively.  Cooling rate 

from a molten state has been suggested and identified as the most important parameter 

in the formation of the resulting polymorphs.  The lowest state of energy being the 

triclinic unit cell structure of the β polymorph. X-Ray diffraction of spray congealed 

hydrogenated vegetable oil showed 52% crystallinity with the Alpha polymorph 

constituting >60% of the composition.  Upon annealing the crystallinity increased to 62% 

with the Alpha polymorph dropping from >60% of the composition to <50%..  There are 

inherent difficulties in controlling release profile when utilizing naturally occurring 

materials such as fats and waxes.  For this reason, it may be beneficial to also explore 

synthetic polymers as matrices.  The chemistry, morphology, and critical attributes of 

these synthetic polymers may be easier to control, leading to more reproducible results.   

Future Work 

The following is suggested for future work:  

1. Apply this technique to other APIs in need of enhanced bioavailability to 

determine the potential for broader applicability of this approach. 

2. The parameters that drive/control the polymorph transition need to be 

characterized and understood in more detail.   
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3. Further develop the Confocal microscopy technique for determining the 

drug distribution within the microspheres and predicting the potential 

porosity of the matrix. 

4. The crystal structure of the matrices need to be explored further.  

Understanding the critical threshold of degree of crystallinity and ratio of 

Beta to other crystal polymorphs will lead to more stable products for the 

desired shelf life. 

5. Explore combining lipid matrices for further optimization of release profiles 

and enhancement of oral bioavailability. 

6. Chemical modification of lipids should be explored to customize their 

properties. 
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APPENDIX A: STANDARD PROTOCOLS AND PROCEDURES 

 
Encapsulation Process 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 
 
Figure A-1.  Encapsulation Process – Spray Congealing 
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Sample Spray Congealing Procedure 

Equipment and Materials 

1) Stainless steel scoop 

2) Wax 

3) Drug 

4) Glascol Variac/temperature controller (14 Amps output) 

5) 1500W Glascol heating mantle 

6) Kitchen Aid stirrer + blade 

7) Stainless steel spatula 

8) IR gun 

9) Corning stirrer/hot plate 

10) 4L stainless steel bowl that is part of kitchen aid 

11) Nordson Series 3700 hot melt applicator 

 

Procedure (35% loading wt./wt.; 1500 g batch size) 

1) Weigh 975 g of wax into a 4 L stainless steel bowl that is part of kitchen aid. 

2) Heat the wax with a heating mantle controlled to 20ºF above the melting point while 

stirring the wax with a hook connected to kitchen aid at 50 rpm. 

3) Weigh 525 g of milled drug  

4) Add drug slowly to melted wax over a period of 15 minutes 

5) Let sample stir by Kitchen aid mixer for additional 10 minutes  

6) Spray the mixture (speed setting= 40%, aspirator pressure of 10 psi) through 

Nordson 3700 series hot melt applicator maintained at 20ºF above the melting point 

of the wax. 

7) Spray sample into the chill zone  
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8) Collect microspheres for sieving  

 

 

Figure A-2.  Kitchenaid Mixer 

 

Sample Granulation Procedure 

Equipment and Materials 

1) Stainless steel scoop 

2) Wax 
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3) Drug 

4) Glascol Variac/temperature controller (14 Amps output) 

5) 1500 W Glascol heating mantle 

6) Kitchen Aid stirrer + blade; or Silverson high shear lab bench homogenizer; or 

microfluidizer as required for the mixing step. 

7) Stainless steel spatula 

8) IR gun 

9) Corning stirrer/hot plate 

10) 4L stainless steel bowl that is part of kitchen aid 

 

Procedure (35% loading wt./wt.; 1500 g batch size) 

1) Weigh 975 g of wax into a 4 L stainless steel bowl that is part of kitchen aid. 

2) Heat the wax with a heating mantle controlled to 20ºF above the melting point while 

stirring the wax with a hook connected to kitchen aid at  50 rpm. 

3) Weigh 525 g of milled drug  

4) Add drug slowly to melted wax over a period of 15 minutes  

5) Let the mixture stir by kitchen aid for an additional 10 minutes  

6) Turn off the heating mantle and let stir until the bowl and its content are at room 

temperature. 

7) Collect the granulated microparticulates for sieving  
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Sieving 

The Table below summarizes the sieve assembly configuration and conditions for 

sieving the microspheres.  The Mesh size of the sieves and their corresponding opening 

in micrometers is also listed. 

Table A-1.  Sieving Configuration 

US Std Number (Mesh) Opening (Microns)
Lid (top) N/A

20 841
40 420
60 250

Fines Collector (bottom) N/A

Sieve Assembly Configuration

Stainless Steel 3" Diameter Full-Heigh Sieves
Cole Parmer Sieve Shaker
Frequency: 60 taps/min for 5 minutes  
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Dissolution 

 
EQUIPMENT AND MATERIALS 
 
Distek Dissolution Apparatus II Bath Model 2100C, UV detector Agilent 8453 CN02502008  

 

 

Figure A-3.  Dissolution Apparatus (Model 2100C) set as Apparatus II (paddles) 

 

Microscope  Olympus BX60 

Potassium Phosphate, monobasic JT Baker Lot # record 

Sodium Hydroxide  JT Baker Lot # record 

Purified Water Wissahickon 

Balance Ohaus 

pH meter Orion Model 520 

Propranolol HCl Standard  Wyckoff #1 of 2 lot # record (USP) 

Sonicator  VWR model 150T 

Porcelain Mortar and Pestle 
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Propranolol Microspheres Amount (mg) = (0.9 * 900 ml * 0.178 mg/ml)/(loading; wt./wt.)  

PROCEDURE 

Preparation of dissolution media 

136.03 g Potassium Phosphate and 18.01 g NaOH dissolved in 20 L of water.  pH= 6.80, no 

adjustment needed. 

 

Preparation of Propranolol HCl Stock Standard 

Standard dried 105°C for 4 hours prior to use. 

041002  Std wt.  89.1 mg      041202  Std wt. 88.9 mg 

Propranolol HCl Std transferred into a 50 ml volumetric flask.  Dissolve in dissolution media, 

sonicated 1 min, and filled to volume, mix. 

[Propranolol HCl] = 1.78 mg/ml 

 

Preparation of Propranolol HCl Working Standards 

Std Level  Vol. Stock Std (ml) Vol. Flask (ml)  [Propranolol HCl] mg/ml 

   20%            2        100                0.0356 

   40% 4 100     0.0712 

   60% 6 100     0.1068 

  100% 10 100     0.178 

  120% 12 100     0.2136 

 

Dissolution Conditions 

Apparatus I, baskets 

Speed 50 rpm 

Detection 289.5 nm 

Cell  10 mm 

Detection times 0.25, 0.5, 1, 2, 4, 6, 10, 14, 19, 23, 24 hr 

Vessel Temperature 37 ± 0.5°C 
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Propranolol HCl HPLC Procedure  

 
I. SCOPE: 

 
This method describes the procedure for determining the Propranolol HCl 

concentration in samples collected from the Distek dissolution apparatus over 24 hours via 

automated fraction collector.  The results will be used to generate the cumulative release 

profile of Propranolol HCl from the microspheres batch being examined. 

 
II. REAGENTS: 

 
o Propranolol HCl, USP Reference standard or In-house Reference Standard 

 
o Potassium phosphate, monobasic (Ultra pure; bioreagent) 

 
o Phosphoric Acid (ACS grade) 

 
o Acetonitrile (HPLC grade) 

 
o Distilled Water 
 

III. EXPERIMENTAL: 
 

o Column:    Symmetry C8, 4.6 x 250 mm, 5 micron, Waters  
  Corporation, Milford, MA, USA or Equivalent 

o Column Temperature: Ambient 

o Wavelength:   220 nm 

o Injection Volume:  25 µL 

o Flow Rate:   1.5 mL/min 

o Run Time:   15 min 

IV. INSTRUMENT: 
o Liquid Chromatograph: Shimadzu LC-10AT or LC-lOATvp or equivalent 

o Auto Injector:   Shimadzu SIL-10A or equivalent 

o UV-VIS Detector  SPD-1OA or equivalent 

o System Controller:  Shimadzu SCL-1OA or SCL-lOAvp or equivalent 

o Data Acquisition System: Class-VP Data Acquisition System or Equivalent
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V. PREPARATION OF POTASSIUM PHOSPHATE SOLUTION: 
 

Dissolve 6.8 g of potassium phosphate monobasic in 1000 mL of Distilled Water. 

Mix well. 

 
VI. PREPARATION OF MOBILE PHASE: 

 
Transfer 750 mL of Potassium Phosphate Solution and 250 mL of Acetonitrile in to 

a suitable container. Adjust the pH to 3.25 ± 0.10 using dilute phosphoric acid. 

VII. PREPARATION OF RINSE FLUID: 
 
Use Acetonitrile as rinse fluid. 
 

VIII. PREPARATION OF PH 6.8 PHOSPHATE BUFFER: 
 

Dissolve 6.8 g of Monobasic Potassium Phosphate and 0.9 g of Sodium Hydroxide 

in Distilled Water and make up the volume to 1000 mL with Distilled Water. 

 

Adjust the pH to 6.8 ± 0.10. 

 
IX. ASSAY OF RELEASE PROFILE SAMPLES: 

 
1) Preparation Of Propranolol HCl Stock Solution: 
 

Weigh accurately 100 mg of Propranolol HCl, USP or In-house reference standard 

and transfer it to 100 mL volumetric flask. Dissolve in pH 6.8 Phosphate buffer and 

make up the volume with the same. 
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2) Preparation Of Working Standard Solutions: 
 

Working 
Standard 

Volume 
of 

Stock 
Std. to 

be 
used 

Q.S. to 
with pH 6.8 
phosphate 

buffer 

Concentration 
of working 
standard 

Actual working std. Concentration 

(Linearity 
Level) (mL) (mL) (mcg/mL) If In-house reference standard is used 

1 2 100 20 

100
Std. house-In ofPotency Std.  workingof Conc. ×

=  

2 4 100 40 
3 8 100 80 
4 12 100 120 
5 16 100 160 
6 20 100 200 
 
3) System Suitability Check: 

 
Obtain at least 5 replicate chromatograms of Propranolol HCl working standard 

(preferably with linearity level #1)  

 
4) Reproducibility: 

 
Calculate the percentage relative standard deviation of the peak areas of the 
five replicate chromatograms. 
 

 Specification: The relative standard deviation (RSD) <2.0% 
 
5) Number Of Theoretical Plates: 

 
Calculate the number of Theoretical Plates, n, using the equation: 

 

n= 16(t/w)2  

Where, 

  t =   Retention time of the Propranolol HCl component peak 
 w = Width of the Propranolol HCl component peak at the base obtained  
  from the relatively straight sides of the peak (in time units). 

  Specification: Theoretical Plates, (n) > 4000 

6) Tailing Factor: 
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  Determine the Tailing Factor, T, using the equation: 

  T = W0.05/2f 

  Where, 
 
 W0.05 = Width of the peak at 5% of the peak height 

  f = Width in (time) between the peak maximum and the front edge of 
the  
   peak at 5% of the peak maximum 
 

Specification: (T) NMT 2.0 
 

Note: If the system suitability parameters are not met, take corrective action, 
which includes adjusting the flow rate, mobile phase composition, pH, 
column temperature, flushing or replacing the column. 

 
7) Sample Preparation: 

 
Use samples ‘as is’ collected from the fraction collector of dissolution system. 

 
8) Sequence: 

 
Place the working standards and samples in rack 2 of the HPLC in such a way that 

all six working standards are evenly spaced throughout the run. Example of a sequence 

is given below: 

 
Vial #  Sample Type   # of Injections 
 
0   Blank      2 
1   Level 1 Std.     5 
7 thru 18  Samples (1/2 hour & 2nd hour)  1 ea. 
2    Level 2 Std.     3 
19 thru 24 Samples (6th hour)    1 ea. 
3    Level 3 Std.     3 
25 thru 30 Samples (11th hour)    1 ea. 
4    Level 4 Std.     3 
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31 thru 36 Samples (14th hour)    1 ea. 
5    Level 5 Std.     3 
37 thru 42 Samples (19th hour)    1 ea. 
6    Level 6 Std.     3 
43 thru 54 Samples (23rd & 24th hours)  1 ea. 
6    Level 6 Std.     3 
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DSC Procedure 

 Required Equipment 

1. Analytical balance with 0.1 mg accuracy reading. 

2. TA instruments DSC-Q10 instrument + software, or equivalent. 

3. High purity nitrogen gas. 

4. Spatula. 

5.     Hermetic Pans and Press 

 

Preparing Hermetic Pans 

1. Put hermetic pan on balance set to units of mg and tare. 

2. Carefully place 2-10 mg of sample in the pan. Do not spill or let sample touch the 

lip of the pan. 

3. Record weight. 

4. Put hermetic lid on the pan and place pan + lid on the lower die of the press. 

5. Place the flat side of the performing tool against the upper die of the press and 

press the pan by lowering lever till stop. 

6. Raise lever. Turn performing tool with flat side facing down and hold against the 

upper die. 

7. Press pan till stop. Press as hard as possible. 

8. Pan should have a smooth surface and there should be a complete seal around 

the circumference. 

 

Set up Experimental Conditions and Run Samples 

I.  Go to DSC, Parameter, experimental. 
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2. Enter sample name, sample size, name, comments, pan type, purge gas type, 

flow rate. 

3. At "method file", click on"..." button to select desired method. 

4. Click load to load method. 

5. At "save data file", check the box to have data saved while running. Enter desired 

file name for data to be saved. 

6. Exit experimental parameters. 

Note: Recommend using flow rate of 56ml/min with a reading of 70mm at the 

rotameter. 

7. Load sample + reference pan. Reference pan should be on the rear side of the 

cell. Cover cell. 

8. Go to DSC, control, start. Or press the green triangle on the tool bar or the green 

button on the machine. 
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Confocal Microscopy 

Bio-Rad 1024 ES Inverted Confocal Microscope equipped with MRC-1024 

Confocal laser scanning system was used. The wavelength of 488 nm (FITC) was used 

to excite all samples. Samples were deposited onto Corning cover slips, No.1, 24 X 

50mm and mounted with Stephens Scientific Cytoseal 60, low viscosity, mounting 

media. The Cytoseal 60 is an acrylic resin.  The samples were prepared fresh and 

imaged immediately following the addition of the Cytoseal 60.   
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X-Ray Diffraction 

Sample experimental conditions for powder X-Ray Diffraction are captured in the 

Figure below: 

 

 

Figure A-4.  Powder X-Ray Diffraction data conditions  
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In Vivo Rat Experimental Procedures (Vaghefi et al; 2005) 

Blood/Plasma Collection 

Blood samples (0.25 mL) are collected by jugular vein puncture. For the oral 

doses, blood samples are collected predose and then at 0.25, 0.5, 1, 2, 4, 6, 8 and 10 

hours following dose administration. For the intravenous dose, blood samples are 

collected predose, at the end of the infusion and then at 0.25, 0.5, 0.75, 1, 1.5, 2, 3 and 

4 hours following the end of the infusion. The blood samples are transferred into 

polypropylene tubes (covered with aluminum foil and containing lithium heparin as 

anticoagulant). Plasma samples are separated using a refrigerated centrifuge and 

stored frozen at —65° C. in foil covered polypropylene tubes. 

Plasma Analysis 

The analytical method used to measure Nifedipine is based on a previous method 

developed for Nifedipine in human heparinized plasma. A 2-day re-validation is 

performed in the rat plasma matrix. Standards and controls are prepared in heparinized 

rat plasma. All samples underwent liquid-liquid extraction to isolate Nifedipine, followed 

by reversed phase chromatography, and quantitative detection using MRM mass 

spectrometry. The internal standard used is a d-6 stable isotope of Nifedipine. 

The analytical range of the method is 5 ng/mL to 500 ng/mL using a 50 µL sample. 

Studies of the stability of Nifedipine in plasma samples for 4 hours at room temperature, 

and through 3 freeze-thaw cycles indicated no loss of Nifedipine. 
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