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6
 Coarse Suspensions: Design andManufacturing
 STEVEN L. NAIL and MARY P. STICKELMEYER
 Lilly Research Labs, Lilly Corporate Center,Indianapolis, Indiana, U.S.A.
 1. INTRODUCTION
 A coarse suspension is a system in which an internal, or sus-pended, phase is uniformly dispersed in an external phase,which is called the vehicle. The suspended phase is solid,and the vehicle may be either aqueous or non-aqueous. Dis-persions of a solid in a liquid vehicle are also categorizedaccording to the size of the suspended particles. Colloidal dis-persions are suspensions in which the particle size is smallenough that the suspended phase does not settle under theforce of gravity; that is, the particles remain suspended byBrownian motion. The particle size in a colloidal dispersionranges from about 1 nm to an upper limit of about 1 mm.
 SECTION II: DOSAGE FORMS
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Examples of colloidal dispersions in the pharmaceutical worldinclude association colloids such as micellar systems andlipsomes. Macromolecules such as proteins and DNA thathave at least one dimension larger than about 1 nm alsoexhibit properties of colloidal systems.
 In contrast to colloidal dispersions, coarse suspensionstypically contain dispersed solid particles in the size rangeof about 1 to about 50 mm. The suspending medium, or vehicle,may be either aqueous or non-aqueous. Pharmaceuticalcoarse suspensions fall into three categories—oral suspen-sions, topical suspensions, and parenteral suspensions.Ophthalmic suspensions; that is, suspensions instilled ontothe eye, can be regarded as parenteral suspensions in thesense that they must be prepared as sterile dosage forms.This chapter will deal exclusively with parenteral coarse sus-pensions.
 Parenteral suspensions are typically administered intra-muscularly (into the muscle tissue), subcutaneously (into thelayer of tissues between the skin and the muscle tissue),intra-articularly (into a joint), or intradermally (just beneaththe outermost layer of skin). Coarse suspensions should neverbe administered intravenously (into a vein) or intra-arterially(into an artery), since the particles in a coarse suspension areusually larger than the diameter of capillaries. Inadvertentintravenous administration of coarse suspensions has led tofatalities, for example, when lipid emulsions were adminis-tered which contained precipitated calcium phosphate fromcalcium gluconate and sodium phosphate additives to theemulsion (1).
 Parenteral suspensions are typically used when (i) thedrug has limited aqueous solubility, and attempts to solubi-lize the drug would compromise safety, (ii) sustained releaseof the drug is needed, or (iii) when a local effect is needed.Sustained release formulations typically are either aqueousor oil-based suspensions administered intramuscularly orsubcutaneously. A common example of a suspension for localeffect is intra-articular (into the synovial sacs of joints)administration of steroid suspensions, which generally resultin prolonged relief from the inflammatory effects of arthritis.
 178 Nail and Stickelmeyer
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Most parenteral suspensions are provided as a ready-to-use product, with the solid uniformly dispersed in the vehicle.The USP nomenclature for such products is [Drug Name]Injectable Suspension. However, some parenteral suspensionsare provided as sterile powders for reconstitution with waterfor injection. In this case, the USP nomenclature is [DrugName] for Injectable Suspension. An example of this is Specti-nomycin Hydrochloride for Injectable Suspension.
 Parenteral coarse suspensions are, in general, difficult toformulate and difficult to manufacture relative to otherpharmaceutical dosage forms. This arises largely becausesuch systems tend to be physically unstable, resulting in lossof quality attributes essential to a pharmaceutically accepta-ble product. Particle size of the drug is critical to drug productperformance; that is, the particles must be small enough toeasily pass through a syringe needle, and stay that waythroughout the shelf life of the product. However, because ofOstwald ripening effects, where small particles tend tobecome smaller and large particles tend to become larger,the particle size distribution tends to change over time. Themilling process needed for particle size reduction tends tocreate amorphous material, and this can give rise to bothphysical and chemical instability. Amorphous solids havebeen shown to be up to an order of magnitude less chemicallystable in the solid state than the same compound as a crystal-line solid (2). In addition, amorphous solids tend to crystallizeover time. If a substantial amount of amorphous material waspresent to begin with, this crystallization may not only lead toparticle growth, but may also change the bioavailability of theproduct. Polymorphism is commonly observed in drugs, andthe pharmaceutical scientist must be concerned with thepotential for conversion of one crystal form to another, againchanging the release characteristics of the drug from theinjection site.
 Manufacture of parenteral coarse suspensions is challen-ging because of the difficulty of carrying out the size reduc-tion step in such a way as to provide a uniformly smallparticle size and narrow particle size distribution. Asepticprocessing of parenteral suspensions is challenging because
 Coarse Suspensions: Design and Manufacturing 179
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suspensions, in general, cannot be terminally sterilized byautoclaving. They cannot be sterile filtered once the solidphase has been dispersed into the vehicle; rather, they mustbe manufactured by sterile filtration of the vehicle, asepticpreparation of the solid phase, and aseptic incorporation ofsolid into the vehicle. Uniform dispensing of suspensions intovials can be a challenge as well, given the tendency of coarsesuspensions to settle with time. Therefore, the system mustbe appropriately agitated, and the process carefully moni-tored, in order to avoid problems with vial-to-vial doseuniformity.
 The purpose of this chapter is to give the reader a broadexposure to formulation and manufacturing aspects of parent-eral coarse suspensions, as well as to cover some basic bio-pharmaceutic aspects of these dosage forms as well as basicaspects of the physical stability of coarse suspensions.
 2. PREPARATION AND CHARACTERIZATIONOF THE DRUG
 The ease with which a drug can be formulated into a pharma-ceutically acceptable coarse suspension depends largely uponthe properties of the drug itself, including chemical stabilityin the solid and solution states, solubility, tendency to existin the metastable amorphous state, tendency to form poly-morphs, tendency to form hydrates and solvates, and wettabil-ity of the solid. Adequate characterization of the drug requiresa major commitment of development resources. Two majorcomponents of this effort are: (i) crystallization studies inten-ded to explore the number of species and crystal morpholo-gies that can be formed under a variety of crystallizationconditions, and (ii) characterization of these species, with par-ticular emphasis on their stability, both in the solid state andas a slurry. A detailed discussion of solid-state characteriza-tion is beyond the scope of this chapter. For a broad overview,the reader is referred to a review article on general pharma-ceutics by Fiese (3). For a more in-depth review, the readeris referred to Byrn et al. (4).
 180 Nail and Stickelmeyer
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2.1. Crystallization Studies
 Drugs for use in injectable suspensions are generally asepti-cally crystallized in order to avoid occlusion of microorganismswithin drug crystals. A typical crystallization scheme consistsof dissolving drug in a suitable solvent and sterile filteringthis solution into a previously sterilized vessel that can betemperature controlled. The solution is agitated and thetemperature adjusted, then a previously sterile filtered secondsolvent, which is a non-solvent for the drug, is added withcontinued agitation. The temperature may be adjusted afteraddition of the non-solvent. The solids are then collected, typi-cally either by filtration or on a screen-type separator. The solidcake is typically washed with water and dried.
 The purposes of laboratory scale crystallization studiesare to: (i) screen for useful polymorphs, hydrates, or solvates,(ii) identify conditions under which pure phases with desir-able morphology and acceptable levels of residual solventcan be prepared, (iii) isolate sufficient quantities of solid forfurther characterization, (iv) establish at least a preliminaryassessment of robustness of the crystallization process withrespect to consistently producing the same solid-state formof the drug under a given set of processing conditions. Properlaboratory scale crystallization studies generally consist ofsystematically varying crystallization conditions, includingsolute concentration, solvent and antisolvent composition,order and rates of addition, and temperatures. Holding times,particularly after addition of the non-solvent, should also beexamined. The drying process should be examined in detail,since differences in drying conditions can influence the physi-cal or chemical state of the drug, particularly if hydrates orsolvates are formed.
 2.2. Solid-State Characterization
 A typical solid-state characterization program would consistof the following:
 X-ray powder diffraction—On a fairly simple level,variability of x-ray powder diffraction patterns is a goodindicator of differences in sample crystallinity. Differences
 Coarse Suspensions: Design and Manufacturing 181
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in peak resolution are a reasonable indicator of differences indegree of crystallinity as long as the measurements are madeunder the same experimental conditions. On a more sophisti-cated level, x-ray powder diffraction data are used to calcu-late the crystal structure of the solid, including the spacegroup and intramolecular bond lengths and angles. The abil-ity to control the temperature of the sample as well as addi-tion of an environmental chamber to control the relativehumidity are useful enhancements for solid-state characteri-zation.
 Thermal analysis—Differential scanning calorimetryis typically combined with thermogravimetric analysis.This type of analysis yields melting temperatures aswell as dehydration and desolvation temperatures. Weightloss accompanying dehydration or desolvation is used tocalculate stoichiometry for hydrates and solvates. Micro-calorimetry can be a useful method for quantitative estima-tion of the amount of amorphous material present in asolid (5–7).
 Solid-state spectroscopy—Solid-state 13C-NMR is astandard tool for solid characterization, and can be usefulfor confirming that different crystal phases exist withinsamples, provided that highly crystalline samples areavailable as reference materials. Since water is observedonly indirectly by its influence on 13C environments inthe solid, pseudopolymorphism (hydrate formation) can beinferred by its different isotropic chemical shifts of equi-valent 13C nuclei relative to anhydrous forms. This canbe particularly helpful for confirmation of variable hydrateformation. Appearance of solvent resonances can provideconclusive evidence that solvents are incorporated inthe crystal lattice.
 Optical microscopy—Optical microscopy is used fordetermination of the optical crystallographic properties ofthe solid such as the crystal system (for example, monoclinic,orthorhombic, and others) as well as to estimate particlesize. The sample is usually dispersed in immersion oil.Hot-stage microscopy can be a useful additional methodfor assessing the physical stability of the drug, particularly
 182 Nail and Stickelmeyer
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at elevated temperatures. Dehydration and desolvationtemperatures can be identified, particularly if the solid isimmersed in oil.
 Hygroscopicity measurement—A water vapor sorptionmicrobalance is used to generate a plot of weight gain of thesample vs. relative humidity, giving a quantitative measureof the hygroscopicity of the solid. Water vapor sorption canalso be a useful method for estimating the amount of amor-phous material in a sample.
 Solubility—Aqueous solubility as well as dissolution rateare properties that are critical to efficacy of a parenteralcoarse suspension. Where multiple hydrated forms areobserved, it is common that the solubility of the drug decre-ases as the water of hydration increases, and this can some-times be a strategy for control of solubility. Amorphous solidis generally more soluble than the same solid in crystallineform, and this can be useful as enhanced solubility may inferthe presence of amorphous material.
 Physical stability—Where multiple crystal forms,hydrates, and solvates are formed under different crystalli-zation conditions, it is important to understand the relativestability of these species and to attempt to elucidate intercon-version pathways. Slurry conversion experiments are a goodway to compare physical stability of different crystal forms,where both forms are slurried together in a given solvent,and the more stable crystal form will be enriched at theexpense of the less stable crystal form.
 Chemical stability—Chemical stability studies are gener-ally long-term experiments where a given crystal form isstored at elevated temperature under a variety of relativehumidities.
 Wettability—The wettability of the solid by either wateror oil (for an oil-based suspension) determines the need fora wetting agent (surfactant) in the formulation.
 Particle size distribution—Particle size distribution ofthe bulk drug is necessary for measuring the effectivenessof subsequent particle size reduction operations.
 Additional studies needed for parenteral suspensiondevelopment that are not related to physical or chemical
 Coarse Suspensions: Design and Manufacturing 183
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state of the solid include bioburden studies, measurement ofendotoxin levels, and examination of the solid for extraneousparticulate matter.
 3. BIOPHARMACEUTICAL CONSIDERATIONS
 When a drug is administered intravenously, the onset of actionis rapid, given that the drug is injected directly into the blood-stream and there is no absorption step; rather, there is only abrief interval of 2–3 min during which the drug is ‘‘mixed’’within the bloodstream. For parenteral coarse suspensions,however, the intravenous (i.v.) route is not an option. Ifthe suspension is administered for systemic effect—generallysubcutaneous or intramuscular—there is an absorption steprequired for the drug to reach the bloodstream.
 The bioavailability of a drug from subcutaneous or intra-muscular injection is dependent on both physiological factorsand physical–chemical properties of the drug and the drugproduct. The rate of absorption of a drug from a depot siteis determined by the slowest, or limiting, step in the sequence:
 Solid Drug ! Drug in Solution !Drug in Systemic Circulation
 Absorption of drugs from depot sites is commonly disso-lution limited. The effect of the absorption process on the time
 p
 that slower rates of absorption result in lower maximumlevels of drug in the blood, and the maximum drug blood levelis reached after a longer period of time. It is possible for twodifferent products to be equally bioavailable in the sense thatthe areas under the plasma drug level vs. time curve arethe same, but not therapeutically equivalent, since delayedabsorption can result in the plasma drug level neverreaching the minimum effective concentration. For this rea-son, different dosage forms are usually compared by usingCp,max and tmax, the peak plasma drug level and the time atwhich the peak level is reached, respectively.
 184 Nail and Stickelmeyer
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3.1. Effect of Physical–Chemical Factorson Bioavailability
 The rate of dissolution of drug from an injected depot of drugis influenced by the surface area of drug exposed to theinterstitial fluid, which is affected by the average particle sizeof the drug. This relationship is given by the well-knownNoyes–Whitney equation:
 dm=dt � KDSðCs � CÞ
 where dm=dt is the rate of dissolution, K is a constant, D isthe diffusion coefficient of the drug in the interstitial fluid,S is the surface area of drug exposed to the medium, Cs isthe equilibrium solubility of drug in the interstitial fluid,and C is the concentration of drug in interstitial fluid at agiven time. Buckwalter and Dickinson (8) studied the influ-ence of particle size of procaine penicillin G on maximumblood level following intramuscular administration. Maxi-mum blood levels varied from 1.37 units=mL for particle sizesin the range of 150–250mm to 2.14 units=mL for particles inthe size range of 1–2mm. Particle size of insulin zinc suspen-sions has been shown to be a critical factor affecting duration
 Figure 1 Representative plasma drug levels vs. time for intra-muscular and subcutaneous injection.
 Coarse Suspensions: Design and Manufacturing 185
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of response (9). A long-acting insulin (Ultralente) showed aslow decline in blood glucose levels and a depression of bloodglucose level for longer than 10 hr after administration whenthe average particle size was 50mm. When a suspension withan average particle size of 5 mm was administered, a muchmore rapid decline in blood glucose was observed over aperiod of 4 hr, followed by relatively rapid rise to the pre-administration glucose level.
 One strategy for sustained release from depot injections ofcoarse suspensions is to manipulate the solubility of the drug.Preparation of a prodrug with decreased solubility should, inprinciple, result in longer duration of therapeutic effect. How-ever, this approach assumes that a high enough level of drugin the serum is reached to achieve a therapeutic effect.
 Solubility, and bioavailability, may also be influenced bythe physical state of a drug. The amorphous form is meta-stable, and has higher solubility than crystalline forms ofthe same drug. Chloramphenicol and novobiocin are examplesof drugs where only the amorphous form shows bioavailabil-ity. Ballard and Nelson (10) studied absorption of methylpred-nisolone from subcutaneous implantation of two crystalforms. The in-vitro dissolution rate was about 1.4 times fasterfor the less stable Form II than Form I, and the absorptionrate of Form II from the implant was about 1.7 times fasterthan that of Form I.
 When multiple polymorphs exist, the choice of a crystalform may involve a trade-off between stability and solubility.The choice of a less stable polymorph would be expectedto result in higher solubility of the drug, and better bio-availability, but this approach risks conversion of the lessstable form to the more stable (less soluble) form during sto-rage.
 The Noyes–Whitney equation predicts that increasedviscosity of the vehicle should retard drug release becausethe diffusion coefficient would be expected to decrease in amore viscous medium. Thus a measure of control over therelease rate may be achieved by manipulation of viscosity ofthe vehicle. Use of an oil, such as sesame oil, as a vehiclecan result in retarded drug release from a depot injection.
 186 Nail and Stickelmeyer
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3.2. Drug Absorption from Intramuscularand Subcutaneous Injections
 3.2.1. Absorption Across the Capillary Wall
 Once the drug is in solution in the environment of the depot, itmust still cross the capillary wall in order to enter the systemiccirculation. The structure of the capillary wall consists of a uni-cellular layer of endothelial cells on the luminal side of the capil-lary. The outside of the capillary is formed by a basementmembrane. The total thickness of the capillary wall is about0.5mm. There are two small passageways connecting the inter-ior of a capillary with the exterior. One of these passageways isthe intercellular cleft, which is the thin gap between adjacentendothelial cells. The width of this gap varies between organs,but is normally about 6–7 nm across. In the brain, these junc-tions are particularly tight, and form what is commonly calledthe blood–brain barrier. The tightness of these junctions pre-sents a major challenge in the delivery of drugs to the brain.The liver represents the opposite extreme with respect to the‘‘tightness’’ of these junctions, where the clefts betweenendothelial cells are relatively wide open, such that almost alldissolved substances in the plasma, even plasma proteins, canpass from the blood into the liver tissue. In the kidney, smallopenings called fenestrae penetrate directly through the middleof the endothelial cells, so that large amounts of substances canbe filtered through the glomeruli without needing to passthrough the gaps between endothelial cells.
 The relative surface area of the junctions between endo-thelial cells is small—only about 1=1000 of the total surface areaof the capillary. However, water molecules, ions such as sodiumand chloride, and small molecules such as glucose move freelybetween the interior and the exterior of the capillary. The abilityof drugs to cross these junctions depends largely on molecularsize. Relative permeability of capillaries in muscle tissue to
 protein pharmaceuticals would not be absorbed significantlyby passage through junctions between capillary endothelial cells.
 Another passageway from the interior to the exterior ofcapillaries is plasmalemmal vesicles. These vesicles form at
 Coarse Suspensions: Design and Manufacturing 187
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one surface of the cell by imbibing small volumes of plasma orextracellular fluid. These vesicles can move slowly throughthe cell, and it has been postulated that they can transportsignificant amounts of substances across the capillary wall.It has further been postulated that these vesicles can coalesceto form vesicular channels all the way through the mem-brane. It is doubtful, however, that transport through suchchannels is a significant mechanism for absorption of drugsfrom depot injections.
 It is probably safe to state that transport of drugs throughthe junctions between endothelial cells is a significant route forabsorption of only small molecule drugs, probably with a mole-cular weight of less than about 500. Regardless, a drug from adepot injection must still make its way across the basementmembrane in order to even reach the tight junctions. Biologicalmembranes are complex structures that are primarily composedof lipid and protein layers. The phospholipid bilayer generallyforms the backbone of the membrane, and layers of proteingive added strength to the membrane. The lipid component ofsuch membranes is important to drug absorption in general,and the oil=water partition coefficient of a drug becomes acritical factor in drug absorption. In general, the morelipophilic a drug, the more easily it is able to diffuse across abiological membrane. Even for intravenously administereddrugs, where absorption is not an issue, the distribution of drugwithin tissues is determined largely by the lipophilicity ofthe drug.
 Given that many drugs are weak acids or weak bases, thelipophilicity is strongly affected by the ionization state ofthe drug, where the un-ionized state is more lipophilic. Thedegree of dissociation of the drug is determined by the ioniza-tion constant and the pH of the medium. This relationship isexpressed by the familiar Henderson–Hasselbach equationwhich, for a weak acid, is stated as follows:
 pH ¼ pKa þ logð½A��=½HA�Þ
 where A� and HA are the concentration of ionized and un-ionized states, respectively. The interrelationship between
 188 Nail and Stickelmeyer
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dissociation constant, pH at the absorption site, and the absorp-tion of drugs is the basis for the pH-partition hypothesis.
 3.2.2. The Lymphatic System
 About one-sixth of the volume of the body consists of spa-ces between cells. These spaces collectively are called theinterstitium, and the fluid in these spaces is the interstitialfluid. The solid structures in the interstitium consist mostlyof collagen fiber bundles and proteoglycan filaments. The fluidin the interstitium is filtrate from capillaries. The compositionof this fluid is much the same as the fluid in the capillariesexcept for proteins, which are too large to filter through thespaces between endothelial cells. The fluid is largely ent-rapped in the spaces between proteoglycan filaments. The com-bination of the proteoglycan filaments and the fluid has theconsistency of a gel, and is often called the tissue gel. Becauseof the gelatinous consistency of the interstitial fluid, it flowspoorly. Instead, the fluid travels largely by a process of diffu-sion. The diffusion of solutes through this gel occurs about95% as rapidly as it would in a freely flowing fluid. Thus thisdiffusion allows relatively rapid transport of solutes, includingelectrolytes, nutrients, products of cellular metabolism and, inthe case of a subcutaneous or intramuscular injection, drugmolecules.
 Almost all tissues in the body have lymphatic channelsthat drain excess interstitial fluid from the interstitial spaces.Most of the lymph flows through the thoracic duct and emp-ties into the venous system at the junction of the subclavianveins and the jugular vein. Approximately 100 mL of lymphflows through the thoracic duct of a resting adult per hour.While the body of published research on the relevance ofthe lymphatic system as a route for drug absorption is verylimited, it must be considered as an alternative pathway fordrug absorption from intramuscular or subcutaneous injections.
 3.3. Physiological Factors
 In addition to physical–chemical properties of the drug andthe formulation, certain physiological factors influence the
 Coarse Suspensions: Design and Manufacturing 189
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absorption of drug from parenteral suspensions. As discussedabove, drugs administered by the intramuscular or subcuta-neous route require an absorption step in order to be bioavail-able. Given that the drug is primarily absorbed by diffusioninto the capillaries at the injection site, then the greater theblood flow at the site of injection, the more rapid the drugabsorption. Thus, any factor that influences the flow of bloodat the injection site also influences the rate of absorption.For example, epinephrine inhibits the flow of blood at theinjection site when co-administered with a drug, and conse-quently slows absorption. Increased muscular activity causesincreased blood flow, with subsequent enhanced absorption.For intramuscular injections, the site of administration, i.e.,the deltoid muscle, the gluteal muscle, or the lateral thigh,can have a significant influence on bioavailability. Zeneret al. (12) studied the influence of injection site on bioavailabil-ity of intramuscularly administered lidocaine solution. Whenpatients were administered 200 mg of lidocaine into the del-toid muscle, the gluteal muscle, or the lateral thigh, the rateof absorption of drug followed the order deltoid > lateralthigh > gluteal muscle. This would be expected based on therelative rates of blood flow, particularly when considering thatthe patients were hospitalized, and greater muscular activitywould be expected in the upper body than in the lower body.It is important to keep in mind, however, that this study wascarried out using a solution formulation. When a suspensionis administered, the dissolution of the drug is often the control-ling resistance, in which case the effect of site of administrationillustrated here would probably not be observed.
 Gender has been shown to influence bioavailability ofdrugs from intramuscular injections. Vukovich et al. (13)studied absorption of cephradine when administered once aweek for three consecutive weeks to six male and six femalevolunteers in either the deltoid, gluteal, or lateral thigh mus-cles. Serum levels were not significantly different when admi-nistered in the deltoid muscle or the lateral thigh but, whenadministered into the gluteal muscle, the peak cephradineconcentrations were 11.1 and 4.3 mg=mL for males andfemales, respectively.
 190 Nail and Stickelmeyer
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Significant differences in bioavailability would be expec-ted when drugs are administered intramuscularly vs.administration into fat (intralipomatous). Cockshott et al.(14) reported results of studies showing that <5% of womenand <15% of men actually received intramuscular injectionswhen a 3.5-cm needle was used. Differences in bioavailabilitywould be expected based on the physical–chemical nature ofthe injection site as well as the extent of vasculature. Hydro-phobic drugs would be expected to tend to remain in thehydrophobic environment of fatty tissue. This may be partof the reason that some drugs are poorly or erraticallyabsorbed when injected ‘‘intramuscularly.’’ Greenblatt et al.(15) reported that oral doses of 50 mg of chlordiazepoxideare more rapidly absorbed than the same dose when adminis-tered intramuscularly. The reader is referred to the chapterby Ousseron in this book on biopharmaceutical principles.
 4. PHYSICAL STABILITY OF COARSESUSPENSIONS
 Parenteral coarse suspensions are not, strictly speaking,colloidal systems, because they exhibit settling under theforce of gravity. However, principles of colloidal science areuseful in understanding the physical stability of these sys-tems, particularly regarding flocculation behavior.
 The interface between the suspended solid and the liquidphase plays an important role in determining the stability ofsuspensions. The interfacial free energy is an expression ofthe degree of preference of a molecule of the dispersed solidfor its bulk relative to its interface. This interfacial freeenergy is always positive, meaning that energy must be putinto the system in order to create the free energy; for example,through mechanical milling. When this energy is removedand the suspension is formulated, thermodynamics takes overand tends to drive the system toward its more stable, lowerfree energy state. While thermodynamics will ultimatelywin, appropriate manufacturing techniques and rational for-mulation can often result in a system that is, for practicalpharmaceutical purposes, ‘‘stable.’’
 Coarse Suspensions: Design and Manufacturing 191
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The angle that a liquid makes with a solid surface iscalled the contact angle, and contact angles yield useful infor-mation about the solid surface. Generally, liquids are consid-ered non-wetting if the contact angle is larger than 90�, andwetting if the contact angle is < 90�. Complete wetting resultsin a contact angle of 0�. To measure the contact angle, the solidcan be pressed into a flat wafer using a Carver press, a definedvolume of liquid is applied to the surface, and the contact angleis measured using a contact angle goniometer. An image of thedrop is examined using a lens with adjustable cross-hairs,where one cross-hair is aligned with the surface, and the otheris rotated until it forms a tangent to the drop. The contactangle is read directly. For a detailed discussion of characteri-zation of solid surfaces by measurement of contact angle, thereader is referred to Evans and Wennerstrom (16).
 The greater the percentage of molecules at the surface;that is, the smaller the particle size, the more important sur-face properties are in determining the stability of the system.Nature tends to reduce this free energy to zero by variousmeans. One is reduction of the interfacial area by the growthof larger particles at the expense of smaller ones. This phe-nomenon is known as Ostwald ripening. This is expressedquantitatively by the Ostwald–Freundlich equation:
 ln C1=C2 ¼ ð2Mg=rRTÞð1=R1 � 1=R2Þ
 where C1 and C2 are the solubilities of particles of radius R1
 and R2, respectively, M represents molecular weight, g isthe surface energy of the solid in contact with solution, r isthe density of the solid, R is the gas constant, and T is theabsolute temperature. Use of this equation predicts thatthe solubility of a 0.2-mm particle is about 13% higherthan the same solid when present as a 20-mm particle.
 Another way that nature tries to reduce the free energyof the system is by aggregation of dispersed particles asattractive forces overcome repulsive forces. Successful formu-lation of suspensions generally depends on the scientist’sappreciation for the importance of surface properties of thesystem. For example, understanding the role of surfacecharge characteristics allows formulation such that a floccu-
 192 Nail and Stickelmeyer
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lated network of particles is formed that can be easily resus-pended with gentle agitation. Adsorption of small hydrophiliccolloids or non-ionic polymers may stabilize the system byincreasing its interaction with water or sterically hinderingparticles from approaching closely enough that repulsiveforces are replaced by attractive ones, resulting in caking ofthe suspended solid.
 When the solid powder is added to the vehicle, it is agi-tated vigorously, and this agitation may be in the form offurther particle size reduction by wet milling. Dispersionrefers to the extent to which the solid exists as individual par-ticles, as opposed to clumps or aggregates of particles. Theextent to which a uniform distribution of particles is main-tained is referred to as the dispersion stability. The particleswill settle at a rate described by Stoke’s law:
 V ¼ d2ðrs � rlÞg=18Z
 where V is the settling velocity, d is the particle diameter, rs
 and rl are densities of the solid and liquid phases, respec-tively; g is the gravitational constant, and Z is the viscosityof the liquid phase. This equation suggests several ways toreduce settling. One way is to reduce the particle diameter,another is to minimize the density difference between theliquid and solid phases by increasing the specific gravity ofthe vehicle, and another is to increase the viscosity of thevehicle. From the standpoint of formulating a parenteralsuspension, however, increasing the density or the viscosityof a vehicle to a point where settling is prevented is notpractical, since the resulting suspension would not besyringeable. Settling must be accepted, and efforts shouldfocus on formulation conditions that result in easy resuspen-sion of the solids with gentle shaking.
 When two colloidal particles undergoing Brownian motionapproach each other, they experience two types of interaction—static forces arising from attractive van der Waals forces andelectrostatic interaction, and hydrodynamic forces mediatedby the vehicle. The attractive static forces include dipole–dipole, dipole-induced dipole, and van der Waals forces. van
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der Waals forces are quantum mechanical in origin, and arealways attractive, irrespective of charge effects. These are veryshort range forces, and vary inversely with r6, where r is thedistance between particles. Opposing these attractive forcesis electrostatic repulsion arising from the fact that the surfaceof the suspended solid is generally charged. This charge mayarise from ionization of surface ionizable groups (aminesor carboxylic acid groups, most commonly), from adsorptionof molecules that impart a charge, or perhaps from chargegenerated by particle size reduction operations. Repulsioncan also be caused by adsorption of polymers that stericallyinhibit close approach of particles. The layer of fixed chargesat the surface, called the Stern layer, is characterized byboth a charge density and a surface potential (F0). Directmeasurement of F0 is uncertain. Instead a quantity calledthe zeta potential (z) is measured. The zeta potential is mea-sured by a variety of electrokinetic methods, and representsthe electrical potential at the slip plane, or the effectivehydrodynamic radius of the particle.
 Interaction between charges that are fixed at the surfaceand those that are free in solution plays an important role inthe stability of colloidal systems. The electrolyte solution ischaracterized by the charge and concentration of electrolytesas well as the dielectric constant of the medium. The combina-tion of the charged surface and the neutralizing layer of coun-ter ions is said to constitute an electrical double layer. Thethickness of the double layer is expressed by
 1=k ¼ ðeKT=e2X
 iniz
 2i Þ
 1=2
 where 1=k is the Debye length, e is the dielectric constant ofthe medium, K is the Boltzman constant, ni is the numberof ions of type i per unit volume near the surface, e is thecharge on an electron and zi is the valence of the electrolyte.Note the strong dependence of the Debye length on thevalence of the electrolyte.
 attractive forces, the repulsive forces, and the net interactionpotential between colloidal particles. The diagram shows that
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attractive forces predominate at very short interparticle dis-tances. If no repulsive forces exist, the particles can cometogether in the primary minimum. Depending on the depthof the primary minimum, the aggregation can be eitherreversible or irreversible. However, for most pharmaceuticalsuspensions, aggregation in the primary minimum is usuallyirreversible; that is, the solid cannot be redispersed by simpleshaking. Electrostatic repulsion creates an energy barrieropposing approach of particles closely enough to reach the pri-mary minimum. The thickness of the electrical double layerdetermines the rate at which electrostatic repulsion decreaseswith increasing distance between particles. The net potentialenergy curve has a maximum. The size of this maximum, rela-tive to the thermal energy of the system (expressed as kT,where k is the Boltzman constant), determines the ability of
 Figure 2 Forces of interaction between colloidal particles.
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particles to reach the primary minimum. If the size of thepotential energy barrier is very large compared with kT, thenthe primary minimum is inaccessible, and the system is kineti-cally stable. The net potential energy curve may contain asecondary minimum at a relatively large interparticulatedistance. Aggregation in this secondary minimum gives riseto a loosely structured network of particles, and the aggrega-tion is readily reversible by shaking. Such floccules arereported to display fractal properties.
 Flocculation is an important property of any coarsesuspension, and the pharmaceutical scientist should under-stand both the properties of flocculated suspensions and theforces that mediate the aggregation state of suspensions. Inflocculated suspensions, particles are loosely aggregated byelectrostatic forces, such that the suspension consists of aloose network of particles. This ensemble of particles, or floc,settles relatively rapidly, and forms a clear boundarybetween the precipitate and the supernatant. The sedimentis loosely packed, and a hard, dense cake is not formed. Asa result, the solid is easy to redisperse. In a deflocculated sus-pension, particles exist as separate entities. The rate of set-tling is slow, and dependent on the particle size. Sincethere are minimal repulsive forces between particles, even-tually a hard, dense sediment is formed which is difficult,or perhaps impossible, to redisperse.
 DLVO (for Derjaguin, Landau, Verwey, and Overbeek,the scientists who published the original theory of colloidalstability in the 1940s) theory states that colloidal stabilityis determined by a balance between electrical double layerrepulsion, which increases exponentially with decreasingdistance between particles, and van der Waals forces ofattraction. The practical lessons to be learned from DLVOtheory are primarily that: (i) ionic strength of the vehicle isa dominant factor controlling flocculation of the system, and(ii) adsorption of polymers can be used to sterically stabilizea suspension by preventing two particles from approachingclosely enough to aggregate in the primary minimum. Thereader is referred to the chapter by Burgess in this book onphysical stability of dispersed systems.
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5. FORMULATION OF PARENTERALSUSPENSIONS
 A well-formulated parenteral suspension resuspends easilyupon shaking, with uniform dispersion of the drug in vehicle.The suspension is easily drawn through a needle into asyringe (syringability), and is injected without the use ofexcessive force (injectability). It is not irritating to the tissueinto which it is injected. The suspension is both physicallyand chemically stable over the shelf life of the product.
 Developing a sterile powder which is reconstituted withwater to form a suspension at the time of use should be con-sidered, particularly for drugs that are unstable in aqueousmedia. This dosage form has the advantage of avoiding physi-cal stability issues that can be troublesome for ready-to-usesuspensions, such as particle size growth and caking of thesuspension, making resuspension, syringeability, or inject-ability troublesome. Powders for suspension also have theadvantage of being more amenable to terminal sterilizationthan ready-to-use suspensions, either by ionizing radiationor by thermal methods. Powders for reconstitution to form asuspension are typically provided with a companion vial ofvehicle containing the appropriate excipients.
 5.1. Particle Size Distribution
 The product development exercise should include studies todetermine the role of particle size distribution on bioavail-ability of the drug as well as syringability and injectability.These are generally small-scale studies, where hand sievingis feasible. The experiment consists of preparing differentsieve ‘‘cuts’’ from a single batch of powder. Prototype formu-lations are prepared with each of four to six particle sizedistributions, and syringeability and injectability are testedprior to proceeding further. Particle size distributions witha median particle size above about 50mm are likely to pro-duce problems with syringeability and injectability.
 Bioavailability studies are generally carried out inanimals, and consist of collecting plasma drug levels as afunction of time after injection of the suspension. The peak
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blood level of drug, Cp,max, and time at which the peak isreached, tmax, are important responses, as well as total areaunder the drug blood level vs. time curve.
 5.2. Excipients
 In addition to the drug, a typical parenteral coarse suspensioncontains a dispersing or suspending agent, a surfactant, abuffer, a tonicity adjusting agent, and, in the case of multipledose containers, an antimicrobial preservative. Examples ofcommercial formulations of parenteral suspensions are shown
 most parenteral products.The DLVO theory, discussed briefly above, provides a
 conceptual picture of the interactions between particles thatcontrol physical properties of suspensions. The interaction
 opposed if the repulsive energy is high; that is, if the zetapotential is high and ionic strength is low. However, whenthese particles settle, this energy barrier may be overcome,and particles may interact at the primary minimum, generallyresulting in caking and difficult (or impossible) redispersion.
 Sedimentation volume and zeta potential measurementare useful formulation tools for helping to assure an eas-ily redispersable suspension, where sediment volume is theheight of the sediment relative to the height of the liquid.The idea is that, the higher the relative sediment volume,
 Table 1 Relative Permeability of Muscle Capillary Pores
 Substance Molecular weight Relative permeability
 Water 18 1NaCl 58 0.96Urea 60 0.8Glucose 180 0.6Sucrose 342 0.4Insulin 5000 0.2Albumin 69,000 0.0001
 (From Ref. 20)
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 Table 2 Representative Sterile Coarse Suspensions (From Ref. 17)
 Drug Excipients Category
 Aurothioglucose,50 mg=mL
 Aluminum monostearate, 20 mg=mL;propylparaben, 0.1%; sesame oil
 Suspending agent; preservative;vehicle
 Betamethazone sodiumphosphate=betamethazoneacetate (3 mg=mL each)
 Sodium phosphate; EDTA sodium,0.1 mg=mL; benzalkonium chloride,0.2 mg=mL, pH 6.8–7.2
 Buffer; chelator; preservative
 Desoxycorticosteronepivalate
 Methylcellulose; sodiumcarboxymethylcellulose;polysorbate 80; sodium chloride;thimerosal
 Suspending agents; surfactant;tonicity adjustment; preservative
 Dexamethazoneacetate, 8 mg=mL
 Sodium CMC, 5 mg=mL; polysorbate80, 0.75 mg=mL; sodium chloride,6.7 mg=mL; creatinine, 5 mg=mL;sodium bisulfite, 1 mg=mL;EDTA disodium, 0.5 mg=mL, pH 5.0–7.5
 Suspending agent; surfactant;antioxidant; chelator
 Hydrocortisone acetate,50 mg=mL
 Sodium CMC, 5 mg=mL; polysorbate80, 4 mg=mL; sodium chloride,9 mg=mL; benzyl alcohol, 9 mg=mL
 Suspending agent; surfactant;ionic strength=tonicity;preservative
 Methylprednisoloneacetate, 20–80 mg=mL
 PEG 3350, 30 mg=mL; polysorbate80, 2 mg=mL; sodium chloride(isotonic); sodium phosphates,2 mg=mL; benzyl alcohol,9 mg=mL, pH 3.5–7.0
 Suspending agent; surfactant;ionic strength=tonicity;buffer; preservative
 (Continued)
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 Table 2 Representative Sterile Coarse Suspensions (From Ref. 17) (Continued )
 Drug Excipients Category
 Medroxyprogesteroneacetate, 150–400 mg=mL
 PEG 3350, 20–29 mg=mL; polysorbate 80,2.4 mg=mL; sodium chloride,8.7 mg=mL; methylparaben,1.4 mg=mL; propylparaben, 0.15 mg=mL
 Suspending agent; surfactant;ionic strength=tonicity; preservatives
 Cortisone acetate,50 mg=mL
 Sodium CMC, 5 mg=mL; polysorbate 80,4 mg=mL; sodium chloride, 9 mg=mL;benzyl alcohol, 9 mg=mL
 Suspending agent; surfactant;tonicity=ionic strength; preservative
 Epinephrine HCl,5 mg=mL
 Glycerin, 325 mg=mL; thioglycolicacid, 6.6 mg=mL; ascorbic acid,10 mg=mL; phenol, 5 mg=mL
 Tonicity; preservative
 Triamcinolone diacetate,20–40 mg=mL
 PEG 3350, 3%; polysorbate 80, 0.2%;sodium chloride, 8.5 mg=mL;benzyl alcohol, 9 mg=mL, pH about 6
 Suspending agent; surfactant;ionic strength=tonicity;preservative
 Penicillin G benzathineand penicillinG procaine,150,000–600,000 U=mL
 Sodium CMC, 0.55%; lecithin;polyvinylpyrrolidone, 0.1%;methylparaben, 0.1%; propylparaben,0.01%; sodium citrate, pH 6–8.5
 Suspending agent; surfactant;suspending agent; preservatives;buffer
 Triamcinolone hexacetonide,5–20 mg=mL
 Sorbitol, 50%; polysorbate 80, 0.2–0.4%;benzyl alcohol, 9 mg=mL, pH 4.5–6.5
 Suspending agent; surfactant;preservative
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the greater the ease of redispersion. The general relationshipbetween sediment volume and zeta potential is illustrated inFig. 3. Addition of a flocculating agent, such as an electrolyte,causes a reduction in zeta potential, which causes changes insediment volume. In the region where the sediment volume ismaximized, there should be minimum probability of caking.Note that too much added electrolyte can result in over floccu-lation and subsequent caking. Measurement of sedimentationrate can also be a useful formulation tool reflecting thephysical stability of the system.
 5.3. Buffers
 Physiological pH is always desirable for any injected product inorder to minimize irritation at the injection site. However, theintramuscular and subcutaneous routes are fairly forgiving in
 Figure 3 General relationship between sediment volume and zetapotential.
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pH of commercially available suspension products—from aslow as 3.5 to as high as 8.5. Of course, buffer capacity shouldbe considered as well—formulations that deviate from physio-logical pH that have a high buffer capacity will be moreirritating than those with low buffer capacity. It is good practiceto keep the concentration of any buffer to a minimum.
 As discussed above, the ionic strength of the vehicle is animportant determinant of the effective range of the electricaldouble layer, which influences the physical stability of thesystem with respect to aggregation characteristics. Again, aflocculated system is desired, given the relative ease of resus-pension of such systems. Of course, ionic strength is deter-mined by the total number of ionic species present, includingany added electrolytes.
 The most commonly used buffer in parenteral sus-pensions is sodium phosphate. Ascorbic acid is used in acommercial formulation of epinephrine HCl, and sodiumcitrate is used in a commercial formulation of penicillin G.Other buffers used in commercial parenteral formula-tions include sodium lactate, sodium acetate, sodiumsuccinate, histidine, and tris(hydroxymethyl) aminomethane(see Table 2).
 5.4. Wetting
 The tendency of a solid to be wetted by a liquid is a measure ofthe affinity of the substances, where hydrophilic surfaces tendto be readily wet by aqueous media. For injectable suspen-sions, the drug generally has limited aqueous solubility, tendsto be hydrophobic, and thus tends not to be easily wet. Theuse of contact angle data to characterize the solid surfacewas mentioned above. Another method of measuring thewettability of a powder is the wet point method (18), whichconsists of determining the amount of vehicle needed tojust wet all of the powder, usually by measuring theamount of liquid needed to carry a powder through a gauze.The more effective the wetting agent, the lower the ‘‘wetpoint’’ value.
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Wetting agents are surfactants that lower the interfacialtension and the contact angle between the solid and thevehicle. Most parenteral suspensions use polysorbate 80 asa wetting agent. Concentrations in commercial products are
 tan trioleate.
 5.5. Suspending Agents
 Suspending agents usually refer to excipients used to controlthe viscosity of the vehicle as well as polymers that interactwith the solid surface to improve physical stability. Suspend-ing agents include sodium carboxymethylcellulose, polyvinyl-pyrrolidone, polyethylene glycol, and propylene glycol.
 5.6. Tonicity Adjusting Agents
 Tonicity adjusting agents may be either electrolytes ornon-electrolytes. The type of tonicity adjusting agent useddepends on the effect of ionic strength on settling properties ofthe suspension. Sodium chloride is commonly used for bothadjustment of tonicity and adjustment of ionic strength. Sorbitoland mannitol are examples of non-electrolytes used for adjust-ment of tonicity.
 5.7. Antimicrobial Preservative
 Since many parenteral suspensions are multiple dose contain-ers, antimicrobial preservatives are common. These includebenzalkonium chloride, chlorobutanol, parabens, and benzylalcohol.
 6. MANUFACTURE OF PARENTERAL COARSESUSPENSIONS
 6.1. Ready-to-Use Suspension vs. Powderfor Reconstitution
 For a dry powder formulation for suspension, the manufactur-ing process may consist only of milling of aseptically cry-stallized and dried bulk drug. If terminal sterilization of the
 Coarse Suspensions: Design and Manufacturing 203
 © 2005 by Taylor & Francis Group, LLC
 given in Table 2. Other surfactants include lecithin and sorbi-

Page 28
                        

final container is not feasible, a surface sterilization of thepowder blend, perhaps by ethylene oxide or irradiation, maybe done to inactivate microbial contamination introduced bymilling and powder handling steps. The powder is asepticallyfilled into vials. The suspension vehicle is prepared as a com-panion vial containing, for example, a surfactant, a buffer, asuspending agent, perhaps ionic strength and tonicity adjust-ing agents, and perhaps a preservative.
 Aseptic powder filling has a number of operational chal-lenges, including fill weight uniformity, potential concernswith cross-contamination due to airborne dust, and potentialconcerns with worker exposure to airborne drug if the drug isa potentially hazardous material. However, these challengescan generally be met, and may be small compared with thechallenges associated with physical or chemical instabilityof a ready-to-use suspension.
 Feasibility of terminal sterilization should be examined,both by thermal methods and by ionizing radiation (see discus-sion below). If feasible, this approach gives maximum sterilityassurance and avoids the need for an intermediate surfacesterilization during processing.
 For ready-to-use suspensions, the manufacturing schemegenerally consists of milling of bulk drug and surface steri-lization of the powder. The vehicle is prepared and sterilefiltered, and the powder is aseptically dispersed in the vehicle,followed by aseptic filling of the liquid. The process mustbe monitored closely, particularly during development, toassure uniformity of the bulk suspension during the fillingoperation.
 The feasibility of terminal sterilization of a ready-to-usesuspension must be determined but, generally speaking, thishas low probability of success. Autoclaving usually results inchanges in particle size distribution resulting from elevatedtemperature, where smaller particles dissolve to a greaterextent than larger particles then, when the system is cooled,larger particles grow as a result of lower solubility. As forgamma or electron beam sterilization, the probability of suc-cess is low because of the generation of free radicals in solutionthat tend to degrade the drug.
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6.2. Unit Operations in Suspension Manufacture
 6.2.1. Particle Size Reduction
 The most critical aspect of milling is the ability of the unit opera-tion to produce a narrow particle size distribution of the appro-priately sized drug particles. The impact of milling on thephysical state of the drug can also be critical, particularly sincemechanical milling can produce small but significant quantitiesof amorphous material (19). This can lead to subsequentproblems with chemical stability, physical stability, or both.
 The compatibility of the mill with aseptic operations isimportant. Specific design criteria include the potential formetal-to-metal contact, use of double mechanical seals, clean-ability of the equipment and, for aseptic milling applications,the ability to sterilize the mill in place.
 Common techniques for production of fine particles arebriefly discussed below:
 Air micronization is probably the most common methodof particle size reduction for parenteral suspensions becauseof: (i) the ability to obtain very small particles with a uniformsize distribution, (ii) a particle size classifier internal to theequipment that returns oversized particles to the zone whereparticle size reduction takes place, and (iii) the absence of anymoving parts to generate extraneous particulate matter. Ster-ilization of air is straightforward, but dust containment canbe a significant operational complication.
 Spray drying can be used to produce sterile powders withuniform spherical particles by spraying a solution containingthe drug into a chamber where a warm stream of air flowscounter-currently to the spray. Advantages of the techniqueare the ability to control the droplet, therefore the particle,size by choice of the appropriate spray nozzle and feed rate,and the uniform size and particle morphology produced. Theapplication is limited, however, since organic solvents wouldbe needed if the intended suspension vehicle is aqueous,and problems associated with handling of large volumes ofsolvent vapor can be significant. Spray drying might be usefulfor control of particle size of drugs intended for an oil-basedsuspension.
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Supercritical fluids, typically carbon dioxide, can be usedas either a solvent or an antisolvent to achieve supersatura-tion and subsequent particle generation. The technique hasbeen reviewed by Tom and Debenedetti (20). The method isgenerally compatible with aseptic operations, but ability toconsistently produce a narrow particle size distribution isuncertain. Large particles are particularly troublesome fromthe standpoint of syringeabilty. While the technique holdssome promise, the technology does not appear to be advancedenough to produce suitably narrow particle size distributionsfor injectable suspensions without an additional particle sizereduction step.
 6.2.2. Sterilization
 This discussion is limited to terminal sterilization of product,as opposed to sterilization that is required as a part of asepticprocessing. International regulatory guidelines require thatthe feasibility of terminal sterilization be determined; how-ever, terminally sterilizing a ready-to-use aqueous suspensionhas a low probability of success. The likelihood of successfor terminal sterilization of an oil-based suspension may besomewhat better.
 Probability of success in terminal sterilization is best forpowders for injectable suspension. This may be done by auto-clave, but problems may be encountered with caking of thepowder, making suspension of the solids upon reconstitutiondifficult. Terminal sterilization by ionizing radiation maybe a better choice. Ionizing radiation for sterilization may bevia electron beam, gamma irradiation, or, in a more recentdevelopment, by x-rays (21). All forms of ionizing radiationwork by collision of an electron or a photon with the electronsin the outer shell of atoms to produce ions. This ionization pro-cess causes covalent bond breakage; in particular, DNA is verysusceptible to depolymerization by this process. Therefore,ionizing radiation sterilizes by prevention of reproduction ofmicroorganisms.
 Electron beam—An accelerator is used to generatehigh-energy electrons that are focused on the product. The
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allowable power used in electron beam accelerators is limitedbecause of the potential for photonuclear reactions at highpower. The electron beam has limited penetration depth,but the time required for sterilization is very short—on theorder of seconds to a few minutes. Scale-up of electron beamsterlization is probably move straightforward than after irra-diation methods.
 Gamma irradiation—60Co is the most commonly usedsource of gamma irradiation, where the radioactive decay of60Co to 60Ni produces two photons. An advantage of gammairradiation is its inherent safety with respect to the potentialto render material being sterilized radioactive, since thephotons produced are not energetic enough to cause photo-nuclear reactions. Gamma irradiation also has a greaterability to penetrate materials than electron beam radiation.However, exposure times needed to produce an equivalentdegree of sterility assurance are significantly longer thanelectron beam irradiation.
 X-rays—If an electron beam is focused on a target mate-rial such as tungsten, x-rays are produced by the target. Ster-ilization by x-rays is a more recent development, and combinesthe penetration ability of gamma irradiation with the controll-ability of electron beam radiation; that is, the power of theelectron beam can be controlled or turned off as needed.
 One packaging-related concern pertaining to radiationsterilization is the tendency for radiation to cause glass to dis-color. This, at a minimum, can cause loss of pharmaceuticalelegance. Use of cerum oxide-containing glass minimizes dis-oderation by irradiation.
 Ethylene oxide is commonly used as a surface sterilantfor aseptically processed suspensions. The drug is typicallycrystallized aseptically, then milled under sanitary condi-tions. The milled drug is then sterilized by ethylene oxideprior to aseptic processing of the suspension to inactivateany microorganisms that may be present on the surface ofthe powder. There are many operational challengesassociated with ethylene oxide sterilization. Byproducts ofethylene oxide exposure include ethylene chlorohydrin andethylene glycol. It is important to maintain adequately low
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levels of these residuals. Ethylene oxide is also a potentialcarcinogen, and rigorous environmental monitoring is neces-sary to assure worker safety.
 6.2.3. Filling
 Filling of liquid suspensions is generally straightforwardusing commercially available filling equipment. The mostchallenging aspect of filling suspensions is maintenance ofcontent uniformity throughout the lot. Aggressive monitoringis often required, particularly late in the filling time interval.
 Filling of powders is more challenging than filling ofliquids for several reasons. First, batch-to-batch and evenwithin batch variability in mechanical properties of powders,such as compressibility, flow characteristics, and bulk densitycan result in variability in fill weight. Second, some dustformation is probably inevitable, and containment of dust iscritical in controlling the potential for cross-contamination.Third, for potentially hazardous compounds, containment ofairborne particulate matter is important from the standpointof worker protection. An emerging process analytical technol-ogy that is pertinent to filling of dry powders is a non-contactcheck weighing system, based on magnetic resonance thatchecks the fill weight of every vial, allowing over- or under-dosed vials to be rejected.
 7. EVALUATION OF PRODUCT QUALITY
 Stability of the particle size distribution is a critical aspect ofevaluating quality of parenteral course suspensions, sincechanges in the particle size distribution can affect the drugrelease profile from the site of injection, as well as havingthe potential to cause difficulty in syringeability (ability toeasily withdraw the contents of a vial into a syringe) andinjectability (ability to expel the contents of the syringe intothe injection site using a reasonable amount of force). Clog-ging of the needle during administration can be traumatic
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to the patient. Concentrated suspensions have a greatertendency to clog the needle than more dilute suspensions.For some suspensions that display shear-induced thickening,it is appropriate to test syringeability before and after vigor-ous agitation.
 There is no standard method for either syringeability orinjectability. Use of 19–22 gauge needles is typical. A majorsource of uncertainty in injectability testing is the mediuminto which the suspension is injected. While injection intoan animal is perhaps most realistic, this is often not practical.Injection into a polyurethane sponge has been reported (22).An instrument for monitoring injection force, such as anInstron device, is a significant improvement over subjectiveassessment of injection force.
 Testing of suspensions after simulated shipping should bepart of assessment of suspension quality, particularly withregard to the anticipated extremes of thermal history duringshipping. Simulation of the vibration associated with shippingshould also be considered, as this may affect the settling andredispersion characteristics of the suspension.
 8. CONCLUSION
 Formulation and manufacture of parenteral coarse suspen-sions, relative to other parenteral dosage forms, is not tri-vial. The difficulty arises primarily from the inherentthermodynamic instability of such systems, resulting in lossof such critical quality attributes as the ability to redispersethe solids sufficiently to achieve adequate uniformity of dos-ing and the ability to draw the suspension into a syringe andexpel the product using a reasonable amount of force. How-ever, knowledge of the principles of colloidal systems and theimportance of forces at solid=liquid interfaces can be used todesign formulations that, while thermodynamicallyunstable, can be made kinetically stable enough to retaincritical quality attributes throughout the shelf life of theproduct.
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