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By combin ing  d io leoylphosphat idyle thanolamine  ( D O P E )  with oleic acid ( O A k  pa lmi toylhomocys te ine  ( P H C )  or  
dipalmitoylsuccinylglycerol  ( D P S G )  we have  prepared pH-sens i t ive  l iposomes  with di f ferent  acid sensit ivi t ies.  D O P E /  
O A  l iposomes  are  the  m o s t  acid sensi t ive,  while D O P E / D P S G  l iposomes are  the least  acid sensit ive.  Incubat ion  of  
D O P E / O A  l iposomes  with m o u s e  L929  cells reduces  the  pH-sensl t iv i ty  of  these  l iposomes  by al ter ing the  lipid 
composi t ion .  U s i n g  d iphther ia  tox in  f r agmen t  A as  a m a r k e r  for  cytoplasmic delivery, we find tha t  the  delivery kinet ics  
o f  pH-sens i f ive  i m m u n o l i p o s o m e s  closely corre la tes  with the  modif ied  acid sensi t ivi t ies  of  the  l iposomes,  lmmunol ipo-  
s o m e s  encoun t e r  p H  6--6.2 with  a t t ,  2 o f  5--15 rain a f t e r  internal izat ion.  By contras t ,  acidification of  the  e n d o s o m e s  to 
p H  5.0 t akes  longer  ( r t / z  ----- 25 min) .  W e  also used  a whole  cell null point  t echnique  (Yamishi ro  and  Max i l e ld  (1987) J .  
Cell  Biol. 105, 2713 -2721 )  to  directly de t e rmine  the  average  pH  encoun te red  by the  endocy tosed  immunol iposmnes .  W e  
| i n d  tha t  acldil icat lon de te rmined  by t he  null  point  m e t h o d  proceeds  less  rapidly than  tha t  e s t ima ted  f rom D T A  delivery 
data .  T h i s  is  likely due  to the  fact  tha t  the  m e a s u r e d  D T A  delivery is done  by those  l iposomes  which first  arrive at  the  
endosomes with suf f ic ien t  acidity. O u r  da ta  sugges t s  tha t  D O P E / P H C  immuno l iposomes  del iver  at  t he  early endosome  
while D O P E / D P S G  immudaoliposomes deliver at the  la te  endosomes .  T h e  D O P E / O A  immunol iposomes ,  with the 
a l tered compos i t ion  and  acid sensi t ivi ty,  deliver with  a k inet ics  in te rmedia te  be tween the  o the r  two immunol iposomes .  
T h u s ,  pH-sens l t lve  l iposomes  rept'¢~,ent useful  p robes  fo r  s tudy ing  the  kinet ics  of  e n d o s o m e  acidification.  

In t roduct ion  

Endocy to s i s  is a m a j o r  rou te  for  cellular up t ake  o f  
ext racel lu lar  mater ia ls .  M a n y  types  o f  molecu les  inc lud-  
ing  low dens i ty  l ipoprote in  [1], t r ans fe r r in  [2], g r o w t h  
fac tors  [3] a n d  v i ruses  a re  t aken  up  by  endocy t i c  pa th -  
way.  Recep to r s  a n d  thei r  l i gands  first c lus ter  in c la thr in  
coa t ed  pi ts  [4]. T h e s e  p i t s  t hen  p inch  of f  f rom the  
p l a s m a  m e m b r a n e  to f o rm  coa ted  vesicles which+ af ter  
loss  o f  their  c la thr in  coat ,  fuse  wi th  the  ear ly  endo -  
somes .  F r o m  the  ear ly  e n d o s o m e s  s o m e  receptors  such  
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as t rans fe r r in  recycle back to the cell su r face  [4], while 
o ihe r s  are t r anspor t ed  iv  later  e l emen t s  n the p a t h w a y  
inc lud ing  the late e n d o s o m e  and  the |y., o s o m e  [4]. Re-  
cently,  it has  been  d e m o n s t r a t e d  tha t  ear ly and  late 
e n d o s o m e s  are  b iochemica l ly  d is t inct  organel l  :s which  
are kinet ical ly related yet exhibi t  qu i te  d i f ferent  ~uminal 
acidit ies [5]. In terna l ized  l igands  reach the early endo-  
some  wi th  a t t /  2 of  2 - 5  rain a n d  are  acidif ied to 
approx ima te ly  p H  6 -6 .5  [5]. A c c u m u l a t i o n  o f  l igands  in 
the late e n d o s o m e s  proceeds  a s y n c h r o n o u s l y  with  a i l l ,  " 

of  10 -25  rain and  acidif icat ion to p H  5 .0-5 .5  [5]. The  
lysosome  is reached wi th  a t,]: o f  approx .  35 rain 
expos ing  the  l igand to p H  4 - 5  [5]. It shou ld  be  no ted  
tha t  the  precise  acidif icat ion kinet ics  is d e p e n d e n t  on  
the  m e t h o d  of  de tec t ion  and ,  pe rhaps ,  a lso on  the  type  
o f  cell used.  O the r  inves t iga tors  have  repor ted  s imi la r  
bu t  not  identical  acidif icat ion kinet ics  [6-9].  

The  p r imary  route  o f  l i posome  up t ake  by cu l tu red  
cells is the  endocyt ic  pa thway  [10,11]. L iposomes  and  
i m m u n o l i p o s o m e s  ( l iposome~ bea r ing  eovalent ly  a t -  
tached an t ibody)  are  t aken  u p  t h rough  endocy tos i s  and  
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encounter the progressively more acidic pH values of 
the endocytic organelles. Once the lysosome is reached, 
the iiposome, (or immunoliposome) along with its con- 
tents, is degraded [11]. Recently, we and others have 
developed liposomes which can exploit the acidification 
properties of the endocytic organelles and release their 
contents into the cytoplasm following liposome-endo- 
some fusion [12-14]. These liposomes are stable at 
neutral pH and become fusion active and leaky at 
weakly acidic pH values [15]. Such pH-sensitive lipo- 
somes [14] and immunoliposomes have been shown to 
mediate the cytoplasmic delivery of a variety of en- 
capsulated solutes including fluorescent dyes [12], tyro- 
toxic drugs [13], plasmid DNA [16,17] and diphtheria 
toxin A fragment (DTA) [18]. The process of delivery 
by pH-sensitive immunoliposomes involves antibody- 
mediated binding of the immunoliposomes to antigen 
expressing cells, uptake of the immunoliposomes into 
the endocytie pathway and acid induced fusion of the 
liposomes with the cellular endosomes. 

Recently, we have characterized the physical behav- 
ior of three types of pH-sensitive liposomes. The lipo- 
seines share a common design in which dioleoylphos- 
phatidylethanoiamine (DOPE) is combined with a pro- 
tonatable amphipathic lipid. DOPE alone will not form 
bilayers under physiological conditions [19], however, 
stable bilayers form when DOPE is combined with 
deprotonated acidic lipids [15]. We have found that 
different DOPE/amphiphi le  combinations yield lipo- 
seines with different stabifities and different acid sensi- 
tivities. As described above, the endocytosis of pH-scn- 
sitivc liposomcs has been demonstrated and the endo- 
cytic pathway has been shown to be composed of 
organdies with different luminal acidities which arc 
encountered sequentially. The goal of the studies pre- 
sented here was to determine if the physical properties 
of various pH-sensitive liposomes are reflected in differ- 
ent delivery kinetics following endocytosis. Our data 
suggests that pH-sensitive liposomes may provide non- 
toxic carders of defined composition and behavior which 
may be useful probes for studying the endocytic path- 
way. 

Experimental procedures 

Materials 
DOPE, dioleoylphosphatidylcholine (DOPC), bovine 

brain phosphatidylserine (PS), N-(nitrobenz-2-oxa-l,3- 
diazol-4-yl)-PE (NBD-PE) and N-(lissamine rhodamine 
B sulfonyl)-PE (N-Rh-PE) were purchased from Avanti 
Polar Lipids (Birmingham, AL). CA was purchased 
from Sigma Chemical Co. (St. Louis, Me) .  [14C]OA 
was purchased from New England Nuclear. N-Fluo- 
resceinthiocarhamoytdipalmitoyl-PE (FPE) was pur- 
chased from Molecular Probes (Eugene, OR). PHC was 
synthesized as described [20]. [3H]PHC was prepared by 

using [3H]N-hydroxysuccinimide ester of palmitic acid 
as a starting material [21]. DPSG was synthesized as 
described [34]. [14CIDPSG was synthesized using [14C]- 
succinic anhydride as a starting material. Diphtheria 
toxin was obtained from Connaught Laboratories 
(Ontario, Canada). DTA was purified as described [18]. 
Calcein was obtained from Sigma Chemical Co. (St. 
Louis, Me) .  

A ntibody preparation 
Anti-H2K k antibody from mouse hybridoma cell line 

11-4.1 was purified, labeled with 12Sl and derivatized 
with the N-hydroxysuccinimide ester of palmitic acid, 
as described by Huang et al. [21]. 

Liposome and immunoliposome preparation 
Liposomes or immunoliposomes were prepared by a 

reverse-phase evaporation method with modifications 
[12,22]. Briefly, solvent  free lipid films at a 
DOPE/amphiphi le  ratio of  4 :1  ( ree l /mot)  were sus- 
pended in phosphate-buffered saline (PBS) (pH 8.0). 
For calcein-containing liposomes the lipid was sus- 
pended in PBS (pH 8.0) containing 50 mM calcein. A 
trace amount of hexadecyi [~H]cholestanyl ether 
([3H]CE) was included in the lipid mixture to facilitate 
evaluation of the lipid. The lipid suspension was soni- 
cared for 10 rain in a bath type sonicator (Laboratory 
Supplies Co. Inc. Hicksville, NY). The pH was found to 
decrease upon sonication and was readjusted to pH = 8.0 
by addition of 0.1 M NaOH. The liposomes were then 
sonicated for an additional 10 min. If DTA was to be 
entrapped DTA (50/Lg per 10 #reel  lipid) was added. 
The sonicated liposomes were then transferred to a 
pear-shaped flask and diethyl ether added to a 3 :1  
(v /v)  ratio to the aqueous phase. The mixture was 
sonicated 20-30 s to form a stable emulsion. The emul- 
sion was then rotary evaporated at 30 ° C  under vacuum 
(water aspiration) using a Buehi Rotvaper-R (Buchi 
Laboratoriums Tcchnik AG, Switzerland) until a iiqui- 
fled gel was formed. The resulting liposomes were di- 
luted with PBS to a final lipid concentration of 5 raM. 
Immunoliposomes were prepared by adding paimitoyl 
antibody, in PBS (pH 8.0) containing 0.15% deoxy- 
ch01ate, to the liquified gel, The lipid to antibody ratio 
was 10 : 1 (w/w).  Diethyl ether at 2% (v /v)  was added 
to facilitate antibody incorporation [22] and this final 
mixture was vortexcd and dialyzed for 25 h against 12 1 
PBS (pH 8.0). The liposomes and immunoliposomes 
were then extruded five times through 0.1/~m nuclepore 
filters. 

Unencapsulated calcein or DTA were separated from 
liposomes and immunoliposomes by passage over Bio- 
Gel A0.SM column equilibrated with PBS (pH 7.5). 

Lipid mixing assay 
Liposomes prepared to contain I mol% N-NBD-PE 

and 0.5 molto N-Rh-PE ( 'labeled vesicles') were in- 



cuba ted  wi th  a 3-fold excess  of  un labe led  vesicles. 
Ac id - induced  lipid mix ing  was a s sayed  as descr ibed by 
C o n n o r  et al. [15]. 

A eid.induced leakage 
Liposomes  con ta in ing  calcein were d i lu ted  to a final 

lipid concen t ra t ion  of  50 # M  in PBS (pH  7.5) and  
assayed  for ac id- induced  calcein release as descr ibed 
[15]. 

Immunoliposome delivery kinetics 
L929 cells were p la ted  into  96-well p la tes  at 103 

¢ e l l s / m l  a n d  al lowed to a t tach  overnight .  T h e  cells were 
they  w a s h e d  with ice-cold M c C o y ' s  m e d i u m  con ta in ing  
10% calf  s e rum and  incuba ted  a t  4 ° C  for 30 min.  The  
cells were then  gent ly  w ash ed  three  t imes  wi th  ice-cold 
se rum-f ree  M c C o y ' s  m e d i u m .  D T A - c o n t a i n i n g  ina- 
m u n o l i p o s o m e s  m se rum-f ree  M c C o y ' s  were a d d e d  to 
the  cells a n d  incuba ted  for 35 m i n  a t  4 ° C  on  a shake r  
plate .  The  f inal  D T A  concen t r a t i on  was  5 • 10 --~ m g / m l  
at  a final lipid concen t r a t i on  o f  4 5 - 5 0  p g / m l .  T h i s  
concen t r a t i on  o f  l iposomal  D T A  was  chosen ,  because  
p rev ious  ex pe r imen t s  showed  that  the  cel lular  p ro te in  
syn thes i s  was  inhibi ted  m a x i m a l l y  (70-80%)  at this  
concen t ra t ion .  A f t e r  35 rain a t  4 ° C ,  the cells were 
gent ly  washed  five t imes  wi th  ice-cold se rum-f ree  Mc-  
C o y ' s  m e d i u m .  T o  al low endocy tos i s  to begin,  the  cold 
se rum-f ree  m e d i u m  was  replaced wi th  p r e w a r m e d  
(37 * C)  M c C o y ' s  m e d i u m  c o n t a i n i n g  10% calf  s e rum.  At  
va r ious  t imes  ( 0 - 6 0  rain) af ter  w a r m u p  to 3 7 ° C ,  Me-  
C o y ' s  m e d i u m  co n t a in ing  calf  s e r u m  a n d  10 m M  N H 4 C I  
w a s  a d d e d  to  the  cells to  inhibi t  e n d o s o m e  acidif icat ion.  
A t  17 h af ter  w a r m u p ,  [3H]leucine (New E n g l a n d  
Nuc lea r )  in M c C o y ' s  m e d i u m  con t a in ing  10% calf  s e rum 
a n d  10 m M  NHaC1,  was  a d d e d  to  the  cells (1 p C i / w e l l )  
a n d  incuba ted  a fu r the r  6 h. T h e  cells were then  
ha rves ted  o n t o  glass  f iber filters u s ing  a n  a u t o m a t e d  cell 
ha rves t e r  ( C a m b r i g e  P H D ,  C a m b r i d g e  Techno log ies )  
a n d  p rocessed  by  scint i l la t ion coun t ing .  I m m u n o l i p o -  
some- t r ea t ed  cells were c o m p a r e d  to  con t ro l s  (un-  
t rea ted)  a t  each  t ime  po in t  (0% m a x i m a l  toxicity).  Max i -  
ma l  toxici ty (100%) refers to the toxicity ob ta ined  in 
e x p e r i m e n t s  where  no  N H , C I  w as  used.  

Lipid exchange 
Liposomes  were p repa red  as  descr ibed above  to con-  

ta in  [3H]CE as a m a r k e r  for total  lipid. For  D O P E / O A  
a n d  D O P E / D P S G  the  app rop r i a t e  t4C-labeted the 
a m p h i p h i l e s  were a lso  i nc luded  in the  l i posome  m e m -  
branes .  For  D O P E / P H C ,  two separa te  l i posome  pre -  
p a r a t i o n s  h a d  to be  prepared:  one  con t a in ing  [3HICE 
( total  lipid marke r )  a n d  o n e  c o n t a i n i n g  [3H]PHC.  

Labe led  l iposomes  (45 p g / m l  total  l ipid) were  added  
to L929 cells which  h a d  been  grow~ in 6-wetl p la tes  
(10 s c e l l s / m l )  a n d  incuba ted  wi th  a g l t a u o n  a t  37 ° C  for 
30 rain.  T h e  cell m e d i u m  was  then  ha rves ted  and  the 

cells were dissolved in 0.2% Tr i ton  X-100. Tota l  lipid 
recovery and  recovery of  OA.  D P S G  or PHC were then 
eva lua ted  by scinti l lat ion count ing .  

Cell-in duced leakage 
Calce in -con ta in ing  l iposomes  of  the  indicated com-  

pos i t ions  (45 ~ g / m l  total lipid) were incuba ted  with 
L929 cells for 30 min  at  3 7 ° C .  T h e  cell m e d i u m  was 
harves ted  and  the l iposomes  eva lua ted  for calceir  
se l f -quenching  us ing  the following equa t ion :  

% quenching = ( I - F u / F r  )" 100 

where  Fc, and  FT are the measu red  f luorescence intensi-  
ties of  l iposomes  before  and  after  add i t ion  of  deoxy-  
chola te  to 0.2% (v /v ) .  

"Null point" acidification assay 
T h e  p H  of  i m m u n o l i p o s o m e  con t a in ing  compar t -  

m e n t s  was m e a s u r e d  u s ing  a null  po in t  m e t h o d  1231. 
l m m u n o l i p o s o m e s  c o m p o s e d  of  D O P C  and  PS (4 :  1. 
m o l / m o l )  were m a d e  to con ta in  2 tool% F P E  by the  
reverse -phase -evapora t ion  m e t h o d  descr ibed  above.  
L929 cells were grown on  glass  cover  s l ips  (11 × 30 ram) 
and  washed  with Mes -buf fe red  sal ine (150 m M  NaCI ,  5 
m M  KCI. 1 m M  CaC12. 10 m M  glucose  a n d  20 mb~ 
Mes  (pH  7A)). FPE  c o n t a i n i n g  i m m u n o l i p o s o m e s  (50 
p g / m l  total  lipid) was  a d d e d  to the  cells and  incuba ted  
at 3 7 " C .  At  va r ious  t imes  o f  i ncuba t ion  the cells were 
wasneta five t imes  with  ice cold  Mes-buf fe red  sal ine  (pH 
7.4) a n d  p laced  o n  ice. T h e  cover  s l ips  were then  p laced  
in a tef lon cover  slip adap te r  which  al lows f luorescence 
m e a s u r e m e n t s  to be  m a d e  on  cells a t t ached  to the cover  
slip. T h i s  adap t e r  ho lds  the  cover  slip at  a 60 ° angle  
wi th  respect  to the  f luorescence cuvet te  face. T h e  cover  
slip was  placed in 2.5 ml o f  Mes -buf fe red  sal ine ( p t t  
7.4) a n d  initial f luorescence  m e a s u r e m e n t  m a d e  at  490 
n m  exci ta t ion and  516 n m  emiss ion .  Af te r  the  initial 
f luorescence  m e a s u r e m e n t s  were made ,  the  med i a  was  
replaced with Mes-buf fe red  saline,  p read jus ted  to p H  
6.8, 6.5, o r  6.0. F luorescence  in tens i ty  m e a s u r e m e n t s  
were m a d e  af ter  this  c h a n g e  in extracet lular  p H  (F,~).  A 
mix tu re  o f  a m m o n i u m  aceta te  a n d  m e t h y t a m i n e  (70 
m M  each  final concen t r a t i on )  was  added  to equi l ibra te  
the in t raeel lular  p H  with tha t  o f  the  externa l  m e d i u m  
[23]. F luorescence  in tens i ty  m e a s u r e m e n t s  were m a d e  2 
rain af ter  add i t ion  o f  a m m o n i u m  acetate/t~-_-:.thylamine 
(F~,). All  f luorescence  m e a s u r e m e n t s  were m a d e  at 
2 5 ° C .  The  percentage  change  in f luorescence in tens i ty  
was  ca lcula ted  as  descr ibed [231 as: 

F - F  
a i = ~  ,100% 

and  p lo t ted  vs. extracel lular  pH .  
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Results 

.4eid sensitivit)' of  the liposomes 
Fig. 1 shows a comparison of the acid sensitivity of 

pH-sensitive liposomes of three different compositions. 
We have used the lipid mixing assay described by 
Conner  and Huang [15] to assay for acid-induced desta- 
bilization of pH-sensitive liposomes. The destabilization 
of pH-sensitive liposomes involves fusion and collapse 
into nonbilayer structures such as hexagonal phase [19]. 
As shown in Fig. 1, DOPE/oleic  acid (DOPE/OA)  
liposomes exhibit 50~ maximal lipid mixing (pHs0) at 
approximately pH 6.9. DOPE/palmitoyihomocysteine 
(DOPE/PHC)  liposomes exhibit a pHs0 at approxi- 
mately pH 6.25, while liposomes composed of 
DOPE/dipalmitoylsuccinylglycerol (DOPE/DPSO)  ex- 
hibit a pHs0 of approximately pH 5.0 (Fig. 1). Thus, the 
three liposome compositions gave well-defined but dif- 
ferent acid sensitivity. Since all the pH-sensitive lipo- 
some compositions contain the same amount of DOPE, 
the different acid sensitivities reflect structural dif- 
ferences in the amphiphilic lipid combined with DOPE. 
In particular, the intrinsic pK a values of the acidic 
lipids are probably different. 

Delivery kinetics of  the liposomes 
Based on the results of our acid-induced destabili- 

zation studies and what is known about the kinetics of 
endocytosis, one would predict D O P E / O A  liposomes 
should deliver earlier in the endocytic pathway than 
D O P E / P H C  liposomes which should in turn, deliver 
earlier than tiposomes composed of D O P E / D P S G .  In 
order to test this hypothesis, we prepared immunolipo- 
seines composed of DOPE/OA,  D O P E / P H C  and 
DOPE/DPSG.  All preparations contained DTA which 
we have previously shown to be effectively delivered by 
pH-sensitive liposomcs in a process involving immuno- 
liposome endocytosis and immunoliposome-endosome 

6O 

C, t - -  : ~ : 
3 ¢ 5 6 7 

pH 
Fig. 1. Acid-indtic=d desiabiiization of |ipusoiJ~=s. Lipid mixing at 
differ©hi plt values was assayed as described in Methods for: 
DOPE/OA (4:1, reel/mot) iiposomes (B], DOPE/PHC (4:1, 
mol/mol) liposomes (A) and DOPE: DPSG (4:1, reel/moll lipo- 

somes (el. 

2 

2 

I 
~"  20  40  60  

Fig. 2. Kineti¢5 of DTA d¢llv¢¢y by pH-svnsltlve immunollposomos. 
maximal toxicity was assayed as described in Methods and plotted 

vs. time of incubation at 37°C prior to NHaCI addition, a, 
DOPE/PHC immunoliposomes; L DOPE/OA im~.unoliposomes. 

and O, DOPE/DSPG immunoliposomes. 

fusion [~8]. In order to evaluate the kinetics of delivery 
we first incubated ceils at 4 ° C  to inhibit endocytosis. 
The different immunoliposome preparations were then 
added to the cells and allowed to bind at 4 ° C .  We have 
previously shown that immunoliposomes are bound but 
not endocytosed at 4 ° C  [7,8]. The cells were ~hen 
washed to remove unbound immunoliposomes and 
warmed to 37 ° C  to allow endocytosis and endosome /  
i~'sosome acidification to proceed. Acidification was 
stopped after various times at 37°C  by addition of 
NH,ICI which we have previously shown to be effective 
in blocking immunoliposome-endosome fusion [18]. 
Using this assay we can determine the tt/2 (time re- 
quired for 50% maximum toxicity) of delivery by the 
different immunoliposome compositions. 

In support of the hypothesis described above, de- 
livery of DTA by D O P E / D P S G  immunoliposomes 
could be completely blocked by NH4C! at time points 
up to 20 min after warmup to 3 7 ° C  (Fig. 2). At time 
points longer than 20 min, DTA delivery was not 
blocked. This indicates that delivery via D O P E / D P S G  
immunoliposomes occurs in an acidified endocyli¢ 
organelle which is reached with a t l /  z of approx. 25 
min. D O P E / P H C  immunoliposome delivery kinetics 
also supported our hypothesis. As seen in Fig. 2, 
D O P E / P H C  liposomes were not hlockable by NH4C! 
at time points greater than 2 min. The t l /z for delivery 
by D O P E / P H C  immunoliposomes was approximately 
5 min (Fig. 2). The delivery kinetics of D O P E / O A  
immunoliposomes deviated significantly from our hy- 
pothesis. D O P E / O A  immunoliposomes exhibit a t~/2 
for delivery of approximately 15 rain (Fig. 2) which is 
intermediate between D O P E / P H C  and D O P E / D P S G .  
According to the pHs0 of the D O P E / O A  liposome, one 
would expect that the tt/2 for delivery would be less 
than 5 mln. 



Cell-induced alterations of immunoliposomes 
In order to determine why D O P E / O A  immunolipo- 

some delivery kinetics deviated from our original hy- 
pothesis, we investigated the possibility that L929 cells 
were altering the composition and thus the behavior of 
the immunoliposomes. Earlier work in our laboratory 
has shown that incubation in serum-free MeCoy's 
medium does not alter the composition or stability 
DOP1E/OA immunoliposomes (data not shown). How- 
ever, it is known that long-chain fatty acids, such as 
OA, can desorb very readily from liposomes membranes 
and transfer rapidly between lipid membranes [24]. 
Liposome-cell transfer of OA has also been demon- 
strated [25]. To investigate whether OA may be under- 
going immunoliposome-to-cell transfer, we examined 
the transfer of [t4C]OA from liposomes in the presence 
of L929 cells. In order to reduce the contribution of 
endocylosis to [14C]OA (and total lipid) uptake, we 
used liposomes rather than immunoliposomes since the 
former are not readily endoeytosed [11]. As shown in 
Fig. 3, approx. 99% of tota|  lipid was recoverable after 
30 rain incubation with L929 cells. By contrast, only 
71% of  total OA was recovered from the cell media. 
While only 1% of total lipid became cell associated, 29% 
of total OA was associated with the cells (Fig. 3). PHC 
transfers less readily from liposomes to cells (Fig. 3). 
After 30 rain incubation with cells, 96% of total PHC 
could be recovered in the cell media with approx. 4~ 
being cell associated (Fig. 3). Of the three types of 
iiposomes, those prepared with DPSG exhibited the 
least liposome-to-celi transfer of amphiphific lipid. After 
30 rain at 37eC in the presence of cells, 99% of total 
DPSG was recoverable from the cell medium (Fig. 3). 
Slightly less than 1% of total DPSG became cell-associ- 
ated under these conditions (Fig. 3). 

,ool • • 

8O 

i °° o 

~ 4o 

20 

0 - -  
A B C D E F G H 

Fig, 3. Lipid r¢~.overy after cell incubation for pH-seasitive liposomcs. 
Liposomes of the indicated compositions were incubated with L929 
cells for 30 rain at 37eC. Then lipid recovery in cell medium (A-D) 
and cell associated lipid (E-H) was assayed using radioaclive lipids as 
de.scribed in Methods. A, E: toted lipid recovery; U, F: OA r e c o v e r y ;  

C, G: PHC recovery; D. H: DPSG recovery. 
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Fig. 4. Ceil induced leakage from pl,-l-~nsitive lil~-.,~>mes, pH-ser~i- 
tire liposomes containing calcein were incubated with L929 cells and 
caleein release assayed ~ deseribod in Methods. DOPg:/QA lipo- 
somes in (A) absence and (B) presence of L929 cells, DOPE/DPSG 
liposomes in (C) absence or (D) presence of L929 cells and 
DOPE/PHC liposom¢~ in {El absence or (F) presence of L929 cells. 

We also investigated the possibility that L929 cells 
may destabilize pH-sensitive liposomes. For these stud- 
ies we encapsulated calcein, a self-quenching fluorescent 
dye, in liposomes of various compositions. We then 
assayed for caicein release from liposomes incubated at 
37°C in the absence or presence of L929 cells. When 
calcein is encapsulated in liposomes, its fluorescence is 
high quenched due to collisional energy transfer. How- 
ever, when the caicein leaks out of the liposomes, fluo- 
rescence • :ncreases and quenching decreases. When 
D O P E / O A  iiposomes containing ca|cein were in- 
cubated at 37°C in the absence of !,929 cells, the 
calcein was 70g quenched (Fig. 4). Incubation of 
D O P E / O A  liposomes with 1,929 cells for 30 rain at 
37°C  reduced the calcein quenching to 41% (Fig. 4). 
Even after 5 rain incubation with cells, D O P E / O A  
liposomes exhibited 45% quenching (data not shown). 
This  indicates  that  cel l - induced leakage from 
D O P E / O A  l iposomes  occurs  r a the r  rapidly.  
D O P E / P H C  liposomes exhibited less leakage after cell 
incubation. For this composition, 75% quenching of 
catccin was obtained when liposomes were incubated in 
the absence of cells (Fig. 4). Incubation of D O P E / P H C  
liposomes with L929 cells reduced the calceln quench- 
ing to 67% (Fig. 4) indicating that 5ome leakage had 
taken place. D O P E / P H C  liposomes are clearly less 
leaky than their D O P E / O A  counterparts upon cell 
incubation. D O P E / D P S G  liposomes were then least 
leaky composition we tested. After incubation at 37 ° C  
in the absence of cells, calcein in D O P E / D P S G  lipo- 
somes was 74% quenched (Fig. 4). After 30 min at 37°C  
in the presence of cells, the fluorescence quenching was 
only reduced to 72.3% (Fig. 4). 

To further investigate the liposome-cell interaction 
we examined the acid sensitivity of pH-sensitive lipo- 
somes which had been incubated with [.929 cells. 
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Fig. 5. Effect of cell incubation on acid sensitivity of liposom¢s. 
Liposomes which had been incubated 30 rain at 37 °C in the absence 
(closed symbols) or presence (open symbols) of L929 cells wcr¢ 
harvested and assayed for acid-induced leakage as described in Meth- 
ods_ m. 1:3: DOPE/CA liposomes" A, A: DOPE/PHC liposomes; and 

O, O: DOPE/DPSG iiposomes. 

Ca ice in -con ta in ing  pH-sens i t ive  l iposomes  c o m p o s e d  of  
e i ther  D O P E / C A ,  D O P E / P H C  or  D O P E / D P S G  were  
incuba ted  30 mln  in  the presence  or  absence  of  cells. 
The  l iposomes  were recovered a n d  assayed for ac id- in-  
duced  leakage  of caice;.n. Free  ca lce in  was  not  separa ted  
f rom the l iposomes  a n d  d id  not  affect o u r  pH-sens i t iv -  
i ty measurements .  As  shown in Fig. 5, the  ac id  sensi t iv-  
i ty of  D O P E / D P S G  and  D O P E / P H C  l iposomes  was  
unaf fec ted  by  cell incuba t ion .  D O P E / C A  l iposomes  
which had not  been incuba ted  wi th  cel ls  exh ib i ted  a 
pHs0 for release of  approx,  p H  6.9 (Fig.  5). By con t ra s t  
D O P E / C A  l iposomes  incuba ted  in  the presence  of  ¢¢11s 
had  a p h i 0  for re lease of  approx,  p H  6.0 (Fig.  5). Th i s  
effect may  be due  to  t ransfer  of  l ip id  f rom the  cell to  
the l iposome  [26] in  add i t ion  to  the l iposome- to-ce l l  
t ransfer  of  C A .  
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Fig. 6. Time course of L929 cell endosome acidification measured by 
null point method. L929 cells were incubated at 37 °C in the presence 
of DOPC/PS/FPE liposomes for: S rain (o). 10 rain (O), 15 rain (A), 
20 rain (A)o 30 rain (I), or 60 rain (0}. zll  is calculated as described in 
Materials and Methods. Each point represents the mean+S.D, for 

three experiments. 

TABLE I 

A cidification of endocytic comparlnw~,.ts determined by null point method 
or DTA delivery in L929 cells 

I neubation pH pH 
lime (rain) (null point) a (DTA delivery} 

0 7.4 ~ 7,4 ~ 
5 > 6,8 6.2 ¢ 

10 6.7+0.1 - 
15 6.24-0.1 6.0 c 
20 6.0 + 0.1 - 
25 - 5.0 c 
30 < 6.0 
60 < 6.0 

a Calculated from Fig. 6 using the pH at which z~l = 0 [31l. 
b Extracellular pH. 

Calculated from the prise (Fig. 1 and Fig. 5) and t~,,z for DTA 
delivery (Fig. 2). 

Ac id i f i ca t ion  k ine t i c s  b y  nu l l  p o i n t  m e t h o d  
T h e  whole  cell  nul l  p o i n t  m e t h o d  for  p H  measure -  

m e n t  was  or ig ina l ly  deve loped  by  Y a m i s h i r o  a n d  M a x -  
field [23] as a way  to accura te ly  m e a s u r e  the p H  of 
in t raee l tu la r  c o m p a r t m e n t s  a f te r  shor t  pe r iods  of  endo-  
cytosis ,  T h e  m e t h o d  rel ies on  the  p H - d e p e n d e n t  f luores-  
cence  of  f luorescein  wh ich  increases  w i t h  inc reas ing  pH.  
p H  d e t e r m i n a t i o n  is ba sed  on  w h e t h e r  the  e n d o s o m e  
p H  is above  or  be low the  ex t raee l lu l a r  ' l e s t '  p H  [23]. 
Because  the m e t h o d  d e p e n d s  exc lus ive ly  on  the  change  
in  f luorescein  f luorescence  a f te r  a d d i t i o n  of  a m m o n i u m  
ace ta te  a n d  m e t h y l a m i n e ,  th is  t e chn ique  c o m p e n s a t e s  
for cell  surface (non- in te rna l i zed )  f luorescence.  T h e  t i m e  
course  for ac id i f i ca t ion  of  i m m u n o l i p o s o m e - c o n t a i n i n g  
L929 call  e n d o s o m e s  is s h o w n  in Fig. 6. The  c h a n g e  in 
f luorescein  f luorescence  is p l o t t e d  vs. the  ex t race l lu l a r  
pH.  F r o m  this graph ,  the average  p H  e n c o u n t e r e d  by  
the ¢ndocytosed  i m m u n o l i p o s o m e  can  be  ca l cu la t ed  as  
the  p H  where  ,41 = 0 {Table  !). A c c o r d i n g  to  our  de= 
l ivery d a t a  (Fig.  2 a n d  T a b l e  I), i m m u n o l i p o s o m e s  reach 
a p p r o x i m a t e l y  p H  6.2 wi th  a h / z  of  5 rain.  By con t ras t ,  
p H  m e a s u r e m e n t  by  the  nu l l  po in t  m e t h o d  shows  tha t  
a t  5 m i n u t e s  the  e n d o s o m a l  p H  is s t i l l  > 6.B (Fig.  6; 
T a b l e  I). Us ing  the  nul l  p o i n t  m e t h o d ,  we  f ind  tha t  
ac id i f ica t ion  to p H  6.2. r equ i res  15 ra in  (Fig.  6, T a b l e  i). 
D T A  del ivery  k ine t i cs  d a t a  sugges ts  tha t  i m m u n o l i p o -  
se ines  reach p H  ---6.0 wi th  a t l / 2  of  15 min .  N u l l  
po in t  p H  m e a s u r e m e n t s  show tha t  20 rain are  r e q u i r e a  
to  reach pH 6.0 (Fig,  1). In  al l  cases,  the  ac id i f i ca t ion  
k ine t i cs  are  m o r e  r ap id  w h e n  e s t i m a t e d  from D T A  
del ivery  da t a  t han  when  m e a s u r e d  by  the whole  cell  nu l l  
po in t  method.  

Discuss ion  

Previously  we have  s h o w n  tha t  pH-sens i t ive  l ipo-  
se ines  are effect ive de l ivery  vehic les  for i n t r o d u c i n g  



molecules of interest into cultured cells [12,13,16-18]. 
These immunoliposomes have been shown to deliver 
their contents via acid-induced fusion with the endo- 
some membrane [16-18]. In the present study we have 
prepared three types of pH-sensitive immunoiiposomes 
with differing acid sensitivities and examined their in- 
teractions with cultured cells. We find that the im- 
munoliposome compositions which fuse at less acidic 
pH values release at early time points after endocytosis, 
while liposomes which fuse under more acidic condi- 
tions deliver at later time points. We suggest that the 
intracellular sites of delivery may differ for the different 
pH-sensitive immunoliposomes. 

In the present study, we used DTA as a marker for 
cytoplasmic delivery. DTA is a potent protein syntl:esis 
inhibitor, however in its free form DTA cannot cross 
cell membranes and is non-toxic [18]. We have previ- 
ously shown that pH-sensitive immunoliposomes can 
effectively deliver DTA via a liposome-endosome fusion 
event following the endocytosis of the immunoliposome 
[18]. As shown above, D O P E / P H C  iiposome~ have a 
pHzo for fusion of pH 6.25 (Fig. 1). D O P E / P H C  
irnmunoliposomes deliver DTA with a tl/2 of 5 rain 
(Fig. 2). By comparison, D O P E / D P S G  liposomes ex- 
hibit a pHso for fusion of pH 5.3 (Fig. 1). lmmunolipo- 
somes of this composition require approx. 25 min to 
deliver DTA sufficient to produce 50¢£ maximal toxicity 
(Fig. 2). 

D O P E / C A  liposomes exhibited a PHs0 of pH 6.9 in 
the absence of  cells (Fig. 1) but in the presence of  cells 
the PHs0 was altered to pH 6.0 (Fig. 5). The alteration 
in pHs0 is due to an alteration in the lipid composition 
of the immunoliposome (Fig. 3). Rapid loss of lipo- 
somal CA occurs due to fatty acid transfer from lipo- 
some-to-cell. Partial leakage of liposome contents also 
occurs (Fig. 4), probably duc to loss of ~tabi!izing fatty 
acid. The alteration of pHs0 to lower pH values nt&y he 
due to cell-to-liposomc lipid transfer of either cholesterol 
or phospholipid, or both [26 I. In support of this conclu- 
sion, addition of cholesterol or phosphatidylcholine re- 
duces the acid sensitivity of pH-sensitive liposomes 
[15,27]. The delivery kinetics of D O P E / C A  immuno- 
liposomes reflects the altered pHs0 value. As shown in 
Fig. 5, the pHs0 value of D O P E / C A  liposomes after 
cell incubation is intermediate between the pHso values 
for DOPE/DPSC; (pH 5.3) and D O P E / P H C  (pHso 
6.25). The delivery kinetics for D O P E / C A  immuno- 
liposomes is also intermediate between D O P E / P H C  (5 
rain and D O P E / D P S O  ( ----- 25 rain) immunoliposomes. 

The data presented here suggest the following work- 
ing model. Immunoliposomes of all three compositions 
first bind to the cell surface. At the cell surface, ex- 
change of CA (tiposome-to-ceU) and reciprocal ex- 
change of cell fipid (cell-to-liposome) takes place, alter- 
ing the composition of D O P E / C A  immunoliposomes. 
D O P E / C A  immunoliposomes also become leaky at the 

cell surface and may release at [east part of their 
c o n t e n t s  e x t r a c e l l u l a r l y .  D O P E / P H C  a n d  
D O P E / D P S G  immunoliposomes undergo less alter- 
ation of their compositions and do not leak signifi- 
cantly. Upon endocytosis, the immunoliposomes are 
taken into the cells and within 5 rain encounter a 
compartment with a luminal pH of approx. 6.2. At this 
compartment, D O P E / P H C  immunoliposomes fuse and 
release DTA into the cytoplasm. After approximately 
15 min of internalization, the immunoliposomes en- 
counter a pH of approx. 6.0, allowing D O P E / C A  im- 
munollpo~omes to deliver DTA. As endocytosis pro- 
ceeds • he pH encountered by the immunoliposomes 
progressively decreases. At approx. 25 rain after inter- 
nalization, the immunoliposomes encounter a pH of 
approx. 5.0. This pH induces D O P E / D P S G  immuno- 
iiposome fusion and delivery of DTA to the cell cyto- 
plasm. 

Our data suggest that D O P E / P H C  immunolipo- 
somes deliver at the early endosome. By contrast, our 
data with D O P E / D P S O  immunoliposomes is con- 
sistent with delivery at the late endosome. OTA delivery 
by D O P E / C A  immunoliposomes is complicated by the 
cell-induced change in immunoliposome composition 
and physical behavior. However, the tt/2 of delivery by 
D O P E / C A  immunoliposomes is intermediate between 
the tl/2 values obtained for D O P E / D P S G  and 
D O P E / P H C  immunoliposomes. This may reflect de- 
livery at a compartment of intermediate acidity between 
the early and late endosomes and may support a 
"maturation model" of endocytosis [28]. However, this 
interpretation must be made with caution since there 
may be heterogenous populations of D O P E / C A  im- 
munoliposomes which have different acid sensitivities. 
In this scenario, the cell-induced alteration of 
D O P E / C A  immunoliposomes leads to th¢ production 
of some 'high phi0" and some "low pHs0" population of 
D O P E / C A  immunoliposomes. The high pHso pop~l- 
lation could deliver at the early endosome while the low 
pHso population could deliver at the late endosomc. 
Neither our pH50 measurements ,*Figs. 1 and 5) nor our 
delivery work (Fig. 2) can rule out this possibility sinc¢ 
both sets of data reflect averages over the total liposome 
population. Another possibility is that the t t /z of de- 
livery by D O P E / C A  immunoliposomes reflects the 
maximum time spent in the early endosome (time re- 
quired to reach pH = 6.0) or the minimum time re- 
quired to reach the late endosome. We are currently 
investigating these possibilities. 

Our results also shed light on the endosome acidifica- 
tion kinetics of L929 cells. To our knowledge, this has 
not been previously studied. Using Semliki Forest Virus 
{SFV) and SFV mutants with altered fusion pH 
thresholds, Kielian et al. [8,9] probed the endosome 
acidification kinetics of BHK-21 cells. In their study, 
wild type (wt) SFV (fusion threshold of  pH 6.2) and fus 



1 mutant  SFV (fusion threshold of pH 5.3) were used to 
monitor  endosome acidification. They found that the wt 
threshold pH was reached with a 11/2 of 15 rain, while 
reaching the fus 1 threshold pH required lenger times 
(11/2 ---- 45 win) after endocytosis. In our system, the 
pHso of D O P E / P H C  is very close to that of wt SFV 
while the pHso of D O P E / D P S G  is similar to that of fus 
1 (Fig. 1 and Kielian et aL [8,9]). We find that L929 cell 
endosomes reach pH 6.2 with a 11/2 of 5 rain, pH  6.0 
with a ti/2 of 15 win  and reach pH 5.0 with a t~/z of 25 
min. Therefore, it appears that endosome acidification 
in L929 cells proceeds more rapidly than in BHK-21 
cells [8,9]. This interpretation must  be made with cau- 
tion. Since we do not know the exact amoun t  of DTA 
delivered to the celIs, the cytotoxicity we observe re- 
flects fusion by only a small populat ion of liposomes 
which have rapidly arrived at a compar tment  with suffi- 
cient acid-:y. This leads to an underest imate of the 
average time required for endosome acidification in 
L929 cells (Table I). 

This conclusion is supported by our data  obtained 
using the null point  method for determining endocytic 
pH (Fig. 6; Table I). In all cases, the acidification 
estimated from DTA delivery occurs more rapidly than 
the acidification kinetics determined using the null point  
method.  The null point  method measures the average 
pH encountered by the entire internalized immunolipo-  
some population [23]. By contrast,  DTA delivery may 
only allow observation of the first immunol iposomes to 
reach a certain pH  value or endoc*Jtic compartment .  
Despite the discrepancies, both sets of  data show that  
immunoliposomes encounter  progressively more acidic 
pH values after internalization. Comparison of the data  
also suggests that uptake and delivery by pH-sensitive 
immanol iposomes may be markedly asynchronous.  

Many toxins and  viruses require endocytosis and 
acidification in order to penetrate into the cell cyto- 
plasm [8,9,29]. By taking advantage of this fact, a num-  
ber of mutan t  cell lines with various defects in endo- 
cytosis have been isolated [30,31]. In addition, drugs, 
such as chloroquine, have been used to select for endo- 
some acidification mutan ts  [32]. Certain ligands, such as 
transferrin or  LDL may also be useful for isolating 
mutan ts  of the early [5] or late [4] endosomes, respec- 
tively. However, the use of either transferrin or LDL to 
select for mutants  would require that  cytotoxic drugs or 
macromolecules be coupled to the ligand. This  may 
modify their routing a n d / o r  uptake. 

The iiposomes described here may also be useful for 
isolating mutan t  ceils with aRe.red end0som,~ functions. 
For example, D O P E / P H C  immunol iposomes deliver 
DTA early in the endocytic pathway ond therefore kill 
cells with normal early endosome acidification. This  
suggests the possibility that this liposome composit ion 
may be useful for selecting for early endosome mutants.  
In like manner,  D O P E / D P S G  immunol iposomes may 

be useful for selecting mutan t s  of late endosome acidifi- 
cation. Studies using such mutan t s  would allow further 
elucidation of the normal  roles of early and late erido- 
seines, pH-sensitive immunol iposomes  have several ad- 
vantages over other methods  of mu tan t  selection. In 
particular, l iposomes of well-defined composit ion and 
physical behavior can be prepared and  large amount s  of 
biologically active solutes can be encapsulated in a 
non-toxic carrier. Immunol iposome uptake :~s also highly 
specific and the delivery process very efficient [12]. We 
except that  these pH-sensit ive l iposomes will be quite 
useful tools for s tudying endocytosis and  are currently 
investigating these possibilities. 

Specifically, these immunol iposomes  may be ideal 
tools to help elucidate the role of  endocytosis ~n antigen 
processing and presentation. Recently it has been sug- 
gested that antigenic peptides may bind to the class I1 
major histocompatabil i ty antigen at an  endosomal  site 
before being presented on the cell surface [33]. The  
actual endosome populat ion involved is not  known. 
One possible strategy to elucidate the site of class II 
antigen binding is to use pH-sensit ive immunol ipo-  
somes of defined PHs0 to deliver antigenic peptide. 
Delivery of peptide by D O P E / P H C  immunol iposomes  
(early delivery) and  D O P E / D P S G  immunol iposomes  
(late delivery) may be one way to determine the endo- 
somal compar tments  involved in antigen presentation. 
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