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ABSTRACT 

Genistein, a potential anticancer agent was chosen as a model for poorly water-

soluble drugs with low oral bioavailability. The study is based on the hypothesis that 

encapsulation of genistein in water soluble polymers (e.g. Polyethylene glycol) will 

enhance its dissolution rate. The objective of the study was to prepare, characterize, and 

optimize the fast release formulations- microspheres and simple dispersions. In order to 

achieve this goal, solid dispersions were prepared using two different techniques; 

solution-solvent evaporation and emulsion-solvent evaporation. Various process 

parameters such as ratio of drug/polymer, ratio of solvents, and speed of homogenization 

have been studied. A Box-Behnken experimental design was used for the preparations of 

simple dispersions by solution-solvent method. The formulations were compared in order 

to elucidate the effect of preparation methodology. Dissolution studies were performed 

on the formulations. 

Further, the solid dispersion systems were characterized using various techniques 

such as Differential Scanning Calorimetry, ATR-FTIR spectroscopy, in vitro dissolution, 

and Scanning Electron Microscopy in order to understand the physicochemical properties 

of the formulations. Dissolution studies showed an increase in the dissolution rate of 

genistein formulated as dispersion or microspheres as compared to genistein alone. 

Approximately, up to 5-fold enhancement in the dissolution of genistein could be 

achieved with the solution based formulation while up to 10-fold enhancement was 

observed in case of the emulsion based formulation. 
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CHAPTER I 

INTRODUCTION 

Genistein 

Genistein belongs to the isoflavone class of flavonoids. It is also classified as a 

phytoestrogen which are plant-derived non steroidal compounds that possess estrogen

like biological activity. Genistein is the aglycone of genistin. Genistein and its glycosides 

are mainly found in legumes, such as soybeans and chickpeas. Soybeans and soy foods 

are the major dietary sources of these substances. Genistein is a solid substance that is 

practically insoluble in water. Genistein is also known as 5, 7-dihydroxy-3- (4-

hydroxyphenyl)-4i/-l-benzopyran-4-one, and 4, 5, 7-trihydroxyisoflavone. The strucmre 

of genistein is given in Figure 1.1. 

Phvsicochemical properties 

Molecular formula: C15H10O5 

Molecular weight: 270.24 Daltons 

Melting point: 302 °C 

Appearance: off-white to beige microcrystalline powder 

Solubility: Practically insoluble in water 

Soluble at lOOmM (27mg/ml) in DMSO 

Soluble in dilute alkalis, ethanol and in the usual organic solvents (1) 

Calculated Log P: 1.79 (Calculated using Pallas version 2.0) 



OH 0 f^^^ 
OH 

HO^'^^O^ 

Figure 1.1. Structure of Genistein 



Mechanism of action 

Genistein has esfi-ogenic (2) and antioxidant activities (3). It is a scavenger of 

reactive oxygen species and inhibits lipid peroxidation. It also inhibits superoxide anion 

generation by the enzyme xanthine oxidase. In addition, genistein, in animal experiments, 

has been found to increase the activities of the antioxidant enzymes superoxide 

dismutase, glutathione peroxidase, catalase and glutathione reductase. 

It may also have anticarcinogenic (4), anti-atherogenic and anti-osteoporotic 

activities. Several mechanisms have been proposed for genistein's putative 

anticarcinogenic activity. These include upregulation of apoptosis, inhibition of 

angiogenesis, inhibition of DNA topoisomerase II and inhibition of protein tyrosine 

kinases. Genistein's weak estrogenic activity has been suggested as another mechanism 

for its putative anti-prostate cancer activity. In addition, other mechanisms of genistein's 

putative anti-prostate cancer activity include inhibition of nuclear factor (NF)-Kappa B in 

prostate cancer cells, down regulation of TGF (transforming growth factor)-beta and 

inhibition of EGF (epidermal growth factor)-stimulated growth (5). Genistein's anti

estrogenic action may be another possible mechanism to explain its putative anti-breast 

cancer activity (6). The possible anti-atherogenic activity of genistein may be attributed, 

in part, to its antioxidant and weak esfi-ogenic activity. Genistein may have some lipid-

lowering activity, but the mechanism is unclear (7). 



Genistein's weak esti-ogenic effect may help protect against osteoporosis by 

preventing bone resorption and promoting increased bone density. Genistein has been 

foimd to maintain frabecular bone tissue in rats (8, 9). 

Pharmacokinetics 

Isoflavones such as genistein undergo complex biotransformation and transport 

processes after oral administration. Small intestinal disposition of genistein is a complex 

network of various absorption, metabolism, and efflux processes. Genistein is either 

absorbed or metabolized in the large intestine to dihydrogenistein and 6-hydroxy-O-

desmethylangolensin. Genistein, which is absorbed from the large intestine and small 

intestine, is eventually transported to the liver. There, it undergoes conjugation with 

glucuronate and sulfate via hepatic phase II enzymes (UDP glucuronosyltransferases and 

sulfotransferases). The glucuronate and sulfate conjugates of genistein are excreted in the 

urine and in the bile (10). The genistein conjugates maybe deconjugated to release 

genistein, which may be reabsorbed via the enterohepatic circulation (11) 

Isoflavones are known to be transformed by phase II enzymes, especially by 

glucuronosyltransferases (12). Some studies indicate that glucuronidation of isoflavones 

such as genistein occurs in the intestine (13). The intestinal conjugation by 

glucurosyltransferases plays an important role in the disposition of genistein. Other 

reports indicate that no sulfate conjugation occurs in the small intestine but it might occur 

in the liver (14). Poor bioavailability of genistein and its analog is a serious concem (15). 



There is considerable individual variation in the absorption and metabolism of 

mgested genistein. Genistein has been found to be more bioavailable than genistin(12). 

Recentiy, Pharmacokinetic (PK) parameters for genistein were reported after oral 

administi-ation of 50 mg genistein to healthy premenopausal women (age > 18 years) 

(16). The PK parameters are given in Table 1.1. 

Indications and usage 

There is a growing body of m vitro and animal studies suggesting that genistein 

may be helpful in preventing and treating some cancers, principally breast and prostate 

cancers. The clinical studies that might support or refute claims that genistein has anti

atherogenic properties and that it can safely and effectively be used as "natural" estrogen-

replacement therapy have not been conducted. There is, however, preliminary data 

suggesting that soy isoflavones, including genistein, may be helpfiil in some problems 

associated with menopause, including osteoporosis. 

A number of studies have shown that genistein can inhibit prostate cancer-cell 

growth in vitro. Some recent in vitro studies suggest that genistein may be both 

chemopreventive and therapeutic in prostate cancers (17). Clinical trials are needed to 

confirm this. 

Adverse effects 

Genistein intake has been associated with hypothyroidism in some subjects. 



Table 1.1. Pharmacokinetics of Genistein 

PK Parameters 

Cmax 

tmax 

ti/2 (elimination) 

AUG 

Vd 

Cl/F 

Values 

341 + 74 ng/mL (1.26 ± 0.27 pmol/L) 

5.2 hr 

6.78 ± 0.84 hr 

4.54 ± 1.41 pg/mLhr 

161.1 ±44.1 L 

18.3 +5.7 L/hr 



Dosage and admini.stratinn 

Genistein is available in a few different isoflavone formulas. A standard soy 

isoflavone formula contains genistein in combination with other isoflavones. A 50 mg 

dose of soy isoflavones—a typical daily dose—provides 25 mg of genistein. Small 

amounts of genistein are available in some red clover preparations. 

Dosage forms 

Genistein is commercially available as a nutritional supplement in the form of 

capsules, powder, and tablets, hi the case of tablets, products labeled as 1000 mg relates 

to soy content. Some tablets contain up to 20 mg genistein. 

Challenges for the delivery of poorlv soluble drugs 

It is estimated that almost 40 % of the new chemical entities are poorly soluble 

and most are not progressed to preclinical evaluation because of the formulation 

challenges presented by poorly water-soluble drugs (18). One of the greatest challenges 

faced by a pharmaceutical scientist is achieving optimum oral bioavailability. A few of 

the possible causes of poor oral absorption of drugs are as given: 

a. Aqueous solubility less than 100 |a,g/mL indicating poor aqueous solubility or 

wettability; 

b. Poor dissolution defined as intrinsic dissolution rate < 0.1 mg/cm^/min; 

c. high crystal energy (melting point > 200°C); 



d. high lipophilicity (Log P > 3); 

e. high molecular weight (> 500); 

f. self-association or aggregation. 

Oral absorption of drugs occurs in two steps; the drug first dissolves in the 

gasti-ointestinal fluid and the dissolved drug subsequentiy permeates across the 

gastirointestinal membrane. Out of these two processes, the slower kinetic process is the 

rate-limiting factor in the oral bioavailability of the dmg. The oral bioavailability of 

poorly water-soluble drugs whose absorption is controlled by dissolution rate (Class II 

drugs in Biopharmaceutics Drug Classification System) can be increased by various 

formulation approaches which increase the solubility and dissolution rate. The 

relationship between the dissolution rate of a drug and the various factors affecting it can 

be expressed by combined Noyes-Whitney and Nemst equation (19), 

dC/ dt = AD (Cs - C) / hV 

where dC/dt is the rate of dissolution, A is the surface area presented by drug for 

dissolution, h is the diffusion layer thickness, D is the diffiision coefficient of the drug in 

this layer, Cs is the saturation solubility of the drug in the dissolution medium, C is the 

concentration of the drug in the dissolution medium at time t, and V is the volume of 

dissolution medium. 

From the above equation, it is clear that the rate of dissolution can be increased by 

increasing the available surface area for dissolution. This can be brought about by 

decreasing the particle size of the drug, optimizing the wetting characteristics of the drug, 

decreasing the diffusion layer thickness, maintaining smk condition for dissolution and 



IS a by improving die apparent solubility of the dmg. The diffiision layer thickness is 

fimction of the hydrodynamics of the system and, therefore, difficult to control. The 

diffusion coefficient cannot be varied except by slight changes in the viscosity of the 

dissolution medium. Thus, out of the various possiblities for increasing dissolution rate, 

solubility and surface area of the drug alone are of practical relevance to a formulator. 

ft has been well established that dissolution is frequentiy the rate-limiting step in 

the gastrointestinal absorption of poorly soluble drugs from a solid dosage form (20,21). 

Dissolution problems often result in poor bioavailability, slow onset of action, and erratic 

absorption of poorly soluble drugs and these drugs are found to be less effective when 

administered orally (20). Consequentiy, a lot of techniques have been tested for 

modifying the physiochemical properties and dissolution characteristics of poorly soluble 

drugs so as to obtain rapid and complete absorption. One of the techniques used for 

increasing the solubility and dissolution is the incorporation of a poorly soluble drug into 

a rapidly dissolving water-soluble carrier (22). The commonly used carriers include 

long-chain polymers (e.g., polyvinylpyrrolidone [PVP] and polyethylene glycol [PEG]) 

(23), or low molecular weight, water-soluble substances such as urea. 

In this technique, the drug is mechanically mixed with the carrier by grinding or 

by using some other means to ensure homogeneous mixing and particle size reduction. 

The mere physical presence ofa rapidly dissolving inert carrier in a solid dosage form 

may lead to an increase in the dissolution rate. Most often this is due to a decrease in 

aggregation and agglomeration, improved wettability, and solubilization of the drug by 

the carrier (24). 



As opposed to a physical mixtiare of the drug and carrier, a more promising 

approach in terms of increasing dissolution and bioavailability of pooriy soluble drug is 

to form a solid dispersion system. A solid dispersion is a dispersion of one or more active 

ingredients in an inert carrier or matiix at a molecular level in a solid state prepared by 

the melting (fiision), solvent or the melting-solvent method (25). However, the definition 

can be broadened to include certain nanoparticles, microcapsules, microspheres, and 

other dispersions of drugs in polymers prepared by using any one of the above processes 

(26). 

Whereas in a physical mixture the dmg and excipient essentially remain as non-

interacting entities, in a solid dispersion system, the dmg and carrier are believed to form 

a "high energy" product (27). Often tiiis "high energy" product signifies the existence of 

the dmg in a high level of subdivision, homogeneously dispersed throughout the solid 

matrix of the carrier (22). In other cases, specific interactions between the dmg and the 

carrier at the solid state may lead to the formation of a low-melting eutectic mixture, solid 

solutions, glass solutions and glass suspensions, amorphous precipitations, compound or 

complex formation, or any combinations thereof which may result in a fast-release 

system (28). 

In addition to the reduction of the crystallite size, the following factors may 

contribute to the faster dissolution rate ofa dmg from a solid dispersion: (a) an increase 

in dmg solubility (29), (b) a possible solubilization effect by the carrier in the 

microenvironment or diffusion layer (30), (c) the absence of aggregation and 

agglomeration between fine crystallites of the pure hydrophobic drug (22), 
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(d) improved wettability and dispersability of a dmg, (e) dmg crystallization in a 

metastable form after solidification (22), and (f) dmg dispersed in an amorphous or 

glassy state in the carrier. 

Methods of Preparation of solid dispersions 

There are generally three accepted methods of preparation of solid dispersions, 

namely: (a) melting or fusion method, (b) solvent or coprecipitation method, and (c) 

melting solvent method (28). Each method has its own advantages and disadvantages 

and a particular method may be suitable for some dmg-excipient systems but not for the 

others. To achieve a faster release of a dmg from the matrix, it is generally necessary 

that the active dmg be a minor component in the dispersion system in terms of percent 

weight (not on a molar basis). 

Solid dispersion represents a pharmaceutical technique that may play an important 

role in increasing dissolution, absorption, and therapeutic efficacy ofa dmg in future 

dosage forms. The properties, performance, and practical application of solid dispersion 

depend on factors such as: (a) their method of preparation, (b) composition 

of the dmg. Therefore, a thorough understanding of these factors is necessary to 

formulate an effective solid dispersion dosage form for a particular dmg. 

Polvmers Used in Solid Dispersions 

Polymer stmcture and chemistry have a major influence on the degree of cohesion 

obtained in solid dispersions. The typical polymer molecule is a macromolecule formed 

11 



from a sequence of repeating monomer units, fts size plays an important role in 

determining its properties. However, unlike other chemical compounds, polymers 

contain a range of molecular sizes and therefore some form of average value must be 

applied. Apparent viscosity or rheological properties are assigned to characterize a 

particular polymer. Polyethylene glycol, polyvinylpyrrolidone, organic acids among 

others are various carriers used in the preparation of solid dispersions (31). 

Polyethylene glycol 

The USP describes Polyetiiylene glycol (PEG) as being an addition polymer of 

etiiylene oxide and water. They vary in molecular weights (MW) from 200 to 300,000 

Da. For solid dispersions PEG of MW ranging from 1000 (soft soHds; m.p. ~ 35 °C) to 

20,000 Da (hard brittle crystals; m.p. ~ 65 *̂C) are used. It shows good solubility in both 

aqueous and many organic solvents. Solubility in water decreases whereas melting point 

increases with increasing molecular weight. PEG is not absorbed in the gastrointestinal 

tract and is approved by the FDA for use as a pharmaceutical excipient. Their low 

melting points allow preparation of dispersions by melting methods whereas their high 

solubility in many organic solvents favors organic solvent method for dispersions and 

microspheres. Polyethylene glycols may improve the dissolution of the dmg by 

solubilization and/or improved wettability (32). Polyethylene glycol increases the 

aqueous solubility of many dmgs independent of the pH and can be efficiently used for 

enhancing the release of dmgs. 

12 



Limitations of Solid Dispersions 

Despite the various advantages offered by solid dispersion systems such as 

simplicity of formulation, increase in solubility and release rate, improved bioavailability, 

and thus decreased dose, very few products are available commercially. This is due to 

challenges posed in terms of reproducibility, scale-up and stability of these preparations. 

This is due to poor understanding of the basic properties of solid dispersions i.e. the solid 

state stmcture, mechanism of dissolution enhancement, and change in characteristics 

upon aging. 

Despite these problems, the approach of formulating poorly soluble dmgs by 

means of solid dispersion technology continues to grow due to recent advances in the 

technology which improve on the methods of preparation, scale-up and availability of 

newer methods for predicting the solid state stmcture. 

Mechanism of Dissolution 

The dissolution of a dmg from a solid dispersion system consists of three 

processes that include interaction with water around it, release of the dmg in the matiix, 

and solubilization with supersaturation. A few of the most common reasons for 

increased dissolution rates from solid dispersions have been the formation of solid 

solution, eutectics, conversion to an amorphous form, solubilization effect by the 

carrier, or increased hydrophilicity of the dmg due to coating by polymers. The film 

theory of dissolution states that the factors affecting the rate of dissolution include the 

13 



diffiision coefficient, the thickness of diffiision layer, the surface area, and the 

difference between the satiiration concentration in the diffusion layer and the 

concentration of bulk solution. Under conditions of dissolution testing for the same 

compositions of dmg, differences in dissolution behavior between solid dispersions, 

microspheres, and physical mixtures or solvated dmgs are closely related to inherent 

differences in particle size. Additionally there have been two apparentiy conflicting 

mechanism of dmg release seen from soUd dispersions. The first mechanism stems from 

the work of Corrigan, (33) and Newton (34) and may be modeled in terms of the 

dissolution of multi-component system outiined by Higuchi (35). In this mechanism, 

some systems appeared to show carrier-controlled release whereby, at least at low dmg 

loadings, the rate of release is controlled by that of the carrier and is independent of dmg 

properties. The second mechanism was supported by the work of Sjokvist (36) and other 

investigators (37). Here, some systems showed release behavior that was dependent on 

the properties of the dmg rather than the polymer, even at low dmg loadings. It was 

proposed that the two mechanisms involving either carrier or dmg controlled release may 

occur simultaneously, the predominant mechanism being determined by the solubility of 

the dmg in concentrated solutions of the carrier. 

Characterization of Microspheres and Solid Dispersions 

Crystal habft and intemal stmcture of a dmg can affect the bulk and the 

physicochemical properties, which range from flowability to chemical stability. 

Microspheres and solid dispersions in general can be characterized by the same proper-
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ties, and the same methodologies that are used to characterize the crystal stmctiires used 

for tiieir stiucture determination. 

Many routine analytical methods provide information regarding the physical 

nattore of solid dispersions or microspheres. The methods for stmctiiral characterization 

are specti-ophotometry, X-ray diffractometiy, differential scanning calorimetiy, 

microscopy, and FTIR among otiiers. 

Infrared spectrophotometry 

Infrared spectrophotometry can be used to determine if there is an interaction 

between the dmg and the polymer which might change their functional groups. 

Therefore, the comparison of the IR spectrum of the physical mixture and the formulation 

will provide information about a possible change in the physical form of the dmg. 

When IR radiation impinges upon a molecule at the proper frequency, the vibration 

and/or rotation of the molecule is altered. The change in vibrational energy creates a 

greater amplitude of vibration, the change in rotational energy causes a higher frequency 

of rotation. This change in vibrational and rotational energy is different for different 

functional groups so that they give characteristic peaks when the percent transmission of 

the IR is plotted with wavelength or the wave number of the radiation (38). 

Differential Scanning Calorimetry (DSC) 

This method measures the heat loss or gain resulting from the physical or 

chemical changes within a sample as a function of temperature. Crystallization and 
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degradation are usually exotiiermic processes. For characterizing crystal forms, the heat 

of fiision, AHf, can be obtained from the area under the DSC curve for the melting 

endotiierm. Similarly, the heat of transition from one another may be calculated. A sharp 

symmetric curve indicates purity whereas broad asymmetric curves indicate more than 

one thermal process (39). 

Scanning Electron Microscopy (SEMI 

Surface morphology is observed by scanning electron microscopy (SEM) which 

serves to confirm, qualitatively, a physical observation related to surface area, porosity, 

and particle size distribution. For example, bulk lots of solid dispersions with different 

polymers may have different surfaces that provide greater area for surface reactions such 

as degradation and dissolution. 

Dissolution 

Dissolution is a useful method for providing preliminary information about the 

expected in vivo absorption of the dmg from formulations. Since the ultimate goal of 

this study is the modification of dmg dissolution profile and hence the absorption, 

dissolution studies are important steps of characterization prior to in vivo experiments. 

16 



Experimental Designs 

Box-Behnken design 

It is often desirable to use the smallest number of factor levels in an experimental 

design. One common class of such designs is the Box-Behnken designs. These are 

formed by combining 2 factorials with balanced incomplete block designs, which 

reduces the number of experiments considerably (40). As an example, for a three factor, 

three level study, only 15 experiments are required with this design, whereas the full 

factorial design would require 27 experiments. The design consists of replicated center 

points and the set of points lying at the midpoints of each edge of the multidimensional 

cube that defines the region of interest (41). Box-Behnken designs do not contain points 

at the vertices of the hypercube defined by the upper and lower limits for each factor. 

This is desirable if these extreme points are expensive or impossible to test (42). Besides, 

Box-Behnken designs are suitable for exploration of quadratic response surfaces and 

constmction ofa second order polynomial model (43). 

Response Surface Methodology 

Box-Behnken statistical design can be used to optimize and evaluate main effects, 

interaction effects and quadratic effects of the process variables in the preparation of 

solid dispersions. This design is suitable for exploring quadratic response surfaces and 
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consti^cting second order polynomial models. The design consists of replicated center 

points and the set of points lying at the midpoint of each edge of the multidimensional 

cube tiiat defines the region of interest. The non-linear quadratic model generated by the 

design is of the form: Y = Ao + AiXi + A2X2 + A3X3 + A4X1X2 + A5X2X3 + AgXiXa + 

A7X1 +A8X2 +A9X3 + E, where Y is the measured response (dependent variable) 

associated with each factor level combination; Ao is an intercept; A1-A9 are the regression 

coefficients; Xi, X2 and X3 are the independent variables studied; and E is the error term 

(40). 

Box-Behnken design was used to screen for the ratio of dmg to polymer, ratio of 

solvents and molecular weight of PEG to be used and to obtain genistein containing 

solid dispersions by solution-solvent evaporation method. 
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CHAPTER II 

RESEARCH HYPOTHESIS 

The hypothesis of tiie present investigation was tiiat the encapsulation of pooriy 

soluble dmg in water soluble polymers leads to enhanced dissolution of tiie dmg. hi the 

present study, genistein was employed as a model dmg and polyethylene glycol as a 

model for water soluble polymer. 

Specific Aims 

The specific aims of the study are as follows: 

• Development ofa suitable method of analysis for genistein 

• Preparation of solid dispersions of genistein in water soluble polymers 

• Characterization of the formulations using microscopy, thermal analysis, ATR-

infra red spectroscopy, and dissolution. 
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CHAPTER III 

MATERIALS AND EQUIPMENT 

The list of materials used in the stiidy is given in the following table. 

Table 3.1 List of Materials 

Material 

Genistein 

Polyethylene glycol 4000 

Polyethylene glycol 6000 

Polyethylene glycol 8000 

Polyethylene glycol 10,000 

Ethanol 

Dichloromethane 

Com oil 

Span 65 (Sorbitan tristearate) 

Tween 80 (Polyoxyethylene 

sorbitan monooleate) 

Sodium hydroxide 

UV transparent microplates 

Potassium phosphate monobasic 

Lot number 

CH-142 

231977 

WPDX-537B 

25322-68-3 

122K2547 

073K3725 

B0502805 

81K2204 

50K0225 

120K0021 

125773-MF000005 

03180119 

38322902 

Manufacturer 

LC Labs, Wobum, MA 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

Sigma-Aldrich, St. Louis, MO 

EM Science, Gibbstown, NJ 

BD Falcon, Frankhn, NJ 

EM Science, Gibbstown, NJ 
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The list of equipment used in the stiidy is given in tiie following table. 

Table 3.1 List of Equipment 

Equipment 

Hotplate and magnetic 

stirrer 

Analytical balance 

pH meter 

Sonicator 

Microplate reader 

DSC 

Dissolution bath heater 

Dissolution testing station 

Autosampler for dissolution 

FTIR 

SEM 

Optical microscope 

Moisture content analyzer 

Model 

Thermolyne 

El 140 

Acumet AR 50 

3510R-DTH 

Tecan Spectra Flour Plus 

DSC-7 

VK-750D 

VK-7000 

VK-8000 

470-FTIR 

Hitachi S500 

Micromaster 

756 K Goniometer 

Manufacturer 

Cimarec-2, San Jose, CA 

Ohaus Corp., Switzerland 

Fisher Sci., Pittsburgh, PA 

Branson Corp., Danbury, CT 

Tecan Systems, San Jose, CA 

Perkin Elmer, Norwalk, CT 

Vankel, Gary, NC 

Vankel, Gary, NC 

Vankel, Gary, NC 

Thermonicolet, Madison, WI 

Hitachi, Japan 

Fisher Sci., Pittsburgh, PA 

Fisher Sci., Pittsburgh, PA 
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CHAPTER rV 

METHODS 

Preparation of Formulations 

Preparation of Microspheres 

The microspheres were prepared by solvent evaporation using alcohol-in-oil 

method which is schematically shown in Figure 4.1. Typically, 16 mg of genistein and 

between 100-1500 mg of polyethylene glycol were accurately weighed and dissolved in 

a 1:10 mixture of dichloromethane with alcohol. Span 65 at a concentration of 1 % was 

dissolved with stirring in 150 ml of com oil which is heated to 70 °C. The stirring was 

continued for a period of 45 minutes. The oil phase was allowed to cool to room 

temperature. The organic phase was added slowly by means of a pipette to the oil phase 

and immediately homogenized at the specified speed for a period of 5 minutes. The 

resultant emulsion was kept in a fiime hood to allow for evaporation of the organic 

phase for a period of 12 hrs with continuous magnetic stirring. The emulsion was 

further subjected to centrifiigation at a speed of 3000 rpm for 10 minutes. The oily 

phase was separated and the resultant particles were washed three times with hexane. 

The mixture was subjected to centrifugation and the hexane was decanted. The 

washings with hexane were repeated three times to ensure complete removal of the oil. 

The microspheres were allowed to dry in a fume hood for a period of 12 hrs and the 

resultant particles stored at room temperature. 
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Figure 4.1. Schematic diagram for microsphere formation. (1) Polymer dissolved in 
organic solvent. Dmg added to form a solution, (2) emulsifier dissolved in second liquid 
immiscible with dmg-polymer solution (com oil), (3) polymer-dmg solution mixed into 
emulsifier solution to form a dispersion of dmg-polymer-solvent droplets, (4) solvent 
removed by stirring at room temperature, (5) completed microspheres recovered by 
centrifugation, washed, and dried. 
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Preparation of simple solid dispRrsinn 

Solid dispersions were prepared by the solvent evaporation method. Typically, 

100 mg of genistein and 1000-8000 mg PEG were dissolved in a mixttire of ethanol and 

dichloromethane. All amounts were used as specified in the Box-Behnken screening 

design. The solution was tiien poured into glass trays in order to form a thin layer and 

air dried in fume hood for 24 hours. After drying, the dispersions were scraped with a 

metal spatiila and stored in glass bottles. The process is schematically depicted in 

Figure 4.2. 

Preparation of physical mixtures 

The physical mixtures were prepared by grinding together accurately weighed 

quantities of PEG using a mortar and pestle. Genistein was mixed manually with the 

ground polymer in a plastic bag by altemate shaking in horizontal and vertical 

directions for 5 minutes. The resultant mixture was then stored in a glass bottle. 

Characterization of the formulations 

Encapsulation efficiency for solid dispersions 

Accurately weighed 5 mg of samples were dissolved in a 1:10 mixture of 

dichloromethane and ethanol. The samples were analyzed at a wavelength of 260 nm. 
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Figure 4.2. Schematic diagram for simple solid dispersion formation. (I) dmg and 

polymer dissolved in solvent (2) solution poured in glass tray and allowed to evaporate 

at room temperature. 
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Microplate reader was the instmment used for obtaining a calibration curve. The 

polymer did not interfere with the assay at this wavelength. The concentration of 

genistein in the formulation was calculated and expressed as percent dmg loading. 

The percent encapsulation efficiency is defined as: 

[(Practical dmg loading)/(Theoretical dmg loading)] * 100 

The percent drag loading is defined as: 

[(Weight of dmg)/(Weight of dmg+polymer)] 

Percent yield for solid dispersions 

The percent yield was calculated using the following formula: 

Percent yield = [(Practical yield)/(Theoretical yield)] * 100 

where practical yield is the weight of the microspheres or simple dispersions collected 

after preparation and the theoretical yield is the total weight of the ingredients used in 

the preparation. 

Reverse Phase-HPLC analysis 

A previously reported isocratic method for the analysis of genistein was used 

with modifications to suit the available equipment (44). A Reverse phase C-18 column 

(150 mm X 4.6 mm, 3 p size) was used. The flow rate was modified to 1 ml/min. The 

mobile phase composition was as follows: acetonitrile/methanol/water/acetic acid 
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30/15/55/0.1. UV detection at 254 nm. A standard calibration plot was prepared by 

injecting 20 pis of sample. 

Microplate reader based assay 

An assay method was developed for the analysis of genistein. A stock solution 

of 50 pg/ml and serial dilutions were made in order to obtain genistein concentrations 

from I to 30 pg/ml. The samples were assayed using a spectrophotometer and 

microplate reader and their UV absorbance recorded. Special UV transparent plates 

which do not absorb in the UV range were used in the microplate reader. The 

calibration curve was constmcted by plotting the absorbance versus the concentration 

of genistein. 

Solubility studies 

An excess amount of genistein (1000 mg) was placed in a borosiHcate glass vial 

with teflon-lined screw caps containing 10 ml of the dissolution medium (1% Tween 80 

in PBS). 

The vial was shaken at 100 rpm on a thermostated shaker at 37 °C for 24 hrs. At 

the end of 24 hrs, the contents were filtered, and the absorbance was recorded at 260 

nm. Using the respective slope values, the concentration and solubility of genistein per 

ml of the dissolution media was determined. 
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In vitro release bv dissolution stiidies 

Dissolution experiments were performed using the paddle method as described 

in USP dissolution apparatiis 2. The samples previously filled in capsules (which 

dissolve in 5 mins) were placed in phosphate buffer media (pH 6.8) containing 1% 

Tween 80. Formulations containing equivalent amounts of genistein were taken in all 

the dissolution studies. The capsules were held to the bottom of the vessel using 

aluminum sinkers. 100 ml conversion kits were used as the dissolution vessel. 

Dissolution was carried out for a period of two hours. The dissolution medium was 

maintained at a temperature of 37 ± 0.5 "C by means ofa constant temperature water 

bath. The medium was stirred at 50 rpm by means of an adjustable constant speed 

motor. Two ml samples were withdrawn at predetermined time intervals at 0, 10, 20, 

30, 40, 60, 80, 90, 100 and 120 mins. After each sampling, an equivalent amount of 

fresh buffer was added to the dissolution vessels to maintain constant volume. The 

samples were immediately assayed using a microplate reader at 260 nm. From the 

absorbance values, the cumulative percent of genistein released was calculated and 

expressed as cumulative percent released. A cumulative correction was made for 

removed samples in determining the total amount dissolved. Dissolution experiments 

for each formulation were performed in duplicate. 
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Scanning Electron Microscopy (SEM) 

The shape and surface characteristics of the preparations both with and without 

drag were observed by coating with gold in a Polaron E5150 Film Thickness Controlled 

Sputter Coater, under vacuum of < 0.1 Torr at a temperattire of 6 "̂C to a tiiickness of 20 

nm. The accelerating voltage was 20 KV and the working distance was 10 mm. The 

instrament used was a Hitachi S500 SEM at 500X and 2000X magnification. The 

particle size was measured from the micrographs obtained. 

Differential Scanning Calorimetry (DSCI 

DSC studies were performed to characterize the formulations and for excipient 

compatibility testing with genistein. Thermal analysis was performed on genistein, 

PEG, the physical mixture, and the solid dispersion and microsphere. The equipment 

used was a Perkin-Elmer DSC 7 attached with a thermal analysis data station (TADS), 

Interface and a printer. The instmment was calibrated using an indium standard. 

Samples corresponding to 5 mg of genistein were accurately weighed into aluminium 

pans. The pans were covered with lids and sealed. Thermograms were obtained at a 

scanning range of 10 *'C/min conducted over a temperature range of 40 to 340 ''C. 
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Melting point determination 

Melting points were determined using a SMP 10 melting point apparatus. Small 

amounts (approximately 50 mg) of the preparations under examination were placed in 

capillary tubes sealed at one end. The temperature at which the dmg completely melted 

was then observed and recorded. 

Infra red Spectroscopv 

Attenuated Total Reflectance (ATR) Fourier Transform Infra-red (FTIR) spectra 

for the excipients and formulations were recorded on a Nicolet Nexus 470 Spectrometer 

(Thermo Nicolet Corp, Madison, WI) using the Smart Miracle ATR accessory. 

Approximately 100 pg of sample was loaded onto the sample holder and scanned in the 

range of 4000 to 400 cm ''. Interferograms were processed using Happ-Genzel 

apodization, followed by automatic baseline correction. 

Wettability Index 

The change in wettability of genistein upon incorporation of the dmg with 

polymer, either as microspheres or by forming solid dispersions was evaluated using a 

technique similar to that employed to screen suspending agents (45). The end of a glass 

Pasteur pipette was plugged with glass wool and the pipette was filled with the various 

powdered formulations (pure dmg or dmg-carrier formulations). The powder (~ 2 gms) 
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was tap packed to a height of 5 cm. One ml of distilled water was then placed on top of 

the powder bed and the time required for the solvent to wet or soak through a distance 

of 3 cm was noted. This value was termed the wettability index. 

Determination of the effects of process parameters 

Effect of various process parameters such as polymer concentration or dmg to 

polymer ratio, molecular weight of PEG, were stiidied. For polymer concentration, PEG 

in increasing concentiration was used to study the effect on dissolution characteristics. 

In terms of drag to polymer ratio; 1:10, 1:20, 1:40, 1:80; ratios were used to 

characterize the effect of polymer concenti-ation on dissolution of genistein. Different 

molecular weights (4000, 6000, and 10,000 Da) of PEG was also used to evaluate the 

effect of molecular weight on dissolution of genistein. 

Statistics for the dissolution experiments 

The significance of the differences between groups was tested using one-way 

analysis of variance (ANOVA), and each group was compared using Tukey's test such 

that the dissolution profiles for preparations were compared to that of native genistein. 
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CHAPTER V 

RESULTS AND DISCUSSIONS 

The following results were obtained for genistein containing solid dispersion 

formulations. 

Microscopic Characteristics 

When observed under a light microscope genistein showed elongated needle 

shaped crystal habfts. This was confirmed by Scanning electron micrograph stiidies. 

The micrograph obtained is as shown in Figures 5.1 

Solubility Studies 

Qualitative examination revealed that genistein is fairly soluble in organic 

solvents such as ethanol, methanol, acetone, acetonitrile. It was found to be poorly 

soluble in phosphate buffer (pH 6.8 and pH 7.5). Concentrations in phosphate buffer 

were so low that they were undetectable by HPLC analysis. In order to obtain 

detectable quantitities of genistein in phosphate buffer system and for dissolution 

studies, various concentrations of Tween 80 in phosphate buffer were analyzed. 

Preliminary studies using various concentrations such as 0.25 %, 0. 5 %, 0.75 % and 1 

% of Tween 80 showed that solubilization of genistein in 1% Tween 80 provided 

detectable quantities of genistein. This was consistent with our previous studies with 
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Figure 5.1. SEM micrographs of Genistein (source: LC Laboratories, MA) 
Bar shown for micrograph at 500X in the left panel represents 50p and that for the one 
in the right panel at 2000X represents 5|i 
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genistein for transdermal delivery application (46). Based on this, 1% Tween 80 was 

the concentration chosen for subsequent stiidies. This concentration was consistent with 

FDA guidelines for allowable concentration of surfactant for use in the dissolution 

medium. The solubility of genistein in 1% Tween 80 in PBS at the end of 24 hrs was 

found to be 119.6 pg/ml. 

HPLC Analysis 

Genistein was analyzed by a previously reported isocratic HPLC method (44) 

with modifications. The conditions of this method and the calibration results are as 

given in section IV. A chromatogram is shown in Figure 5.2. Genistein had a retention 

time of 8.9 minutes. The calibration resufts are shown in Figure 5.3. Preliminary studies 

carried out showed that the retention time did not change after microencapsulation. 

It has been shown that detergents such as Sodium Lauryl Sulfate and Tween 80 when 

present in the sample being analyzed by HPLC, interfere with the analysis. With even 

small amounts of these detergents present in the sample, chromatographic resolution 

and repeatability are compromised, and RP HPLC columns quickly become 

contaminated. Tween 80, a non ionic detergent is a broad range mixture of long chain 

surfactants that elute from a RP HPLC column over part of the range where genistein 

elutes from the column. Hence an alternative method of analysis for the analysis of 

genistein was required as non-ionic detergent residue is almost impossible to remove 

from C 18 columns. 
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Figure 5.2. HPLC chromatogram of Genistein (10 pgm/ml) in PBS containing 1 % 
Tween 80 

35 



1.6 

S 1.2 

0 

y = 237332x-72.536 

2 4 
cone, of genistein (pg/ml) 

Figure 5.3. Standard curve for analysis of Genistein by HPLC 
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Selection of Wavelength for Spectrophotometric Analysis 

Genistein was scaimed from 200 to 400 nm on GBC spectra UV 

Spectirophotometer. In PBS when the concentration of genistein was 50 pg/ml, the 

absorption peak was seen at 260 nm, the same wavelength as that recommended in the 

Merck Index as shown in Figure 5.4. Studies indicated that PEG absorbs at 240 nm as 

shown in Figure 5.5. Therefore, a wavelength of 260 nm was chosen for assaying 

genistein dissolved in buffer to conduct in vitro studies. 

Microplate Reader Based Analysis 

So far the reported methods for the detection and quantification of genistein 

have been based on Gas Chromatography or HPLC which are expensive and time 

consuming. Also, for the purpose of our study, the use of HPLC was precluded due to 

the necessity of a surfactant (Tween 80) in the samples. Therefore, a microplate reader 

based method for analysis of genistein was developed. 

Calibration was performed at 260 nm using microplate reader for genistein 

concentrations from 0 to 50pgm/ml. The absorbance readings were linear with 

concenti-ations over this range. The calibration plots are given in Figure 5.6 for 50, 100, 

and 200 pi. The lower limit of quantitation was found to be 0.78 pgms/ml. The 

correlation coefficient was 0.999 and tiie slope value was 0.0573 for 200 pi of sample 

volume which was used for analysis of genistein. This was chosen because, the lower the 

volume, the more of an effect the meniscus would have on the results. 
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Figure 5.4. UV scan (from 200-400 nm) for Genistein (50 |igms/ml) in PBS containing 
1% Tween 80 
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Figure 5.5. UV scan (from 200-400 ran) of PEG (500 pgms/ml) in PBS containing 1% 
Tween 80 
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Figure 5.6. Standard curve for analysis of genistein in PBS containing 1% Tween 80 by 
microplate reader 
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Due to presence of a deep meniscus in some wells and not others, large variation would 

be obtained in the reads, especially at the lower volumes. 

Preparation of Solid Dispersion Systems 

Solution-solvent evaporation 

Preparation of simple dispersions using Solution-solvent evaporation method. 

The drag and carrier were dissolved in a common solvent followed by evaporation of the 

solvent to obtain solid residue. The advantage of using this method was that thermal 

degradation of the drags and carriers was prevented since low temperature was used for 

the evaporation of solvents. Water-soluble carrier polyethylene glycol (PEG) was 

selected for preparation of solid dispersions as it was pharmacologically inactive and 

non-toxic. PEG is readily soluble in Dichloromethane while genistein is soluble in 

alcohol. Hence a mixture of DCM/ethanol was chosen as the solvent for preparation of 

simple dispersions. Use of this method provided irregular shaped microparticles which 

were studied by Scanning electron microscopy as shown in Figure 5.7. 

Emulsion-solvent evaporation 

Preliminary studies were conducted to determine the ratio of solvents, dmg to 

polymer ratio (1:80 to 1:10), and speed of homogenization (500 to 4000 rpm) achieve 

free flowing particles. In this method of preparation, the choice of solvent can be of 

cmcial importance. A mixtiire of 1:10 DCM to etiianol was chosen as tiie solvent for the 

dispersed phase based on its ability to dissolve both the dmg and polymer, and fts 

immiscibility with the continuous phase solvent. 
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Figure 5.7. SEM micrographs of Genistein simple dispersions (dispersion shown is 

preparation # 10 as stated in the Box-Behnken experimental design). Bar shown for 

micrograph at 500X in the left panel represents 50p while that for the one in tiie right 

panel at 2000X represents 5p 
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Also, metiiylene chloride has high volatility tiiat facilitates easy removal by evaporation. 

Com oil was chosen as tiie solvent for the continuous phase based on the criteria of 

immiscibility witii dispersed phase solvent, inability to dissolve PEG, low solubility toward 

dmg, higher boiling point tiian dispersed phase solvent, ease of recovery of microspheres, 

and low toxicity. A speed of homogenization at 1000 rpm was selected from preliminary 

experimentation as discrete particles were obtained at this speed. In tiie case of 

microspheres, its final structure and composition is expected to result from a complex 

interplay between polymer, dmg, solvent, continuous phase, and emulsifier. Discrete 

spherical microparticles were obtained by use of this method as shown in Figure 5.8. 

Role of emulsifier 

The role of the emulsifier (Span 65) in microsphere production by solvent 

evaporation is the short-term stabilization of the suspended polymer solution droplets. 

Stabilization, to prevent aggregation and coalescence, is only a short-term requirement; 

once adequate solvent evaporation has taken place to produce some hardening of the 

drag-polymer droplets, coalescence and aggregation does not occur. 

During the microencapsulation, the gradual decrease in the volume of intemal 

phase droplets is accompanied by a corresponding increase in droplet viscosity. 

Addition of Span 65 helps to overcome this coalescence and it is essential to ensure 

droplet stability during the emulsification and subsequent encapsulation process. 
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Figures 5.8. SEM micrographs of Genistein microspheres (prepared using dmg to 
polymer ratio 1:10, speed of homogenization 1000 rpm, and molecular weight for PEG 
10000). Bar shown for micrograph at 500X in the left panel represents 50p while that 
for the one in the right panel at 2000X represents 5p 
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Characterization of Formulations 

The physicochemical properties of the solid formulations were analyzed using 

spectroscopy, thermal analysis, microscopy, and by dissolution data. These techniques are 

essential in order to fiilly understand the increase in dissolution rates of solid dispersions. 

Knowledge of the interactions on a molecular level between a polymer, dmg, and other 

excipients is of interest for the prediction of physical and chemical properties of solid 

dispersion systems. 

ATR -Fourier Transform infrared specfroscopv 

Genistein compatibility with the excipients used in the formulation was tested 

with ATR-FTIR. Figures 5.9 a,d show the absorbance spectra of pure PEG, and pure 

genistein, respectively. Genistein showed several sharp characteristic peaks; the most 

prominent being at 3400 and 3100 cm' representing OH and CH group respectively. 

The characteristic peak for PEG is observed at 3000 cm* with another sharp peak at 

1150 cm'\ The spectmm of the 1:1 physical mixtiire containing PEG and genistein had 

feamres of each of the components (Figure 5.10 a). PEG did not change the infrared 

spectmm of genistein indicating no chemical interaction in the binary mixttire with the 

molecular stractiire of genistein remaining completely intact. Moreover, the presence of 

1% span 65 and com oil (Figures 5.9 b, d) in the microspheres can be detected in the 

spectram for the microspheres (Figure 5.10b). 
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Figure 5.9. ATR-FTIR specfra of (a) PEG (MW lOOOO); (b) Com oil; (c) Span 65; (d) 
Genistein 
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Figure 5.10. ATR-FTIR spectra of (a) (1:1) physical mixtiire of Genistein and PEG (MW 
10000); (b) Microspheres of genistein (dmg to polymer ratio 1:10, PEG MW 10000, 
speed of homogenization 1000 rpm) ; (c) Simple soUd dispersion of genistein (dispersion 
# 10 according to Box-Behnken experimental design). 
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These show characteristic bands at 3500 cm"' for genistein in addition to the peaks at 

2900 cm"' which is characteristic of the olefins and the peaks at 1150 cm"' for ester 

groups which are present in the com oil. The increase in absorption peaks at 2900 cm"' 

for aliphatic acetate esters and the aliphatic hydrocarbons at 1000 cm"' which are the 

functional groups in com oil can be seen in Figure 5.9 b and also in the spectmm for the 

microsphere preparation (Figure 5.10 b). ft was seen that the spectra indicated peaks for 

com oil as well as span 65. This suggests that tiiere is a residual film of oil and span 65 

on the surface of the microspheres. The particles could not be made absolutely free of 

the com oil by multiple washings with hexane. Also, the presence of span 65 on the 

surface suggests that the emulsifier helps in stabilization of the particles and contributes 

to the higher rate of dissolution of these preparations as observed. 

In each of the representative formulations of the microspheres and solid 

dispersions (Figures 5.10 b, c), no interaction is seen. There appears to be a weak 

hydrogen bonding interaction possible hydrogen bonding which is weak in nature (2-7 

Kcal/mole). 

Thermal Analysis 

DSC Thermogram Analysis 

Typical DSC thermograms of genistein, PEG, physical mixtiire, solid dispersion 

and microspheres are shown in Figures 5.11,5.12, 5.13, 5.14, respectively. Genistein 

shows a sharp melting peak with an onset at 300 °C, which corresponds to its m.p. 
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Figure 5.11 DSC thermogram of Genistein 

49 



Temperature (C) 

r 
890.0 

T 
soao 

Figure 5.12. DSC thermogram of PEG polymer 
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Figure 5.13. DSC thermogram of physical mixttire 
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Figure 5.14. DSC thermogram of Genistein microspheres (prepared using dmg to 
polymer ratio 1:10, speed of homogenization 1000 rpm, and PEG (MW 10000) 
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The peak itself is at 305 °C as defined in the literattire. A DSC scan of the polymer 

yielded a peak at 63 '̂ C, which corresponds to the melting temperattire of the polymer 

used as reported in Merck Index. The enthalpy of fiision values obtained are as given 

in Table 5.1 

The disappearance of endothermic peaks of genistein for physical mixtures, and 

solid dispersions compared to the pure dmg was noteworthy (Fig 5.12). This may be 

due to a decrease in crystallinity of the dmg or partial change in crystal form. The dmg 

probably consists of predominantly amorphous material, since no dmg melting peaks 

were observed. The existence of dmg peak and polymer peak can cleariy be detected in 

the drag and polymer sample respectively as seen in Figures 5.11, and 5.12, 

respectively. 

We suggest that the crystalline genistein in native form was converted to an 

amorphous form, which explains the absence of dmg peak in the DSC theromograms 

obtained. This was supported by melting point determination which is discussed below 

as well as by the higher rates of dissolution as seen in the case of the preparations 

which was due to conversion to amorphous form which is known to have higher 

solubility. Any interaction between the dmg and polymer used can be ruled out based 

on the supporting data obtained by FT-IR. 

Further X-Ray diffraction studies have to be carried out in order to confirm and 

quantftate the proportion of amorphous to crystalline conversion of dmg in the 

formulations. 
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Table 5.1. DSC of Genistein, PEG, and preparations 

TI ("C) 

T2 ("C) 

Peak("C) 

AH (J/g) 

Genistein 

264 

321.333 

308.864 

120.686 

PEG(MW 
10000) 

40 

78.666 

68.524 

348.822 

Physical 
mixture (1:1) 

245.33 

284.09 

269.06 

11.12 

Microspheres 

— 

— 

— 

0 

Simple 
dispersions 

255.12 

275.93 

261.97 

2.79 

TI is Temperature at the onset of peak 

T2 is Temperature at the end of peak 
The microspheres were prepared using a speed of homogenization of 1000 rpm, 

drag to polymer ratio of 1:40 and MW of PEG 10000 
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Determination of melting point 

Crystalline materials have sharper melting points whereas the amorphous 

materials have no melting point. Genistein shows a melting point of 300 "c whereas 

PEG shows a melting point at 60 °C as given in the literatiire. Therefore the 

formulations may have melting points of variable nattire depending on their physical 

stractiire. Melting point determination may be a useful indication to the polymer-dmg 

interaction. The melting points were found to be 302, 65, and 277-300 "C, and for 

genistein, PEG, and physical mixttire (1:1 genistein:PEG), respectively using melting 

point apparatus. Melting point of genistein was found to be 300 °C which is very close 

to the value of 302 ''C obtained using DSC. The melting point of genistein from the 

formulations was found to be over a range of 277 to 300 °C. The presence of impurities 

tends to make a crystalline peak broader, and therefore, in the present case molten PEG 

may be responsible for the wide range of genistein peak in the mixture. 

Effect of molecular weight of PEG on dissolution of microspheres 

Dissolution for all the dispersions using PEG m.w. 4000, 8000, and 10,000 Da 

were significantly greater than those for genistein alone (P<0.05) (Figure. 5.15).The 

dissolution profiles of microspheres prepared using PEG 10000 exhibited significant 

increase in the rate of dissolution in the phosphate buffer system. 

In case of the genistein-PEG microspheres prepared by the solvent evaporation 

method, it was seen that there was a slight increase in the rate of dissolution with an 

increase in the molecular weight of PEG. During the later stage of the dissolution, no 
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difference in the rates of dissolution could be discerned as seen in Figure 5.15. Table 5.2 

shows effect of molecular weight of PEG on percent dmg loading, encapsulation 

efficiency, and yield of genistein microspheres. This may be attributed to the fact that 

higher-molecular-weight PEG form more viscous solutions, which fiirther reduces the 

rate of crystallization of the dmg, increasingly favor the incorporation of dmg as solid 

solutions or merely flake more readily during dissolution. The lack of a considerable 

difference in dissolution (P > 0.05) at later time points due to differences in molecular 

weight seen might be due to the fact that all the PEGs in the present study are eventually 

soluble in the dissolution medium. When the PEG boundary is broken, genistein from all 

three formulations should have equal chances of getting dissolved. However, the 

dissolution of genistein from microspheres was significantly higher than pure genistein (P 

< 0.05) 

Reports indicate that in some dmg-PEG soUd dispersion systems, the rate of 

dissolution decreases with molecular weight up to a certain composition of the dmg 

above which the trend becomes irregular (48). 
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Figure.5.I5. Effect of PEG molecular weight on the dissolution of Genistein in PEG-
genistein microspheres prepared by solvent evaporation method. (Ratio of dmg to 
polymer is 1:40 and the speed of homogenization is fixed at 1000 rpm). 
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Table 5.2. Effect of PEG molecular weight on percent encapsulation efficiency and 
percent yield of genistein microspheres. Results are expressed as mean ± SD for n = 3. 

PEG MW used in 
microspheres 

4000 

8000 

10000 

Percent actual dmg 
loading 

0.69±0.0I 

1.16±0.01 

I.63±0.02 

Percent 
Encapsulation 
efficiency 
30±0.40 

50±0.73 

70±0.42 

Percent yield 

60±2.39 

62±1.24 

75±0.79 
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Effect of speed of homogenization on dissolution 
of microspheres 

It was observed in the dissolution profiles given in Figure 5.16 that higher the 

speed of homogenization, greater is the rate of dissolution of genistein. This may be due 

to a reduction in the particle size of the microspheres. 

A decrease in particle size increases the specific surface area and, consequentiy, 

the dissolution rate and sometimes the solubility (37). Because of the increase in surface 

area of the drag, usually there is less of polymer available for entrapment of the dmg. 

Reduction in particle size and increase in solubility, both principles form the rationale for 

the use of solid dispersions since the presence of the carrier not only prevents aggregation 

/agglomeration of the individued dmg particles exhibiting a high solid-liquid surface 

tension, it also creates a microenvironment in which the dmg solubility is high. Table 5.3 

shows the effect of speed of homogenization on encapsulation efficiency and yield. 

Effect of drag to polvmer ratio 

The microspheres prepared with 40 parts of PEG had the highest (P<0.05) 

dissolution at the end of 2 hrs of 95 %, which was significantiy greater than the other 

preparations using 1:10 and 1:20 of drag to polymer ratio (Figure 5.17). Table 5.4 

shows the effect of drag to polymer ratio on encapsulation efficiency and yield. The 

microspheres with 20 and 10 parts of PEG showed a slightiy lower dissolution than that 

of 40 parts. The % genistein released at the end of 2 hrs exhibfted a direct 

proportionality with the amount of PEG contained in microspheres. 
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Figure 5.16. Effect of speed of homogenization on the dissolution of Genistein in PEG-
genistein microspheres prepared by solvent evaporation method. (Ratio of dmg to 
polymer was fixed at 1:40 while the molecular weight of PEG chosen was 10,000) 
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Table 5.3. Effect of speed of homogenization on percent encapsulation efficiency and 
percent yield of genistein microspheres. Results are expressed as mean ± SD for n = 3. 

Speed of 
homogenization 

(rpm) 
used in 

microspheres 
500 

1000 

2000 

4000 

Percent actual 
drag 

loading 

1.32±0.09 

1.18±0.03 

0.97±0.II 

I.07±0.08 

Percent 
Encapsulation 

efficiency 

57.53±3.19 

5I.92±1.08 

42.87±4.94 

46.01±3.06 

Percent yield 

72±5.87 

65±2.46 

57±1.44 

69±3.71 
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Figure 5.17. Effect of dmg to polymer ratio on dissolution of genistein-PEG 
microspheres 
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Table 5.4. Effect of dmg: polymer ratio on percent encapsulation efficiency and percent 
yield. Results are expressed as mean ± SD for n = 3. 

Dmg:polymer ratio used 
in microspheres 

1:10 

1:20 

1:40 

1:80 

Percent actual 
dmg loading 

5.92±0.2I 

2.54±0.09 

I.I4±0.03 

0.37±0.0I 

Percent Encapsulation 
efficiency 
68±2.87 

56±2.04 

49±1.60 

32±1.91 

Percent yield 

78±3.6 

64±2.0 

59±2.8 

58±1.09 
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An exception to this can be seen in the case of microspheres containing 80 parts of 

PEG. Microspheres containing 40 parts of PEG appear to have an advantage over the 

others in terms of dissolution rate as it provides approximately 9 fold increase over 

genistein alone. 

Depending on the solubility of the dmg, the dmg-to-carrier ratio has to be 

optimized in order to achieve an optimum dissolution rate. When the solubility of a dmg 

is very low, a higher fraction of carrier has to be used in order to deliver the dmg in a 

solubilized state. Supersaturation of the dmg in the carrier system might lead to stability 

problems. 

Percent vield for formulations 

There were no differences between the percentage yield values for 

microspheres. The slightiy higher yields with total solids content for 1:80 might 

possibly be due to the greater viscosity, hence retention of the fraction adhered to glass 

beaker and homogenizer tip surfaces. Percent yield for the microsphere preparations 

was found to be between 57 to 78 %. Some of the loss may be unavoidable during 

washings with hexane. 

Percent yield for the all the 15 simple dispersion preparations was found to be 

between 70 to 80 %. Some of the loss was due to sticking of the preparations to the 

glass surface which was difficult to recover. 
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Encapsulation efficiency 

The encapsulation efficiency determined was about 60-70 % in case of 

microspheres whereas 20-25 % in case of simple dispersions. Microspheres with 

various dmg loading showed higher encapsulation efficiency as compared to simple 

dispersions. 

Wettability index 

The change in wettability of genistein upon incorporation of the dmg with 

water-soluble polymer has been observed by the wettability index determination. As 

can be noted in Table 5.5, the wettability index (i.e., time for the solvent to soak 

through a distance of 3 cm through the powder) was markedly decreased in case of the 

formulations. This decrease was much greater for the solid dispersion than it was for 

the microspheres. This may be attributed to the close packing of the microspheres with 

minimum of voids in addition to the residual oil layer detected by FTIR studies. In 

contrast, the simple dispersion consists of irregular shaped particles with large 

interparticular void spaces allowing the water to pass through the bed at a faster rate 

than that governed by its hydrophilicity. 
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Table 5.5. Wettability indices of Genistein preparations. Results are expressed as mean ± 
SD for n = 3. (Wettability index represents time for the solvent (water) to soak through a 
distance of 3cm through the powder). 

Preparation method 

Genistein 

PEG-genistein microspheres by 
emulsion solvent evaporation 

PEG-genistein simple 
dispersions by solution solvent 

evaporation 

Wettability indices (sec) 

22211.44 

1I6±1.5 

15±1.I 

Microspheres used were prepared using speed of homogenization lOOOrpm, 
drag to polymer ratio 1:40 and PEG MW 10000 
Simple dispersion used was formulation # 10 according to experimental design 
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Response Surface Methodology 

Box-Behnken statistical design was used in order to select the optimum process 

variables and to evaluate the main effects, interaction effects and quadratic effects of the 

variables on the dissolution of simple solid dispersions of genistein. 

Experimental design 

A three level factorial design was used after randomization. Fifteen experiments 

are required for the response surface methodology based on the Box-Behnken design. 

The independent and dependent variables, experimental runs, the observed responses and 

the predicted values for the fifteen formulations are given in Tables 5.6 and 5.7. The 

effects of process variables on percent encapsulation efficiency and percent yield is 

shown in Table 5.8. 
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Table 5.6. Factors and tiie levels in tiie Box-Behnken design 

Independent variables 

Xi = 

X2 = 

X3 = 

Ratio of polymer : dmg 

Amount of dicholormethane added to 

50 mL of ethanol (mL) 

M.W. of PEG (Da) 

Dependent variables 

Yi = 

Y2 = 

Cumulative percent dissolved in I hr 

Cumulative percent dissolved in 2 hr 

Levels 

Low 

10 

5 

6000 

Middle 

45 

12.5 

8000 

High 

80 

20 

10000 

Consttaints 

Low 

10 

50 

High 

40 

100 

Goal 

maximize 

maximize 
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Table 5.7. Box-Behnken experimental runs and responses from dissolution experiments 
for simple dispersions 

Runs 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

XI 

10 

10 

80 

80 

10 

10 

80 

80 

45 

45 

45 

45 

45 

45 

45 

X2 

20 

5 

20 

5 

12.5 

12.5 

12.5 

12.5 

20 

20 

5 

5 

12.5 

12.5 

12.5 

X3 

8000 

8000 

8000 

8000 

10000 

6000 

10000 

6000 

10000 

6000 

10000 

6000 

8000 

8000 

8000 

Yl 

3.47 

3.90 

33.93 

33.79 

9.97 

26.90 

34.11 

18.92 

8.93 

15.55 

31.11 

17.33 

9.19 

12.75 

10.97 

Y2 

10.52 

10.92 

59.31 

44.81 

14.52 

45.63 

43.93 

47.54 

29.22 

64.38 

51.43 

56.27 

10.80 

16.52 

13.66 
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Table 5.8. Effect of process variables on percent encapsulation efficiency and yield of 
solid dispersion prepared by solution-solvent evaporation 

Dmg:polymer ratio 
used in 
microspheres 

1:10 

1:80 

1:80 

1:10 

1:10 

1:80 

1:80 

1:45 

1:45 

1:45 

1:45 

1:45 

1:45 

1:45 

1:45 

Percent dmg 
loading 

10 

1.25 

1.25 

10 

10 

1.25 

1.25 

2.22 

2.22 

2.22 

2.22 

2.22 

2.22 

2.22 

2.22 

Percent 
Encapsulation 
efficiency 

15.855 

18.5389 

11.9866 

19.7892 

7.11935 

1.32476 

21.4389 

22.3943 

17.4153 

6.85619 

4.88309 

2.38627 

26.3098 

21.9277 

7.36292 

Percent yield 

80 

79 

76 

74 

75 

77 

74 

72 

79 

77 

78 

79 

76 

82 

82 
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Also the dissolution profiles for all 15 formulations are shown in Figures (5.18, 5.19, 

5.20) 

Based on the experimental design, the factor combinations resulted in different 

dissolution profiles for genistein. The range of responses was 64.38 % in foraiulation 

number 10 (max) and 10.52 % in formulation number 1 (min) 

The confidence levels tiiat tiie regression equations would predict the observed 

values better than the mean for YI and Y2 were 80.69 and 92.03 respectively. The 

mathematical relationship in the form of a polynomial equation for the measured 

responses using Statgraphics plus (version 4) was obtained. The equation relating the 

response Yl, Y2, and the independent variables, respectively, were: 

Y1=I11.2 - 1.093Xi + 1.50X2-0.02X3 +0.004X1^+0.031X2^ 

Y2 = 417.2 - 0.75X1 - 3.3X2-0.09X3 + 0.02X1X2 + 0.27X2^ 

The above equations represent the quantitative effect of process variable (XI, X2 

and X3) and their interaction on the responses (Yl and Y2). The values of the coefficient 

XI, X2 and X3 are related to the effect of these variables on the response Yl and Y2. 

Coefficients with more than one factor term and those with higher order terms represent 

interaction terms and quadratic relationship respectively. A positive sign represents a 

synergistic effect, while a negative sign indicates an antagonistic effect. The values of 

XI, X2 and X3 were substituted in the equation to obtain the theoretical values of Yl and 

Y2. The theoretical (predicted) values and the observed values were in agreement as seen 

in Table 5.9. 
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Figure 5.20. Dissolution profiles of experimental runs 11-15 
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Table 5.9. Theoretical and observed values for the responses Yl and Y2 

Row 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

YI 

31.1094 

33.7917 

33.9302 

9.19056 

12.7471 

3.90018 

17.3316 

10.9688 

3.47189 

15.5526 

26.8961 

18.9241 

34.1114 

8.9288 

9.96954 

Y2 

51.4253 

44.81 

59.3067 

10.7952 

16.5205 

10.9171 

56.2724 

13.6579 

10.521 

64.3809 

45.6261 

47.5362 

43.9332 

29.215 

14.5223 

Predicted 
desirability 

0.432902 

0.387125 

0.42098 

0.0 

0.0 

0.0 

0.267884 

0.0 

0.0 

0.460804 

0.244966 

0.441034 

0.530359 

0.0395556 

0.0 

Observed 
desirability 

0.517657 

0.456909 

0.644609 

0.0 

0.0 

0.0 

0.337823 

0.0 

0.0 

0.336315 

0.395511 

0.304502 

0.446146 

0.0 

0.0 
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The relationship between the dependent and independent variables was fiirther elucidated 

using contour plots. Also, tiie main effects of the independent variables on the dependent 

variables was further investigated using pareto chart. 

Effect of process variables on Yl 

Figure 5.21 (standardized pareto chart for Yl) shows the main effect of the 

independent variables on the dissolution of the formulations. From the figure it is clear 

tiiat XI (polymer and dmg ratio) has the main effect on the release of the dmg after 1 hr. 

Figure 5.22 (contour plot) shows the effect of both polymer to dmg ratio (XI) and 

DCM to ethanol ratio (X2) on the dissolution after 1 hr at fixed MW of PEG (8000 Da). 

From the plots, it appears that the ratio of polymer to dmg has the main effect on the 

dissolution of the dmg. When the polymer to dmg ratio is more than 60, the cumulative 

percentage of dmg released increases from 24 to 32 % at any ratio of DCM to ethanol 

which may be due to the presence of polymer inhibiting dmg crystallization. This was 

consistent with DSC results. Also, since amount of ethanol used is constant, if the ratio of 

polymer to drag increases, the amount of dmg in the polymer decreases. An optimal dmg 

level to be soluble in ethanol is present only when the polymer to dmg ratio is greater 

than 60. This explains the reason for increase from 24 to 32 % in the dissolution after 1 hr 

with polymer to drag ratios above 60. 

Figure 5.23 (contour plot) shows the effects of polymer to dmg ratio and MW of 

PEG on the dissolution of the drag at fixed ratio of DCM to ethanol (12.5). 
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Figure 5.21. Standardized Pareto chart for Yl 
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X3=8000.0 

X 

Yl 
0.0-4.0 
4.0-8.0 
8.0-12.0 
12.0-16.0 
16.0-20.0 
20.0-24.0 
24.0-28.0 
28.0-32.0 

Figure 5.22. Contour plot (3D) showing the effect of the amount of polymer PEG (XI) 
and dichloromethane (X2) on Yl 
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m 
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1 Yl 
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i 20.0-24.0 
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I 36.0-40.0 
I 40.0-44.0 

Figure 5.23. Contour plot (3D) showing the effect of the amount of polymerPEG (XI) 
and PEG molecular weight (X3) on YI 
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From tiie figures, it is evident tiiat high dissolution of dmg after 1 hr (28 to 44 %) is 

attainable only at high level of both polymer to dmg ratio (above 60) and molecular 

weight (MW) of PEG (above 7000 Da). This increased dissolution witii high molecular 

weight PEG might be due to its ability to prevent recrystallisation of genistein. Similar 

stiidies witii Griseofiilvin-PEG solid dispersions have indicated that the high MW PEGs 

reduced tiie crystallinity of dmg more tiian the low MW PEG. The reduced crystallinity 

was responsible for enhanced dissolution (47). 

Figure 5.24 (contour plot) shows tiie effect of both DCM to ethanol ratio and MW 

of PEG on the drag dissolution after I hr at a fixed polymer to dmg ratio of 45. ft is 

observed from the figures that for high dissolution (more than 20 %) we need low ratio of 

the solvents (below 9) and high MW of PEG (above 8000 Da). This can be explained by 

considering the amount of polymer is constant, the amount of DCM which is normally 

evaporated will not have major effect on dissolution. Further studies might help elucidate 

the effect of solvent on dissolution of dmg. As explained above, the use of high MW of 

PEG is sufficient to provide the solubility of dmg in aqueous media, and the low levels of 

DCM is required to solubilize the polymer. 

Effect of process variables on Y2 

Figure 5.25 (standardized pareto chart for dissolution) shows the main effect of 

the independent variables on tiie dissolution after 2 hr. From the figures it is clear that 

X3^ (DCM to ethanol ratio) and XI (polymer to dmg ratio) have the main effect on the 

release of the dmg after 2 hr. Figure 5.26 shows the effect of both polymer to dmg ratio 
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(XI) and DCM to ethanol ratio (X2) on tiie dissolution after 2 hr at fixed MW of PEG 

(8000 Da). Here the ratio of polymer to dmg has tiie main effect on the dmg dissolution. 

In otiier words, when the polymer to dmg ratio is more than 60, the dissolution increases 

from 29 to 53 % 

Figure 5.27 shows tiie effect of both polymer to dmg ratio and MW of PEG on 

the dissolution of the dmg at fixed ratio of DCM to ethanol of 12.5. High drag release 

(above 29 %) can be obtained at a number of combinations. When the MW of PEG is 

between 6200 to 6400, any value of polymer to dmg ratio would yield the desired dmg 

release. Similar dissolution can be obtained with increasing the MW of PEG but the 

polymer to dmg ratio (approximately above 60) should be increased as well. 

Figure 5.28 shows the effect of botii DCM to ethanol ratio and MW of PEG on 

the dmg dissolution after 2 hr at fixed polymer to dmg ratio of 45.Low MW of PEG 

(below 6500) would yield more than 35% dmg dissolution at any level of DCM to 

ethanol ratio. Similar dissolution profile can be obtained at high MW (above 9800) of 

PEG provided that the solvent ratio is less than 7. 

The quadratic response surface methodology applied help in understanding the 

interaction effect between the three factors applied, ft would be interesting to study the 

effects of XI, X2 and X3 on encapsulation efficiency and percentage yield as the resufts 

would be usefiil from the standpoint of scale-up operations. 
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Figure 5.24 Contour plots (3D) showing the effect of the amount of dicholormethane 
(X2) and PEG molecular weight (X3) on Yl 

82 



1 2 3 4 5 

Standardized effect 

Figure 5.25. Standardized Pareto chart for Y2 
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Figure 5.26 Contour plots (3D) showing the effect of the amount of polymer PEG (XI) 
and dicholormethane (X2) on Y2 
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Figure 5.27 Contour plots (3D) showing the effect of the amount of polymer PEG (XI) 
and PEG molecular weight (X3) on Y2 
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Figure 5.28 Contour plots (3D) showing the effect of the amount of dichloromethane 
(X2) and PEG molecular weight (X3) on Y2 
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Comparison between Solid Dispersion Preparations 

The above results obtained from the various dissolution experiments for both 

preparations i.e. simple dispersions and microspheres indicated that in the case of 

genistein fast-release preparations formulated using PEG as the water-soluble polymer 

higher dissolution was seen in the case of the microsphere preparations as compared to 

the simple dispersions. Approximately, a 4-fold difference in the cumulative percent of 

genistein released from the formulations was observed. 
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CHAPTER VI 

CONCLUSIONS 

Formulation of genistein in the form of microspheres and simple dispersions 

using PEG increased the dissolution of genistein as seen in the case of all formulations 

studied. 

The results of this study clearly suggest that solid dispersion technology using 

microencapsulation can be used for delivering poorly water soluble dmgs. 

Relatively high percentage yield and encapsulation efficiency were obtained in 

the case of solid dispersions prepared by emulsion/solvent evaporation technique. 

The amorphous nature of the microspheres and dispersions as concluded from the 

thermal analysis is favorable in terms of increase in solubility. 

Solid dispersions prepared by emulsion-solvent evaporation and solution-solvent 

evaporation were shown to be effective processes for forming intimate blends of 

amorphous solutions for the dmg witii PEG as the polymer matiix. The preparations were 

found to be characteristic of amorphous precipftation type of dispersions. If tiie 

preparations are used to increase the dissolution rate of pooriy soluble dmg, the 

advantage of microencapsulation is also its ability to form small particles with higher 

surface areas, which fiirther increases the dmg release rate based on Noyes-Whitaey 

equation. 



Microplate reader based assay was found to be a simple, convenient and rapid 

method of analysis for the quantitative determination of genistein as an aftemative to the 

existing methods such as chromatography. 

A dissolution media containing 1% Tween 80 could be used as an aftemative 

dissolution medium for pooriy soluble dmgs such as genistein. 

ATR-FTIR provided data on the absence of strong chemical interactions between 

the drag and formulation ingredients. 

Response surface methodology and the design of experiments in the case of 

simple dispersions prepared by solution-solvent evaporation method reduced the number 

of experiments needed to obtain information that are typically obtained by analysis ofa 

large number of formulations 

The release of genistein from microspheres was found to be 4-fold greater than 

that obtained from simple dispersions. The state of subdivision i.e. the total surface area 

of the drag seems the most likely explanation for differences arising from the method 

of preparation of the dispersion systems. 

It can be concluded that solid dispersion systems of genistein-PEG result in 

increased dissolution of genistein by virtue of reduction in particle size, presence of 

non-crystalline genistein dispersed in the systems, and co-dissolution with the water-

soluble excipient molecule. 
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RECOMMENDATION FOR FUTURE STUDIES 

Based on the present investigation, the following studies may be pursued. 

• Study of additional aspects of the formulation including mechanistic aspects of 

the drag dissolution and stability. 

• Studies to evaluate additional methods of preparation of solid dispersions such as 

spray-drying technology. 

• Formulation development studies. 

• The use of acidic and basic dmgs as models of poorly soluble dmgs in order to 

achieve higher bioavailability of the dmg with a broader application in 

pharmaceutics. 

• Bioavailability and pharmacokinetic/pharmacodynamic studies in animals. 
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