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Pharmaceutical Research, Vol. 14, No. 2, 1997 

Review 

Applications of the Ion-Pair Concept to Hydrophilic 
Substances with Special Emphasis on Peptides 

David Quintanar-Guerrero,1 Eric Allémann,2 Hatem Fessi,3 and Eric Doelker2·4 

Received August 29, 1996; accepted December 7, 1996 

Previous investigations have shown that ionic drugs with high aqueous solubilities can be lipophilized 
by ion-pair formation, with appropriate counter-ions. This type of association may prove promising for 
several biopharmaceutical, analytical and technological applications. This review examines the ion-pair 
concept with special emphasis on its application to peptides. The conditions for ion-pair formation of 
different molecules, as well as their transfer to organic solvents, are described. The use of ion-pairs to 
increase the permeation of various therapeutic agents, including peptidic drugs, is also discussed. Recent 
uses of ion-pairs in micro- and nanoencapsulation of peptides are also commented upon. 

KEY WORDS: ion-pair; peptides; counter ions; ion-pair extraction; ion-pair enhanced absorption. 

INTRODUCTION 

Peptides and their analogues are becoming a significant 
new class of therapeutic agents. This is due to the structural 
elucidation of numerous natural peptides and the understanding 
of their role in several physiological processes, the development 
of systematic methods to produce therapeutic peptides and also 
to the rapidly expanding field of recombinant DNA technology. 
Accordingly, the commercial production of peptides for phar­
maceutical purposes is now well established and the list of 
peptides available as therapeutic agents is growing rapidly (1). 
Unfortunately, peptide drugs can possess chemical and physical 
properties, including high molecular weight, low partition coef­
ficient, short biological half life, immunogenicity and denatur­
ation, which make them unsuitable for delivery using the 
conventional absorption routes (2). Among these drawbacks, 
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ABBREVIATIONS: a, radius of spherically charged molecule; N, 
cation; A +,B-, ion-pair; u, side-reaction coefficient; A(OH), conjugated 
base of A; B-, anion; B, _, anion of a fatty acid; CL> drug concentration 
in the luminal phase; CM, drug concentration in the membrane; C8 , 

drug concentration in the blood; D, distribution ratio; d, distance; e, 
electron charge; EA, degree of extraction of A•; E, Born energy of 
charging; E, dielectric constant; k, Boltzmann's constant; K, partition 
ratio; K12 ; K21 ; K23 , drug-absorption rate constants for a three-compart­
ment mode!; KA,Q, extraction constant; KA,Q, conditional extraction 
constant; 1PM, isopropyl myristate; q, phase volume ratio; R• or R-, 
ionizable side chain; S, solvent; T, absolute temperature; V0 rg; Yaq, 

organic and aqueous phase volume; X, adduct; z. and z_, charge of 
the ions. 

low lipophilicity is probably the most important factor to over­
come. Although the chemical modification of peptides, using 
natural fatty acids and macromolecules, seems to be appropriate 
for increasing their lipophilicity, the pharmacological effect of 
these derivatives is questionable and their enzymatic bioconver­
sion must be confirmed in each case. Furthermore, their formu­
lation and stability have not been studied and like other drug 
derivatives, they are considered as new drugs by the regulatory 
agencies and have to be submitted to extended toxicological 
studies. lt is clear that lipophilization of peptides without modi­
fication of their chemical structures would be ideal (3,4), not 
only from the biopharmaceutical point of view, but also from 
the analytical (e.g. separation ànd determination in biological 
samples) and technological (e.g. protein synthesis and incorpo­
ration into carriers) standpoints. 

Experimental evidence to date suggests that ion-pairing 
effectively increases lipophilicity of charged drug molecules, 
both in vitro and in vivo. The concept has also been applied to 
peptides in order to obtain more lipophilic drugs that are stabi­
lized via electrostatic interactions (5-7). 

This review will focus on the physicochemical parameters 
involved in ion pair formation with special emphasis on peptidic 
drugs and will focus on solvent extraction of drugs, and on the 
enhanced absorption as ion-pairs. Results from experiments 
carried out in our laboratory involving extraction, permeation 
and nanoencapsulation of aminoacids and dipeptides as ion­
pairs, will also be presented. Analytical aspects such as high­
performance ion-pair chromatography for the separation and 
quantitation of peptides and ion-selective liquid membrane elec­
trodes, as well as the pharmacokinetic and toxicologie features 
of ion-pair transport across membranes, will not be discussed, 
since excellent reviews are already available (5,8). 

THE ION-PAIR CONCEPT 

One of the main problems of the proposed theories for 
electrolyte solutions has been to account for ion-ion and ion-

119 0724-8741/97/0200-0119$12.50/0 © 1997 Plenum Publishing Corporation 



120 

solvent interactions. The first satisfactory theory of ionic solu­
tions was proposed by Arrhenius in 1887 (9). He made the 
bold assomption that electrolytes were completely dissociated 
into their ions when the solution was infinitely dilute. Arrhenius 
ascribed the decrease of equivalent conductance, with increas­
ing concentration, to association of the ions into neutral mole­
cules. Arrhenius' basic principles of electrolytic solutions 
marked a great advance in the electrolyte field and some of 
them are still valid today. However the application of these 
principles was limited to solutions of weak acids and bases in 
water. They failed completely to ex plain the behaviour of strong 
electrolytes such as ordinary salts and strong acids and bases 
where interionic attractive forces cause deviations from the 
ideal behaviour. 

lt was not until 1923 that the solution to the electrolyte 
problem was found by Debye and Hückel (10). Their theory 
accounted for the thermodynamic properties of electrolyte solu­
tions. They assumed that strong electrolytes were completely 
dissociated into their ions in aqueous solution and that the 
deviations of electrolytic solutions, expressed in terms of activi­
ties, activity coefficients, and ionic strengths, were due to the 
electrostatic effects of the oppositely charged ions. However, 
the Debye-Hückel theory of complete dissociation did not 
explain the low conductance of strong electrolytes in non­
aqueous solutions and it did not extend to include ail solvents. 
In 1926 Bjerrum developed a theory that took into account the 
interaction of ions at short range (11). He introduced the ion­
pair concept and showed how the mass action constant of the 
equilibrium between ions and ion-pairs was dependent on the 
dielectric constant of the solvent as well as on the temperature 
and the size of the ions. The Bjerrum theory was strongly 
supported by the work of Kraus in the late Thirties and For­
ties (10,12,13). 

Atherton and Weismann (14) investigated the existence 
of ion-pairs, using electron spin resonance spectroscopy, and 
demonstrated beyond doubt the association of a sodium cation 
with a naphthalene radical anion. Ion-pair formation is now an 
accepted fact, at least in non-aqueous media. 

Although ion-pairing phenomena were initially investi­
gated in the field of physical chemistry, the concept was rapidly 
adopted in the pharmaceutical sciences. In particular, Higuchi 
and Schill and their co-workers made large contributions and 
established the basis for its application to molecules of pharma­
ceutical interest (4,15). 

Definition and Nature of Ion-Pairs 

Ion-pairs may be defined as neutral species formed by 
electrostatic attraction between oppositely charged ions in solu­
tion, which are often sufficiently lipophilic to dissolve in non­
aqueous solvents (7, 16). lt should be emphasized that the forma­
tion of an ion-pair is due only to the so-called outer-sphere 
interaction and even though this molecular interaction can be 
written according to the mass action law, no chemical bond of 
any kind is formed. The general notation A+, B- is used to 
describe an ion-pair product which exists as a stable, thermody­
namically distinct species and not as a transient, continuously 
exchanging association (7,13,15). lt is clear therefore that any 
charged molecule in solution, under certain conditions, can 
form an ion-pair, with an ion of opposite charge. Thus, as 
peptides present multiple ionizable sites, depending on their 
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primary structure and the pH of the solution, they are capable 
of interacting in vitro or in vivo with appropriate counter-ions. 
The formation of a peptidic ion-pair results in the "burying" 
of the charges involved and the alteration of physical properties, 
for example, lipophilicity (17,18). 

Forms of Ion-Pairs 

The work of Sadek and Fuoss (19) and that of Winstein 
et al. (20), later confirmed by Roberts and Szwarc (21 ), showed 
that an ion-pair can exist in two forms: as a tight or intimate 
ion pair, or as a loose or solvent separated ion-pair, depending 
on the nature of the solvent-ion interaction. These authors estab­
lished that free ions in solution are surrounded by solvent 
molecules polarized by the electric fields generated by the 
ionic charges. A sufficiently strong polarization and solvent­
ion interaction result in the formation, around each ion, of a 
tight solvation shell. The presence of such a solvation shell is 
reflected in the fact that the Stokes radius of the solvated ion 
is substantially greater than that predicted for the bare ion. An 
ion possessing a tight solvation shell may approach a counter­
ion without hindrance until its solvation shell contacts the part­
ner. Thereafter, either the associate maintains its structure as 
a loose, solvent-separated ion-pair, or the solvent molecules 
separating the partners are squeezed out and a tight contact 
ion-pair is formed. This implies that solvent-separated ion pairs 
may exist only in those media in which the free ions acquire 
tight solvation shells; otherwise, only tight contact ion-pairs 
are produced. lt is important to mention that Bjerrum's original 
concept of a pair of solvated ions that are held together by 
coulombic attraction, in a solvent of a low dielectric constant, 
remains valid without modification despite the presence of a 
solvation shell. For example, if the solvated ion is paired with 
a bulky counter-ion, the gain in coulombic energy arising from 
the approach of the partners into close proximity may not be 
sufficient to accomplish the destruction of the solvation shell. 
Therefore, such pairs exist only in the loose form. 

Solvation of Ion-Pairs 

As indicated above, the formation of ion-pairs is only 
possible if the ions approach each other and reach a critical 
separation distance (d) given by the Bjerrum's equation: 

d = IZ+Z-le2/2ekT (1) 

where Z+ and Z- are the ionic charges, e is the electron 
charge, E is the dielectric constant, k is Boltzmann's constant 
and T is the absolute temperature. The equation shows the 
importance of the dielectric constant (e) in ion pair formation; 
accordingly a solvent with a high dielectric constant such as 
water (E = 78.5) will be unfavourable for ion pair formation, 
but this does not mean that it is impossible (as we will see 
later). On the other hand, the interaction becomes increasingly 
important in solvents with E < 40. Although this rule is applica­
ble to a large number of ion-pair extraction systems (4,15,22), 
some authors have shown that other non-coulombic contribu­
tions can be involved in the ion-association, for example hydro­
gen bonding, lipophilicity of the ions, and other factors such 
as the solubility parameter would explain more satisfactorily 
the solvation of the ion-pair (19,23). 

The behaviour of the solvating agent and its affinity for 
the ion-pair can be explained by the solvation theory proposed 
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by Higuchi (24). Ion-pairs can be classified, according to the 
degree of charge accessibility, into three different categories 
(Fig. 1 ). In the first case, it is assumed that the cation is large 
and lipophilic except for the positively charged center. The 
small external surface would be expected to carry a relatively 
negative charge per unit area (shown by the external shadow 
in Fig. 1). This type of system may be effectively solvated by 
lipophilic molecules having a positively charged surface, e.g. 
dipolar molecules with acidic protons such as chloroform, phe­
nols and alcohols. Since the bonded solvating molecules would 
have their polar end buried adjacent to the anion, the appearance 
presented to the surrounding solvent by the solvated ion-pair 
would be that of a relatively nonpolar aggregate. 

In the second case, the situation is reversed, the ion pair 
having its cationic charge largely exposed. Solvating species 
containing nucleophilic sites may be expected to be particularly 
effective for this type of ion-pair, e.g. ethers, ketones, amides 
and phosphate esters. The third case is that of an ion-pair 
with deeply buried charges. Having no exposed electrically 
unbalanced surface, it would be expected neither to require 
solvation in order to be readily extractated by nonpolar solvents. 

On the other hand, Higuchi attributes ion-pair solubility 
to the formation of complexes involving association with a 
discrete number of solvent molecules, which take part in the 
formation of the ion pair in the organic phase. This solvation 
can be written as an equilibrium: 

(2) 

Casel 

Case Il 

Casem 
Fig. 1. Classification of ion-pairs according to Higuchi (24). See text. 

where A+ and B- are oppositely charged ions in solution and 
nS is the discrete number of solvent molecules assumed to be 
complexed with the ion-pair. The concept of a specific solvation 
for ion-pairs has been confirmed using infrared techniques, 
and nuclear magnetic resonance and electron spin resonance 
spectroscopies (13). 

Ion-Pair in Aqueous Systems 

Although ion-pair formation has been considered only for 
solvents with a low dielectric constant (Bjerrum's ion-pair), the 
existence of an ion-pair in water or in other highly structured 
(bonded) solvents is possible when the ions involved are largely 
hydrophobie. In this case, ion-pairing is due to a solvent medi­
ated effect rather than to an electrostatic interaction (4,7). The 
term "water structure enforced" ion-pairing was introduced by 
Diamond (25) in order to explain the existence of ion-pairs 
in aqueous systems. If both the cation and anion, are large 
hydrophobie species, the hydrogen-bonded water structure 
forces them together to maximize the water-water interactions 
and to minimize the structural perturbation. Water structure 
enforced ion-pairing involves both electrostatic and hydropho­
bie interactions, the relative contribution of which is dependent 
upon both ions' structures and on their immediate environment. 

Despite the possibility to form ion-pairs in aqueous solu­
tion, the usefulness of this phenomenon is very limited due to 
the low association constant; furthermore, the ion-pairs exist 
only at very low concentrations, because of the poor solubility 
of the ions (4,12,23). An interesting phase diagram for the 
interactions between large ions in aqueous solution was pro­
posed by Tomlinson (6) for a dianionic drug and a cationic 
surfactant. This diagram, shown in Fig. 2 reveals that the ion-

(Cl4BDAC)M 

Fig. 2. Phase diagram for the interaction of the dianionic drug sodium 
cromoglycate (SCG) and the cationic surfactant tetradecyldimethylam­
monium chloride (Cl4BDAC). Region I has no coacervation and has 
as its boundary the solubility product line A-B. The shaded area of 
the visual turbidity region 2 is an area of solubilized coacervate. The 
dots represent an area of ion pair formation. Adapted from 6. 
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pair exists only in a narrow range of low concentrations; above 
this range, colloidal aggregates will be observed. 

ION-PAIR EXTRACTION 

Probably the most important applications of the ion-pair 
concept in the pharmaceutical field is the isolation and determi­
nation of drug molecules. Ion pair extraction can be described 
as the extraction of a complex of two oppositely charged ions 
in an aqueous phase (subscript aq) by a solvent that is not 
miscible with water (subscript org). This equilibrium can be 
written as (15): 

(3) 

The equilibrium constant of the reaction is normally called the 
extraction constant of the ion pair, KA,8 : 

(4) 

The magnitude of this constant is dependent upon the nature 
of the components of the ion-pair and on the properties of the 
organic solvent. 

The distribution ratio, D, of an ion (e.g. for A+) is 
defined as: 

The distribution of an ion-pair between an aqueous and an 
organic phase depends on the equilibrium constant of the ion­
pair and on the equilibrium constants of chemical processes 
(side-reactions) in both phases. Sorne types of side-reactions 
are shown in Fig. 3. The side-reactions of A+,B- in the organic 
phase, e.g. dissociation of the ion pair (A ~.B- to A+ and B-) 
polymerization ((A +,B-)n) and adduct-formation with an agent 
X (A+,B- • Xn) result in an increase of KA,B• On the other hand 
protolysis of A and B in the aqueous phase and partition result 
in decrease of KA,B· When side-reactions occur, correction coef­
ficients (ex:) must be introduced to the conditional constant 
KA,B: 

(6) 

In such cases the extraction constants are calculated by graphical 
methods (26). lt must be emphasized that these side-reactions 
are not to be considered entirely in a negative light since they 
can improve both selectivity and the degree of extraction. 

The degree of extraction (E) of N (as A+,B-) into the 
organic phase with a single extraction can be calculated from: 

A(OH) 

tl 
A(OH) OH-+ A+ B-+ H + HB 

A(OH) + H + A(OH)/ 

•rclllllc 
pliase 

watll' 
pliase 

Fig. 3. Schematic representation of side-reactions involved in the 
extraction of an ion-pair in the two-phase system. Adapted from (15). 
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(7) 

where q is the phase volume ratio YorgNaq, 

The extraction of a drug can be regulated by the nature 
and the concentration of the counter-ion as well as by the nature 
of the organic solvent. lt should be noted that the solvent is a 
component which takes part in the formation of the ion-pair, 
and that its selection will influence the degree of extraction. 
In most studies chlorinated solvents such as chloroform and 
dichloromethane are used as the organic phase. These solvents 
exhibit low dielectric constants and are hydrogen donors, which 
makes them particularly suitable for the extraction of several 
ion-pairs. Furthermore, their tendency to extract anions as acids 
is limited, and the incidence of other side-reactions such as 
dissociation and polymerization of the ion-pairs is low. When 
poor extraction is observed with chlorinated solvents, due to 
the high hydrophilicity of ion-pair components, the addition of 
more polar solvents (e.g., alcohols) which form adducts with 
the ion-pair in the organic phase is recommended (27). 

Extraction of Peptides as Ion-Pairs 

Considering that peptides are ampholytes with very low 
partition ratios, it is to be expected that their extraction as ion­
pairs, with solvents of low dielectric constants, will be limited; 
however, more polar solvents should give better extractions. 
Experiments made in our laboratory seem to confirm this idea. 
Tables 1 and 2 show some extraction constants with different 
sol vents for tryptophan (Trp) and tryptophan-leucine (Trp-Leu), 
respectively. The ion-pair partition was made with the species 
in cationic form, due to the low extraction achieved in previous 
tests at the isoelectric point. Chlorides, nitrates and sulphates 
were used as counter-ions, using the corresponding acids at 0.1 
N in aqueous solution. lt is clear that an increase in solvent 
dielectric constant (e) significantly improves the extraction. 
For propylene carbonate and butanol, the log K value clearly 
increases with the hydrophobicity of the counter-ion in the 
aqueous phase at pH 1, Nûï > c1- > SO42 (28,29). The dif-

Table 1. Effects of Inorganic Counter-Anions on the Logarithm of 
the Partition Ratio (log K) of Tryptophan Using Different Solvents 

at pH 1 

Solvent (dielectric log K (±CV") 
constant; hydrogen 
bonding capability) SOlb Ct·h,c NQ/C 

Chloroform b. d. J.d b. d. 1. b. d. 1. 
(4.8; poor) 

Dichloromethane -3.46 (0.42) -1.66 (0.93) -0,77 (0.65) 
(9.l;poor) 

Ethyl acetate -0.04 (1.46) -1.57 (0.47) -1.46 (0.40) 
(6.0; moderate) 

1-Butanol -0.68 ( 1.46) 0,01 (0.39) 0.26 (2.32) 
( 17.1; strong) 

Propylene carbonate -0. 18 (0.73) -0.12 (2.0) 0.47 (0.49) 
( 65 .1 ; moderate) 

a CV: Coefficient of variation(%) (n=4). 
b The hydrophobicity of anions decreased as NO3>Cl->Süi- (28). 
c The log of distribution constant ofHNO3 and HCl between propylene 

carbonate and water is - 1.05 and - 1.60, respectively (29). 
d b. d. 1. : below detection limit. 
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Table 2. Effects of Inorganic Counter-Anions on the Logarithm of 
the Partition Ratio (log K) of Tryptophan-Leucine Using Different 

Solvents at pH 1 

Solvent (dielectric log K (::'::CVa) 
constant; hydrogen 
bonding capability) SOâb,c CJ-b,c NO/·c 

Chloroform b. d, J.d b. d. 1. b. d. 1. 
(4.8; poor) 

Dichloromethane -2.03 (0.43) -1.64 (0.63) -2.23 (0.93) 
(9.1; poor) 

Ethyl acetate -1.05 (1.01) -0.92 (0.65) -0.94 (3.12) 
(6.0; moderate) 

1-Butanol 0.25 (2.31) 0.88 (2.33) 1.13 (3.21) 
(17 .1; strong) 

Propylene carbonate 0.48 (2.15) 0.58 (2.11) 1.07 (1.2) 
(65.1; moderate) 

a CV: Coefficient of variation(%) (n=4). 
b The hydrophobicity of anions decreased as N03">Cl->S0a- (28). 
c The log of distribution constant of HN03 and HCI between propylene 

carbonate and water is -1.05 and -1.60, respectively (29). 
d b. d. 1. : below detection limit. 

ferences in the extracted quantity of Trp and Trp-Leu in butanol 
and propylene carbonate are attributed to their hydrogen-bond­
ing capacity. 

Akamatsu et al. ( 17), studying the partition of peptides in 
octanol/water systems (Table 3), found somewhat surprisingly 
that a considerable increase in the partition coefficient was 
obtained using inorganic ions in the aqueous phase at pH 1; in 
the same way, these authors observed that the degree of extrac­
tion depended on the hydrophobicity of the counter ions. These 
data suggest that for the same counter-ion, the degree of extrac­
tion of Trp dipeptides depended on the relative hydrophobicity 
of the attached amino acid: Trp> Phe> Leu> Ala. Accordingly, 
the hydrophobicity scales for amino acid side-chains (30) could 
be useful for the prediction of the degree of extraction. 

A recent interesting contribution dealing with the ion-pair 
extraction of a therapeutic peptide has been made by Adjei et 
al. (18). They evaluated the partition of leuprolide acetate, 
a nanopeptide with multiple ionizable sites, in octanol/water 

Table 3. Effects ofCounter-Anions on the Logarithm of the 1-0ctanol/ 
water Partition Ratio (log K) for Sorne Dipeptides at pH 1 

(from reference 17) 

log K (pH 1) 

Peptide CIO,t N03" c1-a 

Trp-Trpb 1.10 0.50 0.21 
Trp-Pheb 0.77 0.17 0.02 
Trp-Leuh 0.68 0.08 -0.18 
Trp-AJah -0.68 -1.22 -1.42 
Phe-Phe 0.37 0.17 0.43 
Leu-Phe 0:14 -0.44 -0.66 

a The hydrophobicity of anions decreases as CIO 4 >NO 3">Cl-. Wh ile 
the free energy of Cl04, N03, ci- ions from water to nitrobenzene 
is 8.7, 24.4 and 30.5 kJ/mol; the log of the distribution constant of 
HCI04 , HN03 and HCl between propylene carbonate and water is 
-0.05, - 1.05 and -1.60, respectively (29). 

b Relative hydrophobicity of amino acid side chains. 

systems at different pH values and using different counter-ions. 
The results showed that partition is increased by the presence 
of alkyl sulfonic acids, depending on the length of the alkyl 
chain and that the increase in lipophilicity of leuprolide ion­
pairs may be proportional to the extent of ionization of the 
imidazolyl nitrogen of histidine. 

An illustrative analytical development using ion-pair 
extraction for peptide isolation and analysis was presented by 
Uvashkiv (31), who developed a spectrophotometric method 
for the determination of cyclic octapeptidic antibiotics during 
fermentation. The method is based on the extraction of antibiotic 
from alkaline broth with butanol. Ion-pairs formed between 
the octapeptides and bromothymol blue were extracted into 
chloroform from a solution buffered to pH 7.5. It is important 
to point out that the extraction of these peptides by chloroform 
as ion-pairs was possible because of their exceptionally low 
water solubility. 

Although there are only a few publications conceming 
ion-pair extraction of peptides, two common themes seem to 
be evident: the transfer of peptides from aqueous to organic 
solution is improved by using polar solvents and by decreasing, 
or avoiding, the presence of ionized groups which do not take 
part in ion-pair formation (ion suppression). The possibility of 
transferring peptide intermediates and protected peptides to 
organic sol vents, could have interesting implications for peptide 
and protein synthesis (32,33). 

ION-PAIRING AS A SYSTEM FOR ABSORPTION 
ENHANCEMENT 

Biological membranes can be considered as lipoidal barri­
ers, and thus ionized molecules cannot generally cross them 
due to unfavourable partitioning (7 ,34,35). However, ionized 
solutes like paraquat, suxamethonium, phenothiazines and some 
quatemary ammonium compounds, are readily absorbed from 
the gut. Shanker (35) proposed that one of the probable mecha­
nisms for the penetration of organic ions through the gastrointes­
tinal barrier was by formation of a Jess polar complex with 
some material normally present in the lumen. Passage of an 
ionized drug through a membrane (ionophoresis) must involve 
either the existence of an aqueous pore, or the transport of the 
ion from an aqueous environment to a lipid environment, then 
across the lipid (lipoprotein) and finally transfer into the aque­
ous phase on the other side of the membrane. This hypothesis 
proposes that the ion-ionophore interaction provides a mecha­
nism for drug absorption. One way of visualizing ion-pair trans­
port is in terms of the difference in the level of specific resistance 
encountered by ions and ion-pairs for permeation through mem­
branes. Thus, an ionized drug could be considered as a spheri­
cally charged molecule of radius with an energy of charging 
determined by the dielectric constant of the medium ( E), 
according to the expression E = e2/2ea, where E represents the 
Born energy of charging. Due to the inverse dependence of 
energy on E, large energy differences exist between Iow and 
high dielectric media. This produces a great energy barrier for 
ion partitioning and flux into hydrophobie membranes. The 
formation of ion-pairs might lower E by "burial" of the ion 
charge by the counter-ion and thus the transport of ionic drugs 
through hydrophobie membranes would be enhanced (4). 

Irwin et al. (16) were the first to test the ion-pair hypothesis 
for the lipophilization of an ionic drug (isopropamide) using 
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an exogenous counter-ion (trichloroacetate). The results of this 
study indicated that the rate and efficiency of gastrointestinal 
absorption of isopropamide were increased by ion-pair forma­
tion with trichloroacetate. The authors stated that it might be 
possible through selection of appropriate ion-pair formers to 
improve the efficiency and uniformity of absorption of highly 
ionized drugs from the gastrointestinal tract. This hypothesis 
received support from subsequent work investigating the perme­
ation of different hydrophilic ionizable drugs through artificial 
and biological membranes in vitro, in situ and in vivo, ex vivo 
experiments (4,16,34,36,37). It is important to point out that 
absorption experiments with ion-pairs have not always pointed 
at clear-cut mechanisms. In those cases, an increase of drug 
absorption was not evident in the presence of a counter-ion, or 
the increase of the absorbed amount was not attributed to ion­
pair formation, but to a direct effect of the counter-ion: mucosal 
binding, mucosal erosion, interfacial tension lowering effect on 
the gut wall, increased surface activity of the drug, etc. (38,39). 
Thus, additional experiments using neutral molecules such as 
caffeine, which is unable to form ion-pairs, should be carried 
out in order to distinguish whether the enhancement is due to 
ion-pair formation or to the disruptive effect of the counter ion 
on membrane integrity (40). 

The increase of drug permeability by ion-pair formation 
can be generally attributed to an increase in the partition coeffi­
cient factor. Suzuki et al. (36) studied the partition of quinine 
for its absorption across rat rectal mucosa, using a three com­
partment mode! of drug absorption: 

K12 K23 

c, +±Cm ➔ cb 
K21 

(8) 

where Ci, Cm and Cb represent the drug concentration in the 
luminal phase, membrane and blood, respectively, and K1z, 

K21 , and K23 are rate constants. The results showed an evident 
increase of K12 caused by the presence of the counter-ion. The 
authors stated that this may be caused by the increase of drug 
concentration in the absorptive membrane surface which is 
related not only to the physicochemical properties of the ion­
pair systems in the medium, but also to the chemical nature of 
the surface of the absorptive site. This could explain why the 
permeation of certain drugs was unaffected by ion-pair trans­
port. However, the physicochemical basis of the failure of these 
drugs to undergo ion-pair transport remained unclear and ion­
pair enhancement of transport in vivo remains controversial (5). 

In the Seventies in vitro studies used artificial membranes 
(37) as models of biological membranes for evaluating the 
transport of drugs as ion-pairs. The mode! membranes provided 
improved control and interpretation of the variables involved 
and made interpretation of results easier ( 4,34 ). In general, those 
studies were performed using a two-compartment diffusion cell, 
with a lipophilic membrane, porous or not, that could be impreg­
nated with a liquid representing the biological barrier (41). The 
donor compartment was a buffer solution with a pH which 
favoured the formation of the ion-pair, or a non-toxic non­
aqueous medium (i.e. propylene glycol) in which the ion-pair 
was formed (4). 

An interesting variation on these studies, was the incorpo­
ration into the membrane of a counter-ion as a carrier. Hadgraft 
et al. (42) showed that ionic drug transport across an artificial 
lipid membrane impregnated with isopropyl myristate (IPM) 
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could be increased by incorporation of a counter-ion capable 
of forming ion-pair into the membrane. A pH gradient was 
used to facilitate the transport of the ions from an aqueous 
compartment across a non-polar organic phase to an aqueous 
receptor against the ion concentration gradient. This principle 
was developed in an attempt to facilitate the transport of ionic 
drugs across the stratum comeum. Green et al. (34) showed 
that a pH-gradient made it possible to increase the in vitro flux 
of naphazoline across human cadaver skin previously pretreated 
with fatty acids (Fig. 4). 

In general, the mechanism of penetration through synthetic 
membranes is assumed to involve a partitioning between the 
aqueous phases and, further, a diffusion through the film. Âgren 
et al. (37), studying the permeation of a quatemary compound 
through nylon membranes with perchlorate as the counter-ion, 
suggested that transfer was taking place mainly by partitioning 
and diffusion and, to a much lesser extent by penetration through 
pores. On the other hand, Lee and Kim (4) proposed that the 
permeation of ion-paired drugs in non-aqueous systems through 
2-hydroxyethyl methacrylate/styrene membrane could proceed 
via both the partition and the pore mechanisms. This conclusion 
was founded on permeation experiments based on the free 
volume theory (22,42) to identify the mechanism of solute 
diffusion through membranes, the permeation being thus depen­
dent on the molecular radius of the drug. 

Ion-Pairing to Enhance Peptide Absorption 

The use of absorption enhancers as a means of making 
peptide administration more facile has been extensively studied 
(2,42) The results have shown that these can indeed promote 
peptide absorption. One of the first papers, by Nishihata et 
al. (43), studied the disappearance of phenylalanine and its 
analogues by perfusion across rat rectal tissue, enhanced by 
the presence of salicylate or 5-methoxysalicylate. The effect of 
these adjuvants was attributed to the alteration of the membrane 
barrier, increasing its permeability; however, the simultaneous 
absorption of the adjuvant was also required. Data from Okada 

in vivoli11 vitro 

Aqueous vebicle 

Stratum comeum 

Viable epidermis 

Model system 

Donorphase 
(pH8.0) 

1PM membrane 
impregnated with 
fatty acid 

Receptor phase 
(pH 7.4) 

Fig. 4. Conditions required to facilitate the transport of a cation (A•) 
from an aqueous donor phase across an IPM membrane impregnated 
with fatty acid (B' -) to an aqueous receptor phase. Adapted from (32). 
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et al. (44) showed that vaginal absorption of leuprolide and 
insulin could be increased by the use of organic acids. The 
mechanism was attributed to the acidification and chelating 
ability of the acids. Studies on the nasal absorption of insulin 
in the presence of surfactants (45) have suggested that the 
promoting effect of bile acid salts was due to their direct effect 
on the nasal mucosa and their inhibitory effect on proteolytic 
enzymes. lt is evident from these investigations that the mecha­
nisms of action of the peptide absorption enhancers are not 
clearly understood and different hypotheses can be made to 
ex plain them. Lee ( 46) established that ion-pair formation 
between the enhancer and the peptide drug was a probable way 
to affect the thermodynamic activity of the peptide and its 
permeability. Zhou and Po ( 4 7) have produced arguments in 
favour of this idea. They reevaluated the effect of cholate and 
its analogues on the nasal absorption of insulin, stating that 
these compounds might enhance the absorption of peptide and 
protein drugs by binding to insulin. This binding may protect 
against hydrolysis too, because this would prevent the formation 
of an enzyme-insulin complex which aligns the catalytic site 
on the protease. Other facts that would support this assumption 
are the tendency of cholate and its analogues to form ion-pairs 
and their low activity as aminopeptidase inhibitors (38). 

Green et al. (48) showed that it is possible to enhance the 
flux of peptides across the skin using conventional enhancers for 
ion-pairing peptides, in order to mask their ionic characteristics 
thereby increasing their solubility in the stratum comeum. [D­
Ala2]-methionine-enkephalinamide was examined as a mode! 
peptide since it possessed only one NH2 group which was 
significantly ionized over the pH range of interest and therefore 
had the potential to pair with oleate anions. The carboxyl residue 
was blocked by amide formation. Results showed an evident 
increase of the in vitro permeation of peptide across human 
skin, due to the presence of oleic acid. 

Ganem et al. (49) in our laboratory found that the in vitro 
permeation of a dipeptide (Trp-Leu) through the palatal mucosa 
of pig was increased using saline hydroalcoholic solutions. In 
the absence of sodium chloride, lower permeation was observed. 
The results suggested that the effects of conformational changes 
or possible denaturation of keratin in the stratum comeum or 
the lipid extraction, caused by ethanolic systems, were insuffi­
cient to allow the passage of the peptide. The increased perme­
ability was attributed to the probable ion-pair formation between 
sodium chloride and the peptide. 

APPLICATION OF ION-PAIR FORMATION TO THE 
MICROENCAPSULATION OF PEPTIDES 

Micro- and nanospheres are promising candidates as carri­
ers for oral, parenteral and other routes of administration of 
peptidic drugs. However, one of the main problems of these 
techniques is the poor entrapment of water-soluble drugs, princi­
pally with those that involve an o/w emulsification, due to 
partition of the drug from the organic phase into the continuous 
aqueous phase. Yamakawa et al. (50,51) studied the influence 
of different fatty acid salts contained in the external phase on 
the encapsulated amount of an hexapeptide (neurotensin) in 
poly(D,L-lactic acid) microspheres, by an o/w solvent evapora­
tion technique. The results indicated a considerable increase of 
the entrapment ratio in the presence of fatty acid salts. The 
authors stated that the effect of fatty acid salts was due to 

partitioning into the oily phase at the solvent-water interface. 
The coexistence of neurotensin and fatty acid salts as ion pairs 
in the oily phase was effective in entrapping neurotensin into 
the microspheres. 

Recently, Niwa et al. (52) showed that the leakage of 
nafarelin acetate during the preparation of nanospheres of 
poly(D,L-lactic-co-glycolic acid) by the nanoprecipitation 
method can be partially avoided by the addition of a small 
amount of negatively charged phospholipid such as dipalmitoyl 
phosphatidylglycerol or dicetyl phosphate. The presence of 
these additives in the organic phase (acetone) decreased the 
total leakage of peptide into the aqueous phase during polymer 
precipitation. The proposed mechanism involved ion-pair for­
mation between the amine groups of nafarelin (histidyl or argi­
nine residues) and the negatively charged phospholipids. 

The experiments made in our laboratory to encapsulate a 
dipeptide (Trp-Leu) in poly(D,L-lactic acid) nanospheres by 
the emulsification-diffusion method (53), using the peptide in 
the form of ion-pair in propylene carbonate (Table 2), indicated 
a low encapsulation efficiency ( <3% ). This result was attributed 
to the leakage of the peptide contained in the globules into 
the aqueous phase, during solvent diffusion. Apparently, the 
velocity of ion-pair dissociation was faster than polymer precip­
itation in the interfacial region, where the transport of solvent 
to the continuous phase was effected. 

CONCLUSIONS 

lt has been shown that ion-pair formation allows the 
lipophilization of hydrophilic molecules and ions. This kind 
of association has been widely used for the separation and 
determination of molecules of pharrnaceutical interest. In this 
respect, it is important to emphasize that the routine separation 
of peptides with reverse-phase high-performance liquid chro­
matography is based on ion-pair formation essentially with 
trifluoroacetic acid, using increasing concentrations of 
acetonitrile. 

Although the usefulness of ion-pair systems to promote 
permeation of drugs through membranes is controversial, and 
in some cases questionable, the data presented in this review 
suggest that ion-pairing should be considered as a useful method 
for increasing the bioavailability of drugs and enhancing perme­
ation, mainly when the administration is made by routes where 
the physicochemical equilibrium is not rapidly undermined by 
the surrounding medium. Therefore, an understanding of the 
correlation between the physicochemical properties of ion-pairs 
and their interaction with membranes is necessary. 

The application of ion-pair formation to peptides opens 
interesting perspectives. The concept could provide a useful 
approach to solve the problems of limited peptide absorption 
by non-parenteral routes, and a peptidic ion-pair might contrib­
ute to the development of formulations with optimized absorp­
tion. The transfer of peptides as ion-pairs into solvents could 
also have applications in the synthesis of proteins and in the 
development of methods for their micro- and nanoencapsula­
tion. Clearly, further investigations are necessary to identify 
the possible applications of peptide-based ion-pairs. 
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