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Abstract 0 The interactions between insulin and various lipids were 
studied by monolayer penetration experiments a t  constant surface area. 
The increase in surface pressure, An, of a lipid film depended upon the 
particular lipid used and the concentration of insulin in the subphase. 
For all lipids studied, An was dependent on the initial surface pressure 
of the lipid film. Evidence of the interaction between insulin and the lipids 
was found in the ability of insulin to penetrate lipid films with initial 
pressures >I6 dyneshm. the maximum surface pressure obtained by 
insulin alone. For phospholipids, both the nonpolar and polar regions 
influenced the degree of interaction with insulin. Saturated chain leci- 
thins exhibited less penetration than phospholipids with unsaturated 
hydrocarbon chains. The net charge of the lipid was not found to be an 
important determinant of penetration; however, the structure of the polar 
group can have a dramatic effect. Insulin penetration of mixed lipid f h s  
cannot be predicted by the penetration characteristics of the pure com- 
ponents. The possible role of these interactions in determining the ge- 
ography of the insulin molecule within the liposome and its resultant 
effects on the stability is discussed. 

Keyphrases 0 Insulin-monolayer studies of interactions with lipids 
0 Monolayer studies-insulin-lipid interactions 0 Lipids-monolayer 
studies of interactions with insulin 

~ ~ ~~ 

Monolayer interactions between proteins and lipids are 
of much interest in the study of cell membrane structure 
(1,2), hormonal action (3,4), and enzyme activity (5). Early 
studies (6) established the technique of injecting a protein 
into the subphase beneath a lipid film at  constant surface 
area. Since then modifications of this procedure have been 
used in an effort to gain a more detailed understanding of 
the nature of these interactions. 

Recent attempts to  develop an oral dosage form of in- 

sulin have utilized liposomal entrapment in order to pro- 
tect the hormone from proteolytic degradation in the GI 
tract. In theory, to achieve the necessary degree of pro- 
tection, the entrapped insulin should not penetrate or 
decrease the stability of the lipid bilayer. The geography 
of the insulin molecule within the liposome should be de- 
pendent upon the degree and type of its interactions with 
the lipid components. This report investigates the inter- 
actions of insulin with cholesterol, stearylamine, and 
various phospholipids through the use of monolayer pen- 
etration studies. 

BACKGROUND 

The increase in surface pressure of a lipid film with the addition of 
protein has been termed penetration, although the exact nature of this 
phenomenon remains unclear. For example, as more protein is added to 
the subphase, the increase in surface pressure may be attributed to an 
increase in the number of protein molecules a t  the surface, enhanced 
interaction between the surface components, or protein-protein inter- 
actions just below the surface, which may alter molecular orientation at 
the surface. Although the various mechanisms cannot always be differ- 
entiated, the results of such penetration studies are still of value in de- 
termining the criteria that affect lipid-protein interactions. 

The great variation in the behavior of lipid-protein films reported in 
the literature can be ascribed to the wide range of physical properties of 
the proteins used. The unique characteristics of each protein or poly- 
peptide prevent accurate predictions of the nature and magnitude of its 
interactions with lipids. Also, relative protein penetration does not show 
consistent results based on the type of lipid involved. Therefore, it is 
necessary to individually assess the effect of insulin on films of pure lipids 
or lipid mixtures in order to better understand their interactions. 

244 I Journal of Pharmaceutical Sciences 
Vol. 72, No. 3, March 1983 

0022-3549/83/0300-0244$0 1.00/0 
@ 1983, American Pharmaceutical Association 



El 2 12- 
C > 
'0 

8- 

4- 

0.5 1 .o 1.5 
INSULIN, pg/ml 

Figure 1-The surface pressure-concentration profile of insulin upon 
injection into 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid in 0.9% NaCl buffer, pH 7. The surface pressure was measured 30 
min after each insulin addition. A limiting or collapse pressure for in- 
sulin of 16 dyneslcm was observed. 

EXPERIMENTAL 

Phosphatidylcholine' (I) was purified on an activated alumina column. 
Cholesterol2 was purified by recrystallizing three times from ethanol 
solution. All other lipids were used as supplied2 and stored at  0'. TLC 
of all lipids revealed a single spot. 

The subphase buffer was prepared from triple-distilled water, the 
second distillation was from alkaline permanganate. An all-glass distil- 
lation apparatus was used to prevent contamination. Sodium chloride, 
reagent grade, was heated to 600' to remove organic impurities. All other 
chemicals were reagent grade. 

Research grade crystalline porcine insulin3 with an activity of 28.5 
unitslmg and containing 0.6% zinc was used. The only impurity noted 
by polyacrylamide gel electrophoresis and high-performance liquid 
chromatographic (HPLC) analysis was 1-2% monodesamido insulin. 
Stock solutions of 4.0 mglml were prepared in 0.01 N HCI and stored at 
4O. Further dilutions were prepared in 0.05 M N-2-hydroxyethylpi- 
perazine-N'-2-ethanesulfonic acid in 0.9% NaCl buffer, pH 7. The glass 
vials used for these dilutions were rinsed twice with the insulin solution 
to avoid loss of insulin due to adsorption. 

The monolayer penetration studies were a modification of previous 
studies (6). The experiments were performed at  25 f 1' on a surface 
tensiometer4 having a sensitivity of 0.04 dyneslcm, using a sandblasted 
platinum Wilhelmy plate. The subphase consisted of 90 ml of 0.05 M 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid in 0.9% NaCl 
buffer, pH 7, contained in a circular polytetrafluoroethylene dish having 
an area of 46 cm2. A polytetrafluoroethylene-coated magnetic stirrer was 
used for mixing of the subphase. The entire apparatus was enclosed to 
reduce airborne contamination. 

All lipids were spread from solutions of hexane-ethanol(9:l) in a mi- 
crometer syringe5 in amounts sufficient to produce the desired initial 
surface pressure. Each mixed lipid fiim was spread from a single solution 
in which the appropriate lipids were dissolved. The addition of the 
spreading solvent alone to a clean buffer surface produced no measurable 
change in surface tension. The dissolved lipids were stored below Oo under 
a dry nitrogen atmosphere for no longer than 5 days. 

A stationary needle with a removable glass syringe was used to deliver 
concentrated insulin solutions beneath the surface into the subphase. 
Insulin was added in 1-2-ml increments, and an equal volume of the 
subphase was discarded prior to the additions. The needle and syringe 
were rinsed three times after each addition of insulin by withdrawing and 
reinjecting 1-2 ml of the subphase. A magnetic stirrer (10 rpm) mixed 
the subphase for 15 min, and the mixture was allowed to settle for 15 min 
for the monolayer to equilibrate before recording the surface tension. 
Surface pressure changes due to insulin addition were found to be vir- 
tually complete within 30 min. 

Surface pressure (II) was calculated as the difference in surface tension 
in the absence of the film (yo = 72.3 dyneslcm) and that of the film- 
covered surface (7). The change in surface pressure (An) was calculated 
as the difference in pressure of the lipid film upon injection of insulin into 

1 Egg lecithin, Type IX-E, Sigma Chemical Co., St. Louis, Mo. 
Sigma Chemical Co., St. Louis, Mo. 

3 Lilly Research Laboratories, Indianarlis, Ind. ' Rosano Surface Tensiometer, VWR cientific. 
Agla; Wellcome Keagentn Ltd., Beckenham, U.K. 
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Figure 2-The time-dependent changes in surface pressure of phos- 
phatidic acid (11) monolayers upon the injection of insulin into the 
subphase. Each curve represents a film with an apparent initial surface 
pressure of -13 dyneslcm. The delay times that followed the spreading 
of the films before the start of the experiments are as follows: (a) no 
delay; (0) 60 min; (m) 120 min. In control studies the surface pressure 
of films of II  required 120 min to attain a stable value, which then re- 
mained constant for at least 3 hr. 

the subphase (n) and that of the film in the absence of insulin, i.e., at its 
initial surface pressure (no). 

RESULTS 

The insulin protein, although soluble in aqueous solutions, is a surface- 
active molecule denaturing at  the air-water interface to give rise to sur- 
face pressures as high as 20 dyneslcm (7). Under the conditions of these 
experiments, the surface pressure-concentration (II-C) curve of insulin 
approached a limiting or collapse pressure of 16 dyneslcm at pH 7, as seen 
in Fig. 1. This is in agreement with the collapse pressure obtained from 
the II-A isotherms in a previous study (7) for insulin at pH 7.4. 

The stability of the lipid films for the duration of the experiments (-3 
hr) was confiied by measuring the surface pressure as a function of time. 
With most of the lipids studied, a constant surface pressure was obtained 
within 15 min after spreading. However, with phosphatidic acid (II), 
phosphatidylserine (III), dipalmitoylphosphatidylcholine (VI), and 
distearoylphosphatidylcholine (W) a slow decrease in surface pressure 
was observed for 1-2 hr, followed by constant values for a t  least 3 hr 
thereafter. Recognizing this time effect is important in obtaining accurate 

.- ~~ r- 

0.3 0.6 0.9 1.2 
INSULIN, pglml 

Figure 3-The effect of the initial surface pressure of cholesterol mo- 
nolayers on the extent of insulin penetration. Initial surface pressures 
(dyneslcm) are: (H) 4.8; (X) 11.1; (0) 15.8; (e) 19.5. This set of curves 
is qualitatively similar to those of all lipids studied in these experi- 
ments. 
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Figure 4-Penetration of insulin (1.0 pglrnl) into monolayers of various lipids. Key: (A) unsaturated phospholipids: (B) phosphatidylcholine 
(I ) ;  (e) phosphatidic acid (11); (0) phosphatidylserine ( I l l ) ;  fX) phosphatidylinositol (IV); (B)  saturated lecithins: (B) dimyristoyl-(V); (X) 
dipalmitoyl-(VI); (0) distearoylphosphatidylcholine (Vll);  (C) other lipids: (B) cholesterol; (0) stearylarnine; (0) mixed lipid films: (B) phos- 
phatidylcholine-cholesterol(2:l) (VIII), (X) phosphatidylcholine-cholesterol-phosphatidic acid (4:2:1) ( IX);  (0) phosphatidylcholine-choles- 
terol-stearylamine (4:2:1) (X); (a) dipalmitoylphosphatidylcholine-cholesterol (2:l) (XI). 

results. The most dramatic pressure drop was observed with 11. Figure 
2 depicts three An-C curves for films of 11, each of which had an apparent 
initial surface pressure of -13 dyneslcm. As can be seen, if the lipid film 
is not given sufficient time to equilibrate prior to addition of insulin to 
the subphase, both the magnitude and the shape of the curve is affected. 
For example, a t  0- and 60-min delays, an initial condensation effect was 
observed (decrease in surface pressure), whereas with a 120-min delay, 
only an expansion effect (increase in surface pressure) was seen. 

Placing additional pure spreading solvent on a film of I1 after its 
pressure had stabilized resulted in virtually no pressure change after 10 
min, indicating that solvent retention in the lipid f i i  was not a problem. 
Another study (8) also reported no evidence of solvent retention with a 
hexane+thanol(91) solvent in lecithin and phosphatidylethanolamine 
films when no > 2 dyneshm. 
Two of the saturated lecithins, VI and VII, also showed a slow decrease 

in surface pressure during the first hour after spreading. With respect 
to the equilibrium-spreading pressure, n e ,  which is defined as the 
pressure at  which the monolayer is in equilibrium with the bulk lipid 
phase (91, films of both of these lipids may be considered thermody- 
namically unstable. For lecithins, it has been determined that spreading 
from the bulk phase does not occur below the gel-liquid crystal transition 
temperature ( T c ) ,  hence, n, = 0 at  temperatures below T, (10). The 
values of Tc for VI and VII are 41 and 60°, respectively (11); therefore, 
their solvent-spread films at  25' are not a t  true thermodynamic equi- 
librium. The spread films, however, do maintain a constant surface 
pressure and thus can be considered metastable (%lo), since the at- 
tainment of equilibrium (collapsing of the monolayer to the gel state) is 

a slow process and does not occur within the time frame of the experi- 
ments. 

For all lipids studied the degree of penetration or essociation of insulin 
into the monolayer, as measured by the magnitude of AII  (6), was very 
dependent on the initial surface pressure, no, as is generally expected 
with insulin (12) and other proteins (6,13-18). A greater degree of pen- 
etration was observed at lower IIo values as indicated both by the mag- 
nitude of AII and the initial slope of the An-C curves. Figure 3 shows 
a set of typical An-C curves. 

Plots of AII uersus IIo for the single component and mixed lipid films 
are shown in Fig. 4A-D. The data were obtained from An-C curves for 
the various lipids at an insulin concentration of 1.0 pglml. For all lipids, 
the changes in AII  were virtually complete a t  this concentration of in- 
sulin. It was found that the lipids fell into three distinct groups based on 
the magnitude of An. The first group (Fig. 4A, D), consisting of the un- 
saturated lipids I, In, and phosphatidylinositol (IV), and the mixed lipid 
films phosphatidylcholine-cholesterol (2:l) (VIII), phosphatidylcho- 
line-cholesterol-phosphatidic acid (42:l) (IX), and phosphatidylcho- 
line-cholesterol-stearylamine (421) (X), showed an intermediate degree 
of penetration by insulin. Their behaviors, as indicated by the dashed 
line, is included as a reference in these four plots. Cholesterol and 
stearylamine (Fig. 4C) form a second group of lipids characterized by 
enhanced penetration by insulin. The third group of lipids, those showing 
reduced or inhibited penetration, consists of the saturated lecithins 
dimyristoylphosphatidylcholine (V), VI, and VII (Fig. 4B), the unsatu- 
rated phospholipid I1 (Fig. 4A), and the mixed film of dipalmitoylphos- 
phatidylcholine-cholesterol (2:l) (XI) (Fig. 4D). In all cases, An de- 
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creases with increasing values of IIo until at a critical no value, no pres- 
sure change is observed. This value of no, where AII = 0 is termed the 
limiting II (18). For the lipids in the second group a limiting II of 19.2 
dyneshm was in close agreement with the value obtained previously (12) 
of 19 dynes/cm for phosphatidylcholiie, stearyl alcohol, and stearic acid 
monolayers. For cholesterol, however, our limiting II value of -22 
dynes/cm is lower than that of a previously derived value of 27 dyneshm 
(12). Repeated trials with cholesterol films at  pressures between 22 and 
24 dyneshm failed to show any response to insulin under our condi- 
tions. 

Insulin, which is soluble in the subphase, is able to penetrate mono- 
layers with an initial surface pressure greater than the collapse pressure 
of insulin alone (16 dynes/cm). This indicates that insulin is interacting 
in some manner with the lipids, and that the observed behavior is not 
merely competition for the surface by two different surface-active mol- 
ecules. 

The combined data for the three saturated lecithins (Fig. 4B) indicate 
a limiting II value of 17.7 dynedcm. The absence of double bonds in the 
acyl chains in these lecithins results in closer packing of their molecules 
at the air-water interface (15,19) as compared with unsaturated lecithin 
(I). As a result, insulin penetration is reduced. The temperature at which 
the experiments were performed (25”) is above the gel-liquid crystal 
transition temperature of V (T, = 23O) (ll), but is below that of VI and 
VII as previously mentioned. The influence of this parameter alone was 
not found to be of great importance in determining the degree of insulin 
penetration in this monolayer system. 

Of the three lipids (11,111, and IV) with a net negative charge, only I1 
showed decreased penetration (Fig. 4A). Since all three lipids, like I, are 
unsaturated, it is likely that the structure of the polar group, not the 
charge, is a more important determinant of penetration. The positively 
charged stearylamine films enhanced penetration by insulin, which has 
a net negative charge of pH 7; this effect may be due to electrostatic in- 
teractions. However, direct comparisons between stearylamine and lec- 
ithin films are inappropriate due to gross structural differences. 

The mixed lipid films showed some interesting behavior and, as ex- 
pected, were unique with respect to their individual components. Al- 
though cholesterol is strongly interactive with both I and VI as shown 
by monolayer studies (19,20), the addition of cholesterol to films of I did 
not change the degree of insulin penetration, whereas incorporation of 
cholesterol into films of VI significantly reduced the penetration of insulin 
into the mixed monolayer. In both negatively (IX) and positively (X) 
charged mixed films, the individual behavior of the charged lipid was not 
apparent and the films demonstrated penetration similar to that of films 
of VIII or I. 

DISCUSSION 

Previously published results on the penetration or association of var- 
ious proteins with lipid monolayers have yielded few consistent patterns 
of behavior based on the type of lipid involved. Since proteins encompass 
a wide range of physical properties including net charge, structure, and 
hydrophobicity, it is reasonable to expect that their interactions with 
lipids will be dependent on the structure and orientation of the lipid. The 
present results, which indicate decreased penetration by insulii into films 
of saturated lecithins as compared with I were also observed for a-lac- 
talbumin (14) and delipidated high-density lipoprotein (21). However, 
a previous study (22) reported that I and fully hydrogenated I showed 
identical penetration by rabbit IgG. With 0-casein (17,21) and a fraction 
of delipidated lipoprotein (17), more penetration was observed into 
saturated lecithins than into I. Cholesterol films have consistantly allowed 
greater penetration than films of I (12,13,22), which is also apparent from 
the results of the present study. 

It is widely recognized that properties of the subphase can affect the 
interactions of proteins with lipid films. Variations in pH (6,14,16,18), 
temperature (13), ionic strength (18,23), and the method of introducing 
the lipid and protein at the surface (13) all determine, in part, the changes 
in the interfacial region. 

The mechanism of protein penetration and interaction with lipid films 
remains a topic of current research. The structure of proteins in lipid films 
and bilayers is also receiving more attention as new and more powerful 
analytic methods become available. Early work (24,25) suggested that 
various proteins, including insulin, formed two distinct layers under a 
lipid film. The first layer was said to consist of fully denatured protein 
interacting by an ionic mechanism with the choline residue of lecithins, 
with penetration into the film by hydrophobic side chains of the protein 
producing a change in surface pressure. Beneath this was adsorbed a 

second layer of native protein. A monolayer study of insulin (12) stressed 
that hydrophobic interactions control penetration. However, results here 
indicate that this is not the only factor. 

Several mechanisms of monolayer and membrane interactions have 
been proposed (1,13,22,26) with proteins dependent upon the nature 
of both the lipid and protein. In these studies the role of many factors, 
including protein hydrophobicity and flexibility, lipid compressibility, 
electrostatic interactions, and water structuring about the lipid polar 
groups, are discussed. Other reports (16-18,21,27) also conclude that 
lipid-protein interactions cannot be explained on the basis of hydro- 
phobic or electrostatic mechanisms alone. The importance of lipid 
compressibility (6) has also been discussed in reports of film penetration 
experiments with 0-casein and apoprotein (17). However, the contention 
that decreased compressibility due to the incorporation of cholesterol 
in a lecithin film (2,15) should lead to decreased penetration was not 
apparent in several of the mixed films which were studied. Measurements 
of the surface concentration of proteins indicate that A l l  is not neces- 
sarily a measure of the amount of penetrating protein (22), and protein 
continues to adsorb beneath a film after a maximum in AII has been 
attained (18,27). 

Monolayer penetration experiments are a valuable tool for exploring 
the interactions between lipids and proteins and can, with limitations, 
provide insight into the interactions occurring in liposomal systems (2, 
8,16,17). We can conclude from our data that insulin is capable of some 
degree of penetration into lipid films, which can be controlled by the 
choice of lipid. Such penetration into the bilayer of a liposome may render 
the hormone susceptible to attack by proteases present in the external 
medium and also change the bilayer integrity. Saturated lecithins alone 
or in combination with cholesterol, which exhibit inhibited penetration, 
would be good candidates for liposomal delivery systems of insulin. These 
lipids would be better able to confine insulin within the aqueous com- 
partments of the liposome than lipids that allow greater penetration. 

Adsorption of insulin on the external and internal faces of the bilayer 
is also variable and can greatly affect the degree of entrapment. The in- 
cubation of liposomes in solutions of free insulin can result in the irre- 
versible binding of the protein on the vesicle surface (28). Many reports 
of oral administration (29, 30) include externally bound insulin when 
calculating entrapped insulin and the administered dose. Upon oral ad- 
ministration, such insulin would be expected to undergo rapid destruc- 
tion. 

A better understanding of the underlying insulin-lipid interactions 
may aid in the design of an effective and reliable oral insulin dosage 
form. 
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Abstract 0 Displacement of bilirubin bound to human serum albumin 
by ampicillin, indomethacin, chlorpromazine, gentamicin, methylpara- 
ben, and propylparaben was investigated quantitatively. Two methods 
were used in uitro: measurement of bilirubin displacement by studying 
the rate of bilirubin oxidation with hydrogen peroxide and peroxidase 
and determination of the albumin reserve for binding of bilirubin by 
observation of the dialysis rate of an added trace amount of a deputy li- 
gand monoacetyldapsone (p-acetamido-p'-aminodiphenyl sulfone). The 
latter method was also used for the determination of the albumin reserve 
in sera from treated newborn infants. The following doses were given: 
ampicillin, 100 mg/kg iv; indomethacin, 0.2 mg/kg iv; chlorpromazine 
hydrochloride, 0.7 mg/kg im; gentamicin sulfate, 2.5 mg/kg im. The 
parabens were present in injectable preparations of chlorpromazine and 
gentamicin and were therefore given in the following doses: methylpar- 
aben, 0.35 mg/kg, and propylparaben, 0.05 mg/kg. All drugs were given 
in a single dose. A few additional additives and metabolites were studied 
in uitro. Ampicillin, given to 19 infants, produced a small, significant 
decrease in plasma albumin reserve, to 82% of the pretreatment level and, 
thus, had a slight bilirubin-displacing effect, quantitatively consistent 
with a weak displacing effect measured in uitro. None of the other sub- 
stances showed any measurable displacement in uiuo, likewise in agree- 
ment with the results from in uitro studies. 

Keyphrases 0 Bilirubin-displacing effect of ampicillin, indomethacin, 
chloropromazine, gentamicin, and parabens, in uitro and in newborn 
infants 0 Ampicillin-bilirubin-displacing effects of indomethacin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Indomethacin-bilirubin-displacing effects of ampicillin, 
chlorpromazine, gentamicin, and parabens, in uitro and in newborn in- 
fants n Chlorpromazine-bilirubin-displacing effects of ampicillin, in - 
domethacin, gentamicin, and parabens, in uitro and in newborn infants 
0 Gentamicin-bilirubin-displacing effects of ampicillin, indomethacin, 
chlorpromazine, and parabens, in uitro and in newborn infants 0 Para- 
bens-bilirubin-displacing effects of ampicillin, indomethacin, chlor- 
promazine, and gentamicin, in uitro and in newborn infants 

A few drugs, notably sulfonamides, are capable of oc- 
cupying the bilirubin-binding capacity of albumin in 
plasma, thereby increasing the risk of kernicterus in icteric 
human neonates (1,2) as well as in experimental animals 
(3). Studies of such binding interactions in vitro have in- 

dicated displacing effects of ampicillin (4), indomethacin 
(4), some antimicrobial additives (parabens and sodium 
benzoate) (4-6) and chlorpromazine (7). Gentamicin in 
itself does not interfere with binding of bilirubin to albu- 
min but is marketed with displacing additives (8). Mea- 
surement of the rate of dialysis of an added trace amount 
of monoacetyldapsone (I) into an otherwise identical 
plasma sample without this additive has recently been 
introduced as a technique for quantitative studies of oc- 
cupation of albumin by drugs (9). Compound I serves as 
a deputy ligand for bilirubin, since one molecule of I 
competes selectively with binding of one molecule of bili- 
rubin to human albumin (10). Determinations in undiluted 
sera a t  37' are possible with this technique. Drug effects 
can thus be studied quantitatively in uiuo as well as in 
uitro. 

Previous work (11,12) has shown that the concentration 
of free bilirubin in plasma may return quickly to the pre- 
treatment level after administration of a bilirubin-dis- 
placing drug. Since there are no suitable methods for 
measuring the free bilirubin concentration in undiluted 
samples of infant serum (often hemolytic) a t  body tem- 
perature, it was decided to base the present in uivo studies 
on a combination of three measurements: determinations 
of albumin, bilirubin (bound), and albumin reserve in 
serum samples obtained before giving a single dose of the 
drug and at  one point of time thereafter. The theoretical 
basis for this principle will be discussed, and the drugs 
mentioned will be tested accordingly. 

, 

EXPERIMENTAL 

Human serum albumin' was obtained in the lyophilized state with its 
natural content of fatty acids and was used as a standard in albumin and 
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