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BASIC DEFINITIONS

If a solution is placed in contact with a membrane that is perme-
able to molecules of the solvent, but not to molecules of the solute,
the movement of solvent through the membrane is called osmosis.
Such a membrane often is called semi-permeable. As the several
types of membranes of the body vary in their permeability, it is
well to note that they are selectively permeable. Most normal
living-cell membranes maintain various solute concentration gra-
dients. A selectively permeable membrane may be defined either
as one that does not permit free, unhampered diffusion of all the
solutes present, or as one that maintains at least one solute
concentration gradient across itself. Osmosis, then, is the diffu-
sion of water through a membrane that maintains at least one
solute concentration gradient across itself.

Assume that Solution A is on one side of the membrane, and
Solution B of the same solute but of a higher concentration is on
the other side; the solvent will tend to pass into the more
concentrated solution until equilibrium has been established.
The pressure required to prevent this movement is the osmotic
pressure. It is defined as the excess pressure, or pressure
greater than that above the pure solvent, that must be applied
to Solution B to prevent passage of solvent through a perfect
semipermeable membrane from A to B. The concentration of a
solution with respect to effect on osmotic pressure is related to
the number of particles (unionized molecules, ions, macromol-
ecules, aggregates) of solute(s) in solution and thus is affected
by the degree of ionization or aggregation of the solute. See
Chapter 16 for review of colligative properties of solutions.

Body fluids, including blood and lacrimal fluid, normally have
an osmotic pressure that often is described as corresponding to
that of a 0.9% solution of sodium chloride. The body also attempts
to keep the osmotic pressure of the contents of the gastrointestinal
(GI) tract at about this level, but there the normal range is much
wider than that of most body fluids. The 0.9% sodium chloride
solution is said to be iso-osmotic with physiological fluids. In
medicine, the term isotonic, meaning equal tone, is commonly
used interchangeably with iso-osmotic. However, terms such as
isotonic and tonicity should be used only with reference to a
physiological fluid. Iso-osmotic actually is a physical term that
compares the osmotic pressure (or another colligative property,
such as freezing-point depression) of two liquids, neither of which
may be a physiological fluid, or which may be a physiological fluid
only under certain circumstances. For example, a solution of boric
acid that is iso-osmotic with both blood and lacrimal fluid is
isotonic only with the lacrimal fluid. This solution ¢auses hemo-
lysis of red blood cells because molecules of boric acid pass freely
through the erythrocyte membrane regardless of concentration.
Thus, isotonicity infers a sense of physiological compatibility
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where 1soosmoticity need not. As another example, a chemically
defined elemental diet or enteral nutritional fluid can be iso-
osmotic with the contents of the GI tract, but would not be con-
sidered a physiological fluid, or suitable for parenteral use.

A solution is isotonic with a living cell if there is no net gain
or loss of water by the cell, or other change in the cell, when it
is in contact with that solution. Physiological solutions with an
osmotic pressure lower than that of body fluids, or of 0.9%
sodium chloride solution, are referred to commonly as being
hypotonic. Physiological solutions having a greater osmotic
pressure are termed hypertonic.

Such qualitative terms are of limited value, and it has become
necessary to state osmotic properties in quantitative terms. To do
0, a term must be used that will represent all the particles that
may be present in a given system. The term used is osmol: the
weight, in grams, of a solute, existing in a solution as molecules
(and/or 1ons, macromolecules, aggregates, etc), which is osmoti-
cally equivalent to a mole of an ideally behaving nonelectrolyte.
Thus, the osmol weight of a nonelectrolyte, in a dilute solution,
generally is equal to its gram molecular weight. A milliosmol,
abbreviated mOsm, is the weight stated in milligrams.

If one extrapolates this concept of relating an osmol and a mole
of a nonelectrolyte as being equivalent, then one also may define
an osmol in the following ways. It is the amount of solute that will
provide 1 Avogadro’s number (6.02 X 10%°) of particles in solution
and it is the amount of solute that, on dissolution in 1 kg of water,
will result in an osmotic pressure increase of 17,000 torr at 0° or
19,300 torr at 37°. One mOsmol is 1/1000 of an osmol. For exam-
ple, 1 mol of anhydrous dextrose is equal to 180 g. One osmol of
this nonelectrolyte is also 180 grams. One mOsmol would be 180
mg. Thus, 180 mg of this solute dissolved in 1 kg of water will
produce an increase in osmotic pressure of 19.3 torr at body
temperature.

For a solution of an electrolyte such as sodium chloride, one
molecule of sodium chloride represents one sodium and one
chloride ion. Hence, 1 mol will represent 2 osmol of sodium
chloride theoretically. Accordingly, 1 osmol NaCl = 58.5 g/2 or
29.25 g. This quantity represents the sum total of 6.02 X 10%
ions as the total number of particles. Ideal solutions infer very
dilute solutions or infinite dilution.

However, as the concentration is increased, other factors enter.
With strong electrolytes, interionic attraction causes a decrease in
their effect on colligative properties. In addition, and in opposi-
tion, for all solutes, including nonelectrolytes, solvation and pos-
sibly other factors operate to intensify their colligative effect.
Therefore, it is very difficult and often impossible to predict accu-
rately the osmoticity of a solution. It may be possible to do so for
a dilute solution of a single pure and well-characterized solute,
but not for most parenteral and enteral medicinal and/or nutri-
tional fluids; experimental determination likely is required.



THERAPEUTIC CONSIDERATIONS

It generally is accepted that osmotic effects have a major place
in the maintenance of homeostasis (the state of equilibrium in
the living body with respect to various functions and to the
chemical composition of the fluids and tissues, eg, temperature,
heart rate, blood pressure, water content, or blood sugar). To a
great extent these effects occur within or between cells and
tissues where they cannot be measured. One of the most trou-
blesome problems in clinical medicine is the maintenance of
adequate body fluids and proper balance between extracellular
and intracellular fluid volumes in seriously ill patients. It
should be kept in mind, however, that fluid and electrolyte
abnormalities are not diseases, but are the manifestations of
disease.

The physiological mechanisms that control water intake
and output appear to respond primarily to serum osmoticity.
Renal regulation of output is influenced by variation in rate of
release of pituitary antidiuretic hormone (ADH) and other fac-
tors in response to changes in serum osmoticity. Osmotic
changes also serve as a stimulus to moderate thirst. This mech-
anism is sufficiently sensitive to limit variations in osmoticity
in the normal individual to less than about 1%. Body fluid
continually oscillates within this narrow range. An increase of
plasma osmoticity of 1% will stimulate ADH release, result in
reduction of urine flow, and, at the same time, stimulate thirst
that results in increased water intake. Both the increased renal
reabsorption of water (without solute) stimulated by circulat-
ing ADH and the increased water intake tend to lower serum
osmoticity.

The transfer of water through the cell membrane occurs so
rapidly that any lack of osmotic equilibrium between the two
fluid compartments in any given tissue usually is corrected
within a few seconds and, at most, within a minute or so.
However, this rapid transfer of water does not mean that
complete equilibration occurs between the extracellular and
intracellular compartments throughout the entire body within
this same short period of time. The reason is that fluid usually
enters the body through the gut and then must be transported
by the circulatory system to all tissues before complete equili-
bration can occur. In the normal person it may require 30 to 60
min to achieve reasonably good equilibration throughout the
body after drinking water. Osmoticity is the property that
largely determines the physiological acceptability of a variety
of solutions used for therapeutic and nutritional purposes.

Pharmaceutical and therapeutic consideration of osmotic
effects has been, to a great extent, directed toward the side
effects of ophthalmic and parenteral medicinals due to abnor-
mal osmoticity, and either to formulating to avoid the side
effects or to finding methods of administration to minimize
them. More recently this consideration has been extended to
total (central) parenteral nutrition, to enteral hyperalimenta-
tion (“tube” feeding), and to concentrated-fluid infant formu-
las.! Also, in recent years, the importance of osmometry of
serum and urine in the diagnosis of many pathological condi-
tions has been recognized.

There are a number of examples of the direct therapeutic
effect of osmotic action, such as the intravenous (IV) use of
mannitol as a diuretic that is filtered at the glomeruli and thus
increases the osmotic pressure of tubular urine. Water must
then be reabsorbed against a higher osmotic gradient than
otherwise, so reabsorption is slower and diuresis is observed.
The same fundamental principle applies to the IV administra-
tion of 30% urea used to affect intracranial pressure in the
control of cerebral edema. Peritoneal dialysis fluids tend to be
somewhat hyperosmotic to withdraw water and nitrogenous
metabolites. Two to five percent sodium chloride solutions or
dispersions in an oleaginous base (Muro, Bausch & Lomb) and
a 40% glucose ointment are used topically for corneal edema.
Ophthalgan (Wyeth-Ayerst) is ophthalmic glycerin employed for
its osmotic effect to clear edematous cornea to facilitate an
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ophthalmoscopic or gonioscopic examination. Glycerin solu-
tions in 50% concentration Osmoglyn (Alcon) and isosorbide
solution Ismotic (Alcon) are oral osmotic agents for reducing
intraocular pressure.

The osmotic principle also applies to plasma extenders such
as polyvinylpyrrolidone and to saline laxatives such as magne-
sium sulfate, magnesium citrate solution, magnesium hydrox-
ide (via gastric neutralization), sodium sulfate, sodium phos-
phate, and sodium biphosphate oral solution and enema (Fleet).

An interesting osmotic laxative that is a nonelectrolyte is a
lactulose solution. Lactulose is a nonabsorbable disaccharide
that is colon-specific, wherein colonic bacteria degrade some of
the disaccharide to lactic and other simple organic acids. These,
in toto, lead to an osmotic effect and laxation. An extension of
this therapy is illustrated by Cephulac (Marion Merrell Dow)
solution, which uses the acidification of the colon via lactulose
degradation to serve as a trap for ammonia migrating from the
blood to the colon. The conversion of ammonia of blood to the
ammonium ion in the colon ultimately is coupled with the
osmotic effect and laxation, thus expelling undesirable levels of
blood ammonia. This product is employed to prevent and treat
frontal systemic encephalopathy.

Osmotic laxation is observed with the oral or rectal use of
glycerin and sorbitol. Epsom salt has been used in baths and
compresses to reduce edema associated with sprains. Another
approach is the indirect application of the osmotic effect in
therapy via osmotic pump drug delivery systems.?

OSMOLALITY AND OSMOLARITY

[P SRR R AR R R R R A e S e
It is necessary to use several additional terms to define expres-
sions of concentration in reflecting the osmoticity of solutions.
The terms include osmolality, the expression of osmolal
concentration, and osmolarity, the expression of osmolar
concentration.

OSMOLALITY—A solution has an osmolal concentration
of one when it contains 1 osmol of solute/kg of water. A solution
has an osmolality of n when it contains n osmol/kg of water.
Osmolal solutions, like their counterpart molal solutions, re-
flect a weight-to-weight relationship between the solute and
the solvent. Because an osmol of any nonelectrolyte is equiva-
lent to 1 mol of that compound, then a 1 osmolal solution is
synonymous to a 1 molal solution for a typical nonelectrolyte.

With a typical electrolyte like sodium chloride, 1 osmol is
approximately 0.5 mol of sodium chloride. Thus, it follows that
a 1 osmolal solution of sodium chloride essentially is equivalent
to a 0.5 molal solution. Recall that a 1 osmolal solution of
dextrose or sodium chloride each will contain the same particle
concentration. In the dextrose solution there will be 6.02 x 10%°
molecules/kg of water and in the sodium chloride solution one
will have 6.02 X 10%2 total ions/kg of water, one-half of which
are Na” ions and the other half Cl~ ions.

As in molal solutions, osmolal solutions usually are em-
ployed where quantitative precision is required, as in the mea-
surement of physical and chemical properties of solutions (ie,
colligative properties). The advantage of the w/w relationship
is that the concentration of the system is not influenced by
temperature.

OSMOLARITY-—The relationship observed between mo-
lality and osmolality is shared similarly between molarity and
osmolarity. A solution has an osmolar concentration of 1 when
it contains 1 osmol of solute per liter of solution. Likewise, a
solution has an osmolarity of n when it contains n osmols/L of
solution. Osmolar solutions, unlike osmolal solution, reflect a
weight in volume relationship between the solute and final
solution. A 1 molar and 1 osmolar solution would be identical
for nonelectrolytes. For sodium chloride a 1 osmolar solution
would contain 1 osmol of sodium chloride per liter which ap-
proximates a 0.5 molar solution. The advantage of employing
osmolar concentrations over osmolal concentrations is the abil-
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ity to relate a specific number of osmols or milliosmols to a
volume, such as a liter or milliliter. Thus, the osmolar concept
is simpler and more practical. Volumes of solution, rather than
weights of solution, are more practical in the delivery of liquid
dosage forms.

Many health professionals do not have a clear understand-
ing of the difference between osmolality and osmolarity. In fact,
the terms have been used interchangeably. A 1 osmolar solu-
tion of a solute always will be more concentrated than a 1
osmolal solution. With dilute solutions the difference may be
acceptably small. For example, a 0.9% w/v solution of sodium
chloride in water contains 9 g of sodium chloride/L of solution,
equivalent to 0.308 osmolar; or 9 g of sodium chloride/996.5 g of
water, equivalent to 0.309 osmolal, less than a 1% error. For
concentrated solutions the percent difference between osmolar-
ity and osmolality is much greater and may be highly signifi-
cant; 3.5% for 5% w/v dextrose solution and 25% for 25% w/v
dextrose solution. One should be alerted to the sizable errors
that may occur with concentrated solutions or fluids, such as
those employed in total parenteral nutrition, enteral hyperali-
mentation, and oral nutritional fluids for infants.

Reference has been made to the terms hypertonic and hy-
potonic. Analogous terms are hyperosmotic and hypo-osmotic.
Assuming normal serum osmolality to be 285 mOsmol/kg, as
serum osmolality increases due to water deficit, the following
signs and symptoms usually are found to accumulate progres-
sively at approximately these values: 294 to 298 —thirst (if the
patient is alert and communicative); 299 to 313—dry mucous
membranes; 314 to 329—weakness, doughy skin; above 330—
disorientation, postural hypotension, severe weakness, faint-
ing, CNS changes, stupor, and coma. As serum osmolality
decreases due to water excess the following may occur: 275 to
261—headache; 262 to 251—drowsiness, weakness; 250 to
233-—disorientation, cramps; below 233-—seizures, stupor, and
coma.

As indicated previously, the mechanisms of the body ac-
tively combat such major changes by limiting the variation in
osmolality for normal individuals to less than about 1% (ap-
proximately in the range 282 to 288 mOsmol/kg, based on the
above assumption).

The value given for normal serum osmolality above was
described as an assumption because of the variety of values
found in the literature. Serum osmolality often is stated loosely
to be about 300 mOsmol/L. Various references report 280 to
295 mOsmol/L, 275 to 300 mOsmol/L, 290 mOsmol/L, 306
mOsmol/L,, and 275 to 295 mOsmol/kg.

In recent years, much attention has been directed at deter-
mining osmoticity of total parenteral nutrition solutions, en-
teral formulas, and parenteral and enteral medications.>-®
Hyperosmoticity of parenteral and enteral formulas and med-
ications serves as an indicator for potential risks, including
thrombophlebitits, pain at injection site, diarrhea, and abdom-
inal cramping. However, the terms osmolality and osmolarity
often have been used interchangeably and caused much confu-
sion for practitioners. Often, when the term osmolarity is used,
one cannot discern whether this simply is incorrect termi-
nology, or if osmolarity actually has been calculated from
osmolality.

Another current practice that can cause confusion is the use
of the terms normal or physiological for isotonic sodium chlo-
ride solution (0.9%). The solution surely is iso-osmotic. How-
ever, as to being physiological, the concentration of ions are
each of 154 mEq/L whereas serum contains about 140 mEq of
sodium and about 103 mEq of chloride.

The range of mOsmol values found for serum raises the
question as to what really is meant by the terms hypotonic and
hypertonic for medicinal and nutritional fluids. One can find
the statement that fluids with an osmolality of 50 mOsmol or
more above normal are hypertonic; and, if they are 50 mOsmol
or more below normal, they are hypotonic. One algo can find the
statement that peripheral infusions should not have an osmo-
larity exceeding 700 to 800 mOsmol/L.® Examples of osmol

concentrations of solutions used in peripheral infusions are
(D5W) 5% dextrose solution, 252 mOsmol/L; (D10W) 10% dex-
trose solution, 505 mOsmol/L; and Lactated Ringer’s 5% Dex-
trose, 525 mOsmol/L.. When a fluid is hypertonic, undesirable
effects often can be decreased by using relatively slow rates of
infusion, and/or relatively short periods of infusion. For exam-
ple, 25% dextrose solution (D25W)—4.25% Amino Acids is a
representative of a highly osmotic hyperalimentation solution.
It has been stated that when osmolal loading is needed, a
maximum safe tolerance for a normally hydrated subject would
be an approximate increase of 25 mOsmol/kg of water over 4
hours.”

COMPUTATION OF OSMOLARITY

Several methods are used to obtain numerical values of osmo-
larity. The osmolar concentration, sometimes referred to as the
theoretical osmolarity, is calculated from the w/v concentration
using the following equation:

g mols osmol

1000 mOsmol  mOsmol
L g x mol

= (1)
osmol L

The number of osmol/mol is equal to 1 for nonelectrolytes
and is equal to the number of ions per molecule for strong
electrolytes.

This calculation omits consideration of factors such as sol-
vation and interionic forces. By this method of calculation, 0.9%
sodium chloride has an osmolar concentration of 308 mOsmol/L
and a concentration of 154 mOsmol/L in either sodium or
chloride ion.

Two other methods compute osmolarity from values of os-
molality. The determination of osmolality will be discussed
later. One method has a strong theoretical basis of physical-
chemical principles® using values of the partial molal volume(s)
of the solute(s). A 0.9% sodium chloride solution, found exper-
imentally to have an osmolality of 286 mOsmol/kg, was calcu-
lated to have an osmolarity of 280 mOsmol/L, rather different
from the value of 308 mOsmol/L: calculated as above. The
method, using partial molal volumes, is relatively rigorous, but
many systems appear to be too complex and/or too poorly de-
fined to be dealt with by this method.

The other method is based on calculating the weight of
water from the solution density and concentration

g water g solution g solute

mL solution mL solution  mL solution

then
[ mOsmol
osmolarity L solution
ol mOsmol g water
= osmolality { 7555 g water] © mL solution

The experimental value for the osmolality of 0.9% sodium chlo-
ride solution was 292.7 mOsmol/kg; the value computed for
osmolarity was 291.4 mOsmol/L. This method uses easily ob-
tained values of density of the solution and of its solute content
and can be used with all systems. For example, the osmolality
of a nutritional product was determined by the freezing-point
depression method to be 625 mOsmol/kg;'° its osmolarity was
calculated as 625 X 0.839 = 524 mOsmol/L.

Monographs in the USP for solutions provide IV replenish-
ment of fluid, nutrients, or electrolytes, and for osmotic diuret-
ics such as Mannitol Injection, require the osmolar concentra-
tion be stated on the label in osmol/L; however, when the
contents are less than 100 mL, or when the label states the
article is not for direct injection but is to be diluted before use,



the label alternatively may state the total osmolar concentra-
tion in mOsmol/mL.

An example of the use of the first method described above is the
computation of the approximate osmolar concentration (theoretical os-
molarity) of a Lactated Ringer’s 5% Dextrose Solution (Abboti), which is
labeled to contain, per liter, dextrose (hydrous) 50 g, sodium chloride
6 g, potassium chloride 300 mg, calcium chloride 200 mg, and sodium
lactate 3.1 g. Also stated is that the total osmolar concentration of the
solution is approximately 524 mOsmol/L in part contributed by 130
mEq of Na*, 109 mEq of CI", 4 mEq of K*, 3 mEq of Ca%*, and 28 mEq
of lactate ion.

The derivation of the ssmolar concentrations from the stated com-
position of the solution may be verified by calculations using Equa-
tion 1.

Dextrose
50g 1mol 1osmol 1000 mOsmol 959 mOsmoL/L
L *198g " mol Osmol _ -oembsmo
Sodium Chloride
6g Imol 2osmol 1000 mOsmol
L x 584¢ X mol osmol

mOsmol | (102.7 mOsmol Na*)
i L (102.7 mOsmol C1-)

Potassium Chloride

1000 mOsmol
osmol

03g 1mol 2 osmol
L~ 74.6g>< mol

8.04 mOsmol |(4.02 mOsmol K*)
- L (4.02 mOsmol C17)

Calcium Chloride

10600 mOsmol
osmol

02g 1mol 3osmol
L x 1ilg x mol

5.41 mOsmol §(1.80 mOsmol Ca®*)
B L (3.61 mOsmol CI7)
Sodium Lactate

1000 mOsmol
osmol

3.1g 1mol 2 osmot
— X X
L 112 g mol

55.4 mOsmol |(27.7 mOsmol Na™*)
N L (27.7 mOsmol lactate)

The total osmolar concentration of the five solutes in the solution is
526, in good agreement with the labeled total osmolar concentration of
approximately 524 mOsmol/L.

The mOsmol of sodium in 1 L of the solution is the sum of the
mOsmol of the ion from sodium chloride and sodium lactate: 102 +
27.6 = 129.6 mOsmol. Chloride ions come from the sodium chloride,
potassium chloride, and calcium chloride, the total osmolar concentra-
tion being 102 + 4.02 + 3.61 = 109.6 mOsmol. The mOsmol values of
potassium, calcium, and lactate are calculated to be 4.02, 1.80, and 27.6,
respectively.

The osmolarity of a mixture of complex composition, such as
an enteral hyperalimentation fluid, cannot be calculated with
any acceptable degree of certainty; therefore, the osmolality of
such preparations should be determined experimentally.

OSMOMETRY AND THE CLINICAL
LABORATORY

Serum and urine osmometry may assist in the diagnosis of
certain fluid and electrolyte problems. However, osmometry
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values have little meaning unless the clinical situation is
known. Osmometry is used in renal dialysis as a check on the
electrolyte composition of the fluid. In the clinical laboratory,
as stated above, the term osmolality is used generally, but
usually is reported as mOsmol/L. It may seem unnecessary to
mention that osmolality depends not only on the number of
solute particles, but also on the quantity of water in which they
are dissolved. However, it may help one to understand the
statement that the normal range of urine osmolality is 50 to
1400 mOsmol/L,, and for a random specimen is 500 to 800
mOsmol/L.

Serum Osmoticity

Sodium is by far the principal solute involved in serum osmo-
ticity. Therefore, abnormal serum osmoticity is most likely to
be associated with conditions that cause abnormal sodium con-
centration and/or abnormal water volume.

Thus, hyperosmotic serum is likely to be caused by an in-
crease in serum sodium and/or loss of water. It may be associ-
ated with diabetes insipidus, hypercalcemia, diuresis during
severe hyperglycemia, or with early recovery from renal shut-
down. Aleohol ingestion is said to be the most common cause of
the hyperosmotic state and of coexisting coma and the hyper-
osmotic state. An example of hyperosmoticity is a comatose
diabetic with a serum osmoticity of 365 mOsmol/L.

In a somewhat analogous fashion, hypo-osmotic serum is
likely to be due to decrease in serum sodium and/or excess of
water. It may be associated with the postoperative state (espe-
cially with excessive water replacement therapy), treatment
with diuretic drugs and low-salt diet (as with patients with
heart failure, cirrhosis, etc), adrenal disease (eg, Addison’s
disease, adrenogenital syndrome), or SIADH (syndrome of in-
appropriate ADH secretion). There are many diseases that
cause ADH to be released inappropriately (ie, in spite of serum
osmoticity and volume having been normal initially). These
include oat-cell carcinoma of the lung, bronchogenic carcinoma,
congestive heart failure, inflammatory pulmonary lesions, por-
phyria, severe hypothyroidism, or cerebral disease (such as
tumor, trauma, infection, and vascular abnormalities). It also
may be found with some patients with excessive diuretic use.
Serum and urine osmoticity are measured when SIADH is
suspected. In SIADH there is hypo-osmoticity of the blood in
association with a relative hyperosmoticity of urine. The usual
cause is a malfunction of the normal osmotic response of osmo-
receptors, an excess of exogenous vasopressin, or a production
of a vasopressin-like hormone that is not under the regular
control of serum osmoticity. The diagnosis is made by simulta-
neous measurement of urine and serum osmolality. The serum
osmolality will be lower than normal and much lower than the
urine osmolality, indicating inappropriate secretion of a con-
centrated urine in the presence of a dilute serum.

Cardiac, renal, and hepatic disease characteristically reduce
the sodium/osmolality ratio, this being partially attributed to
the effects of increased blood sugar, urea, or unknown meta-
bolic products. Patients in shock may develop disproportion-
ately elevated measured osmolality compared to calculated
osmolality, which points toward the presence of circulating
metabolic products.

There are several approximate methods for estimating se-
rum osmolality from clinical laboratory values for sodium ion.
They may be of considerable value in an emergency situation.

1. Serum osmolality may be estimated from

blood sugar BUN -
TR Y A

mOsmol = (1.86 X sodium) +

(Na in mEq/L, blood sugar and BUN in mg/100 mL).
2. A quick approximation is
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sl = 2 N BS BUN
mOsmol = a+20+ 3

3. The osmolality is usually, but not always, very close to two
times the sodium reading plus 10.

Urine Osmoticity

The two main functions of the kidney are glomerular filtration
and tubular reabsorption. Clinically, tubular function is mea-
sured best by tests that determine the ability of the tubules to
concentrate and dilute the urine. Tests of urinary dilution are
not as sensitive in the detection of disease, as are tests of
urinary concentration. As concentration of urine occurs in the
renal medulla (interstitial fluids, loops of Henle, capillaries of
the medulla, and collecting tubules), the disease processes that
disturb the function or structure of the medulla produce early
impairment of the concentrating power of the kidney. Such
diseases include acute tubular necrosis, obstructive uropathy,
pyelonephritis, papillary necrosis, medullary cysts, hypokale-
mic and hypercalcemic nephropathy and sickle cell disease.

Measurement of urine osmolality is an accurate test for the
diluting and concentrating ability of the kidneys. In the ab-
sence of ADH, the daily urinary output is likely to be 6 to 8
liters or more. The normal urine osmolality depends on the
clinical setting; normally, with maximum ADH stimulation, it
can be as much as 1200 mOsmol/kg, and with maximum ADH
suppression as little as 50 mOsmol/kg. Simultaneous determi-
nation of serum and urine osmolality often is valuable in as-
sessing the distal tubular response to circulating ADH. For
example, if the patient’s serum is hyperosmolal, or in the upper
limits of normal ranges, and the patient’s urine osmolality
measured at the same time is much lower, a decreased respon-
siveness of the distal tubules to circulating ADH is suggested.

Measurement of urine osmolality during water restriction is
an accurate, sensitive test of decreased renal function. For
example, under the conditions of one test, normal osmolality
would be greater than 800 mOsmol/kg. With severe impair-
ment the value would be less than 400 mOsmol/kg. Knowledge
of urine osmolality may point to a problem even though other
tests are normal (eg, the Fishberg concentration test, blood
urea nitrogen, PSP excretion, creatinine clearance, or IV py-
elogram). Knowledge of its value may be useful especially in
diabetes mellitus, essential hypertension, and silent pyelone-
phritis. The urine/serum osmolality ratio should be calculated
and should be equal to or greater than 3.

UNDESIRABLE EFFECTS
OF ABNORMAL OSMOTICITY

OPHTHALMIC MEDICATION-It is generally accepted
that ophthalmic preparations intended for instillation into the
cul-de-sac of the eye should, if possible, be approximately iso-
tonic to avoid irritation (see Chapter 43). It also has been stated
that the abnormal tonicity of contact lens solutions can cause
the lens to adhere to the eye and/or cause burning or dryness
and photophobia.

PARENTERAL MEDICATION—Osmoticity is of great
importance in parenteral injections, its effects depending on
such factors as the degree of deviation from tonicity, the con-
centration, the location of the injection, the volume injected,
the speed of the injection, and the rapidity of dilution and

diffusion, etc. When formulating parenterals, solutions other-

wise hypotonic usually have their tonicity adjusted by the
addition of dextrose or sodium chloride. Hypertonic parenteral
drug solutions cannot be adjusted. Hypotonic and hypertonic
solutions usually are administered slowly in small volumes, or
into a large vein such as the subclavian, where dilution and

distribution occur rapidly. Solutions that differ from the serum
in tonicity generally cause tissue irritation, pain on injection,
and electrolyte shifts, the effect depending on the degree of
deviation from tonicity:

Excessive infusion of hypotonic fluids may cause swelling of
red blood cells, hemolysis, and water invasion of the body’s cells
in general. When this is beyond the body’s tolerance for water,
water intoxication results, with convulsions and edema, such
as pulmonary edema.

Excessive infusion of isotonic fluids can cause an increase
in extracellular fluid volume, which can result in circulatory
overload.

Excessive infusion of hypertonic fluids leads to a wide vari-
ety of complications. For example, the sequence of events when
the body is presented with a large IV load of hypertonic fluid,
rich in dextrose, is as follows: hyperglycemia, glycosuria and
intracellular dehydration, osmotic diuresis, loss of water and
electrolytes, dehydration, and coma.

One cause of osmotic diuresis is the infusion of dextrose at a
rate faster than the ability of the patient to metabolize it (as
greater than perhaps 400 to 500 mg/kg per hour for an adult on
total parenteral nutrition). A heavy load of unmetabolizable
dextrose increases the osmoticity of blood and acts as a di-
uretic; the increased solute load requires more fluid for excre-
tion, 10 to 20 mL of water being required to excrete each gram
of dextrose. Solutions such as those for total parenteral nutri-
tion should be administered by means of a metered constant-
infusion apparatus over a lengthy period (usually more than 24
hr) to avoid sudden hyperosmotic dextrose loads. Such solu-
tions may cause osmotic diuresis; if this occurs, water balance
is likely to become negative because of the increased urinary
volume, and electrolyte depletion may occur because of excre-
tion of sodium and potassium secondary to the osmotic diure-
sis. If such diuresis is marked, body weight falls abruptly and
signs of dehydration appear. Urine should be monitored for
signs of osmotic diuresis, such as glycosuria and increased
urine volume.

If the IV injection rate of hypertonic solution is too rapid,
there may be catastrophic effects on the circulatory and respi-
ratory systems. Blood pressure may fall to dangerous levels,
cardiac irregularities or arrest may ensue, respiration may
become shallow and irregular, and there may be heart failure
and pulmonary edema. Probably the precipitating factor is a
bolus of concentrated solute suddenly reaching the myocar-
dium and the chemoreceptors in the aortic arch and carotid
sinus.’

Abrupt changes in serum osmoticity can lead to cerebral
hemorrhage. It has been shown experimentally that rapid in-
fusions of therapeutic doses of hypertonic saline with osmotic
loads produce a sudden rise in cerebrospinal fluid (CSF) pres-
sure and venous pressure (VP) followed by a precipitous fall in
CSF pressure. This particularly may be conducive to intracra-
nial hemorrhage, as the rapid infusion produces an increase in
plasma volume and venous pressure at the same time the CSF
pressure is falling. During the CSF pressure rise, there is a
drop in hemoglobin and hematocrit, reflecting a marked in-
crease in blood volume.

Hyperosmotic medications, such as sodium bicarbonate (os-
molarity of 1560 at 1 mEg/mL), which are administered intra-
venously, should be diluted prior to use and should be injected
slowly to allow dilution by the circulating blood. Rapid push
injections may cause a significant increase in blood osmoticity.®

As to other possibilities, there may be crenation of red blood
cells and general cellular dehydration. Hypertonic dextrose or
saline infused through a peripheral vein with small blood vol-
ume may traumatize the vein and cause thrombophlebitis.
Infiltration can cause trauma and necrosis of tissues. Safety,
therefore, demands that all IV injections, especially highly
osmotic solutions, be performed slowly, usually being given
preferably over a period not less than that required for a
complete circulation of the blood, for example, 1 min. The exact
danger point varies with the state of the patient, the concen-



tration of the solution, the nature of the solute, and
the rate of administration.

Hyperosmotic solutions also should not be discontinued sud-
denly. In dogs, marked increase in levels of intracranial pres-
sure occur when hyperglycemia produced by dextrose infusions
is reversed suddenly by stopping the infusion and administer-
ing saline. It also has been shown that the CSF pressure in
humans rises during treatment of diabetic ketoacidosis in as-
sociation with a fall in the plasma concentration of dextrose
and a fall in plasma osmolality. These observations may be
explained by the different rates of decline in dextrose content of
the brain and of plasma. The concentration of dextrose in the
brain may fall more slowly than in the plasma, causing a shift
of fluid from the extracellular fluid space to the intracellular
compartment of the CNS, resulting in increased intracranial
pressure.

Clinical Applications

Although there are many issues with abnormal osmoticity,
most pharmacists are concerned with preventable adverse ef-
fects such as thrombophlebitis and pain at the injection site.
The understanding of these potential risks from hyperosmotic
parenteral medications has fine-tuned IV administration tech-
niques. The site of administration—peripheral versus central
venous catheter—plays a significant role in determining the
final concentration of parenteral medications infused IV. At-
tention should be directed toward establishing the optimal
osmolarity of IV administered parenteral medications via the
peripheral venous route that will result in the least adverse
effects.

Since the introduction of parenteral nutrition support, hy-
perosmoticity of these nutrition solutions remains a concern.
The commonly accepted osmolarity of less than 900 mOsmol/L
has been quoted for safe peripheral administration of paren-
teral nutrition solutions.'™!? All attempts should be made to
prepare solutions with osmoticity close to that of serum osmo-
ticity or no greater than 900 mOsmoV/L. This can be achieved
by carefully selecting the diluent for dilution and determining
the final concentration of the parenteral medication. Dextrose
5% in Water for Injection and Sodium Chloride 0.9% have been
used routinely as diluents. When comparing the two diluents,
parenteral medications diluted with Dextrose 5% in Water for
Injection have a lower osmolarity than do solutions diluted
with Sodium Chloride 0.9% at the same final concentration.

Several studies have been conducted to determine optimal
final concentration of commonly used parenteral medica-
tions.®® The published final concentrations for most parenteral
medications are recommended for peripheral as well as central
venous catheter IV administration for patients with no special
needs, such as fluid restriction. In the event that fluid restric-
tion is required or the recommended final concentration is not
achievable, the parenteral medication should be administered
via a central venous catheter, where immediate dilution and
distribution is achieved rapidly. This will minimize potential
for the phlebitis and pain at the injection site.

Osmoticity issues associated with parenteral medications
are also applicable to total parenteral nutrition (TPN) solu-
tions, especially via peripheral venous administration. Periph-
eral parenteral nutrition support remains an integral part of
therapeutic options for hospitalized patients. The peripheral
route of administration often is preferred for patients who
require short-term therapy or supplemental nutrition support.

In clinical practice, however, many institutions use the ma-
cronutrient dextrose as the sole determinant for the safety of
peripheral parenteral nutrition administration. For example,
the approximate osmolarity of dextrose is 50 mOsmol/% of
dextrose. Thus, a 10% dextrose solution equals 500 mOsmol/L.
It is assumed that with normal protein and micronutrient
requirements, the final osmolarity is estimated to be approxi-
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mately 900 mOsmol/L. Therefore, guidelines for most institu-
tions recommend any parenteral nutrition solution with a dex-
trose concentration less than or equal to 10% is safe for
peripheral administration, irrespective of other components.
Conversely, a parenteral nutrition solution with a final dex-
trose concentration greater than 10% should not be adminis-
tered peripherally and should be considered for central venous
catheter administration. Although this method appears to be
practical and provides quick decision-making ability, it ignores
the contributions of the other components, restricts its validity
to adult parenteral nutrition solutions with normal protein and
micronutrient requirements, and does not address neonatal
and pediatric parenteral nutrition solutions. Because of the
different fluid and nutrient requirements of neonates and pe-
diatric patients, the final concentration of dextrose and amino
acids are generally greater to provide the calories and protein
requirements in a smaller volume of liquid. For example, pro-
tein requirements of neonates are much higher compared with
adult requirements, 3 g/kg/day versus 1 g/k/day. Thus, the final
percentage of amino acid in neonatal parenteral nutrition so-
lution is generally higher. Coupled with an approximate osmo-
larity of amino acid equal to 100 mOsmol/%, amino acids may
contribute equally to the final osmolarity of a parenteral nu-
trition solution. Therefore, components other than dextrose
cannot be ignored.

Currently, most institutions use automated compounding
systems to prepare parenteral nutrition solutions. These sys-
tems often are computerized and include programs that will
calculate the osmolarity of the final parenteral nutrition solu-
tion. This has helped clinicians determine the safety of paren-
teral nutrition solutions with various macro- and micronutri-
ent combinations, thereby accounting for all components of
parenteral nutrition solutions.

OSMOTICITY AND ENTERAL

HYPERALIMENTATION
L T

Some aspects of nutrition are discussed briefly here because of
the potential major side effects due to abnormal osmoticity of
nutritional fluids, and because there exists increasing dialogue
on nutrition among pharmacists, dietitians, nurses, and phy-
sicians. The professional organization ASPEN (The American
Society for Parenteral and Enteral Nutrition), for example, has
a membership open to all of the above health practitioners.
Pharmacists should be able to discuss these matters with other
health professionals in terms of nutrition as well as medicine.

Osmoticity has been of special importance in the IV infusion
of large volumes of highly concentrated nutritional solutions.
Their hyperosmoticity has been a major factor in the require-
ment that they be injected centrally into a large volume of
rapidly moving blood, instead of using peripheral infusion. Use
of such solutions and knowledge of their value have led, more
recently, to the use of similar formulations administered, not
parenterally, but by instillation into some part of the GI tract,
orally, by nasogastric tube, via feeding gastrostomy, or by
needle-catheter jejunostomy. This method has given excellent
total nutrition, for a period of time, to many patients and
obviously avoids some of the problems associated with injec-
tions.

Enteral nutritional formulas can be modular, allowing indi-
vidual supplementation of protein, carbohydrate, or fat. Other
formulas are called defined formula diets and contain protein,
carbohydrate, fat, minerals, and vitamins. These nutritionally
complete formulations can be monomeric (or oligomeric), based
on aminoacids, short peptides, and simple carbohydrates, or
can be polymeric, based on complex protein and carbohydrates.

These diets are necessarily relatively high in osmoticity
because their smaller molecules result in more particles per
gram than in normal foods. An example is a fluid consisting of
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L-amino acids, dextrose oligosaccharides, vitamins (including
fat-soluble vitamins), fat as a highly purified safflower oil or
soybean oil, electrolytes, trace minerals, and water. As it con-
tains fat, that component is not in solution and therefore
should have no direct effect on osmoticity. However, the poten-
tial for interactions can cause some significant changes in total
particle concentration and indirectly affect the osmoticity."?

Although it is easily digested, dextrose contributes more
particles than most other carbohydrate sources such as starch,
and is more likely to cause osmotic diarrhea, especially with
bolus feeding. Osmoticity is improved (decreased) by replacing
dextrose with dextrose oligosaccharides (carbohydrates that
yield on hydrolysis 2 to 10 monosaccharides). Flavoring also
increases the osmoticity of a product, different flavors causing
varying increases.

Commercial diets are packaged as fluids or as powders for
reconstitution. Reconstitution is usually with water. These
products are categorized on caloric density, (calories/mL), pro-
tein content, or osmolality (mOsm/kg of H,O). Parenteral nu-
tritional products, on the other hand, are labeled in terms of
osmolarity (mOsm/L).

The enteric route for hyperalimentation frequently is over-
looked in many diseases or post-trauma states, if the patient is
not readily responsive to traditional oral feedings. Poor appe-
tite, chronic nausea, general apathy, and a degree of somno-
lence or sedation are common concomitants of serious disease.
This frequently prevents adequate oral alimentation and re-
sults in progressive energy and nutrient deficits. Often, sup-
plementary feedings of a highly nutritious formula are taken
poorly or refused entirely. However, the digestive and absorp-
tive capabilities of the GI tract are frequently intact and, when
challenged with appropriate nutrient fluids, can be used effec-
tively. By using an intact GI tract for proper alimentation, the
major problems of sepsis and metabolic derangement that re-
late to IV hyperalimentation largely are obviated, and ade-
quate nutritional support is simplified greatly. Because of this
increased safety and ease of administration, the enteric route
for hyperalimentation should be used whenever possible.**

When certain foods are ingested in large amounts or as
concentrated fluids, their osmotic characteristics can cause an
upset in the normal water balance within the body. For a given
weight of solute the osmolality of the solution is inversely
proportional to the size of the particles. Nutritional compo-
nents can be listed in an approximate order of decreasing
osmotic effect per gram, as'®

1. Electrolytes such as sodium chloride
2. Relatively small organic molecules such as dextrose (glucose) and
amino acids

3. Dextrose oligosaccharides
4. Starches

5. Proteins

6.

Fats (as fats are not water soluble, they have no osmotic effect)

Thus, in foods, high proportions of electrolytes, amino acids,
and simple sugars have the greatest effect on osmolality and,
as a result, on tolerance. The approximate osmolality of a few
common foods and beverages is

mOsmol/kg
Whole milk 295
Tomato juice 595
Orange juice 935
Ice cream 1150

When nutrition of high osmoticity is ingested, large
amounts of water will transfer to the stomach and intestines
from the fluid surrounding those organs in an attempt to lower
the osmoticity. The higher the osmoticity, the larger the
amount of water required; a large amount of water in the GI
tract can cause distention, cramps, nausea, vomiting, hyper-
motility, and shock. The food may move through the tract too
rapidly for the water to be reabsorbed, and result in diarrhea;
severe diarrhea can cause dehydration. The hyperosmotic en-

teral effects have been observed by the administration of un-
diluted hypertonic oral medication.'®~!" Table I from this work
lists average osmolality values of some commercially available
drug solutions and suspensions. Thus, there is some analogy to
the effect of hyperosmotic IV infusions.

Hyperosmotic feedings may result in mucosal damage in the
GT tract. Rats given hyperosmotic feeding showed transient
decrease in disaccharidase activity, and an increase in alkaline
phosphatase activity. They also showed morphological alter-
ations in the microvilli of the small intestines. After a period of
severe gastroenteritis, the bowel may be unusually susceptible
to highly osmotic formulas, and their use may increase the
frequency of diarrhea. Infant formulas that are hyperosmotic
may affect preterm infants adversely during the early neonatal
period, and they may produce or predispose neonates to necro-
tizing enterocolitis when the formulas delivered to the jejunum
through a nasogastric tube. The body attempts to keep the
osmoticity of the contents of the stomach and intestines at
approximately the same level as that of the fluid surrounding
them. As a fluid of lower osmoticity requires the transfer of less
water to dilute it, it should be tolerated better than one of
higher osmoticity.

As to tolerance, there is a great variation from one individ-
ual to another in sensitivity to the osmoticity of foods. The
majority of patients receiving nutritional formulas, either
orally or by tube, are able to tolerate feedings with a wide range
of osmoticities when the formulas are administered slowly and
when adequate additional fluids are given. However, certain
patients are more likely to develop symptoms of intolerance
when receiving fluids of high osmoticity. These include debili-
tated patients, patients with GI disorders, pre- and postopera-
tive patients, gastrostomy-and jejunostomy-fed patients, and
patients whose GI tracts have not been challenged for an ex-
tended period of time. Thus, osmoticity always should be con-
sidered in the selection of the formula for each individual
patient.

With all products, additional fluid intake may be indicated
for individuals with certain clinical conditions. Frequent feed-
ings of small volume or a continual instillation (pumped) may
be of benefit initially in establishing tolerance to a formula. For
other than iso-osmotic formulas, feedings of reduced concentra-
tion (osmolality less than 400 mOsmol/kg) also may be helpful
initially if tolerance problems arise in sensitive individuals.
Concentration and size of feeding then can be increased grad-
ually to normal as tolerance is established.

A common disturbance of intake encountered in elderly
individuals relates to excess solid intake rather than to reduced
water intake. For example, an elderly victim of a cerebral
vascular accident who is being fed by nasogastric tube may be
given a formula whose solute load requires a greatly increased
water intake. Thus, tube feeding containing 120 g of protein
and 10 g of salt will result in the excretion of more than 1000
mOsmol of solute. This requires the obligatory excretion of a
volume of urine between 1200 and 1500 mL when the kidneys
are capable of normal concentration ability. As elderly individ-
uals often have significant impairment in renal function, water
loss as urine may exceed 2000 to 2500 mL per day. Such an
individual would require 3 to 4 liters of water per day simply to
meet the increased demand created by this high solute intake.
Failure of the physician to provide such a patient with the
increased water intake needed will result in a progressive
water deficit that rapidly may become critical. The import-
ance of knowing the complete composition of the tube feed-
ing formulas used for incapacitated patients cannot be
overemphasized.

OSMOLALITY DETERMINATION

The need for experimental determination of osmolality has
been established. In regard to this there are four properties of



solutions that depend only on the number of particles in the
solution. They are osmotic-pressure elevation, boiling-point el-
evation, vapor-pressure depression, and freezing-point depres-
sion. These are called colligative properties and if one of them is
known, the others can be calculated from its value. Osmotic-
pressure elevation is the most difficult to measure satisfacto-
rily. The boiling-point elevation may be determined, but the
values are rather sensitive to changes in barometric pressure.
Also, for an aqueous solution the molal boiling point elevation
is considerably less than the freezing-point depression. Thus, it
is less accurate than the freezing-point method. Determina-
tions of vapor-pressure lowering are quite easy, rapid, and
convenient. A vapor pressure osmometer with a precision of < 2
mOsmol/kg is reported by Dickerson ef al.>® Another commonly
used method is that of freezing-point depression, which can be
determined quite readily with a fair degree of accuracy (see
Freezing-Point Depression in Chapter 16). It should be noted
that the data in Appendix A can be converted readily to vapor-
pressure lowering if desired.

The results of investigations by Lund et al'® indicate that
the freezing point of normal, healthy human blood is —0.52°.
Inasmuch as water is the medium in which the various constit-
uents of blood are either suspended or dissolved in this method,
it is assumed that any aqueous solution freezing at —0.52° is
isotonic with blood. Now it is rare that a simple aqueous solu-
tion of the therapeutic agent to be injected parenterally has a
freezing point of —0.52°, and to obtain this freezing point it is
necessary either to add some other therapeutically inactive
solute if the solution is hypotonic (freezing point above —0.52°)
or to dilute the solution if it is hypertonic (freezing point below
—0.52°). The usual practice is to add either sodium chloride or
dextrose to adjust hypotonic parenteral solutions to isotonicity.
Certain solutes, including ammonium chloride, boric acid,
urea, glycerin, and propylene glycol, cause hemolysis even
when they are present in a concentration that is iso-osmotic,
and such solutions obviously are not isotonic. See Appendix A.

In a similar manner solutions intended for ophthalmic use
may be adjusted to have a freezing point identical to that of
lacrimal fluid, namely -0.52°. Ophthalmic solutions with
higher freezing points usually are made isotonic by the addi-
tion of boric acid or sodium chloride.

In laboratories where the necessary equipment is available,
the method usually followed for adjusting hypotonic solutions
is to determine the freezing-point depression produced by the
ingredients of a given prescription or formula, and then to add
a quantity of a suitable inert solute calculated to lower the
freezing point to ~0.52°, whether the solution is for parenteral
injection or ophthalmic application. A final determination of
the freezing-point depression may be made to verify the accu-
racy of the calculation. If the solution is hypertonic, it must be
diluted if an isotonic solution is to be prepared, but it must be
remembered that some solutions cannot be diluted without
impairing their therapeutic activity. For example, solutions
to be used for treating varicose veins require a high concentra-
tion of the active ingredient (solute) to make the solution effec-
tive. Dilution to isotonic concentration is not indicated in such
cases.

FREEZING-POINT CALCULATIONS
[FU SRR A RS SRR e
As explained in the preceding section, freezing-point data often
may be employed in solving problems of isotonicity adjustment.
Obviously, the utility of such data is limited to those solutions
where the solute does not penetrate the membrane of the tissue
(eg, red blood celis) with which it is in contact. In such cases,
Appendix A, which gives the freezing-point depression of solu-
tions of different concentrations of various substances, provides
information essential for solving the problem.

For most substances listed in the table, the concentration of
an isotonic solution (one that has a freezing point of ~0.52°) is
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given. If this is not listed in the table, it may be determined
with sufficient accuracy by simple proportion using, as the
basis for calculation, the figure that most nearly produces an
isotonic solution. Actually the depression of the freezing point
of a solution of an electrolyte is not absolutely proportional to
the concentration but varies according to dilution; for example,
a solution containing 1 g of procaine hydrochloride in 100 mL
has a freezing-point depression of 0.12°, whereas a solution
containing 3 g of the same salt in 100 mL has a freezing-point
depression of 0.33°, not 0.36° (3 X 0.12°). Because the adjust-
ment to isotonicity need not be absolutely exact, approxima-
tions may be made. Nevertheless, adjustments to isotonicity
should be as exact as practicable.

EFFECT OF SOLVENTS—Besides water, certain other
solvents frequently are employed in nose drops, ear drops, and
other preparations to be used in various parts of the body.
Liquids such as glycerin, propylene glycol, or alcohol may com-
pose part of the solvent. In solving isotonicity adjustment prob-
lems for such solutions, it should be kept in mind that these
solvent components contribute to the freezing-point depression
but they may or may not have an effect on the fone of the tissue
to which they are applied; thus, an iso-osmotic solution may not
be isotonic. In such cases, it is apparent that the utility of the
methods described above—or for that matter, of any other
method of evaluating tonicity—is questionable.

TONICITY TESTING BY OBSERVING
ERYTHROCYTE CHANGES

Observation of the behavior of human erythrocytes when sus-
pended in a solution is the ultimate and direct procedure for
determining whether the solution is isotonic, hypotonic, or
hypertonic. If hemolysis or marked change in the appearance of
the erythrocytes occurs, the solution is not isotonic with the
cells. If the cells retain their normal characteristics, the solu-
tion is isotonic.

Hemolysis may occur when the osmotic pressure of the fluid
in the erythrocytes is greater than that of the solution in which
the cells are suspended, but the specific chemical reactivity of
the solute in the solution often is far more important in pro-
ducing hemolysis than is the osmotic effect. There is no certain
evidence that any single mechanism of action causes hemoly-
sis. The process appears to involve such factors as pH, lipid
solubility, molecular and ionic sizes of solute particles, and
possibly inhibition of cholinesterase in cell membranes and
denaturing action on plasma membrane protein.

Some investigators test the tonicity of injectable solutions
by observing variations of red blood cell volume produced by
these solutions. This method appears to be more sensitive to
small differences in tonicity than those based on observation of
a hemolytic effect. Much useful information concerning the
effect of various solutes on erythrocytes has been obtained by
this procedure.

METHODS OF ADJUSTING TONICITY

There are several methods for adjusting the tonicity of an
aqueous solution, provided, of course, that the solution is hy-
potonic when the drug and additives are dissolved. The most
prominent of these methods are the freezing-point depression
method, the sodium chloride equivalent method, and the iso-
tonic solution V-value method. The first two of these methods
can be used with a three-step problem-solving process based on
sodium chloride.

1. Identify a reference solution and the associated tonicity parameter.
2. Determine the contribution of the drug(s) and additive(s) to the
total tonieity.
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L-amino acids, dextrose oligosaccharides, vitamins (including
fat-soluble vitaming), fat as a highly purified safflower oil or
soybean oil, electrolytes, trace minerals, and water. As it con-
tains fat, that component is not in solution and therefore
should have no direct effect on osmoticity. However, the poten-
tial for interactions can cause some significant changes in total
particle concentration and indirectly affect the osmoticity.!?

Although it is easily digested, dextrose contributes more
particles than most other carbchydrate sources such as starch,
and is more likely to cause osmotic diarrhea, especially with
bolus feeding. Osmoticity is improved (decreased) by replacing
dextrose with dextrose oligosaccharides (carbohydrates that
yield on hydrolysis 2 to 10 monosaccharides). Flavoring also
increases the osmoticity of a product, different flavors causing
varying increases.

Commercial diets are packaged as fluids or as powders for
reconstitution. Reconstitution is usually with water. These
products are categorized on caloric density, (calories/mL), pro-
tein content, or osmolality (mOsm/kg of H,0). Parenteral nu-
tritional products, on the other hand, are labeled in terms of
osmolarity (mOsm/L).

The enteric route for hyperalimentation frequently is over-
looked in many diseases or post-trauma states, if the patient is
not readily responsive to traditional oral feedings. Poor appe-
tite, chronic nausea, general apathy, and a degree of somno-
lence or sedation are common concomitants of serious disease.
This frequently prevents adequate oral alimentation and re-
sults in progressive energy and nutrient deficits. Often, sup-
plementary feedings of a highly nutritious formula are taken
poorly or refused entirely. However, the digestive and absorp-
tive capabilities of the GI tract are frequently intact and, when
challenged with appropriate nutrient fluids, can be used effec-
tively. By using an intact GI tract for proper alimentation, the
major problems of sepsis and metabolic derangement that re-
late to IV hyperalimentation largely are obviated, and ade-
quate nutritional support is simplified greatly. Because of this
increased safety and ease of administration, the enteric route
for hyperalimentation should be used whenever possible. ™

When certain foods are ingested in large amounts or as
concentrated fluids, their osmotic characteristics can cause an
upset in the normal water balance within the body. For a given
weight of solute the osmolality of the solution is inversely
proportional to the size of the particles. Nutritional compo-
nents can be listed in an approxnnate order of decreasing
osmotic effect per gram, as’®

1. Electrolytes such as sodium chloride

2. Relatively small organic molecules such as dextrose (glucose) and
amino acids

Dextrose oligosaccharides

Starches

Proteins

Fats (as fats are not water soluble, they have no osmotic effect)
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Thus, in foods, high proportions of electrolytes, amino acids,
and simple sugars have the greatest effect on osmolality and,
as a result, on tolerance. The approxnnate osmolality of a few
common foods and beverages is

mOsmol/kg
Whole milk 295
Tomato juice 595
Orange juice 935
Ice cream 1150

When nutrition of high osmoticity is ingested, large
amounts of water will transfer to the stomach and intestines
from the fluid surrounding those organs in an attempt to lower
the osmoticity. The higher the osmoticity, the larger the
amount of water required; a large amount of water in the GI
tract can cause distention, cramps, nausea, vomiting, hyper-
motility, and shock. The food may move through the tract too
rapidly for the water to be reabsorbed, and result in diarrhea;
severe diarrhea can cause dehydration. The hyperosmotic en-

teral effects have been observed by the administration of un-
diluted hypertonic oral medication.?®=7 Table I from this work
lists average osmolality values of some commercially available
drug solutions and suspensions. Thus, there is some analogy to
the effect of hyperosmotic IV infusions.

Hyperosmotic feedings may result in mucosal damage in the
GI tract. Rats given hyperosmotic feeding showed transient
decrease in disaccharidase activity, and an increase in alkaline
phosphatase activity. They also showed morphological alter-
ations in the microvilli of the small intestines. After a period of
severe gastroenteritis, the bowel may be unusually susceptible
to highly osmotic formulas, and their use may increase the
frequency of diarrhea. Infant formulas that are hyperosmotic
may affect preterm infants adversely during the early neonatal
period, and they may produce or predispose neonates to necro-
tizing enterocolitis when the formulas delivered to the jejunum
through a nasogastric tube. The body attempts to keep the
osmoticity of the contents of the stomach and intestines at
approximately the same level as that of the fluid surrounding
them. As a fluid of lower osmoticity requires the transfer of less
water to dilute it, it should be tolerated better than one of
higher osmoticity.

As to tolerance, there is a great variation from one individ-
ual to another in sensitivity to the osmoticity of foods. The
majority of patients receiving nutritional formulas, either
orally or by tube, are able to tolerate feedings with a wide range
of osmoticities when the formulas are administered slowly and
when adequate additional fluids are given. However, certain
patients are more likely to develop symptoms of intolerance
when receiving fluids of high osmoticity. These include debili-
tated patients, patients with GI disorders, pre- and postopera-
tive patients, gastrostomy-and jejunostomy-fed patients, and
patients whose GI tracts have not been challenged for an ex-
tended period of time. Thus, osmoticity always should be con-
sidered in the selection of the formula for each individual
patient.

With all products, additional fluid intake may be indicated
for individuals with certain clinical conditions. Frequent feed-
ings of small volume or a continual instillation (pumped) may
be of benefit initially in establishing tolerance to a formula. For
other than iso-osmotic formulas, feedings of reduced concentra-
tion (osmolality less than 400 mOsmol/kg) also may be helpful
initially if tolerance problems arise in sensitive individuals.
Concentration and size of feeding then can be increased grad-
ually to normal as tolerance is established.

A common disturbance of intake encountered in elderly
individuals relates to excess solid intake rather than to reduced
water intake. For example, an elderly victim of a cerebral
vascular accident who is being fed by nasogastric tube may be
given a formula whose solute load requires a greatly increased
water intake. Thus, tube feeding containing 120 g of protein
and 10 g of salt will result in the excretion of more than 1000
mOsmol of solute. This requires the obligatory excretion of a
volume of urine between 1200 and 1500 mL when the kidneys
are capable of normal concentration ability. As elderly individ-
uals often have significant impairment in renal function, water
loss as urine may exceed 2000 to 2500 mL per day. Such an
individual would require 3 to 4 liters of water per day simply to
meet the increased demand created by this high solute intake.
Failure of the physician to provide such a patient with the
increased water intake needed will result in a progressive
water deficit that rapidly may become critical. The import-
ance of knowing the complete composition of the tube feed-
ing formulas used for incapacitated patients cannot be
overemphasized.

OSMOLALITY DETERMINATION

The need for experimental determination of osmolality has
been established. In regard to this there are four properties of



solutions that depend only on the number of particles in the
solution. They are osmotic-pressure elevation, boiling-point el-
evation, vapor-pressure depression, and freezing-point depres-
sion. These are called colligative properties and if one of them is
known, the others can be calculated from its value. Osmotic-
pressure elevation is the most difficult to measure satisfacto-
rily. The boiling-point elevation may be determined, but the
values are rather sensitive to changes in barometric pressure.
Also, for an aqueous solution the molal boiling point elevation
is considerably less than the freezing-point depression. Thus, it
is less accurate than the freezing-point method. Determina-
tions of vapor-pressure lowering are quite easy, rapid, and
convenient. A vapor pressure osmometer with a precision of < 2
mOsmol/kg is reported by Dickerson et al.'® Another commonly
used method is that of freezing-point depression, which can be
determined quite readily with a fair degree of accuracy (see
Freezing-Point Depression in Chapter 16). It should be noted
that the data in Appendix A can be converted readily to vapor-
pressure lowering if desired.

The results of investigations by Lund et a/'® indicate that
the freezing point of normal, healthy human blood is ~0.52°.
Inasmuch as water is the medium in which the various constit-
uents of blood are either suspended or dissolved in this method,
it is assumed that any aqueous solution freezing at —0.52° is
isotonic with blood. Now it is rare that a simple aqueous solu-
tion of the therapeutic agent to be injected parenterally has a
freezing point of —0.52°, and to obtain this freezing point it is
necessary either to add some other therapeutically inactive
solute if the solution is hypotonic (freezing point above —0.52°)
or to dilute the solution if it is hypertonic (freezing point below
—0.52°). The usual practice is to add either sodium chloride or
dextrose to adjust hypotonic parenteral solutions to isotonicity.
Certain solutes, including ammonium chloride, boric acid,
urea, glycerin, and propylene glycol, cause hemolysis even
when they are present in a concentration that is iso-osmotic,
and such solutions obviously are not isotonic. See Appendix A.

In a similar manner solutions intended for ophthalmic use
may be adjusted to have a freezing point identical to that of
lacrimal fluid, namely —-0.52°. Ophthalmic solutions with
higher freezing points usually are made isotonic by the addi-
tion of boric acid or sodium chloride.

In laboratories where the necessary equipment is available,
the method usually followed for adjusting hypotonic solutions
is to determine the freezing-point depression produced by the
ingredients of a given prescription or formula, and then to add
a quantity of a suitable inert solute calculated to lower the
freezing point to ~0.52°, whether the solution is for parenteral
injection or ophthalmic application. A final determination of
the freezing-point depression may be made to verify the accu-
racy of the calculation. If the solution is hypertonic, it must be
diluted if an isotonic solution is to be prepared, but it must be
remembered that some solutions cannot be diluted without
impairing their therapeutic activity. For example, solutions
to be used for treating varicose veins require a high concentra-
tion of the active ingredient (solute) to make the solution effec-
tive. Dilution to isotonic concentration is not indicated in such
cases.

FREEZING-POINT CALCULATIONS
PR S S e e e e
As explained in the preceding section, freezing-point data often
may be employed in solving problems of isotonicity adjustment.
Obviously, the utility of such data is limited to those solutions
where the solute does not penetrate the membrane of the tissue
{(eg, red blood cells) with which it is in contact. In such cases,
Appendix A, which gives the freezing-point depression of solu-
tions of different concentrations of various substances, provides
information essential for solving the problem.

For most substances listed in the table, the concentration of
an isotonic solution (one that has a freezing point of —0.52°) is
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given. If this is not listed in the table, it may be determined

with sufficient accuracy by simple proportion using, as the
basis for calculation, the figure that most nearly produces an
isotonic solution. Actually the depression of the freezing point
of a solution of an electrolyte is not absolutely proportional to
the concentration but varies according to dilution; for example,
a solution containing 1 g of procaine hydrochloride in 100 mL
has a freezing-point depression of 0.12°, whereas a solution
containing 3 g of the same salt in 100 mL has a freezing-point
depression of 0.33° not 0.36° (3 X 0.12°). Because the adjust-
ment to isotonicity need not be absolutely exact, approxima-
tions may be made. Nevertheless, adjustments to isotonicity
should be as exact as practicable.

EFFECT OF SOLVENTS—Besides water, certain other
solvents frequently are employed in nose drops, ear drops, and
other preparations to be used in various parts of the body.
Liquids such as glycerin, propylene glycol, or alcohol may com-
pose part of the solvent. In solving isotonicity adjustment prob-
lems for such solutions, it should be kept in mind that these
solvent components contribute to the freezing-point depression
but they may or may not have an effect on the fone of the tissue
to which they are applied; thus, an iso-osmotic solution may not
be isotonic. In such cases, it is apparent that the utility of the
methods described above—or for that matter, of any other
method of evaluating fonicity—is questionable.

TONICITY TESTING BY OBSERVING
ERYVTHROCYTE CHANGES

Observation of the behavior of human erythrocytes when sus-
pended in a solution is the ultimate and direct procedure for
determining whether the solution is isotonic, hypotonic, or
hypertonic. If hemolysis or marked change in the appearance of
the erythrocytes occurs, the solution is not isotonic with the
cells. If the cells retain their normal characteristics, the solu-
tion is isotonic.

Hemolysis may occur when the osmotic pressure of the fluid
in the erythrocytes is greater than that of the solution in which
the cells are suspended, but the specific chemical reactivity of
the solute in the solution often is far more important in pro-
ducing hemolysis than is the osmotic effect. There is no certain
evidence that any single mechanism of action causes hemoly-
sis. The process appears to involve such factors as pH, lipid
solubility, molecular and ionic sizes of solute particles, and
possibly inhibition of cholinesterase in cell membranes and
denaturing action on plasma membrane protein.

Some investigators test the tonicity of injectable solutions
by observing variations of red blood cell volume produced by
these solutions. This method appears to be more sensitive to
small differences in tonicity than those based on observation of
a hemolytic effect. Much useful information concerning the
effect of various solutes on erythrocytes has been obtained by
this procedure.

METHODS OF ADJUSTING TONICITY

There are several methods for adjusting the tonicity of an
aqueous solution, provided, of course, that the solution is hy-
potonic when the drug and additives are dissolved. The most
prominent of these methods are the freezing-point depression
method, the sodium chloride equivalent method, and the iso-
tonic solution V-value method. The first two of these methods
can be used with a three-step problem-solving process based on
sodium chloride.

1. Identify a reference solution and the associated tonicity parameter.
2. Determine the contribution of the drug(s) and additive(s) to the
total tonicity.
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3. Determine the amount of sodium chloride needed by subtracting
the contribution of the actual solution from the reference solution.

The result of the third step also indicates whether the actual
solution is hypotonic, isotonic, or hypertonic. If the actual so-
Tution contributes less to the total tonicity than the reference
solution, then the actual solution is hypotonic. If, however, the
actual solution contributes a greater amount to tonicity than
the reference solution, the actual solution is hypertonic and can
be adjusted to isotonicity only by dilution. This may not be
possible on therapeutic grounds.

The amount of sodium chloride resulting in the third step
also can be converted into an amount of other materials, such
as dextrose, to render the actual solution isotonic.

FREEZING-POINT-DEPRESSION METHOD-The freezing-
point method makes use of a D value (found in Appendix A)
which has the units of degree centigrade/(x% drug). For exam-
ple, in Appendix A, dexamethasone sodium phosphate has D
values of 0.050°/0.5% drug), 0.180°/(2.0% drug), 0.52°/6.75%
drug), etc. It is apparent that the D value is nearly proportional
to concentration. If a D value is needed for a concentration of
drug not listed in Appendix A, a D value can be calculated from
the appendix by direct proportion, using a D value closest to the
concentration of drug in the actual solution.

The reference solution for the freezing-point-depression
method is 0.9% sodium chloride, which has a freezing-point
depression of A7, = 0.52°. Using the three steps described
above, the dexamethasone sodium phosphate solution in Ex-
ample 1 can be rendered isotonic as follows:

Example 1

Dexamethasone Sodium Phosphate 0.1%
Purified Water gs 30 mL
Mift Isotonic Solution

Step 1—Reference solution: 0.9% sodium chloride.

AT, = 0.52°

D = 0.050°/0.5% (dexamethasone sod phosphate)
Step 2—Contribution of drug.

0.050° 0.1% drug = 0.010°
05% drug x 0.1% drug = 0.
Step 3—Reference solution ~ Actual solution.
“0.52° - 0.01° = 0.51°

Sodium chloride needed.

O9% NaCl o 51° = 0.883% NaCl
0500 Yol = 0.88s% Ra
0883 g NaCl L o0 L. = 0.265 g NaCl
100 mL < oY M= 0260 g Na

The above solution could be made isotonic with any appropriate mate-
rial other than sodium chloride by using the D value for that material.
For example, to make the solution isotonic with dextrose with a D value,
D = 0.091°/1%;

1% Dextrose

o 9
0.091° X 0.51° = 5.60% Dextrose

5.60 g Dextrose
———————— X 30 mL = 1.68 g Dextrose

100 mL
Example 2
Naphazoline HCl (N.HC}) 0.02%
Zinc Sulfate 0.25%
Purified Water gs 30 mL

Mft Isotonic solution

Step 1—Reference solution: 0.9% sodium chloride.
AT, = 0.52°
D = 0.14°/1% (naphazoline HCI)
D = 0.086°/1% (zinc sulfate)

Step 2—Contribution of drugs.

0.14°
T % N.HCI = a0
1% NHCI x 0.02% N.HCI = 0.003
s
1% Zng0, ~ 0-25% ZnS04 = 0.

0.003° + 0.022° = 0.025°
Step 3—Reference solution—actual solution.
0.562° ~ 0.025° = 0.495°

Sodium chloride needed.

OO NaC) 0,405 = 0.857% Nacl
052 x (.495° = 0.857% NaC
0857 ¢ NaCl 30 mL = 0.257 g NaCl

100 miL X mL = 0.257 g NaC

The above solution could be made isotonic with any appropriate mate-
rial other than sodium chloride by using the D value for that material.
For example, to make the solution isotonic with dextrose with a D value,
D = 0.091°/1%;

1% Dextrose

° = 0
0.091° X 0.495° = 5.44% Dextrose

5.44 g Dextrose
100 mL

SODIUM CHLORIDE EQUIVALENT METHOD—A so-
dium chloride equivalent, E value, is defined as the weight of
sodium chloride that will produce the same osmotic effectas 1 g
of the drug. For example, in Appendix A, dexamethasone so-
dium phosphate has an E value of 0. 18 g NaCl/g drug at 0.5%
drug concentration, 0.17 g NaClg drug at 1% drug concentra-
tion and a value of 0.16 g NaCl/g drug at 2% drug. This slight
variation in the sodium chloride equivalent with concentration
is due to changes in interionic attraction at different concen-
tration of drug; the E value is not directly proportional to
concentration as was the freezing-point-depression.

The reference solution for the sodium chloride equivalent
method is 0.9% sodium chloride as it was for the freezing-point-
depression method.

The dexamethasone sodium phosphate solution in Example
1 can be rendered isotonic using the sodium chloride equivalent
method as follows:

X 30 mL = 1.63 g Dextrose

Example 1
Dexamethasone Sodium Phosphate 0.1%
Purified Water gs 30 mL

Mft Isotonic Solution

Step 1—Reference solution: 0.9% sodium chloride.

098N0l o) L = 0.270 g Nacl
100 L X 30 mL = 0.270 g Na
E =0.18 g NaCl/g drug
Step 2—Contribution of drug.

0.18 g NaCl
1 g drug

0.1 g drug
100 mL

x 30 mL = 0.0054 g NaCl



Step 3—Reference solution — Actual solution.
0.270 g NaCl - 0.0054 g NaCl = 0.265 g NaCl

The above solution can be made isotonic with a material other than
sodium chloride, such as dextrose, by using the E value of that material.
For example, to make the solution isotonic with dextrose, E = 0.16 g
NaCl/g dextrose, the amount of sodium chloride needed in Step 3, can be
converted to dextrose as follows:

1 g Dextrose
% 0.265 g NaCl = 1.66 g Dextrose

0.16 g NaCl
Example 2
Naphazoline HCl1 (N.HCD) 0.02%
Zinc Sulfate 0.25%
Purified Water gs 30 mL

Mft Isotonic Solution

Step I—Reference solution: 0.9% sodium chloride.

09 8Nall 1) L. = 0.270 g NaCl
100 mL x L= 8 g Nat
E = 0.27 g NaCl/g N.HCl
E = 0.15 g NaCl/g ZnSO,

Step 2-—Contribution of drugs.

027gNaCl 0.02gNHOI o
1gNHC “ 100 mL  * oV mb T 0002 g Rab
015gNaCl 02587050, o
1gZnS0; « 100mL ~ come=oullgha

0.002 g NaCl + 0.011 g NaCl = 0.013 g NaCl
Step 3—Reference solution—actual solution.
0.270 g NaCl - 0.013 g NaCl = 0.257 g NaCl

The above solution can be made isotonic with a material other than
sodium chloride, such as dextrose, by using the E value of that material.
For example, to make the solution isotonic with dextrose, £ = 0.16 g
NaCl/g dextrose, the amount of sodium chloride needed in Step 3 can be
converted to dextrose as follows:

1 g Dextrose

W x 0.257 g NaCl = 1.61 g Dextrose

ISOTONIC SOLUTION V VALUES—The V value of a
drug is the volume of water o be added to a specified weight of
drug (0.3 g or 1.0 g, depending on the table used) to prepare an
isotonic solution. Appendix B gives such values for some com-
monly used drugs. The reason for providing data for 0.3 g of
drug is for convenience in preparing 30 mL (approximately 1
fluidounce) of solution, a commonly prescribed volume. The
basic principle underlying the use of V values is to prepare an
isotonic solution of the prescribed drug and then dilute this
solution to final volume with a suitable isotonic vehicle.

The two solutions in the previous examples can be prepared
as follows using the V-value method:

Example 1

Dexamethasone Sodium Phosphate 0.1%
Purified Water gs 30 mL
Mft Isotonic Solution

Step 1-—~The V value for dexamethasone sodium phosphate can be
calculated from the sodium chloride equivalent, E, as outlined in the
footnote in Appendix B.

100 mL Soln
09 gNaCl

0.17 g NaCl
1 g drug

x 0.3 g drug = 5.67 mL Soln
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for a dilute solution:

5.67 mL Soln = 5.67 mL H,0 .. V = (5.67 mL H,0)/(0.3 g drug)
Step 2—Amount of drug needed.

0.1 g drug

100 mL % 30 mL = 0.030 g drug

Volume of water needed to prepare an isotonic solution.

5.67 mL H;0

m x 0.030 g drug = (.57 mL H20
Step 3—To prepare the solution, dissolve 0.030 g of drug in 0.57 mL
water, and gs to volume with a suitable isotonic vehicle such as 0.9%

sodium chloride solution, 5.51% dextrose, or an isotonic phosphate
buffer.

Example 2

Naphazoline HCI (N.HCI) 0.02%
Zinc Sulfate 0.25%
Purified Water gs 30 mL

Mft Isotonic Solution

Step I-The V value for naphazoline HCl can be calculated from the
sodium chloride equivalent, E, as outlined in the footnote in Appendix
B; the V value for zinc sulfate is taken directly from Appendix B.

100 mL Soin
0.9 g NaCl

0.27 g NaCl
1 g N.HCI

x .3 g N.HCI = 9.00 mL Soln

for a dilute solution:
9.00 mL Soln = 9.00 mL H,0 -V = (9.00 mL H,0)/(0.3 g N.HC])
V = 5.00 mL H,0/0.3 g ZnSO,
Step 2—Amount of drugs needed.

0.02 g N-HCI 30 L = 0.006 g N.HCl
100 ol X mL = 0. gN.
0.25 g ZnS0, 30 mlL = 0.075 & ZnS0

100 L. X mL = 0.075 g ZnSO,

Volume of water needed to prepare an isotonic solution.

9.00 mL H,0

03 g NHC x 0.006 g drug = 0.18 mL H,0

5.00 mL H,0

075 g ZnSO4 = 1.25 mL H,O
0.3 82080, % 0.075 g ZnSO4 = 1.25 mL Hy

Step 3-—To prepare the solution, dissolve 0.006 g of naphazoline HCI
and 0.075 g zinc sulfate in 1.43 mL water, and gs to volume with a
suitable isotonic vehicle such as 0.9% sodium chloride solution, 5.51%
dextrose, or an isotonic phosphate buffer.
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Appendix A—Sodium Chloride Equivalents, Freezing-Point Depressions, and Hemolytic Effects of Certain

Medicinals in Aqueous Solution

0.5% 1% 2% 3% 5% Is0-osmotic Concentration®

E D E D £ D E D E D % £ D H pH
Acetrizoate methylglucamine  0.09 0.08 0.08 0.08 0.08 12.12 0.07 .0 7.1
Acetrizoate sodium 0.10 0.027 0.10 0.055 0.10 0.109 0.10 0.163 0.10 0.273 964 009 052 O 6.9
Acetylcysteine 0.20 0.055 0.20 0.113 0.20 0.227 0.20 0.341 458 020 052 100* 2.0
Adrenaline HCI 4.24 68 45
Alphaprodine HCl 0.19 0.053 0.19 0.105 0.18 0.212 0.18 0.315 498 0.18 052 100 53
Alum (potassium) 0.18 0.15 0.15 6.35 0.14 24* 34
Amantadine HCI 0.31 0.090 0.31 0.180 0.31 0.354 295 031 052 9N 5.7
Aminoacetic acid 0.42 0.119 041 0.235 041 0470 220 041 052 0O* 6.2
Aminohippuric acid 0.13 0.035 0.13 0.075
Aminophylline 0.098¢
Ammonium carbonate 0.70 0202 0.70 0.405 1.29 070 052 97 7.7
Ammonium chloride 1.12 08 112 052 93 5.0
Ammonium lactate 0.33 0.093 033 0.185 033 0.370 276 033 052 98 5.9
Ammonium nitrate 0.69 0.200 0.69 0.400 130 069 052 9N 5.3
Ammonium phosphate, dibasic 0.58 0.165 0.55 0.315 176 051 052 O 7.9
Ammonium sulfate 0.55 0.158 055 0.315 168 054 052 0 5.3
Amobarbital sodium 0.25 0.143¢ 0.25 36 025 052 0 9.3
d-Amphetamine HCl 2.64 98 5.7
Amphetamine phosphate 0.34 0.20 0.27 047 347 026 052 O 45
Amphetamine sulfate 0.22 0.129¢ 0.21 0.36 423 021 052 O 5.9
Amprotropine phosphate 5.90 0 4.2
Amylcaine HCl 0.22 498 0.18 100 5.6
Anileridine HCl 0.19 0.052 0.19 0.104 0.19 0.212 0.316 0.18 0.509 513 0.18 052 12 26
Antazoline phosphate 6.05 90 4.0
Antimony potassium tartrate 0.18 0.13 0.10
Antipyrine 0.17 0.10 0.14 0.24 0.14 040 6.81 0.13 052 100 6.1
Apomorphine HC 0.14 0.080°
Arginine glutamate 0.17 0.048 0.17 0.097 0.17 0.195 0.17 0.292 0.17 0.487 537 0.17 052 0 6.9
Ascorbic acid 0.105¢ 5.05 0.52° 100* 2.2
Atropine methylbromide 0.14 0.13 0.13 7.03 0.13
Atropine methylnitrate 6.52 0 5.2
Atropine sulfate 0.13 0.075 0.11 019 0.11 032 885 0.10 052 0O 5.0
Bacitracin 0.05 0.03 0.04 007 0.04 0.12
Barbital sodium 0.30 0.17%¢ 0.29 0.50 312 029 052 0 9.8
Benzalkonium chioride 0.16 0.14 0.13
Benztropine mesylate 0.26 0.073 021 0.115 0.15 0.170 0.12 0.203 0.09 0.242
Benzy! alcohol ' 0.17 0.09° 0.15
Bethanechol chloride 0.50 0.140 - 0.39 0.225 032 0368 030 0.512 3.05 0.30 0 6.0
Bismuth potassium tartrate 0.09 0.06 0.05
Bismuth sodium tartrate 0.13 0.12 0.11 8.91 0.10 0 6.1
Boric acid 0.50 0.288° 1.9 047 052 100 46
Brompheniramine maleate 0.10 0.026 0.09 0.050 0.08 0.084
Bupivacaine HCi 0.17 0.048 0.17 0.096 0.17 0.193 0.17 0290 0.17 0.484 538 0.17 052 83 6.8
Butabarbital sodium 0.27 0.078 0.27 0.155 0.27 0.313 0.27 0.470 333 027 052 0 6.8
Butacaine sulfate 0.20 0.12 0.13 023 0.10 0.29
Caffeine and sodium benzoate 0.26 0.15 0.23 0.40 392 023 052 0 7.0
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Appendix A—Continued
0.5% 1% 2% 3% 5% {so-osmotic Concentration?
E D E D £ D £ D £ D % E D H pH

Caffeine and sodium salicylate 0.12 0.12 0.17 0.295 0.16 0.46 577 0.16 052 0 6.8
Calcium aminosalicylate 4.80 0 6.0
Calcium chloride 0.51 0.298°¢ 170 053 052 0 5.6
Calcium chloride (6 H,0) 0.35 0.20 25 036 052 0 5.7
Calcium chloride, anhydrous 0.68 0.39 13 069 052 0 5.6
Calcium disodium edetate 0.21 0061 021 0.120 0.2t 0.240 0.20 0.357 450 020 052 © 6.1
Calcium gluconate 0.16 0.091° 0.14 0.24
Calcium lactate 0.23 0.13 0.12 0.36 45 020 052 © 6.7
Calcium lactobionate 0.08 0.022 0.08 0.043 0.08 0.085 0.07 0.126 0.07 0.197
Calcium levulinate 0.27 0.16 0.25 043 3.58 0 7.2
Calcium pantothenate 5.50 0 7.4
Camphor 0.129
Capreomycin sulfate 0.04 0011 004 0.020 0.04 0.042 004 0.063 0.04 0.106
Carbachol 0.205¢ 2.82 0 5.9
Carbenicillin sodium 0.20 0.059 020 0.118 0.20 0.236 0.20 0.355 440 020 052 0 6.6
Carboxymethylceliulose

sodium 0.03 0.007 0.03 0.017 0.145
Cephaloridine 0.09 0.023 007 0041 0.06 0074 0.06 0.106 0.05
Chloramine-T 4.10 100* 9.1
Chloramphenicol 0.06°
Chloramphenicol sodium

succinate 0.14 0.038 0.14 0.078 0.14 0.154 0.13 0.230 0.13 0.382 6.83 0.13 0.52 partial6.1
Chiordiazepoxide HCl 0.24 0.068 0.22 0.125 0.19 0.220 0.18 0315 0.17 0487 550 0.16 052 66 2.7
Chlorobutanol (hydrated) 0.24 0.14
Chloroprocaine HCl 0.20 0.054 0.20 0.108 0.18 0.210
Chloroquine phosphate 0.14 0.039 0.4 0.082 0.14 0.162 0.14 0.242 0.13 0379 7.15 0.13 052 O 4.3
Chloroquine sulfate 0.10 0.028 0.09 0.050 0.08 0.090 0.07 0.127 0.07 0.195
Chlorpheniramine maleate 0.17 0.048 0.15 0.085 0.14 0.165 0.13 0.220 0.09 0.265
Chlortetracycline HCI 0.10 0.030 0.10 0.061 0.10 0.121
Chlortetracycline sulfate 0.13 0.08 0.10 0.17
Citric acid 0.18 0.10 0.17 0.295 0.16 046 552 0.16 052 100* 1.8
Clindamycin phosphate 0.08 0.022 0.08 0.046 0.08 0.095 0.08 0.144 0.08 0.242 10.73 0.08 0.52 58* 6.8
Cocaine HC 0.16 0.090° 0.15 0.26 0.14 040 6.33 014 052 47 4.4
Codeine phosphate 0.14 0.080° 0.13 023 0.13 038 7.29 0.12 052 O 4.4
Colistimethate sodium 0.15 0.045 0.15 0.085 0.15 0.170 0.15 0.253 0.14 0411 673 0.13 052 0 7.6
Cupric sulfate 0.18 0.100¢ 0.15 0.14 6.85 0.13 trace* 3.9
Cyclizine HC 0.20 0.060
Cyclophosphamide 0.10 0.031 0.10 0.061 0.10 0.125
Cytarabine 0.11 0.034 0.11 0066 0.11 0.134 0.11 0.198 0.11 0.317 892 0.10 052 O 8.0
Deferoxamine mesylate 0.09 0.023 0.09 0.047 0.09 -0.093 0.09 0.142 0.09 0.241
Demecarium bromide 0.14 0.038 0.12 0.065 0.10 0.108 0.08 0.139 0.07 0.192
Dexamethasone sodium

phosphate 0.18 0.050 0.17 0.095 0.16 0.180 0.15 0.260 0.14 0.410 6.75 0.13 052 O 8.9
Dextroamphetamine HC 0.34 0.097 0.34 0.196 0.34 0.392 264 034 052
Dextroamphetamine

phosphate 0.25 0.14 0.25 0.44 362 025 052 0 a7
Dextroamphetamine sulfate 0.24 0.069 0.23 0.134 0.22 0.259 0.22 0.380 416 022 052 0 59
Dextrose 0.16 0.091¢ 0.16 028 0.16 046 551 016 052 O 5.9
Dextrose (anhydrous) 0.18 0.101¢ 0.18 0.31 505 0.18 052 0 6.0
Diatrizoate sodium 0.10 0.025 0.09 0.049 0.09 0.098 0.09 0.149 0.09 0.248 1055009 052 O 7.9
Dibucaine HCI 0.074¢
Dicloxacillin sodium (1 H,0) 0.10 0.030 0.10 0.061 0.10 0.122 0.10 0.182
Diethanolamine 0.31 0.08% 031 0.177 031 0.358 290 031 0532 100 113
Dihydrostreptomycin sulfate 0.06 0.03 0.05 0.09 0.05 0.14 194 005 052 0 6.1
Dimethpyrindene maleate 0.13 0.039 0.12 0.070 0.11 0.120
Dimethyl sulfoxide 042 0.122 042 0.245 042 0480 2.16 042 052 100 76
Diperodon HCl 0.15 0.045 0.14 0079 0.13 0.141
Diphenhydramine HCl 0.161° 5.70 88* 55
Diphenidol HCl 0.16 0045 0.16 0.09 0.16 0.180
Doxapram HCI 0.12 0.035 0.12 0.070 0.12 0.140 0.12 0.210
Doxycycline hyclate 0.12 0035 0.12 0.072 0.12 0.134 0.11 0.186 0.09 0.264
Dyphyiline 0.10 0.025 0.10 0.052 0.09 0.104 0.09 0.155 0.08 0.245
Echothiophate iodide 0.16 0.045 0.16 0.090 0.16 0.179
Edetate disodium 024 0070 0.23 0.132 0.22 0.248 021 0360 444 020 052 0 47
Edetate trisodium

monohydrate 0.29 0079 029 0.158 0.28 0.316 0.27 0.472 331 027 052 0 8.0
Emetine HCI 0.058°¢ 0.17 0.29
Ephedrine HCI 0.30 0.165° 0.28 3.2 028 96 5.9
Ephedrine suifate 0.23 0.13 020 035 454 020 052 0 5.7
Epinephrine bitartrate 0.18 0.104 0.16 0.28 0.16 0462 57 0.16 0.52 100* 3.4
Epinephrine hydrochloride 0.29 0.16° 0.26 347 0.26
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Appendix A—Continued

0.5%

1%

2%

3%

5%

1so-osmotic Concentration®

E D E D E D E D E D % £ D H pH
Ergonovine maleate 0.089¢
Erythromycin lactobionate 0.08 0.020 0.07 0.040 0.07 0.078 0.07 0.115 0.06 0.187
Ethyl alcohol 1.39 100 6.0
Ethylenediamine 0.253¢ 2.08 100* 114
Ethylmorphine HC! 0.16 0.088° 0.15 0.26 0.15 0.43 6.18 0.15 052 38 4.7
Eucatropine HCl 0.119
Ferric ammonium citrate

(green) 6.83 0 5.2
Floxuridine 0.14 0.040 0.13 0.076 0.13 0.147 0.12 0.213 0.12 0.335 8.47 0.12 052 3* 45
Fluorescein sodium 0.31 0.181¢ 0.27 0.47 334 027 052 O 8.7
Fluphenazine 2-HC 0.14 0.041 0.14 0.082 0.12 0.145 0.09 0.155
d-Fructose 5.05 0* 5.9
Furtrethonium iodide 0.24 0.070 0.24 0.133 022 0.250 0.21 0.360 444 020 052 O 54
Galactose 4.92 0 5.9
Gentamicin sulfate 0.05 0.015 0.05 0.030 0.05 0.060 0.05 0.093 0.05 0.153
p-Glucuronic acid 5.02 48* 1.6
Glycerin 0.203¢ 2.6 100 5.9
Glycopyrrolate 0.15 0.042 0.15 0.084 0.15 0.166 0.14 0.242 0.13 0.381 7.22 0.12 0.52 92 490
Gold sodium thiomalate 0.10 0.032 0.10 0.061 0.10 0.111 0.09 0.159 0.09 0.250
Hetacillin potassium 0.17 0.048 0.17 0095 0.17 0.190 0.17 0.284 0.17 0.474 550 017 052 O 6.3
Hexafluorenium bromide 0.12 0.033 0.11 0.065
Hexamethonium tartrate 0.16 0.045 0.16 0.089 0.16 0.181 0.16 0.271 0.16 0.456 5868 0.16 0.52
Hexamethylene sodium

acetaminosalicylate 0.18 0.049 0.18 0.099 0.17 0.199 0.17 0.297 0.16 0.485 5.48 0.16 052 0% 4.0
Hexobarbital sodium 0.15¢
Hexylcaine HCl 4.30 100 4.8
Histamine 2HCI 0.40 0.115 0.40 0.233 040 0.466 224 040 052 79 37
Histamine phosphate 0.149¢ 410 0 4.6
Histidine HCl 3.45 40 3.9
Holocaine HCI 0.20 0.12
Homatropine hydrobromide 0.17 0.097¢ 0.28 046 567 0.16 052 92 5.0
Homatropine methylbromide 0.19 0.11 0.26 0.38
4-Homosulfanilamide HCl 3.69 0 4.9
Hyaluronidase 0.01 0.004 0.01 0.007 0.01 0.013 0.61 0.020 0.01 0.033 )
Hydromorphone HCI 6.39 64 5.6
Hydroxyamphetamine HBr 0.159 3.71 92 5.0
8-Hydroxyquinoline sulfate 9.75 59% 25
Hydroxystilbamidine

isethionate 0.20 0.060 0.16 0.090 0.12 0.137 0.10 0.170 0.07 0.216
Hyoscyamine hydrobromide 6.53 68 59
Imipramine HCI 0.20 0.058 0.20 0.110 0.13 0.143
indigotindisulfonate sodium 0.30 0.085 0.30 0.172
Intracaine HCl 4.97 85 5.0
todophthalein sodium 0.07¢ 9.58 100 9.4
lsometheptene mucate 0.18 0.048 0.18 0.095 0.18 0.196 0.18 0.302 495 0.18 052 0 6.2
isoproterenol sulfate 0.14 0.039 0.14 0.078 0.14 0.156 0.14 0.234 0.14 0389 6.65 0.14 052 trace 4.5
Kanamycin sulfate 0.08 0.021 0.07 0.041 0.07 0.083 0.07 0.125 0.07 0.210
Lactic acid 0.239¢ 2.30 100* 2.1
Lactose 0.07 0.040° 0.08 0.09 9.75 0.09 0* 5.8
Levallorphan tartrate 0.13 0.036 0.13 0.073 0.13 0.143 0.12 0.210 0.12 0.329 940 0.10 052 59* 6.9
Levorphanol tartrate 0.12 0.033 0.12 0.067 12 0.136 0.12 0.203
Lidocaine HCi 0.13¢ 4.42 85 43
Lircomycin HCI 0.16 0.045 0.16 0.090 0.15 0.170 0.14 0.247 0.14 0400 660 0.14 052 0 45
Lobeline HCI 0.09°
Lyapolate sodium 0.10 0.025 0.09 0.051 0.09 0.103 0.09 0.157 0.09 0.263 996 009 052 O 6.5"
Magnesium chloride 0.45 2.02 0.45 0 6.3
Magnesium sulfate 0.17 0.094° 0.15 0.26 0.5 043 63 0.14 052 0 6.2
Magnesium sulfate, anhydrous 0.34 0.093 0.32 0.184 0.30 0.345 0.29 0.495 318 028 052 0 7.0
Mannitol 0.098° 5.07 0* 6.2
Maphenide HC| 0.27  0.075 0.27 = 0.153 0.27 0.303 0.26 0.448 355 0.25 0.52
Menadiol sodium diphosphate ’ 4.36 0 8.2
Menadione sodium bisulfite 5.07 0 5.3
Menthol 0.12¢
Meperidine HC 0.125¢ 4.80 93 5.0
Mepivacaine HCl 0.21 0.060 0.21 0.116 020 0.230 0.20 0.342 460 0.20 052 45 4.5
Merbromin 0.08°
Mercuric cyanide 0.15 0.14 0.13
Mersalyl 0.06°
Mesoridazine besylate 0.10 0.024 0.07 0.040 0.05 0.058 0.04 0.071 0.03 0.087
Metaraminol bitartrate 0.20 0.060 0.20 0.112 0.19 0.210 0.18 0308 0.17 0.505 517 0.17 052 59 3.8
Methacholine chloride 0.184¢ 3.21 0 45
Methadone HC 0.101°¢ 8.59 100* 5.0
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Appendix A—Continued
0.5% 1% 2% 3% 5% Iso-osmotic Concentration?
E D E D E D E D £ D % E D H pH

Methamphetamine HCl 0.213¢ 2.75 97 5.9
Methdilazine HC! 0.12 0.035 0.10 0056 0.08 0080 0.06 0.093 0.04 0.112
Methenamine 0.23 0.24 3.68 0.25 100 84
Methiodal sodium 0.24 0.068 0.24 0.136 024 0274 024 0.410 3.81 024 052 0 59
Methitural sodium 0.26 0074 0.25 0.142 024 0275 0.23 0.407 385 023 052 78 9.8
Methocarbamol 0.10 0.030 0.10 0.060
Methotrimeprazine HCl 0.12 0.034 0.10 0.060 0.07 0.077 0.06 0.094 0.04 0.125
Methoxyphenamine HCl 0.26 0075 0.26 0.150 0.26 0300 0.26 0.450 347 026 052 96 5.4
p-Methylaminoethanolphenol

tartrate 0.18 0.048 0.17 0.095 0.16 0.190 0.16 0.282 0.6 0453 583 0.16 052 0 6.2
Methyldopate HCl 0.21 0.063 0.21 0.122 0.21 0.244 021 0.365 428 0.21 052 partial3.0
Methylergonovine maleate 0.10 0.028 0.10 0.056
N-Methylgiucamine 0.20 0.057 0.20 0.111 0.18 0.214 0.18 0.315 0.18 0.517 502 0.18 052 4 1.3
Methyiphenidate HCl 0.22 0.065 0.22 0.127 0.22 0.258 0.22 0.388 407 022 052 66 43
Methyiprednisolone Na

succinate 0.10 0.025 0.09 0.051 0.09 0.102 0.08 0.143 0.07 0.200
Minocycline HCl 0.10 0.030 0.10 0.058 0.09 0.107 0.08 0.146
Monoethanolamine 0.53 0.154 0.53 0.306 1.70 053 052 100 114
Morphine HCI 0.15 0.086° 0.14
Morphine sulfate 0.14 0.079° 0.11 0.19 0.09 0.26
Nalorphine HCl 0.24 0.070 0.21 0.121% 0.18 0.210 0.17 0288 0.15 0.434 636 0.14 052 63 4.1
Naloxone HCI 0.14 0.042 0.14 0.083 0.14 0.158 0.13 0.230 0.13 0.367 8.07 0.11 052 35 5.2
Naphazoline HCl 0.27 0.14° 0.24 3.99 0.22 100 5.3
Neoarsphenamine 2.32 17 7.8
Neomycin sulfate 0.11 0.063¢ 009 0.16 0.08 0.232
Neostigmine bromide 0.22 0.127¢ 0.19 4.98 0 4.6
Neostigmine methylsulfate 0.20 0.115° 0.18 0.17 5.22 0.17
Nicotinamide 0.26 0.148° 021 036 449 020 052 100 7.0
Nicotinic acid 0.25 0.144°¢
Nikethamide 0.100¢ 5.94 100 6.9
Novobiocin sodium 0.12 0.033 0.10 0.057 0.07 0.073
Oleandomycin phosphate 0.08 0.017 0.08 0.038 0.08 0.084 008 0.129 0.08 0.255 10.82 0.08 052 0 5.0
Orphenadrine citrate 0.13 0.037 0.13 0.074 0.13 0.144 0.12 0.204 0.10 0.285
Oxophenarsine HCl .67 trace® 2.3
Oxymetazoline HCl 0.22 0.063 0.22 0.124 020 0.232 0.19 0.335 492 0.18 052 86 5.7
Oxyquinoline suifate 0.24 0.068 0.21 0.113 0.16 0.182 0.14 0.236 0.11 0.315
d-Pantothenyl alcohol 0.20 0053 0.18 0.100 0.17 0.193 0.17 0.283 0.16 0.468 560 0.16 052 92 6.8
Papaverine HCl 0.10 0.061°
Paraldehyde 0.25 0.071 0.25 0.142 0.25 0.288 0.25 0.430 365 025 052 97 53
Pargyline HC{ 0.30 0.083 0.29 0.165 0.29 0.327 0.28 0.491 3.18 0.28 052 91 3.8
Penicillin G, potassium 0.18 0.102¢ 017 029 0.16 046 548 0.16 052 ¢ 6.2
Penicillin G, procaine 0.067
Penicillin G, sodium 0.18 0.100¢ .16 0.28 0.16 046 5.90 18 5.2
Pentazocine lactate 0.15 0.042 0.15 0.085 0.15 0.169 0.15 0.253 0.15 0.420
Pentobarbital sodium 0.145¢ 4.07 0 9.9
Pentolinium tartrate 5.95 55* 3.4
Phenacaine HCl 0.09¢
Pheniramine maleate 0.099
Phenobarbital sodium 0.24 0.135¢ 0.23 0.40 395 023 052 0 9.2
Phenol 0.35 0.20 28 032 052 o0F 5.6
Phentolamine mesylate 0.18 0.052 0.17 0.096 0.16 0.173 0.14 0.244 0.13 0364 823 0.11 052 83 35
Phenylephrine HCI 0.32 0.184¢ 0.30 3.0 030 0 4.5
Phenylephrine tartrate 5.90 58* 5.4
Phenylethyl alcohol 0.25 0.070 0.25 0.141 025 0.283
Phenylpropanolamine HCI 0.38 0.219° 26 035 95 5.3
Physostigmine salicylate 0.16  0.090¢
Physostigmine sulfate 0.074¢
Pilocarpine HCl 0.24 0.138° 0.22 0.38 4.08 0.22 0.52 89 4.0
Pilocarpine nitrate 0.23 0.132¢ 0.20 0.35 484 020 052 88 3.9
Piperocaine HC! 0.12¢ 5.22 65 5.7
Polyethylene glycol 300 0.12 0.034 0.12 0.069 0.12 0.141 0.12 0.216 0.13 0.378 6.73 0.13 0.52 53 3.8
Polyethylene glycol 400 0.08 0022 0.08 0.047 0.09 0.098 0.09 0.153 0.09 0.272 850 0.11 052 0 4.4
Polyethylene glycol 1500 0.06 0.015 0.06 0.036 007 0078 0.07 0.120 0.07 0.215 10.00 009 052 4 4.9
Polyethylene glycol 1540 0.02 0.005 0.02 0.012 0.02 0.028 0.03 0.047 0.03 0.094
Polyethylene glycol 4000 0.02 0.004 0.02 0.008 002 0.020 0.02 0.033 0.02 0.067
Polymyxin B sulfate 0.09 0.052 0.06 0.10 0.04 0.12
Polysorbate 80 0.02 0.005 0.02 0.010 002 0020 0.02 0.032 0.02 0.055
Polyvinyl alcohol (99% hydrol) 0.02 0.004 0.02 0.008 002 0020 0.02 0.035 0.03 0.075
Polyvinylpyrrolidone 0.01 0.003 0.01 0.006 0.01 0.010 0.01 0.017 0.0t 0.035
Potassium acetate 059 0.172 059 0.342 153 059 052 0 7.6
Potassium chlorate 1.88 0 6.9
Potassium chloride 0.76 0.439°¢ 119 076 052 0 5.9
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0.5%

1%

2%

3%

5%

tso-osmotic Concentration?

E D 3 D 3 D E D 3 D % E D H pH
Potassium iodide 0.34 0.196° 259 034 052 O 7.0
Potassium nitrate 0.56 0.324¢ 162 05 O 5.9
Potassium phosphate 046 0.27 208 043 052 0 8.4
Potassium phosphate,

monobasic 0.44 0.25 2.18 0417 052 0 4.4
Potassium sulfate 0.44 2.11 043 0 6.6
Pralidoxime chloride 0.32 0.092 032 0.183 0.32 0.364 287 032 052 0O 4.6
Prilocaine HCl 0.22 0.062 0.22 0.125 022 0.250 0.22 0.375 418 0.22 052 45 4.6
Procainamide HC| 0.22 0.13 0.19 033 0.17 0.49
Procaine HCI 0.21 0.122¢ 0.19 033 0.18 5.05 0.18 0.52 91 5.6
Prochlorperazine edisylate 0.08 0.020 0.06 0.033 0.05 0.048 0.03 0.056 0.02 0.065
Promazine HC! 0.18 0.050 0.13 0.077 0.09 0.102 0.07 0.112 0.05 0.137
Proparacaine HC! 0.16 0.044 0.15 0.08 0.15 0.169 0.14 0.247 0.13 0.380 746 0.12 0.52
Propiomazine HC 0.18 0.050 0.15 0.084 0.12 0.133 0.10 0.165 0.08 0.215
Propoxycaine HCI 6.40 16 5.3
Propylene glycol 2.00 100 55
Pyrathiazine HCI 0.22 0.065 0.17 0.095 0.11 0.123 0.08 0.140 0.06 0.170
Pyridostigmine bromide 0.22 0.062 0.22 0125 0.22 0.250 022 0.377 413 0.22 052 © 7.2
Pyridoxine HCl 3.05 31 3.2
Quinacrine methanesulfonate 0.06°
Quinine bisulfate 0.09 0.05 0.09 0.16
Quinine dihydrochloride 0.23 0.130° 0.19 033 0.18 507 0.18 0.52 trace* 2.5
Quinine hydrochloride 0.14 0.077¢ 0.11 0.19
Quinine and urea HC! 0.23 0.13 0.21 0.36 45 0.20 052 64 2.9
Resorcinol 0.161¢ 3.30 96 5.0
Rolitetracycline 0.11 0.032 0.11 0.064 0.10 0.113 0.09 0.158 0.07 0.204
Rose Bengal 0.08 0.020 0.07 0.040 0.07 0.083 0.07 0.124 0.07 0.198 149 0.06 0.52
Rose Bengal B 0.08 0.022 0.08 0.044 0.08 0.087 0.08 0.131 0.08 0.218
Scopolamine HBr 0.12 0.07 0.12 0.2 0.12 035 785 0.11 052 8 4.8
Scopolamine methylnitrate 0.16 0.14 0.13 6585 013 O 6.0
Secobarbital sodium 0.24 0.14 0.23 0.40 39 023 052 trace 9.8
Silver nitrate 0.33 0.190° 274 0.33 0.52 0% 5.0
Silver protein, mild 0.17 0.10 0.17 029 0.16 046 551 0.16 052 0O 9.0
Silver protein, strong 0.067
Sodium acetate 0.46 0.267 20 045 0.52
Sodium acetazolamide 0.24 0.068 0.23 0.135 0.23 0.271 0.23 0.406 385 023 0.52
Sodium aminosalicylate 0.170¢ 3.27 0 7.3
Sodium ampicillin 0.16 0.045 0.16 0.090 0.16 0.181 0.16 0.072 0.16 0451 578 0.16 052 O 8.5
Sodium ascorbate 3.00 0 6.9
Sodium benzoate 0.40 0.230° 225 040 052 0O 7.5
Sodium bicarbonate 0.65 0.375 139 065 052 0 8.3
Sodium biphosphate (H,0) 0.40 0.23 245 037 052 0O 4.1
Sodium biphosphate(2 H,0) 0.36 277 032 0 4.0
Sodium bismuth thioglycollate 0.20 0.055 0.19 0.107 0.18 0.208 0.18 0.303 0.17 0.493 5.29 0 8.3
Sodium bisulfite 0.61 0.35 1.5 061 052 0* 3.0
Sodium borate 0.42 0.241° 26 035 052 O 9.2
Sodium bromide 1.60 0 6.1
Sodium cacodylate 0.32 0.28 33 027 0 8.0
Sodium carbonate,

monohydrated 0.60 0.346 1.56 058 052 100 111
Sodium cephalothin 0.18 0.050 0.17 0.095 0.16 0.179 0.15 0.259 0.14 0.400 6.80 0.13 052 npartial8.5
Sodium chioride 1.00 0.576° 1.00 1.73 00 283 09 100 052 ¢ 6.7
Sodium citrate 0.31 0.178° 0.30 0.52 3.02 0.30 0 7.8
Sodium colistimethate 0.16 0.045 0.15 0.087 0.14 0.161 0.14 0.235 0.13 0383 685 0.13 052 ¢ 8.4
Sodium hypophosphite 1.60 0 7.3
Sodium iodide 0.39 0.222¢ 237 038 052 0 6.9
Sodium iodohippurate 5.92 0 7.3
Sodium lactate 1.72 0 6.5
Sodium lauryl sulfate 0.10 0.029 0.08 0.046 0.07 0.068 0.05 0.086
Sodium mercaptomerin 5.30 0 8.4
Sodium metabisulfite 0.67 0.386° 1.38 0.65 0.52 5* 45
Sodium methicillin 0.18 0.050 0.18 0.099 0.17 0.192 0.16 0.281 0.15 0.445 600 0.15 052 0 5.8
Sodium nafcillin 0.14 0.039 0.14 0.078 14 0.158 0.13 0.219 0.10 0.285
Sodium nitrate 0.68 1.36 0.66 0 6.0
Sodium nitrite 0.84 0.480°¢ 1.08 0.83 0* 8.5
Sodium oxacillin 0.18 0.050 0.17 0.095 0.16 0.177 0.15 0.257 0.14 0408 664 0.14 052 0 6.0
Sodium phenylbutazone 0.19 0.054 0.18 0.104 0.17 0.202 0.17 0.288 0.17 0.488 534 0.17 0.52
Sodium phosphate 0.29 0.168 0.27 0.47 3.33 027 052 0 9.2
Sodium phosphate, dibasic

(2 H,0) 042 024 223 040 052 0 9.2
Sodium phosphate, dibasic

(12 H,0) 0.22 0.21 445 0.20 0 9.2
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Appendix A—Continued
0.5% 1% 2% 3% 5% Iso-osmotic Concentration®
E D E D E D E D £ D % E D H pH

Sodium propionate 0.61 0.35 147 061 052 ¢ 7.8
Sodium salicylate 0.36 0.210° 253 036 052 O 6.7
Sodium succinate 032 0.092 032 0.184 031 0.361 290 031 052 0 85
Sodium sulfate, anhydrous 0.58 0.34 161 056 052 0 6.2
Sodium sulfite, exsiccated 0.65 0.38 1.45 0 9.6
Sodium sulfobromophthalein ~ 0.07 0.019 0.06 0.034 0.05 0.060 0.05 0.084 0.04 0.123
Sodium tartrate 0.33 0.098 0.33 0.193 033 0.385 272 033 052 0 73
Sodium thiosulfate 0.31 0.181° 298 030 052 0 7.4
Sodium warfarin 0.18 0.049 0.17 0.095 0.16 0.181 0.15 0.264 0.15 0430 6.10 0.15 052 0 8.1
Sorbitol (V2 H,0) 5.48 0 5.9
Sparteine sulfate 0.10 0.030 0.10 0.056 0.10 0.111 0.10 0.167 0.10 0.277 946 0.10 052 19* 35
Spectinomycin HCl 0.16 0.045 0.16 0.092 0.16 0.185 0.16 0.280 0.16 0.460 566 0.16 052 3 44
Streptomycin HCl 0.17 0.10° 0.16 0.16
Streptomycin sulfate 0.07 0.036° 0.06 0.10 0.06 0.17
Sucrose 0.08 0.047° 0.09 0.16 008 026 925 010 052 ¢ 6.4
Sulfacetamide sodium 0.23 0.132¢ 0.23 0.40 385 023 052 0 8.7
Sulfadiazine sodium 024 0.4 0.24 0.38 424 021 052 0 9.5
Sulfamerazine sodium 0.23 0.13 0.21 036 453 020 052 0 98
Sulfapyridine sodium 0.23 0.13 0.21 036 455 0.20 052 5 104
Sulfathiazole sodium 0.22 0.13 0.20 0.35 482 019 052 0 9.9
Tartaric acid 0.143¢ 3.90 75% 1.7
Tetracaine HCl 0.18 0.109° 0.15 026 0.12 0.35
Tetracycline HCI 0.14 0.081° 0.10
Tetrahydrozoline HCi 4.10 60% 6.7
Theophylline 0.02°
Theophylline sodium glycinate 2.94 0 8.9
Thiamine HCl 0.139° 4.24 87* 3.0
Thiethylperazine maleate 0.10 6.030 0.09 0050 0.08 0.08% 0.07 0.119 0.05 0.153
Thiopental sodium 0.155¢ 3.50 74 10.3
Thiopropazate diHCl 0.20 0.053 0.16 0.090 0.12 0.137 0.10 0.170 0.08 0.222
Thioridazine HCI 0.06 0015 0.05 0.025 0.04 0.042 0.03 0.055 0.03 0.075
Thiotepa 0.16 0.045 0.16 0.090 0.16 0.182 0.16 0.278 0.16 0460 5.67 0.16 052 10% 82
Tridihexethyl chloride 0.16 0.047 0.6 0.096 0.16 0.191 0.16 0.280 0.16 0.463 562 0.16 052 97 5.4
Triethanolamine 0.20 0.058 021 0.121 022 0.252 0.22 0.383 405 022 052 100 107
Trifluoperazine 2HC! 0.18 0.052 0.18 0.100 0.13 0.144
Triflupromazine HCl 0.10 0.031 0.09 0.051 0.05 0.061 0.04 0.073 0.03 0.092
Trimeprazine tartrate 0.10 0.023 0.06 0.035 0.04 0.045 0.03 0.052 0.02 0.061
Trimethadione 0.23 0.069 0.23 0.133 0.22 0.257 0.22 0.378 422 021 052 100 6.0
Trimethobenzamide HCl 0.12 0.033 0.10 0.062 0.10 0.108 0.09 0.153 0.08 0.232
Tripelennamine HCl 0.13¢ 5.50 100 6.3
Tromethamine 0.26 0.074 026 0.150 0.26 0300 026 0450 345 026 052 0 10.2
Tropicamide 0.10 0.030 0.09 0.050
Trypan blue 0.26 0075 0.26 0.150
Tryparsamide 0.11¢
Tubocurarine chloride 0.076¢
Urea 0.59 034 163 055 052 100 6.6
Urethan 0.18° 2.93 100 63
Uridine 0.12 0.035 0.12 0.069 0.12 0.138 0.12 0.208 0.12 0333 8.18 0.11 052 0~ 6.1
Valethamate bromide 0.16 0.044 0.15 0.085 0.15 0.168 0.14 0.238 0.11 0.324
Vancomycin sulfate 0.06 0.015 0.05 0.028 0.04 0.049 0.04 0.066 0.04 0.098
Viomycin sulfate 0.08 0.05 0.07 0.12 0.07 0.20
Xylometazoline HCI 0.22 0.065 0.21 0.121 0.20 0.232 0.20 0.342 468 0.19 052 88 5.0
Zinc phenolsulfonate 5.40 0~ 5.4
Zinc sulfate 0.15 0.086° 0.13 0.23 0.12 035 7,65 0.12 052

°The unmarked values were taken from Hammarlund et af*®

badapted from Lund et al.V?

‘Adapted from British Pharmaceutical Codex.**

9Obtained from several sources.

~22

and Sapp et al.??

°E, sodium chloride equivalents; D, freezing-point depression, °C; H, hemolysis, %, at the concentration that is iso-osmotic with 0.9% Nadl, based on
freezing-point determination or equivalent test; pH, approximate pH of solution studied for hemolytic action; *, change in appearance of erythrocytes andfor

solution?3-2%;

, pH determined after addition of blood.

Note: See also Budavari S, ed, Merck index, 11th ed, Rahway, NJ: Merck, 1988: pp MISC 79-103.



Appendix B—Isotonic Solution V—Values?® **

Water Water Water
Needed for needed for needed for
Isotonicity isotonicity, isotonicity,

Drug (0.3 g) (mL) Drug {0.3 g) mL Drug (0.3 g) mL
Alcohol 217 Epinephrine hydrochloride 9.7 Silver nitrate 11.0
Ammonium chioride 373 Ethylmorphine hydrochloride 53 Silver protein, mild 5.7
Amobarbital sodium 83 Fluorescein sodium 10.3 Sodium acetate 15.3
Amphetamine phosphate 113 Glycerin 11.7 Sodium bicarbonate 21.7
Amphetamine sulfate 73 Holocaine hydrochloride 6.7 Sodium biphosphate, 15.3
Antipyrine 5.7 Homatropine hydrobromide 5.7 anhydrous
Apomorphine hydrochloride 4.7 Homatropine methytbromide 6.3 Sodium biphosphate 13.3
Ascorbic acid 6.0 Hyoscyamine sulfate 4.7 Sodium bisulfite 203
Atropine methylbromide 4.7 Neomycin sulfate 3.7 Sodium borate 14.0
Atropine sulfate 4.3 Oxytetracycline hydrochloride 4.3 Sodium iodide 13.0
Bacitracin 1.7 Penicillin G, potassium 6.0 Sodium metabisulfite 22.3
Barbital sodium 10.0 Penicillin G, sodium 6.0 Sodium nitrate 22.7
Bismuth potassium tartrate 3.0 Pentobarbital sodium 8.3 Sodium phosphate 9.7
Boric acid 16.7 Phenobarbital sodium 8.0 Sodium propionate 20.3
Butacaine sulfate 6.7 Physostigmine salicylate 5.3 Sodium sulfite, exsiccated 217
Caffeine and sodium benzoate 8.7 Pilocarpine hydrochloride 8.0 Sodium thiosulfate 10.3
Calcium chloride 17.0 Pilocarpine nitrate 7.7 Streptomycin sulfate 2.3
Calcium chloride (6 H,0) 1.7 Piperocaine hydrochloride 7.0 Sulfacetamide sodium 7.7
Chlorobutanol (hydrated) 8.0 Polymyxin B sulfate 3.0 Sulfadiazine sodium 8.0
Chlortetracycline sulfate 43 Potassium chloride 253 Sulfamerazine sodium 7.7
Cocaine hydrochloride 5.3 Potassium nitrate 18.7 Sulfapyridine sodium 7.7
Cupric sulfate 6.0 Potassium phosphate, 14.7 Sulfathiazole sodium 7.3
Dextrose, anhydrous 6.0 monobasic Tetracaine hydrochloride 6.0
Dibucaine hydrochloride 43 Procainamide hydrochloride 7.3 Tetracycline hydrochioride 4.7
Dihydrostreptomycin suifate 2.0 Procaine hydrochloride 7.0 Viomycin sulfate 2.7
Ephedrine hydrochloride 10.0 Scopolamine hydrobromide 4.0 Zinc chloride 203
Ephedrine sulfate 7.7 Scopolamine methylnitrate 5.3 Zinc sulfate 5.0
Epinephrine bitartrate 6.0 Secobarbital sodium 8.0

? This table of Isotonic Solution Values shows volumes in mL of water to be added to 300 mg of the specified drug in sterile water to produce an isotonic solution.
The addition of an isotonic vehicle (commonly referred to as diluting solution) to make 30 mL yields a 1% solution. Solutions prepared as directed above are
iso-osmotic with 0.9% sodium chloride solution but may not be isotonic with blood (see Appendix A for hemolysis data).

®The Vvalues for drugs that do not appear in Appendix B but are listed in Appendix A can be calculated from the sodium chloride equivalent for 1% drug.

Example—Calculate the V value for anileridine HCl {Appendix A defines £ = 0.19).

100 mL Soln 0.19 g naCl
0.9 NaCl 1 g drug

X 0.3 g drug = 6.33 mL Soln

for dilute solution
6.33 mL soln = 6.33.mL water .. V = 6.33 mL water/0.3 g drug.
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CHAPTER 20

Very often it is desirable or necessary in the development of
pharmaceutical dosage forms to produce multiphasic disper-
sions by mixing together two or more ingredients that are not
mutually miscible and capable of forming homogeneous solu-
tions. Examples of such dispersions include

Suspensions (solid in liquid)
Emulsions (liquid in liquid)
Foams (vapor in liquids)

Because these systems are not homogeneous and thermody-
- namically stable, over time they will show some tendency to
separate on standing to produce the minimum possible surface
area of contact between phases. Thus, suspended particles
agglomerate and sediment, emulsified droplets cream and co-
alesce, and the bubbles dispersed in foams collapse to produce
unstable and nonuniform dosage forms. One way to prevent or
slow down this natural tendency for further phase separation is
to add materials that can accumulate at the interface to pro-
vide some type of energy barrier to aggregation and coales-
cence. Such materials are said to exhibit surface activity or to
act as surface-active agents.

In this chapter the fundamental physical chemical proper-
ties of molecules situated at interfaces will be discussed so that
the reader can gain a better understanding of how problems
involving interfaces can be resolved in designing pharmaceuti-
cal dosage forms by the use of surface-active agents.

INTERFACIAL FORCES AND ENERGETICS
L

In the bulk portion of each phase, molecules are attracted to
each other equally in all directions, such that no resultant
forces are acting on any one molecule. The strength of these
forces determines whether a substance exists as a vapor, liquid,
or solid at a particular temperature and pressure.

At the boundary between phases, however, molecules are
acted upon unequally because they are in contact with other
molecules exhibiting different forces of attraction. For example,
the primary intermolecular forces in water are due to hydrogen
bonds, whereas those responsible for intermolecular bonding in
hydrocarbon liquids, such as mineral oil, are due to London
dispersion forces.

Thus, molecules situated at the interface experience inter-
action forces dissimilar to those experienced in each bulk
phase. In liquid systems such unbalanced forces can be satis-
fied by spontaneous movement of molecules from the interface
into the bulk phase. This leaves fewer molecules per unit area
at the interface (greater intermolecular distance) and reduces
the actual contact area between dissimilar molecules.

Any attempt to reverse this process by increasing the area of
contact between phases—that is, bringing more molecules into

the interface—causes the interface to resist expansion and
behave as though it is under a tension everywhere in a tangen-
tial direction. The force of this tension per unit length of inter-
face generally is called the interfacial tension, except when
dealing with the air-liquid interface, where the terms surface
and surface tension are used.

To illustrate the presence of a tension in the interface,
consider an experiment where a circular metal frame, with a
looped piece of thread loosely tied to it, is dipped into a liquid.
When the frame is removed and exposed to the air, a film of
liquid will be stretched entirely across the circular frame, as
when one uses such a frame to blow soap bubbles. Under these
conditions (Fig 20-14), the thread will remain collapsed. If a
heated needle is used to puncture and remove the liquid film
from within the loop (Fig 20-1B), the loop will stretch sponta-
neously into a circular shape.

The result of this experiment demonstrates the spontaneous
reduction of interfacial contact between air and the liquid re-
maining; indeed, it illustrates that a tension causing the loop to
remain extended exists parallel to the interface. The circular
shape of the loop indicates that the tension in the plane of the
interface exists at right angles or normal to every part of the
looped thread. The total force on the entire loop divided by the
circumference of the circle, therefore, represents the tension
per unit distance of surface, or the surface tension.

Just as work is required to extend a spring under tension,
work should be required to reverse the process seen in Figure
20-1A and B, thus bringing more molecules to the interface.
This may be seen quantitatively by considering an experiment
where tension and work may be measured directly. Assume
that we have a rectangular wire with one movable side (Fig
20-2). Assume further that by dipping this wire into a liquid, a
film of liquid will form within the frame when it is removed and
exposed to the air. As seen earlier in Figure 20-1, when it comes
in contact with air, the liquid surface will tend to contract with
a force, F, as molecules leave the surface for the bulk. To keep
the movable side in equilibrium, an equal force must be applied
to oppose this tension in the surface. The surface tension, v, of
the liquid may be defined as F/2l; where 2! is the distance of
surface over which F is operating. The factor 2 arises out of
considering two surfaces, top and bottom. Upon expansion of
the surface by a very small distance, Ax, the work done (W) is

W = Fix (1)
and therefore,
W = y2lAx (2
Since
AA = 2[Ax 3)

where AA is the change in area due to the expansion of the
surface, it may be concluded that
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Figure 20-1. A circular wire frame with a loop of thread loosely tied
to it: (A) a liquid film on the wire frame with aloop in it; (B) the film
inside the loop is broken.'

W = yAA (4)

Thus, the work required to create a unit area of surface, known
"as the surface free energy/unit area, is equivalent to the surface
tension of a liquid system—the greater the area of interfacial
contact between phases, the greater the free-energy increase
for the total system. Because a prime requisite for equilibrium
is that the free energy of a system be at a minimum, it is not
surprising to observe that phases in contact tend to reduce area
of contact spontaneously.

Liquids, being mobile, may assume spherical shapes (small-
est interfacial area for a given volume), as when ejected from
an orifice into air or when dispersed into another immiscible
liquid. If a large number of drops are formed, further reduction
in area can occur by having the drops coalesce, as when a foam
collapses or when the liquid phases making up an emulsion
separate.

In the centigrade-gram-second (cgs) system, surface tension
is expressed in units of dynes per centimeter (dyne/cm), while
surface free energy is expressed in erg/cm® As an erg is a
dyne-cm, both sets of units are equivalent. In the SI (interna-
tional units) system, surface tension is expressed in mN/m and
surface free energy in mJ/m?2.

Values for the surface tension of a variety of liquids are
given in Table 20-1, and interfacial tension values for various
liquids against water are given in Table 20-2. Other combina-
tions of immiscible phases could be given, but most heteroge-
neous systems encountered in pharmacy usually contain water.
Values for these tensions are expressed for a particular tem-
perature. Because an increased temperature increases the
thermal energy of molecules, the work required to bring mole-
cules to the interface should be less, and thus the surface and
interfacial tension will be reduced. For example, the surface
tension of water is 76.5 dynes/cm at 0° and 63.5 dynes/cm at
75°.

As would be expected from the discussion so far, the relative
values for surface tension should reflect the nature of intermo-
lecular forces present, hence the relatively large values for
mercury (metallic bonds) and water (hydrogen bonds), and the
lower values for benzene, chloroform, carbon tetrachloride, and
the n-alkanes.

Benzene, with 7 electrons, exhibits a higher surface tension
than the alkanes of comparable molecular weight, but increas-
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Figure 20-2. A movable wire frame containing a film of liquid being
expanded with a force, F.

Table 20-1. Surface Tension of Various Liquids at 20°

SUBSTANCE SURFACE TENSION (dyne/cm)
Mercury 476
Water 72.8
Glycerin 63.4
Oleic acid 325
Benzene 28.9
Chloroform 271
Carbon tetrachloride 26.8
1-Octanol 26.5
Hexadecane 27.4
Dodecane 25.4
Decane 23.9
Octane 21.8
Heptane 19.7
Hexane 18.0
Perfluoroheptane 11.0
Nitrogen (at 75 K) 9.4

ing the molecular weight of the alkanes (and hence intermo-
lecular attraction) increases their surface tension closer to that
of benzene. The lower values for the more nonpolar substances,
perfluoroheptane and liquid nitrogen, demonstrate this point
even more strongly.

Values of interfacial tension should reflect the differences in
chemical structure of the two phases involved—the greater the
tendency to interact, the less the interfacial tension. The 20-
dyne/cm difference between air-water tension and that at the
octane—water interface reflects the small but significant inter-
action between octane molecules and water molecules at the
interface. This is seen also in Table 20-2 by comparing the
values for octane and octanol, oleic acid and the alkanes, or
chloroform and carbon tetrachloride. In each case the presence
of chemical groups capable of hydrogen bonding with water
markedly reduces the interfacial tension, presumably by satis-
fying the unbalanced forces at the interface. These observa-
tions strongly suggest that molecules at an interface arrange
themselves or orient so as to minimize differences between
bulk phases.

That this phenomenon occurs even at the air-liquid inter-
face is seen when one notes the relatively low surface-tension
values of very different chemical structures such as the n-
alkanes, octanol, oleic acid, benzene, and chloroform. Presum-
ably, in each case the similar nonpolar groups are oriented
toward the air with any polar groups oriented away toward the
bulk phase. This tendency for molecules to orient at an inter-
face is a basic factor in interfacial phenomena and will be
discussed more fully in succeeding sections.

Solid substances such as metals, metal oxides, silicates, and
salts, all containing polar groups exposed at their surface, may
be classified as high-energy solids, whereas nonpolar solids
such as carbon, sulfur, glyceryl tristearate, polyethylene, and
polytetrafluoroethylene (Teflon) may be classified as low-energy
solids. 1t is of interest to measure the surface free energy of

_ solids; however, the lack of mobility of molecules at the surface

Table 20-2. Interfacial Tension of Various Liquids
Against Water at 20°

SUBSTANCE INTERFACIAL TENSION (dyne/cm)
Decane 52.3

Octane 51.7

Hexane 50.8

Carbon tetrachloride 45.0

Chloroform 328

Benzene 35.0

Mercury 428

Oleic acid 15.6

1-Octanol 8.51




of solids prevents the observation and direct measurement of a
surface tension. It is possible to measure the work required to
create new solic surface by cleaving a crystal and measuring
the work involved. However, this work not only represents free
energy due to exposed groups but also takes into account the
mechanical energy associated with crystal fracture (ie, plastic
and elastic deformation and strain energies due to crystal
structure and imperfections in that structure).

Also contributing to the complexity of a solid surface is the
heterogeneous behavior as a result of the exposure of different
crystal faces, each having a different surface free energy/unit
area. For example, adipic acid, HOOC(CH,),COOH, crystal-
lizes from water as thin hexagonal plates with three different
faces, as shown in Figure 20-3. Each unit cell of such a crystal
contains adipic acid molecules oriented such that the hexago-
nal planes (faces) contain exposed carboxyl groups, while the
sides and edges (A and B faces) represent the side view of the
carboxyl and alkyl groups and thus are quite nonpolar. Indeed,
interactions involving these different faces reflect the differing
surface free energies.?

Other complexities of solid surfaces include roughness and
porosity.® Even in the absence of chemical contamination, such
as that occurring during recystallization, surface energy
changes in a solid can be induced by unit operations such as
milling, resulting in an altered pattern of drug dissolution.*®
In view of all these potential complications that are difficult to
quantify, surface free energy values for solids, when reported,
should be regarded as average values, often dependent on the
method used and not necessarily the same for other samples of
the same substance.

Table 20-3 lists some average values of vy,, for a variety of
solids, ranging in polarity from Teflon to copper, obtained by
various indirect techniques.

ADHESIONAL AND COHESIONAL FORCES
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Of prime importance to those dealing with heterogeneous sys-
tems is the question of how two phases will behave when
brought in contact with each other. It is well known, for in-
stance, that some liquids, when placed in contact with other
liquid or solid surfaces, will remain retracted in the form of a
drop (known as a lens), while other liquids may exhibit a
tendency to spread and cover the surface of this liquid or solid.

Based upon concepts developed to this point, it is apparent
that the individual phases will exhibit a tendency to minimize
the area of contact with other phases, thus leading to phase
separation. On the other hand, the tendency for interaction
between molecules at the new interface will offset this to some
extent and give rise to the spontaneous spreading of one sub-
stance over the other.

In essence, therefore, phase affinity is increased as the
forces of attraction between different phases (adhesional
forces) become greater than the forces of attraction between
molecules of the same phase (cohesional forces). If these adhe-
sional forces become great enough, miscibility will occur and
the interface will disappear. The present discussion is con-
cerned only with systems of limited phase affinity, where an
interface still exists.

A convenient approach used to express these forces quanti-
tatively is work of adhesion and work of cohesion. The work of
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Figure 20-3. Adipic acid crystal showing various faces.?
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Table 20-3. Values of vy, for Solids of Varying Polarity

SOLID ysv {dyne/cm)
Teflon 19.0
Paraffin 255
Polyethylene 37.6
Polymethyl methacrylate 45.4
Nylon 50.8
Indomethacin 61.8
Griseofulvin 62.2
Hydrocortisone 68.7
Sodium Chioride 155
Copper 1300

adhesion, W,, is defined as the free energy/cm? required to
separate two phases at their boundary and is equal but oppo-
site in sign to the free energy/cm? released when the interface
is formed. In an analogous manner the work of cohesion for a
pure substance, W,, is the work/cm? required to produce two
new surfaces, as when separating different phases, but now
both surfaces contain the same molecules. This is equal and
opposite in sign to the free energy/cm? released when the same
two pure liquid surfaces are brought together and eliminated.

By convention, when the work of adhesion between two
substances, A and B, exceeds the work of cohesion for one
substance (eg, B), spontaneous spreading of B over the surface
of A should occur with a net loss of free energy equal to the
difference between W, and W,. If W_ exceeds W, no spontane-
ous spreading of B over A can occur. The difference between W,
and W, is known as the spreading coefficient, S. Only when S is
positive will spreading occur.

The values for W, and W, (and hence S) may be expressed
in terms of surface and interfacial tensions, when one con-
siders that upon separation of two phases, A and B, y,z ergs
of interfacial free energy/cm? (interfacial tension) are lost,
but that v, and v erg/cm? of energy (surface tensions of A
and B) are gained; upon separation of bulk-phase molecules
in an analogous manner, 2y, or 2vy erglem® will be gained.
Thus,

Wa=va~+ v8~ van 5)
and
W, = 2y, or 2vyz 6)
for B spreading on the surface of A. Therefore,
Sa = va+ ve— var— 278 ' €9
or
S = va~ (v + van) (8)

Using Equation 8 and the values of surface and interfacial
tension given in Tables 20-1 and 20-2, the spreading coefficient
can be calculated for three representative substances—decane,
benzene, and oleic acid—on water at 20°.

Decane: S =1728-(23.9 + 52.3) =-34
Benzene: S =172.8-(28.9 + 35.0) = 8.9
Oleic Acid: S =172.8-(32.5+ 15.6) = 24.7

As expected, relatively nonpolar substances such as decane
exhibit negative values of spreading coefficient, whereas the
more-polar materials yield positive values—the greater the
polarity of the molecule, the more positive the value of S.

The importance of the cohesive energy of the spreading
liquid may be noted also by comparing the spreading coeffi-
cients for hexane on water and water on hexane.
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Spw = 72.8 - (18.0 + 50.8) = 10.0
Swiy = 18.0 — (72.8 + 50.8) = -105.6

Here, despite the fact that both liquids are the same, the high
cohesion and air-liquid tension of water prevents spreading on
the low-energy hexane surface, while the very low value for
hexane allows spreading on the water surface. This also is seen
when comparing the positive spreading coefficient of hexane to
the negative value for decane on water.

To see whether spreading does or does not occur, a powder
such as talc or charcoal can be sprinkled over the surface of
water such that it floats; then, a drop of each liquid is placed on
this surface. As predicted, decane will remain as an intact drop,
while hexane, benzene, and oleic acid will spread out, as shown
by the rapid movement of solid particles away from the point
where the liquid drop was placed originally.

An apparent contradiction to these observations may be
noted for hexane, benzene, and oleic acid when more of each
substance is added: lenses now appear to form even though
initial spreading occurred. Thus, in effect a substance does not
appear to spread over itself.

It is now established that the spreading substance forms a
monomolecular film that creates a new surface that has a lower
surface free energy than pure water. This arises because of the
apparent orientation of the molecules in such a film so that
their most hydrophobic portion is oriented toward the spread-
ing phase. It is the lack of affinity between this exposed portion
of the spread molecules and the polar portion of the remaining
molecules that prevents further spreading. This may be seen by
calculating a final spreading coefficient where the new surface
tension of water plus monomolecular film is used. For example,
the presence of benzene reduces the surface tension of water to
62.2 dyne/cm so that the final spreading coefficient, is

S =62.2-(28.9 + 35.0) = -1.7

The lack of spreading exhibited by oleic acid should be reflected
in an even more negative final spreading coefficient, as the very
polar carboxyl groups should have very little affinity for the
exposed alkyl chain of the oleic acid film. Spreading so as to
form a second layer with polar groups exposed to the air also
would seem very unlikely, thus leading to the formation of a
lens.

WETTING PHENOMENA

In the experiment described above it was shown that talc or
charcoal sprinkled onto the surface of water float despite the
fact that their densities are much greater than that of water. In
order for immersion of the solid to occur, the liquid must
displace air and spread over the surface of the solid; when
liquids cannot spread over a solid surface spontaneously, and,
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Figure 20-4. Forces acting on a nonwetting liquid drop exhibiting a
contact angle of 6.6
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Table 20-4. Contact Angle on Paraffin and Nyion
for Various Liquids of Differing Surface Tension

CONTACT ANGLE (°}
SURFACE TENSION

SUBSTANCE (dyne/cm) PARAFFIN NYLON
Water . 72.8 105 70
Glycerin 63.4 96 60
Formamide 58.2 91 50
Methylene iodide 50.8 66 41
a-Bromonaphthalene 446 47 16
tert-Butylnaphthalene 33.7 38 spreads
Benzene -28.9 24 spreads
Dodecane 25.4 17 spreads
Decane 239 7 spreads
Nonane 22.9 spreads spreads

therefore, S, the spreading coefficient, is negative, we say that
the solid is not wetted.

An important parameter reflecting the degree of wetting is
the angle made by the liquid with the solid surface at the point
of contact (Fig 20-4). By convention, when wetting is complete,
the contact angle is 0°; in nonwetting situations it theoretically
can increase to a value of 180°, where a spherical droplet makes
contact with solid at only one point.

To express contact angle in terms of solid-liquid—air equi-
libria, one can balance forces parallel to the solid surface at the
point of contact between all three phases (see Fig 20-4), as
expressed in

Ysv = Ys. + Yoy cos 8 9

where vgy, vsr, and .y represent the surface free energy/
unit area of the solid—air, solid-liquid and liquid—-air inter-
faces, respectively. Although difficult to use quantitatively
because of uncertainties with ygy and -yg, measurements,
conceptually the equation, known as the Young equation, is
useful because it shows that the loss of free energy due to
elimination of the air-solid interface by wetting is offset by
the increased solid-liquid and liquid—air area of contact as
the drop spreads out.

The . cos 0 term arises as the horizontal vectorial com-
ponent of the force acting along the surface of the drop, as
represented by v;,. Factors tending to reduce vy, and vygy,
therefore, will favor wetting, while the greater the value of vygy,
the greater the chance for wetting to occur. This is seen in
Table 20-4 for the wetting of a low-energy surface, paraffin
(hydrocarbon), and a higher energy surface, nylon (polyhexa-
methylene adipamide). Here, the lower the surface tension of a
liquid, the smaller the contact angle on a given solid, and the
more polar the solid, the smaller the contact angle with the
same liquid.

With Equation 9 in mind and looking at Figure 20-5, it is
now possible to understand how the forces acting at the solid—
liquid—air interface can cause a dense nonwetted solid to float
if yg; and v,y are large enough relative to ygy.

The significance of reducing vy, was first developed empir-
ically by Zisman® when he plotted cos # versus the surface
tension of a series of liquids and found that a linear relation-
ship, dependent on the solid, often was obtained. When such
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Figure 20-5. Forces acting on a nonwettable solid at the
air+liquid +solid interface: contact angle 6 greater than 90°.



Table 20-5. Critical Surface Tensions of Various
Polymeric Solids

POLYMERIC SOLID

yc {dyne/cm AT 20°C)

Polymethacrylic ester of ¢'-octanol 10.6
Polyhexafluoropropylene 16.2
Polytetrafluoroethylene 19
Polytrifluoroethylene 22
Poly(vinylidene fluoride) 25
Poly(vinyl fluoride) 28
Polyethylene 31
Polytrifluorochloroethylene 31
Polystyrene 33
Poly(vinyl alcohol) 37
Poly(methy! methacrylate) 39
Poly(vinyl chloride) 39
Poly(vinylidene chloride) ' 40
Poly(ethylene terephthalate) 43
Poly(hexamethylene adipamide) 46

plots are extrapolated to cos 6 equal to 1, or 0° contact angle, a
value of surface tension required to just cause complete wetting
is obtained. Doing this for a number of solids, it was shown that
this surface tension (known as the critical surface tension, v,)
parallels expected solid surface energy ygy—the lower v, the
more nonpolar the surface.

Table 20-5 indicates some of these vy, values for different
surface groups, indicating such a trend. Thus, water with a
surface tension of about 72 dyne/cm will not wet polyethylene
(y, = 31 dyne/cm) but heptane, with a surface tension of about
20 dyne/cm, will. Likewise, Teflon (polytetrafluoroethylene) (v,
= 19) is not wetted by heptane but is wetted by perfluorohep-
tane with a surface tension of 11 dyne/cm.

One complication associated with the wetting of high-energy
surfaces is the lack of wetting after the initial formation of a
monomolecular film caused by the spreading substance. As in
the case of oleic acid spreading on the surface of water, the
remaining liquid retracts because of the low-energy surface
produced by the oriented film. This phenomenon, often called
autophobic behavior, is an important factor in many systems of
pharmaceutical interest because many solids expected to be
wetted easily by water may be rendered hydrophobic if other
molecules dissolved in the water can form these monomolecular
films at the solid surface.

CAPILLARITY

Because water shows a strong tendency to spread out over a
polar surface such as clean glass (contact angle equal to 0°), one
would expect to observe a meniscus forming when water is
contained in a glass vessel such as a pipet or buret. This
behavior is accentuated dramatically if a fine-bore capillary
tube is placed into the liquid (Fig 20-6). Not only will the
wetting of the glass produce a more highly curved meniscus,

Figure 20-6. Capillary rise for a liquid exhibiting 0° contact angle.’
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Figure 20-7. Capillary fall for a liquid exhibiting a contact angle, 6,
that is greater than 90°."

but the level of the liquid in the tube will be appreciably higher
than the level of the water in the beaker.

The spontaneous movement of a liquid into a capillary or
narrow tube due to surface forces is defined as capillarity and
is responsible for a number of important processes involving
the penetration of liquids into porous solids. In contrast to
water in contact with glass, if the same capillary is placed into
mercury (contact angle on glass: 130°), not only will the menis-
cus be inverted (Fig 20-7), but the level of the mercury in the
capillary will be lower than in the beaker. In this case one does
not expect mercury or other nonwetting liquids to penetrate
pores easily unless external forces are applied.

To examine more closely the factors giving rise to the phe-
nomenon of capillarity, consider the case of a liquid that rises to
a height, A, above the bulk liquid in a capillary having a radius,
r. As shown in Figure 20-6, if the contact angle of water on
glass is 0, a force, F, will act upward and vertically along the
circle of liquid—glass contact. Based upon the definition of
surface tension, this force will be equal to the surface tension,
v, multiplied by the circumference of the circle, 2ar. Thus,

F = y27r (10)

This force upward must support the column of water, and
because the mass, m, of the column is equal to the density, d,
multiplied by the volume of the column, w7%h, the force W
opposing the movement upward will be

W = mg = nr’dgh (11)

where g is the gravity constant.
Equating the two forces at equilibrium gives

ar’dgh = y2wur (12)
so that
2y
h = vdg (18)

Thus, the greater the surface tension and the finer the capillary
radius, the greater the rise of liquid in the capillary.

If the contact angle of liquid is not 0 (Fig 20-8), the same
relationship may be developed, except the vertical component
of F which opposes the weight of the column is F cos 6 and,
therefore

Figure 20-8. Capillary rise for a liquid exhibiting a contact angle, 6,
that is greater than 0° but less than 90°."
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2y cos §

rdg 14
This indicates the very important fact that if 0 is less than 90°,
but greater than 0°, the value of h will decrease with increasing
contact angle until at 90° (cos 8 = 0°), A = 0. Above 90°, values
of & will be negative, as indicated in Figure 20-7 for mercury.
Thus, based on these equations it may be concluded that cap-
illarity will occur spontaneously in a cylindrical pore even if the
contact angle is greater than 0°, but it will not occur at all if the
contact angle becomes 90° or more. In solids with irregularly
shaped pores the relationships between parameters in Equa-
tion 14 will be the same, but they will be more difficult to
quantitate because of nonuniform changes in pore radius
throughout the porous structure.

PRESSURE DIFFERENCES
ACROSS CURVED SURFACES

From the preceding discussion of capillarity another important
concept follows. In order for the liquid in a capillary to rise
spontaneously it must develop a higher pressure than the lower
level of the liquid in the beaker. However, because the system
is open to the atmosphere, both surfaces are in equilibrium
with the atmospheric pressure. To be raised above the level of
liquid in the beaker and produce a hydrostatic pressure equal
to hgd, the pressure just below the liquid meniscus, in the
capillary, P, must be less than that just below the flat liquid
surface, P, by hgd, and therefore

- P, = hgd (15)
Because, according to Equation 14,

2y cos 9

rgd
then

2y cos®
Py,—P = " (16)

For a contact angle of 0°, where the radius of the capillary is the
radius of the hemisphere making up the meniscus,

P,— P, = gl an
T

The consequences of this relationship (known as the Laplace
equation) are important for any curved surface when r becomes
very small and v is relatively significant. For example, a spher-
ical droplet of air formed in a bulk liquid and having a radius
r will have a greater pressure on the inner concave surface than
on the convex side, as expressed in Equation 17. Direct mea-
surement of the pressure difference, (P, - P,), for an air bubble
of known radius allows the determination of the surface ten-
sion of either a pure liquid or a solution of surface active
substance. Both static (constant radius) and dynamic (radius
changing in a cyclic fashion as a function of time) measure-
ments have been employed. The latter treatment, known as the
pulsating bubble method, has been very useful in the study of
some of the biophysical properties and associated disease
states of pulmonary surfactant, a mixture of surface act1ve
materials lining the small airways of the mammalian lung.”
One of the less appreciated advantages of this method for
measuring surface tension is the need for only a very small
sample size, typically on the order of 50 uL.

Another direct consequence of what Equation 17 expresses
is the fact that very small droplets of liquid, having highly
curved surfaces, will exhibit a higher vapor pressure, VP, than
observed are over a flat surface of the same liquid at VP'.

Table 20-6. Ratio of Observed Vapor Pressure (P) to
Expected Vapor Pressure (P') of Water at 25°C With
Varying Droplet Size

PIP DROPLET SIZE (um)
1.001 1

1.01 0.1

1.1 0.01

2.0 0.005

3.0 0.001

42 . 0.00065

5.2 0.00060

Equation 18, called the Kelvin equation, expresses the ratio of
VP/VP’ to droplet radius r, and surface tension y:

2yM

P
log 57 = 5 303RTpr (18)
where M is the molecular weight, R is the gas constant in
erg/mol/degree, T is temperature, and p is the den51ty in g/cm?®.
Values for the ratio of vapor pressures are given in Table 20-6
for water droplets of varying size. Such ratios indicate why it is
possible for very fine water droplets in clouds to remain uncon-
densed despite their close proximity to one another.

This same behavior may be seen when measuring the solu-
bility of very fine solid particles, as both vapor pressure and
solubility are measures of the escaping tendency of molecules
from a surface. Indeed, the equilibrium solubility of extremely
small particles has been shown to be greater than the usual
value noted for coarser particles; the greater the surface energy
and smaller the particles, the greater this effect.

ADSORPTION

Vapor Adsorption on Solid Surfaces

It was suggested earlier that a high surface or interfacial free
energy may exist at a solid surface if the unbalanced forces at
the surface and the area of exposed groups are quite great.

Substances such as metals, metal oxides, silicates, and
salts—all containing exposed polar groups—may be classified
as high-energy or hydrophilic solids; nonpolar solids such as
carbon, sulfur, polyethylene, or Teflon (polytetrafluoroethyl-
ene) may be classified as low-energy or hydrophobic solids (see
Table 20-3). Whereas liquids satisfy their unbalanced surface
forces by changes in shape, pure solids (which exhibit negligi-
ble surface mobility) must rely on reaction with molecules
either in the vapor state or in a solution that comes in contact
with the solid surface to accomplish this.

Vapor adsorption is the simplest model demonstrating how
solids reduce their surface free energy in this manner. Depend-
ing on the chemical nature of the adsorbent (solid) and the
adsorbate (vapor), the strength of interaction between the two
species may vary from strong specific chemical bonding to
interactions produced by the weaker, more nonspecific London
dispersion forces. Ordinarily, these latter forces are those re-
sponsible for the condensation of relatively nonpolar sub-
stances such as N,, O,, CO,, or hydrocarbons.

When chemical reaction occurs, the process is called
chemisorption; when dispersion forces predominate, the
term physisorption is used. Physisorption occurs at temper-
atures approaching the liquefaction temperature of the
vapor; for chemisorption, temperatures depend on the
particular reaction involved. Water-vapor adsorption to var-
ious polar solids can occur at room temperature through



hydrogen-bonding, with binding energies intermediate to
physisorption and chemisorption.

To study the adsorption of vapors onto solid surfaces, one
must measure the amount of gas adsorbed/unit area or unit
mass of solid, at different pressures of gas. Because such stud-
ies usually are conducted at constant temperature, plots of
volume adsorbed versus pressure are known as adsorption
isotherms. If the physical or chemical adsorption process is
monomolecular, the adsorption isotherm should appear similar
to those shown in Figure 20-9. Adsorption significantly in-
creases with increasing pressure, followed by a leveling off,
which is due either to a saturation of available specific chemical
groups, as in chemisorption, or to the entire available surface
being covered by physically adsorbed molecules. Adsorption
reduction with increasing temperature occurs because the ad-
sorption process is exothermic. In the case of physical adsorp-
tion at low temperatures after adsorption levels off, often a
marked increase in adsorption occurs, presumably due to mul-
tilayered adsorption. In this case vapor molecules essentially
condense upon themselves as the liquefaction pressure of the
vapor is approached. Figure 20-10 illustrates one type of iso-
therm generally seen with multilayered physisorption.

To have a quantitative understanding of the adsorption
process and to be able to compare different systems, two factors
must be evaluated. It is important to know the capacity of the
solid or the maximum amount of adsorption under a given set
of conditions and the affinity of a given substance for the solid
surface—how readily does it adsorb for a given amount of
pressure? In effect, the second term is the equilibrium constant
for the process. For many systems vapor-adsorption data
may fit a very general, but somewhat empirical equation, the
Freundlich equation:

Va = kp™ (19)

where V, is the volume of gas adsorbed, p is the gas pressure,
and k and n are constants reflecting adsorption affinity and
capacity.

A significant theoretical improvement along these lines was
the theory of monomolecular adsorption proposed by Lang-
muir. He postulated that for adsorption to occur a solid must
contain uniform adsorption sites, each capable of holding a
single gas molecule. Molecules colliding with the surface may
bounce off elastically or they may remain in contact for a period
of time. It is this contact over a period of time that Langmuir
termed adsorption.

Two major assumptions were made in deriving the adsorp-
tion equation:
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Figure 20-9. Adsorption isotherms for ammonia on charcoal ®
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Figure 20-10. Typical plot for multilayer physical adsorption of a
vapor on a solid surface.

1. Only those molecules striking an empty site can be adsorbed; hence,
only monomolecular adsorption occurs.

2. The forces of interaction between adsorbed molecules are negligible
and, therefore, the probability of a molecule adsorbing onto or
desorbing from any site is independent of the surrounding sites.

With these assumptions and applying the kinetic theory of
gases, it can be shown that

V. = (V,,k')/(1 + k'p) (20)

where V,, is the volume of gas covering all of the adsorption
sites with a single layer of molecules and %’ is a constant that
reflects the affinity of the gas for the solid.

A test of fit to this equation can be made by expressing it in
linear form. :

.
v, V,k TV, C2Y

The value of £’ is, in effect, the equilibrium constant and may
be used to compare affinities of different substances for the
solid surface. The value of V,, is valuable because it indicates
the maximum number of sites available for adsorption. In the
case of physisorption the maximum number of sites is actually
the total surface area of the solid; therefore, the value of V,,, can
be used to estimate surface area if the volume and area/mole-
cule of vapor are known.

Since physisorption most often involves some multilayered
adsorption, an equation based on the Langmuir equation, the
B.E.T. equation, normally is used to determine V,, and solid
surface areas. Equation 22 is the B.E.T. equation:

VinCP
(Po - PIL + (C — D(p/po)) (22)

Vo=

where ¢ is a constant and p, is the vapor pressure of the
adsorbing substance.® Experimentally, the most widely used
vapor for this purpose is nitrogen, which adsorbs nonspecifi-
cally on most solids near its boiling point at —195° and appears
to occupy about 16 A%/molecule on a solid surface.

Adsorption from Solution

By far one of the most important aspects of interfacial phenom-
ena encountered in pharmaceutical systems is the tendency for
substances dissolved in a liquid to adsorb to various interfaces.
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Adsorption from solution is generally more complex than that
from the vapor state because of the influence of the solvent and
any other solutes dissolved in the solvent. Although such ad-
sorption generally is limited to one or two molecular layers at
most, the presence of other molecules often makes the inter-
pretation of adsorption mechanisms much more difficult than
for chemisorption or physisorption of a vapor. Because mono-
molecular adsorption from solution is so widespread at all
interfaces, we will first discuss the nature of monomolecular
films and then return to a discussion of adsorption from
solution. :

Insoluble Monomolecular Films

It was suggested above that molecules exhibiting a tendency to
spread out at an interface might be expected to orient so as to
reduce the interfacial free energy produced by the presence of
the interface. Direct evidence for molecular orientation has
been obtained from studies dealing with the spreading on wa-
ter of insoluble polar substances containing long hydrocarbon
chains, such as fatty acids.

In the late 19th century Pockels and Rayleigh showed that
a very small amount of olive or castor oil, when placed on the
surface of water, spreads out, as discussed above. If the amount
of material was less than could physically cover the entire
surface, only a slight reduction in the surface tension of water
was noted. However, if the surface was compressed between
barriers, as shown in Figure 20-11, the surface tension was
reduced considerably.

Devaux extended the use of this technique by dissolving
small amounts of solid in volatile solvents and dropping the
solution onto a water surface. After assisting the water-
insoluble molecules to spread, the solvent evaporated, leaving a
surface film containing a known amount of solute.

Compression and measurement of surface tension indicated
that a maximum reduction of surface was reached when the
number of molecules/unit area was reduced to a value corre-
sponding to complete coverage of the surface. This suggested
that a monomolecular film forms and that surface tension is
reduced upon compression because contact between air and
water is reduced by the presence of the film molecules. Beyond
the point of closest packing, the film apparently collapses very
much as a layer of corks floating on water would be disrupted
when laterally compressed beyond the point of initial physical
contact.

Using a refined quantitative technique based on these stud-
ies, Langmuir*! spread films of pure fatty acids, alcohols, and
esters on the surface of water. Comparing a series of saturated
fatty acids, differing only in chain length, he found that the
area/molecule at collapse was independent of chain length,
corresponding to the cross-sectional area of a molecule oriented
in a vertical position (see Fig 20-11). He further concluded that
this molecular orientation involved association of the polar
carboxyl group with the water phase and the nonpolar alkyl
chain out toward the vapor phase.

In addition to the evidence for molecular orientation, Lang-
muir’s work with surface films revealed that each substance
exhibits film properties which reflect the interactions between

Film covered

Figure 20-11. Insoluble monomolecular film compressed between a
fixed barrier B, and a movable barrier A."°
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Figure 20-12. A surface pressure-area curve for an insoluble mono-
molecular film: Region A, gaseous film; Region B, liquid film; Re-
gion C, solid film; Region D, film collapse.

molecules in the surface film. This is seen best by plotting the
difference in surface tension of the clean surface v,, and that of
the surface covered with the film v, versus the area/molecule A
produced by film compression (total area/the number of mole-
cules). The difference in surface tension is called the surface
pressure, m, and thus

= Y-y (23)

Figure 20-12 depicts such a plot for a typical fatty acid
monomolecular film. At areas greater than 5£Z/molecule the
molecules are far apart and do not cover enough surface to
reduce the surface tension of the clean surface to any extent
and thus the lack of appreciable surface pressure. Because the
molecules in the film are quite free to move laterally in the
surface, they are said to be in a two-dimensional gaseous or
vapor state.

As the intermolecular distance is reduced upon compres-
sion, the surface pressure rises because the air—water surface
is being covered to a greater extent. The rate of change in 7
with A, however, will depend on the extent of interaction be-
tween film molecules—the greater the rate of change, the more
“condensed” the state of the film.

In Figure 20-12, from 50 to 30 A%molecule, the curve shows a
steady increase in 1, representative of a two-dimensional “liquid”
film, where the molecules become more restricted in their freedom
of movement because of interactions. Below 30 A%molecule, the
increase in 7 occurs over a narrow range of A, characteristic of
closest packing and a two-dimensional “solid” film.

Any factor tending to increase polarity or bulkiness of the
molecule—such as increased charge, number of polar groups,
reduction in chain length, or the introduction of aromatic rings,
side chains, and double bonds—should reduce molecular inter-
actions. On the other hand, the longer the alkyl chain and the
less bulky the polar group, the closer the molecules can ap-
proach and the stronger the extent of interaction in the film.

Soluble Films and Adsorption
from Solution

If a fatty acid exhibits highly gaseous film behavior on an
aqueous surface, a relatively small change in 7 with A over a
considerable range of compression should be expected. Indeed,
for short-chain compounds such as lauric acid (12 carbons) or
decanoic acid, not only is the change in 7 small with decreasing
A, but at a point just before the expected closest packing area,
the surface pressure becomes constant without any collapse.
If lauric acid is converted to the laurate ion, or if a shorter
chain acid such as octanoic acid is used, spreading on water and
compression of the surface produces no increase in 7. These



results illustrate that the more polar the molecule (hence, the
more gaseous the film), the higher the area/molecule where a
constant surface pressure occurs. This behavior may be ex-
plained by assuming that polar molecules form monomolecular
films when spread on water but that, upon compression, they
are caused to enter the aqueous bulk solution rather than to
remain as an intact insoluble film. The constant surface pres-
sure with increased compression arises because a constant
number of molecules/unit area remain at the surface in equi-
librium with dissolved molecules. The extent of such behavior
will be greater for substances exhibiting weaker intermolecular
interaction and greater water solubility.

Starting from the other direction, it can be shown that
short-chain acids and alcohols (when dissolved in water) reduce
the surface tension of water, thus producing a surface pressure,
just as with insoluble films (see Equation 23). That dissolved
molecules are accumulating at the interface in the form of a
monomolecular film is suggested from the similarity in behav-
ior to systems where lightly soluble molecules are spread on the
surface. For example, compressing the surface of a solution
containing “surface-active” molecules has no effect on the ini-
tial surface pressure, whereas increasing bulk-solution concen-
tration tends to increase surface pressure, presumably by shift-
ing the equilibrium between surface and bulk molecules.

At this point one may ask, why should water-soluble mole-
cules leave an aqueous phase and accumulate or adsorb at an
air—solution interface? Because any process will occur sponta-
neously if it results in a net loss in free energy, such must be
the case for the process of adsorption. A number of factors will
produce such a favorable change in free energy.

o The presence of the oriented monomolecular film reduces the sur-
face free energy of the air-water interface.

o The hydrophobic group on the molecule is in a lower state of energy
at the interface, where it no longer is as surrounded by water
molecules, than when it is in the bulk-solution phase.

e Increased interaction between film molecules also will contribute to
this process.

A further reduction in free energy occurs upon adsorption
because of the gain in entropy associated with a change in
water structure. Water molecules, in the presence of dissolved
alkyl chains are more highly organized or ice-like than they are
as a pure bulk phase; hence, the entropy of such structured
water is lower than that of bulk water.

The process of adsorption requires that the ice-like struc-
ture melt as the chains go to the interface, and thus an increase
in the entropy of water occurs. The adsorption of molecules
dissolved in oil can occur but it is not influenced by water
structure changes, and hence, only the first factors mentioned
are important here.

It is very rare that significant adsorption can occur at the
hydrocarbon—air interface as little loss in free energy comes
about by bringing hydrocarbon chains with polar groups at-
tached to this interface. On the other hand, at oil-water inter-
faces, the polar portions of the molecule can interact with water
at the interface, leading to significant adsorption.

Thus, whereas water-soluble fatty acid salts are adsorbed
from water to air—water and oil-water interfaces, their undis-
sociated counterparts, the free fatty acids, which are water
insoluble, form insoluble films at the air—water interface, are
not adsorbed from oil solution to an oil-air interface, but show
significant adsorption at the oil-water interface when dissolved
in oil. :

From this discussion it is possible also to conclude that
adsorption from aqueous solution requires a lower solute con-
centration to obtain the same level of adsorption if the hydro-
phobic chain length is increased or if the polar portion of the
molecule is less hydrophilic. On the other hand, adsorption
from nonpolar solvents is favored when the solute is quite
polar.

Because soluble or adsorbed films cannot be compressed,
there is no simple, direct way to estimate the number of mol-
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ecules/unit area coming to the surface under a given set of
conditions. For relatively simple systems it is possible to esti-
mate this value by application of the Gibbs equation, which
relates surface concentration to the surface-tension change
produced at different solute activities. The derivation of this
equation is beyond the scope of this discussion, but it arises
from a classical thermodynamic treatment of the change in free
energy when molecules concentrate at the boundary between
two phases. The equation may be expressed as

a dy 04
" RTda @4
where I is the moles of solute adsorbed/unit area, R is the gas
constant, T is the absolute temperature and dy is the change in
surface tension with a change in solute activity, da, at activity
a.
For dilute solutions of nonelectrolytes, or for electrolytes
when the Debye—Hiickel equation for activity coefficient is ap-
plicable, the value of a may be replaced by solute concentration,
c. Because the term dc/c is equal to d In ¢, the Gibbs equation
is often written as

1 dy
T T RTdnc

(25)

In this way the slope of a plot of y versus In ¢ multiplied by 1/RT
should give I' at a particular value of c.

Figure 20-13 depicts typical plots for a series of water-
soluble surface-active agents differing only in the alkyl chain
length. A greater reduction of surface tension occurs at lower
concentrations for longer chain-length compounds. In addition,
there are greater slopes with increasing concentration, indicat-
ing more adsorption (Equation 25), and an abrupt leveling of
surface tension at higher concentrations. This latter behavior
reflects the self-association of surface-active agent to form mi-
celles which exhibit no further tendency to reduce surface
tension. The topic of micelles will be discussed later in Chap-
ter 21.

If one plots the values of surface concentration, I" versus
concentration ¢, for substances adsorbing to the vapor-liquid
and liquid-liquid interfaces, using data such as those given in
Figure 20-13, one generally obtains an adsorption isotherm
shaped like those in Figure 20-9 for vapor adsorption. Indeed,
it can be shown that the Langmuir equation (Equation 20) can
be fitted to such data when written in the form

I k'c
= 26
1+kc (26)
where I, ., is the maximum surface concentration attained

with increasing concentration and %’ is related to % in Equation
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Figure 20-13. The effect of increasing chain length on the surface
activity of a surfactant at the air-aqueous solution interface (each
curve differs from the preceding or succeeding by two methylene
groups with A, the longest chain, and D, the shortest).
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Figure 20-14. A mixed monomolecular film. ®, a long-chain ion; O,
a long-chain nonionic compound.

20. Combining Equations 24 and 26 leads to a widely used
relationship between surface-tension change II (see Equa-
tion 23), and solute concentration ¢, known as the Syszkowski
equation.

M=, RTIn + k'c) (27

max

Mixed Films

It would seem reasonable to expect that the properties of a
surface film could be varied greatly if a mixture of surface-
active agents were in the film. As an example, consider that a
mixture of short- and long-chain fatty acids would be expected
to show a degree of condensation varying from the gaseous
state when the short-chain substance is used in high amount to
a highly condensed state when the longer chain substance
predominates. Thus, each component in such a case would
operate independently by bringing a proportional amount of
film behavior to the system.

More often, the ingredients of a surface film do not behave
independently, but rather interact to produce a new surface
film. An obvious example would be the combination of organic
amines and acids which are charged oppositely and would be
expected to interact strongly. In addition to such polar-group
interactions, chain—chain interactions strongly favor mixed
condensed films. An important example of such a case occurs
when a long-chain alcohol is introduced along with an ionized
long-chain substance. Together the molecules form a highly
condensed film despite the presence of a high number of like
charges. Presumably this occurs as seen in Figure 20-14, by
arranging the molecules so that ionic groups alternate with
alcohol groups; however, if chain—chain interactions are not
strong, the ionic species often will be displaced by the more
nonpolar unionized species and will “desorb” into the bulk
solution.

On the other hand, sometimes the more soluble surface-
active agent produces surface pressures in excess of the col-
lapse pressure of the insoluble film and displaces it from the
surface. This is an important concept because it is the under-
lying principle behind cell lysis by surface-active agents and
some drugs, and behind the important process of detergency.

Adsorption from Solution
on to Solid Surfaces

Adsorption to solid surfaces from solution may occur if the
dissolved molecules and the gsolid surface have chemical groups
capable of interacting. Nonspecific adsorption also will occur if
the solute is surface active and if the surface area of the solid is
high. This latter case would be the same as occurs at the
vapor-liquid and liquid-liquid interfaces. As with adsorption
to liquid interfaces, adsorption to solid surfaces from solution
generally leads to a monomolecular layer, often described by
the Langmuir equation in the form

/M = [(x/M)mk*c]/(1 + k*c) (28)

where x is the amount of adsorbed solute, M is the total weight
of solid, /M is the amount of solute adsorbed per unit weight of
solid at concentration ¢, k* is a constant, and (x/M)m is the

amount of solute per unit weight covering the surface with a
complete monolayer. However, as Giles'® has pointed out, the
variety of combinations of solutes and solids, and hence the
variety of possible mechanisms of adsorption, can lead to a
number of more complex isotherms. In particular, adsorption of
surfactants and polymers, of great importance in a number

. of pharmaceutical systems, still is not understood well on

a fundamental level, and may in some situations even be
multilayered.

Adsorption from solution may be measured by separating
solid and solution and either estimating the amount of ad-
sorbate adhering to the solid or the loss in concentration of
adsorbate from solution. In view of the possibility of solvent
adsorption, the latter approach really only gives an apparent
adsorption. For example, if solvent adsorption is great
enough, it is possible to end up with an increased concentra-
tion of solute after contact with the solid; here, the term
negative adsorption is used.

Solvent not only influences adsorption by competing for the
surface, but as discussed in connection with adsorption at
liquid surfaces, the solvent will determine the escaping ten-
dency of a solute; for example, the more polar the molecule, the
less the adsorption that occurs from water. This is seen in
Figure 20-15, where adsorption of various fatty acids from
water onto charcoal increases with increasing alkyl chain
length or nonpolarity. It is difficult to predict these effects, but,
in general, the more chemically unlike the solute and solvent
and the more alike the solid surface groups and solute, the
greater the extent of adsorption. Another factor that must be
kept in mind is that charged solid surfaces, such as polyelec-
trolytes, will strongly adsorb oppositely charged solutes. This is
similar to the strong specific binding seen in gas chemisorption,
and it is characterized by significant monolayer adsorption at
very low concentrations of solute. See Figure 20-16 for an
example of such adsorption.

Adsorption onto activated charcoal has been shown to be
extremely useful in the emergency treatment of acute overdos-
age of a variety of drugs taken by the oral route.’® Overall
effectiveness of commercially available activated-charcoal sus-
pensions as an antidote in oral poisonings appears to be di-
rectly related to the total charcoal surface area.'® Drug adsorp-
tion to charcoal tends to follow both the Langmuir model as
well as the Freundlich model. In addition, a drug that is un-

*/m, Mlliimoles per Gram Charcoal
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Figure 20-15. The relation between adsorption and molecular
weight of fatty acids.'®
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Figure 20-16. The adsorption of a cationic surfactant, LN, onto a
negatively charged silica or glass surface, exposing a hydrophobic
surface as the solid is exposed to air.'

ionized at gastric pH will adsorb to charcoal to a greater extent
than will the ionized form of the drug, probably because of less
repulsive interactions in the adsorbed state of neutral mole-
cules. Great care must be exercised in the formulation of
activated-charcoal suspensions because pharmaceutical adju-
vants employed in suspensions have the potential to adsorb to
the charcoal and block sites for drug adsorption.

SURFACE-ACTIVE AGENTS

Throughout the discussion so far, examples of surface-active
agents (surfactants) have been restricted primarily to fatty
acids and their salts. It has been shown that both a hydropho-
bic portion (alkyl chain) and a hydrophilic portion (carboxyl
and carboxylate groups) are required for their surface activity,
the relative degree of polarity determining the tendency to
accumulate at interfaces. It now becomes important to look at
some of the specific types of surfactants available and to see
what structural features are required for different pharmaceu-
tical applications.

The classification of surfactants is quite arbitrary, but one
based on chemical structure appears best as a means of intro-
ducing the topic. It is generally convenient to categorize sur-
factants according to their polar portions because the nonpolar
portion usually is made up of alkyl or aryl groups. The major
polar groups found in most surfactants may be divided as
follows: anionic, cationic, amphoteric, and nonionic. As shall be
seen, the last group is the largest and most widely used for
pharmaceutical systems, so that it will be emphasized in the
discussion that follows.

Types

ANIONIC AGENTS—The most commonly used anionic
surfactants are those containing carboxylate, sulfonate, and
sulfate ions. Those containing carboxylate ions are known as
soaps and generally are prepared by the saponification of nat-
ural fatty acid glycerides in alkaline solution. The most com-
mon catlons associated with soaps are sodium, potassium, am-
monium, and triethanolamine; the chain length of the fatty
acids ranges from 12 to 18.
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The extent of solubility in water is influenced greatly by the
length of the alkyl chain and the presence of double bonds. For
example, sodium stearate is quite insoluble in water at room
temperature, whereas sodium oleate under the same conditions
is quite water soluble.

Multivalent ions, such as calcium and magnesium, produce
marked water insolubility, even at lower alkyl chain lengths;
thus, soaps are not useful in hard water that is high in content
of these ions. Soaps, being salts of weak acids, are subject also
to hydrolysis and the formation of free acid plus hydroxide ion,
particularly when in more concentrated solution.

To offset some of the disadvantages of soaps, a number of
long alkyl chain sulfonates, as well as alkyl aryl sulfonates
such as sodium dodecylbenzene sulfonate, may be used; the
sulfonate ion is less subject to hydrolysis and precipitation in
the presence of multivalent ions. A popular group of sulfonates,
widely used in pharmaceutical systems, are the dialkyl sodium
sulfosuccinates, particularly sodium bis-(2-ethylhexyl)sulfo-
succinate, best known as Aerosol OT or docusate sodium. This
compound is unique in that it is soluble both in oil and water,
and hence forms micelles in both phases. It reduces surface and
interfacial tension to low values and acts as an excellent wet-
ting agent in many types of solid dosage forms (Table 20-7).

A number of alky! sulfates are available as surfactants, but
by far the most popular member of this group is sodium lauryl
sulfate, which is used widely as an emulsifier and solubilizer in
pharmaceutical systems. Unlike the sulfonates, sulfates are
susceptible to pH-dependent hydrolysis leading to the forma-
tion of the long-chain alcohol.

CATIONIC AGENTS—A number of long-chain cations,
such as amine salts and quaternary ammonium salts, often are
used as surface-active agents when dissolved in water; how-
ever, their use in pharmaceutical preparations is limited to
that of antimicrobial preservation rather than as surfactants.
This arises because the cations adsorb so readily at cell mem-
brane structures in a nonspecific manner, leading to cell lysis
(eg, hemolysis), as do anionics to a lesser extent. It is in this
way that they act to destroy bacteria and fungi.

Since anionic and nonionic agents are not as effective as
preservatives, one must conclude that the positive charge of
these compounds is important; however, the extent of surface
activity has been shown to determine the amount of material
needed for a given amount of preservation. Quaternary ammo-
nium salts are preferable to free amine salts as they are not
subject to effect by pH in any way; however, the presence of
organic anions such as dyes and natural polyelectrolytes is an
important source of incompatibility and such a combination
should be avoided.

AMPHOTERIC AGENTS—The major groups of molecules
falling into the amphoteric category are those containing car-
boxylate or phosphate groups as the anion, and amino or qua-
ternary ammonium groups as the cation. The former group is
represented by various polypeptides, proteins, and the alkyl
betaines; the latter group consists of natural phospholipids
such as the lecithins and cephalins. In general, long-chain

Table 20-7. Effect of Aerosol OT Concentration on the
Surface Tension of Water and the Contact Angie
of Water with Magnesium Stearate

CONCENTRATION

{m x 10% Y. 0
1.0 60.1 120
3.0 49.8 113
5.0 451 104
8.0 40.6 89

10.0 38.6 30

12.0 379 71

15.0 35.0 63

20.0 324 54

25.0 29.5 50
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amphoterics, which exist in solution in zwitterionic form, are
more surface active than are ionic surfactants having the same
hydrophobic group, because in effect the oppositely charged
ions are neutralized. However, when compared to nonionics,
they appear somewhere between ionic and nonionic.

PROTEINS—Considering the rapidly growing importance
of proteins as therapeutic agents, the unique surface charac-
teristics of these biological macromolecules deserve some spe-
cial attention. Therapeutic proteins have been shown to be
extremely surface active, and they adsorb to clinically impor-
tant surfaces such as glass bottles and syringes, sterile filters,
and plastic IV bags and administration sets; the result is treat-
ment failures. In general, proteins can adsorb to a whole vari-
ety of surfaces, both hydrophobic and hydrophilic. From the
standpoint of the surface, protein adsorption appears to be
maximized when the electrical charge of the surface is opposite
that of the protein or when the surface is extremely hydropho-
bic. From the standpoint of the protein, the extent of adsorption
depends on the molecular weight, the number of hydrophobic
side chains, and the relative distribution of cationic and anionic
side chains. The effect of ionic strength is usually to enhance
adsorption by shielding adjacent proteins from repulsive elec-
trical interactions. Adsorption is also maximized when the pH
of the protein solution is equal to the pl (isoelectric point) of the
molecule, again due to minimized electrical repulsion.

When different proteins compete for adsorption sites on a
single surface, the effect of molecular weight becomes most
striking. Early in the adsorption process the protein with the
smaller molecular weight, which can diffuse to the surface
more rapidly, initially occupies the interface. After some time,
it is found that the larger molecular weight protein has dis-
placed the smaller protein since the larger molecule has more
possible interaction points with the surface and thus greater
total energy of interaction.

The most important consequence of therapeutic protein ad-
sorption is the loss of bioactivity, the reasons for which include
loss of therapeutic agent by irreversible adsorption to the sur-
face, possible structural changes in the protein induced by the
interface, and surface-associated aggregation and precipitation
of the protein. Each of these consequences is related to the
structure adopted by the protein in the interfacial region. The
native three-dimensional structure of a protein in solution is
the result of a complex balance between attractive and repul-
sive forces. Surface can easily disrupt the balance of forces in
proteins residing in the interfacial region and cause the mole-
cule to undergo a change, unfolding from the native to the
extended configuration. As it is unlikely that the extended
configuration will refold back to the native state upon release
from the interface, the protein is considered to be denatured.
Like other polymers, the unfolding of the protein at the inter-
face is thought to minimize the contact of apolar amino acid
side chains with water.

In addition, electrical interactions, both within the protein
and between the protein and the surface, strongly modulate the
configuration assumed at the interface. Motion of the interface,
such as comes about during shaking of a solution, appears to
accelerate the surface-associated denaturation. Some proteins
appear to be rather vulnerable to surface-induced structural
alterations, whereas others are very resistant. Algorithms for
predicting those proteins most vulnerable to the structure-
damaging effects of interfaces are not yet available. Empirical
observations suggest that those proteins easily denatured in
solution by elevated temperatures may also be most sensitive
to interfacial denaturation.

The best defense against untoward effects on the structure
of proteins induced by surfaces appears to be prevention of
adsorption. Research in the field of biomaterials has shown
that surfaces that are highly hydrophilic are less likely to serve
as sites for protein adsorption. Steric hindrance of adsorption
by bonding hydrophilic polymers, such as polyethylene oxide, to
a surface also appears to be successful in minimizing adsorp-
tion. Formulations of proteins intended for parenteral admin-

istration frequently contain synthetic surfactants to preserve
bioactivity. The specific molecular mechanism of protection is
not understood and can involve specific blocking of adsorption
to the interface or enhanced removal from the interface before
protein unfolding can occur. In support of the former mecha-
nism is the observation that surfactants most successful at
protecting proteins from interfacial denaturation contain long
polyethylene oxide chains capable of blocking access of the
protein to the surface.

PHOSPHOLIPIDS—AL! lecithins contain the L-a-glycero-
phosphoylcholine skeleton esterified to two long-chain fatty
acids (often oleic, palmitic, stearic, and linoleic). Typically, for
pharmaceutical use, lecithins are derived from egg yolk or
soybean. Although possessing a polar zwitterionic head group,
the twin hydrocarbon tails result in a surfactant with very low
water solubility in the monomer state. With the exception of
the skin, phospholipids make up a vast majority of the lipid
component of cell membranes throughout the body. As a result,
the biocompatibility of lecithin is high, accounting for the in-
creasing popularity of use in formulations intended for oral,
topical, and intravenous use. Egg yolk lecithins are used ex-
tensively as the main emulsifying agent in the fat emulsions
intended for intravenous use.

The ability of the lecithins to form a tough but flexible film
between the oil and water phases is responsible for the excel-
lent physical stability shown the IV fat emulsions. In aqueous
media, phospholipids are capable of assembling into concentric
bilayer structures known as liposomes. The therapeutic advan-
tage of such a lipid assembly for drug delivery depends upon
the encapsulation of the active ingredient either within the
interior aqueous environment or within the hydrophobic region
of the bilayer. Deposition of the liposome within the body
appears to be dependent upon a number of factors, including
the composition of the phospholipids employed in the bilayer
and the diameter of the liposome.

The unique surface properties of phospholipids are critical
to the function of the pulmonary system. Pulmonary surfactant
is a mixture of phospholipids and other associated molecules
secreted by type II pneumocytes. In the absence of pulmonary
surfactant (as in a neonate born prematurely), the high surface
energy of the pulmonary alveoli and airways can be diminished
only by physical collapse of these structures and resulting
elimination of the air-water interface. As a consequence of
airway collapse, the lung fails to act as an organ of gas ex-
change. Pulmonary surfactant maintains the morphology and
function of the alveoli and airways by markedly decreasing
surface energy through decreasing the surface tension of the
air-water interface.

The most prevalent component of pulmonary surfactant,
dipalmitoylphosphatidylcholine (DPPC), is uniquely responsi-
ble for forming the very rigid surface film necessary to reduce
the surface tension of the interface to a value near 0. Such an
extreme reduction in surface tension is most critical during the
process of exhalation of the lung where the air-water interfa-
cial area is decreasing. Although DPPC does form the rigid
film, in the absence of additives it is unable to respread over an
expanding interface typical of a lung during the inhalation
phase. An anionic phospholipid, phosphatidylglycerol, in con-
Junction with a surfactant-associated protein, SP-C, appears to
aid the respreading of DPPC and to maintain mechanical sta-
bility of the interface. A truly remarkable feature is that pul-
monary surfactant is able to carry out the cycle of reducing
surface tension to near 0 during exhalation and then reexpand-
ing over the interface during inhalation at whatever rate is
necessary by the respiratory pattern.

Commercially available pulmonary surfactant replacement
preparations contain DPPC as the primary ingredient. Agents
that aid in the respreading of DPPC may differ depending upon
the source of the surface-active material.

NONIONIC AGENTS—The major class of compounds
used in pharmaceutical systems are the nonionic surfactants,
as their advantages with respect to compatibility, stability, and



potential toxicity are quite significant. It is convenient to divide
these compounds into those that are relatively water insoluble
and those that are quite water soluble. The major types of
compounds making up this first group are the long-chain fatty
acids and their water-insoluble derivatives. These include

+ Fatty alcohols such as lauryl, cetyl (16 carbons), and stearyl
alcohols.

s Glyceryl esters such as the naturally occurring mono-, di-, and
triglycerides.

+ Fatty acid esters of fatty alcohols and other alcohols such as pro-
pylene glycol, polyethylene glycol, sorbitan, sucrose, and cholesterol.
Included also in this general class of nonionic water-
insoluble compounds are the free stercidal alcohols such as
cholesterol.

To increase the water solubility of these compounds and to
form the second group of nonionic agents, polyoxyethylene
groups are added through an ether linkage with one of their
alcohol groups. The list of derivatives available is much too
long to cover completely, but a few general categories will be
given.

The most widely used compounds are the polyoxyethylene
sorbitan fatty acid esters, found in pharmaceutical formula-
tions that are to be used both internally and externally. Closely
related compounds include polyoxyethylene glyceryl and ste-
roidal esters, as well as the comparable polyoxypropylene es-
ters. It is also possible to have a direct ether linkage with the
hydrophobic group, as with a polyoxyethylene—stearyl ether or
a polyoxyethylene—alkyl phenol. These ethers offer advantages
because, unlike the esters, they are quite resistant to acidic or
alkaline hydrolysis.

Besides the classification of surfactants according to their
polar portion, it is useful to have a method that categorizes
them in a manner that reflects their interfacial activity and
their ability to function as wetting agents, emulsifiers, and
solubilizers. Variation in the relative polarity or nonpolarity of
a surfactant significantly influences its interfacial behavior, so
some measure of polarity or nonpolarity should be useful as a
means of classification.

One such approach assigns a hydrophile-lipophile balance
(HLB) number for each surfactant; although the method was
developed by a commercial supplier of one group of surfactants,
it has received widespread application.

The HLB value, as originally conceived for nonionic surfac-
tants, is merely the percentage weight of the hydrophilic group
divided by 5 in order to reduce the range of values. On a molar
basis, therefore, a 100% hydrophilic molecule (polyethylene
glycol) would have a value of 20. Thus, an increase in polyoxy-
ethylene chain length increases polarity, and hence the HLB
value; at constant polar chain length, an increase in alky! chain
length or number of fatty acid groups decreases polarity and
the HLLB value. One immediate advantage of this system is that
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to a first approximation one can compare any chemical type of
surfactant to another type when both polar and nonpolar
groups are different.

Values of HLB for nonionics are calculable on the basis of
the proportion of polyoxyethylene chain present; however, to
determine values for other types of surfactants, it is necessary
to compare physical chemical properties reflecting polarity
with those surfactants having known HLB values.

Relationships between HLB and phenomena such as water
solubility, interfacial tension, and dielectric constant have been
used. Those surfactants exhibiting values greater than 20 (eg,
sodium lauryl sulfate) demonstrate hydrophilic behavior in
excess of the polyoxyethylene groups alone. Refer to Chapter 22
for further information.
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The distinctive characteristics of parenteral (Gk, para enteron,
beside the intestine) dosage forms of drugs are discussed in this
chapter. These dosage forms differ from all other drug dosage
forms because of the unique requirements imposed because
they are injected directly into body tissue through the primary
protective system of the human body, the skin, and mucous
membranes. Therefore, they must be exceptionally pure and
free from physical, chemical, and biological contaminants.
These requirements place a heavy responsibility on the phar-
maceutical industry to practice good manufacturing practices
(GMPs) in the manufacture of parenteral dosage forms and
upon pharmacists to practice good aseptic practices (GAPs) in
dispensing them for administration to patients.

Many of the newer drugs, particularly those derived from
the new developments in biotechnology, can only be given par-
enterally because they are inactivated in the gastrointestinal
tract when given by mouth. Further, the potency and specificity
of many of these drugs require strict control of their adminis-
tration to the patient. A parenteral route of administration
meets both of these critical requirements.

This chapter begins with a brief review of the historical
events contributing to the development of this distinctive dos-
age form. Consideration is then given to some of the distin-
guishing characteristics of these dosage forms and how they
are administered to patients. Most of the remainder of the
chapter discusses the various factors required for the prepara-
tion of a pure, safe, and effective parenteral product.

HISTORY"

R
One of the most significant events in the beginnings of paren-
teral therapy was the first recorded injection of drugs into the
veins of living animals, in about 1657, by the architect Sir
Christopher Wren. From such a very crude beginning, the
technique for intravenous injection and knowledge of the im-
plications developed slowly during the next century and a half.
In 1855 Dr Alexander Wood of Edinburgh described what was
probably the first subcutaneous injection of drugs for therapeu-
tic purposes using a true hypodermic syringe.

The latter half of the 19th century brought increasing
concern for safety in the administration of parenteral solu-
tions, largely because of the work of Robert Koch and Louis
Pasteur. While Charles Chamberland was developing both
hot-air and steam sterilization techniques and the first bac-
teria-retaining filter {(made of unglazed porcelain), Stanis-
laus Limousin was developing a suitable container, the all-
glass ampul. In the middle 1920s Dr Florence Seibert
provided proof that the disturbing chills and fever that often
followed the intravenous injection of drugs was caused by
potent products of microbial growth, pyrogens, which could
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be eliminated from water by distillation and from glassware
by heating at elevated temperatures.

Of the technical developments that have contributed to the
high quality standards currently achievable in the preparation
of parenteral dosage forms, the two that probably have contrib-
uted most are the development of high-efficiency particulate air
(HEPA)-filtered laminar airflow and membrane microfiltration
for solutions. The former made it possible to achieve ultraclean
environmental conditions for processing, and the latter to
achieve removal from solutions by filtration of both viable and
non ‘iable particles of microbial size and smaller. However,
many other developments in recent years have produced an
impressive advance in the technology associated with the safe
and reliable preparation of parenteral dosage forms. The fol-
lowing list identifies a few of the events that have contributed
to that development.

1926—Parenterals were accepted for inclusion in the fifth edition of the
National Formulary.

1933—The practical application of freeze-drying to clinical materials
was accomplished by a team of scientists at the University of Penn-
sylvania.

1938—The Food, Drug and Cosmetic Act was passed by Congress,
establishing the Food and Drug Administration (FDA). .

1944—The sterilant ethylene oxide was discovered.

1946—The Parenteral Drug Association was organized.

1961—The concept of laminar airflow was developed by WJ Whitfield.

1962—The FDA was authorized by Congress to establish current good
manufacturing practice (¢cGMP or GMP) regulations.

1965—Total parenteral nutrition (TPN) was developed by SJ Dudrick.

1972—The Limulus Amebocyte Lysate test for pyrogens in parenteral
products was developed by JF Cooper.

1974—The concept of validation of processes used in the manufacture of
parenteral products was introduced by the FDA.

1977—The principles for clean-in-place (CIP) and steam-in-place (SIP)
were introduced.

Early 1980s—Home health care emerged as an alternative for patients
whose health status permitted release from a hospital to care in the
home environment.

1982—Insulin, derived through the new discipline of biotechnology,
ushered in the drug class of polypeptides with their inherent stabil-
ity challenges for parenteral dosage-form development.

1987—Parametric release was accepted by the FDA for selected prod-
ucts terminally sterilized by a validated heat process.

The FDA published Guideline on Sterile Products Produced by Asep-
tic Processing, one of several nonregulatory publications to help
industry know what the FDA considers to be acceptable.

Late 1980s—The development of computer capabilities has led to the
automation of many process operations and to a revolution in doc-
umentation and recordkeeping.

1991—The FDA proposed requiring manufacturers to use a terminal
sterilization process when preparing a sterile drug product unless
such a process adversely affects the drug product.

Mid-1990s—The development of isolator technology to separate the
product from the operator(s) to increase the sterility-assurance level
of the processed product.

1995—The USP published an informational chapter, (1206) on the
preparation of sterile products by pharmacists.



Late 1990s—Acceleration of international cooperation in establishing
standards for the pharmaceutical industry.

ADMINISTRATION

Y
Injections may be classified in six general categories:

1. Solutions ready for injection.

2. Dry, soluble products ready to be combined with a solvent just prior
to use.

3. Suspensions ready for injection.

4. Dry, insoluble products ready to be combined with a vehicle just
prior to use.

5. Emulsions.

6. Liquid concentrates ready for dilution prior to administration.

These injections may be administered by such routes as
intravenous, subcutaneous, intradermal, intramuscular, intra-
articular, and intrathecal. The nature of the product will de-
termine the particular route of administration that may be
employed. Conversely, the desired route of administration will
place requirements on the formulation. For example, suspen-
sions would not be administered directly into the bloodstream
because of the danger of insoluble particles blocking capillaries.
Solutions to be administered subcutaneously require strict at-
tention to tonicity adjustment, otherwise irritation of the plen-
tiful supply of nerve endings in this anatomical area would give
rise to pronounced pain. Injections intended for intraocular,
intraspinal, intracisternal, and intrathecal administration re-
quire the highest purity standards because of the sensitivity of
tissues encountered to irritant and toxic substances.

When compared with other dosage forms, injections possess
select advantages. If immediate physiological action is needed
from a drug, it usually can be provided by the intravenous
injection of an aqueous solution. Modification of the formula-
tion or another route of injection can be used to slow the onset
and prolong the action of the drug. The therapeutic response of
a drug is controlled more readily by parenteral administration,
since the irregularities of intestinal absorption are circum-
vented. Also, since the drug normally is administered by a
professionally trained person, it confidently may be expected
that the dose was actually and accurately administered. Drugs
can be administered parenterally when they cannot be given
orally because of the unconscious or uncooperative state of the
patient or because of inactivation or lack of absorption in the
intestinal tract. Among the disadvantages of this dosage form
are the requirement of asepsis at administration, the risk of
tissue toxicity from local irritation, the real or psychological
pain factor, and the difficulty in correcting an error, should one
be made. In the latter situation, unless a direct pharmacolog-
ical antagonist is immediately available, correction of an error
may be impossible. One other disadvantage is that daily or
frequent administration poses difficulties, patients must either
visit a professionally trained person or learn to inject them-
selves. However, the advent of home health care as an alter-
native to extended institutional care has mandated the devel-
opment of programs for training lay persons to administer
these dosage forms.

PARENTERAL COMBINATIONS

L = S
During the administration of large-volume injections (LVIs),
such as 1000 mL of 0.9% sodium chloride solution, it is common
practice for a physician to order the addition of a small-volume
therapeutic injection (SVI), such as an antibiotic, to avoid the
discomfort for the patient of a separate injection. While the
pharmacist is the most qualified health professional to be re-
sponsible for preparing such combinations, as is clearly stated
in the hospital accreditation manual of the Joint Commission
on Accreditation of Healthcare Organizations,? interactions
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among the combined products can be troublesome even for the
pharmacist. In fact, incompatibilities can occur and cause in-
activation of one or more ingredients or other undesired reac-
tions. Patient deaths have been reported from the precipitate
formed by two incompatible ingredients. In some instances
incompatibilities are visible as precipitation or color change,
but in other instances there may be no visible effect.

The many potential combinations present a complex situa-
tion even for the pharmacist. To aid in making decisions con-
cerning potential problems, a valuable compilation of relevant
data has been assembled by Trissel® and is updated regularly.
Further, the advent of computerized data storage and retrieval
systems has provided a means to organize and gain rapid
access to such information. Further information on this subject
may be found in Chapter 42.

As studies have been undertaken and more information has
been gained, it has been shown that knowledge of variable
factors such as pH and the ionic character of the active constit-
uents aids substantially in understanding and predicting po-
tential incompatibilities. Kinetic studies of reaction rates may
be used to describe or predict the extent of degradation. Ulti-
mately, a thorough study should be undertaken of each thera-
peutic agent in combination with other drugs and IV fluids, not
only of generic but also of commercial preparations, from the
physical, chemical, and therapeutic aspects.

Ideally, no parenteral combination should be administered
unless it has been studied thoroughly to determine its effect on
the therapeutic value and the safety of the combination. How-
ever, such an ideal situation may not exist. Nevertheless, it is
the responsibility of the pharmacist to be as familiar as possi-
ble with the physical, chemical, and therapeutic aspects of
parenteral combinations and to exercise the best possible judg-
ment as to whether or not the specific combination extempora-
neously prescribed is suitable for use in a patient.

GENERAL CONSIDERATIONS

An inherent requirement for parenteral preparations is that
they be of the very best quality and provide the maximum
safety for the patient. Further, the constant adherance to high
moral and professional ethics on the part of the responsible
persons are the ingredients most vital to achieving the desired
quality in the products prepared.

Types of Processes

The preparation of parenteral products may be categorized as
small-scale dispensing, usually one unit at a time, or large-
scale manufacturing, in which hundreds of thousands of units
may constitute one lot of product. The former category illus-
trates the type of processing that is done in institutions such as
hospital pharmacies. The latter category is typical of the pro-
cessing done in the pharmaceutical industry, where the vast
majority of parenteral products marketed today are made.
Wherever they are made, parenteral products must be sub-
jected to the same basic practices of good aseptic processing
essential for the preparation of a safe and effective sterile
product of very high quality, but the methods used must be
modified appropriately for the scale of operation.

The small-scale preparation and dispensing of parenteral
products usually uses sterile components in their preparation.
Therefore, the overall process focuses on maintaining rather
than achieving sterility in the process steps. Further, the final
product normally has a shelf life measured in hours, as in a
hospital setting. However, the extensive movement of patients
out of the hospital to home care has modified dispensing of
parenteral products, wherein multiple units are made for a
given patient, and a shelf life of 30 days or more is required.
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Such products are sometimes made in hospital pharmacies
but increasingly in centers set up to provide this service.
A discussion of such processing can be found in USP 24,
(1206).

This chapter emphasizes the preparation of parenteral
products from nonsterile components in the highly technologi-
cally advanced plants of the pharmaceutical industry, using
c¢GMP principles. In the pursuit of cGMP, consideration should
be given to

1. Ensuring that the personnel responsible for assigned duties are
capable and qualified to perform them.

2. Ensuring that ingredients used in compounding the product have
the required identity, quality, and purity.

3. Validating critical processes to be sure that the equipment used
and the processes followed will ensure that the finished product
will have the qualities expected.

4. Maintaining a production environment suitable for performing the
critical processes required, addressing such matters as orderli-
ness, cleanliness, asepsis, and avoidance of cross contamination.

5. Confirming through adequate quality-control procedures that the
finished products have the required potency, purity, and quality.

6. Establishing through appropriate stability evaluation that the
drug products will retain their intended potency, purity, and qual-
ity until the established expiration date.

7. Ensuring that processes always are carried out in accord with
established, written procedures.

8. Providing adequate conditions and procedures for the prevention
of mixups.

9. Establishing adequate procedures, with supporting documenta-
tion, for investigating and correcting failures or problems in pro-
duction or quality control.

10. Providing adequate separation of quality-control responsibilities
from those of production to ensure independent decision making.

The pursuit of cGMP is an ongoing effort that must flex with
new technological developments and new understanding of ex-
isting principles. Because of the extreme importance of quality
in health care of the public, the US Congress has given the
responsibility of regulatory scrutiny over the manufacture and
distribution of drug products to the FDA. Therefore, the oper-
ations of the pharmaceutical industry are subject to the over-
sight of the FDA and, with respect to manufacturing practices,
to the application of the cGMPs.* These regulations are dis-
cussed more fully in Chapter 51.

In concert with the pursuit of ¢cGMPs, the pharmaceutical
industry has shown initiative and innovation in the extensive
technological development and improvement in quality, safety,
and effectiveness of parenteral dosage forms in recent years,
eg, developments in sterilizing filtration, aseptic processing
technology, and the control of particulate matter. These factors
have been additive in providing the public with outstanding
parenteral dosage forms of drugs at this time in history.

GENERAL MANUFACTURING PROCESS

The preparation of a parenteral product may be considered to
encompass four general areas

1. Procurement and accumulation in a warehouse area until released
to manufacturing.

2. Processing the dosage form in appropriately designed and operated
facilities.

Establishing specifications to ensure the quality of each of the
components of an injection is essential. These specifications
will be coordinated with the requirements of the specific for-
mulation and will not necessarily be identical for a particular
component used in several different formulations. For example,
particle-size control may be necessary for powders used in
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Figure 41-1. High-purity stilled and sealed water-storage system. A,
evaporator; B, high-purity baffie unit; C, condenser; D, storage tank
with ultraviolet lamp; E, control panel (courtesy, Ciba-Geigy).

3. Packaging and labeling in a quarantine area to ensure integrity and
completion of the product.
4. Controlling the quality of the product throughout the process.

Procurement encompasses selecting and testing according to
specifications of the raw-material ingredients and the contain-
ers and closures for the primary and secondary packages.

Processing includes cleaning containers and equipment to
validated specifications, compounding the solution (or other
dosage form), filtering the solution, sanitizing or sterilizing the
containers and equipment, filling measured quantities of prod-
uct into the sterile containers, and, finally, sealing them.

Packaging normally consists of the labeling and cartoning
filled and sealed primary containers. The confrol of quality
begins with the incoming supplies, being sure that specifica-
tions are met. Each step of the process involves checks and
tests to be sure that the developing product is meeting the
required specifications at the respective step. Finally, the qual-
ity control department must review the batch history and per-
form the release testing required to clear the product for ship-
ment to users.

The following pages of this chapter present material orga-
nized in the approximate manner just discussed.

formulating a suspension but be relatively unimportant for
preparing a solution.

The most stringent chemical-purity requirements normally
will be encountered with aqueous solutions, particularly if the
product is to be sterilized at an elevated temperature where
reaction rates will be accelerated greatly. Modification of aque-



ous vehicles to include a glycol, for example, usually will reduce
reaction rates. Dry preparations pose relatively few reaction
problems but may require definitive physical specifications for
ingredients that must have certain solution or dispersion char-
acteristics when a vehicle is added.

Containers and closures are in prolonged, intimate contact
with the product and may release substances into, or remove
ingredients from, the product. Assessment and selection of
containers and closures are necessary parts of product formu-
lation, to ensure that the product retains its purity, potency,
and quality during the intimate contact with the container
throughout its shelf life. Administration devices that come in
contact with the product should be assessed and selected with
the same care as are containers and closures, even though the
contact period is usually brief.

VEHICLES

Since most liquid injections are quite dilute, the component
present in the highest proportion is the vehicle. A vehicle
normally has no therapeutic activity and is nontoxic. However,
it is of great importance in the formulation, since it presents to
body tissues the form of the active constituent for absorption.
Absorption normally occurs most rapidly and completely when
a drug is presented as an aqueous solution. Modification of the
vehicle with water-miscible liquids or substitution with water-
immiscible liquids normally decreases the rate of absorption.
Absorption from a suspension may be affected by such factors
as the viscosity of the vehicle, its capacity for wetting the solid
particles, the solubility equilibrium produced by the vehicle,
and the distribution coefficient between the vehicle and aque-
ous body systems.

The vehicle of greatest importance for parenteral prod-
ucts is water. Water of suitable quality for compounding and
rinsing product contact surfaces may be prepared either by
distillation or by reverse osmosis, to meet USP specifications
for Water for Injection (WFI). Only by these two methods is
it possible to separate adequately various liquid, gas, and
solid contaminating substances from water. These two meth-
ods for preparation of WFI are discussed in this chapter. It
should be noted that there is no unit operation more impor-
tant and none more costly to install and operate than the one
for the preparation of WFI.

Preparation of Water for Injection (WFI)

The source water can be expected to be contaminated with
natural suspended mineral and organic substances, dis-
solved mineral salts, colloidal silicates, and industrial or
agricultural chemicals. The degree of contamination will
vary with the source and will be markedly different, whether
obtained from a well or from surface sources, such as a
stream or lake. Hence, the source water usually must be
pretreated by one or a combination of the following treat-
ments: chemical softening, filtration, deionization, carbon
adsorption, or reverse osmosis purification. Space does not
permit discussion of these processes here; the interested
reader is referred elsewhere for this information.®®

In general, a conventional still consists of a boiler (evapora-
tor) containing feed water (distilland); a source of heat to va-
porize the water in the evaporator; a headspace above the level
of distilland, with condensing surfaces for refluxing the vapor,
thereby returning nonvolatile impurities to the distilland; a
means for eliminating volatile impurities before the hot water
vapor is condensed; and a condenser for removing the heat of
vaporization, thereby converting the water vapor to a liquid
distillate.
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The specific construction features of a still and the process
specifications will have a marked effect on the quality of dis-
tillate obtained from a still. Several factors must be considered
in selecting a still to produce WFIL

1. The quality of the feed water will affect the quality of the distillate.
Controlling the quality of the feed water is essential for meeting the
required specifications for the distillate.

2. The size of the evaporator will affect the efficiency. It should be
large enough to provide a low vapor velocity, thus reducing the
entrainment of the distilland either as a film on vapor bubbles or as
separate droplets.

3. The baffles (condensing surfaces) determine the effectiveness of
refluxing. They should be designed for efficient removal of the
entrainment at optimal vapor velocity, collecting and returning the
heavier droplets contaminated with the distilland.

4. Redissolving volatile impurities in the distillate reduces its purity.
Therefore, they should be separated efficiently from the hot water
vapor and eliminated by aspirating them to the drain or venting
them to the atmosphere.

5. Contamination of the vapor and distillate from the metal parts of
the still can occur. Present standards for high-purity stills are that
all parts contacted by the vapor or distillate should be constructed
of metal coated with pure tin, 304 or 316 stainless-steel, or chemi-
cally resistant glass.

The design features of a still also influence its efficiency of
operation, relative freedom from maintenance problems, or
extent of automatic operation. Stills may be constructed of
varying size, rated according to the volume of distillate that can
be produced per hour of operation under optimum conditions.
Only stills designed to produce high-purity water may be con-
sidered for use in the production of WFI. Conventional com-
mercial stills designed for the production of high-purity water
are available from several suppliers (see Fig 41-1) (AMSCO,
Barnstead, Corning, Vaponics).

COMPRESSION DISTILLATION—The vapor-compres-
sion still, primarily designed for the production of large vol-
umes of high-purity distillate with low consumption of energy
and water, is illustrated diagrammatically in Figure 41-2. To
start, the feed water is heated from an external source in the
evaporator to boiling. The vapor produced in the tubes is sep-
arated from the entrained distilland in the separator and con-
veyed to a compressor that compresses the vapor and raises its
temperature to approximately 107°. It then flows to the steam
chest where it condenses on the outer surfaces of the tubes
containing the distilland; the vapor is thus condensed and
drawn off as a distillate, while giving up its heat to bring the
distilland in the tubes to the boiling point.

Vapor-compression stills are available in capacities from 50
to 2800 gal/hr (Aqua-Chem, Barnstead, Meco).

MULTIPLE-EFFECT STILLS—The multiple-effect still
also is designed to conserve energy and water usage. In prin-
ciple, it is simply a series of single-effect stills running at
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differing pressures. A series of up to seven effects may be used,
with the first effect operated at the highest pressure and the
last effect at atmospheric pressure. See a schematic drawing of
a multiple-effect still in Figure 41-3. Steam from an external
source is used in the first effect to generate steam under pres-
sure from feed water; it is used as the power source to drive the
second effect. The steam used to drive the second effect con-
denses as it gives up its heat of vaporization and forms a
distillate. This process continues until the last effect, when the
steam is at atmospheric pressure and must be condensed in a
heat exchanger.

The capacity of a multiple-effect still can be increased by
adding effects. The quantity of the distillate also will be af-
fected by the inlet steam pressure; thus, a 600-gal/hr unit
designed to operate at 115 psig steam pressure could be run at
approximately 55 psig and would deliver about 400 gal/hr.
These stills have no moving parts and operate quietly. They are
_ available in capacities from about 50 to 7000 gal/lhr (AMSCO,
Barnstead, Finn-Aqua, Kuhlman, Vaponics).

REVERSE OSMOSIS (RO)—As the name suggests, the
natural process of selective permeation of molecules through a
semipermeable membrane separating two aqueous solutions of
different concentrations is reversed. Pressure, usually between
200 and 400 psig, is applied to overcome osmotic pressure and
force pure water to permeate through the membrane. Mem-
branes, usually composed of cellulose esters or polyamides, are
selected to provide an efficient rejection of contaminant mole-
cules in raw water. The molecules most difficult to remove are
small inorganic ones such as sodium chloride. Passage through
two membranes in series is sometimes used to increase the
efficiency of removal of these small molecules and to decrease
the risk of structural failure of a membrane to remove other
contaminants, such as bacteria and pyrogens. For additional
information, see Reverse Osmosis in Chapter 36 and Water in
Chapters 39 and 55.

Reverse osmosis systems are available in a range of produc-
tion sizes (AMSCO, Aqua-Chem, Finn-Aqua, Meco, Millipore,
ete).

Whichever system is used for the preparation of WFI,
validation is required fto be sure that the system, consis-
tently and reliably, will produce the chemical, physical, and
microbiological quality of water required. Such validation
should start with the determined characteristics of the
source water and include the pretreatment, production, stor-
age, and distribution systems. All of these systems together,
including their proper operation and maintenance, deter-
mine the ultimate quality of the WFI. Because of space
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Figure 41-3. Multiple-effect still (courtesy, Dekker). (From Avis KE,
Lieberman HA, Lachman L. Pharmaceutical Dosage Forms: Paren-
teral Medications, vol 2, 2nd ed. New York: Dekker, 1993.)

limitations here, more details concerning the design, opera-
tion, and validation of these highly important systems may
be found in other literature sources.5¢

STORAGE AND DISTRIBUTION—The rate of produc-
tion of WFI usually is not sufficient to meet processing de-
mands; therefore, it is collected in a holding tank for subse-
quent use. In large operations the holding tanks may have a
capacity of several thousand gallons and be a part of a contin-
uously operating system. In such instances the USP requires
that the WFI be held at a temperature too high for microbial
growth. Normally, this temperature is a constant 80°.

The USP also permits the WFI to be stored at room temper-
ature but for a maximum of 24 hr. Under such conditions the
WFT usually is collected as a batch for a particular use with any
unused water being discarded within 24 hr. Such a system
requires frequent sanitization to minimize the risk of viable
microorganisms being present. The stainless-steel storage
tanks in such systems usually are connected to a welded stain-
less-steel distribution loop supplying the various use sites with
a continuously circulating water supply. The tank is provided
with a hydrophobic membrane vent filter capable of excluding
bacteria and nonviable particulate matter. Such a vent filter is
necessary to permit changes in pressure during filling and
emptying. The construction material for the tank and connect-

ing lines usually is electropolished 316L stainless steel with

welded pipe. The tanks also may be lined with glass or a
coating of pure tin. Such systems are very carefully designed
and constructed and often constitute the most costly installa-
tion within the plant.

When the water cannot be used at 80°, heat exchangers
must be installed to reduce the temperature at the point of use.
Bacterial retentive filters should not be installed in such sys-
tems because of the risk of bacterial buildup on the filters and
the consequent release of pyrogenic substances.

PURITY—While certain purity requirements have been
alluded to above, the USP monographs provide the official
standards of purity for WFI and Sterile Water for Injection
(SWFI).

The chemical and physical standards for WFI recently have
undergone significant changes, culminatinig in the simplified
specifications in supplement 8 of USP 23. The only physical/
chemical tests remaining are the new total organic carbon
(TOC), with a limit of 500 ppb, and conductivity, with a limit of
1.3 uS/em at 25 or 1.1 uS/ecm at 20. The former is an instru-
mental method capable of detecting all organic carbon present,
and the latter is a three-tiered instrumental test measuring the
conductivity contributed by ionized particles (in microSiemens
or micromhos) relative to pH. Since conductivity is integrally
related to pH, the pH requirement of 5 to 7 in previous revi-
sions has been eliminated. The TOC and conductivity specifi-
cations are now considered to be adequate minimal predictors
of the chemical/physical purity of WF1. However, the wet chem-
istry tests still are used when WFI is packaged for commercial
distribution and for SWFI,

Biological requirements continue to be, for WFI, not more
than 10 colony-forming units (CFUs)/mL and 0.25 USP endo-
toxin units/mL. The SWFI requirements differ in that since it is
a final product, it must pass the USP Sterility Test.

WFI and SWFI may not contain added substances. Bacterio-
static Water for Injection (BWFI) may contain one or more
suitable antimicrobial agents in containers of 30 mL or less.
This restriction is designed to prevent the administration of a
large quantity of a bacteriostatic agent that probably would be
toxic in the accumulated amount of a large volume of solution,
even though the concentration was low.

The USP also provides monographs giving the specifications
for Sterile Water for Inhalation and Sterile Water for Irriga-
tion. The USP should be consulted for the minor differences
between these specifications and those for SWFT.



Types of Vehicles

AQUEOUS VEHICLES—Certain aqueous vehicles are
recognized officially because of their valid use in parenterals.
Often they are used as isotonic vehicles to which a drug may be
added at the time of administration. The additional osmotic
effect of the drug may not be enough to produce any discomfort
when administered. These vehicles include Sodium Chloride
Injection, Ringer’s Injection, Dextrose Injection, Dextrose and
Sodium Chloride Injection, and Lactated Ringer’s Injection.

WATER-MISCIBLE VEHICLES—A number of solvents
that are miscible with water have been used as a portion of the
vehicle in the formulation of parenterals. These solvents are
used primarily to affect the solubility of certain drugs and to
reduce hydrolysis. The most important solvents in this group
are ethyl alcohol, liquid polyethylene glycol and propylene gly-
col. Ethyl alcohol is used particularly in the preparation of
solutions of cardiac glycosides and the glycols in solutions of
barbiturates, certain alkaloids and certain antibiotics. Such
preparations usually are given intramuscularly. These sol-
vents, as well as nonaqueous vehicles, have been reviewed by
Spiegel and Noseworthy.5

NONAQUEOUS VEHICLES—The most important group
of nonaqueous vehicles are the fixed oils. The USP provides
specifications for such vehicles, indicating that the fixed oils
must be of vegetable origin so that they will be metabolized,
will be liquid at room temperature, and will not become rancid
readily. The USP also specifies limits for the degree of unsat-
uration and free fatty acid content. The oils most commonly
used are corn oil, cottonseed oil, peanut oil, and sesame oil.
Fixed oils are used particularly as vehicles for certain hormone
preparations. The label must state the name of the vehicle so
that the user may beware in case of known sensitivity or other
reactions to it.

SOLUTES
______________________________________________________________________|]
Care must be taken in selecting bulk active chemicals and excipi-
ents to ensure that their quality is suitable for parenteral admin-
istration. A low microbial level will enhance the effectiveness of
either the aseptic or terminal sterilization process used for the
drug product. Likewise, nonpyrogenic ingredients enhance the
nonpyrogenicity of the finished injectable product. Chemical im-
purities should be virtually nonexistent in bulk substances for
parenterals, because impurities are not likely to be removed by
the processing of the product. Depending on the chemical in-
volved, even trace residues may be harmful to the patient or cause
stability problems in the product. Therefore, the compounder
should use the best grade of chemicals obtainable and use its
analytical profile to determine that each lot of chemical used in
the formulation meets the required specifications.

Reputable chemical manufacturers accept the stringent
quality requirements for parenteral products and, accordingly,
apply good manufacturing practices to their chemical manufac-
turing. Examples of critical bulk manufacturing precautions
include using dedicated equipment or properly validated clean-
ing to prevent cross-contamination and transfer of impurities,
using WFI for rinsing equipment and for bulk manufacturing
steps not followed by further purification, using closed systems
wherever possible, and adhering to specified endotoxin and
bioburden testing limits for the substance.

ADDED SUBSTANCES—The USP includes in this cate-
gory all substances added to a preparation to improve or safe-
guard its quality. An added substance may

Effect solubility, as does sodium benzoate in Caffeine and Sodium
Benzoate Injection.

Provide patient comfort, as do substances added to make a solution
isotonic or near physiological pH.

Enhance the chemical stability of a solution, as do antioxidants,
inert gases, chelating agents, and buffers.
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Protect a preparation against the growth of microorganisms. The
term preservative sometimes is applied only to those substances that
prevent the growth of microorganisms in a preparation. However, such
limited use is inappropriate, being better used for all substances that
act to retard or prevent the chemical, physical, or biological degradation
of a preparation.

While added substances may prevent a certain reaction
from taking place, they may induce others. Not only may visible
incompatibilities occur, but hydrolysis, complexation, oxida-
tion, and other invisible reactions may decompose or otherwise
inactivate the therapeutic agent or other added substances.
Therefore, added substances must be selected with due consid-
eration and investigation of their effect on the total formulation
and the container-closure system.

ANTIMICROBIAL AGENTS—The USP states that anti-
microbial agents in bacteriostatic or fungistatic concentrations
must be added to preparations contained in multiple-dose con-
tainers. They must be present in adequate concentration at the
time of use to prevent the multiplication of microorganisms
inadvertently introduced into the preparation while withdraw-
ing a portion of the contents with a hypodermic needle and
syringe. The USP provides a test for Antimicrobial Preserva-
tive Effectiveness to determine that an antimicrobial substance
or combination adequately inhibits the growth of microorgan-
isms in a parenteral product. Because antimicrobials may have
inherent toxicity for the patient, the USP prescribes concentra-
tion limits for those that are used commonly in parenteral
products, eg

Phenylmercuric nitrate and thimerosal 0.01%.
Benzethonium chloride and benzalkonium chloride 0.01%.
Phenol or cresol 0.5%.

Chlorobutanol 0.5%.

The above limit rarely is used for phenylmercuric nitrate, most
frequently employed in a concentration of 0.002%. Methyl p-
hydroxybenzoate 0.18% and propyl p-hydroxybenzoate 0.02%
in combination, and benzyl alcohol 2% also are used frequently.
In oleaginous preparations, no antibacterial agent commonly
employed appears to be effective. However, it has been reported
that hexylresorcinol 0.5% and phenylmercuric benzoate 0.1%
are moderately bactericidal. A few therapeutic compounds
have been shown to have antibacterial activity, thus obviating
the need for added agents.

Antimicrobial agents must be studied with respect to com-
patibility with all other components of the formula. In addition,
their activity must be evaluated in the total formula. It is not
uncommon to find that a particular agent will be effective in
one formulation but ineffective in another. This may be due to
the effect of various components of the formula on the biological
activity or availability of the coinpound; for example, the bind-
ing and inactivation of esters of p-hydroxybenzoic acid by mac-
romolecules such as Polysorbate 80 or the reduction of phe-
nylmercuric nitrate by sulfide residues in rubber closures. A
physical reaction encountered is that bacteriostatic agents
sometimes are removed from solution by rubber closures.

Single-dose containers and pharmacy bulk packs that do not
contain antimicrobial agents are expected to be used promptly
after opening or to be discarded. Large-volume, single-dose
containers may not contain an added antimicrobial preserva-
tive. Therefore, special care must be exercised in storing such
products after the containers have been opened to prepare an
admixture, particularly those that can support the growth of
microorganisms, such as total parenteral nutrition (TPN) solu-
tions and emulsions. It should be noted that while refrigeration
slows the growth of most microorganisms, it does not prevent
their growth.

Buffers are used primarily to stabilize a solution against
the chemical degradation that might occur if the pH changes
appreciably. Buffer systems employed should normally have as
low a buffering capacity as feasible so as not to disturb signif-
icantly the body’s buffering systems when injected. In addition,
the buffer range and effect on the activity of the product must
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be evaluated carefully. The acid salts most frequently em-
ployed as buffers are citrates, acetates, and phosphates.

Antioxidants are required frequently to preserve products
because of the ease with which many drugs are oxidized.
Sodium bisulfite 0.1% is used most frequently. The use of
sulfites has been reviewed by Schroeter.” Acetone sodium bisul-
fite, sodium formaldehyde sulfoxylate, and thiourea also are
used sometimes. The sodium salt of ethylenediaminetetraace-
tic acid has been found to enhance the activity of antioxidants
in some cases, apparently by chelating metallic ions that would
otherwise catalyze the oxidation reaction.

Displacing the air (oxygen) in and above the solution by
purging with an inert gas, such as nitrogen, also can be used as
a means to control oxidation of a sensitive drug. Process control
is required for assurance that every container is deaerated
adequately and uniformly.

Tonicity agents are used in many parenteral and ophthalmic
products to adjust the tonicity. However, not all preparations
need to be isotonic. The agents most commonly used are elec-
trolytes and mono- or disaccharides. This subject is considered
much more extensively in Chapter 18.

A recent publication surveys excipients being used today in
parenteral formulations in the United States.®

PYROGENS (ENDOTOXINS)

Pyrogens are products of metabolism of microorganisms. The
most potent pyrogenic substances (endotoxins) are constituents
of the cell wall of gram-negative bacteria. Gram-positive bac-
teria and fungi also produce pyrogens but of lower potency and
of different chemical nature. Endotoxins are high-molecular-
weight (about 20,000 daltons) lipopolysaccharides. Studies
have shown that the lipid portion of the molecule is responsible
for the biological activity. Since endotoxins are the most potent
pyrogens and gram-negative bacteria are ubiquitous in the
environment, this discussion focuses on endotoxins and the
risk of their presence as contaminants in sterile products.

Pyrogens, when present in parenteral drug products and
injected into patients, can cause fever, chills, pain in the back
and legs, and malaise. While pyrogenic reactions are rarely
fatal, they can cause serious discomfort and, in the seriously ill
patient, shock-like symptoms that can be fatal. The intensity of
the pyrogenic response and its degree of hazard will be affected
by the medical condition of the patient, the potency of the
pyrogen, the amount of the pyrogen, and the route of adminis-
tration (intrathecal is most hazardous followed by intravenous,
intramuscular, and subcutaneous). When bacterial (exogenous)
pyrogens are introduced into the body, leukocytic phagocytosis
is believed to occur, and endogenous pyrogen is produced. The
endogenous pyrogen then produces the familiar physiological
effects. Space does not permit further elaboration of these
matters here; the reader is referred to the work by Pearson? if
more information is needed.

CONTROL OF PYROGENS—Pyrogens are contaminants
if present in parenteral drug products and should not be there.
In general, it is impractical, if not impossible, to remove pyro-
gens once present without adversely affecting the drug product.
Therefore, the emphasis should be on preventing the introduc-
tion or development of pyrogens in all aspects of the compound-
ing and processing of the product.

Pyrogens may enter a preparation through any means that
will introduce living or dead microorganisms. However, current
technology generally permits the control of such contamina-
tion, and the presence of pyrogens in a finished product indi-
cates processing under inadequately controlled conditions. It
also should be noted that time for microbial growth to occur
increases the risk for elevated levels of pyrogens. Therefore,
compounding and manufacturing processes should be carried
out as expeditiously as possible, preferably planning comple-
tion of the process, including sterilization, within one work day.

Pyrogens can be destroyed by heating at high temperatures. A
typical procedure for depyrogenation of glassware and equipment
is maintaining a dry heat temperature of 250° for 45 min. It has
been reported that 650° for 1 min or 180° for 4 hr likewise will
destroy pyrogens. The usual autoclaving cycle will not do so.
Heating with strong alkali or oxidizing solutions will destroy
pyrogens. It has been claimed that thorough washing with deter-
gent will render glassware pyrogen-free if subsequently rinsed
thoroughly with pyrogen-free water. Rubber stoppers cannot
withstand pyrogen-destructive temperatures, so reliance must be
placed on an effective sequence of washing, thorough rinsing with
WFI, prompt sterilization, and protective storage to ensure ade-
quate pyrogen control. Similarly, plastic containers and devices
must be protected from pyrogenic contamination during manu-
facture and storage, since known ways of destroying pyrogens
affect the plastic adversely. It has been reported that anion-
exchange resins and positively charged membrane filters will
remove pyrogens from water. Also, although reverse osmosis
membranes will eliminate them, the most reliable method for
their elimination from water is distillation.

A method that has been used for the removal of pyrogens
from solutions is adsorption on adsorptive agents. However,
since the adsorption phenomenon also may cause selective
removal of chemical substances from the solution, this method
has limited application. Other in-process methods for their
destruction or elimination include selective extraction proce-
dures and careful heating with dilute alkali, dilute acid, or mild
oxidizing agents. In each instance, the method must be studied
thoroughly to be sure it will not have an adverse effect on the
constituents of the product. Although ultrafiltration now
makes possible pyrogen separation on a molecular-weight basis
and the process of tangential flow is making large-scale pro-
cessing more practical, use of this technology is limited, except
in biotechnological processing.

SOURCES OF PYROGENS-—Through understanding the
means by which pyrogens may contaminate parenteral products,
their control becomes more achievable. Therefore, it is important
to know that water is probably the greatest potential source of
pyrogenic contamination, since water is essential for the growth of
microorganisms. When microorganisms metabolize, pyrogens will
be produced. Therefore, raw water can be expected to be pyrogenic
and only when it is appropriately treated to render it free from
pyrogens, such as WFI, should it be used for compounding the
product or rinsing product contact surfaces such as tubing, mixing
vessels, and rubber closures. Even when such rinsed equipment
and supplies are left wet and improperly exposed to the environ-
ment, there is a high risk that they will become pyrogenic. Al-
though proper distillation will provide pyrogen-free water, stor-
age conditions must be such that microorganisms are not
introduced and subsequent growth is prevented.

Other potential sources of contamination are containers and
equipment. Pyrogenic materials adhere strongly to glass and
other surfaces. Residues of solutions in used equipment often
become bacterial cultures, with subsequent pyrogenic contam-
ination. Since drying does not destroy pyrogens, they may
remain in equipment for long periods. Adequate washing will
reduce contamination and subsequent dry-heat treatment can
render contaminated equipment suitable for use. However, all
such processes must be validated to ensure their effectiveness.

Solutes may be a source of pyrogens. For example, the
manufacturing of bulk chemicals may involve the use of pyro-
genic water for process steps such as crystallization, precipita-
tion, or washing. Bulk drug substances derived from fermen-
tation will almost certainly be heavily pyrogenic. Therefore, all
lots of solutes used to prepare parenteral products should be
tested to ensure that they will not contribute unacceptable
quantities of endotoxin to the finished product.

The manufacturing process must be carried out with great
care and as rapidly as possible, to minimize the risk of micro-
bial contamination. Preferably, no more product should be pre-
pared than can be processed completely within one working
day, including sterilization.
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Containers are an integral part of the formulation of an injec-
tion. No container is totally insoluble or does not in some way
affect the liquid it contains, particularly if the liquid is aque-
ous. Therefore, the selection of a container for a particular
injection must be based on consideration of the composition of
the container, as well as of the solution, and the treatment to
which it will be subjected.

Table 41-1 provides a generalized comparison of the three
compatibility properties—leaching, permeation, and adsorp-
tion— of container materials most likely to be involved in the
formulation of aqueous parenterals. Further, the integrity of
the container/closure system depends upon several charac-
teristies, including container opening finish, closure modu-
lus, durometer and compression set, and aluminum seal
application force. These considerations have been reviewed
by Morton.®

CONTAINER TYPES

Plastic

Thermoplastic polymers have been established as packaging
materials for sterile preparations such as large-volume par-
enterals, ophthalmic solutions, and, increasingly, small-
volume parenterals. For such use to be acceptable a thorough
understanding of the characteristics, potential problems,
and advantages for use must be developed. A historical
review of these factors relative to pharmaceuticals has been
prepared by Autian.’! A discussion of polymers for IV
solutions has been published by Lambert.!? Autian stated
that three principal problem areas exist in using these
materials:

1. Permeation of vapors and other molecules in either direction
through the wall of the plastic container.

2. Leaching of constituents from the plastic into the product.

3. Sorption (absorption and/or adsorption) of drug molecules or ions on
the plastic material.

Permeation, the most extensive problem, may be trouble-
some by permitting volatile constituents, water, or specific
drug molecules to migrate through the wall of the container to
the outside and thereby be lost. This problem has been re-
solved, for example, by the use of an overwrap in the packaging
of IV solutions in PVC bags to prevent the loss of water during
storage. Reverse permeation also may occur in which oxygen or
other molecules may penetrate to the inside of the container
and cause oxidative or other degradation of susceptible constit-
uents. Leaching may be a problem when certain constituents in
the plastic formulation, such as plasticizers or antioxidants,
migrate into the product. Thus, plastic polymer formulations
should have as few additives as possible, an objective charac-
teristically achievable for most plastics being used for paren-
teral packaging. Sorption is a problem on a selective basis, that
is, sorption of a few drug molecules occurs on specific polymers.
For example, sorption of insulin, vitamin A acetate, and war-
farin sodium has been shown to occur on PVC bags and tubing
when these drugs were present as additives in IV admixtures.
A brief summary of some of these compatibility relationships is
given in Table 41-1.

One of the principle advantages of using plastic packaging
materials is that they are not breakable as is glass; also, there
is a substantial weight reduction. The flexibility of the low-
density polyethylene polymer, for ophthalmic preparations,
makes it possible to squeeze the side wall of the container and
discharge one or more drops without introducing contamina-
tion into the remainder of the product. The flexible bags of
polyvinyl chloride or select polyolefins, currently in use for
large-volume intravenous fluids, have the added advantage
that no air interchange is required; the flexible wall simply
collapses as the solution flows out of the bag.

Most plastic materials have the disadvantage that they
are not as clear as glass and, therefore, inspection of the
contents is impeded. In addition, many of these materials
will soften or melt under the conditions of thermal steriliza-
tion. However, careful selection of the plastic used and con-
trol of the autoclave cycle has made thermal sterilization of
some products possible, large-volume parenterals in partic-
ular. Ethylene oxide or radiation sterilization may be em-

Table 41-1. Comparative Compatibility Properties of Container Materials

LEACHING PERMEATION ADSORPTION
(SELECTIVE)
EXTENT®  POTENTIAL LEACHABLES EXTENT®  POTENTIAL AGENTS EXTENT?
Glass
Borosilicate 1 Alkaline earth and heavy metal 0 N/A 2
oxides
Soda-lime 5 Alkaline earth and heavy metal 0 N/A 2
oxides
Plastic polymers
Polyethylene
Low density 2 Plasticizers, antioxidants 5 Gases, water vapor, other molecules 2
High density 1 Antioxidants 3 Gases, water vapor, other molecules 2
PVC 4 HCl, especially plasticizers, 5 Gases, especially water vapor and 2
antioxidants, other stabilizers other molecules
Polyolefins 2 Antioxidants 2 Gases, water vapor, other molecules 2
Polypropylene 2 Antioxidants, lubricants 4 Gases, water vapor 1
Rubber polymers
Natural and related synthetic 5 Heavy metal salts, lubricants, 3 Gases, water vapor 3
reducing agents
~ Butyl 3 Heavy metal salts, lubricants, 1 Gases, water vapor 2
reducing agents
Silicone 2 Minimal 5 Gases, water vapor 1

2 Approximate scale of 1 to 5, with 1 as the lowest.
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ployed for the empty container with subsequent aseptic fill-
ing. However, careful evaluation of the residues from
ethylene oxide or its degradation products and their poten-
tial toxic effect must be undertaken. Investigation is re-
quired concerning potential interactions and other problems
that may be encountered when a parenteral product is pack-
aged in plastic. For further details see Chapter 54.

Glass

Glass is employed as the container material of choice for most
SVlIs. It is composed principally of silicon dioxide, with varying
amounts of other oxides such as sodium, potassium, calcium,
magnesium, aluminum, boron, and iron. The basic structural
network of glass is formed by the silicon oxide tetrahedron.
Boric oxide will enter into this structure, but most of the other
oxides do not. The latter are only loosely bound, are present in
the network interstices, and are relatively free to migrate.
These migratory oxides may be leached into a solution in con-
tact with the glass, particularly during the increased reactivity
of thermal sterilization. The oxides thus dissolved may hydro-
lyze to raise the pH of the solution and catalyze or enter into
reactions. Additionally, some glass compounds will be attacked
by solutions and, in time, dislodge glass flakes into the solution.
Such occurrences can be minimized by the proper selection of
the glass composition.'?

TYPES —The USP has aided in this selection by providing
a classification of glass:

Type I, a borosilicate glass.

Type II, a soda-lime treated glass.

Type III, a soda-lime glass.

NP, a soda-lime glass not suitable for containers for parenterals.

Type I glass is composed principally of silicon dioxide and
boric oxide, with low levels of the non-network-forming oxides.
It is a chemically resistant glass (low leachability) also having
a low thermal coefficient of expansion.

Types II and Il glass compounds are composed of relatively
high proportions of sodium oxide and calcium oxide. This
makes the glass chemically less resistant. Both types melt at a
lower temperature, are easier to mold into various shapes, and
have a higher thermal coefficient of expansion than Type I
While there is no one standard formulation for glass among
manufacturers of these USP type categories, Type II glass
usually has a lower concentration of the migratory oxides than
Type III. In addition, Type II has been treated under controlled
temperature and humidity conditions with sulfur dioxide or
other dealkalizers to neutralize the interior surface of the con-
tainer. While it remains intact, this surface will increase sub-
stantially the chemical resistance of the glass. However, re-
peated exposures to sterilization and alkaline detergents will
break down this dealkalized surface and expose the underlying
soda-lime compound.

The glass types are determined from the results of two USP
tests: the Powdered Glass Test and the Water Attack Test. The
latter is used only for Type II glass and is performed on the
whole container, because of the dealkalized surface; the former
is performed on powdered glass, which exposes internal sur-
faces of the glass compound. The results are based upon the
amount of alkali titrated by 0.02 N sulfuric acid after an auto-
claving cycle with the glass sample in contact with a high-
purity distilled water. Thus, the Powdered Glass Test chal-
lenges the leaching potential of the interior structure of the
glass while the Water Attack Test challenges only the intact
surface of the container.

Selecting the appropriate glass composition is a critical facet
of determining the overall specifications for each parenteral
formulation.

In general, Type 1 glass will be suitable for all products,
although sulfur dioxide treatment sometimes is used for a
further increase in resistance. Because cost must be consid-
ered, one of the other, less-expensive types may be accept-
able. Type II glass may be suitable, for example, for a solu-
tion that is buffered, has a pH below 7, or is not reactive with
the glass. Type III glass usually will be suitable principally
for anhydrous liquids or dry substances. However, some
manufacturer-to-manufacturer variation in glass composi-
tion should be anticipated within each glass type. Therefore,
for highly chemically sensitive parenteral formulations it
may be necessary to specify both USP Type and a specific
manufacturer.

PHYSICAL CHARACTERISTICS—Some of the physical
shapes of glass ampuls and vials are illustrated in Figure 41-4.
Commercially available containers vary in size from 0.5 to 1000
mL. Sizes up to 100 mL may be obtained as ampuls and vials,
and larger sizes as bottles. The latter are used mostly for
intravenous and irrigating solutions. Smaller sizes also are
available as cartridges. Ampuls and cartridges are drawn from
glass tubing. The smaller vials may be made by molding or
from tubing. Larger vials and bottles are made only by molding.
Containers made by drawing tubing are generally optically
clearer and have a thinner wall than molded containers (Fig
41-4). Molded containers are uniform in external dimensions,
stronger, and heavier.

Easy-opening ampuls that permit the user to break off the
tip at the neck constriction without the use of a file are
weakened at the neck by scoring or applying a ceramic paint
with a different coefficient of thermal expansion. An example
of a modification of container design to meet a particular
need is the double-chambered vial, under the name Univial
(Univial), designed to contain a freeze-dried product in the
lower, and solvent in the upper, chamber. Other examples
are wide-mouth ampuls with flat or rounded bottoms to
facilitate filling with dry materials or suspensions, and var-
ious modifications of the cartridge for use with disposable
dosage units. .

Glass containers must be strong enough to withstand the
p