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SUMMARY 

Air -dr ied  human ery throcyte  membranes  were embedded  between a monolayer  
of  a fluorescent dye and a thin gold layer, which function as energy donor  and accep- 
tot ,  respectively. By microscopic  measurement  of  the fluorescence intensi ty of  the 
donor  layer on individual  ghosts  the efficiency of  energy t ransfer  across the mem- 
branes has been de termined.  From this efficiency membrane  thickness  was found to 
be 65 A. 

In the past,  energy t ransfer  has been used to s tudy monolayer  assemblies  1"2. 
Some problems  which have been invest igated so far are the measurement  of  dis tances  
between c h r o m o p h o r e  layers in monohtyer  assemblies  ~'2 the detec t ion  of  ch romo-  
phore clusters in mixed monolayers  3 and the adsorp t ion  of  prote ins  to lipid layers 4. 
in order  to apply  techniques of  this type to the s tudy of  biological  membranes ,  a 
method has recently been developed by which e ry throcy te  membranes  can be in- 
co rpora ted  into monolayer  assemblies  s. The procedure  offers the possibi l i ty  to embed 
membranes  between two c h r o m o p h o r e  layers, so that  membrane  thickness  can be 
derived from the rate of  energy t ransfer  across the membrane .  A first es t imate  of  
membrane  thickness ob ta ined  in this  way has been given previously s. In the work 
to be discussed now, membrane  thickness is invest igated on the same basis. The 
methods ,  however,  have been improved.  

METHODS 

(!) Prc7~aration q f  nlembranes 
Human ery throcy te  membranes  were prepared  by hypotonic  hemolysis  in ? m M 

sodium phospha te  buffer, pH 8.0, according  to the p rocedure  of  Dodge el al/L The 
ghost suspension obta ined  was di luted with dist i l led water  to give a final buffer con- 
cent ra t ion  of  0.1 rnM. In order  to prevent spontaneous  vesiculat ion of  the mem- 
branes,  which may occur in di lute  buffer: ,  0. I mM MgSO,, was added.  

In an early s tudy Waugh and Schmidt  s found that  cel lular  membranes  can be 
dr ied without  being damaged  if they are pro tec ted  by a monomolecu la r  layer of  
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pro te in  dur ing  drying.  These  resul ts  were ut i l ized and nlodi l ied in the fl+lh/\\ine 
nlatlner.  Tile smal l  t rough  descr ibed below was filled \ \ i th  tile ghos t  suspension.  On 

its surlktce, a m o n o l a y e r  o f  bov ine  se rum a l b u m i n  tMi les  Lab.,  K a n k a k e e .  Ill. I ,e, as 

p repa red  and compres sed  with a n lovab le  bar r ie r  to es tabl ish  ~t const;.lllt ~,urlace 

pressure  e l ' a p p r o x i m a t e l y  10 dvnes /cn l .  A cover  slip coa ted  v,,rith :.t thin geM lu\et  + and 

bear ing  u s tepwise  at+rangement o f  f i t t t \  acid nlonolavel+s on part  el" the gold kL',er 

(details are given below), x~.as then slowly dipped through the protein n lono la \c r  into 
tile ghos t  suspens ion .  Oil tile way. down  into the stispensiot+ the prote in  m o n o l a \ e r  

(possibly  t oge the r  with adso rbed  ghosts)  wus transfcrt+ed 01110 tile c o \ e r  slip. \\ hel'eas 

upon wi thdrawul  o1" llle slip a thin lu \ e r  of  tile ghost  suspens ion ,  t oge the r  v, ith tile 

protein lu3.er coxer ing it. was transl'erred onto tile slip. As it enlerged ft+onl ti le ghost 
suspension ti le cover slip was therel\~re wet. Howe\or .  ti le lu\OF O1" tile gho>>t >,uspen- 
sion. which v~.as included bet\~.een tv, o protein nlonol : . iye ls  in t i l ls i11~.111ile1, dried 
quickly,  so that after ~.i l'ow seconds ti le ghosts were seen on the co\or  slip in the l'ornt 
o|" dr) .  l:l+tt disc's. The i r  tl l iCroscopic appearance has been sl lown in Fig. "2_ o1 i+el . IS. 

Tile s imple  t rough  used For tile wot+k ,,~,ith nlelllbl+alle suspellSiOllS is silo", n in 

Fig. I. A c i rcu la r  t ray of  .4 111111 depth  and u d ian le te r  o f  86 him \vus nli l led f rom ~t 

compact cyl indr ical  teflon block leaving a r in l  o f  3 toni. Ft i r thernlore.  a 6-111M \~ide 
pat+tition going fl+om ti le r im to tile center o f  t i le tray \'+'~ts left. Oil this pLutit i tm. Fight 
in ti le center of ' the tray. a steel pin ~\.as ai iuched, which served as tile uxis ol 'a mr, \able 
barrier. This bal+rier \\.a_is supplied by :t 5 i/in1 55 nlM 0.03 nlM piet.'e of  tel lon l'oil 
and illOUllted oi l  t i le steel pin. In another locat ion el ' t i le tra+\ (in Fig. directly bcne'<tth 

Fig. 1. A trough with a small volume as used in this shld~ for ~ork \~itl~ nlolllbl'allc sllspcl/slol/s. 
A circular lra~ of 1.7 mm dcplh is pilled willl I0 ml of water (Of any other subphasc). The air 
\~ater interface is divided into two pai'ts b3 a fixed parti t ion and a batFier, which can easilb bc 
turned around an axis in the center of the tray. A film, spread on o110 side+ oI" tile bat'FieF, ma~. be 
kept undor constant pressure by applyhlg a piston oil on the c, thet- side c,f the bat+t+icr. 
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the small slide) a cavity was milled from the teflon block, which allows the dipping 
of  slides up to a depth of  25 mm. A black piece of  glass of  2.3 mm thickness had been 
cut so that it covered the bot tom of  the tray. The bot tom being hydrophilic, the study 
of" very thin liquid fihns is possible, which in a completely hydrophobic  tray would 
l\~rm drops. The use of  a black glass plate in addition liicilitates the observation of  
the liquid surface, which is harder to judge above the white teflon material. The 
trough may be used in two different ways. In the case described above it was filled 
with a membrane suspension, the plate of  a Wilhelmy balance 2 was placed between 
cavity and partition, and a fihn spread on the suspension between barrier and parti- 
tion. The film pressure was established and held constant by manual adjustment of  
the barrier. Alternatively, a film spread at the air water interface on one side of  the 
barrier may be kept under constant pressure by applying a piston oil to the film-free 
part of  the interliice on the other side of  the barrier. The spreading pressure of  oleic 
acid (30 dynes/cm), for instance, is able to drive the barrier in such a manner that 
an arachidate film is kept under a pressure of  20 25 dynes/cm. 

(2) Mom~larers 
First, a0 .17  mm , 12 mm 38 mm cover slip was coated on one side with a 

thin gold layer by wlcuum evaporation.  In a Langmuir  trough, as described in ref. 2, 
a monolaver  of  arachidic acid was spread at the a i r -water  interlace and compressed 
by 30 dynes/cm. Part of  the cover slip was dipped through this monolayer  into the 
subphase of  the trough and then withdrawn so that a fatty acid double layer is de- 
posited. This procedure was repeated several times, varying, however, the degree of  
immersion of  the cover slips by a micrometer  screw. For the microphotometr ic  mea- 
surements shown in Figs 3 and 4arachida te  steps were prepared having a width of  0.5 
ram. Subsequently erythrocyte ghosts were applied to these cover slips as described 
above and, in a further step. the dried ghosts in turn were covered with a monolayer  
of  a fluorescent dye. This was done as t\)llows: the cover slip already bearing a gold 
layer, arachidate monolayers  and ghosts was dipped into the subphase of  the trough. 
A monolaver  of  N,N'-distearyloxacyanine (dye S in Fig. 3) 14, mixed with arachidic 
acid at a nlolar ratio of  1:20, was then spread at the air water interface and com- 
pressed by' 30 dynes/cm. The cover slip was then slowly withdrawn and thus covered 
with the dye layer, which has an absorpt ion maximum at 384 nm and a fluorescence 
maximum at 420 nm (refs 2, 3). 

(3) Micro.~cop.r 
The cover slips with ghosts and monolayers  were placed upside down on slides 

as shown in Fig. 1 of  ref. 18. Microscopic work was performed with Zeiss equipment 
(Mikroskop-Photometer  01, Zeiss, Oberkochen,  Germany).  Tile instrument was set 
up for phase contrast  microscopy with t ransmit ted light and fluorescence microscopy 
with incident light. For microphotometr ic  studies the fluorescence of  dye S was 
excited by a stabilized 100 W high pressure mercury lamp. The light beam passed 
through a neutral grey filter (NG 4; 4 mm) reducing the light intensity to approxi- 
mately 1<',>, and a coloured glass filter (UG I ; 1.5 mm) isolating the 366 nm emission 
peak (all filters were obtained from Schott,  Mainz, Germany).  It then entered a 
bright-field vertical i l luminator and reached the specimen through a 40x, n.a. 0.75 
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phase-contrast  fluorite objective. Fluorescence from the specinlen lirst passed through 
the objective and then through a filter (GG 4 0 0 : 2  ram). By nleans of a diaphragm 
the light outside the measuring field, which on the object has a diameter  of 5,urn. 
was eliminated,  so that only light from the measuring field hits the cathode of a 
photomult ipl ier  (EM16256 B). The mult ipl ier  is operated with a stabilized high 
voltage supply (Nucletron. Mi, inchen, Germany)  and the photocurrent  x~as measured 
directly with a sensitive galwtnometer (Hewlett Packard). Finally. the signal was dis- 

played on a strip chart  recorder. 

RESULTS 

(1) Micrqfluorometric mea.s'urements on moHolavers 
A typical registration curve as obtained by the device described above is shown 

in Fig. 2. A double layer of dye S mixed with arachidic acid at a molar  ratio of I: 20 
was deposited on a cover slip and its fluorescence intensity recorded. The measuring 
field has a diameter  of 5,urn. In the case of Fig. 2a the intensity of the exciting radia- 
tion as supplied by a mercury lamp has been lowered to approximately  I". by' a 
neutral grey filter, so that there is little bleaching. For comparison Fig. 2b shows a 
registration curve where the dye layer was excited by the full intensity of the mercury 
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Fig. 2. Registration of the fluorescence intensity, /, of a mononlolecular dye layer b> a micro- 
fluorometric device. The measuring field has a diameter of 5/ma. (a) With tile low intensity of the 
exciting radiation as used in the sludies shown in Figs 3 and 4 also, Hlere is little bleaching of 
the dye. (b) At a high intensiiy of the exciting radiation (as usually necessary in \.isual microscopic 
and microphotographic studies) bleaching of the d3e is very pronounced. {The sensitivity of lhe 
device has been reduced in this case as corresponding to the higher fluorescence imensit5 I. 
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lamp (the high-voltage at the photomultiplier had been reduced accordingly). Under 
these conditions, which are usually given in visual microscopic and microphoto- 
graphic studies, the bleaching of the dye is of a considerable degree. 

A microscopic study of energy transfer between dye S and a gold layer (trans- 
mission at 420 nm, 0.92) is shown in fig. 3. As described above, a cover slip with a thin 
gold layer was partly covered with a stepwise arrangement of arachidate monolayers, 
and upon this at double layer of dye S, mixed with arachidic acid at a molar ratio of 
1:20, was deposited. In this arrangement the dye layer functions as energy donor, 
the gold layer as energy acceptor, and by means of the interposed arachidate layers 
the distance between donor and acceptor layer is varied. The fluorescence of the donor 
layer was measured in areas of the specimen where the dye layer is in direct contact 
with the gold layer, and where two, four, six, eight and ten arachidate layers respec- 
tively, are interposed between donor and acceptor. Donor fluorescence furthermore 
was measured where 20 arachidate layers have been deposited. At this large donor 
acceptor distance energy transfer is negligible. The measured value is denoted as 1,.  
In Fig. 3, the circles represent mean wdues of six measurements. The thickness of one 
arachidate monolayer has been taken into account with 28/~ (ref. 9). It is seen that 
the efficiency of energy transfer strongly depends on the distance between donor and 
acceptor. At small distances energy transfer is highly effective, so that donor fluores- 
cence is heavily quenched. At larger distances energy transfer becomes less effective, 
and donor fluorescence is stronger. Theoretically 2, donor fluorescence should depend 
on the donor acceptor distance in the following way: 

('d)( 
7~= I+\ j / !  (1) 

where la is the fluorescence intensity of the donor at the distance d of the acceptor 
layer, I~. is the donor fluorescence at a large distance, do is the distance, where energy 
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Fig. 3. A microfluorolnetric study of energy transfer between a monolayer of dye S and a thin 
gold layer (transmission, 0.92). The relative fluorescence intensity of the donor layer is plotted 
against the distance between donor and acceptor layer. The circles represent experimental data, 
whereas the solid line satisfies Eqn 1 with do= 165 A. 
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transfer is 50<',, effective. (/<u/, =0.5). l h e  solid line in Fig. 3 ~,atislies Eqn 1. It 
matches the experimental  data best when a FOrster distance of d,,= 165 A is used. 
Very similar results have been obtained by macroscopic measurements  on the same 
svsteml o 

(2) S im i l es  on m e m b r a m '  thicl,nu,v~ 

The principle used to determine membrane thJcknesb has been demonstrated 
previously ,~s. Dr}' erythrocyle ghosts were deposited on a thin gold layer together 
with a stepwise arrangement  of arachidaie layers. A monolayer  of dye S covers the 
whole assembly. Since the efficiency ol" energy transfer strongly depends upon the 
distance between dye and gold layer, donor  fluorescence reflects the surfiice btructurc 
of the specimen in a sensitive way: prot ruding areas are indicated by a strong, depres- 
sions on the other hand by a weak fluorescence: and, at a f i rs t  approximat ion,  areas 
of equal height exhibit equal fluorescence intensities (assutnptions leading to thi> 
conclusion will be discussed below). Therefore, membrane  thickness is derived bx a 
comparison of the donor  fluorescence on ghosts with that on arachidate layers, t i le 

height of which is known. 
A microfluorimetric study off membrane  thickness l ) l lowing this principle i~ 

shown in Fig. 4. It was checked, that without the dye layer, ghosts show no detectable 
lluorescence, and that there is no difference in fluorescence intensities be~,,een areas. 
where 20 arachidate layers, and those where 20 arachidate layers tdu.v an ervthroc}tc 
ghost separate donor  and acceptor layer. Thus the value measured for a 20 la \er  
:.ire:.l is taken 1o be l . Oil the left-hand side of the diagram the donor  lluore.scence 
on ghosls is shown. Each dot represents a measurement  on one individual ghost. 
The mean relative fluorescence intensity o1" measurements  on 29 ghosts is l id, '~ , I, : 
0.38 + 0.03 (S. E.). On the right-hand sMe of Fig. 4 donor  lluorescence is plotted agai nst 
the thickness d.x~. of the arachidate layers separating donor  and accepior laver. In 
lhis case each point represenls mean value and standard error of nine measurements.  
Membrane  thickness may be derived from Fig. 4 bv a direct comparison of lhe 

~L ) 1 ," 

i 

IDOBOOOJQOQDQaDODOO I OlIOgmDO 

ghosts 

. - - J -  -' i 
. / /S 

/ 

/ /  i 
/ ] 

>a / i 
/ I 

rl 1 ,  , r , :  4 '  

erochdate layers 

Pig. 4. Determination of nlembrane thickness by energy transfer. Ah-dried ghosts together \~ith 
a stepwise arrangement of arachidate monolayers are embedded between a monolaxer of a lluores- 
cent dye and a thin gold layer. On the left-hand side the fluorescence intensity of the donor layer 
on ghosts is given. Each dot represents a measurement on one ghost. On the right-hand side, donor 
fluorescence is plotted against the thickness of the arachidate layers separating donor and acceptor 
layer. In order to derive membrane thickness the curve on the right-hand side of the diagram i,, 
used as a standard lo convert fluorescence intensities, which are measured on ghosts, into distances. 
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fluorescence intensity measured on ghosts with the intensity measured on arachidate 
layers. This already shows that the ghosts are a little bit thicker than two arachidate 
double layers or 112 tk. A higher accuracy, however, is obtained by application of 
Eqn I which was used to compute the solid line on the right-hand side of Fig. 4. 
Since, for this purpose, the real distance U between donor and acceptor layer has to 
be known, the thin protein double layer which embeds the ghosts and covers the 
arachidate layers, as described in the experimental section, is taken into account with 
a thickness of 15 e~k (reL I1):U=U..XL+15 /k. Thus, the theoretical curve satisfying 
Eqn 1 with a FOrster distance of d o -  165 ~ is found to match the experimental data 
best. Consequently. the thickness of ghosts is calculated by inserting the relative 
fluorescence intensity measured on ghosts into Eqn I with Uo= 165 ]k. The value 
obtained for U is then reduced by 15 /~ accounting for the protein hiyer. In this 
manner ghost thickness is derived to be 130+5 tk. Since the dried ghosts consist of 
two adhering erythrocyte membranes, the thickness of a single membrane is then 
half of this value, i.e. 65 ~. 

DISCUSSION 

In a preceding study s energy transfer had been used for the first time to deter- 
mine mei;qbrane thickness. We have now continued this work using the same principle, 
but modiO.'ing a number of technical details. In our first study s, for instance, whole 
erythrocytes were adsorbed to a slide, the adsorbed cells were then hernolysed and 
further processed. In the present study the erythrocyte membranes are first prepared 
according to a standard procedure and subsequently deposited on a slide and dried. 
This modilication should allow the application of the described energy trsulsfer 
techniques to other membranes besides eryth,'ocyte ghosts. In the present study, 
furthermore, the fluorescence intensity of the donor layer has been determined by 
photometric techniques, whereas in the preceding study s donor fluorescence wus 
registered on a micrograph, which then was judged by eye. From those experiments 
the membranes were roughly estimated to be as thick as 3 arachidate monolayers or 
80 .& approximately. However, the photometric measurements, which are far more 
accurate and also avoid bleaching effects, have shown that the membranes are as 
thick as 2.3 arachidate layers, which corresponds to 65/k. 

A prerequisite l\~r a determination of membrane thickness as performed above 
is that the parameter ~4) is the same, regardless of whether donor and acceptor layer 
are separated by arachidate layers or by erythrocyte ghosts. Since ~/~ depends on 
various lhctors (the refractive index of the internledium, the quantum e~ciency of 
the donor, and the relative orientat ion of donor and acceptor) all these factors should 
be identical in both cases. With regard to the refractive index this condition is ap- 
proximately fulfilled: the refractive index of arachidate monolayers has been givcn lo 
be 1.522 (re|'. 12}. whereas that of ghosts is reported to be 1.504(ref. 8). About the 
other factors mentioned, however, little is known so far. In particular, it may be 
questioned whether under experimental conditions as used in this study the surface 
of dry erythrocyte membranes is as smooth and regular sis expected flom the surlilce 
of fatty acid monohtyers, and whether differences in the ultrastructure of the surfaces 
will inlluence orientation and arrangement of the donor chromophores. 
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A l t h o u g h  the th ickness  o f  dry c r y t h r o c y t e  m e m b r a n e s  has f requent ly  been 

s tud ied  in the pasl  by a n u m b e r  o f  i ndependen t  m e t h o d s  inc lud ing  l ight and e lec t ron  

m i c r o s c o p y  and low-angle  X-ray  d i f f rac t ion ,  the wtlues r epo r t ed  in the l i t e ra ture  

range f rom 5 0 / ~  to 500 A, a p p r o x i m a t e l y ,  or  even more .  Revie\~s on this top ic  ]m\e  

been given for ins tance  by Ponde r  ~s. W h i t t a m  1¢' alld Weins te in  Iv. Recent  e lec t ron  

mic roscop i c  inves t iga t ions ,  however ,  indica te  lh;.ll m e m b r a n e  th ickness  ;.lmOUlltS to 

60 100 A t r e e  17). This  has also been c o n l i r m e d  by X-ra}  d i f f rac t ion  exper iment~  
which v i e l d e d a  value  of" 80 85 /k ( re f .  13). The  v a l u e o f 6 5  A repor t ed  in t h i s a r l i c l e  

I'or the th ickness  o f  a i r -dr ied  human  e r y t h r o c y t e  m e m b r a n e s  the re fo re  tits into the 

cur ren t  concep t  abou t  m e m b r a n e  thickness .  W h e t h e r  lhe dif ference bet \vecn ou r  

xalue and that  de r ived  by X-ray  d i f f rac t ion  must  be a t t r i bu t ed  to difl 'erences in m e m -  

brane  p r e p a r a t i o n  or  to the  p a r a m e t e r s  which a l read3  have been discussed abo~e.  

canno t  be dec ided  at the m o m e n t .  

In Ihis s tudy energy  t rans fe r  has been obse rved  across  :_l ce l lu la r  iTlenlbr~,lilC and 
this was used to d e r i \ e  membrtl.lle th ickness .  In ~.i s imi la r  ill;.lllnel', however ,  it should  

be poss ible  to s tudy  energy t ransfer  be tween  c h r o m o p h o r e s ,  which are located wi th in  

a m e m b r a n e ,  and an ar l i l ic ia l  monomoleculcu"  d \ e  layer depos i t ed  on the surface o f  

the m e m b r a n e .  Such e x p e r i m e n t s  hopefu l l~  w i l l  p r o v i d c  new in forn l ; . t l ion  abou l  
arr:.tngelllenl ,:.llld p roper t i e s  o f  n lenlbra i le  c h r o l l l o p h o r e s  which l ' requent l}  [llC o1 

great  phss io log ica l  i m p o r t a n c e .  Irl this  connect ior i  it ill;.ly be re levant  that  energy 

t rans fe r  e x p e r i m e n t s  o f  the descr ibed  type canno t  only be pcrl \~rmed with a i r -dr ied ,  
but  also with r ehvdra t ed  m e m b r a n e s  is. 
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