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The chemical, biological, physical, and economic char- 
acteristics of medicinal agents can be manipulated and, 
hence, often optimized by conversion to a salt form. 
Choosing the appropriate salt, however, can be a very 
difficult task, since each salt imparts unique properties to 
the parent compound. 

Salt-forming agents are often chosen empirically. Of the 
many salts synthesized, the preferred form is selected by 
pharmaceutical chemists primarily on a practical basis: 
cost of raw materials, ease of crystallization, and percent 
yield. Other basic considerations include stability, hy- 
groscopicity, and flowability of the resulting bulk drug. 
Unfortunately, there is no reliable way of predicting the 
influence of a particular salt species on the behavior of the 
parent compound. Furthermore, even after many salts of 
the same basic agent have been prepared, no efficient 
screening techniques exist to facilitate selection of the salt 
most likely to exhibit the desired pharmacokinetic, solu- 
bility, and formulation profiles. 

Some decision-making models have, however, been de- 
veloped to help predict salt performance. For example, 
Walkling and Appino (1) described two techniques, “de- 
cision analysis” and “potential problem analysis,” and 
applied them to the selection of the most suitable deriva- 
tive of an organic acid for development as a tablet. The 
derivatives considered were the free acid and the potassi- 
um, sodium, and calcium salts. Both techniques are based 
on the chemical, physical, and biological properties of these 
specific derivatives and offer a promising avenue for de- 
veloping optimal salt forms. 

Information on salts is widely dispersed throughout the 
pharmaceutical literature, much of which addresses the 
use of salt formation to prolong the release of the active 
component, thereby eliminating various undesirable drug 
properties (24) .  This review surveys literature of the last 
25 years, emphasizing comparisons between the properties 
of different salt forms of the same compound. Included also 
is a discussion of potentially useful salt forms. Our purpose 
is twofold: to present an overview of the many different 
salts from which new drug candidates can be chosen and 
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Table I-FDA-Approved Commercially Marketed Salts 
Percenta Anion Percent” Anion 

Acetate 1.26 lodide 2.02 
Benzenesulfonate 0.25 Isethionate‘ 0.88 
Benzoate 0.51 Lactate 0.76 
Bicarbonate 0.13 Lactobionate 0.13 
Bitartrate 0.63 Malate 0.13 
Bromide 4.68 Maleate 3.03 
Calcium edetate 0.25 Mandelate 0.38 

Carbonate 0.38 Methylbromide 0.76 
Chloride 4.17 Methylnitrate 0.38 

Dihydrochloride 0.51 Mucate 0.13 
Edetate 0.25 Napsylate 0.25 
EdisylateC 0.38 Nitrate 0.64 

Esylate“ 0.13 Pantothenate 0.25 
Fumarate 0.25 Phosphateldiphosphate 3.16 
Gluceptatef 0.18 Polygalacturonate 0.13 
Gluconate 0.51 Salicylate 0.88 
Glutamate 0.25 Stearate 0.25 
Glycollylarsanilateg 0.13 Subacetate 0.38 
Hexylresorcina te 0.13 Succinate 0.38 
Hydrabamine” 0.25 Sulfate 7.46 
Hydrobromide 1.90 Tannate 0.88 

H ydroxynaphthoate 0.25 Teoclate’ 0.13 
Triethiodide 0.13 

CamsyIateh 0.25 Mesylate 2.02 

Citrate 3.03 Methylsulfate 0.88 

Estolate 0.13 Pamoate (Embonate) 1.01 

Hydrochloride 42.98 Tartrate 3.54 

Cation Percent“ Cation Percent“ 

Organic: Metallic: 
Benza th id  0.66 Aluminum 0.66 
Chloroprocaine 0.33 Calcium 10.49 
Choline 0.33 Lithium 1.64 
Diethanolamine 0.98 Magnesium 1.31 
Ethylenediamine 0.66 Potassium 10.82 
Meglumine‘ 2.29 Sodium 61.97 
Procaine 0.66 Zinc 2.95 

0 Percent is based on total number of anionic or cationic salts in use through 1974. Lauryl sulfate. 
c Ethanesulfonate. f Glucoheptonate. g p-Glycollamidophenylarsonate. N,N’-Di(dehydroabiety1)ethylenediamine. 2-Hydroxyethanesulfonate. 
1 8-C hlorotheophyllinate. N,N‘-Dibenzylethylenediamine. N- Met,hylglucamine. 

Camphorsulfonate. 1,2-Ethanedisulfonate. 

to assemble data that will provide, for the student and 
practitioner alike, a rational basis for selecting a suitable 
salt form. 

26th ed. (7). Table I categorizes all salt forms approved by 
the Food and Drug Administration (FDA), while Table I1 
lists those not approved by the FDA but in use in other 

POTENTIALLY USEFUL SALTS 

Salt formation is an acid-base reaction involving either 
a proton-transfer or neutralization reaction and is there- 
fore controlled by factors influencing such reactions. 
Theoretically, every compound that exhibits acid or base 
characteristics can participate in salt formation. Particu- 
larly important is the relative strength of the acid or 
base-the acidity and basicity constants of the chemical 
species involved. These factors determine whether or not 
formation occurs and are a measure of the stability of the 
resulting salt. 

The number of salt forms available to a chemist is large; 
surveys of patent literature show numerous new salts being 
synthesized annually. Various salts of the same compound 
often behave quite differently because of the physical, 
chemical, and thermodynamic properties they impart to 
the parent compound. For example, a salt’s hydrophobicity 
and high crystal lattice energy can affect dissolution rate 
and, hence, bioavailability. Ideally, it would be desirable 
if one could predict how a pharmaceutical agent’s prop- 
erties would be affected by salt formation. 

Tables I and I1 list all salts that were commercially 
marketed through 1974. The list was compiled from all 
agents listed in “Martindale The Extra Pharmacopoeia,” 

countries. (Only salts of organic compounds are considered 
because most drugs are organic substances.) The relative 
frequency with which each salt type has been used is cal- 
culated as a percentage, based on the total number of an- 
ionic or cationic salts in use through 1974. Because of 
simple availability and physiological reasons, the mono- 
protic hydrochlorides have been by far the most frequent 
choice of the available anionic salt-forming radicals, out- 
numbering the sulfates nearly six to one. For similar rea- 
sons, sodium has been the most predominant cation. 

Knowledge that one salt form imparts greater water 
solubility, is less toxic, or slows dissolution rate would 
greatly benefit chemists and formulators. In some cases, 
such generalizations can be made. Miller and Heller (8) 
discussed some properties associated with specific classes 
of salt forms. They stated that, in general, salt combina- 
tions with monocarboxylic acids are insoluble in water and 
lend themselves to repository preparations, while those of 
dicarboxylic acids confer water solubility if one carboxylic 
group is left free. Pamoic acid, an aromatic dicarboxylic 
acid, is an exception since it is used as a means of obtaining 
prolonged action by forming slightly soluble salts with 
certain basic drugs. Saias et al. (9) reviewed the use of this 
salt form in preparing sustained-release preparations. 
More recently, latentiation of dihydrostreptomycin (10) 
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Table II-Non-FDA- Approved Commercially Marketed 
Salts 

Anion PPrrPnta 

Adipate 
Alginate 
Aminosalicylate 
An hydromethylenecitrate 
Arecoline 
Aspartate 
Bisulfate 
Butylbromide 
Camphorate 
Digluconate 
Dihydrobromide 
Disuccinate 
Glycerophosphate 
Hemisulfate 
Hydrofluoride 
Hydroiodide 
Methylenebis(salicy1ate) 
Napadisylate 
Oxalate 
Pectinate 
Persulfate 
Phenylethylbarbiturate 
Picrate 
Propionate 
Thiocyanate 
Tosylate 
Undecanoate 

0.13 
0.13 
0.25 
0.13 
o.i3 
0.25 
0.25 
0.13 
0.13 
0.13 
0.13 
0.13 
0.88 
o.i3 
0.13 
0.25 
0.13 
0.13 
0.26 ~ _. 

0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 

Cation Percent a 

Organic: 
Benethamine 0.33 
Ckmizoled 0.33 
Diethylamine 0.33 

Tromethamine‘ 0.33 

Barium 0.33 
Bismuth 0.98 

a Percent is based on total number of anionic and cationic salts in use 
through 1974. 1,5-Naphthalenedisulfonate. N-Benzylphenethylamine. 
l-p-Chlorobenzyl-2-pyrrolidin-l’-ylmethylbenzimidazole. Tris(hy- 

droxymethy1)aminomethane. 

Piperazine 0.98 

Metallic: 

using pamoic acid resulted in the formation of a delayed- 
action preparation. Numerous studies using pamoate salts 
are dispersed throughout the literature (11-15). 

Alginic acid also has been used to prepare long-acting 
pharmaceuticals. Streptomycin alginate was prepared (16) 
and shown to be effective in sustained-release prepara- 
tions. A striking example of a long-acting alginate salt is 
that of pilocarpine. When dispersed in sterile water and 
dried to a solid gel, this compound was found useful in the 
preparation of long-acting ophthalmic dosage forms (17). 
While liquid preparations of the alginate and hydrochlo- 
ride salts possess similar miotic activity, studies showed 
that solid pilocarpine alginate flakes constricted pupil size 
more effectively and increased the duration of miosis sig- 
nificantly when compared with the liquid preparations. 
Solid dose pilocarpine may be more uniformly available, 
because it diffuses more slowly through the gel matrix 
which holds the drug in reserve. In contrast, drops of the 
commonly employed solution dosage form release the dose 
immediately to the conjunctival fluid. 

MQlek et al. (18) devised a unique way of prolonging 
action through salt formation; they showed that the dis- 
tribution of several antibiotics could be markedly altered 
by merely preparing macromolecular salts. Since macro- 
molecules and colloidal particles have an affinity for the 
lymphatic system, streptomycin, neomycin, viomycin, and 

streptothrycin were combined with high molecular weight 
compounds such as polyacrylic acids, sulfonic or phos- 
phorylated polysaccharides, and polyuronic derivatives. 
Parenteral administration of these compounds produced 
low blood levels of the antibiotic for long periods, while 
lymph levels were high. (In comparison, streptomycin 
sulfate gave high blood levels but low lymph levels.) This 
alteration in distribution caused the streptomycin to 
prolong its passage through the body, since lymphatic 
circulation is quite slow. 

The appropriate choice of a salt form has been found to 
reduce toxicity. It can be rationalized that any compound 
associated with the normal metabolism of food and drink 
must be essentially nontoxic. The approach of choosing 
organic radicals that are readily excreted or metabolized 
opened up a new class of substances from which to select 
a salt form. For example, certain salts of the strong base 
choline have proven to be considerably less toxic than their 
parent compound. The preparation and properties of 
choline salts of a series of theophylline derivatives were 
reported (19), and it was shown that choline theophyllinate 
possessed a greater LD50 than theophylline or its other 
salts (20). It was postulated that this agent would be less 
irritating to the GI tract than aminophylline, because “its 
basic constituent, choline, is an almost completely non- 
toxic substance of actual importance to the physiologic 
economy.” This evidence led to the preparation of choline 
salicylate (21) as an attempt to reduce the GI disturbances 
associated with salicylate administration. Clinical studies 
indicated that choline salicylate elicited a lower incidence 
of GI distress, was tolerated in higher doses, and was of 
greater benefit to the patient than was acetylsalicylic acid 
(aspirin). 

Amino acids and acid vitamins also have been used as 
salt-forming agents. Based on the evidence that coad- 
ministration of amino acids with aminoglycoside antibi- 
otics reduced their toxicity, a series of amino acid salts of 
dihydrostreptomycin was prepared (22). In all but one 
case, the acute toxicities of these salts were lower than the 
toxicity of the sulfate. The ascorbate and pantothenate 
also were synthesized and shown to be less toxic than the 
sulfate. Of the salts prepared, the ascorbate had the highest 

The vitamins most commonly used for forming salts 
exhibiting reduced toxicity are ascorbic and pantothenic 
acids. Keller e t  al. (23) were the first to use pantothenic 
acid as a means of “detoxifying” the basic streptomyces 
antibiotics. Parenteral administration of the pantothen- 
ates of streptomycin and dihydrostreptomycin had a sig- 
nificantly reduced incidence of acute neurotoxicity in cats 
as compared with the sulfates. Subsequent studies (24-28) 
supported this finding and showed that the pantothenates 
of neomycin and viomycin also are less toxic. The ascorbate 
of oleandomycin was synthesized and its pharmacological 
properties were reported (29). Upon intramuscular injec- 
tion in rats, it produced less irritation than the phos- 
phate. 

p -Acetamidobenzoic acid, an innocuous metabolite of 
folk acid present in normal blood and urine, has been used 
in preparing salts. In particular, it  yields stable salts with 
amines that otherwise tend to form hygroscopic products 
with conventional acid components (30). 

Often the salt form is chosen by determining a salt 

LD50. 
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component that will pharmacologically antagonize an 
unfavorable property or properties exhibited by the basic 
agent. Salts of N-cyclohexylsulfamic acid are an example 
of the practical application of this approach. N-Cyclo- 
hexylsulfamic acid salts, better known as cyclamates, have 
a characteristic sweet, pleasing taste. Although presently 
under investigation by the FDA for potentially carcino- 
genic properties, salts incorporating this compoynd can 
render unpleasant or bitter-tasting drugs acceptable. For 
example, the cyclamates of dextromethorphan and 
chlorpheniramine exhibit greatly improved bitterness 
thresholds compared to commonly occurring salts (31). 
Furthermore, their stability in aqueous solution was de- 
scribed as good when mtiintained at a pH not greater than 
4. 

N-Cyclohexylsulfamic acid salts of thiamine hydro- 
chloride and lincomycin also have been synthesized. Thi- 
amine N-cyclohexylsulfamate hydrochloride was reported 
to have a more pleasant taste than other thiamine salts 
while having an equal or greater stability (32). Lincomycin 
cyclamate, shown to possess an enhanced thermal stability 
over its hydrochloride, was prepared (33) to test the hy- 
pothesis that reduced lincomycin absorption in the pres- 
ence of small quantities of cyclamates was due to a simple 
metathetic reaction. However, this assumption was found 
not to be true. An extensive study of the preparation and 
characterization of cyclamic acid salts of several widely 
used classes of drugs including antihistamines, antibiotics, 
antitussives, myospasmolytics, and local anesthetics was 
reported (34,35). 

Various salts of penicillin and basic amine compounds 
have been formulated in an effort to produce a long-acting, 
nonallergenic form of penicillin. Since antihistamines 
appear to mitigate the symptomatology of penicillin re- 
actions in some patients, coadministration of the two has 
been advocated. The preparation of the benzhydralamine 
salt of penicillin was an attempt to produce a repository 
form of penicillin with antiallergic properties (36). Blood 
levels achieved with this salt were comparable to those of 
penicillin G potassium; however, its antiallergic properties 
were not evaluated. In fact, the investigators noted that 
antihistamines can actually cause sensitization at  times 
and stated that “despite their occasionally favorable in- 
fluence on the symptoms of penicillin sensitivity, they 
contribute directly to the potential of drug sensitivity when 
co-administered with penicillin.’’ 

Silver salts of sulfanilamide, penicillin, and other anti- 
biotics have been prepared and represent cases where the 
species (ions) are complementary. When aqueous solutions 
of the salts were applied topically to burned tissue, they 
yielded the combined benefits of the oligodynamic action 
of silver and the advantages of the antibacterial agents 
(37). 

The use of 8-substituted xanthines, particularly the 
8-substituted theophyllines, as salt-forming agents was 
first reported in the preparation of a series of antihistamine 
salts (38-41). Synthesis of these xanthine salts was an at- 
tempt to find a drug to counteract the drowsiness caused 
by the antihistamines with the stimulant properties of the 
xanthines. When an electronegative group is introduced 
into the xanthine molecule a t  the 8-position, the elec- 
tron-drawing capacity of the substituent results in the 
creation of an acidic hydrogen at  position 7. Thus, these 

moderately strong acidic compounds can undergo salt 
formation with various organic bases. 

The 8-halotheophyllines were the first group of xan- 
thines studied as potential salt-forming agents. Since the 
report on the preparation of the 8-chlorotheophylline salt 
of diphenhydramine (42), synthesis of the 8-halotheo- 
phyllinates of a number of organic bases has been at- 
tempted. The 8-chlorotheophylline salts of quinine, 
ephedrine, and strychnine were prepared and character- 
ized (43). These salts were less water soluble than the 
corresponding free alkaloidal bases. In a similar report, the 
8-chlorotheophyllinates of three synthetic narcotics, 
meperidine, levorphanol, and metopon, were prepared 
(44). 

Pharmacological and clinical studies involving the 8- 
bromotheophylline pyrilamine salt revealed the unusual 
diuretic properties associated with the 8-halotheophylline 
portion of the compound (45,46). This finding initiated 
an investigation into the preparation of a soluble 8-bro- 
motheophylline salt of high diuretic activity. With readily 
available amines, over 30 salts. were synthesized and 
screened for diuretic activity (47). When tested against 
theophylline salts of the same amines, the 8-bromotheo- 
phyllinates showed greater activity in every case. 

With the successful formation of 8-halotheophyllinates 
of organic bases, Morozowich and Bope (48) proposed that, 
if the halogen moiety was replaced with a more electro- 
negative substituent such as a nitro group, a more acidic 
compound would be formed. Presumably, more stable salts 
would result and precipitation of the free xanthine deriv- 
ative in the stomach would be less likely to occur. On this 
premise, they successfully prepared pharmacologically 
effective 8-nitrotheophyllinates of several pharmaceuti- 
cally useful bases. 

Duesel et al. (19), in their study of choline theophylli- 
nate, prepared the 8-chloro-, 8-bromo-, and 8-nitrotheo- 
phylline salts of choline. Oral toxicity studies in mice 
showed that the LD.50 of the 8-nitrotheophyllinate was 
much greater than that of either 8-halotheophylline. In 
fact, it remained nonlethal a t  doses as high as 5 g. 

Polygalacturonic acid, a derivative of pectin, has been 
used to prepare quinidine salts exhibiting reduced toxicity 
(49, 50). The compound possesses special demulcent 
properties and inhibits mucosal irritation. The rationale 
for use of this agent is to reduce the ionic shock to the GI 
mucosa resulting from the flood of irritating ions liberated 
by rapid dissociation of the conventional inorganic quin- 
idine salts. Studies have shown that it is four times less 
toxic orally than the sulfate. This difference was attributed 
to the slower release of quinidine from the polygalactu- 
ronate. 

Other compounds reported to be potentially useful as 
pharmaceutical salt forms are listed in Table 111. 

PHYSICOCHEMICAL STUDIES 

Biological activity of a drug molecule is influenced by 
two factors: its chemical structure and effect a t  a specific 
site and its ability to reach-and then be removed from- 
the site of action. Thus, a knowledge of the physicochem- 
ical properties of a compound that influence its absorption, 
distribution, metabolism, and excretion is essential for a 
complete understanding of the onset and duration of ac- 
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Table 111-Potentially Useful Salt Forms of Pharmaceutical Agents 

Reference Salt-Forming Agent Compound Modified Modification 

Acetylaminoacetic acid 
N -  Acetyl-L-asparagine 
N -  Acetylcystine 
Adamantoic acid 
Adipic acid 
N -  Alkylsulfamates 

Anthraquinone-l,5-disulfonic acid 
Arabogalactan sulfate (arabino) 
Arginine 

Aspartate 
Betaine 
Bis(2-carboxychromon-5-yloxy)alkanes . -  
Carnitine 
4-Chloro-rn-toluenesulfonic acid 
Decanoate 
Diacetyl sulfate 
Dibenzylethylenediamine 
Diethylamine 
Diguaiacyl phosphate 
Dioctyl sulfosuccinate 
Embonic (pamoic) acid 

Fructose 1,6-diphosphoric acid 

Glucose 1-phosphoric acid, glucose 
6-phosphpric acid 

I,-Glutamine 
H ydroxynaphthoate 
2-( 4-Imidazoly1)ethylamine 
Isobutanolamine 
Lauryl sulfate 
Lysine 

Methanesulfonic acid 
N -  Methylglucamine 

N-Methylpiperazine 
Morpholine 
2-Naphthalenesulfonic acid 
Octanoate 
Probenecid 
Tannic acid 
Theobromine acetic acid 
3,4,5-Trimethoxybenzoate 

Tromethamine 

Doxycycline 
Erythromycin 
Doxycycline 
A1 kylbiguanides 
Piperazine 
Ampicillin 
Lincomycin 
Cephalexin 
Various alkaloids 
Cephalosporins 
a-Sulfobenzylpenicillin 
Erythromycin 
Tetracycline 
7-(Aminoalkyl) theophyllines 
Metformin 
Propoxyphene 
Heptaminol 
Thiamine 
Ampicillin 
Cephalosporins 
Tetracycline 
Vincamine 
Kanamycin 
2-Phenyl-3-methylmorpholine 
Tetracycline 
Erythromycin 
Tetracycline 
Erythromycin 
Erythromycin 
Bephenium 
Prostaglandin 
Theophylline 
Vincamine 
a-Sulfobenzylpenicillin 
Cephalosporins 
Pralidoxime (2-PAM) 
a-Sulfobenzylpenicillin 
Cephalosporins 
Phenylbutazone 
Cephalosporins 
Propoxyphene 
Heptaminol 
Pivampicillin 
Various amines 
Propoxyphene 
Tetracycline 
Heptaminol 
Aspirin 
DinoDrost (mostadandin F d  

Solubility 
Solubility, activity, stability 
Combined effect useful in pneumonia 
Prolonged action 
Stability, toxicity, organoleptic properties 
Absorption (oral) 
Solubility 
Stability, absorption 
Prolonged action 
Toxicity 
Stability, hygroscopicity, toxicity 
Solubility 
Gastric absorption 
Activity, prolonged prophylactic effect 
Toxicity 
Organoleptic properties 
Prolonged action 
Stability, hygroscopicity 
Prolonged action 
Reduced pain on injection 
Activity 
Organoleptic properties 
Toxicity 
Toxicity 
Solubility 
Solubility 
Solubility 
Solubility 
Solubility, activity, stability 
Toxicity 
Prolonged action 
Stability 
Organoleptic properties 
Toxicity, stability, hygroscopicity 

Solubility 
Toxicity, stability, hygroscopicity 
Reduced Dain on iniection 
Toxicity, ‘faster o n k t  of action 
Reduced pain on injection 
Organoleptic properties 
Prolonged action 
Organoleptic properties 
Prolonged action 
Activity 
Organoleptic properties 
Prolonged action 
Absorption (oral) 
Phvsical state 

51 
52 
53 
54 
55 
56 
57 
58 
59,60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70,71 
72 
73 
14 
75 
76 
77 

77 

52 
78 
79 
80 
81 
62 
61 
82 
62 
72 
83 
72 
84 
68 
85 
86,87 
88 
89 
68 
90 
91 

tion, the relative toxicity, and the possible routes of ad- 
ministration (2). 

In a review in 1960, Miller and Holland (92) stated that 
“different salts of the same drug rarely differ pharmaco- 
logically; the differeaces are usually based on the physical 
properties.” In a subsequent review (931, Wagner ex- 
panded upon this statement, asserting that, although the 
nature of the biological responses elicited by a series of 
salts of the same parent compound may not differ appre- 
ciably, the intensities of response may differ markedly. 

The salt form is known to influence a number of physi- 
cochemical properties of the parent compound including 
dissolution rate, solubility, stability, and hygroscopicity. 
These properties, in turn, affect the availability and for- 
mulation characteristics of the drug. Consequently, the 
pharmaceutical industry has systematically engaged in 
extensive preformulation studies of the physicochemical 
properties of each new drug entity to determine the most 
suitable form for drug formulation. Published information 
concerning such studies, however, is sparse. Preformula- 
tion studies have been outlined, and the influence of the 
salt form on the volatility and hygroscopicity of an agent 
under investigation was discussed (94). 

In one such study, methylpyridinium-2-aldoxime 
(pralidoxime) salts were investigated (95). This study set 
out to prepare a salt with water solubility adequate to allow 
intramuscular injection of a low volume (2-3 ml) thera- 
peutic dose. The original compound, the methiodide, had 
the disadvantages of limited aqueous solubility and high 
potential toxicity, since its high iodide content could result 
in iodism. On the basis of physiological compatibility, 
better water solubility, favorable stability, and relatively 
high percentage of oxime, the chloride salt of pralidoxime 
was selected for therapeutic administration; it was claimed 
that “the anion used to form the salt can confer physical 
properties of importance and significance for the formu- 
lation and administration of the compound” (95). 

Some physicochemical properties of a series of mineral 
acid salts of lidocaine also were determined (96). While the 
hydrochloride and hydrobromide were more hygroscopic, 
they were more soluble in a number of solvents than the 
nitrate; perchlorate, phosphate, or sulfate salts. 

Dissolution Rate-The dissolution rate of a pharma- 
ceutical agent is of major importance to the formulator. In 
many cases, particularly with poorly soluble drugs, this 
characteristic best reflects the bioavailability of the com- 
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pound. As a rule, a pharmaceutical salt exhibits a higher 
dissolution rate than the corresponding conjugate acid or 
base at an equal pH, even though they may have the same 
equilibrium solubility. The explanation for this result lies 
in the processes that control dissolution. 

Dissolution can be described by a diffusion layer modell 
in terms of an equation developed by Nernst and Brunner 
(97): 

(Eq. 1) 
.. 

where W is the mass of the solute dissolved at time t ,  
d W l d t  is the rate of mass transfer per unit time, D is the 
solute molecule diffusion coefficient, S is the surface area 
of the dissolving solid, h is the diffusion layer thickness, 
C is the concentration of the drug in the bulk solution at  
time t ,  and C,s is the saturation solubility of the solute in 
the diffusion layer. 

The driving force for dissolution in Eq. 1 is the difference 
between the saturation solubility of the drug and the 
concentration of the drug in the bulk fluid. If the drug is 
not rapidly absorbed after it dissolves, then C, the con- 
centration in the bulk solution, approaches C, and the 
dissolution rate is retarded. When this occurs, absorption 
is “absorption rate” limited (or “membrane transport” 
limited). If the absorption rate is rapid (or if the absorption 
mass transfer coefficient is much larger than DSlh of Eq. 
1)’ however, C becomes negligible compared to C ,  and 
dissolution occurs under “sink” conditions. Absorption is 
then said to be dissolution rate limited, which is what oc- 
curs with most poorly soluble drugs. In either case, an in- 
crease in C,, as in salt formation, increases dissolution. 

Salts often speed dissolution by effectively acting as 
their own buffers to alter the pH of the diffusion layer, thus 
increasing the solubility of the parent compound, C,, in 
that layer over its inherent solubility a t  the pH of the 
dissolution medium. Hence, dissolution is controlled by 
solubility in the diffusion layer which, in turn, is deter- 
mined by the pH of that layer. The influence of Ksp on the 
solubility term, Cs, and dissolution rate, should an accu- 
mulation of ions be allowed to occur, will be treated 
later. 

Nelson (98), in a study of theophylline salts, was the first 
to show the correlation between diffusion layer pH and 
dissolution rate. The major impact that this study had on 
the pharmaceutical sciences was its conclusion that, if 
other factors remained constant, the dissolution rate of a 
compound determined the rate of buildup of blood levels 
with time and the maximum levels obtained. Those salts 
of the acidic theophylline with high diffusion layer pH’s 
had greater in uitro dissolution rates than those exhibiting 
a lower diffusion layer pH. And, indeed, the rank order of 
dissolution rates correlated well with clinically determined 
blood levels. Presumably, the higher pH in the diffusion 
layer retards hydrolysis of the salt, thereby maintaining 
the anionic charge of the theophyllinate ion. This report 
led to many additional studies which illustrate the influ- 
ence of the salt form on dissolution and the beneficial ef- 
fects of changing nonionized drugs into salts. 

Juncher and Raaschou (99) demonstrated that the rank 
order of peak blood levels of penicillin V, obtained upon 

’ ‘ h e  autbws recognize the existence of other models; this one was chosen simply 
for illustwt ive purposes. 

administration of three different salts and the free acid, 
was the same as the rank order of their rates of dissolution 
in uitro. While the investigators ascribed these differences 
to the solubility properties of the salts, their experiments 
actually compared dissolution rates, not solubilities. The 
relative order of dissolution rates and mean maximal blood 
levels was: potassium salt > calcium salt > free acid > 
benzathine salt. 

Nelson (100) determined dissolution rates for several 
weak acids and their sodium salts in media whose pH’s 
represented GI fluids. In all cases, the sodium salt dis- 
solved more rapidly than the free acid. This finding re- 
solved the misconception that absorption of drugs is re- 
lated only to solubility in the appropriate medium; rather, 
solubility affects absorption only to the extent that it af- 
fects dissolution rate. Absorption of drugs is a dynamic 
process, and the ultimate solubility of a drug in fluid at 
absorption sites is of limited consequence since absorption 
prevents the attainment of saturated solutions. Therefore, 
dissolution rate, more than solubility, influences absorp- 
tion since it is a preceding process. 

In two subsequent studies, Nelson and coworkers fur- 
ther illustrated the effects of changing nonionized drugs 
into salts. A report concerning tolbutamide (101), a weak 
acid, showed that the initial dissolution rate of tolbutamide 
sodium was approximately 5000 times more rapid than the 
free acid in acidic media and 300 times more rapid in 
neutral media. This difference, measured in uitro, reflected 
the differences observed between the free acid and the salt 
when administered to human subjects. Oral administration 
of tolbutamide sodium produced an immediate drop in 
blood sugar comparable to that produced by intravenous 
injection of the salt, while the slowly dissolving tolbuta- 
mide produced a smooth, sustained fall in blood sugar 
(102). 

Correlation of urinary excretion rates and dissolution 
rates of tetracycline and some of its acid salts also was 
demonstrated by Nelson (103). The salts that exhibited 
greater in uitro dissolution rates showed greater urinary 
excretion rates, indicating more rapid absorption. 

Benet (104), in a discussion of the biopharmaceutical 
basis for drug design, referred to the influence of the salt 
form on dissolution. He compared the dissolution rates of 
tetracycline and tolbutamide and their salts, as reported 
in the studies previously cited, and explained why the rates 
differ at the pH’s exhibited by physiological fluids. 

Although salt formation usually increases the dissolution 
rate of a drug, studies with aluminum acetylsalicylate (105, 
106), warfarin sodium (107), and benzphetamine pamoate 
(108) showed that administration of the salt slowed dis- 
solution of the drug and subsequent absorption compared 
to the nonionized form. This decrease appeared to result 
from precipitation of an insoluble particle or film on the 
surface of the tablet. Such a phenomenon decreases the 
effective surface area and prevents deaggregation of the 
particles. Theoretical considerations of the processes 
controlling dissolution of an acid salt of a base (108) and 
the sodium salt of a weak acid (109,110) in reactive media 
have been discussed. 

Tablet processing and various formulation factors can 
decrease the dissolution rate of a salt in human gastric juice 
over its nonionized form (111). Granulation and tableting 
caused the dissolution rate of phenobarbital sodium to 
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decrease but had the opposite effect on phenobarbital. 
Therefore, as a tablet dosage form, the dissolution rate of 
the sodium salt was slower than that of the free acid. These 
results were attributed to differences in the disintegrating 
properties of the tablets; in some instances, rapid disso- 
lution may in fact be a problem for very soluble drugs. 

Others have illustrated a phenomenon that decreases 
the dissolution rate of a salt below that of its nonionized 
form. Lin et al. (1 12) studied the relationship between salts 
and biological activity by dissolving three salts and the free 
base of an experimental antihypertensive in water, 0.1 N 
HCI, and pH 7.2 phosphate buffer. The dissolution rate of 
the monohydrochloride salt was lower than that of the free 
base in 0.1 N HC1 and higher than the free base in both 
water and phosphate buffer. These authors ascribed this 
variation to the common ion effect and substantiated it 
experimentally. Although the biological activity of the 
monohydrochloride was greater than that of the free base, 
the implications of altered absorption characteristics on 
the activity of any other hydrochloride salt in GI fluids 
must be considered. Similar results also were reported for 
hydrochloride salts of some tetracyclines (113). 

Some consideration must be given to the influence of salt 
formation on oral toxicity, which often reflects the rela- 
tionship between the in uiuo dissolution rate and the ap- 
pearance of drug in the circulation (114,115). Morozowich 
et al. (114) showed that the relative toxicities of a series 
of salts of a drug reflect the rate of absorption, providing 
the salt-forming agents themselves are relatively nontoxic. 
They stated that “when absorption is rate-limited by 
dissolution of the salt in the gastrointestinal tract, as will 
be the case with slowly soluble salts, the toxicity of a slowly 
dissolving salt will most probably be lower than that of a 
more rapidly dissolving salt.” The implications of salt 
formation on toxicology will be discussed under Toxico- 
logical Considerations. 

Several reviews dealt with the influence of the dissolu- 
tion rate on drug availability and, in particular, salt effects 
(116,117). Other reports illustrating the influence of salts 
and salt form on dissolution rate are listed in Table IV. 

Solubility-Knowledge of the solubility characteristics 
of a pharmaceutical agent is essential, because solubility 
is usually an important factor in the pharmacokinetic 
profile, the chemical stability, and, ultimately, the for- 
mulation of the drug. As discussed previously, it is certainly 
a primary factor in controlling dissolution rates. The sol- 
ubility of a compound depends basically upon the physical 
and chemical properties of the solute; e.g., a lower melting 
point for a compound within a series reflects a decreased 
lattice energy, which would suggest a higher solubility. 
Solubility depends as well upon such elements as tem- 
perature, pressure, solvent properties (such as resulting 
pH), and, to a lesser extent, the state of subdivision of the 
solute. 

An important solvent property which is often overlooked 
involves the common ion effect; in particular, hydrochlo- 
ride salts of drugs often exhibit less than desirable solu- 
bility in gastric juice because of the abundance of chloride 
ions. The equilibrium involved is shown in Scheme I. 

DH+Cl-(,,lid, (DH+),, + (Cl-)=, 
Scheme I 

Salt formation is perhaps one of the first approaches 

Table IV-Additional References on Salt Form and 
Dissolution Rate 

Topic Reference 

Dissolution rate of mixtures of weak acids and tribasic 
sodium phosphate 

Physiological availability and in uitro dissolution 
characteristics of some solid dosage formulations of 
aminosalicylic acid and its salts 

Biopharmaceutics, rate of dissolution: chronological 
bibliography 

Biopharmaceutics: rate of dissolution in uitro and in uiuo 
Dissolution tests and interpretation of anomalies observed 

in’the dissolution process of sulfaquinoxaline based on 
salt formation 

Influence of the dissolution rate of lithium tablets on side 
effects 

Dissolution kinetics of drugs in human gastric juice 
Comparison of dissolution and absorption rates of 

In uitro dissolution rates of aminorex dosage forms and 
different commercial aspirin tablets 

their correlation with in uitro availability 

118 

119 

120 

121 
122 

123 

124 
125 

126 

considered as a means of increasing a compound’s water 
solubility. As with dissolution rates, however, salt forma- 
tion does not always confer greater solubility. Liberally 
dispersed throughout the pharmaceutical literature are 
studies that compare the solubilities of different salt forms 
of the same compound with those of its free acid or base 
(Table IV). Selection of the salt form exhibiting the desired 
solubility properties is critical, since these properties often 
dictate the formulation characteristics of the drug. 

Phase solubility techniques were used to study the for- 
mation of complex salts of triamterene (127). The results 
indicated that the organic acid salts of basic drugs, such 
as amines, were more soluble in water than the corre- 
sponding inorganic (halide) salts, This Consideration is 
important in the synthesis and selection of a salt form that 
will exhibit enhanced bioavailability and desirable for- 
mulation characteristics. 

The hydrogen-ion concentration can significantly affect 
the solubility of a salt. Anderson (128) discussed the in- 
fluence of pH on the solubility of pharmaceuticals. 
Mathematical relationships between pH and solubility of 
therapeutically useful weak acids and bases and their salts 
were given along with some considerations in the formu- 
lation of solutions of these particular agents. 

An extensive study on the solubility interrelationships 
of the hydrochloride and free base of two pharmaceutically 
useful amines was reported (129). Mathematical equations 
describing the total solubility at  an arbitrary pH in terms 
of the independent solubilities of the hydrochloride and 
free base species and the dissociation constant of the salt 
were derived and fitted to experimental data with good 
results. This report elucidated the point that, while the 
solubility of the amine hydrochloride generally sets the 
maximum obtainable concentration for a given amine, the 
solubility of the free base and the pKa determine the 
maximum pH at which formulation as a solution is possible 
(assuming that the desired concentration exceeds the free 
base solubility). Shifting the pH-solubility profile to higher 
pH values for formulation purposes may require increasing 
the solubility of the free base. This increase might be ac- 
complished by using an appropriate cosolvent. Since the 
dissociation characteristics of carboxylic acids and other 
acidic organic species are similar to those of organic hy- 
drochlorides, it is expected that the pH-solubility profiles 
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of these organic acids, although reversed, can be charac- 
terized theoretically using the same treatment. 

Several reports showed that the structure of an organic 
salt-forming radical influences the solubility of the re- 
sulting salt. The water solubilities of 16 salts (carboxylates, 
sulfates, sulfamates, and phosphates) of the weak base 
erythromycin were dependent on the size of the alkyl group 
of the acid (130). In a study with N-alkylsulfamates of 
lincomycin (66), a similar phenomenon was observed: 
solubility of these salts decreased as the size of the alkyl 
group attached to the acidic function increased. 

Senior (131), in a study on the formulation and prop- 
erties of the antibacterial chlorhexidine, determined the 
water solubilities of 35 salts and the free base. He found 
that inorganic salts had remarkably low solubilities while 
those of the lower aliphatic acids proved to be somewhat 
more soluble. Hydroxylation of the acid increased solu- 
bility, since salt formation with polyhydroxy acids, par- 
ticularly the sugar acids, conferred extensive water solu- 
bility to the molecule. 

Several investigators reported the influence of the sol- 
ubility of a drug on its formulation and subsequent avail- 
ability from the dosage form. In a discussion of the prep- 
aration and formulation of epinephrine salts in an aerosol 
system using liquefied gas propellants, Sciarra et al. (132) 
pointed out that the solubility characteristics of the agent 
are important in two respects. First, the solubility of the 
therapeutically active ingredient in the various propellants 
is an important consideration if the product is to be used 
for either local action in the lungs or systemic therapy. 
Second, the solubility of the drug in extracellular fluids 
plays an important role in selection of the compound. The 
bitartrate, malate, maleate, and fumarate salts of epi- 
nephrine were prepared and subjected to solubility and 
stability studies. While all salts had similar partition 
coefficients, the solubility of the maleate in several pro- 
pellants and its stability in formulated aerosols made it the 
drug form of choice. 

Ephedrine hydrochloride was more rapidly released 
than the free base from theobroma oil suppositories con- 
taining different surfactants (133). This enhanced rate of 
release (dialysis) was ascribed primarily to the greater 
aqueous solubility of the hydrochloride, which solubilized 
faster from the oil-in-water emulsion, whereas the 
ephedrine alkaloid base tended to remain behind in the oil 
phase. 

The solubility of the active ingredient in ointment bases 
can dramatically influence its diffusion properties. A study 
of salicylic acid and its sodium salt showed that the dif- 
fusion of both was very low from hydrophobic bases, 
whereas the solubility of the drug significantly affected the 
diffusion from hydrophilic bases. The more soluble sodium 
salicylate diffused much faster from these latter bases than 
did salicylic acid (134). 

Additional references on the relationship of salt form 
and solubility are listed in Table V. 

Organoleptic Properties-Modern medicine requires 
that a pharmaceutical formulation be efficacious, safe, 
stable, and acceptable to the patient. Of primary impor- 
tance in the development of oral dosage forms is taste ac- 
ceptability. This factor presents no major problems when 
the drug is to be administered as a tablet or a capsule and 
swallowed as a unit but is clearly a prominent factor in 

Table V-Additional References on Salt Form and 
Solubility 

ToDic Reference 

Influence of solubility on the rate of GI absorption of 
aspirin 

Effect of dosage form upon the GI absorption rate of 
salicylates 

Physical-chemical properties of polyene macrolide esters 
and their water-soluble salts 

Isolation and reaction products of orotic acid and amines 
and their solubility in water 

Solubility and stability of erythromycin salts 
Studies on pharmaceutical preparations of orotic acid 

water-soluble properties of orotic acid salts 
Solubility of antibiotics in 24 solvents 
Solubility of antibiotics in 26 solvents 

135 

136 

137 

138 

139 
140 

141,142 
143 

patient acceptability when it is to be administered as a 
liquid, chewable tablet, or lozenge. 

Since taste is a chemical sense, a substance must be 
dissolved if it is to elicit a taste sensation-either by taking 
it as a solution or by its dissolving in the saliva. Therefore, 
one method used to minimize undesirable organoleptic 
properties of pharmaceuticals involves the preparation of 
a poorly soluble salt form of the drug such that the satu- 
ration concentration is less than the taste threshold. 

Erythromycin estolate (lauryl sulfate) has approxi- 
mately one-twelfth the solubility of the free base, is 
tasteless, and is useful in the formulation of oral suspen- 
sions (144). A study on erythromycin salts showed that the 
bitterness level was dependent on two properties: (a)  the 
water solubility of the salt, which is dependent on the size 
of the alkyl group attached to the acid function; and ( b )  the 
strength of the acid used to form the salt, i.e., the stability 
of the salt (130). The stearyl sulfamate salt possessed the 
most desirable organoleptic properties. 

Many problems concerned with formulation and sta- 
bility of topical and oral pharmaceuticals containing 
bacitracin have been overcome by incorporating bacitracin 
into the formulation as its zinc salt. One distinct advantage 
over the parent compound is its lack of taste, caused by its 
relative insolubility. Thus, it is the preferred drug form for 
preparations where taste is a factor (145). Taste panel 
evaluations of the comparative bitterness of bacitracin zinc 
and bacitracin indicate that the taste of the zinc salt is 
more easily masked and that the presence of a bitter- 
ness-masking adjuvant, such as sucrose, increases the 
bitterness threshold ratio differences between the two 
compounds even further (146). 

Propoxyphene napsylate, nearly water insoluble, is only 
slightly bitter to the taste as compared to the highly 
water-soluble hydrochloride (147) and can be readily for- 
mulated into a flavored aqueous suspension. The taste of 
these suspensions can be improved significantly by the 
addition of a common ion (sodium or calcium napsylate) 
to depress solubility further. 

A newer approach to the improvement of drug palata- 
bility has been to form insoluble salts with ion-exchange 
resins. Several investigators described and tested the 
practical application of this method (148-150). Spross et 
al. (149) outlined the conditions necessary for improving 
the palatability of a drug by adsorbing it onto an ion-ex- 
change resin without appreciably modifying its pharma- 
cological effects. They found that: ( a )  the degree of drug 
release from the ion-exchange adsorbate depends on the 
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equivalent quotient between the electrolytes in the sur- 
rounding fluid and the ionic drugs, ( b )  the amount of ions 
is far less in the saliva than in the gastric juice (the tem- 
porary electrolyte contents can be estimated at  0.05 mEq 
in the saliva and at 10 mEq in the gastric juice), and ( c )  the 
exchange rates should allow the equilibria to be attained 
within a fairly short period. Insoluble drug resinates 
formed between dextran gel2 cation exchangers and several 
basic drugs were in many cases much more pleasant tasting 
than their parent compounds. Furthermore, release of the 
drug from the ion-exchange adsorbate was quite rapid and 
complete under conditions prevailing in the GI tract. 

Similar findings were reported using a polymethacrylic 
acid ion-exchange resin (150). In addition, coating the 
adsorbate particles with a 4:l ethylcellulose-hydroxy- 
propyl methylcellulose mixture further reduced bitterness. 
While in vitro release from the uncoated resinate was rapid 
and complete, release from coated adsorbates varied with 
the extent of coating. 

Another approach to improving the taste properties of 
pharmaceutical agents is to prepare a pleasant-tasting 
soluble salt of a poor-tasting parent drug. This approach 
often can be very difficult, however, since solubilization 
of the parent compound usually imparts its unpleasant 
taste to the preparation. Nevertheless, some success has 
been reported using the artificial sweeteners cyclamate 
sodium and saccharin. 

As described earlier, formation of N-cyclohexylsulfa- 
mate salts of several drug substances has produced better 
tasting derivatives with enhanced solubility properties (31, 
32). The physicochemical and toxicological properties of 
benzalkonium saccharinate and a series of saccharinates 
of other quaternary ammonium compounds were reported 
(151). While conventional quaternary ammonium com- 
pounds have a very bitter taste, their saccharin analogs are 
sweet. 

Potassium salts frequently possess an unpleasant taste 
and a metallic aftertaste. The palatability of some potas- 
sium salts in flavored vehicles was reported (152); while 
the salts had similar taste thresholds a t  effective thera- 
peutic levels, all potassium salts exhibited inferior palat- 
ability. 

Table I11 includes several samples of other salts that 
exhibit an improved taste relative to their free acid or base 
forms. 

Stability-The chemical and physical stability of a 
pharmaceutical must be known, because i t  can influence 
the choice of dosage form, the manufacturing and pack- 
aging, and the therapeutic efficacy of the final preparation. 
Systematic determination’ of the thermal stability, solution 
stability (at various pH’s), and light sensitivity of a drug 
and its derivatives, both alone and in the presence of 
common additives, provides essential input toward se- 
lecting the most suitable derivative and dosage form. 

Depending on the route of degradation, different salt 
forms impart different stability characteristics to the 
parent drug by various mechanisms. Most commonly used 
are sparingly soluble salts which, when used in the for- 
mulation of suspensions, reduce the amount of drug in 
solution and, hence, its degradation. Differences in hy- 
groscopicity of several salts influence the stability of the 

Seohadex 

drug in the dry state. In some cases, the salt-forming rad- 
ical itself enhances the stability of the parent agent. 

The stability of penicillin G and its salts has been widely 
studied due to the drug’s therapeutic importance and its 
characteristic instability. Schwartz and Buckwalter (153) 
described some of the stability characteristics of this an- 
tibiotic, stating that, with present techniques, a solution 
of penicillin cannot be made stable for more than 2 weeks, 
even at  refrigerator temperatures. They also discussed the 
use of suspensions of sparingly soluble amine salts in 
aqueous vehicles as a means of “allowing marketing of a 
‘ready-made’ penicillin product.” Procaine, benzathine, 
and hydrabamine salts are marketed, and their acceptable 
stability as aqueous suspensions is based mainly on their 
insolubility and the minimization of degradation in solu- 
tion. 

A theoretical treatment of the solubility of these salts 
was presented in which equations were derived for calcu- 
lating the solubility as a function of pH and the pH of 
minimum solubility (154,155). These equations are based 
on the mass action law and its relationship to the ionization 
constants of the amine and the penicillin and the solubility 
of the salt in water. Since the salt in solution is partially 
dissociated, further suppression of the solubility may be 
achieved by the common ion effect. Swintosky et al. (156) 
demonstrated this effect with penicillin G procaine by 
adding procaine hydrochloride to the preparation and 
further enhancing its stability. The 8-chlorotheophylline 
salt (or complex) of penicillin G was reported to be water 
soluble, yet stable in solution (157). Since 8-chlorotheo- 
phylline is acidic, it has been postulated that a buffer effect 
could account for the stabilization of this “salt.” 

While penicillin G procaine is more stable in aqueous 
vehicles, it is less thermally stable than the sodium or po- 
tassium salts, decomposing if heated much above 60’. The 
sodium and potassium salts are known to withstand 
heating up to 100” for 4 days with little loss in potency 
(158). This behavior might well be due to differences in 
melting points-uiz., 106’ for penicillin G procaine and 
-215’ dec. for the potassium salt. 

Since hydrolysis of penicillin is dependent on moisture 
content, preparations in which moisture is rigorously ex- 
cluded are quite stable in the dry state. A study on the ef- 
fect of moisture on penicillin salts found the calcium salt 
to be less hygroscopic than the sodium salt and, hence, 
more stable in moist atmospheres (159). Similarly, peni- 
cillin G potassium is also much less hygroscopic than 
penicillin G sodium and has become the preferred form for 
marketing in the dry state (160). 

Several studies reported the relative stabilities of thi- 
amine salts, particularly the hydrochloride and the 
mononitrate (161-163). The mononitrate is observed to 
be less hygroscopic and is accordingly much less water 
soluble than the hydrochloride. Investigations of various 
preparations including compressed tablets, multivitamin 
capsules, and dry-filled vitamin B complex capsules at 
various temperatures showed, that the mononitrate was 
more stable than the hydrochloride (164, 165). The sta- 
bilities of numerous thiamine salts were studied in aqueous 
solution and in dry powder preparations with various ex- 
cipients (166,167). In aqueous solution, the resulting pH 
was the chief factor controlling hydrolysis and oxidative 
decomposition of thiamine salts; their stability as powder 

Vol. 66, No.  I ,  January 1977 9 



preparations was related to their aqueous solubility, with 
the sparingly soluble salts being more stable (and pre- 
sumably less hygroscopic). 

An orally administered drug must be stable in acidic 
solution because it generally must pass intact through the 
acidic environment of the stomach if it is to exhibit ther- 
apeutic blood levels. The advantage of erythromycin es- 
tolate over the free base lies in its low solubility in gastric 
juice, which enables it to be administered with food with- 
out any decrease in attained blood levels. The salt is more 
stable in the stomach because it remains undissolved. 
Therefore, it retains its potency even when exposed to  
acidic environments for extended periods (144). 

In a study on the preparation and characterization of 
lincomycin cyclamate (33), it was noted that the cyclamate 
salt had an enhanced thermal stability over the hydro- 
chloride. In a subsequent report (168), differential thermal 
analysis and thermogravimetric analysis showed that while 
the hydrochloride easily undergoes thermal degradation, 
the cyclamate anion confers a considerably greater thermal 
stability on the lincomycin moiety. 

Mullins and Macek (169) showed that the physical and 
chemical stability of the calcium salt of novobiocin makes 
it the form of choice for the formulation of a liquid prep- 
aration of the antibiotic. The amorphous calcium novo- 
biocin salt proved to be tasteless, yet fully biologically 
active and perfectly stable in aqueous suspension. Neither 
the sodium salt nor the free acid is suitable; the sodium salt 
cannot be formulated in a liquid due to its chemical in- 
stability, while the crystalline free acid is not absorbed 
from the GI tract. Amorphous novobiocin is absorbed but 
is metastable in solution and slowly converts to the un- 
absorbed crystalline form. 

Other reports of alterations in stability characteristics 
due to salt formation are listed in Table VI. 

Miscellaneous Properties-The salt form has been 
reported to influence other physicochemical properties of 
a drug substance. Studies illustrating the effect of the 
salt-forming radical on surface tension, deaggregation 
behavior, and ion-pair extraction have appeared. 

The influence of the anion on the absorption processes 
of two charged species, dextromethorphan and tetracy- 
cline, was studied in the rat stomach (186, 187). A linear 
relationship existed between the rate of absorption from 
buffer solutions of the anions under investigation and their 
surface tensions. Thus, the absorption process was related 
to the surface activity of the various salts and not to their 
lipid solubilities. This change of surface activity with the 
buffer (or salt) species is similar to the results reported in 
a study of the surface activity of various phenothiazine 
salts (188). 

The antibacterial chlorhexidine possesses surface ac- 
tivity. A study of the colloidal properties of some chlor- 
hexidine salts showed that the counterion can affect the 
critical micelle concentration of a surface-active agent, and 
this effect was usually associated with a change in micellar 
size (189). 

The deaggregation behavior of a relatively insoluble acid 
and its sodium salt was studied, and deaggregation was 
postulated to be a possible rate-limiting step in the ab- 
sorption of a drug from a dosage form (190). While no di- 
rect comparisons of the two forms were made, inspection 
of the data shows that the deaggregation rate of the salt 

Table VI-Additional References on Salt Form and 
Stability 

Reference Topic 

Stability of chlorhexidine solutions 170 
Stability of chlorhexidine when autoclaved 171 
Anhydrotetracycline and 4-epianhydrotetracycline in 172 

marketed tetracycline and aged tetracycline products 
Solid-state stability of some crystalline vitamin A 173 

compounds 
Physicochemical studies on the stability of penicillin salts 174 
Light sensitivity of tetracyclines 175 
Hygroscopic properties, thermostability, and solubility of 176 

Stability of orotic acid and its amine salts in aqueous 177 

Some factors influencing the stability of tablets (aspirin) 178 
Stability of aqueous solutions of sodium aminosalicylate 179 
Hygroscopic properties of various preparations of 180 

erythromycin 
Physicochemical studies on the decomposition of 181 

aminosalicylic acid and its salts 
Stabilities of aqueous solutions of 2-diethylaminoethyl-3- 182 

methyl-2-phenylvalerate hydrochloride and its 
methobromide 

Investigation of some properties of penicillin G salts 
Stability of ferrous iron tablets on storage 
Stability of aspirin aluminum compounded with antacids 

oleandomycin salts 

solution 

183 
184 
185 

was considerably more rapid than that of the free acid in 
equivalent dosage forms. Therefore, if absorption is de- 
pendent on the dissolution rate, which in turn is dependent 
on the deaggregation rate, the salt should produce the 
highest and earliest blood levels. On the other hand, it is 
possible that hygroscopic (and deliquescent) salts can 
absorb atmospheric moisture, cause a sticky surface, and 
inhibit deaggregation. 

Higuchi and coworkers presented an extensive study on 
the physicochemical basis of the ion-pair extraction of 
pharmaceutical amines. Distribution ratios of dextro- 
methorphan (191) and chlorpheniramine (192) between 
an organic layer and water were highly dependent on the 
concentration and nature of the anion present. Less hy- 
drophilic anions yielded more readily extractable ion-pairs. 
A study of the thermodynamic properties, enthalpy, free 
energy, and entropy, involved in the extraction equilibria 
of dextromethorphan ion-pairs indicated that the entropy 
change associated with transfer of the different anions 
between phases is the main controlling factor in the ex- 
traction process (193). 

BIOAVAILABILITY 

Most drugs prescribed in the United States are admin- 
istered in solid and polyphasic dosage forms. Conse- 
quently, dissolution of the drug must precede the ab- 
sorption process. The simplest model that adequately 
describes this process is shown in Scheme 11. 

1 2 

absorption dissolution 
solid drug -dissolved drug -drug in circulation 

Scheme II 
Since the dissolution rate is generally slow for drugs with 

poor solubility, Step 1 is frequently rate limiting in the 
overall absorption process. As a result, the onset, intensity, 
duration of pharmacological activity, and, hence, bio- 
availability are affected by changes in dissolution rate. As 
discussed previously, administering a salt of the parent 
drug often proves to be an effective means of altering dis- 
solution rate and absorption. 
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Table VII-Additional References on Bioavailability and 
Formulation Effects 

Topic Reference 

Effects of various substances on the absorption of 

Effects of dosage form upon the GI absorption rate of 
tetracycline in rats 

salicylates 
Determination of in oiuo and in uitro release of 

theophylline aminoisobutanol in a prolonged-action 
system 

Ion-exchange resin salts for oral therapy: carbinoxamine 
Latentiation of dihydrostreptomycin by pamoate 

formation 
Solid-state ophthalmic dosage systems in effecting 

prolonged release of pilocarpine in the cul-de-sac 
Absorption of erythromycin: various pharmaceutical 

forms 
Comparative study of the absorption of drugs from old 

and new rectal preparations 

197 

136 

198 

199 
10 

17 

200 

201 

Formulation Effects-Choice of the salt form of a drug 
may have a pronounced effect on the formulation of the 
parent compound. For example, Fenton and Warren (194) 
found there was no release of medicament from proflavine 
cream BPC, a water-in-oil emulsion containing 0.1% 
proflavine as the hemisulfate salt. They also investigated 
the release of various salts of proflavine with aliphatic 
carboxylic acids from water-in-oil cream emulsions. Salts 
formed with the water-soluble, oil-insoluble “lower” acids, 
such as formic and acetic acids, showed very poor release 
from a water-in-oil cream. The “higher” acid salts (e.g., 
n-valeric, caproic, cyclohexanecarboxylic, and caprylic) 
all showed increased diffusion from similar emulsions since 
these salts are soluble in both water and oil. Their release 
was even greater from oil-in-water emulsions, however, in 
agreement with their preferential oil solubility. The n- 
valerate salt provided the most effective water-in-oil 
cream. The primary factor responsible for diffusion of 
proflavine from a water-in-oil cream is the low hydro- 
philic-lipophilic balance conveyed to the salt by the acid. 
This finding illustrates the desirability of carefully se- 
lecting the salt anion of a cationic drug in lieu of the nature 
of the dosage form. 

Studies of the effect of formulation on the bioavailability 
of warfarin sodium relative to warfarin yielded interesting 
results (107,195). Absorption of warfarin upon adminis- 
tration of the sodium salt as a lactose-base tablet was no 
better than that from a similar formulation of the free acid. 
In fact, absorption was further depressed when the salt was 
formulated with starch instead of lactose. Later results 
indicated that the in vitro water dissolution rate of a 
warfarin sodium tablet was 350 times that of a slowly dis- 
solving warfarin tablet formulation, yet the latter exhibited 
rapid and complete absorption in uiuo. The virtual in- 
solubility of warfarin in acidic gastric fluids precluded its 
absorption from the stomach. However, the strongly acidic 
medium was necessary for tablet disintegration, which, in 
turn, was critical for absorption. Following initial exposure 
to 0.1 N HCl, in vitro dissolution of the warfarin tablet in 
pH 7.4 buffer was 14 times faster than that of the sodium 
salt, a result that explained the otherwise contradictory 
in vivo blood level data. Therefore, absorption was ulti- 
mately dependent upon gastric emptying rate and gastric 
pH, as long as the formulation disintegrated properly in 
the stomach. 

The rectal absorption of aspirin, aspirin aluminum, and 

calcium carbaspirin from several suppository bases was 
studied in dogs (196). The absorption of aspirin aluminum 
from either cocoa butter or a polyethylene glycol base was 
poor. While the maximum salicylate levels produced by 
aspirin and calcium carbaspirin from the cocoa butter base 
occurred at a later time than from the other bases studied, 
minimal plasma levels were exhibited by a polysorbate 61 
base formulation. The highest peak and largest area under 
the blood level curve were seen with calcium carbaspirin 
in a vegetable fatty acid glyceride base. The poor absorp- 
tion of aspirin aluminum from suppositories was not 
unexpected since it is poorly soluble. Furthermore, as 
pointed out for aspirin aluminum tablets (105, 106), an 
insoluble aluminum compound may form on the surface 
of the dissolving drug, further impeding its dissolution rate 
and bioavailability. 

Additional references on bioavailability and formulation 
effects are given in Table VII. 

Absorption Alteration-Several years ago, clinicians 
claimed that certain salts of theophylline were therapeu- 
tically preferable to other salts or to the free acid (202- 
204). For example, Schluger et al. (204) found higher blood 
theophylline levels after administering uncoated tablets 
of theophylline ethylenediamine than were observed with 
enteric-coated tablets of choline theophyllinate. These 
results were at variance with the in uivo work of Gagliani 
et al. (202), who found that the oral ingestion of choline 
theophyllinate produced significantly higher blood levels 
than the ethylenediamine salt. This apparent discrepancy 
could be explained by the formulation effects of tablet 
coating, etc., which was not discussed in the work of Gag- 
liani et al. In another study, a slightly more rapid rise in 
blood concentration and a greater area under the curve 
were observed with theophylline isopropanolamine than 
with theophylline ethylenediamine (203). It was suggested 
that the difference was a result of the greater water solu- 
bility of the isopropanolamine salt. 

The in vitro dissolution rates of the choline and iso- 
propanolamine salts of theophylline have been observed 
to be three to five times greater than the ethylenediamine 
salt, depending on the dissolution medium (98). It has been 
suggested that these differences in dissolution rate are 
consistent with, and offer an explanation for, the clinical 
results. 

In a comparative study of the absorption of ampicillin 
trihydrate and ampicillin potassium following oral ad- 
ministration (205), the potassium salt yielded 37% higher 
peak levels and a larger area under the curve. Only 36% of 
the administered ampicillin trihydrate was absorbed while 
53% of the potassium salt was absorbed. Determining the 
percentage of each drug eliminated in the urine showed 
that 39% was eliminated following administration of the 
trihydrate and 52% from the potassium salt. The entire 
difference between the two drug forms was accounted for 
in the initial 4 hr postadministration. 

Several studies compared blood levels obtained with 
erythromycin and its salts and esters. Erythromycin es- 
tolate produced blood levels that were severalfold higher 
than those obtained with erythromycin base or erythro- 
mycin stearate (206-208). These differences were found 
to persist in the fasting as well as nonfasting subjects (207), 
indicating that food did not appreciably alter the absorp- 
tion of erythromycin estolate when given under single or 
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multiple dosing (207). This finding is explained byt the fact 
that this salt is acid stable and alkaline dissociable, per- 
mitting its passage through the acid of the stomach both 
in fasting and nonfasting subjects (209). Accordingly, the 
antibacterial activity remained essentially the same when 
this form of erythromycin was given, regardless of the state 
of fasting of the subject (209). 

On first inspection, the higher serum levels attained with 
erythromycin estolate suggest that the salt form is more 
readily absorbed. Also critical to efficacy, however, is the 
volume of distribution of the drug, since extensive binding 
to plasma proteins can render a drug unavailable for ac- 
tivity at the biophase. Therefore, the significance of blood 
level data greatly depends on the measure of the free or 
unbound fraction of total antibiotics in the blood, which 
more directly indicates probable therapeutic benefit. 

Wiegand and Chun (210) showed that, despite the 
higher blood levels attained with erythromycin estolate 
(after correction for half-life differences), the stearate salt 
produced seven times more free drug in serum than did the 
estolate salt. This finding explained the higher total tissue 
levels observed on administration of the stearate. They 
attributed the difference to a greater serum protein 
binding of the intact erythromycin estolate, proving that 
its higher serum levels did not necessarily reflect more 
efficient absorption. 

Marked differences have been observed following oral 
administration of various salts of penicillin. Penicillin G 
potassium has been compared with penicillin G benzathine 
(benzethacil) (211,212), penicillin G hydrabamine (213), 
penicillin V (214), penicillin G procaine (212), and peni- 
cillin G ammonium (215). As anticipated, penicillin G 
potassium produced higher and earlier blood levels than 
penicillin G benzathine (211,212). Furthermore, tablets 
of penicillin G potassium buffered with sodium citrate 
yielded higher peak levels than unbuffered penicillin G 
potassium. While the absorption of buffered tablets was 
apparently not significantly affected by food intake, the 
unbuffered tablets yielded lower average levels and ir- 
regular absorption under similar conditions. 

When penicillin G potassium was compared with peni- 
cillin G hydrabamine (213), a less soluble salt, blood levels 
similar to those produced by penicillin G benzathine were 
observed. When equivalent doses were administered, the 
penicillemia that occurred with penicillin G hydrabamine 
was only one-third or one-fourth as great and was of 
shorter duration than that produced by penicillin G po- 
tassium. 

Budolfsen et al. (212) found that peak concentrations 
of penicillin G potassium were three to four times those 
obtained with penicillin G procaine and five to six times 
those of penicillin G benzathine, indicating a more rapid 
rate of absorption. The therapeutic action was related to 
the maximum concentration attained, but it also depended 
on the persistence of penicillemia, which was greater with 
penicillin G potassium than with the other two compounds. 
The authors suggested that the lower blood levels attained 
with the relatively insoluble penicillin G benzathine were 
caused by its destruction in the GI tract prior to absorp- 
tion. This suggestion seems unlikely, however, since the 
drug should not degrade very rapidly as an undissolved 
suspension. 

Because of its superior stability in gastric juice, penicillin 

V produces higher blood penicillin levels than corre- 
sponding doses of penicillin G. As a result, extensive in- 
vestigations have been conducted with various salts of 
penicillin V (99, 214-220). For instance, tablets, capsules, 
and oral suspensions of penicillin V acid produced signif- 
icantly higher blood concentrations than comparable 
penicillin G preparations (214). In the same study, the 
average serum levels produced by the benzathine salt of 
penicillin V were significantly higher than comparable 
doses of peniaillin G benzathine for the first 4 hr but lower 
thereafter, again illustrating the value of using an insoluble 
salt to prolong blood levels of an acid-unstable compound. 
In another study (215), penicillin V acid was shown to 
produce higher and more prolonged plasma concentrations 
than either penicillin G potassium or ammonium, whose 
properties were comparable. 

Plasma levels were correlated with dissolution rates of 
various forms of penicillin V (99). As solid dosage forms, 
the readily soluble potassium and calcium salts produced 
earlier and higher blood levels in fasting subjects than ei- 
ther the free acid or its benzathine salt. On the other hand, 
when the potassium and benzathine salts were adminis- 
tered orally as solutions, absorption was the same, implying 
that the poor solubility of the benzathine salt was re- 
sponsible for the inferior blood levels obtained from its 
solid dosage forms. Other studies found that, while the 
potassium salt is 40% better absorbed than the free acid 
in fasting subjects, both forms produce therapeutic levels 
when administered with food (218). 

Experiments with fistulated dogs indicated that peni- 
cillin V is absorbed primarily from the stomach. Therefore, 
it is not surprising that the potassium salt should show 
higher blood levels on oral administration since i t  is the 
most soluble salt in gastric pH (216). In accordance with 
this observation, it was also reported that the benzathine 
salt exhibited higher serum levels in patients with gastric 
achlorhydria (pernicious anemia) than in patients with 
normal gastric function (219). Differences in gastric 
emptying time may also explain this result. 

Several studies compared the absorption of tetracycline 
and its salts (103,221,222). For example, serum concen- 
trations in dogs and -humans showed that a phosphate 
complex salt of tetracycline was absorbed more rapidly and 
gave higher blood levels during the first 6-8 hr than did 
tetracycline hydrochloride (221). The total amount of drug 
absorbed was about twice as great with the former com- 
pound. 

Another study (222) suggested that tetracycline base 
produced higher blood levels than tetracycline hydro- 
chloride. However, a subsequent investigation (223) 
showed that, in the absence of adjuvants or fillers, tetra- 
cycline hydrochloride and tetracycline base were absorbed 
equally well. Results obtained in this same study indicated 
that tetracycline hydrochloride encapsulated with citric 
acid produced higher serum concentrations than tetracy- 
cline hydrochloride mixed with hexametaphosphate or the 
phosphate complex salt of tetracycline. 

In a study comparing urinary excretion rates and in vitro 
dissolution, the absorption of tetracycline and tetracycline 
phenolsulfonaphthaleinate was rate limited by their dis- 
solution rates, whereas tetracycline hydrochloride ab- 
sorption was rate limited by the absorption process itself 
(103). 
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Several lincomycin salts were studied for their com- 
parative availability (224). In particular, the blood levels 
obtained with the relatively water-insoluble hexadecyl- 
sulfamate salt were compared to those of the hydrochloride 
following oral administration. Higher and extended whole 
blood and serum concentrations were obtained in mice, 
rats, and dogs with the hexadecylsulfamate. However, 
subcutaneously administered lincomycin did not produce 
significantly different fractions absorbed, regardless of 
which salt was administered. It is not known whether the 
greater area under the curve with oral administration of 
lincomycin hexadecylsulfamate is due to greater absorp- 
tion from the GI tract, slower renal clearance, or greater 
enterohepatic circulations. 

Salts of streptomycin, neomycin, viomycin, and strep- 
tothrycin have been formed with: ( a )  polyacrylic acids, ( b )  
sulfonic or phosphorylated polysaccharides, and ( c )  nat- 
ural polycarboxyl acids from a series of polyuronic sub- 
stances and polysaccharide derivatives containing carboxyl 
groups (18). The report indicated that these salts were 
absorbed from the injection locus primarily by the lymph 
system. Blood levels from the salts were generally lower 
but were maintained for a longer time than the equivalent 
amount of antibiotic alone, and higher concentrations of 
longer duration may actually be produced in the lymphatic 
drainage. 

The influence of salt formation on the onset and dura- 
tion of pharmacological activity also was illustrated with 
tolbutamide and several of its salts (101). Following oral 
administration, the sodium salt produced a rapid decrease 
in blood sugar level followed by a rapid recovery. By con- 
trast, the free acid of tolbutamide caused a slow and pro- 
longed drop in blood sugar level, a preferred effect since 
the chance of hypoglycemic shock would be lessened. This 
finding also illustrates the often overriding influence of the 
actual disease state on the choice of drug form. 

Additional references on the implications of salt for- 
mation on absorption are listed in Table VIII. 

Pharmacokinetics-Because of the various new 
properties that are usually imposed on a compound by salt 
formation, the pharmacokinetics of the drug necessarily 
change as a function of these properties. 

For example, a pharmacokinetic evaluation comparing 
ampicillin sodium and potassium with ampicillin trihy- 
drate was performed after oral administration to beagle 
dogs (243). The absorption rate constants of the sodium 
and potassium salts, which were similar, proved signifi- 
cantly greater than the rate constant of ampicillin trihy- 
drate, resulting in earlier, higher peak concentrations with 
two to three times higher serum concentrations during the 
1st hr. Yet, any differences between the fraction absorbed 
for the three products were not statistically significant. 
Apparently, although dissolution of the ampicillin trihy- 
drate was the rate-limiting step in its absorption, the 
overall extent of bioavailability remained unaffected. 

An interesting study of the biliary excretion of eryth- 
romycin base and erythromycin estolate was reported 
(244). The biliary excretion of erythromycin base was high, 
while that of erythromycin estolate was much lower; 
preferential secretion of erythromycin in the bile could 
partially account for the lower serum levels exhibited by 
the base. However, the proportion of the ingested dose 
secreted in the bile was small, and the total amounts in- 

Table VIII-Additional References on Bioavailability 
and Absorption Alteration 

Topic Reference 

Blood levels produced by three theophylline-containing 

Naproxen oral ahsorption characteristics 
Effect of food on absorption of a new form of 

Effect of the anion on the absorption of tetracycline from 

Blood levels following oral administration of different 

Absorption of iopanoic acid and its sodium salt 
Oral absorption of secobarbital (quinalbarbitone) and its 

Absorption rate of barbiturates in humans 
Morphine and atropine mucate 
Excretion of bephenium salts in urine of human 

elixirs 

erythromycin propionate 

the rat stomach 

preparations of novobiocin 

sodium salt 

volunteers 
Polymethylene bis(isothiuronium) salts: antituberculosis 

activity 
Prolonged antitussive action of a resin-hound noscapine 

preparation 
Pharmacology of sulfapyridine and sulfathiazole 
Evaluation of plasma concentrations of propoxyphene 

utilizing a hybrid principal component analysis of 
variance technique: equimolar doses 

Antrycide, a new trypanocidal drug 
Pralidoxime methanesulfonate: plasma levels and 

pharmacokinetics after oral administration to humans 
Intestinal absorption of pralidoxime and other aldoximes 
Blood plasma levels and elimination of salts of 

pralidoxime (2-PAM) in humans after oral 
administration 

Enhancement of GI absorption of a quaternary 
ammonium comoound bv trichloroacetate 

225 

226 
221 

186 

228 

229 
230 

231 
232 
233 

234 

235 

2% 
237 

238 
239 

240 
241 

242 

volved were not sufficient to account entirely for the dif- 
ferences in serum concentrations attained. Undoubtedly, 
the protein binding studies of Wiegand and Chun (210) 
(discussed under Absorption Alteration) more satisfac- 
torily explain the difference in serum concentrations. 

Often, salt formation can be used to modify drug ab- 
sorption and dose tolerance favorably. For example, ami- 
nosalicylic acid exhibits a short half-life and, therefore, 
requires large and frequent doses which may cause gastric 
irritation. Consequently, different chemical forms such as 
salts have been prepared (119,245-247) to reduce the in- 
cidence of gastric irritation, increase absorption, and 
prolong blood levels. 

Aminosalicylic acid is an interesting example in other 
ways; considerable confusion about this drug exists be- 
cause many fail to recognize its nonlinear pharmacoki- 
netics. Several definitive studies were reported regarding 
the absorption of the acid and its sodium, potassium, and 
calcium salts from solution, suspension, and tablet for- 
mulations (245, 246). Comparison of the relative 
bioavailabilities of aminosalicylic acid suspended in water 
and its salts dissolved in water showed that, while differ- 
ences in rate of absorption were found to exist, absorption 
of both the acid and its salts was essentially complete. 
Absorption of the free acid from tablets reached only 77% 
of the dose, whereas that of the tableted salts was rapid and 
complete. 

Regardless of formulation, the area under the plasma 
concentration-time curve of unmetabolized drug from free 
acid administration was less than that for the salts. This 
result was attributed to concentration-dependent me- 
tabolism during absorption: when the rate of absorption 
is high, the metabolic processes become saturated and 
more unmetabolized drug remains in the blood; conversely, 
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Table IX-Additional References on Bioavailability and 
Pharmacokinetics 

Topic Reference 

Pharmacodynamics of fosfomycin (phosphonomycin) after 

Pharmacodynamics of phosphonomycin after oral 

Comparative studies on distribution, excretion, and 

Pharmacokinetics of ampicillin trihydrate, ampicillin 

Physiological disposition of fenoprofen in humans: 

248 

249 

250 

intravenous administration to humans 

administration to hamans 

metabolism of Whydroxyzine and its I4C-methiodide 
in rats 

sodium, and dicloxacillin sodium following 
intramuscular injection 

pharmacokinetic comparison of calcium and sodium 
salts administered orally 

251 

252 

when the absorption rate is low, as for the free acid, a 
higher percentage of drug is metabolized. 

Additional references regarding bioavailability and 
pharmacokinetics are presented in Table IX. 

GENERAL PHARMACY 

Pharmacological Effect-Chlorpromazine hydro- 
chloride and quaternary chlorpromazine chloride were 
investigated with respect to their effects on the central 
nervous system (CNS) (253). The quaternized compound 
was less potent and more toxic in rodents than the parent 
tertiary compound. 

Naloxone, an effective opiate antagonist, is generally 
used as the hydrochloride salt; however, the drug has a very 
short duration of action. The mucate salt was prepared to 
extend its duration of action, since mucic acid is only 
slightly soluble in water (254). In a test on the blocking of 
morphine activity in mice, however, the mucate salt did 
not differ in duration from the hydrochloride. These in- 
vestigators assumed the same receptor site for naloxone 
as for morphine and, since Heron’s (232) work suggested 
that the receptor had a greater affinity for morphine mu- 
cate than for the free base, it also should have a greater 
affinity for naloxone mucate. The results disproved this 
hypothesis. Furthermore, this theory implies that intact 
salt reaches the receptor, which is highly unlikely, re- 
gardless of whether the drug is administered as a solution 
or as a suspension. 

A series of salts of 9-aminoacridine and its derivatives 
was prepared and screened for antifungal and antibacterial 
activity (255-257). By using salts of fatty acids, the anti- 
fungal action was found to parallel the length of the carbon 
chain of the anion, with maximal activity occurring with 
acridine caproate, undecylate, and undecylenate (where 
undecylenic acid also exhibits some intrinsic antifungal 
activity) (255). This result appears reasonable, because 
these salts would be more lipid soluble and could be ex- 
pected to pass through the cell wall of the infecting or- 
ganism more readily, probably as an ion-pair. 

The efficacy of bases or salts as topical anesthetics for 
relieving cutaneous itch, burning, and pain in unbroken 
skin has also been examined (258). In these experiments, 
itching and pricking were induced by an alternating cur- 
rent of low amperage and voltage applied to the skin or by 
exposure of the skin to UV light. Interestingly, aqueous 
solutions of salts of the local anesthetics did not alleviate 
itching or burning in any of the subjects, although satu- 
rated solutions of their bases in a mixture of water, 40% 

Table X-Additional References on General Pharmacy 
and Pharmacological Effect 

Topic Reference 

Differential excretion of bromide and chloride ions and its 
role in bromide retention 

Pharmacological study of calcium methionate 
Synthesis and in uitro fungistatic evaluation of some N- 

substituted amides and amine salts of sorbic acid 
Antiamebic studies on clamoxyquin [5-chloro-7-[[(3- 
diethylaminopropyl)amino]methyl] -8-quinolinol] in 
uitro and in experimentally infected animals 

Adjunctive value of oral prophylaxis with the oximes 
pralidoxime (2-PAM) lactate and pralidoxime 
methanesulfonate to therapeutic administration of 
atropine in dogs poisoned by inhaled sarin vapor 

Pralidoxime (2-hydroxyiminomethyl-N- 264 
methylpyridinium) methanesulfonate and atropine in 
the treatment of severe organophosphate poisoning 

Efficacy and limitations of oxime-atropine treatment of 265 
organophosphorus anticholinesterase poisoning 

Antitussive activity of enoxolone (glycyrrhetinic acid) and 266 
its derivatives 

Pharmacological properties of glycyrrhetinic acid 267 
hydrogen succinate (disodium salt) 

Ganglionic blocking activity of diastereomeric 268 
dimethylaminobornyl acetates and their methiodides 

A new potent nonnarcotic antitussive, l-methyl-3-[bis(Z- 269 
thienyl)methylene]piperidine: pharmacology and 
clinical efficacy 

259 

260 
261 

262 

263 

alcohol, and 100’ glycerol were claimed to be effective. Such 
transport phenomena across the stratum corneum are 
often dependent on the polarity of the drug and vehicle 
and on the binding of the drug to keratin. 

Additional references on pharmacological effects can be 
found in Table X. 

Dialysis-Dialysis through a cellophane membrane of 
the hydrochloride or sodium salts has been studied with 
several drugs (270). In many cases, it appeared that the 
ionic form of the drug was bound to the membrane whereas 
the nonionized form was not. Ephedrine hydrochloride 
presented an interesting example, however, since it di- 
alyzed considerably faster than its corresponding base. It 
was theorized that the chloride ion dialyzed rapidly, en- 
hancing the rate of dialysis of the ephedrine ion. Accord- 
ingly, when chloride ion was present on both sides of the 
membrane, the observed rate of dialysis for the ephedrine 
ion was comparable to the ephedrine base. 

The diffusion of sodium chloride through a lipoprotein 
interface was very slow, especially if calcium chloride was 
present on both sides of the interface (271). In the presence 
of low concentrations of choline chloride or carbamyl- 
choline chloride, the diffusion of sodium chloride is more 
rapid. Apparently, choline salts are able to increase the 
permeability of the lipoprotein to salts, which may relate 
to the physiological action of choline salts. 

Miscellaneous-Release rates were determined for 
aminophylline, ephedrine alkaloid, and ephedrine hy- 
drochloride from theobroma oil suppositories containing 
nonionic surfactants (133). While surfactants with hy- 
drophilic-lipophilic balance (HLB) values less than 11 only 
minimally affected release rate, rates increased with sur- 
factants of HLB values greater than 11. Under optimal 
conditions, aminophylline was faster than ephedrine hy- 
drochloride which, in turn, was superior to the ephedrine 
base. 

Willis and Banker (272) reported on the formation of 
polymer-drug salts as an approach to the physicochemical 
design of dosage forms. Poly(methy1 vinyl ether/maleic 
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anhydride) salts of methapyrilene were prepared and 
tested with the free base for in vitro dissolution and dial- 
ysis. Their dissolution and dialysis rates were not appre- 
ciably different from the free drug or its hydrochloride salt. 
Various poly(methy1 vinyl etherlmaleic anhydride) hem- 
iester salts of methapyrilene exhibited substantially slower 
release than the polymer ether salts, hydrochloride salt, 
or free base forms. Polymer-drug salts thus appear to have 
promise. 

A series of metallic salts of edetic (ethylenediamine- 
tetraacetic) acid were tested in uitro to determine their 
effect on blood coagulation (273). The results showed that 
only the dipotassium and disodium salts had any effect on 
coagulation. It was theorized that the lack of anticoagulant 
activity resulted from an almost complete suppression of 
ionization of the heavy metal salts. 

Interesting research regarding the angina-preventive 
effect of some chromone-2-carboxylate salts showed a di- 
rect correlation between biological activity and pKa of the 
salt-forming amines (274). 

Lin et al. (112) investigated the relationship between 
salt form and biological activity of a given antihyperten- 
sive. While the intrinsic dissolution rates of the dihydro- 
chloride and disulfate salts were many fold greater than 
the monohydrochloride, the hypotensive potencies of the 
salts did not differ significantly from one another in an 
anesthetized dog study. Yet, when administered to renal 
hypertensive dogs, the dihydrochloride and disulfate salts 
produced greater hypotensive effects than did the mono- 
hydrochloride. 

TOXICOLOGICAL CONSIDERATIONS 

Toxicity of Salt Ion-Any discussion regarding the 
toxicity of salts of a drug must consider the pharmaco- 
logical properties of the cation or anion used to form the 
salt as well as those of the free drug, since any of these may 
produce toxic effects. The toxicology of several ions that 
are commonly used to form salts and that are relevant to 
this review were discussed in depth (275). 

Toxicity from ingestion of calcium salts of drugs is rare. 
If hypercalcemia occurs, however, calcium deposits in the 
kidney can bring on a reduction of renal function. The 
principal toxic effects of lithium also involve the kidneys. 
When small amounts of lithium are taken, no apparent 
damage occurs; yet large amounts of the metal can lead to 
irreversible damage. An apparent correlation was observed 
between lithium dosage and sodium intake (276). When 
lithium dosage was low or sodium intake was high, rats 
were able to excrete all lithium given and sustained a re- 
versible polyuria. Conversely, if large amounts of lithium 
were administered to the rats or if their sodium intake was 
lowered, they incurred irreversible kidney damage. Am- 
monium ion, although it serves a major role in maintenance 
of the acid-base balance of the body, can be toxic in high 
concentrations and initiate CNS derangements. 

Sulfate ions given orally tend to be minimally absorbed 
and may act as a laxative. The nitrate ion is irritating to 
the GI tract, causing nausea and gastric distress. Also, in- 
testinal bacteria may convert the nitrate ion to nitrite 
which oxidizes hemoglobin to methemoglobin. The citrate 
ion, an intermediary in carbohydrate metabolism, can form 
a soluble complex with calcium which is poorly dissociable 

and rarely causes any toxic reactions. While tartrate ions 
are usually absorbed minimally from the GI tract, high 
concentrations reaching the circulation can cause renal 
damage. 

Acetate and lactate ions are normal metabolites and 
appear to be well tolerated in relatively large amounts. 
Iodide and bromide ions can produce conditions known as 
iodism and bromidism, respectively. Bromide intoxication 
occurs quite frequently, since bromides are used as in- 
gredients in some nonprescription preparations (277-280). 
Bromide is slowly excreted by the kidney (its half-life is 
12 days) and tends to accumulate when taken for pro- 
longed periods or when used by patients with decreased 
renal function (277). 

Toxicity of Salt Form-Provided the salt-forming 
agents are nontoxic, the relative toxicities of a series of salts 
of a compound are often observed to reflect directly their 
absorption rates. For example, the toxicities of dibromide, 
dichloride, diiodide, and dimethylsulfate salts of quina- 
pyramine3, a trypanocidal drug, were determined (238). 
The sparingly soluble halogen salts were much less toxic 
subcutaneously or intramuscularly than the freely soluble 
dimethylsulfate, yet all salts showed about equal toxicity 
upon intravenous administration. The difference in tox- 
icities obviously resulted from rapid absorption of the 
methylsulfate compared to the slowly absorbed, poorly 
soluble halogen salts. Similar reasoning has been used to 
explain the acute oral toxicity of propoxyphene hydro- 
chloride in rodents, which is twice that of equimolar doses 
of the napsylate salt (281). 

Several salts of benzphetamine and etryptamine were 
prepared as potential sustained-release formulations (114). 
The water solubility, in uitro dissolution rates a t  pH 1.0 
and 7.2, and the median lethal times (LT50) were deter- 
mined for each salt. Both the LT50 and LD50 (determined 
on only a few salts) increased as the in uitro dissolution rate 
a t  pH 7.2 decreased. While dissolution at pH 1.0 did not 
correlate well with toxicity, the LT~D’s were inversely re- 
lated to the square root of the dissolution rates at pH 
7.2. 

Toxicity studies comparing iopanoic acid, a cholecys- 
tographic contrast medium, with its sodium salt (115) 
showed that the salt form has 10-fold greater toxicity. The 
LD~O’S of the free acid and the salt were 22 and 2.32 g/kg, 
respectively. It was postulated that the free acid precipi- 
tated from the sodium salt upon its reaction with gastric 
hydrochloric acid. The fine, amorphous particles of pre- 
cipitated acid had a greatly increased surface area and, 
therefore, dissolved more rapidly than even fine crystals 
of the free acid. The faster and more complete drug ab- 
sorption then resulted in increased toxicity. 

Salts exhibiting greater water solubility than their 
parent compounds or less soluble salts are not always more 
toxic. For example, various inorganic and organic ions were 
used to prepare salts of methyl pyridinium-2-aldoxime 
that would have greater water solubility and would elim- 
inate undesirable side effects due to the iodide ion (95). 
Even though the aqueous solubility of the majority of these 
salts was many times greater than the iodide, their toxicity 
on a molar basis was not significantly different, with the 
exception of the dihydrogen phosphate salt which was 15% 
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Table XI-Additional References on Toxicological 
Considerations 

Topic Reference 

Toxicity and absorption of 2-sulfanilimidopgridine and its 
soluble sodium salt 

Sorbic acid as a fungistatic agent for foods: harmlessness 
of sorbic acid as a dietary component 

Toxicity and distribution of erythromycin 
Further toxicological studies with erythromycin 
Pharmacology and toxicology of erythromycin estolate 
Erythromycin propionate (propionylerythromycin): a 

review of 20,525 case reports for side-effect data 
New class of antibiotic salts of reduced toxicity 
GI intolerance to oral iron preparations 
Comparative toxicology of iron compounds 
Influence of the dissolution rate of lithium tablets on side 

Toxicity and tissue distribution studies on the 
effect 

hydrochloride, bismuth iodide complex, and a resinate 
of emetine 

Bacitracin zinc in pharmaceutical preparations 
New approach to quaternary ammonium compounds 
Pharmacology of choline theophyllinate 

285 

286 

287 
288 
289 
290 

22 
29 1 
292 
123 

293 

145 
151 
294 

more toxic. Further research with oximes revealed that 
other salts are also toxic (282). 

GI bleeding is a common toxic effect of aspirin for a large 
percentage of the population. Consequently, a search was 
initiated for an aspirin derivative that would not induce 
GI blood loss (283). All compounds prepared, however, 
including the sodium and calcium salts, caused GI hem- 
orrhage with a severity similar to aspirin. 

Polyene antibiotics are potent antifungal agents but 
bear considerable toxicity. Even though the methyl ester 
hydrochlorides of these compounds are more soluble, they 
retain almost all of their antifungal activity and, more 
significantly, show a uniform decrease in toxicity compared 
to their parent compounds (284). 

Additional references on toxicological considerations 
of salt formation are given in Table XI. 

CONCLUSIONS 

Salt formation is a means of altering the physical, 
chemical, and biological characteristics of a drug without 
modifying its chemical structure. Clearly, the salt form can 
have a dramatic influence on the overall properties of the 
parent compound. At present, selecting a salt form that 
exhibits the desired combination of properties is a difficult 
semiempirical choice. Pharmaceutical scientists now rec- 
ognize these facts and are beginning to study the effects 
of different salt forms on the physicochemical properties, 
bioavailability, and toxicity of drug substances. 

Although now only a few generalizations are available 
to predict the effect of particular salt forms on the char- 
acteristics of a drug, perhaps in time it will be possible to 
evolve increasingly more powerful generalizations re- 
garding the effect. of a salt on the properties of its parent 
compound; In addition, we predict that polymer-drug salts 
will have a revolutionary effect on future trends in drug 
therapy, particularly in the areas of reducing drug toxicity 
and in controlling the release profile of novel drug delivery 
systems. 
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