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S U M M A R Y  

A method for measuring glucose release from liposomes by means of an oxygen 
electrode is described. The glucose concentration is determined from the initial rates 
of oxygen reduction catalysed by glucose oxidase. The reduction is directly propor- 
tional to either glucose (0.066 3.0 raM) or enzyme concentration (0.3 10/~g). The 
enzyme does not penetrate lipid bilayers and free glucose can be measured directly. 
Trapped glucose can be released and measured in the presence of detergents which 
do not interfere with the assay. By using appropriate calibration curves, glucose con- 
centrations could be determined under extreme conditions of pH (3-9.5), temperature 
(10 51 'C), and in the presence of various salts and buffers. The application of 
polarographic methods for studies of the perineability of amino acids and other 
sugars is discussed. 

INTRODUCTION 

The permeability of liposomes to a non-electrolyte such as glucose, as well as 
the effect of various substances on the release of this compound from the liposomes 
might be used to gain a better understanding of the physico-chemical properties of the 
liposomes. Two main methods have been used to measure glucose release fiom lipo- 
somes: The release of the confined radioactive glucose ~ or enzymatic determination 
of glucose utilizing auxiliary enzyme system consisting of hexokinase, glucose-6- 
phosphate dehydrogenase, ATP, MgCI2 and NADP 2':~. In the present work, glucose 
release flom liposomes is measured directly in a polarograph, in the presence of 
glucose oxidase. 

THEORETICAL BACKGROUND 

Glucose oxidase catalyses the oxidation of glucose to ~}-gluconolactone and 
the initial reaction rate, measured by oxygen consumption ( -dO2/dt ) ,  is related 
directly to glucose concentration. This reaction is in two steps of which the oxidation 
of glucose to (~-gluconolactone (the first step) is rate limiting 4. The K,,, for glucose is 
very high (about 0.12 M) relative to that of oxygen which is rnuch lower (0.21 0.83 
mM depending oll the temperature) 4. For these reasons, the reaction rate at constant 
temperature follows first order kinetics over a wide range of glucose concentrations. 
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This enables the determination of gluco.,,e concentration from :t lirht order cqtmli~m. 
i .... a x +  b. w h e r e  v is - d O  2 clz, ~t is the  s l o p e . . \  i~ l hc  glt lcOSc COl!CCnl l { l l iOl l  : lnd I-~ 

is tl~e intercept. 

MATERIAI.S AND METHODS 

Maleri61Ls 
The solutions of D-glucose (BDH, analytical grade) were prepared 24 h heforc 

use lo achieve complete mutarolation. Glucose oxidase lrom A.v~er~,illus ni,,.,cr ~as 
purchased from Sigma (type V 1090 units:"ml. 5 nag protein ml). The preparation as 
supplied contained about 100 units of c:.tluh.ise pet" ml. according to the Ill~AllUl~lcl urer. 
Dicetyl phosphate was purchased from Sigma. Egg lecithin was prepared according to 
Rhodes and Lea 7, and its phosphorus concentrations determined according to the 
method of Bartlett s. Triton X-100 was purchased from BDH. Dodecyldimethylamine 
oxide was a gilt from Dr M. Shinizky of the Weizmann Institute. [6-~H]glucose \~;t~ 

purchased from the Radiochemical Centre, Amersham. Bucks, Greut Britain. All 
other reagents were of analytical grade. 

k:xTn,rh,etttal proce&¢rc 
The polarographic assay was perl'cwmed using a 2/~A oxygen electrode (Yello~ 

Spring Instrument Company Model 4004). This was connected to a polarograph 
(built by the electronics laboratory of the Hebrew University-Hadassah Medical 
School, Jerusalem, by Engineer D. Levi). The eleclrode was covered by a 0.001 inch 
l.eflon membrane and was immersed in a I.:5 m l glass cell. A polarizing voltage of 0.7 V 
was applied across the electrodes. The cell was equipped with a magnetic stirrer and 
the temperature conlrolled by immersion in a water bath connected It) a controlled 
temperature circulator. A routine reaction was carried oul at 37 ( ' :  temperature 
equilibration was achieved bel\~re lhe reaclion was slarled. The final volume of lhe 
reaclion mixture was 1.5 ml (constituents indicated in the legends of the ligures). The 
reaction was started by lhe  addilion of 0.3 20, ,g glucose oxidase. The lime course 
rate of oxygen consumption was n l O n i l o r e d  graphically using a Servogor potentio- 
metric recorder model RE 512. 

The response time of the oxygen electrode was related to the glucose concen- 
tration. Thus the response time varied from 6 to 25 s for glucose concentrations 
ranging from 2.5 0.25 ,,moles. A reduction in response time may he possible with 
thinner membranes through which lhe rate of oxygen diffusion would be fuster. 

The concentration of glucose is determined from lhe initial rate of oxygen 
uptake ( dO2/dt). The units arc described by the slope (cnl'min) calculated for :l 
recorder sensitivity of 20 mV and a chart speed of 10 mm/nain. 

Preparation qfliposomes. Multibilayered [iposomes were prepared from a mix- 
ture of egg lecithin and dicetyl phosphate in a molar ratio of 10 to 1 according to 
Bangham el (.1I. 9 in either 50 mM KCI or 0.3 M glucose. Unlrapped glucose ~as 
removed by dialysis against 4-5 changes of 100 vol. iso-osmotic buffer (usually 0.15 M 

potassium phosphate, pH 6.5). This was reduced to less than 0.05~', ', of the original 
concentration alter 2 3 h. In some experiments liposomes were prepared in 0.3 M 
[6-3H]glucose (1 Ci/mole). 

Determination of  radioactivity. Radioactivity of liposome dispersion (or, t i l ter-  
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natively, the mi l l ipore  filters conta in ing  l iposomes)  were determined by scinti l lat ion 
spec t roscopy in a mixture  consis t ing of  2 ml e thanol  Tr i ton  X-IO0 (2:1, v/v) and 10 ml 
of  toluene conta in ing  50 nag 2,5-diphenyl oxazole  and 1.30 nag 1,4-bis-(2-4 methyl-5-  

phenyloxaxolyl)  benzene. 

RESULTS 

{1) Ca l ib ra t ion  curve. Fig. I shows that  the init ial  react ion rate was related 
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Fig. I. Effect of glucose concentration on the initial rate of oxygen redtlction. The measurements 
were done as clcscribed undei Methods using 0.05 M of sodium acetate buffer, pH 5.6, and 10 , g  
of cnzyme (2.2 units of activity).. 2 , sensitivity 50 mv, chart speed 10 cm/min; @-- @, sensitivity 
20 mv, chart speed 10 cm/min; - ,, sensitivity 20 my, chart speed 40 ram/rain; D- 1 ,  sensitivity 
5 mv, char! speed 10 ram/rain. The initial rate of -dOe/d t  is described by the slope (cm/min), 
calculated for a recorder sensitivity of 20 mv and a chart speed of 10 cm/min. 

direct ly  to glucose concent ra t ion  in tile range of  0 .1 -5 .0 /xmoles  glucose. Using a 
l inear  regression analysis,  the re la t ionship  between - d O 2 / d t  and glucose concentra-  
t ion may be descr ibed by the fol lowing equat ion  : 

- dO2/dt  = (2.22 ± 0.035 ) [GIc] + (0.242 +0.091) 

with a correht t ion coefficient of  0.998. 
(2) React ion rates were di rect ly  p ropo r t i ona l  to enzyme concent ra t ion  in the 

range 0.6-20 units of  enzyme act ivi ty  (according to the manufac turer ) .  

-dO2/dt=(0.91 ±0.045)  [Enz]+(0 .1  +_0.05) 

Glucose  release from l iposomes  was s tudied under  var ious  condi t ions  o f  pH, 
salt concent ra l ion  and tempera ture ,  and also in the presence of  a number  of  sub- 
stances likely to interact  with the l iposomes and modify  lheir  permeabi l i ty  to glucose. 
The effect of  the above  on glucose oxidase act ivi ty  was studied. 

(a) Effect of  pH on glucose oxidase act ivi ty :  The pH of  the react ion mixture  
(range 3.5 -7) had l i t t le  effect on the initial rate of  oxygen uptake  (Fig. 2); however,  
measurable  rates could be ob ta ined  over a wider  spect rum of  pH (3-9.5). None  of  the 
buffers used had any unusual  effects on the react ion rate. 
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Fig. 2. The effect of pH on the initial rates of oxygen uptake. Measurements were done as described 
tinder Methods using the following buffers (each at a concentration of 0.05 MY. • • ,  gl>cine 
HC1, pH 2.2-2.8: ,, - , sodium lactate, pH 3.25 3.75; , sodium acetate, pH 4.05 5.65 
i ]  21, potassium phosphate, pH 6.5 7.8: , Tris-HCl, pH 8.05 8.13: I t , Diethanol- 
amine, pH 8.4-9.5. Reaction mixtures contained I ,mole ghlcose and 10 ,g  of glucose oxidasc 
(2.2 units of activity). 

Fig. 3. Effect of salts on the initial reaction rates. The measurements \~ere carried oul as descri[:ed 
in Methods. Reaction mixtures contained I ,mole of ghicose and 10 i'g of enzyme (2.2 actixity 
tlnils). The left ordinate describes the following: , increasing concentration of KCI (A): 
• - • ,  increasing concentration o1" NaCI (B); . . . .  increasing KCI concentration in 0.05 M 
potassium phosphate, pH 6.5 (C). Right ordinate describes effec! of increasing conccntralion of 
sodium acetate buffer, pH 5.6. (D). 

(by Effect of salts on glucose oxidase activity: At pH 5.6 the reaction rate ~ l s  
markedly affected by stilt concentrat ion.  There is a progressive inhibit ion of the 
reaction with increasing stilt concentra l ion (Curves A and B, Fig. 3) and the rate 
decreases by 75~!~, between 0.05 and 1 M with either KCI or NaCI:  no differences were 
apparent  between either salt up to l M salt: the results with NaCI or KCI were 
almost identical. Addit ion of 0.05 M sodium acetate buffer, pH 5.6, abolished the 
inhibit ion.  When the sodium acetate buffer was replaced by 0.05 M potassium phos- 
phate buffer, pH 6.5, increasing either the KCI or the NaCI concentra t ion enhanced 
the enzymic activity as shown in Curve C of Fig. 3. 

Increasing the concentrat ions of potassium phosphate buffer at pH 6.5 did nol 
markedly affect the reaction rate. However, increasing concenlra t ions  of potassiunl 
acetate b u f e r  (pH 5.6) caused a 3.5 fold increase in activity over the concentrat ion 

range, 0.05 1 M (Fig. 3, Curve D). 
The complex effect of stilts on the initial reaction rates of oxygen uptake ruled 

out the possibility that the effect was only due to changes in oxygen solubility'. 
(c) Effect of temperature:  Fig. 4 shows that the initial reaction rates were in- 

creased 14-fold between 15 <'C and 50.5 'C .  
(d) Effect of substances which modify glucose permeabil i ty of liposomes: The 

following substances in the range of concentrat ions indicated had no effect on the 
initial rate of oxygen uptake : glycerol (0.1 ~- 100 i,, v/v), ethylenglycol (0.1 10 °~,, \ ' \  ), 
EDTA ( I - 1 0 m M ) ,  CaCl 2 (1 -10raM) ,  Tri ton X-100(0.1 41-nM),dodecyldimethyl-  
amine oxide (0.1-10 mM) and venom of Crotalus adamanteu.s and Nq/a mUa (0. I- 1.4 

mg). 
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Fig. 4. Effect of lemperature  on the initial reaction rates. Measurelnents were made as described 
under Methods, reaclion mixtures contained 1 r mole of glucose and 10 , g  of  enzyme (2.2 activity 
units). 

The a/qffication o1 lhe po/aro<waphic determinalio#l of <glucose .li>s" #m'a.sm'i#l,4 ,kducosc 
i"elca.re J)'om lil~oSomes 

(I) Delerminalion of  lola/<,41ucosc torn'e/re'a/ion. The total glucose c o u c e n t r a t i o n  

of Iiposome dispersions (GLc,o,,0 were delermined by two methods. Polarographic 
measurements were performed after releasing trapped glucose from the liposomes by 
treatment with Triton X-100 (3/xnloles per ffmole lecithin) or extraction o1" glucose 
with 4 vol. chlorol\~rm methanol (2:1 by vol.) and recovering the glucose from 
the upper aqueous phase j2. Electron microscopy and light scattering of Trilon X-100 
treated liposomes confirmed complete disruption of the structures (refs 10, I1 and 
Hertz R. and Barenholz Y., unpublished). Separate experiments using [6-3H ]glucose 
confirmed lhe results obtained by polarographic assay of total glucose concentrations. 

(II) Detc'#'mi##alio#l of  mm'apl~ed <~/uco.vc >. Experiments were designed to deter- 
mine if only untrapped glucose (GLcf~<,) reacted with glucose oxidase in intact dis- 
persions o1" liposomes and whether or not liposomes themselves affected lhe assay. 
The laller was checked by adding either glucose containing liposomes or liposomes 
prepared in solutions of 50 nlM KCI to reaction mixtures containing various concen- 
trations ofiglucose. The results (Fig. 5) show that the measurement o l ' u n i r a p p e d  
glucose is not afl'ecled by the presence of liposomes. 

All untrapped glucose was oxidized by preincubation of liposome dispersion 
10 rain in the presence of glucose oxidase. Measurement of glucose after Trilon X-100 
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Fig. 5. Effect o f  Nposomcs on the ini t ial  rate of" glucose ox ida t ion .  Measurements  were made [is 
described ill Methods.  Incubat ion  mix tu re  conta ined 10 gg o f  enzyme (2.2 act iv i ty  units). • • ,  
no additives: • J ,  eflect of liposomes prepared ill 50 m M  KCt (2 ffmoles p h o s p h o l i p i d s ) ;  , ,  
eft'cot of liposomes prepared in 0.3 M glucose (I ffmole lecithin, 1.95 , .moles glucose per ,-mole 
leci thin).  



6 R. HERTZ,  Y. I ~ A R E N H O L Z  

or chlorotk~rnl nlcth~inol treatment gave i-esulls which were identical to those oh- 
tamed for Ihe ail lOtinl of  gluer)so t l : ippcd inside lhe Iiposomes (Gkc l i  t ........... } I~cl'<n-e 
ti le preincubal ion (I .<)5 y no es g ucose ,mo le  leci lhin). 1he ~lnlotlnl of glucose I iap-  
pod by Iiposonles ~aiiod bel\veen I.<"4 :.ind 2.5 #nloles' !mlole 1ocilhin ~illd o \e l  ',1 i~.lll,~e 
of  0.2 Io 3.0 #moles Iiposome phospholipid lhc same \~lltle of t l l l l iapped glucose 
uinl~le lec'itllin ~xas obtained. This ~as con!lr lnod b\' nlcasuring Ihe iadioactJ\ i t \  <>1" 
dialysed l iposomcs prepaled ii l the presence of  11.3 M. I ( ' i  mole l6-3H ]glucose and 
nleasuihlg glucose polarographical ly ~ll'lcl T l i l on  X - I ( l ( ) l i e a l n l c n i .  Dial)sod l ipo- 
~omes containing I i 'apped[6-~H]glucosc wore also sepal'tiled t'1Oill Ihe ctispersion 
medium b\  mi l l ipore l l l l ra l ion  ((i.05 //111) using iso-osmotic bul}'er. TIle alnOUnl oI  
[6-~H lglLicose retained on the mi l l ipore l i ! ler  \~ls the S~li/le ~is abo\e using ti le polaro- 
grapl l ic Hssav 1o1 gltlCOSC. 

I)IS(USSI()N 

t h i s  work describes a method Ibr measur ing glucose releascd l'ronl l iposomes.  
I_Jsing an oxygen electrode,  the concenl ra l ion  of  lhe released glucose is deduced from 
the initial rates o1" oxygen reduct ion using glucose oxidase l'rom A.V~vrAqllu.s /,i~cr. 
The melh~d is based on the kinetic o1" glucose oxidase react ion 4 in which tile inilial  
react ion i'~He is o1" lirst order  with iespecl  Io glucose concent ra t ion .  

The use of  the above method For measur ing both glucose released and glucose 
I rapped in l iposomes  has the l 'ollowing advantages :  

(1) Direct ll-leasuremenls o1" glucose t rapped inside the l iposomes and in the 
medium can be obta ined  without  having to separa te  l iposomes  from tile exlernal  
medium. (2) Optical  d is turbance  caused by luFbidit} OF by tile presence o1" chromo-  
phores has no effect on the nleLlSLllelllCnl. (3} Glucose  release c:.lll be measured accu- 
rately o t e r  short  l ime periods. (4) Tile method detects  glucose o \ e r  a concenl ra t ion  
range of  ;ll least ().066 3 raM. (ll  is \erx likely thai  replacing tile 2 #A e lec l rode  xxilh 
'a 0.25 y A  elect rode \~ould increase tile sensilivit3.) (5) Only small  amounts  oF lhe 
commerc ia l  cnzvme are required (10 #g or less) t'or euch assa\  because tile specific 
acl ivi tv o1" lhe enzyme is high. (6) The proper t ies  of  the enzyme such as its slab<lit\ 
to,yard he:it and sulphydryl  reducing reagenls a <' enables  a ssa \ s  Io be perl 'ormed 
under ext reme condi t ions  oI" pH and lempera lure .  Using an app rop r i a t e  ca l ibra t ion  
CUI'VC, nleasLirenlenl can be il lade oveF ~l pH range ~H'3 9.5. temperatures of  10 51 ( 
:ind in the presence o1 ValiOus salts or btllt"ers ill very \~ide F~illges t~!" conceni lLl l ions .  
(7) Man'~ stibstances which nla\ modil'\, glucose peinle~lbi l i t \  of Iiposomes such ~l> 
gl)cerol,  elhelcneglycol, ('a-" ~, EDT I \  ~llltt snake VellOlllS de, 11Ol cl}'oct glucose dolor- 
mhlat ion, iS) ()no o1" the main adv:_inl:.iges of  this nlelhod is thai col ' ; . ic loi>,  s u c h  ~.i~, 
Mg -'~ nr ,'\TIL wllich mighl ch:,lnge tile pe rmeabi l i ty  of  I iposomes.  :.ire I101 needed 
1"o1 lhe :.iss:i\. II is welt kllown thai  ions nlighl interact  \vith tile hydrophi l ic  region of  
tile l iposonlal  nlcnllu:.ule <L 13. This will change p:tFanletels such as the potent ia l  which 
aft'cots the permeabi l i ty  of  Iiposonles. (9) The enzyme is \ c ry  Mable toward the anionic 
delergenl  sodium dodecylsu lphate  s and Io Ihe anionic  detergents  Tr i lon X-100 and 
dodec31 d ime thy lamine  oxide. The insellsilix.'ity' 1o detergents  permi ls  1Tleasurernents 
o t ' l he  amount  of  glucose t r apped  inside the I iposomes,  and in addi t ion  enables  Mud\  
o1" l iposonle-delergenl  interact ion ~ o 

11 should be noled lhat  Weissman ct al. ~~ used Olucos ta t  For nleasi.iring glucose 
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released fl'om liposomes, but this was done after separating l iposomes conta in ing 

trapped glucose t'rom media conta in ing flee glucose. This work describes measure- 
men( ol 'glucose outftux fl'om liposomes, but it should be noted that a similar method 
might be used |'o," measuring glucose influx into liposornes (Barenholz and Hertz, 
unpublished results). This was done by preparing the liposomes in a solution con- 
taining glucose oxidase. The external untrapped enzyme is remo\ed  by ultracenlrifu- 
cation or by ,,el f i l tration: ~zlucose is then added to the medium and its permat ion into 
the liposomes can be followed by its oxidation. 

An analogous method might be used for measuring glucose release l'rona crv- 
thocytes. While this work was in preparat ion,  a similar method was described by' 
Tax erna and Langdon Is for measuring glucose llux inside human erythrocyte ghosts. 

Similar methods could be employed f'or measuring release from liposomes of 
substances that are oxidized by atmospheric  oxygen such as galactose, D-amino acids, 
l~-amino acids, xanthine, ezc. using the appropriate  enzymes. 
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