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The effects of pH on the binding of hematoimrphyrin derivative (HpD) to momflayer and bilayer membranes bare 
been studied. Absorption spectra of HpD bound to ldmSphatidyicholine (PC) lilmsomes indicate that there is greater 
binding of HpD to lipid films at acidic, tumereidal pH conditions than at m r l a l  tissue pH. These results were 
found to correlate with surface pressure measurements of menelayer films formed under similar conditions, Smface 
potential measurements in ¢o~unctim with surface pressure measurements from mmelmyer films suggest that at 
low pH (i.e. ~; 6.6) lmrphyrlu intercalates within the lipid film to reach relatively high ¢eneeatratiens, while at 
higher pH (i.e, > 7.4) the Imrphyrin preferably adsorbs to the lipid film at the meaelayer/water interface. 

Introduction 

The therapeutic effects of photoradiation therapy 
are based in part on the selective uptake and retention 
of the aggregated fraction of HpD by tumor tissue. 
While the underlying mechanism for this uptake has 
not yet been fully elucidated, it appears to be related 
to a number of specific properties of the tumor, namely, 
poor lymphatic drainage, presence of macrophages that 
take up aggregated materials, pinocytosis, an elevated 
concentration of lipoprotein receptors and low tumor 
pH [1]. Studies in tumors have shown that the intersti- 
tial fluid pH ranges from 5.8 to 7.2 whereas the distri- 
bution for normal ttssue has been found to be between 
7.1 and 7.4 [2,3]. 

While the effects of pH on the ionization of drugs 
and hence their binding and transport across the nor- 
mal cell membrane have been well-documented [4], the 
role of pH in HpD uptake by tumors has only recently 
been established. It has been proposed by several in- 
vestigators that under low pH, haematoporphyrin and 
many of its derivatives get protonated, thus more 
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lipophilic, resulting in an increase in cellular uptake 
[5-8]. In vitro studies using ceil cultures have demow 
strated increased uptake of HpD at low pH [9,10]. 

The significance of pH effects on porphyrin uptake 
are reflected in recent in vivo studies. Thomas et al. 
[1I] have demonstrated that sarcoma rat tumors made 
hyperglycemic exhibited decreased pH and increased 
ability to accumulate HpD; photoradiation of these 
tumors resulted in a greater cell kill. Recently. Peng et 
al. [12] demonstrated that mice bearing a human 
melanoma LOX resulted in significant increased up- 
take of Photofrin 11 in the tumor after administration 
of glucose inject. Nordihyroguaiaretie acid, an inhibitor 
of ~lcolysis seem to abolish the effect. 

In order to gain greater insight into the role that pH 
plays in HpD uptake by tumors, the binding of HpD to 
phosphatidylcholine bilayers and monolayers in a pH 
range of 5.9-8.0 has been studied. To this end, btlrface 
pressure (~r) and surface potential ( A V )  measurements 
for monolayer films in conjunction with spectroscopy of 
liposomes have been used. 

Materials and Metheds 

Hematoporphyrin derivative (from Porphyrin Prod° 
ucts, Logar., UT) and phosphatidylcholine (Avanti Po- 
lar Lipids, 13;rmingharr,. AL) were used without any 
further purification. 

Monolayer studies were carried out in a Wilheimy 
plate film balance, housed in a light free chamber. 
Lipid films were formed to 20 dyne/era on an aqueous 
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subphase consisting of 10 mM KCI and 10 mM potas- 
sium phosphate buffer (pH 5.9-8.0). After the film 
stabilized HpD was injected from under the barrier. 
The solution was prepared by dissolving HpD in a 0.1 
M solution of NaOH and slowly bringing the solution 
to the desired pH by addition of aliquots of I M HC[. 
The final concentration of HpD used was such to bring 
the subphase to 25 izg/ml. A magnetic stirrer located 
in the subphase, used to facilitate rapid dispersion of 
the pigment, had no effect on the stability of the film. 
A Perkin-EImer autobalance (AM-2) and sand blasted 
platinum blade was used to measure surface tension. 
The sensitivity of the balance permitted measurement 
of the film pressure, or, with a precision better than 0.l 
dyne/era. The area of the film was kept constant as a 
change in ¢r was recorded. Surface potential measure- 
ments were made using an Am TM electrode placed 0.5 
on  above the surface of the film, a Ag-AgC! electrode 
in the subphase, and an electrometer (Kiethlcy, Model 
610). Surface potential was recorded as a change in 
lipid monolayer surface potential (AAV). Changes in 
surface potential and surface pressure were concur- 
rently recorded onto a Hewlett Packard strip chart 
recorder. 

Liposomes were prepared by dissolving 10 mg of 
phosphatidylcholine in chloroform. After evaporation 
under nitrogen, the lipid was dispersed by vortexing for 
10 min. The lipid mixture was allowed to swell for 1 h 
at 5 °C before sonicating using a Bronson Sonicator set 
at 3 for 20 min. The buffer used was the same as that 
for monolayer studies. The liposomes were centrifuged 
at 5000 x .  The supernatant containing the liposomes 
was then mixed with a solution of HpD to attain a final 
concentration of 0.2 mg/ml  lipid and 90 /~g/ml of 
HpD. The mixture was incubated in the dark for 1 h 
and then passed through a Sephadex G-50 column to 
remove unbound porphyrin. Binding of HpD to lipo- 
some.s were assayed using a Cary-14 spectrophotom- 
eter. 

Results and Discussion 

Pure lipid monolayer films formed from PC at an 
air/water interface yielded reproducible films. The 
area/molecule  and surface j~tential,  AV, at 20 
dyne/cm were found to be 85 A" and 375 mV, respec- 
tively, in agreement with those in the literzture [13]. 
No significant changes were observed in either surface 
pressure or surface potential for PC films in the pH 
range of 5.9-8.0. This was expected since PC is insensi. 
tire to pH over the range 4-9 [14]. 

Fig, la shows the change in "tr as a function of time 
after injection of HpD into the subphase. After a lag 
time of several minutes, a pH-dependent i,crease in 
surface pressure was observed. As the pH of the sub- 
phase was reduced, both Aw/t as well as the final 

b 

0 "'s 

I > -6o~ ", ." 
| ~ 8,0." 

- 0 0  

4o?  o 5 9 

g 

15 30 

T I rrle. minutes 

Fig. I. (a) Change in surface pressure (~')  as a function o f  t ime. The 
subphase consisted of I0 mM KCI and IO mM phosphate buffer. (b) 
Change in surface potential (~dV)  as function of time c~er pH 
range 5.0-8.0. Surface potential measurements were recorded con- 

currently with surface pressure. 

saturation value of ¢r increased. Final values for ~ at 
pH 5.9, 6.6, 7.4 and 8.0 were 39, 3fi, 27, 25 dyne/cm, 
respectively. High values for 7r at low pH indicate that 
components of HpD arc intercalating within the lipid 
film resulting in a decrease in film surface tension as 
the total area of the film is held constant; surface 
pressure, ¢r is generally considered to be equal to the 
reduction of the pure lipid surface tension, y, by the 
film, i.e., ¢r = -AT. 

HpD is known to be composed of several compo- 
nents among them hematoporphyrin (Hp), protopor- 
phyrin (PP), hydroxyethyl vinyldeuteroporphyrin (HvD), 
and an aggregated fraction believed to be the active 
component of HpD [15]. If we assume the a rea /  
molecule of a typical porphyrin (monomer) in a corn- 

2 pressed state to be 70-85 A over the pH range used 
here [16], then using, an area/molecule  for phos- 
phatidylcholine of 85 A 2 reveals a relatively high por- 
phyrin to lipid ratio at equilibrium = I:1 at pH 5.9 
compared with ~ 0.25 : 1 at pH 7.4. The high ratios of 
porphyrin to lipid at low pH found in monolayers are 
unlikely to occur in cell membranes. They do however 
reflect the relative driving force of HpD into the lipid 
core that is associated with different ionic species. 

Fig. ~.b shows the change in surface po).ential over 
tim.. At higher pH values (i.e. > 7.4) AAV approaches 
- 5 0  mV at equilibrium, while at low pH (5.9) a signifi- 
cantly lower AAV of - 2 0  mV is observed. The high 
value for AAV at higher pH in conjunction with a 
relatively small change in surface pressure, suggests 
that ionic forms of HpD, while not intercalated within 
the monolaycr film, contribute substantially to AAV. 
Surface potential, AV, is related to the dipole moment 
by AV=4wn#T where n represents the number of 



dipoles per unit area (cm 2) and/~T represents the total 
dipole contribution from water/monolayer and mono- 
layer/air interfaces Since the individual dipole fields 
superpose additively [17], a change in surface potential 
may be the result of an additional dipole component, 
or to a change in lipid dipole component. Both condi- 
tions require ionic forms of HpD situated at the wa- 
ter/t'nonoIayer interface. It therefure appears that 
while HpD at higher pH values may not be intercalated 
in high concentrations within the lipid film, porphytins 
may very likely be adsorbed at the water/monolayer 
interface. 

It is interesting to note that under all pH conditions 
binding of HpD to monolayers is complete after 3() 
rain. Moan et al. [18] found a time dependence of HpD 
in tumors whereby the amounts of Hp and HvD did 
not bind significantly after 1 h while that of PP in- 
creased by about 100% from l h to 8 h. Thomas et al. 
[I l] showed continued uptake of aggregated fractions 
at pH 6.4. This suggests that in fifo, rapid uptake 
(turnover in the cell membrane) of HpD aggregated 
fractions may occur, or that binding of HpD to serum 
protein limits the rate of uptake. 

Fig. 2 shows the relative absorbanee of liposomes 
incubated with HpD after removal of unbound HpD. 
The maximum peak slightly above 400 nm are indica- 
tive of porphyrin monomers bound to lipid [19]. The 
broadened peak for HpD bound to liposomes at pH 6.0 
is similar to the pH sensitive 440 nm band observed in 
solutions of hematoporphrin iX, which may be the 
result of bound dimers and/or  aggregate fractions [20]. 
Relative absorbance changes of bound HpD as a func- 
tion of pH were found to correlate well with surface 
pressure changes from monolayer films under similar 
conditions: decreasing pH in both cases substantially 
increased binding of HpD to monolayers and bilayers. 
The non-linear (sigmoidai) relationship between ¢r and 
pH as well as relative absorbance and pH (Figs. 3a and 
3b), is representative of pH dependence on protona- 
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Fig. 2. T h e  effect  o f  pH on  b ind ing  o f  HpD to phospha t idy leho l in¢  
lilx~)mes. Relative abs~)~ance was measured after I hour incuba- 
tkm of | lpD wilh lipo~mlcs, followed by column exclusion of un- 
Ix~und HpD. The bathing solutkm consisted of IP, mM KCI arid 10 

mM phosphate buffer. 

tion of HpD components and hence their hydropbobic- 
ity [21] and dipole moment. 

In conclusion, analysis of HpD-lipid interactions 
using absorbance studies in conjunction with mono- 
layer studies suggests that at low, tumorcidal pH, hy- 
drophobic fractions of HpD, possibly aggregate in na- 
ture, intercalate within the bilayer. These results are in 
good agreement with data previously published by tuber 
workers [21,22]. The driving force at low pH is rather 
substantial, forcing high concentrations of aggregated 
fractions into the bilayer. At higher pH, HpD may 
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Fig. 3, (a) Surface prexqure 7r (dyne/era) as a fi,nction of pH. (b) Relative abmrbance as a function of pH. Conditions are the same as in Fig. I. 
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in te rca la te  at  low c o n c e n t r a t i o n s  within the  bi layer ,  
with addi t iona l  f rac t ions  be ing  a d s o r b e d  at the  m o n o -  
layer  in ter face .  T h r o u g h  var ious  ce l lu la r  m e c h a n i s m  
these  f rac t ions  a r e  t aken  up  within the  cell a l lowing 
f u r t h e r  so lubiza t ion  o f  H p D  into  the  m e m b r a n e .  

References 

I Moan, J. (1986)Photochem. Photobiol. 43. 681-69~L 
2 -Eden, M.. Haines. B. and Kahler, H. t, i955)J. Natl. Cancer Inst. 

i6. 5~.-556. 
3 Kennedy. K.A., McGuri, J.D., Leondaridis, L. and Alabaster, O. 

(1985) Cancer Rcs, 45, 3541-3547. 
4 Crossland J. (1980) in Lewis's Pharmacology. 5th Edn., pp. 39-43. 

Churchi}l Ling~lon~ Inc. N¢~ Yo~k. 
5 Moan, J., Smedshammcr. L. and Christensen, T. (198{I) Cancer 

Lett. 9, 327-332. 
6 Braull. D. (1990) J. Photochem. Photobiol. 6, 79-86. 
7 Barrett. A.J., Kennedy, J.C.. ;ones. R.A., Nadeau, P. apd Pottier. 

R.H. (1990) J. Photochcm. PhotobioL 309-323. 
8 Pottier, R. and Kennedy. J.C. (1990) J. Photochem. Photobiol. 8. 

1-16. 
9 Moan, J. and Christen~n. T. (1981) Photochem. Pho'obiophys. 2. 

291-299. 

10 Bohmer, R.M. and Morslyn, G. (1985)Canccr Rcs. 45, 5328-5334. 
l i Thomas, J.P. and Girotti, A.W. (1089) Photochem. Photobiol. 49, 

241-247. 
12 Peng, O., Moan, J. and Cheng, L.-S. (1991) Cancer Lctl. 58, 

29-35. 
13 Collacicco, G. (1972) Chem. Phys. Lipi(/s I~. 66-72. 
14 Bangham, A. and Paphadjopoulo.~ (19~) Biochim. Biophys. Acta 

126, 181-185. 
15 Kessel, D. (1982) Cancer Res. 42, 1703-1706. 
16 Bardwell. J. and Bollon, J.R. (1983) Photochem. Photobiol. 39, 

735 -746. 
17 Davies, J.T. and Rideal, E.K. (1963) Inlerfacial Phenomena, pp. 

75-92. Academic Press, New York. 
18 Moan, J. and Sommer, S (t983) Cancer Lett. 21, 167-174. 
19 Moan. J. and Summer, S. (1984) Ph~flochem. Pholobiol. 40, 

631-634. 
20 Pottier, R.. Lachaine, A,  Pierre, M. and Kennedy, J,C. (1988) 

Photochem. PhotobioL 47, 669-674. 
21 Pottier, R., Laplante, J.P., Chow, Y.A. and Kennedy, J. (1985) 

Can. J. Chem. 63, 1463-1467. 
22 Brault, D., Vever-Bizet, C. and LeD~,an. T. (1986) Biochim. 

Biophys. Acta 857, 238-250. 


