
Lipid monolayer interaction behavior of 
sympathomimetie amines 

The interactions of phcnmctrazine hydrochloride. kvartcrwwi bitartrzw, 1% 
amphetamine sulfate and fcnfluraminc hydrochloride with a spread monol~yc~ of 
lecithin. cephalin and cholesterol hart been mczwured b\ surface prcssurc and 
surface potential. The surface prwwe data indicate that pcnaration is a function d 
the relative hydrophobicities of the compounds. However. the effect of drug cow 
crntration in the subpha.se and the surface potential data &monstr;ltc that p&r 
head group interactions play an important role in determining the structure of tk 
membrane. The expansion of the monolayer at constant pressure f&low-a in thi: wme 
order as the hydrophobic properties of the drugs hut only faGtramine+xxtribuked 
expansion was scnsitivc to the lateral surface prew~rc of tbc mcwolaycr. b;w of thy 
multicomponent lipid monolayer for interaction studies pnwida o high/> struuctur:d 
model c>f a mombrnne which may be warranted ut some :n=&mca. 

lntroductian 

In a twcnt rcvieu, on the structure: -activity rclattnn~htps of ~~~~l~h~iarni~ 
hullucitto~ens. it was point4 out that wry littic 8% krtotin about their mokcuirrr 
m&:rnism of action although ;I vast number of studre have bwn reportcd on theu 
empirical structuw activity relationships (Nichtzk tr)Mt ). When It ts difficult to 

obtain qumtitntwc datu on drug- receptor intcrsctiona from bid 
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of congeners. A widely employed model membrane system for such a purpose is the 
spread phospholipid monolayer (Goddard, 1975). With regard to the activity of 

phenylethylamine derivatives at interfaces, it is surprising to find that onl~ a fe\t 
studies of the surface activity of a few compounds have been reported fConinc. 
1965; Malspeis et al., 1965) but none involving penetration of rnon~~i~~~rs by 
subphase concentrations of PhenyIethylamines. 

Acknowledging the multiplicity of actions which the many pl~enyf~thylamincs 
exert on the biological system, it was nevertheless considered worthwhile to dc- 
termine if any significant changes could be observed in the physical propertics of :I 

generalized model membrane by a select group of these agents. Thus, the objectives 
of this study were: (1) to determine whether 4 sympathomimetic amines employed at 
subphase concentrations approaching those found in biological fluids demonstrate 
any significant differences in their interaction with a spread monolayer consisting of 
components commonly found in bioiogical membranes (Henog and Swarbrick. 
1970); and (2) to measure the effect of these drugs on a condensed model nlenlbri~lle, 
if any, since a biological membrane generally exists in a state which is more 
condensed than that represented by a monolayer of a single pi~~~sph~~lipid. The 
properties of the monolayer were monitored by surface pressure and surface potcn- 
tial measurements using a conventional surface balance following injections of 
various concentrations of the sympathomimetic amines beneath the monolayer. 

Experimental 

Cholesterol (ICN Pharm~~~euti~als) was re~r~st~~lli~e~i twice from acetone (m.p. 
149.2OC). ~-y-dipaltnitoyl-I.-~-le~itllin (99 ’ 74 pure), phospt~i~tidyl-L-serine (bovine 
brain, 92% pure) and phosphatidylethanotar~~itlr (ICN Phi~rnltlceuti~;tls) v+ere used 
as received. The sympathomimetic amiucs investigated included I>-amph~taminc 

sulfate (Smith. Kline & French), phenrnetrazlnc hydrochloride (Ciba). Ievartcrenol 

bitartrate (Winthrop) and fenfluraminc hydrochloride (Robins). Chlorc)fcvm (BUI-I. 

reagent grade) and ethanol (95%) were double-distilled prior to use. Aqueous buffer 
solutions were prepared at pl-1 7.4 using distilled dcionixcd uutcr and reagent grade 
monobasic potassium phosphate, dibasic sodium ph<>sphat~ and sodium acetate 
f p -;: 0.26). All glassware was prctrcated with shromic acid soaking solution. thcjr- 
oughly rinsed with water and dried bcftx=c ux. 
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Stock solutions of the sympathomimetic amines were prepared in aqueous buffer. 
After equilibration of the film at maximum area a volume of either 0.4 ml, 0.8 ml or 
1.6 ml of stock solution were injected deep into the aqueous subphase outside of the 
film-covered area but towards the film area. Fifteen minutes were determined to be 
sufficient to allow for re-equilibration, measurements of 7~ and AV were made, then 
compresslon was commenced as before. A change in surface area after injection was 
avoided by prior removal of an equivalent volume of subphase. The mean area per 
molecule at the surface was computed by dividing the surface area by the total 
number of molecules on the surface. This treatment ignores the relative differences 
in molecular sizes in the mixed film and, therefore, the true surface areas occupied 
by each kind of molecule. Thus, the individual changes in molecular area which 
occur upon compression of the monolayer are averaged and the net change in area 
occupied by the molecules on the surface is observed (Sears and Brandes. 1969). 

Results 

The surface characteristics of the spread monolayer on phosphate buffer are seen 
in curve 1 of Figs. 1 and 2. The shape of the PA curve is similar to previously 
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reported curves for cholesterol-phosholipid monolayers (Van Deenen et al., 1962; 
Demzl and Joos, 1968; Chapman et al., 1959; Zatz and Cleary, 1975) except that this 
multiple-component monolayer is more expanded at large areas and exhibits greater 
compressibility before collapse occurs. The AV increases in a uniform manner as 
compression of the monolayer is increased indicating a gradual straightening of the 
molecules as a result of packing. 

Interactions of the sympathomimetic amines with the model membrane at 
equimolar subphase concentrations (0.18 f 0.04 mM) are described in Figs. 1 and 2 
and Table 1. The results of initial surface pressure following injection of drug in the 
subphase and the variation of II with mean molecular area (curve 2) suggest that at 
this concentration, there is very little penetration of the monolayer by phenmetra- 
zine. However, by examining the changes in AV of the monolayer due to the presence 
of the drug. it becomes evident that the drug is interacting with the monolayer ir a 
manner which causes a shift in orientation of the surface lipid molecules. This is 
demonstrated by a 15% increase in the initial surface potential, followed by a 
reduction, then again an increase in AV as the film undergoes various stages of 
compression. This suggests that phenmetrazine is interacting with the polar regions 

TABLE 1 

INITIAL SURFACE PRESSURES. INITIAL SURFACE POTENTIALS, COLLAPSE PRESSURES 
AND MINIMUM AREAS OF A LECITHIN : CEPHALIN : CHOLESTEROL (1: 1: 2) MONOLAYER 
ON pH 7.4 PHOSPHATE BUFFER SOLUTIONS OF SYMPATHOMIMETIC AMINES 

Compound Subphase 
concentration 

(mM) 

Initial surface Initial surface Collapse Minimum 

pressure potential pressure in mean 

(mN.m-‘) (mW (mN.m-i) area per 
molecule 
(nm’ X 10’) 

No drug 

Phenmetrazine 

HCI 

Lcvarterenol 
bitartrirtc 

t>-Amphetamine 
slllfiltr‘ 

F+nflurwninc 

HCI 

0.16 0.9X 

0.32 1.18 

0.65 4.71 

0.10 1.61 295 

0.21 1.57 270 

0.42 0.75 320 

0.09 I.33 260 

0. I9 4.67 205 

0.3x 0.94 295 

0.04 1.77 300 

0.07 3.92 200 

0.14 12.32 275 

0.60 265 30 22 

30s 

310 

520 
31 
33 

33 24 

34 27 

33 34 

36 27 

- - 

38 38 

- 

27 

39 
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of the monolayer (since penetration does not occur) to alter the orientation of lipid 

molecules such that their aligdments in the electrical field are somewhat altered from 
their original positions after compression and from their positions normally obtained 

in the absence of drug. This evidence, however, is unable to differentiate whether the 

interaction is directly with the polar groups of the lipid molecufes extending 

downward into the aqueous phase, or whether the interaction takes place mainly 

with the water structure associated with the monolayer, or both. 

In contrast to phenmetrazine, levarterenol produces a substantial increase in the 

initial surface pressure and in T (curve 3) as the film becomes more compressed. This 

is accompanied by an increase in the collapse pressure and minimum mean area per 

molecule of the monolayer. Initial surface potential in this case is essentially 

unchanged but AV rapidly increases upon compression. These results are indicative 

of penetration of the monolayer by levarterenol in which each moiecule of drug 

which penetrates joins the lipid molecules in the same plane contributing to the 

surface potential of the monolayer but decreasing its compressibility. 

~-Amphetamine sulfate injected into the subphase produces an even Large] 

increase in the initial surface pressure of the monolayer. an upward shift of the s-A 

curve (curve 4), and an increased collapse pressure. Although this 7~ data may 

resemble that of levarterenol and suggest a similar type of interaction. LW results 

indicate quite dramatically that such is not the case. The decrease in iN at all 

pressures compared to the drug-free subphase is indicative of a major structural 

change within the monolayer which is responsible for a substautial change in the 

dipole moments of the molecules in the plane of the interface. This could be due to 

coulombic interaction between the cationic drug and the anionic cephalin compo- 

nent (ph~~sphatidylserine) of the monolayer to reduce the measurable charge (Demei 

and Van Deenen. 1966). In comparison. a monolayer of stearic acid has a N of 

about f 400 mV whereas sodium stearate has a value of about - 50 mV (Sears and 

Schulman. 1964). 

Penetration of the monolayer by fenfiuramine molecules was the most pro- 

nounced among the 4 amines. The initial surface pressure as well as 77 at various 

stages of compression (curve 5) were more than twice the values found in the 

presence of u-amphetamine. Increases in the collapse pressure and minimum area 

per moiecule were also observed as seen in Table 1. On the other hand. the initial 

%urfncc potential was unchanged and D’ did not c!~:~nse significantly until several 

~tilges of compression had occurred. The C’F, group on the aromatic ring and the 

N-ethyl group confer considerable iipid ~~?~ubilit~ to the molecule and. therefore, 

promote penetration of the monolayer. The lower c~~n~pre~sibility of the monolayer 

and the rapid increase in JV suggest a horizc>ntal configuration of fenfluramine at 

tile surface initially which is then followed by an increasing orientation towards the 

\t~ti~al LIS the n~olt~ulcs ;trt: forced clost~ together to pack within a smaller area, 

itlth<~Ugh the monolayl’r is more espand~d in the presrnce of fenfluramine than with 
any of the other drugs. 
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on the surface pressure and surface potential of the monolayer can be made from the 

results in Table 1 and Fig. 3. Approximately the same range of concentrations were 

studied for each drug except fenfluramine which, due to its limited aqueous 

solubility, necessitated the use of lower concentrations. It can be seen that the initial 

surface pressure before compression and 7~ at a constant area of 0.45 nm2 follow the 

same general trend when either levarterenol or D-amphetamine are present in the 

subphase. This is ckracterized by a slight to moderate increase in n up to 0.2 mM 

followed by a sharp decrease up to about 0.4 mM concentration. A reverse trend in 

the initial surface potential is found (Table 1) but under a state of compression this 

property r,i the monolayer is little influenced by varying the concentration of 

levarterer 01. The decreased 71 but increased AV of the monolayer a 0.4 mM 

D-amphetamine in the subphase suggests that the dominating influence o this drug 

on the monolayer is concentration dependent, changing from polar head group 

interaction at lower concentrations to hydrocarbon chain interaction at the higher 

concentrations. 

Both phenmetrazine and fenfluramine cause a nearly uniform increase in the 

initial surface pressure and ?T at 0.45 nm2 with increasing concentration indicating 

simple mixing of the drug molecules with the lipid molecules in the monolayer and 

with minimal polar group interaction. 

this behavior although the range of 

The surface potential results further reflect 
concentrations of these two drugs under 
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Fig. 3. Effect of drug concenlration on the surface pressure (---- - ) and surface potential (-- -- ---) 

of a spread monolayer of lecithin : cephalin : cholesterol (1 . I : 2 mole ratio) on an aqueous phosphate- 

buffered (pH 7.4) subphase at a constant mean molecular area per molecule of 0.45 nm2. Curves: 

2 = phenmetrazine HCI; 3 = lcvarterenol bitartrate; 4 = Ixunphetamine sulfate; S = fdluramine HCI. 



observation are quite different. At lower concentratioils, fenfluran~ine undergoes 

considerably less penetration but disrupts the dipole-dipole polar head group 

interactions of the monolayer sufficiently to cause changes in the packing orientation 

of the molecules. 

Discussion 

The monolayer penetration technique has been employed to gain some insight 

into the qualitative and quantitative differences among 4 sympatholllimeti~ amines 

to interact with biological membranes. Although the compounds are closely structur- 

ally related, it is clear from these results that each drug exerts its own characteristic 

interaction with the monoiayer to yield different degrees of packing and orientation 

of the model membrane molecules. By comparing the surface pressures and the 

surface potentials of the. monolayer in the presence of various concentrations of the 

drugs, it is possible to make certain assumptions regarding the types of interactions 

involved. Thus, phenmetrazine appears not to penetrate the monolayer tit about 

2 x 10 4 M but interacts with the polar groups of the lipids and disrupts the water 

structure which participates in the stability of the monolayer (Cleary and Zatz, 1973: 

Sears and Brandes, 1969). Penetration takes place at higher concentrations, however, 

as ?T and LW both increase proporti~~l~aiIy and appear to be controlled by hydro- 

phobic interactions. The possibility exists of an electrostatic attraction between the 

cationic amine and the anionic carboxyl and phosphoryl groups of cephafin and 

lecithin in the monolayer. However, this does nol occur to any significant degree 

with phenmetrazine or fenfluramine probably because the cationic amine group is 

.sterically hindered in both cases. On the other hand, levarterenol and u-amphetn- 

mine show evidence of a strong polar group interaction with the monolayer, 

p:rrticularly at higher concentrations, with u-Ltmpheti~mine exerting the most prn- 

nounced effect. I>-Amphetamine. being less polar than levarterenol. penetrates the 

monolayer more readily and enhances it position through polar head-group interac- 
tion even under ti~axinlurn compression of the monolayer. 

The comparative effects of the synlpath~~n~irl~eti~ amines on the expansion of 

membranes can be obtained from results of the mean molecular areas ae the surface 

:lt different surface pressures. Table 2 makes this comparison at 7~ = 15 mN - 111; ’ 

and n = 25 mN am ’ for equimolar subphase concentrations of the drugs. 11 i.4 

obvious that the greatest expansion occurs in the presence of the Icss pL3Iar 

coI~lp0unds. namely I>-illllpll~t~ll~it~e alId fcnfluramine illId is probably an uctivity 

dated phtmonwncm since the solubilitics of these c>ompounds fc~llow in the S;IIIIC 

tW&r. 011 the 0th hand, the pcnctration Of tk S~,~~~ilth~~ll~iil~~ti~ itgCK1lS hits littltz 

apparent dcp~dcncy on hasicit.y since the pKs are not in the same order. Mom4itvcr 

expansion hv each drug appears to be the s;;mc at these two pressures cxecpt 
~~ilflur~I~~i~~e which, in this ~;tse, is ~[~~~si~i~r~~bly greater at thtz higher pressure. Thus, 

pcnctr~ttic)n of the nronoluycr is drisen mainly by ~~~~ir~~~~l~~~~~i~ interactions hut it is 

()ffbct t<) varying extents bv polar group inrer;rctic)ns which. in turn. are moduli~t~d 

by oriental&i and steric hindrance effects at the h<jund;rry of the mon<)lityer and the 
ilquc~>us substrate. 
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Studies involving a similar group of compounds. namely the phenothiatines, also 

lend support to the contention that drug-membrane interaction is a complex 

synthesis of physical, chemical and electrical events occurring between functional 

groups of the drug molecule and the molecular components of a membrane. 

Phenothiazines have been found to expand monolayers of lecithin and cholesterol, 

become expelled from the monolayer at high surface pressures. to decrease surface 

potentials (Sears and Brandes. 1969) and to have intrinsically different perturbing 

abilities in phospholiid bilayers (Jain and Wu, 1978). The present results with the 

sympathomimetic amines also indicate that equimolar concentrations of drug in the 

aqueous substrate do not yield equal response in a monolayer and should not be 

expected to do so in a bilayer. 

Penetration of mixed lipid films cannot be predicted by the penetration character- 

istics of the pure components (Schwinke et al., 1983). In the application of model 

membrane systems to predict drug behat’or. a more highly structured membrane 

rather than the simple, single component brtlk oil phase or spread monolayer might 

be warranted. An attempt ha! been made here to test this approach with 4 

derivatives of phenylethylamine using a multicomponcnt structure of a model 

membrane as a spread monolayer. It is not suggested that the monolayer used here 

mimics a biological membrane but that this three-component monolayer may 

possess more realistic characteristics as a model membrane than a single phospholi- 

pid. The results obtained have demonstrated both qualitative and quantitative 

differences in behavior of these drugs with the monolayer even though drug 

concentrations in the subphase were well below surface-active concentrations and 

the monolayer exists in a relatively condensed state. If these sympathomimetic 

amines s!lould interact with biological membranes in a similar fashion. then it may 

be speculated that differences in biological activities among this group of pharmaco- 

logical agents are at least partly related to their abilities to induce structural changes 

which. perhaps. leads to alteration of the permeabilities of selective cell membranes 

to various ions and solutes. 



Acknowledgements 

The generous gifts of d-amphetamine sulfate from Smith, Kline and French, 
~&+$Montreal, Que., Ievarterenoi bitartrate from Winthrop Laboratories, Aurora, Ont., 
phenmttrazine hydrochloride from Ciba-Geigy, Montreal, Que., and fenfluramine 
hydrochloride from A.H. Robins Ltd., Montreal, Que., are gratefully acknowledged. 
Special thanks are extended to Miss Diane Scales for carrying out most of the 
experimental work and the University of Alberta for financial support. 

Weferencc? 

I ftapm;rn. $3.. Owcn~. !*I.. Phillips. MC and Walker. D.A., Mixed monolayers of ph~~sphnlip~ds and 

~htk.~erd Hwchtm. Biophys. Acta, 183 (1969) 45X-465. 
< k,rr+. C;.W. and i&z. J.L.. Effect of dissolved corticosteroid on the surface potential of lipid 

rncm~&+rs. J. (:~ollc~~id Interface Sd.. 45 (1973) 507-511. 

( Gtntnc. J.W.. Drugs a\ soluhilizing agents. Soluhilization of acids by water-soluble amine salts. J. Pharm. 

scs.. 54 ~1965) 15X%15x5. 

i)rm&. R.A and Van Dennen. L.L.,M.. Penetrafion of lipid monolayers by psychoactive drugs. them. 

I%?* i.lp,d*. 1 I I’)hb) 6X-X2. 
t)cm~l. R.A. ;Ind Jtwv,. P. Interaction between lecithins and cholesterol ;it the air-waler and oil-water 

rnrcrt~rt~. (‘hem. Phys. Lipids, 2 (196X) 35-46. 

( bdd.trd. ED.. Mondawrc. Advances in C’hem&try Series 144. American Chemical Society, Washington. 
IPt 197s. 

t&r/q_ K A and Garbrisk. J.. Drug permeation through thin model membranes I: Development uf a 

pt~lsmer~c model memhranr. J. f’harm. Sci.. 39 (1970) 1753-1763. 

I.tm. .Lt K. ;tnJ Wu. N.M.. Fh~n~~Ihi~ines: eyttitl c~~ncen~r~ti(~ns in lipid bilayers dct not induce equal 
re~ps~n~:. Hntx;hcm. Rtophjs. Rec. C’ommun.. Xl (197X) 1412-1417. 

tl~rlsp~~+.. I rurner. J.W. and La&man. L., Electrucapillnry curves of ephedrine and pseudarphedrine. J. 

I’harm Set . 54 (1 Y65! 253 -259. 


