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Abstract 

A new method is presented  for  measuring sensitively the  interactions between ligands  and their membrane-bound 
receptors in situ  using integrated  optics,  thus  avoiding  the need for  additional labels. Phospholipid bilayers  were 
attached covalently to  waveguides by a  novel protocol, which can in principle be used with  any glass-like surface. 
In a first step,  phospholipids  carrying  head-group  thiols were covalently  immobilized onto  Si02-Ti02 waveguide 
surfaces.  This  was  accomplished by acylation of aminated waveguides  with the  heterobifunctional  crosslinker 
N-succinimidyl-3-maleimidopropionate, followed by the  formation of thioethers between the  surface-grafted 
maleimides  and  the  synthetic  thiolipids.  The  surface-attached  thiolipids served as  hydrophobic  templates  and 
anchors  for  the  deposition of a complete lipid  bilayer either by fusion of lipid vesicles or by lipid  self-assembly 
from mixed  lipid/detergent micelles. The  step-by-step lipid bilayer formation  on  the waveguide surface was mon- 
itored in situ by an  integrated  optics  technique,  allowing  the  simultaneous  determination  of  optical  thickness  and 
one of the  two  refractive indices of the  adsorbed  organic layers. Surface coverages of 50-60% were calculated 
for thiolipid  layers. Subsequent  deposition of POPC resulted  in an overall lipid layer  thickness  of 45-50 A ,  which 
corresponds  to  the  thickness of  a  fluid  bilayer membrane. 

Specific  recognition  reactions  occurring  at cell membrane  surfaces were modeled by the  incorporation  of lipid- 
anchored  receptor molecules into  the  supported bilayer membranes. (1) The  outer  POPC layer  was doped with 
biotinylated  phosphatidylethanolamine.  Subsequent specific binding of streptavidin was optically  monitored. 
(2) A lipopeptide was incorporated  in  the  outer  POPC  monolayer.  Membrane  binding  of  monoclonal  antibod- 
ies,  which  were directed  against  the  peptide  moiety of the  lipopeptide, was optically  detected.  The specific anti- 
body  binding  correlated well with  the  lipopeptide  concentration in the  outer  monolayer. 

Keywords: antibody;  integrated  optics;  lipopeptide;  membrane  receptor;  planar waveguide; supported lipid bi- 
layer;  thiolipid 
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Abbreviations: APTES, yaminopropyl-triethoxysilane; biotin-DPPE, tors (Shinitzky, 1995). Prominent examples are  neuroreceptors 

N-((6-(biotinoyl)amino)-hexanoyl)-1,2-dipalmitoyl-sn-glycero-3-phospho- such  as  ligand-gated  ion  channels  (Unwin, 1993), G-protein- 
ethanolamine; DMF, dimethylformamide;  DMPC,  1,2-dim~risto~l-sn- coupled  receptors  (Strader, 19941, and  immunoglobulin recep- 
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SPR, surface  plasmon  resonance. 
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using patch-clamp or planar lipid  bilayer techniques  (Rudy & 
Iverson, 1992). However, in many other cases, no direct  changes 
of  the electrical membrane  properties  are involved during  the 
receptor-ligand  interactions, as for  example with G-protein- 
coupled  receptors.  In  order  to investigate such events on a molec- 
ular level, radioactive or fluorescent labels have been introduced 
for  distinguishing  the  molecular  events involved by a combina- 
tion of rather  complicated  and  time-consuming  experimental 
procedures  (Feder  et  al., 1986; Heithier et al., 1992). 

Here we present a new method  for  investigation  of  the  inter- 
actions between ligands and  membrane  receptors directly,  with- 
out  the need for  additional  labels, yet with  high sensitivity.  A 
lipid bilayer,  comprising  membrane-bound  receptor molecules, 
is covalently  attached to  the  suitably  functionalized  surface  of 
an  optical  transducer. We used Ti02/Si02 waveguide layers 
with an  incorporated  input  grating  coupler, which  register re- 
fractive  index  changes  caused by deposition  of lipid  layers and 
the  binding  of  ligands  with  sufficiently high molar  mass  to  the 
supported  membrane (Fig. 1). In  contrast  to  surface  plasmon 
resonance  sensors  for  label-free  measurement,  the waveguide 
technique  allows  two  optical  parameters  to be measured  simul- 
taneously, of which adlayer  thickness and refractive  index values 
can  be  derived.  It  can  be easily combined with other  spectro- 
scopic or fluorescence  techniques  due  to  the  absence  of  an  ab- 
sorbing  metal  layer  (Zhou  et aI., 1991). The  grating  coupler 
employed in the present  study is an example  of an easy-to-handle 
integrated  optical  sensor, which  was introduced  as  an  analyti- 
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Fig. 1. Configuration  for waveguide measurements,  not  drawn to scale. 
Shown is a section  through  a  waveguiding  film  with  embossed  diffrac- 
tion  grating  fixed  on  a  glass  support. On  the waveguide  surface,  lipid 
molecules are  bound,  forming  an  adlayer.  Laser light  comes  from be- 
low  under  varying  angles  of  incidence 01 (depicted  are  two  light  rays). 
The solid line represents  a  light  ray  that  meets  the  incoupling  condition; 
the  light is coupled  into  the  waveguide  by  the  grating  and is guided  to 
the  detector ("guided mode").  Schematically  depicted is the field of  the 
guided  mode,  which  decays  exponentially  into  adlayer  and  buffer  me- 
dia ("evanescent field"). For illustrative  reasons,  the zigzag ray  picture 
with  phase  shifts @F,,,, and @F,S at  the  interfaces is also  included,  al- 
though it is not really valid for  monomode waveguides. Light with a  dif- 
ferent  angle  of  incidence  (dashed line) is not  coupled  into  the waveguide. 
During  a  measurement,  the  angle  of  incidence 01 is continuously  changed 
while  measuring  the  intensity  of  the  guided  modes.  The  presence of an 
organic  adlayer  modifies  the  evanescent  field  and  the  incoupling  angle 
changes  with  respect to  the  bare waveguide. From this  angle  shift.  the 
thickness dA and  one of  the  refractive  indices naxy or n,, of  an  aniso- 
tropic  organic  adlayer  are  derived. For these  calculations,  the  refractive 
indices of  buffer nc, waveguiding film nF, and  glass  support ns, as well 
as  the waveguide  thickness dF, have  to  be  known. 

cal  tool by Tiefenthaler and Lukosz (1989). Covalent linkage be- 
tween the lipid bilayer and  the solid support  offers mechanically 
stable,  long-lasting,  and  regenerable  membranes  that  may  also 
have  important  practical  applications  for  the  development  of a 
new class of biosensors using membrane  protein receptors as  the 
biologically  selective recognition  element. 

Strategies  for  the  covalent  attachment  of lipid  layers on  op- 
tical  devices have been already realized  in the  case  of  gold 
surfaces  for  SPR  measurements using disulfide-bearing  phos- 
pholipids  (Lang et al., 1992, 1994) and disulfide-functionalized 
amphiphilic  copolymers  (Erdelen et al., 1994). 

Unlike  the  gold  surfaces of SPR  sensors,  the  thin waveguide 
layers  used  in the present work consist of  hydrophilic glass-like 
materials with high refractive  indices  (e.g., Ta205, TiO,, TiOJ 
Si0,-mixtures), to  which covalent  attachment  of lipids is not 
possible without  functionalization  of  either  the  support or the 
lipid molecules, or both.  The new approach  presented  here is 
conceptually  simple.  It  entails,  firstly,  the  modification  of  the 
hydroxylated  waveguide surface with an  aminosilane; secondly, 
the  reaction of the  surface  amino  functionalities with  a hetero- 
bifunctional,  maleimide-carrying  crosslinker;  and,  finally,  the 
immobilization of synthetic thiolipids. By this procedure,  cova- 
lent bonds  are  formed between thiol  functions at  the lipid head 
groups  and  the  thiol-reactive  maleimido  groups  on  the wave- 
guide  surface.  This highly  selective reaction is performed in 
aqueous  environment  under mild conditions, with no byprod- 
uct.  In a final step,  the  surface-attached  thiolipids serve as  tem- 
plates and  anchors  for  the  formation of a  complete lipid bilayer 
by vesicle fusion or by self-assembly from mixed lipid-detergent 
micelles. This procedure is simple, fast,  and reproducible. Thio- 
lipids with a polar  spacer between phosphate  and  sulfur  group 
allow for a further  decoupling  of  the lipid  layer from  the solid 
support  and  provide  an  aqueous  environment on both sides  of 
the bilayer that is sufficiently large to  accommodate  the  extra- 
membranous  parts  of a membrane-traversing  protein;  this  con- 
cept was realized previously on gold  surfaces (Lang  et  al., 1992, 
1993, 1994). Although chemical  crosslinkers  have been used for 
tethering  thiol-bearing  proteins  and oligonucleotides to  various 
supports (Hong et al., 1994; Lee et al., 1994), to  our knowledge, 
no  attempts  have been made so far  to  anchor lipid bilayers to 
hydrophilic  supports using maleimide  chemistry. 

The  feasibility  of  the new method  for  the  formation  of 
surface-anchored  membranes  and their  utility for  studying re- 
actions  at  membrane  surfaces is demonstrated by three  exam- 
ples (Fig. 2). Firstly, pure lipid membranes  are assembled on  the 
sensor surface  in  order  to characterize the new method  of mem- 
brane  formation  and  detection in detail.  Secondly, biotinylated 
lipids,  incorporated in the  supported  membrane,  act  as  simple 
membrane  receptors  for  the  study of specific recognition reac- 
tions  occurring  at  membrane  surfaces, in this case the  binding 
of streptavidin to  the biotinylated  lipid. This ligand-receptor  in- 
teraction  has been investigated  in  detail on  other interfaces else- 
where  (Weber  et al., 1989; Haussling et al., 1991; Reiter  et al., 
1993; Spinke et al., 1993). It served in this  study  as  standard  for 
ligand  binding to  the newly developed  membrane  system.  Fi- 
nally, lipopeptides with a threefold  repeat  of  the  amino  acid 
sequence  Asn-Ala-Asn-Pro  (NANP  in  one-letter  code)  as  the 
peptide moiety are  incorporated  into  the  supported  membranes 
in order to detect  the specific binding  of  an  anti-(NANP),- 
antibody  to  its  lipid-anchored  peptide  antigen.  The  NANP 
sequence  was  chosen  because of its clinical relevance for  the im- 
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Fig. 2. Schematic  representation  of  the  three  different  supported  lipid  bilayer  systems  studied in this  work. A: Binding of thio- 
lipids  from  mixed micelles to a  maleimide-modified  waveguide  surface  and  subsequent  removal of detergent by washing  with 
buffer.  This  anchor  layer  was  then  completed to give a  lipid  bilayer in different  ways. B: Self-assembly of phospholipids  onto 
a  thiolipid  layer  from vesicles or  mixed micelles established  a  bilayer  linked to the  waveguide  surface.  Note  that  phospholipids 
also  formed  part of the  lower  bilayer  leaflet,  because  the  thiolipid layer was  not  compact. C :  Self-assembly of phospholipid ves- 
icles containing  a  fraction of biotinylated  lipids lead to a  functionalized  membrane, to which streptavidin  bound. D: Self-assembly 
of a phospholipid/(NANP)&opeptide mixture  from  an OG mixed micellar solution  formed  a bilayer containing  lipid-anchored 
peptide  antigens.  Specific  and  nonspecific  binding of a  monoclonal  anti-(NANP),,  antibody to this membrane were investigated. 

mune response against  malaria  parasites? In addition,  SPR ex- 
periments were performed with correspondingly functionalized, 
supported lipid membranes  on gold surfaces, and  compared with 
those  on  the  integrated  optics device. A detailed  description of 
the  antibody-(NANP),,  surface  reactions  using  SPR will be 
published elsewhere (Duschl et al., 1995). 

Results 

Functionalizafion of waveguide surfaces wifh rnaleimides 

exposed  hydroxyl  groups,  the  reaction  partners  of  the silane. 
Liquid-phase  silanization  of  etched  sensor  chips in toluene re- 
sulted in approximately 1.6 nmol  NH2/cm2  on  the  sensor  chip 
surface,  comprising  the waveguide  layer and  the glass support. 
This  corresponds to an average  of 10 accessible NH2  groups/ 
nm' on  surface A, assuming  that  the waveguide and  the glass 
support  are silanized to the  same  extent.  Additional ellipsom- 
etry  measurements  showed  that a silane layer about 5 A thick 
was  deposited on a  silicon wafer with this  silanization  protocol 
(data  not  shown). 

A  prerequisite for  the covalent anchoring of thiolipids to the  op- 
tical waveguide is a two-step  chemical  modification of the sur- 
face  as  outlined in Figure 3: ( I )  silanization of the waveguide A P E S  : I  0 

with APTES, resulting in waveguide  surface A with surface- 
; ,; 

exposed amino  groups; (2) derivatization  of  amino  groups with - 
i i  0 

" i; ' 
SMP, resulting in waveguide surface B with exposed maleimide 
groups  at  the  surface. 

Prior to silanization, waveguides  were subjected  to basic and 
acidic  oxidative etching, which resulted in an increase of surface 
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' A  tandom  repeat of the  NANP  sequence  represents  the  major  an- - 

tigenic part of the  circumsporozoite  (CS)  protein of human  malaria  par- 
asites, Plasmodium fulcipurum. This  protein  uniformly  surrounds  the -o-s,,"~"c,-vN 
parasite  as  a  coat  (Godson, 1985). The  concentration of anti-CS  anti- 
bodies in the  blood of patients is a  reliable  indicator  for  malaria  infec- 
tion.  Fast  and  sensitive test methods  such  as  the  presented  integrated 
optics  technique are of practical  importance in medical diagnostics  and R =  & ~ ~ , C h $ : : c ~ :  or 

also in vaccine development, because anti-CS  antibodies  protect  against 
the  parasite in vivo  and in vitro  (Romero  et  al., 1989). Fig. 3. Scheme of waveguide  surface  modification. 
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The selective binding  of sulfur-containing molecules to wave- 
guide  surface B was documented using  [35S]-cysteine. Modifi- 
cation  of waveguides A with SMP resulted  in a 15-fold  increase 
in  cysteine binding  compared  to  unspecific cysteine adsorption 
on unmodified waveguides A. Preincubation with P-mercapto- 
ethanol abolished the specific cysteine binding to  waveguides B. 
The  surface  density  of specifically bound cysteine and  thereby 
of the  maleimide  functionalities  could  not  be  determined ex- 
actly,  because the specific activity of  the [35S]-cysteine was only 
broadly specified by the  supplier (20-150 mCi/mmol).  Due  to 
this  uncertainty, a density of  about 90-700 pmol  bound cysteine 
per cm2 waveguide B was estimated,  corresponding  to 0.5-4 
molecules  per nm2. If the  thiolipids  would  bind with identical 
efficiency as cysteine, there  would  be 0.25-2 lipid binding sites 
on the  surface per 50 A 2 ,  the  area  of a thiolipid  molecule. 

Thiolipid binding to waveguide surface B 

The  covalent  attachment of thiolipids  to waveguide surfaces B 
was  performed in aqueous  media,  thus  enabling  optical  moni- 
toring  of layer formation in situ.  Lipids were  solubilized in  the 
form of small micelles with the  head-group thiols accessible from 
the  aqueous  phase, in order  to  make  the  formation  of thioethers 
with  the  immobilized  maleimides possible (Fig. 3). Due  to  the 
high critical micellar concentration  of the detergent OG (approx- 
imately 20 mM  at 20 “C), it could be easily removed  from  the 
resulting  thiolipid  layer by washing  with buffer. Figure 4 shows 
a typical optical  measurement  of membrane  formation  on wave- 
guide  surfaces B and  subsequent  protein  binding. 

Both  DOPSH  and  DMPSH  formed layers of similar mean 
thickness  of about 13 and 11 A ,  respectively (Table 1). The self- 
assembly  of  either  thiolipid  on  modified waveguides was  com- 
plete (>95%)  after 30-60 min.  Thiolipid  binding  changed  the 
optical  anisotropy  of  the  system.  The  refractive  index in the 
x-y plane (nAxv) had  to  be set higher with  respect to  the index 
perpendicular  to  the  surface (nAz)  in order  to  obtain  identical 
lipid  layer thickness values from  both waveguide modes.  This 
yielded  values of y > 1 (Table 1). 

The covalent attachment  of  the thiolipid  layer  was proven by 
the  following  observations. (1) Thiolipid layers formed  from 
mixed  micelle solutions  on  waveguide  surfaces B were insensi- 
tive to  detergent  washing.  However,  they  could  be  completely 
removed by a  single OG wash step if  the  surface  maleimide 
groups  had been inactivated by previous  exposure to  mercapto- 
ethanol. (2) The  binding  of  radiolabeled cysteine  was  6-7-fold 
lower on thiolipid-covered than  on untreated waveguide surfaces 
B. Preincubation of waveguides B with DMPC/OG mixtures did 
not result in an inhibition  of subsequent cysteine binding, which 
demonstrates  the  stability  of  maleimides  toward OG and  the 
specificity of  thiolipid  binding. 

Thiolipid  binding to  waveguide surfaces B increased  the hy- 
drophobicity of the  surface  as  shown by high water  contact 
angles  on  the  thiolipid  surface (0 = 90’). 

The  sensor  chips  often  showed a drift of the  effective wave- 
guide indices NTE and NTM after changing the cover medium or 
altering  the  ionic  strength  (e.g.,  buffer  change).  This  effect was 
reported  to  be  reduced by soaking  the  sensor  chips  overnight in 
the  buffer  solution used later  for  the  experiments  (Ramsden & 
Schneider, 1993). But for  the  study  of  thiolipid  binding,  this 
strategy  could  not be applied because  waveguide surfaces B lost 
up  to  one  third of their  cysteine-binding  capacity when stored 
overnight at 4 “C in buffer B, probably  due  to maleimide decem- 
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Fig. 4. Formation  of  a lipid bilayer on  a maleimide-modified waveguide 
followed by streptavidin  binding.  Shown are  the  apparent  thickness val- 
ues of the  waveguide  adlayer  versus  time,  calculated  with  Equation 3 
from  the  experimentally  determined  effective  waveguide  indices N 
(Equation 1) with naxy = nA,. The waveguide  surface was washed  once 
with 00 at  the  beginning  of  the  experiment  (not  shown).  Both  wave- 
guide  modes  were  evaluated  separately  to  give  thickness  values  for  the 
adsorbed layers. A:  The  first layer consisted  of  DOPSH  thiolipid.  It was 
added  to  the  activated  surface in the  form of 00 mixed micelles. This 
resulted in adsorption  to  the waveguide that  produces  part  of  the increase 
in the  measured  signal.  After 15-60 rnin, a  steady  state was reached.  Non- 
covalently bound lipids  were  removed  by  washing  consecutively  two 
times  with  buffer, OG solution,  and  buffer  again.  Most  of  the  appar- 
ent  thickness  increase on  thiolipid  addition is due  only  to  the  refractive 
index  change  when  replacing  buffer  by  the  detergent-solubilized  thio- 
lipid. The  actual  average  thickness of the  thiolipid  layer  bound  to  the 
surface is evaluated  as  the  difference  between  the  signal  of  the  buffer 
before  adding  “DOPSH micelles” and  the  measured  stable  signal of the 
thiolipid  layer  after  the  second  washing  step.  This  value was arbitrarily 
defined as  0 A on  the  thickness  axis.  As  a  consequence,  the  measure- 
ment,  starts  at  negative  values.  In  this  measurement,  the  two  polariza- 
tions of the laser  light (TE- and TM-modes) yield different  thickness 
values  for  the  isotropically  calculated  thiolipid  layer.  This  can  only be 
explained by the  assumption  that  the  thiolipid  binding  changes  the over- 
all  anisotropy  of  the  system. B: Self-assembly  of  the  second  layer  from 
POPC vesicles doped with 2 mol%  biotin-DPPE. C: After  rinsing  with 
buffer,  streptavidin  solution  was  added. 

position  (Kitagawa et al., 1981). Therefore,  thiolipid  binding 
was performed  immediately  after  maleimide  modification  of 
aminated waveguides. To evaluate  the  amount  of  thiolipid 
bound  to  the  surface,  the  drift  underlying  the  measured  bind- 
ing  signals  was modeled  as  described below (see Waveguide 
theory  and  data processing) and  subtracted  from  the experimen- 
tal  data  (Fig. 5) .  

On  gold  surfaces,  adsorption  of  DOPSH resulted  in  a mean 
layer thickness of 21 A, as  measured by surface  plasmon reso- 
nance.  This is about twice the value obtained  for  binding  to 
maleimide-modified waveguides. The  time  course  of  binding, 
however, was similar. On  gold,  the self-assembly of DOPSH was 
complete  after 60 min. 

Formation of a supported lipid bilayer 

The  upper leaflet of  the  supported bilayer represents  the reac- 
tive membrane  surface,  e.g.,  for  the  interaction  of  mernbrane- 
bound  receptors with  their ligands in the  aqueous  environment. 
The bilayer was completed exclusively by self-assembly  tech- 
niques,  starting  from lipid vesicles or lipid-detergent micelles, 
which contained a certain fraction  of receptor  molecules, where 
needed.  Examples  for  the  formation  of  supported lipid  bilay- 
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Table 1. Characterization of lipid layers on modified waveguide surfaces by integrated optics 
and on gold by surface plasmon resonance 

" -. ". " - ." . . . .. .- _ ~ _  . 
~ ~- ~~ 

~ ~ ~~~~~~ 

~~~ 

Phospholipida 
No.  Thiolipida  (method) 

Lipid layers on maleimide-modified  waveguides 
.~~ ~~~~ ~~ ~ 

I DOPSH 
2 DMPSH 
3 DOPSH POPC (vesicles) 
4 DOPSH POPC (micelles) 
5 DMPSH POPC (micelles) 
6 DOPSH POPC/2% biotin (vesicles) 
7 DMPSH POPC/2% LP (micelles) 
8 DMPSH 

9 DOPSH  POPC (vesicles) 

- 

- 

DOPSH POPC/O.5-4% LP (micelles) 

Lipid layers on  gold  surfaces 
IO DOPSH - 

I 1  DOPSH POPC (vesicles) 
12 DOPSH  POPC (vesicles) 

Three typical experiments on maleimide-modified  waveguides 
(bilayer  formation  by vesicle fusion  to  DOPSH  template) 
13 DOPSH  POPC 
14 DOPSH  POPC 
15 DOPSH  POPC/2% biotin 

~ ." . . ~~ ________ ~ ____ . ~ ~ " .  ~~ ~~ __ 

Thickness 
[ A I  

~~ 

13 f 5 (11 t 2) 
1 1  * I 
28 f 7 (29 f 9) 
30 f 5 
3 1 + 5 ( 2 8 t 2 )  
36 * 4 (35 i 5 )  
27 + 5 (23 t 5)d 

31 f 5 
47 f 8 (47) 

21 f 7 
24 f 10 
46 f 13 

21 + 27 
9 + 39 

1 1  + 39 

Anisotropy 
coefficient' 

1.023 t 0.01 

0.990 f 0.004 
0.995 f 0.002 
0.993 f 0.001 
0.996 * 0.003 
1.001 f 0.001 

- 

1.029/0.993 
1.012/0.995 

- 

~ 

a Lipid  bilayers  were  produced  by  first  binding  thiolipid to waveguides B from mixed micelle solutions  and  subsequently 
assembling  phospholipids or mixtures of phospholipids  either  with  biotinylated  lipids or with  lipopeptides, by the  method  indi- 
cated  in  brackets. LP  stands  for  (NANP),-lipopeptide. 

Mean  average  thickness  values given here  refer  to  the  lipid  layers  indicated  in  bold  letters,  i.e.,  to  incomplete  mono- or 
complete  bilayers.  They  were  calculated  using an index  of  refraction of n,, = 1.45. Results given in parentheses were from 
measurements  with  stable,  nondrifting  sensor  chips  only. 

'The  anisotropy coefficient is y = nAxy/nAz. I t  refers  to  the  lipid  layer  indicated in bold  letters. I t  was determined  only for 
these  chips  that  showed  a  stable  optical  signal. 

In  the  case of membranes  formed  on  DMPSH with a  mixture of POPC/2%  lipopeptide,  some  experiments  gave  smaller 
values, which lowered  the  mean  value  to d, = 27 A.  However,  in  order to make  precise  measurements  without  drift,  the  wave- 
guide  chips  had  to  be  incubated  overnight  with  the  thiolipid  micellar  solution  and so the  packing of the  thiolipid  base layer was 
not  known. 

"" TE-mode 
- TM-mode 

I I I I 
4 0  6 0  60 1 0 0  1 2 0  

Time [mi"] 

Fig. 5. Binding of the  DOPSH thiolipid to the  maleimide-modified 
waveguide. The  curves  were  obtained  by  subtracting  the  baseline  drift 
from  the  measurement  shown  in  the inset. Original  data of the inset were 
obtained  as  described  in  Figure 4. After 47 min  incubation  of  the  sen- 
sor chip  in  buffer,  a  DOPSH micellar solution (1 mg/mL lipid in 50 mM 
OG) was applied  for 45 min.  It was then  exchanged  for  buffer  and 
washed twice with OG solution  and  buffer (98-122 min).  Due to  the el- 
evated  index of refraction  of  the  detergent  solution,  these  washing steps 
appear  as  peaks. 

ers with incorporated  biotinylated lipids or lipopeptides  are 
shown in Figures 4B and 6A, respectively. Vesicles of  differ- 
ent  composition  adsorbed to  the  thiolipid  surfaces always  with 
an exponential-like  time  course.  The  mean  thickness  for  pure 
POPC  and mixed POPCAipopeptide layers  self-assembled on 
thiolipid layers ranged from 27-31 A both  for vesicle and mixed 
micelle techniques  (Table 1). Optical  measurements  indicated 
that  the  supported bilayers were stable in buffer  and  did  not  de- 
sorb  upon  alteration of the ionic strength. By washing with OG, 
the second layer was entirely  removed. It could be reconstructed 
by  vesicle fusion or micelle dilution. Thus,  the thiolipid-modified 
chips were reusable,  as far as lipid layer formation is concerned. 
Supported layers containing  conventional  and  biotinylated lip- 
ids  showed distinctly  higher thickness values  of 36 A .  

Comparative  experiments were performed  on  thiolipid- 
covered  gold  surfaces.  POPC vesicles adsorbed  quickly  to 
these  surfaces  and  formed  stable layers  within 30-60 min,  as 
judged by surface  plasmon  resonance.  They were approximately 
24 A thick, which is distinctly thinner  than  those  assembled  on 
thiolipid-modified waveguide surfaces. 

However,  when the thickness values of covalently bound thio- 
lipid and subsequently  self-assembled lipid layers are  added,  the 
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Fig. 6.  Antibody binding to a lipid membrane  containing (NANP),- 
lipopeptide. The waveguide was incubated with DOPSH and then left 
in detergent solution overnight to reduce drift effects. A: After one wash- 
ing step with OG (7-15 min), a second lipid layer was formed by apply- 
ing a 50 mM OG solution containing 1.24 mM POPC  and 0.027 mM 
lipopeptide (=2 mol%) and subsequent dilution 10 times 1:l (v/v) with 
buffer. B: The buffer was exchanged for  antibody  buffer, causing a 
change in the index of refraction of the medium, which caused a jump 
in the measured signal. Then a solution of 200 nM antibody was added 
( I  = 47 min), resulting in a  continuous binding reaction. C: After wash- 
ing with buffer,  part of this  antibody was finally displaced upon addi- 
tion of 75 pM free antigen (NANP),. Thickness values were calculated 
isotropically with nA = 1.45, as described in Figure 4. The antibody 
binding and desorption reactions were evaluated using the refractive in- 
dex of the  antibody  buffer  for the cover medium index. 

sum lies  between 45 and 50 A ,  for experiments on waveguide sur- 
faces and on gold surfaces. For example, the three experiments 
listed in Table 1 (lines 13-15) show that, on  a  surface covered 
by a 20-A thiolipid layer, subsequent lipid vesicle adsorption 
yielded an additional 30-A layer, whereas on  a 10-A base layer, 
the  POPC layer was about 40 A thick. This indicates that a less 
densely packed thiolipid first layer may be filled up on  adsorp- 
tion of POPC  to give a final thickness of about 50 A. Such 
calculations  could, of course,  only be performed for those ex- 
periments where both the thiolipid binding and  the subsequent 
bilayer assembly were monitored  independently. 

During  formation of the second layer, the optical anisotropy 
changed to give a lower in-plane refractive index nAxy (nAz was 
kept constant all the time). This yielded values of y < 1 (Ta- 
ble l ) .  Notable exceptions were layers containing  lipopeptides, 
which  seemed not to change the overall anisotropy (Fig. 6A; Ta- 
ble l). We noted that the initial thiolipid binding  usually changed 
the anisotropy of the system in the  opposite  direction. 

ments.  This gives a mean thickness of the protein layer of 16 k 
3 A (nA = 1.45; the same refractive index was taken for  the  pro- 
tein as  for  the lipid layers). After t = 500 s, the thickness of the 
streptavidin layer still increased slowly, up to 15% within 1 h. 
Because the  amount of  bound  protein was independent of the 
streptavidin concentration between 0.4 and 1.7 pM, we conclude 
that  the streptavidin  concentration was not the limiting factor 
for binding. 

To measure nonspecific binding,  streptavidin was added to 
POPC/thiolipid-supported membranes not  containing  biotin. 
In these experiments, less than 1 A increase of mean layer thick- 
ness was observed.  Similarly, low nonspecific binding was 
observed when  exposing membranes formed from biotin-DPPE- 
containing vesicles to complexed streptavidin (i.e., streptavidin 
whose binding sites had been previously blocked by incubation 
with soluble biotin). 

Antibody binding to a  supported lipid membrane 
containing (NANPf,-lipopeptide 

As a  more complex model system for ligand-receptor inter- 
actions, we incorporated  (NANP),-lipopeptide into supported 
membranes and measured the binding of anti-(NANP),  anti- 
bodies to the functionalized membrane  surface. 

Upon addition of antibody, a high mass adsorption on  the 
membrane was observed (Fig. 6B). It proceeded much more 
slowly than the streptavidin binding to biotin-containing mem- 
branes described above. The total mass adsorption depended on 
the lipopeptide content of the membrane-forming mixed  micelle 
solution (Fig. 7). In the absence of lipopeptide (pure  POPC 
second layer), the  amount of nonspecifically bound  antibody 
corresponded to a protein layer with an average thickness of 
5-7 A. With increasing lipopeptide content,  more  antibody ad- 
sorbed. This was most pronounced in the region  between 0.5 and 
2% lipopeptide, then leveling off. At 0.5% lipopeptide/99.5% 

Streptavidin binding to a biotin-functionalized 
supported lipid membrane 

The well-established streptavidin-biotin system was used as our 
first model for  the functionalization of self-assembled mem- 
branes with receptor sites and  the subsequent specific binding 
of protein from solution. 

Streptavidin bound to a supported biotin-containing mem- 
brane with two  phase kinetics: a fast phase, during which the 
main part of the binding occurred, followed after 3-5 min by 
a slow increase in effective waveguide index (Fig. 4C). To eval- 
uate the  data quantitatively, thickness values at t = 5 0 0  s after 
streptavidin injection were chosen as reference for all measure- 

Fig. 7. Binding  of anti-(NANP), antibodies to (NANP),-lipopeptide- 
doped POPC membranes on thiolipid surfaces. Shown are the thickness 
values of the  antibodies  bound versus the  ratio  lipopeptide/total lipid 
in the mixed  micelle solution used for the  formation of the  supported 
bilayer. Total binding (0) corresponds to the increase in the  apparent 
thickness (na = 1.45) of the  adlayer observed upon  addition of the 
200 nM antibody  solution. Specific binding (0) designates the amount 
of protein that is desorbed after  addition of 75 pM (NANP), peptide. 
The specific binding of antibodies to a mixed layer on an alkylated gold 
surface is also shown (e). The  dotted line is the linear regression of the 
values for specific binding up to 2 mol% lipopeptide. 
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POPC,  the  adsorbed  antibody  layer  was  approximately 10 A 
thick;  at  2%  lipopeptide/98% POPC, it  was 40 A thick. 

After  antibody  binding,  free  (NANP)6  antigen  in  high  con- 
centration (75 pM) was added.  This led to  a partial  desorption 
of  the  protein  from  the  surface  (Fig.  6C).  The  (NANP)6  con- 
centration  had been chosen  such  that  it  assured  maximal  anti- 
body  desorption.  The  amount  of  protein  that  could be desorbed 
increased linearly  up  to 2 mol%  lipopeptide  in  the  membrane 
(Fig. 7). On  raising  further  the  1ipopeptide:POPC  ratio,  this 
“specific binding” increased more slowly, and was now  propor- 
tional  to  the  total  binding  of  antibody  to  the  membrane.  The 
difference between the  amount  of  antibody  that  bound  and  the 
amount  that  could  be  subsequently  desorbed  corresponded  to 
a IO-A thick layer of nonspecifically bound  protein.  Control ex- 
periments  showed  that  free  (NANP),  peptide  bound  to a mem- 
brane  doped with 2%  lipopeptide  and  produced a layer of about 
1 A mean  thickness.  When  the  binding  of  antibody  and  sub- 
sequent desorption by free (NANP), were repeated on  the  same 
supported  membrane,  the following  results were obtained.  The 
quantity  of  antibody  binding in the  second cycle equaled  the 
amount  that  had been desorbed  from  the  membrane by addition 
of  free  (NANP), in the  first cycle. The  addition of (NANP)6 in 
the  second cycle caused  desorption of almost  the  same  amount 
of antibody (9OVo) as in the  first cycle. 

The results obtained  were, within experimental  error,  identi- 
cal  for  both  DMPSH  and  DOPSH  anchoring lipids. 

In  experiments with surface  plasmon  resonance  on  gold sur- 
faces,  two  kinds  of  self-assembled layers  were  used to  form  the 
first  leaflet  of the  membrane:DMPSH thiolipid  layers and  tetra- 
decanethiol layers. On  DMPSH/POPC layers, prepared by mi- 
celle dilution, nonspecific binding  of  anti-(NANP),  antibodies 
occurred,  corresponding to a 10-A protein layer. Such  adsorbed 
antibodies were not  desorbed  upon  (NANP),  addition.  In  con- 
trast,  pure  POPC layers prepared  on  an  alkylthiol  surface  did 
not  show  any nonspecific binding  of  anti-(NANP),  antibodies. 
Nonspecific  binding was not  observed,  either, when  mixed 
POPUlipopeptide layers on alkylthiols were exposed to  non- 
specific IgG. 

When  lipopeptide-containing  supported layers on alkylthiol 
surfaces were exposed to  anti-(NANP),  antibodies, a high mass 
adsorption  was  observed.  On a membrane  containing 2% lipo- 
peptide, it amounted  to a 24-A protein layer (Fig. 7). This is in 
the  same  range  as  the specific antibody  binding in the  corre- 
sponding  experiments  on waveguides. In  contrast  to  the results 
on waveguides,  virtually  all  bound  material  could  be  sub- 
sequently  desorbed  within a few minutes by addition of free 
(NANP)6.  Furthermore,  the  thiol  layer  could be perfectly  re- 
generated by removing  the  POPC/lipopeptide  membrane  with 
OG. 

Discussion 

In the present concept, lipid bilayers are  anchored via covalently 
attached thiolipids to waveguide surfaces. The method yields im- 
perfect, covalently bound  thiolipid layers that  can  be  converted 
to  lipid  bilayers by self-assembly of  phospholipids.  Receptor 
molecules are easily incorporated  into these layers. An integrated 
optics  technique  allows to  monitor layer formation  and  bind- 
ing  of ligands in real  time. 

As  anchor molecules, thiolipids were chosen, in order  to  pro- 
duce similar lipid membrane systems on  hydrophilic waveguides 

to  those  produced  on  gold by Lang et al. (1994). DMPSH  and 
DOPSH  form self-assembled monolayers on gold  surfaces. This 
enabled us to  investigate  the layer formation with surface plas- 
mon  resonance  and  to  compare  structural  aspects  of chemi- 
sorbed thiolipid  layers with thiolipid layers  covalently attached 
by maleimide  chemistry  to  planar waveguides. 

The AS1 2400 monomode waveguide chips were chosen  as 
substrate  for our supported  membranes  for  three reasons:  their 
commercial  availability,  their high sensitivity, and  the waveguide 
material  (Si0,/Ti02  mixture).  This  oxide  surface  offers  an  al- 
ternative to  the  gold  surfaces used for  surface  plasmon reso- 
nance and it seemed well-suited for modification with the surface 
chemistry  established on silica surfaces.  However, in the  prog- 
ress of  this  work,  the  drift of most  of  the waveguides had  to  be 
coped  with, which required a fitting  procedure  and which ren- 
dered the monitoring  of SMP binding to aminopropylated wave- 
guides  as well as all long-term  measurements  impossible. We 
suppose  that  the  scattering  of our data  might  be linked to  this 
drift  and  to  the  observed  variation  in  chip  quality. Nellen and 
Lukosz (1993) have  proposed  an  improved  procedure  for  man- 
ufacturing  more  reproducible  sensor  chips with reduced wave- 
guide  drift,  but  the  development of improved waveguides  was 
beyond  the  scope of this  work. 

Thiolipid immobilization via maleimides 

Surface  derivatization  of  TiOz/SiOz waveguides  with primary 
amines is required  for maleimide grafting.  Many  different  pro- 
tocols  varying  in the  deposition  method,  reaction  time,  temper- 
ature,  and  solvents  have been described  for  the  amination of 
hydroxylated  surfaces  with  APTES  (Vandenberg et al., 1991). 
Uncatalyzed  liquid-phase  deposition in refluxing  toluene was 
used  in our study  for  the  silanization  of  sensor  chips. A similar 
protocol was  used by Kallury et al. (1989) for  the  silanization 
of oxidized silicon wafers, which were subsequently  used as  sub- 
strates  for  the  covalent  immobilization  of  phospholipids in  a 
“head-out”  orientation. 

Here,  maleimide  surface  grafting was performed by reacting 
the succinimide ester of SMP with primary amines on  the wave- 
guide  surface, resulting  in the  formation of an amide  bond. 
Binding of  radiolabeled cysteine served as a tool  to  demonstrate 
the presence and thiol-selectivity of  waveguide-grafted male- 
imides. Retention of  covalently  immobilized  cysteine upon  pro- 
longed sonication in aqueous  media  provides evidence for  the 
stable  linkage of the  maleimide-terminated  silane layer to  the 
waveguide. With our modification  scheme,  thiolipids  are  cova- 
lently bound  to waveguide surfaces B. This is evident  from  the 
stability  of  the  thiolipid layer against  detergent washing and 
from  competitive cysteine-binding assays. 

Choice of refractive index for optical measurements 

The effective  refractive  indices NTE, NTM measured  during  the 
different  binding  reactions  can be transformed  into  an  optical 
thickness AnxdA of  the lipid and  protein  adlayer ( A n  is the 
difference  in  refractive  index between the  organic film and  the 
surrounding  medium, dA is the  geometrical  thickness of the or- 
ganic film). The  optical  thickness is directly  related to  the  ad- 
sorbed  mass  on  the waveguide and  thereby  to  the  number  of 
adsorbed molecules. 
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To convert  the  optical  into a geometrical  thickness, a re- 
fractive  index  has  to  be  assumed.  calculated with constant re- 
fractive  index,  the  “adlayer  thickness”  becomes a measure  of 
molecule  density;  only at  close packing  it  can  be  interpreted in 
terms of  molecular  dimensions.  According to  published data  ob- 
tained  with well-defined model  systems, n = 1.45 is a reason- 
able value for  the  refractive  index  of lipids in a fluid  state  and 
adsorbed  proteins  (Lang et al., 1992,  1994; Spinke et al., 1992, 
1993; Reiter  et al., 1993; Terrettaz  et  ai., 1993) (and references 
therein).5 For lipids and  fatty acid  salts in a  crystalline state, re- 
fractive  indices  in  the  range  of n = 1.5 seem more  appropriate 
(Swalen, 1986; Kooyman & Krull, 1991; Schmidt  et  al., 1992). 
But  in our experiments, a crystalline state  of lipids on  the wave- 
guide  can  be  excluded (see below). 

Optical measurements of thiolipid layers 

To obtain reference data  for  the  thiolipid layers on waveguides, 
a series of  surface  plasmon resonance measurements  of thiolipid 
immobilization  on gold surfaces were performed.  On  gold sur- 
faces,  the  hydrocarbon  chains  of  gold-attached  alkylthiols 
and  thiolipids  pack  as closely as possible  in a nearly  hexagonal 
manner  (Fenter et al., 1994; Lang  et  al., 1994). In  the  case  of 
DOPSH, we determined  optically  a  thickness  of 21 A. X-ray dif- 
fraction  analysis yielded  a transmembrane  distance  of 44 A be- 
tween the  choline  groups  of a DOPC bilayer (Wiener & White, 
1992). Lang et al. (1994) determined a monolayer  thickness of 
22-27 A ( n  = 1.45) for a different  thiolipid with  a longer spacer 
than  DOPSH  and with saturated  palmitoyl  chains.  Therefore, 
we conclude  that  the  experimentally  obtained value of 21 A in 
our case  corresponds  to a monolayer  of  DOPSH. 

Thiolipid  layers  formed  on waveguides  reached a stable lim- 
iting structure  after 30-60 min.  However, they turned  out  to be 
incompletely  packed  monolayers,  because  the  corresponding 
mass  adsorption was only 50-60% of  that  on  gold  surfaces. 
These  data suggest that,  on  average,  only half of the  geometric 
waveguide  surface was covered by thiolipids. A mean layer 
thickness of 1 1  A was found also by ellipsometry  measurements 
on oxidized silicium wafers that were subjected to  the  same treat- 
ment as  the waveguides (result not shown).  Accordingly, the in- 
complete  surface  coverage of the  thiolipid  must be a  result of 
the coupling chemistry, implying  either (1) a submonolayer cov- 
erage  of  the  crosslinker; (2) an inefficient  binding  of  thiolipids 
to close-packed maleimide groups; (3) maleimide decomposition 
preceding exposure  to  thiolipid; or (4) a combination of these 
reasons.  In  principle,  the  incompleteness  of  the  anchoring layer 
is an  advantage  for  future  incorporation  of membrane-spanning 
proteins. 

Bilayer formation 

There is evidence  for  the  formation  of a lipid  bilayer  when  a 
thiolipid-modified waveguide surface is exposed  either to  lipid 

’ Stenberg et al. (1991) used a different method of calibration, cor- 
relating SPR angle  shifts with the amount of  adsorbed radiolabeled 
protein. Nevertheless, a generalization of this calibration relies on the 
assumption that the refractive index of the protein under investigation 
corresponds to that of the standard proteins used for the calibration. 
We calculated the refractive indices of mixed systems composed  of pro- 
teins in buffer with the Bruggemann effective medium approximation 
(Aspnes, 1982), which showed that a refractive index of n = 1.47 for 
proteins would describe the angle shifts observed by Stenberg et al. 

vesicles or to  mixed micelles that  are  subsequently  diluted.  The 
resulting layer  composed  of  thiolipids  and  conventional  phos- 
pholipids  had  always  an  identical  thickness  of  about 47 A, de- 
spite  variations  in  thiolipid  coverage.  Therefore, it  is assumed 
that  adsorbing  phospholipids fill up  “holes” in the first  thiolipid 
leaflet.  Interestingly, DOPSH/POPC bilayers on gold  surfaces 
show essentially the  same thickness of  about 46 A. It was shown 
by capacitance  measurements  (unpubl.)  that,  in  this case, too, 
the  adsorbing  phospholipids seemed to fill up  “holes,” because 
the layer capacitance  approached a bilayer value during  adsorp- 
tion.  The lipid  film thickness  of 47 A on  modified waveguides 
is in the  same  range  as  published  data  on  DOPC bilayers (44 A, 
Wiener & White, 1992), fluid  DMPC bilayers adsorbed  on 
quartz (43 A ,  Johnson et al., 1991), and mixed POPC/thiolipid 
layers on  gold (47 A when  using n = 1.45, Lang  et  al., 1994). 
Furthermore,  in  the  latter  publication,  the  authors  performed 
a POPC assembly experiment on incomplete  thiolipid  layers, 
which  yielded  finally a similarly structured  membrane  to  the 
POPC assembly  on  dense  thiolipid  base  layers,  as  judged  from 
electrical data  (Lang et al., 1994). In  summary, these experimen- 
tal results  lead to  the  conclusion  that lipid  bilayers  were estab- 
lished on  the waveguide surfaces. 

With  both  DOPSH  and  DMPSH  as  template,  and with either 
self-assembly method  for  POPC,  the  same thickness  of the  sup- 
ported bilayer  was attained.  According to  calorimetric  and film 
balance measurements  (data  not  shown), a densely packed layer 
of DMPSH, which contains  saturated  hydrocarbon  chains, 
should  be in the ordered state  at 20 “C, whereas DOPSH  should 
be in the  disordered  state.  Obviously,  the  different lipid chain 
structure  did  not imply a different  adsorption  behavior.  This is 
a good  indication  that  the  SMP  crosslinker  acts  as a  flexible 
linker,  decoupling  the  thiolipid-anchored lipid bilayer from  the 
solid  support similarly as  reported by Lang  et al. (1994) for  the 
case of gold  supports.  The  supported bilayer shows  optical  an- 
isotropy (nAz # nAxy), which has previously only been  observed 
for crystalline  Langmuir-Blodgett  films of single-chain amphi- 
philes (Ulman, 1991). 

For biotin-containing vesicles, we recorded a higher mass de- 
position (36 A) on thiolipid surfaces  than with pure  POPC ves- 
icles (28 A). This  difference  cannot  be  accounted  for by the 
slightly different masses of POPC  and  biotin-DPPE.  Literature 
data  on  thickness of supported  DMPC  and  DPPC  monolayers 
doped with 5 mol%  biotin-DPPE  range  from 16 A (Spinke 
et al., 1992) to 31 A (Schmidt et al., 1992) at n = 1.50 (corre- 
sponding  to 23 A or 44 A ,  respectively, evaluated  at n = 1.45). 
So far, we cannot give an  experimentally  validated  reason  for 
our layers being thicker when prepared from vesicles doped with 
biotin-DPPE. 

The  lipopeptide layers produced by the micelle dilution tech- 
nique were in the  same thickness  range as  POPC layers. It seems, 
therefore,  justified  to  conclude  that  the  membranes  obtained 
were stable bilayers. The  theoretical  increase of adsorbed  mass 
compared  to a pure POPC layer would be  about 4% for a mem- 
brane  containing 4 mol%  lipopeptide.  This  would  cause  an in- 
crease  in layer thickness of 1 A, which is below the  detection 
limit, given the  scatter in our data. 

Protein binding to functionalized membranes 

The  applicability of the  integrated  optics  technique  for investi- 
gation of  specific recognition  reactions  on  membrane  surfaces 
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was demonstrated by Ramsden and Schneider (1993). They stud- 
ied the binding of antibodies to a glycolipid-anchored protein 
attached to a phospholipid membrane. These authors prepared 
a lipid  bilayer on  the waveguide surface by a two-step Langmuir- 
Blodgett transfer of lipid monolayers from the air-water inter- 
face. Unlike our self-assembly process, this procedure is not 
suitable for  the integration of transmembrane  proteins and is 
not designed for repeated use of the sensor chip. 

Here we have investigated protein binding to the  supported 
membranes, first with the biotin-streptavidin binding reaction, 
which  is a well established test system (Weber et al., 1989; 
Haussling et al., 1991; Reiter et al., 1993; Spinke et al., 1993). 
The major part of the binding of streptavidin to layers con- 
taining biotin was instantaneous, followed by a slow process. 
Similar two-phase kinetics were also observed by Reiter et al. 
(1993) for streptavidin binding to a biotin-functionalized mono- 
layer at  the air-water interface and were explained by a  lateral 
rearrangement of bound  streptavidin molecules. Furthermore, 
these authors  found  that  the binding of streptavidin strongly 
depends on the structure of the lipid monolayer, being highest 
in the fluid-expanded and gas-analogue states. Our data point 
to a fluid state of the outer leaflet of the supported  membrane, 
with the biotin residues presented in a well-accessible and lat- 
erally mobile form.  The  amount of adsorbed  streptavidin indi- 
cates that all biotinylated lipids are involved in the binding of 
streptavidin. 

To avoid steric packing problems,  the biotin/POPC  ratio in 
the vesicle solution was chosen below the  ratio needed for bind- 
ing of a complete streptavidin monolayer to a  supported mem- 
brane. At 2 mol% biotin in the membrane-forming vesicle 
solution, our measurements yield 16 A as protein layer thick- 
ness after 500 s incubation. Assuming a linear dependence be- 
tween binding and  the receptor site density below 5 mol%, 
our results are consistent with Spinke et al. (1992), who found 
41 A for the streptavidin layer bound to a membrane doped with 
5 mol% biotin on  a polymer support. Taking the structural data 
of Darst et al. (1991) for 2D crystals of streptavidin at the  air- 
water interface (lateral dimensions of one streptavidin molecule 
55 X 45 A2, thickness 50 A), one gets an expected average thick- 
ness of the  protein layer on  a lipid layer containing 2 mol% bi- 
otin of 20 A, if each streptavidin molecule binds two biotin 
molecules. Streptavidin binding to mixed  layers corresponds well 
to the expected value, additionally indicating that  the actual 
composition of the layers corresponds well to  that of the vesi- 
cle dispersion. 

On layers containing lipopeptide, bound antibodies that could 
be desorbed by addition of free (NANP)6 were considered spe- 
cifically bound, whereas the remaining fraction was considered 
nonspecifically bound. This  evaluation  method was validated 
by the following experiments. (1) On gold surfaces,  antibody 
bound to pure lipid membranes of POPC on thiolipid templates 
could  not be desorbed by (NANP)6. (2) Using  mixed POPC/2 
mol% lipopeptide layers on alkylthiols, all bound  antibody 
could be desorbed. (3) On waveguides, the same amount of anti- 
body was removed by (NANP), from mixed layers of the same 
composition,  but this time  formed on thiolipid templates, in 
spite of some antibody remaining unspecifically bound. 

Nonspecific antibody binding to supported membranes on 
waveguides becomes more  prominent with increasing lipopep- 
tide content  of the membrane, indicating a  disturbing effect of 
the lipopeptide  on the membrane structure. 

Specific antibody binding to the membrane  correlates lin- 
early up  to 2 mol% with the  lipopeptide  concentration in the 
membrane-forming micelle solution. Modeling the antibodies 
as spheres, a densely packed protein layer with an average thick- 
ness  of 47 A is obtained at 2.8 mol% lipopeptide, assuming that 
every antibody binds two lipopeptides and all lipopeptides are 
involved. At 2 mol%  lipopeptide, the layer of bound antibod- 
ies would be 33 A thick. The actual  lipopeptide  concentration 
in the supported  membrane  may, of course,  not be 2 mol%. 
However, the linear dependence of the specific antibody bind- 
ing on  the lipopeptide content of the mixed  micelle solution (up 
to 2 mol%) shows that it is possible to  control  the  amount of 
membrane-incorporated  lipopeptide. 

On densely packed alkylated gold surfaces, antibodies bound 
to lipopeptide-containing layers were completely displaced upon 
addition of free antigen. Additionally, nonspecific antibody ad- 
sorption was negligible on pure POPC layers lacking lipopep- 
tides formed upon alkylthiols. Therefore, we conclude that, on 
alkylthiol templates on  gold,  a perfectly closed outer lipid layer 
can be formed that blocks completely unspecific protein binding. 
A similar effect was observed for cholera toxin and phosphatidyl- 
choline layers (Terrettaz et al., 1993). Nonspecific antibody 
binding to supported lipid bilayers on waveguides must at least 
partly be attributed to the particular thiolipid used. One reason 
might be the short ethyl spacer between headgroup  phosphate 
and sulfur of the thiolipids, which might not permit the  forma- 
tion of a well-ordered first bilayer leaflet. The defects  in the sup- 
porting layer may propagate to the outer leaflet, resulting in 
unshielded hydrophobic regions, onto which antibodies readily 
adsorb. The  observation that nonspecific antibody binding is 
lower on POPC/thiolipid membranes coupled via aminopropyl- 
silane and crosslinker to  the waveguide surface than on mem- 
branes directly bound to gold via the thiolipid's thiol  group 
indicates the  importance of a flexible spacer for formation of 
the  template layer. 

Conclusions 

Functionalized lipid  bilayers anchored by covalently bound thio- 
lipids  have  been  established on waveguides by self-assembly pro- 
cesses in aqueous  media.  The coupling scheme is simple and 
works under mild conditions, yielding a very stable thiolipid 
layer of 50-60% surface coverage. Phospholipid self-assembly, 
starting from vesicles or micelles, converts this layer to a lipid 
bilayer. With our coupling scheme, the membrane is kept at a 
distance from  the surface, thus maintaining a certain membrane 
flexibility and allowing for an  aqueous phase between surface 
and bilayer. Mixtures of phospholipids and functionalized lip- 
ids or lipid-anchored peptides in different mixing ratios can be 
applied, yielding a functionalized membrane surface of variable 
composition.  Membrane  formation and recognition reactions 
at the membrane surface can be monitored optically  in  real time, 
with high sensitivity and without the need for labels. Two  opti- 
cal parameters of the membrane system, one of  its refractive in- 
dices and its thickness, were determined independently, thus 
allowing a detailed characterization. 

Specific and nonspecific binding of antibodies to a lipopeptide- 
containing membrane could be discriminated. It turned out that 
the lipid bilayer not only serves as a  matrix for the  incorpora- 
tion of membrane-anchored  receptors,  but simultaneously re- 
duces the nonspecific binding of proteins, such as antibodies. 
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This  property of lipid membrane surfaces has been adopted for 
the development of biocompatible materials (Chapman, 1993) 
and might also be useful for sensor surfaces (Lang et al., 1993, 
1994; Terrettaz et al., 1993). The remaining nonspecific bind- 
ing of protein to supported membranes on sensor surfaces might 
be further reduced using thiolipids with long hydrophilic spacer 
groups for  the template layer or using lipids presenting flexible 
chains of oligoethoxides or sugar moieties at  the outer mem- 
brane surface. The use  of lipid-anchored NANP peptides for  the 
detection of anti-NANP antibodies by label-free optical tech- 
niques represents a new principle of immunosensors, here appli- 
cable for  the diagnosis of malaria and in vaccine development., 

The coupling scheme is  applicable to hydroxyl-exposing sur- 
faces in general, so it could,  for example, also be applied to  the 
modification of glass surfaces to form  supported bilayers. Such 
substrates would be suited for the fluorescence detection of spe- 
cially labelled ligands at membranes (Wise & Wingard, 1991; 
Zhou et al., 1991). Fluorescence techniques would offer  a su- 
perior sensitivity, giving detection of  single molecules (Eigen & 
Rigler, 1994;  Nie  et al., 1994); however, the inherent  disadvan- 
tage is the necessity of labels. The detection limit of label-free 
integrated  optics measurements is much higher, but the sensi- 
tivity of the method presented can certainly be increased by im- 
proving the chemical stability of the waveguide material and thus 
reducing drift effects. 

The concept of lipid immobilization is designed to allow the 
incorporation of transmembrane  proteins in their active state 
into supported lipid bilayers. These proteins require aqueous 
phases on  both sides of the membrane and a minimal membrane 
fluidity. Immobilized membranes have great potential for the 
development of new biosensors and  the study of reconstituted 
biological signal cascades, which  mostly  involve transmembrane 
proteins and protein-protein interactions at the  membrane sur- 
face (Lang et al., 1993). 

Materials and methods 

Materials 

1,2-Dioleoyl-sn-glycero-3-phosphothioethanol (DOPSH); 1,2- 
Dimyristoyl-sn-glycero-3-phosphothioethanol (DMPSH)  and 
l-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were 
purchased  from  Avanti  Polar  Lipids,  Alabaster/Alabama 
(USA). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 
was supplied by Sigma. N-((6-(biotinoyl)amino)-hexanoyl)-1,2- 
dipalmitoyl-sn-glycero-3-phosphoethanolamine (Biotin-DPPE) 
was from Molecular Probes, Eugene/Oregon  (USA). The synthetic 
lipopeptide N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]- 
[R]-cysteinyl-[SI-seryl-(NANP), (further termed “lipopeptide”) 
was kindly provided by the  group of G. Jung, Institut fur or- 
ganische Chemie, Universitat Tubingen, Germany. It had been 
synthesized according to a procedure described  elsewhere (Metz- 
ger et al., 1991). Tetradecanethiol was obtained from Fluka 
in purum  quality.  Monoclonal anti-(NANP),-antibody Sp3E9 
raised against  a (NANP),, peptide was a  generous gift of Dr. 
H. Matile, Hoffmann-La Roche AG, Basel, Switzerland. The 
antibody was 95% pure (SDS-PAGE). Streptavidin was pur- 
chased from Boehringer Mannheim AG, in BioChemika quality. 
The synthetic  peptide C(NANP),Y, “(NANP),”6 was synthe- 
sized by Dr. Anne Stvin, using a solid-phase strategy and Fmoc 
protection (Atherton et al., 1979). N-octyl-B-D-ghcopyranoside 

(OG) was either from Sigma or Bachem AG, Bubendorf/Swit- 
zerland. N-succinimidyl3-maleimidopropionate (SMP) was  sup- 
plied by Fluka. [3SS]-cysteine (specified activity range 20-150 
mCi/mmol) was from Amersham. (Aminopropy1)triethoxy- 
silane  (APTES) was obtained from Merck and purified by dis- 
tillation  under vacuum. All other chemicals used  were reagent 
grade.  The water used was purified via an ion exchanger puri- 
fication train  (Nanopure D4752 system, Barnstead) with at- 
tached 0.2-pm filter (Supor, DCF specification). The  buffers 
used  were:  25  mM sodium phosphate buffer, pH 8.0 (buffer A); 
25  mM sodium phosphate buffer, pH 6.8 (buffer B); 66 mM so- 
dium phosphate buffer, pH 7.0, with 100  mM NaCl added (Ab- 
buffer) for antibody binding experiments. 

Waveguide instrumentation 

Planar optical waveguides incorporating  an embossed grating 
with grating period A = 1/2,400 mm  were obtained from AS1 
AG, Zurich, Switzerland (type 2400, ca. 170  nm Ti02:Si02 2: 1 
waveguiding layer of refractive index nF = 1.8 on  AF 45 glass 
substrate of refractive index ns -- 1 S2). These sensor chips were 
measured with the  Integrated  Optics Scanner 10s-1 from ASI. 
The  conditions for chemical surface modification were opti- 
mized  using  waveguides made from the same material as the sen- 
sor chips but lacking the grating coupler. A custom-made open 
cuvette was used to hold the reaction  solution (200-400 pL) 
placed on  top  of  the grating coupler of the optical waveguide. 

Silanization of waveguides with APTES 

Prior  to silanization, sensor chips (4.8 x 1.6 cm) were cleaned 
by first  incubating them for 5 min  in a  hot (90 “C) 1: 1:5  mix- 
ture of NH4/H202/H20, followed by rinsing three times with 
double-distilled water.  The chips were then  treated for 5 min 
with a  hot 1:l:S mixture of HC1/H2O2/Hz0, again washed  ex- 
tensively  with double-distilled water, then rinsed three times  with 
acetone  before being vacuum dried for 12 h. The overall opti- 
cal quality of the sensor chips was not affected by this treatment, 
although it resulted in a decrease in the waveguide thickness of 
about 5% of its initial value, as determined by measuring the 
waveguide parameter dF with the grating coupler against air be- 
fore  and  after etching (two sensor chips measured). 

Silanization was performed by incubating at 120 “C  for 3  h 
a single chip in  30 mL of dry toluene containing 0.5 mL (2.15 
mmol) of APTES.  The solvent was removed at  the end  of  the 
reaction, and  the chip was  washed  with chloroform (five times), 
acetone (twice), and methanol (five times). Finally, the chip was 
dried under a  stream of nitrogen and kept in acetonitrile at 4 “C 
until use. The number of NH2 groups per sensor surface  area 
(Ti02/Si02 waveguide layer and glass support)  after silaniza- 
tion was determined with ninhydrine as described by Sarin et al. 
(1981). 

Modification of aminated waveguides with SMP 

Silanized sensor chips were  removed from acetonitrile, dried un- 
der  a  stream of nitrogen, and stored in buffer  A for  at least 
12 h. The sensor chips  were then placed  between two tight-fitting 
metal plates, the grating  area on  the waveguide surface being 
accessible by a  circular teflon-lined 1.5 cm2 opening in the 
cover metal plate. After washing  twice  with buffer A, the amino- 
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silane  layer  on  the waveguide  was treated with 200 pL  of a 
25 mM  solution of the  heterobifunctional  crosslinker  SMP  in 
buffer  A/DMF 4: 1 (v/v). After  incubation  for 30 min  at  ambi- 
ent  temperature, excess reagent was removed by washing once 
with DMF  and 10 times with buffer B. 

(3’S]-Cysreine binding assays 

Maleimide-functionalized areas  on waveguides, kept between 
two  metal  plates  as  described  above, were  covered  immediately 
after  SMP  modification with 100 pL  of a solution  of [35S]- 
cysteine  in buffer B (0.1 pCi/pL).  After  incubation  for 1 h at  
ambient  temperature, excess radioactive cysteine  was removed 
by rinsing 10 times  with  buffer B. The  sensor  chip was then re- 
moved from  the  metal plates and  the  modified  area was cut  out 
(1.6 x 1.8 cm).  The  sample was sonicated  for 30 s in buffer B 
and  then washed abundantly with the  same  buffer.  Retained 
radioactivity was measured by subjecting  the  sample  to  liquid 
scintillation  in toluene/Triton X-100/2,5-diphenyloxazole/l,4- 
Bis-2-(5-phenyloxazolyl)benzene on a K-3000 scintillation counter 
from  Kontron.  Controls  for  the specific binding of cysteine to  
maleimide  functionalized waveguides  were carried  out  as de- 
scribed above by applying [35S]-cysteine to etched or aminated 
waveguides, or to maleimide-functionalized waveguides that  had 
been inactivated with P-mercaptoethanol(1OVo in buffer B [v/v]) 
prior  to  incubation with  [35S]-cysteine. 

Real-time monitoring of thiolipid binding 
lo the waveguide 

Thiolipid/OG mixed micelle solutions were prepared by dissolv- 
ing a dried  thiolipid film (0.5 mg) in 500 pL of a 50 mM solu- 
tion of OG in buffer B. The  presence  of  thiols in the  dispersion 
was assayed by the  development  of yellow color  after 1 : 1 mix- 
ing with Ellman reagent (10 mM DTNB in water, Riddles et al., 
1983). Immediately after modification with SMP, the waveguide 
chip was assembled  with  the  open  O-ring  cuvette  and  mounted 
on the  turntable  of  the  lntegrated  Optics  Scanner (10s). The 
waveguidelcuvette assembly was rinsed twice with buffer B, then 
the  baseline  of  the  waveguide was recorded.  The  buffer was 
exchanged for  the mixed micelle solution  and  the thiolipid  bind- 
ing  was monitored  with  the 10s. After  different  times of incu- 
bation  (ranging  from  30  min  to 16 h) at  ambient  temperature, 
the waveguide surface was  rinsed  with buffer B. Physisorbed 
lipid was removed by washing with 50 mM OG. 

Formation of the lipid bilayer and protein binding 

After  thiolipid  binding to  the waveguides, lipid bilayers  of 
POPC, of POPC/biotin-DPPE, or of  POPC/lipopeptide in 
selected molar  ratios were formed by vesicle spreading  (Kalb 
et  al., 1992; Lang et al., 1992,  1994; Terrettaz et al., 1993) or 
by dilution  of mixed micelle solutions (Lang et al., 1994). Vesicle 
dispersions were produced by first  drying  down a chloroform 
solution  of 1 mg either  of  POPC or a mixture of POPC  and 
biotin-DPPE.  After  addition of 50 pL  buffer B to  the lipid film, 
the  aqueous mixture  was  sonicated 3-4 times for 3 min in a bath- 
type  sonicator  (Sonorex RK 102p) until a  clear vesicle disper- 
sion  was obtained.  This  dispersion was diluted to a final lipid 
concentration  of 1 mg/mL.  Two-hundred  microliters  of a ves- 

icle dispersion were placed on  the grating  region  of the thiolipid- 
modified  waveguide  and  the lipid adsorption  was  measured 
until a stable layer was  obtained. Excess vesicles were then re- 
moved without disturbing  the  formed layer by diluting 1: 1 (v/v) 
with  buffer B IO times, while continuously  maintaining  the 
waveguide  covered  with buffer. 

For  experiments with lipopeptide,  dilution  of mixed micelle 
solutions was  used exclusively for  producing  the  second layer 
on  top  of  the  thiolipid  layer.  POPC dissolved in  chloroform or 
mixtures  of POPC  and lipopeptide dissolved  in chloroform: 
methanol 1 : 1 (v/v),  were dried  and  subsequently dissolved  in 
50 mM OG solution in buffer B (final  concentration 1 mg/mL 
lipid). Two-hundred microliters of  this  solution were placed on 
the  thiolipid-modified waveguide. After 5 min,  dilution was 
started by adding 200 pL  buffer, mixing, and  removing 200 pL 
of the  sample.  This  procedure  was  repeated 10 times,  allowing 
the  sample  to  equilibrate between the  dilution cycles for  at least 
1.5 min. 

Streptavidin  binding to  POPC  membranes with or without  in- 
corporated  biotin-DPPE  was  measured by injecting a solution 
of  streptavidin  in  buffer B into  the  cuvette  volume,  to give  fi- 
nal  concentrations of 0.4-1.7 p M  streptavidin. Binding  was al- 
lowed to  take  place  for 5-45 min,  and  unbound  protein was 
removed  from  the  reaction  solution by dilution ( I O  times 1:l 
with buffer B). 

Antibody binding to  POPC  membranes containing 0-4 mol% 
lipopeptide  was  initiated  by  injecting a solution  of 0.3 mg/mL 
Anti-(NANP),  antibody  in  Ab-buffer  to give final  antibody 
concentrations of 100-200 nM.  The binding was allowed to  con- 
tinue  for 15-40 min,  then  unbound  antibodies were removed by 
washing with Ab-buffer. 

Specifically bound  antibodies were displaced  from  the  mem- 
brane  surface by adding 66 pL of a 0.6 mg/mL  (NANP),, solu- 
tion in Ab-buffer  (final  (NANP),,  concentration 75 pM). 

Waveguide theory and data processing 

The waveguides were read  out by varying the angle of incidence, 
a ,  of laser  light onto  the  grating while measuring  the intensity 
of the  guided  modes  (Fig. 1). This  angle  scan is automatically 
performed by the IOS, yielding the  incoupling  angles  (at  maxi- 
mal  intensity of guided light reaching  the  detectors)  for  the  two 
polarizations  of the light,  transverse  electric, TE, and transverse 
magnetic, TM. These angles aTE and aT;u are  directly  related 
to  the  effective  waveguide indices N T E  and N T M ,  i.e.,  the  ratio 
of the  vacuum velocity of light to  its velocity along  the wave- 
guide, by the  incoupling  condition  (Tiefenthaler & Lukosz, 
1989). It is written  here for  the first grating  order  and in the pos- 
itive direction: 

X 
N = no,,-sin 01 + - 

A 

no;, is the  refractive  index of air, a the  incoupling  angle in air, 
X the  vacuum  wavelength of the laser  light (632.8 nm),  and A 
the  grating  period (1/2,400 mm). 

From a theoretical  point  of view,  light is coupled  into a slab 
waveguide only if the  transverse  resonance  condition is fulfilled 
(Kogelnik, 1979), i.e.,  the  sum  of all phase  shifts  on a path 
across  the waveguide and  back  equals  to a multiple m of 2r. 
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This is expressed  in the  mode  equation  (Tiefenthaler & Lukosz, 
1989; Spohn, 1994): 

where kz,F is the  perpendicular wave vector  component  of  the 
wave guided  in  the  film F, dF the  thickness  of  the  film  (the 
product k,,FdF is the  phase  shift  upon  traversing  the wave- 
guide),  and +F,s and 4F,c are  the  phase  shifts  upon  total  inter- 
nal reflection at  the  interfaces, waveguiding film Fhubstrate S ,  
and film F/cover  medium C, respectively. These  phase  shifts are 
different  for  the  two  polarizations  of  the light. 

Because the refractive  indices of  substrate, ns,  and cover me- 
dium, nc, are  both  smaller  than N ,  the field  in  these media is 
evanescent. This evanescent wave traveling along  the waveguide 
surface is modified by the presence of an  organic layer on  top 
of the  waveguide.  This  adlayer  changes  the values of kz,F and 
the  phase  shifts 4F,A,c,  and  thus  tunes  the  resonance  to new 
effective indices N. An extensive treatment  of  this  “four-layer 
planar  waveguide  model” is given  elsewhere (Tiefenthaler & 
Lukosz, 1989). It  consists of the glass support (index S), the 
waveguiding film (F), the organic  adlayer (A), and  the cover me- 
dium (C), with  the  corresponding  parameters:  thickness d,  re- 
fractive  index n, effective waveguide  index N. We calculated 
thickness values dA for  the  organic  adlayer  from  the  effective 
waveguide indices NTE and NTM provided by the 10s with the 
following  formulae,  derived  from  the  mode  equation  and  the 
Fresnel equations: 

k = 2?r/X is the wavevector of the  light, k, its component in the 
z-direction  (perpendicular  to  the waveguide) given by: 

k2,x = m, 
where  the index X is F, S, C, or A 

ma - k2, FdF - arctan ( ( “s 7’.  -) I k2.s I ] . (3b) 
nF kz,F 

The  coefficient p is set to  zero  for  the  TE-mode,  to 1 for  the 
TM-mode. 

Because  refractive  index n F  and  film  thickness dF varied 
from  chip  to  chip, a waveguide  calibration  had  to  be  done in- 
dividually for each  chip. The waveguide - usually already chem- 
ically modified- was first  measured in buffer B. n F  and dF 
values, which served as references for  the  determination of sub- 
sequently  formed  adlayers, were calculated  assuming a three- 
layer model  (with  substrate,  waveguide,  and cover medium  as 
the layers). 

Lipid  mono-  and  bilayers  may  show  an  optical  anisotropy 
(Swalen, 1986). Under  these  circumstances,  three  parameters 
have  to  be  determined  for  the  adlayer: its refractive index  in the 
membrane  plane, nA,; the  index  perpendicular to  the  plane, 
nA,; and its thickness, d,, versus two  measured  parameters, 
NTE and NTM. We proceeded  in the following way. For nA,, we 

assumed a constant  value  of 1.45, which is a reasonable value 
for fluid lipid membranes  and  proteins  (Pethig, 1979). Then,  the 
second  refractive  index, n,,, and  the  mean layer thickness, dA, 
were calculated  numerically by setting dA ( T E )  = dA (TM) . 
From  the  effective waveguide  index changes  for  the  two  modes 
upon lipid binding, two parameters were finally derived: the  cor- 
responding layer thickness, dA, and  the  anisotropy  coefficient, 
7 ,  which gives the  ratio  of  the  two  refractive indices nA,/nA, of 
the  anisotropic layer. The  thickness values dA ( T E ) ,  d, ( T M )  , 
calculated  with  the  isotropic  assumption nAxy = n,, = 1.45, 
were  used to give an  estimate  of  the  error, because some  of  our 
measurements reflect anisotropy of the waveguide itself and  thus 
the  two measured parameters NTE, NTM may  not be completely 
independent  (Spohn, 1994). 

To  evaluate  experiments  for waveguides  showing drift of the 
waveguide  indices N ,  the following approach was used. During 
an  experiment,  the waveguide  was exposed several times  to 
buffer B only,  without  any  reaction  taking place. The  changes 
of  the  optical properties  of the waveguide observed during these 
time intervals can  be  formally described by an  apparent  change 
in the  adlayer  thickness di  . The values d i  were linearly fitted 
to give a slope  corresponding  to  the waveguide drift.  It was at- 
tributed  to  the  middle of the  time  interval  concerned.  These 
slope values  were plotted versus time  and  then  fitted with a sin- 
gle exponential  function 

slope = - = ae-”, 6 ( d i )  
6t 

which was subsequently  integrated to give the  part of d i   ( t  ) due 
to  chip  drift.  The  integration  constant was  selected to set dA = 0 
at  that  time, when n F  and dF had been calculated  as reference 
values. This  integrated  drift  curve was then  subtracted  from  the 
original layer thickness  data, d;l, to yield the  true  thickness  of 
the  adlayer, dA . 

Surface  plasmon  resonance  experiments 

Surface  plasmon  resonance  experiments were performed with 
the  apparatus  described  by  Terrettaz  et  al. (1993) using a 
Kretschmann  configuration  (Kretschmann, 1972). Thiolipids 
were immobilized  on  the  gold  surface by spontaneous self- 
assembly from a mixed  micelle solution (1 mg/mL lipid in 
50 mM OG, dissolved in water,  as  described elsewhere (Lang 
et al., 1994)). Incubation times were varied from 2 to 6 h.  After 
washing the  thiolipid layer once with 50 mM OG solution  and 
rinsing with water, a  second  layer was formed  on  top of it using 
the  same  methods  as  described (see Formation of the lipid  bi- 
layer and  protein  binding). 

For some  measurements of antibody  binding  to  lipopeptide, 
the mixed POPC/lipopeptide layer was formed  on  top of  a tetra- 
decanethiol instead of a  thiolipid surface.  Tetradecanethiol lay- 
ers were produced by immersion  of  the gold-covered  glass  slide 
in  a 1 mg/mL  solution  of  tetradecanethiol in ethanol  for 3 h. 

Measurements were evaluated  as  follows.  At a fixed refrac- 
tive index of  n = 1.45 for  the  organic layers, Fresnel calculations 
for our experimental  conditions yielded  a proportionality  con- 
stant  of 64 A per degree  angle  shift in the  case  of very thin lay- 
ers (d, << X). The  observed  shifts  of  the  resonance  angle were 
multiplied by this  constant  to give the  mean layer thickness 
values. 
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