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Preface





The curriculum of M. Pharmacy course in Pharmaceutics has been developed and implemented in 2014 by the Pharmacy Council of India. The framing of the syllabus is really a revolutionary work. This will help the students to gain the knowledge and skills in pharmaceutical services. This will redefine the roles of the qualified pharmacists with M. Pharm qualification in manufacturing premises.


The author strongly feels and believes that the curriculum and syllabus will improve the knowledge and skills of the students with the contemporary and future professional requirements and can make them successful manufacturing chemists in the field of pharmacy.


The theory course of Modern Pharmaceutics primarily explains the concepts in ANOVA, TQM, inventory control management, PPC, and manufacturing of various types of dosage forms. Hence, the students can gain the knowledge in the manufacturing of SMEDD. They can plan rightly to solve the manufacturing problems. The syllabus of the theory course can systematically and logically explain each topic and sub-topic.


The book has been prepared with simple language so that the reader can easily understand each topic quite easily. The author has incorporated some extra topics so that the reader can understand the topic clearly.


The authors have taken sufficient precaution to make the book free from mistake. Even then, if anybody finds any mistake, please inform the author directly for rectification.
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CHAPTER 1 


Preformulation Concepts





Preformulation Concepts – Drug Excipient interactions different methods, kinetics of stability, Stability testing. Theories of dispersion and pharmaceutical Dispersion (Emulsion and Suspension, SMEDDS) preparation and stability Large and small volume parental – physiological and formulation consideration, Manufacturing and evaluation





Different Methods of Drug – Excipient Interactions


Pharmaceutical formulation is a mixture of drug substance, commonly called as API and excipients which do not have any therapeutic effect. Each excipient is used for a definite purpose – (1) to facilitate the manufacturing process. (2) to facilitate administration or absorption of the drug. In general, the excipient used in the formulation should have following properties:


• Should not alter the dose, 


• Should not alter stability features of the formulation,


• Should not alter the release profile of the drug from the formulation, and


• Should be therapeutically inactive


• Should not have any toxicity


But some excipients can participate in chemical or physical interactions with drug substance, without compromising the therapeutic effectiveness of a formulation. Excipients although expected to be highly pure, but are not available/used in those form. Commonly, the materials used as excipients are minerals, synthetic, semi-synthetic or natural origin. The materials used as starting materials, reagents and solvents may remain present in the product as residue, may be in very minimum quantities. These residual substances may interact with the drug substance. It is necessary to know the process(s) involved in the manufacture of excipient, so that the type of impurity likely to be present and how they can interact with the API can be identified.


Excipients having functional groups can interact directly with the active pharmaceutical ingredient. In some cases, excipients or drug substance can decompose or degrade producing impurities which may interact with either the drug substance or excipients present in the formulation.


Therefore, following three major points must be considered when a proposed pharmaceutical dosage form is being manufactured1:


⮚ Properties and shortcomings of API


⮚ Properties and shortcomings of excipients


⮚ Advantage and disadvantages of the method(s) used


For development of a dosage form, all three points of equally important are to be considered. As mentioned above excipients are the substances other than drug substance which for certain definite reasons are incorporated into pharmaceutical dosage form2 for the following purposes; for example,


• To improve the stability of the drug substance in the dosage form,


• For modification of the bioavailability of the drug substance,


• To maintain the pH of the liquid formulation, 


• To maintain the desired rheology of the suspension and semisolid dosage form, 


• To act as tablet binders, tablet disintegrant, 


• To increase the bulk weight, 


• To act as antioxidant and emulsifying agents, 


• To allow the recommended administration, 


• To facilitate the manufacturing of dosage form, 


• For aesthetic reason, and


• For identification


The IPEC (International Pharmaceutical Excipients Council) has defined the term excipient as the substance(s) other than the API which has been appropriately evaluated for safety and is included in a drug delivery system to either help processing of the formulation during manufacturing or protect, support or enhance stability, bioavailability or patients compliances or to help in the identification of the product and to enhance any other attributes of overall safety and effectiveness of the formulation during its storage or use.


According to the functions3 in a tablet formulation, the excipients can be classified as:


o Diluent


o Binders,


o Disintegrants


o Lubricants


o Glidants


o Compression aids


o Colors


o Sweeteners


o Preservatives


o Flavors


o Film formers/coatings


o Suspending/dispersing agents/surfactants


Therefore, the knowledge of drug-excipients interactions is very important during selection of appropriate excipients for a proposed dosage form.


Mode of drug decomposition


Most of the drugs are organic compounds; hence, in most cases the degradation of drug takes place in similar way with normal organic compounds. Reactive agents such as thionyl chloride, lithium aluminium hydride are used in relatively high concentrations. Generally, more than 10% is kept under accelerated conditions such as heating at boiling temperature toreflux or heat in a pressure bomb. Reactions take place in relatively short period of time. For example, the concentration of dexamethasone sodium phosphate in its injection is 0.4%, in topical cream is 0.1%, and in its ophthalmic ointment is 0.05%. The decomposition of a drug is probably not intervened by another drug present in the formulation, commonly by water, oxygen, or light. Measurable decomposition takes place in months or years’ time; not in hours or days. The substances used medicinally must have structural features for which they interact with the receptors or facilitate metabolic functioning. These make them susceptible to degradation or interaction with other materials. The common methods of degradation are:


Hydrolysis


Drugs having functional groups such as esters, amides, lactones, or lactams are generally susceptible to hydrolytic degradation. Most commonly the drug degrades by hydrolysis because of presence of groups susceptible to hydrolysis. Such groups are prevalent in the drug molecule and degrade due to omnipresence of water in form of moisture. Water acts as a vehicle for interactions and facilitates microbial growth.


Oxidation


Next to hydrolysis, oxidative degradation is the common method of drug degradation. The mechanism of oxidative degradation is relatively complex. In this method, an electropositive atom, radical or electron is removed or an electronegative moiety is added. Oxygen, heavy metal ions and light, leading to free radical formation can catalyze the oxidation reaction. The free radicals react with oxygen and produce peroxy radicals. On the contrary, these peroxy radicals react with oxidizable compound to produce additional free radicals to initiate further reactions. Compounds having aldehydes, alcohols, phenols, alkaloids and unsaturated fats and oils are susceptible to oxidation.


Isomerization


In this process a chemical compound is converted into its optical or geometric isomer. The isomers have same molecular weight but are structurally different. As a result, the isomers may be pharmacologically or toxicologically different among themselves. Optical isomers can rotate the plane of polarized light (sodium light) differently, either clockwise or anticlockwise. For example, the therapeutic activity of levorotatory (L) form of adrenaline is 15-20 times greater than the dextrorotatory (D) adrenaline.


Photolysis


On exposure to sunlight or artificial light some of the reactions such as polymerization, alteration of ring, oxidation-reduction is catalyzed, or their rate of reactions are increased by absorbing the energy from the light. This process of catalysis or acceleration of reaction is called photolysis. When the wavelength of light is low, the absorption of energy would be more. Most of the drugs which are susceptible to photolysis can absorb UV light. These drugs degrade commonly when they are exposed to radiation of lower wavelength. Degradation of color (discoloration) is the most common example of photolysis in most of the compounds.


Polymerization


When two or more molecules react together can form additive compounds such as dimmer or molecules of higher molecular weight. For example, when the concentration of solution of ampicillin (amino penicillin) is increased, ampicillin forms gradually its dimmer, trimmer, and finally to its polymeric degradation products. The medicinal agents which commonly degrade under such conditions and polymerize are presented inTable 1.1.




Table 1.1 Mechanism of drug degradation
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Degradation of drugs indicates about their susceptibility to environmental stressful conditions such as heat, humidity, light, or drug–drug interactions. The process of degradation can be encouraged or facilitated by excipients having the functional groups suitable for such interaction. The substances that contain residual impurities can catalyze/participate in degradation or polymerization process. Thus, an excipient containing such functional groups or residual impurity and is also susceptible to undergo change. These can provide additional possibilities to produce species that can participate in the degradation processes.


Mechanism of drug-excipients interaction


The mechanism by which a drug can interact with the excipients is not accurately known. However, the literatures survey speaks about various well documented mechanisms. The frequency of occurrence of drugexcipient interaction is more than excipient-excipient interaction4,5. There may be the advantages or disadvantages of drug-excipients interaction. These can be categorized as1


⮚ Physical interactions


⮚ Chemical interactions


Physical interactions


The physical interactions occur very commonly. But, their detection is very difficult. Generally, no chemical change is observed in physical interaction. Physical interactions can be commonly observed during manufacturing of pharmaceutical dosage forms; for example, dissolution characteristics of a drug can be modified. Whatever may be the physical change occurs, no such change is desired. These changes create problem. However, some changes may be advantageous for performance of a product. Most common example of physical interaction between the drug and excipients is the interaction between primary amine drugs and microcrystalline cellulose. During dissolution in water a small amount of drug is found to be bound to the microcrystalline cellulose and is not released. This interaction may become a major problem in dissolution of drug from the dosage form containing higher amount of drug. Such problem can be overcome by using 0.05M HCl as the dissolution medium.


Physical interaction may take place during mixing (interactive mixing). Generally, the smaller particles of the drug particles interact with the surface of the larger particles of excipients through physical forces‘. As a result, a homogeneous blend of powders is obtained. These are the examples of beneficial effects of physical interaction.


There are damaging effects of physical interactions; for example, use of magnesium stearate reduces the hardness, dissolution rate of the tablets and capsules. The bioavailability of drug is reduced due to adsorption of drug molecules over the surface of excipient and the drug becomes unavailable for dissolution and diffusion. Similarly, the use of magnesium stearate as lubricant reduces the antibacterial activity of cetylpyridinium chloride due to adsorption of cetylpyridinium cation over stearate anion. Degradation of nitrazepam in tablet dosage form can be catalyzed by colloidal silica possibly due to adsorptive interactions. This alters the electron density in the vicinity of the labile azo group and facilitates the attack by hydrolyzing entities. Complexing agent such as cyclodextrin is sometimes used to increase the bioavailability of poorly water-soluble drugs. It has been found that complexation of cyclodextrin with non-steroidal anti-inflammatory drug (NSAID) naproxen and tolbutamide increases the dissolution, but there was no corresponding increase in bioavailability. Phenobarbital can produce an insoluble complex with PEG-400, which can decrease the absorption due to slower dissolution. Water soluble excipients can make complexes with prednisolone, a steroid, which increases the dissolution of prednisolone. But in-vivo bioavailability of the drug may be less since the complexes have high molecular weight for which their rate of diffusion through GI membrane becomes slow.


Polymorphism


Same compound with different crystal structures is called polymorphs. Polymorphs are commonly obtained during crystallization of the drug using different solvents under different conditions. When the compound is exposed to different temperature, pressure, relative humidity, and comminution the polymorphs undergo transformation called polymorphic transformation. Thus, the polymorphic transformation takes place during drying, milling, granulation, and compression. Steroids, sulphonamides, and barbiturates are well known for polymorphic transformation. In case of sulphacetamide, polymorphism does not occur due to stronger hydrogen bonds formed with the amide hydrogens in the molecule. These hydrogen bonds are neither stretched nor broken to make alternate crystalline structure (polymorphs). Crystal energies of different polymorphs are different; hence, most energetic form will try to transform to the most stable form. Physicochemical properties of different polymorphs are different. Pseudo-polymorphism has also been observed after crystallization. Crystallization in solvent with one or more molecules of the solvent may be found in the solvated crystal of the polymorph; the polymorphs then can transform from solvated to nonsolvated form, hydrate to anhydrous, and vice versa showing changes in the properties of solid-state. There is evidence that crystalline forms of drugs are more stable than their amorphous forms7; for example, cyclophosphamide8. However, amorphous biosynthetic insulin has been found more stable than its crystalline form’.


Vaporization


Even at room temperature some drugs and excipients have sufficiently high vapor pressure; these compounds are called volatile substances. Thus, their vaporization can cause a loss of the active pharmaceutical ingredient. For example, nitroglycerin has a vapor pressure of 0.00026 mm at 20oC and 0.31 mm at 93oC. When the patient stores the drug product and use, significant amount of the drug may be lost. Flavors are composed of mainly aldehydes, ketones, esters, and cosolvents such as ethyl alcohol. Hence, loss of flavor would occur even at room temperature. Vapor pressure of the substance, and thus, the volatility of it such as nitroglycerin can be reduced by making its dispersion in macromolecules such as polyethylene glycol, polyvinylpyrrolidone, microcrystalline cellulose, etc. These macromolecules interact with the volatile component and stabilize the preparation. For the same reason, β-cyclodextrin-nitroglycerin tablets can be prepared and used.


Aging


Probably the most interesting and least reported area is aging of pharmaceutical preparation. Through aging the disintegration and/or dissolution profiles of a tablet, capsule formulation changes. This type of change may take place due to the delicate and unknown physicochemical properties of the inert excipients or of the drug. Due to this, the bioavailability of the drug can change. For example, suppositories of aminophylline when stored at 22oC for about 6 months, the melting period of the suppositories changes from 20 min to 60 min; this results in the decrease in bioavailability of the drug. Probably the ethylenediamine in aminophylline interact with the free fatty acids of suppository base. This may increase the melting point of the suppository and decreases the bioavailability of the drug. But, the melting period of the suppositories does not change if the suppository is stored at 4oC for 15 months.


Thus, due to aging at storage condition the in-vitro dissolution of a product may change; but it may not necessarily change the in-vivo absorption of the drug. For example, methaqualone tablet after storing at 80% relative humidity for about 8 months does not indicate any change in its in-vivo absorption.


Adsorption


This has been observed that interaction between drug and plastic made of polyvinyl chloride (PVC) has been increasing and showing major problem when the solution is preserved in plastic bags and being injected or infused through an administration set. For example, if nitroglycerin is stored in PVC infusion bag for 7 days at room temperature, 50% of the drug would be lost. Such loss of drug is not due to its degradation, it is due to adsorption. The drug can be recovered by rinsing the bag with less polar solvent such as methanol. Similarly, 40% of quinidine gluconate may be lost, if the drug is administered with traditional PVC iv-administration set. However, the loss of drug can be reduced by using shorter tubing and a winged iv-catheter10. The tendency of adsorption is mostly related to oil/water partition coefficient of the drug.


Chemical interactions


The reactions between drug and excipient, between drug and impurities or between drugs and residues present have been found to occur; such chemical interactions are harmful. The ICH guideline ICHQ3B11 has classified these degradation products.


Chemical interactions between drug and excipients


When primary amine group of chlorpromazine reacts with glycosidic hydroxyl group of a reducing sugar, such as dextrose, an imine is formed (Maillard reaction). Finally, the imine breaks down to form Amadori compounds12 as shown below. A study said that chitosan (natural polymer) can inhibit the release of diclofenac sodium from a matrix tablet at low pH. This might be due to the formation of ionic complex of diclofenac sodium with ionized polymer (cationic). Like Michael addition reaction, primary amines may interact with double bonds; for example, primary amine group of fluxamine when reacts with the double bond of maleic acid (counterion), fluvoxamine maleate is formed. The excipients containing double bond, such as sodium stearyl fumarate and sorbitan monooleate, are expected to undergo similar reactions.


Some APIs such as atorvastatin and cytidine nucleoside analogues are susceptible to oxidation. Oxidation reactions may be promoted by fumed metal oxides such as fumed silica, fumed titanium, and fumed zirconium. It is very difficult to predict these reactions because they are relatively complex in nature.
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Water soluble suspending agents such as sodium alginate forms large negatively charged anions in its aqueous solution. When sodium alginate is mixed with drugs such as neomycin and polymyxin (positively charged) precipitates are formed. Silicon dioxide can catalyze the oxidation of diethylstilbestrol and forms peroxide and conjugated quinone degradation products. Colloidal silicon dioxide can catalyze auto-oxidation of methyl linoleate to form peroxides and the peroxides thus formed, subsequently decompose to aldehydes13. On grinding of a mixture of chloramphenicol stearate and colloidal silica, chloramphenicol undergoes polymorphic transformation. This shows that unwanted effects of drug-excipient interaction are not limited to chemical transformation only14.


Incompatibilities


Two drugs or drug and excipient when remain present in the same formulation may interact with each other. For example, in an IV admixture kanamycin or gentamicin, cationic aminoglycoside antibiotic interacts with anionic penicillins, and thus kanamycin or gentamicin becomes inactivated. This is an example of incompatibilities between two drugs. These two classes of antibiotics form inactive complex, and it occurs in in-vitro as well as in-vivo in patients with severe renal failure.


The biological half-life of gentamicin sulphate (GS) when administered alone is about 60 hr; but when it is administered with carbenicillin disodium (CD) at a ratio of 1:80 (CD:GS), the half-life of gentamicin sulphate is reduced to about 24 hr.


In most of the solid dosage forms incompatibilities can be observed. For making tablet dosage forms diluents, binders, lubricants, disintegrants are used. Before preparing the required dosage form, it becomes necessary to select a set of suitable excipients based on their incompatibilities with the drug. Thereafter, the dosage form with desired properties is prepared. A model for selection of excipients has been predicted by Serajuddin et al15. Due to interaction of the amine functional group of a component, pharmaceutical incompatibilities can occur. Potential drug incompatibilities have been summarized below inFig 1.1.


Solvolysis


This takes place between a drug and the solvent. Water is used as the universal solvent. Of course, the cosolvents may also involve in solvolysis. For example, ethyl alcohol and polyethylene glycol (PEG) commonly used as cosolvents, are found to take part in this type of reaction. These cosolvents can operate as nucleophiles that can attack the electropositive centers in drug molecule. Commonly, solvolysis
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Fig. 1.1 Some potential drug incompatibilities


reactionsengage the labile carbonyl compounds, such as esters, lactones, and lactams as shown inTable 1.2. All the functional groups mentioned in the table are involved in solvolysis but their rates of reaction are different. For example, β-lactam ring can undergo hydrolysis at a higher rate than its linear analogue. For example, the half-life of β-lactam in potassium phenithicilline at 35oC and at pH 1.5 is about 1 hr; while that of penicillin G is about 4 min.




Table 1.2 Some functional groups involved in hydrolysis
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On the other hand, in 0.18 molal H2SO4 at 25oC the half-life for hydrolysis of propionamide (simple amide) is about 58 hr. Generally, the normal amides undergo slow nonenzymatic hydrolysis; but the rate of this reaction increases at extremely high pH and at highest temperature. The N-C(O) is inherently stable; although amine is a good leaving group particularly if the pKa of it is more than 4.5. Even then at normal temperature, the amides are found susceptible to hydrolysis.


Sometimes, the hydrolysis of esters has been found as the reason for instability of a drug. If properly formulated, certain esters remain stable for many years. The substituents can influence the rate of degradation of esters radically. For example, tert-butyl ester of acetic acid is about 120 times more stable than the methyl ester and the methyl ester is about 60 times more stable than vinyl ester. This has been observed that the substituent groups may put forth the electronic, steric, and/or hydrogen-bonding effects, and this can strictly affect the stability of the compounds16. Intermolecular catalysis can also reduce the stability of the ester to a great extent, particularly if the neighboring groups can behave as acid-base, such as –NH2, –OH, –COOH, –COO–, etc.


Interaction of drug with excipient residues/ impurities


Commercially used pharmaceutical excipients are not completely pure, whether the materials are of minerals, synthetic, semi-synthetic or natural origin.They contain residual amount of starting materials, reagents and solvents. These residues remaining with the material can be identified but if removed, the cost of material becomes so high that economy does not permit its commercial use. Thus, in some cases, materials with least amount of residual impurity have been allowed to be used in the dosage form. However, such impurities can act as catalyst in the suitable decomposition reaction.Table 1.3shows the impurities of commonly used pharmaceutical excipients.


Table 1.3 Impurities of commonly used pharmaceutical excipients






	Excipients

	Impurities





	Povidone, crospovidone, polysorbates

	Peroxides





	Magnesium stearate, fixed oils, lipids

	Antioxidants





	Lactose

	Aldehydes, reducing sugars





	Benzyl alcohol

	Benzaldehyde





	Polyethylene glycol

	Aldehydes, peroxides, organic acids





	Microcrystalline cellulose

	Lignin, hemicelluloses, water





	Starch

	Formaldehyde





	Talc

	Heavy metals





	Dibasic calcium phosphate dihydrate

	Alkaline residues





	Stearate lubricants

	Alkaline residues





	Hydroxypropyl methyl/ethyl celluloses

	Glyoxal









In the parenteral dosage form, dextrose is used to adjust the tonicity of the product as well as to provide the adequate nutrition. Such solution of dextrose when terminally sterilized by autoclaving, isomerization of dextrose takes place; the reaction produces fructose and an aldehyde (5-hydroxymethyl furfuraldehyde). This aldehyde can react with primary amino group to form a base and develops the yellow color. It has been found that the mixture of lactose and fluoxetine when filled in capsule, Maillard reaction takes place17. Lactose is a disaccharide; it contains the reducing sugars such as glucose and galactose which are found in spray-dried lactose. The heat in spray drying causes the degradation of the hexose and production of 5-hydroxymethyl furfural. The hydrolytic degradation of the hexose can be accelerated by the presence of pH modifier. Most drugs are the salts of weak organic acids or bases. When the drugs are stored for long time, the residues/impurities may be converted to free acids or bases. Such products may be volatile and lost, if the formulation is subjected to sublimation.
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Fig. 1.2 Hydrolysis of aspirin




These problems can be avoided by thorough characterizing the drug and impurities. Various studies on the drug substances have revealed that the bound water can be removed from the substances by the operation such as grinding and drying. These become free to take part in hydrolytic reactions.


Under such stress conditions of the process, the bound water of the excipients may become loose, which degrade the moisture sensitive drugs present in the formulation. Hence, testing of drug-excipient mixtures is necessary for selection of appropriate excipient. Other stress conditions are compression, attrition, or crystal disruption. These stress conditions are catalyzed for interaction. For example, polyvinyl pyrrolidone and urea catalyzes the hydrolysis reaction of aspirin. Moreover, the excipients can form hydrates which enhance the degradation of drugs during grinding by releasing their water of crystallization. For example, during grinding, 4-methylphenylamino acetate hydrochloride is degraded by lactose hydrate.


Kinetics of Stability


Stability indicates whether, how and to what extent the purity of a drug or its product is affected under the influence of environmental factors such as moisture, heat and light when the formulations are stored for considerable period. Testing is done to determine the shelf-life of the drug product, appropriate storage condition and to quantify the extent of variation of purity under different environmental conditions.


The patients desire that they must get the products having good quality with adequate shelf-life. The pharmaceutical manufacturers provide label which claim the date of expiry on each product to guide the patients who commonly store the products in a cabinet placed in their bathroom where humidity is high. Storing in bathroom cabinet affects the stability of the product.


The assessment of degradation of new drug is not simple. Chemical kinetics needs to be applied to generate more reliable results and to prepare stable drug products based on the scientific basis of storage of dosage form. A pharmacist enables to help the physician and the patients for proper storage and utilization of medicines.


For logical design and evaluation of dosage form of a drug, the stability of the drug must be considered a major factor in determining their suitability. The rejection of the dosage form may be caused due to various types of instability.


A chemical degradation of the drug reduces the quantity of the drug in the dosage form. This will then cause reduction of therapeutic effect of the drug. There are some drugs which undergo chemical degradation; for example, carbazepine, digoxin, theophylline, 5-fluorouracil, etc. These drugs have smaller therapeutic windows and hence, require careful development of dosage form; otherwise, their plasma concentration become too high to exert toxic effect or too less to make them therapeutically ineffective. The decomposed material of a drug may produce the toxic effects in the body. There are various drugs whose decomposition products are more toxic than their parent molecules. For example, epianhydrotetracycline obtained from tetracycline, arsphenamine obtained from oxophenarsine, p-amino salicylic acid from m-aminophenol is more toxic. Thus, sufficient care should be taken to avoid such degradation and subsequent ingestion. It has been reported that chloroquine, an antimalarial drug undergoes photochemical degradation, and its degraded product can produce toxic effects. During administration, chlordiazepoxide and nitrozepam show phototoxicity. Degraded penicillin G when injected sensitizes lymphocytes and form antipenicilloyl antibodies.


Degradation of a drug in its product can decrease the bioavailability along with decrease in amount of drug and can form the toxic product; thereby decreasing the therapeutic efficacy of a drug.The physical and/or chemical changes of the excipients present in a formulation can cause such effects irrespective of the changes in the drug.


Physical appearance of a formulation may change substantially due to physical interaction; for example, mottling in tablets, creaming in emulsions, and caking in suspensions. However, the therapeutic efficacy of the drug may not change due to physical changes. But it would affect the patient’s confidence and the product may be rejected ultimately.


In some cases, the drug substance does not degrade and retains its potency; but the excipient such as antimicrobial preservative, solubilizer, emulsifying or suspending agent may degrade. As a result, the formulation of the drug loses its integrity.


A drug product must satisfy the stability criteria – physical, chemical, toxicological, and therapeutic. Anticipation and quantification of undesirable products produced by degradation of drug and/or excipient is necessary for formulation development; so that appropriate stabilization technique can be applied to improve the stability of the product.


The expression [image: ]   is generally used to express the rate, velocity, or  speed of a chemical reaction; where dc indicates the increase or decrease of concentration of the drug over an infinitesimal time interval, dt. The law of mass action can be defined as the rate of a chemical reaction is proportional to the product of the molar concentration of the reactants each raised to a power usually equal to the number of moles. If a and b, are the molar concentrations of two substances A and B, respectively, are undergoing the reaction, then the rate equation can be written as
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Where, k is the rate constant.


According to equation 2, the overall order of the reaction would be (a+b). With respect to one of the reactants, A or B, the order would be either a or b of that particular concentration term. For example, in the reaction of ethyl acetate with sodium hydroxide in water the rate of reaction can be expressed as;
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The reaction is first order (since a = 1) with respect to ethyl acetate and first order (since b = 1) with respect to sodium hydroxide solution. The overall order would be (a+b = 2).


Since in this reaction, the concentration of sodium hydroxide is in great excess and that of ethyl acetate is less, the concentration of ethyl acetate decreases as the reaction proceeds. The concentration of sodium hydroxide remains almost constant.


Hence, the rate of this reaction can be written as;
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Where k' = k[NaOH].


The reaction can be said to be a pseudo–first-order reaction; because it depends only on the first power,a = 1, of the concentration of ethyl acetate. Generally, when one of the reactants is present in much great excess so that its concentration may be considered constant, the reaction is said to be pseudo-order. When a chemical reaction takes place by more than a single step, its overall rate is expressed by the slowest step. This slowest step is called the rate determining step.


For example, when acetic anhydride reacts with ethyl alcohol, ethyl acetate and water are formed as shown below
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In the above reaction ethyl alcohol acts as the solvent, the concentration of alcohol does not change appreciably, since it is present in large excess in comparison to acetic anhydride.


Hence, the reaction appears to be first order with respect to acetic anhydride and second order with respect to ethyl alcohol. The overall order of the reaction would be 1+2 = 3. Since, ethyl alcohol is present in large excess, its concentration does not change appreciably and the rate of reaction can be written as
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Kinetically the reaction is said to be pseudo-first order.
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Fig. 1.3 Average rate of a reaction with respect to concentration of reactants or products


Zero-Order Reactions


The change in color of a multisulfa drug product can be measured using a spectrophotometer. The absorbance at a wavelength of 500 nm decreases with the loss in color. This degradation follows a zero-order rate. The rate expression for the change of absorbance, A, with time can therefore be expressed as:
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Where, the negative sign indicates that the intensity of the color is decreasing (fading) with time. The rate at which the color fades is constant and independent of the concentration of the colorant used. Integrating between the initial absorbance Ao, corresponding to the original color of the preparation at t = 0, and At, the absorbance after t hours, we get:





[image: ]





Usually, the initial concentration is written as a (Ao) and the concentration at time t is c (At).


When this linear equation 5 is plotted with c against t, the slope of the line is equal to –ko.


The value for k is 0.00082 absorbance decrease per hour at 60°C, indicating that the color is fading at this constant rate independent of concentration. Because the half-life is the time required for one-half of the material to disappear, in the present case Ao = 0.470 and ½Ao = 0.235
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Fig. 1.4 Determination of slope of zero-order reaction


Apparent Zero-Order Kinetics


Generally, drug suspended in a suspensions indicate zero-order kinetics for its degradation. The amount of drug going into solution actually degrades. The concentration in solution depends on the solubility of drug. As the drug decomposes in solution, more amount of drug would be released from the suspended particles to keep the concentration constant. This concentration is equal to the equilibrium solubility of the drug in a particular solvent at a particular temperature. Thus, the amount of drug in solution remains constant despite its decomposition with time. The reservoir of solid drug in suspension is responsible for this constant concentration. The equation for an ordinary solution, with no reservoir of drug to replace that depleted, is the first-order expression, equation 6:
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Where, [A] is the concentration of drug remaining undecomposed at time t, and k is the first-order rate constant. When the concentration [A] is constant, as in the case of a suspension, we can write
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So, the first-order rate law 6 can be written as
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Equation 7 obviously represents a zero-order equation. It is referred to as an apparent zero-order equation, because of the suspended drug reservoir. This ensures constant concentration. Once all the suspended drug particles go into solution, the system changes to a first-order reaction.


First-Order Reactions


In 1918, Harmed observed that the rate of decomposition of hydrogen peroxide catalyzed by 0.02 M KI solution was proportional to the concentration of hydrogen peroxide remaining in the reaction mixture at any time. The decomposition reaction of H2O2 is expressed as
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Although as per the stoichiometric equation, two molecules of hydrogen peroxide are participating in the reaction, the reaction was found to be first order. The rate equation can be written as
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Where, c is the concentration of hydrogen peroxide remaining undecomposed at time t and k is the first-order rate constant. After integrating the equation 8 between concentration co at time t = 0 and concentration c at time, t, we get
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 or,


ln c – ln co = – k (t – 0)


Thus,
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On conversion to common logarithm,
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 or,
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The equation 9 can be written in exponential form as
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The equation 10 can be written as
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If the concentration starts with co and decreases as the reaction becomes progressively slower. The concentration approaches a final value c ∞ at infinity, then the equation 11 can be written as
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Where, a replaces co, x is the decrease of concentration in time t, and a -x = c.


Molecularity


The Molecularity of a reaction can be defined as the number of molecules or ions participating in the rate determining step. If the concentration of a single species or entity changes or takes part in the transition state, the reaction is called unimolecular. If two chemical species or entities react or combine in the transition state of the rate determining step, it is called bimolecular. If three independent species react together in the transition state, it would be called as termolecular. Termolecular reactions are rarely taking place.


When a reaction occurs through several steps or elementary reactions, each of the elementary reactions has a particular stoichiometry which indicates the number of molecules taking part in that reaction step. Since, the order of an elementary reaction is indicated by the number of molecules reacting together in that step, it is generally referred to the order as the molecularity of that particular elementary reaction. The term molecularity is not used in the rate law.


For example, the unimolecular reaction
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Similarly, bimolecular reaction can be represented as


Chemical reactions that occur by more than one step are called as complex reactions. However, the overall order of the reaction determined kinetically may not exactly match with the molecularity; because the reaction consists of several steps, and each step has its own molecularity. For example, the overall order of the following reaction has been determined as 2.
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The reaction is not termolecular; two molecules of NO would not be able to collide simultaneously with one molecule of O2. The mechanism is assumed to have two elementary steps, each being bimolecular:





[image: ]





Stability Testing


The patients expect that the medicines being consumed must be elegant, safe, therapeutically effective, approved by the regulatory authorities, and of a reputed company.


Purpose of stability testing


Thus, the purpose of conducting stability studies can be categorized as:


• Safety of the consumer: The primary objective of conducting stability studies by a manufacturer before marketing or sale of the product is to provide a safe medicine to the consumer; so that a confidence in the minds of consumer is built up. The drugs are chemical compounds which may undergo decomposition if not properly manufactured and stored. The purity of the drug must be retained by the product throughout the shelf-life of it. A medicine must elicit its therapeutic effect for a right period, for a specific duration, and does not show any side effect other than those inherited. A stable product does not lose its elegance acquired at the time of manufacture, during its shelf-life. The instability of the drug may cause change of elegance18,19.


• Reputation of the manufacturer: The reputation of the manufacturer depends on the safety and confidence of the consumer on a medicine. The quality of the product should be consistent, and it should never change if it is properly stored. The manufacture, import, export, and sale of the drug in the internal markets are being regulated by the Drug Control Authority; hence, a manufacturer must convince the regulatory authority with proper justification that the product manufactured and sold, is of desired quality and is safe. Once permitted, it becomes the responsibility of the manufacturer to maintain the quality uninterruptedly; because the reputation of the company is directly related to the quality of the product18,20,21.


• Requirement of the regulatory authority: Since all the medicines being sold in the national markets, whether manufactured by national manufacturer or are imported must be regulated by the regulatory authority. The authority has stipulated some rules for getting the approval for manufacture and sale of any medicine. All manufacturers are supposed to comply with these conditions. Out of all these conditions, submission of stability data is one. Therefore, it is mandatory to conduct stability studies on the product supposed to be manufactured and sold20,21.


• Stability testing and formulation development: The main purpose of stability testing is to generate the data to know the pathways for variation of the quality of a drug or its product with time under the influence of different environmental conditions such as temperature, humidity, and light. The stability testing is done also to determine the retest period for the drug or the shelf life for the drug product and to recommend the necessary storage conditions22 to maintain desired quality. The storage and testing during stability studies must be performed as per the current good manufacturing practices (cGMPs)/ ICH guidelines as shown intable 1.4.All these activities are to be performed before marketing the product. The intrinsic characteristics of the drug will help in designing the plan for formulation and to manufacture the stable finished product that would retain all the desired characteristics till it is expired23. The issues related to the stability testing can exert significant impact on various stages in development of product as mentioned below:


• Development of analytical method: To determine the stability of a drug or its product a suitable analytical method is to be developed and used. The methods used for routine determination of stability are usually called as stability indicating assay methods (SIAMs). Under various stress conditions the drug will degrade and there should be suitable analytical procedure for quantification of degradation products. Sometimes, the degradation products are produced after stressing parent drug during real time stability studies24,25.


• Stress testing of drug substance: It is necessary to know the nature of the drug before starting any formulation activity. The drug/drug product is put under various stress conditions as per the predetermined guidelines. Testing of drug under stress produces the required information about intrinsic stability of the drug. This includes determination of the effects of temperature, humidity, oxidation, light on stability of the drug. At the same time, the purity of the drug is also checked and change in impurity at different storage time is determined. Degradation may take place during manufacturing or processing steps. This provides the detail idea about the conditions that keep the drug most stable or the factors which initiate or increase the degradation of the drug. This information is very important and helps in designing appropriate conditions during manufacturing, processing, and storage to ensure maximum stability of drug20,26.


• Preformulation study: Preformulation study is very much necessary to formulate a stable pharmaceutical product. Selection of suitable excipients for formulation is also an important activity. Assessment of possible incompatibilities between the drug and different excipients is a part of preformulation study. In most cases, the formulation of a drug involves, blending of drug with different excipients to examine their interaction, and to maximize the product’s ability to be administered effectively. The excipients used should be inert. Physical and chemical interactions may occur between the drug and excipients. These interactions between drugs and the excipients can affect the chemical nature, the stability and bioavailability of drugs and their therapeutic efficacy and safety27,28.


• Shelf-life determination: Appropriate storage conditions for a drug or its product requires knowledge about the conditions that encourage degradation and the mechanisms of degradation. Degradation studies are performed on the drug provides the required idea about its intrinsic stability and susceptibility towards degradation. Most of the information can be achieved from stresstesting studies combined with accelerated stability testing. In fact, accurate shelf-life can be predicted best with data generated from actual long-term stability studies28.


• Packaging development of final formulation: Appropriately conducted accelerated stability studies give an idea about intrinsic stability of the substance. It also helps to determine the susceptibility of drug towards various chemicals. The results obtained in the stress testing helps very much to select appropriate packaging materials to pack the final product. If after accelerated stability studies the drug is found to be susceptible for acid degradation, then enteric coated formulation is recommended. If the drug is found to be sensitive to hydrolysis, proper packaging is designed, so that the permeation of water vapor or moisture from primary packaging material does not take place. Thus, the drug can be protected from hydrolysis. This will ensure long term stability of product28.


• Selection of appropriate storage conditions for final product: Extrapolated stability data may be used to support the product registration, and real time data must be obtained to determine the actual expiry date of the product. After receiving approval from the authority in favor of the drug product, stability studies are routinely continued to determine the stability of the marketed drug product. Representative batches are put on long term stability for annual product monitoring.


• Safety and Toxicological concern: If after accelerated stability testing a known toxic compound is produced, necessary steps should be taken to avoid the formation of such toxic degradant. Sometimes formation of degradation product is a complex process, in such cases it is very difficult to synthesize degradation product. The toxic substance produced should be identified and analyzed properly using a sophisticated and reliable analytical method18,29.


Table 1.4 Guidelines available for and applicable to stability studies of pharmaceutical products
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Different Guidelines for Stability Testing


In very simple words, the method used for analysis of the samples to assess their stability is called stability indicating assays. In 1987 the US-FDA first time defined that, stability indicating method is the quantitative analytical method that are based on the structural, chemical, or biological characteristics/ properties of each active ingredient of a drug product and that can distinguish each active ingredient from its degradation products so that the active ingredient content can be accurately measured. Later on in 1998, the US-FDA defined the term in its draft stability guideline as validated quantitative analytical methods that can detect the changes in the chemical, physical, or microbiological properties of the drug substance and drug product with time, and that are specific so that the contents of active ingredient, degradation products, and other components of interest can be accurately measured without interference.


Thus, the stability indicating assay method should be capable to distinguish between the drug in its pure form or from its product and degradation product generated during shelf life. The sensitivity of the method should be such that it can identify as well as quantify one or more degradation product present in the sample24,30.


Types of stability indicating assays


Principally there are two types of stability indicating assay:


A. Specific: The method is used to measure only and accurately the drug/drugs. All the degradation products, the excipients, and additives, likely to be present in the formulation should not interfere with the determination.


B. Selective: These methods are used to clearly measure the drug(s)and all degradation products in the presence of excipients and additives, which are generallypresent in the drug product.


Steps involved in development of stability indicating methods


The basic steps to be followed for the development and validation of stability-indicating assay methods are not given in the regulatory guidelines, as well as not in the Pharmacopoeias. Therefore, following 6 steps are involved in the development of stability indicating assay methods:


Assessment of possible routes of decomposition thorough study of the structure of the drug


• Compilation of the information about physicochemical properties of the drug(s), 


• Conducting accelerated stability studies to generate the degradation products, 


• Groundwork on the studies separately on the samples under stress,


 • Development and optimization of methods to be used finally, 


• Identification and characterization of the degradation products and preparation of the standards.


Hydrolytic degradation


Hydrolytic degradation is one of the most common pathways for degradation of drug over wide range of pH. In hydrolysis, water reacts with the drug and produces the degradation products of various chemical compositions. Water is present either as a solvent or moisture in the air. The source of water either may be as a solvent or as moisture can cause the degradation. In general, such degradation occurs in acidic, alkaline or in neutral medium. The degradation results give indication about the stability of drug in aqueous medium as a function of pH. This study can also help in ADME studies of a drug. The degradation study can be performed by refluxing the drug in 0.1N HCl or in 0.1N NaOH. If optimum degradation is found, exposure should be stopped at that point. Under preliminary conditions, if no degradation is found to occur, the drug should be refluxed in acid/alkali of higher strength for longer period. Otherwise, if the total degradation is observed after allowing the drug to initial condition, acid/alkali strength should be decreased at lower temperature. In general, the temperature and pH are the major determinants in stability of the drug susceptible to hydrolytic decomposition.


The experiment performed at pH 1–2 can help to develop the proper formulation strategy. If drug is acid labile and it is to be administered orally and it must be made an enteric coated formulation. Degradation studies performed under neutral to moderately basic conditions, that is, at pH 6–9. This can help in assessing the possibilities for non-enzymatic degradation of the compound under physiologically relevant pH conditions such as pH 7.5. Such information would be useful not only for the study of metabolism, but also for pharmacokinetic studies; that is, to understand how long a compound might remain intact in vivo and under such conditions what would be the degradation products. Estimation of rate of degradation under different pHs will also provide necessary information related to analytical importance.


Suppose an analyte is separated at specific pH of mobile phase; at the same pH there should not be any degradation of that analyte. These studies would also help in selection of solvent, pH, and sample preparation. Therefore, hydrolytic degradation studies are very decisive24,25,31.


Accelerated Stability Studies


Primary explanation of carrying out the stress testing of a drug or its product is– to expose to an accelerated stability condition, to examine whether there is any degradation, hydrolysis of drug with base or acid, and photo-stability of drug is taking place or not. Moreover, a suitable method of analysis can be developed to indicate the stability of the drug/drug product and to use for both. Such studies may also provide information about the degradation pathways and the selectivity of the applied analytical methods. According to the ICH and FDA guidelines, stress testing is conducted to fulfill three main purposes31:


1. To obtain a stability assessment of the drug or its product.


2. To know the possible degradation pathways of the drug or the active pharmaceutical ingredient in the drug product.


3. To examine the stability-indicating power of the analytical procedures applied for the drug and its product.


Studies should be repeated when the methods, processes, or formulations are changed.Table 1.5 provides the general protocol of tests and conditions that may be used to obtain data for submissions to the regulatory authority.


In general, the degradation varies between 5 – 20%. This range includes the permissible 10% degradation limit for small molecule of pharmaceutical drug products, for which the stability limit is 90% – 110% of the label claim31.




Table 1.5 General procedure for degradation study of drug and drug product





[image: ]







Oxidative stress testing


Oxidative degradation reactions can be complex in nature. Sometimes it may be difficult to predict the susceptibility of drug towards oxidation. This is partly because of oxidative mechanisms, that can be quite varied and complex. The oxidative degradation frequently does not follow typical Arrhenius kinetic models. Many drugs undergo autoxidation, that is, oxidize under normal storage condition involving elemental oxygen at its ground state. Autoxidation is a free radical reaction that requires a free radical initiator to start the chain reaction. Commonly the agent used to carry out oxidation study is hydrogen peroxide. It imitates possible presence of peroxides in the excipients. Other oxidizing agents such as metal ions, oxygen, and radicals behave as initiators, such as azobisisobutyronitrile can also be used. Selection of an oxidizing agent, its concentration, and stress conditions to be applied or maintained depends on the drug. Samples can be analyzed at different time intervals to determine the desired level of degradation. The type and extent of degradation depend on the nature of the functional groups present in drug molecule.


The mechanism of oxidative degradation of drug generally involves an electron transfer mechanism to form reactive anions and cations. In general, the susceptible functional groups are amines, sulphides, and phenols which subsequently produce N-oxides, sulphoxidehydroxylamine, sulphones. Hydrogen peroxide can be used in the concentration of 3–30% at a temperature not more than 40˚C for 2–8 days32,33.


Thermal degradation studies


Generally, the rate of a reaction increases proportionally with increase in temperature. That is, the drugs degrade at higher temperature. Degradation which is caused by heat is commonly called as ‘thermal degradation’. The temperature at which degradation takes place is sufficient high to break the bond which is commonly called as pyrolysis. Common degradations caused by heat include hydrolysis, dehydration, isomerization, epimerization, decarboxylation, rearrangements, and certain types of polymerization reactions. In accordance with ICH guidelines, drug samples of solid state and samples of drug products should be exposed to dry and wet heat, whereas the liquid drug products may be exposed to dry heat. It is customary that the effect of temperature is to be studied in increments of 10°C and above for routine accelerated stability testing and relative humidity should be kept at 75% or greater. If sufficient degradation is not found, the studies may be carried out at higher temperatures for a shorter period of time. Sampling done at different time intervals could provide information not only about the rate but it can give an idea about the primary and secondary degradation products. Sometimes, due to inherent stability of a drug molecule, the applied stress conditions produce little or no degradation. Therefore it is necessary to apply more stress in thermal degradation during accelerated stability studies, for example, 40°C for 6 months, before end of the stress study 25,32,33.


Photo degradation


Stability testing for assessment of photostability must be carried out. This is an indispensable part of stress testing for examining the effect on photo labile compounds. On exposure to light, the drug molecules may produce photolytic degraded products. Some recommended conditions for photostability studies are mentioned in ICH Q1B Photostability Testing of New Drug Substances and their Products. The extent and rate of photo degradation depend on


• The intensity of incident light, 


• Quantity of light absorbed by the drug molecule,


• Duration of exposure, 


• Temperature maintained, and


• Type of light to which the sample is exposed


Photolytic degradation is generally carried out by exposing the drug either, in solid or in the solution, or its formulation to a combination of visible and UV light. Samples of drug substance, and solid/liquid drug product, should be exposed to a minimum of 1.2 million lux hours and at 200 watt hours per square meter. Routinely accepted wavelength of light for exposure of sample is in the range of 300-800 nm which can cause the photolytic degradation. The photolytic degradation takes place through non- oxidative or oxidative photolytic reaction.


The different types of non-oxidative photolytic reaction commonly occur are isomerization, dimerization, cyclization, rearrangements, decarboxylation and hemolytic cleavage of hetero bonds, N-alkyl bond, SO2-C bonds etc.


Oxidative photolytic reactions occur through either singlet oxygen or triplet oxygen mechanism. The singlet oxygen reacts with the unsaturated bond, such as alkene, diene, and polynuclear aromatic hydrocarbon to form photo oxidative degradation products. On the other hand, the triplet oxygen reacts with free radical of the drug molecule, which then reacts with a triplet oxygen molecule and forms peroxide. Therefore, light can also act as a catalyst to oxidative reactions. Thus, characterization of photo degradation process involves the study of the transient species and the interaction between precursor and products. It is an important way to understand the potential photo toxicity of a drug and to determine it. To reduce the effect of change in temperature during exposure to light, temperature control may be necessary. The samples exposed to photo degradation may be analyzed for significant changes in physical properties such as, appearance, clarity, color of solution, and for assay and identification of degradation product, if any 25,32,33.


Therefore, stress testing is essential to predict and resolve the issues related to instability of drug or its product. Reporting threshold for degradation product as per ICH guidelines has been summarized in theTable 1.6.




Table 1.6 Threshold for degradation products in new drug products as per ICH guidelines (Q3A(R2)ICH)
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Note: 1. The amount of drug substance administered per day. 2. Thresholds for degradation products are expressed either as a percentage of the drug substance or as total daily intake (TDI) of the degradation product. Lower thresholds can be appropriate if the degradation product is unusually toxic. 3. Higher thresholds should be scientifically justified.




Theories of Dispersion


Dispersion is a heterogeneous system. In this system, one phase remains dispersed in another phase. The dispersed phase may be a gas, solid or liquid. The dispersion medium in which the gas, solid, or liquid particles remain suspended may be either oil or water. Again, the particles dispersed may be very fine, fine, or coarse. Therefore, the dispersion systems can be categorized in different ways.


1. Based on the state of dispersed phase as:


• Foam, a gas is the dispersed phase, 


• Suspension, solid particles are dispersed, 


• Emulsion, a liquid either pure or solution is dispersed.


2. Based on size of the particles dispersed:


• Coarse dispersion, the particle size is greater than 0.5µm


• Colloidal dispersion, the particles are in the colloidal size range from 1 nm to 0.5µm.


• Emulsion, the particle or globule size remains within 0.2 to 5µm.


• Microemulsion, the particle or globule size remains within0.15 to 2µm


• Nanoemulsion, the particle or globule size remains within 2 – 100nm


3. Based on the type of dispersion medium:


• Oil in water, an oil is dispersed in aqueous phase


• Water in oil, an aqueous phase is dispersed in an oil phase


Among all the various types of pharmaceutical systems, the dispersion system is the most complex one, difficult to manufacture and difficult to stabilize. Various environmental factors such as temperature, holding time, moisture in the circulating air, etc. can affect the bioavailability, elegance, and stability of the drug product.


Although a dispersion system consists of two phases, the numbers of components used in the system are many. Based on the state of dispersed phase and of the dispersion medium, various types of dispersions can be obtained as shown in theTable 1.7.


Apart from the active components present in the two phases, other components present in the system are called dispersion aids. Disperse systems are not thermodynamically stable. Huge numbers of in equilibrium states are possible in this system. Simple change in design can result in thermodynamic instability. The concept of thermodynamic equilibrium is mainly related to


• Surface free energy of the system,


 • Particle size, 


• Particle shape, 


• Number of particles distributed, 


•  Wettability of the particles, and 


•  Adsorption




Table 1.7 Different types of disperse system





[image: ]







The surface or interfacial free energy is the energy existing at the boundary between two phases. If the particles to be dispersed are micronized by pulverization, the surface free energy of the particles increases. The particle interaction and electrical properties at the interface contribute to the stability of the system. Due to this surface free energy the system may be unstable. The stability of the system depends on the properties of the dispersed particles; that is, their size, shape and numbers; its wettability and adsorption properties are also equally important. Therefore, these characteristics of a disperse system are to be understood.


Pharmaceutical Dispersion


The drugs which are poorly soluble in aqueous medium show poor bioavailability from oral dosage form; hence, appear as a major challenge for developing a successful therapeutic product. It is reported that about more than 70% of the drugs and active ingredients are poorly soluble in water; they belong to BCS II or BCS IV 34. Various methods have been tried to solve the aqueous solubility of drugs, such as


• Micronization35, 


• Nanocrystallization36, 


• Salification37, 


• Cyclodextrin inclusion38,


• Cocrystallization39,


 • Micelle solubilization40, 


• Solid dispersion41,


• Lipid-based dispersion, 


• Liquisolid technique42, and 


• Encapsulation in nanoparticles43.


Among all these, the well-developed and more commonly used pharmaceutical dispersion are solid dispersion (SDs), lipid-based dispersion and liquisolid dispersion. These dispersion systems have been widely used to formulate poorly water-soluble drugs to satisfy the issues of the solubility and permeability of the drug substance. In case of an orally administrable poorly water-soluble drug, improved bioavailability can be achieved through a liquisolid formulation; because the drug already remains in solution. However, other dispersion methods are also actively developed, such as coprecipitation, concomitant crystallization and inclusion complexation. These methods offer options to deal with the drugs of low bioavailability due to the poor aqueous solubility.


Dispersion is a method by which a substance is dispersed or embedded in another molecule or in a continuous phase. Dispersion can be classified according to the size and the state of dispersed substance. Generally, there are three main types of dispersions:


1. Coarse dispersions (suspensions);


2. Colloidal dispersions (nanoparticles); and


3. Molecular dispersions (true solution, liquid or solid state).


Dispersions generally produce a reversible agglomeration of two or more substances by van der Waals forces, hydrogen bonding, hydrophobic interaction and/or physical entanglement44. To overcome the intermolecular force between the drug molecules and to achieve quick dissolution, dispersion can be prepared asan effective method. Dissolution of drug is a process of interaction between the drug molecules and the dissolution medium. If the intermolecular force between drug molecules is decreased, the dissolution will be appreciably improved. Weak interactions between drug and the carrier formed in the dispersions not only maintain well the dispersion state of the drug in a carrier, but also produce a higher internal energy between drug and carrier than between drug molecules. This high-energy state greatly contributes to the drug dissolution. Drug dissolution from formulations is mostly important for those drugs with a short absorption window. They might have passed their absorptive sites by the time they have dissolved. Dissolution is a precondition of drug absorption in the gastrointestinal tract. Low aqueous solubility always brings about a slow rate of drug dissolution in the coarse dispersion systems. Formulation of poorly soluble drugs into ultrafine dispersions can lower the energy barrier for dissolution and thus, enhances the dissolution rate. For BCS II drugs, it is possible to promote the oral absorption by preparing dissolution-based dispersions. However, for BCS IV drugs, it is not sufficient to improve the extent of absorption utilizing a dispersion approach that simply overcomes the dissolution limit45. Simultaneously it must overcome the dissolution and absorption barriers. Formulation techniques that have the function of dispersion plus absorption-promoting effect are essentially required to be developed. Lipid-based formulations have demonstrated great potential in betterment in absorption due to high biocompatibility and interaction with cell membrane46.


Solid dispersions are the dispersion of a single active ingredient or mixture of active ingredients in an inert polymeric carrier. The dispersion remains in the solid state. It is prepared by melting, dissolving in solvent, solvent-melting, or by other methods. The drug is then dispersed within solid polymer. The rate of dissolution of a drug as per Noyes-Whitney equation depends on the concentration difference between the bulk solution and dissolving interface. In case of poorly water-soluble drugs, the rate of dissolution on the interface depends on the particle size of the dispersed drug, particularly above 100 nm47.
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Fig. 1.5 Commonly used methods for preparing solid dispersion






Lipid dispersion is a dispersion in which the nanoparticles are formed by using lipid excipients. It is different from solid dispersion. The liquid dispersions are the products prepared by using lipid excipients.


Even after solidification by spray-drying or lyophilization, they exhibit little powder property, less stability during storage, and very difficult to pulverize. However, formulation of drug into lipid carriers indicates an effective dispersion method that can improve the dispersibility of drug and produce a supersaturated solution in the gastrointestinal lumen for absorption of drug. Solubilization and release describe the characteristics of the drug lipid dispersions. Lipid dispersion technique has been found more suitable for preparation of highly lipophilic, low-melting, and poorly permeable drugs. These drugs are easily prepared into lipid nanoparticles with satisfactory physiochemical stability.


The dispersed particles are expected to remain uniformly dispersed throughout the medium even on storage, so that dose uniformity can be maintained easily. But this is rarely observed, because the suspension intended for oral administration is a coarse dispersion which on standing is likely to form sediment. In case of formation of sediment, the sediment should be easily re-dispersed on mild shaking. For this reason, in the label of dispersion system it is mentioned that: shake well before use. The most important properties of a suspension/dispersion system are:


⮚ Particle shape,


⮚ Mean particle size,


⮚ Particle size distribution, and


⮚ Physical and chemical properties of the dispersed particles.


Particle shape


Even after size reduction and classification, insoluble drug particles have been rarely prepared spherical in shape. For example, precipitation and mechanical comminution produce particles of randomly shape, if the solids being micronized do not possess distinct crystal habits. Commonly the shapes of pharmaceutical solids are spherical, cylindrical, rod shaped, needles shaped, and crystalline shapes. Spherical droplets of internal phase are formed by emulsification processes. This reduces the interfacial area between two phases. To understand the behavior of suspension during storage, the information about the particle shape should be understood. The particle size and the shape of suspended particles can influence the packing of sediment such as density of the packing and settling characteristics. Polymeric particles of pseudo latexes can be prepared from preformed polymers either by solvent evaporation or by inverse emulsification processes. These particles are spherical or almost spherical. There are pharmaceutical excipients which have characteristic particle morphologies based on their molecular structure and the arrangement of the molecules. For example, bentonite and kaolin clay particles have plate-like structures with straight edges and hexagonal angles. Other clays have particles are of lath-like or rod-like structures. The overall shape of a particle can influence the particle properties such as surface properties and volume property. Understanding of particle shape is necessary for thorough understanding of the behavior of suspension during storage. In case of a high-density suspension, wide particle size distribution, variation in particle shape can affect the density of cake/sediment and their dispersibilities. The particle shape may be plates, needles, filaments, and prisms. If the particles are of these types of shapes, low-density slurries can be formed. This has been found that symmetrical barrel-shaped particles of calcium carbonate form stable suspension which does not form cake on storage; while a firm sediment cake can be formed by asymmetrical needle shaped particles of calcium carbonate and the cake/sediment cannot be re-dispersed easily48.


Particle shape can affect the viscosity of a colloidal suspension. The salvation of the dispersed particles depends on the relation between the particle shape and viscosity of the dispersion49.


Particle size and size distribution


As stated earlier, particle size and size distribution in the dispersed phase is highly essential for thorough understanding of any disperse system. The absorption property of a drug depends on the particle size of the dispersed drug. Some dosage forms require specific size range of the particles. For example, suspensions for aerosols require particle size of the range of 1 – 5 µm for delivery of drug into respiratory tract directly. Such product must not have any particle more than 10 µm. The size of a spherical particle (symmetric) is expressed in terms of its diameter. If the particles are found asymmetric, the equivalent spherical diameter can be used to express the particle size and surface area. With the increase in asymmetry, an equivalent spherical diameter can correlate the size of the particle to the diameter of a perfect sphere having the same surface area (Surface diameter, ds) or the same observed area in its most stable plane (projected diameter, dp). However, the size of a particle can be expressed in terms of Stokes diameter, dst. It refers to the diameter of an equivalent sphere that can deposit at the same rate. The type of equipment required or the method to be used depends on the type of diameter to be determined. Most of the collections of particles are polydisperse; that is, they contain particles of different size ranges along with mean size and the size distribution is important to be known. Theoretically, there are two types of distribution:


⮚ Normal, and


⮚ Gaussian,


The most common and simple type is the normal distribution. The data on particle size can be expressed either graphically or digitally. Either the number or weight fraction of the particles lying within a certain size range is plotted against the size range or mean particle size. This produces either a bar graph (histogram) or a frequency distribution curve. To study the sedimentation properties of a suspension/dispersion, the particle-weight data would be useful; while to study the surface properties the particle number data would be useful50,51.


Surface properties


The particles in a dispersed phase being fine, their surface area is large; hence, the surface properties as well as interfacial phenomenon are most important to understand. When these are studied two main properties become important:


Surface free energy; that is, the surface free energy increases with decrease in particle size (size reduction),


Zeta potential; that is, the electrical charge present on the surface of a particle.


To understand the behavior of the dispersed particles, these two properties are to be understood.


Interface


Interface refers to the boundary between two phases of a suspension, solid/ liquid. In case of an aerosol, solid/ gas interface is important. The relation between surface free energy, ΔG and the total surface area, ΔA can be expressed as:


ΔG = γSL× ΔA; where γSL represents the interfacial tension at solid/ liquid interface of the suspension. The fineness of the dispersed particles makes the large surface area and makes the system thermodynamically unstable due to large surface free energy. Very fine particles are highly energetic. To attain a stable state, the surface free energy is required to be reduced and hence, these fine particles are required to be regrouped. At equilibrium, ΔG can be brought to zero by reducing the interfacial tension, γSL or by decreasing the surface area, ΔA.


Particle interaction


In fact, the interaction between the particles may be similar or dissimilar particles, and dispersion medium is difficult to be expressed; but is an important parameter for the dispersion/ suspension stability. The interaction may be attractive or repulsive. These forces depend on –


• Nature of the dispersed substance, 


• Size of the dispersed particles, 


• Orientation of the particles,


• Distance among the dispersed particles, and


• Distance between the external phase and internal medium.


The balance between these forces determines the overall status of the suspension/ dispersion. In a dispersion/ suspension fine particles undergo Brownian movement. These particles may collide each other. When the particles come closure to one another both attractive forces and repulsive forces become operative. If the particles come within the attractive force, they agglomerate and the system becomes unstable. If repulsive force prevails, the particles remain separated and the system becomes stable. There are four types of attractive forces –


Dipole – dipole force(Keesom orientation force),


Dipole – induced dipole force(Debye induction force),


Induced dipole – induced dipole force(London force), and


Electrostatic forces between the charged particles.


Among all these forces, the electrostatic force has been found the strongest one.


Electrical properties at the particle surface


When dispersed in an aqueous medium, most of the dispersed solid particles or liquid globules acquire a surface charge. The charge at the surface of the solid particles or liquid globules may develop due to various reasons; for example, ionization of the functional groups present at the surface of the particles such as amine or carboxylic groups, the pH of dispersion/ suspension medium and ionization of the groups, adsorption of protons by the dispersed particles, such as polymers and metal oxides (surface –OH groups of aluminium hydroxides can adsorb protons and become positively charged). Desorption/ donation of protons from the surface can make it negatively charged.


⮚ Preferential adsorption of specific ions over the surface,


⮚ Use of ionic (anionic or cationic) surfactants.


⮚ Ion deficiencies in the crystal lattice or interior of the particles.


Due to isomorphic substitution, many mineral types of clay possess negative charges on their surfaces.


Particles of any of these categories when dispersed in aqueous medium, they become ionic in the dissolved state and start interacting with the surface charge of the dispersed phase. Later on an overall equilibrium is established. Grossly, the distribution of electric charges takes place in double layers–


1. The first layer is tightly bound, and


2. The second layer is relatively not tight, is diffusible.


The zeta potential of the dispersion can be defined as the potential between the shear plane (interface layer that moves with the particle) and the bulk of the medium. According to the DLVO theory, the stability of a disperse system depends on the height of the maximum in the potential energy curve, Vmax, also called as potential energy barrier. The disperse system becomes stable, when overall kinetic energy of the dispersed particles is sufficiently less than the potential energy barrier. The potential energy barrier reduces when a substance on addition to the system,
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