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The effects of hydrophobicity and charges of dicarboxylic porphyrins upon their interactions with membrane 
model systems are investigated. Four protonation steps are evidenced from fluorescence emission studies of 
hematoporphyrin IX and its more hydrophobic parent compound lacking of alcoholic chain, deutero- 
porphyrin IX. They are attributed to the successive protonations of the inner nitrogens of the porphyrin 
cycle ( p K =  4.7 and 2.9 for hematoporphyrin and 4.4 and 2.7 for deuteroporphyrin) and successive 
deprotonations of propionic groups (pK = 5.0 and 5.5 for hematoporphyrin and 5.4 and 6.0 for deutero- 
porphyrin). These porphyrins, as well as their dimethyl ester forms, are shown to incorporate as monomers 
into the hydrophobic bilayer of egg phosphatidylcholine small unilamellar vesicles, although the esterified 
forms are highly aggregated in aqueous solutions. In the case of the non-esterified forms, the incorporation 
of the porphyrins into the lipidic bilayer is reversible and strongly pH-dependent. A theoretical model is 
presented which takes into account the various protonation steps and the partition equilibria of the porphyrin 
between the vesicle lipidic phase and the water medium. The neutral form of the porphyrin (i.e., carboxylic 
groups protonated) presents the higher affinity, with constants of K = 2 • l0 s and K = 6 • 10 6 M - ~ (relative 
to lipid concentration) for hematoporphyrin and deuteroporphyrin, respectively. Protonation of one inner 
nitrogen leading to the monocationic form is sufficient to prevent incorporation into the hydrophobic bilayer. 
On the other hand, deprotonation of the peripheral propionic chains leading to anionic forms is less 
effective. These interactions between vesicles and porphyrins lead to shifts of the apparent pK of nitrogens 
and carboxylic groups, the latter one being now in the range of physiological pH. These results are discussed 
with regards to the hypothesis of a possible role of pH in the preferential uptake of porphyrins by tumors. 

Introduction 

The preferential retention of porphyrins by 
tumors has led to the development of new meth- 
ods of diagnosis and therapy based on the fluores- 
cence and the photosensitizing properties of these 
molecules [1-3]. Cellular specificity [4] as well as 
extracellular tumor characteristics [5] including in- 
adequate lymphatic drainage [6] or anomalous 
acid-base status [7-9] have been suggested to be 

responsible for the specific uptake of porphyrins 
by malignant tissues. Membrane structures appear 
to be the major targets of the photodynamic 
processes [10-12]. Photobiological damages on cy- 
toplasmic [11], mitochondrial [13,14] and lyso- 
somal [15] membranes have been reported. Incor- 
poration into cultured cells and subsequent photo- 
inactivation were found to drastically depend on 
porphyrin hydrophobicity [11,12,16]. The impor- 
tance of the cellular partition of endogeneous 
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porphyrins which are accumulated in some dis- 
eases (porphyria) has also been emphasized [17]. 
Thus, the photobiological activity of porphyrins 
appears to be mainly governed by their ability to 
locate in the plasmic membrane or to cross it and 
reach intracellular targets. 

Liposomes provide reproducible model systems 
allowing easy studies of porphyrin incorporation 
into lipid bilayer structures by means of spectro- 
scopic techniques. Porphyrin-photosensitized pro- 
cesses in multilamellar liposomes have been re- 
ported by Grossweiner and co-workers [18-21]. 
Margalit and Cohen examined partition of hema- 
toporphyrin and hematoporphyrin derivative into 
liposomes and reported that porphyrins are bound 
to large unilamellar vesicles as monomers [22]. 
Transport of porphyrins using liposomes also ap- 
pears as a promising way for preferential delivery 
of the photosensitizer to tumor or to cell mem- 
brane structures [23,24]. 

In the present paper, we report on a spectroflu- 
orimetric study of the incorporation of various 
porphyrins into egg phosphatidylcholine small un- 
ilamellar vesicles. The partition of dicarboxylic 
porphyrins between the aqueous phase and the 
lipidic bilayer is found to be strongly pH-depen- 
dent, the neutral form incorporating the best. 
These results are discussed with regards to possi- 
ble uptake mechanisms of porphyrins by tumors. 

Materials and Methods 

Materials. Hematoporphyrin IX dimethyl ester 
and deuteroporphyrin IX dimethyl ester were 
purchased from Midcentury (U.S.A.). They were 
found to move as single spot on thin-layer chro- 
matographic plates and were used as received. 
Hematoporphyrin IX was purified according to 
Vever-Bizet et al. [25]. Deuteroporphyrin IX was 
prepared from ferrideuteroporphyrin IX by re- 
moval of iron. The crude material was chromato- 
graphed on silica gel using a mixture of acetone/  
ethyl acetate/0.03 M hydrochloric acid (5 : 4 : 1.5, 
v/v)  as eluent solution. Fresh porphyrin stock 
solutions were prepared in twice-distilled tetrahy- 
drofuran. The structures of the porphyrins used 
are shown in Fig. 1. 

Preparation of the vesicles. Small unilamellar 
vesicles of egg phosphatidylcholine (Sigma, type 
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Fig. 1. Structure of porphyrins used. HP, hematoporphyrin; 
DP, deuteroporphyrin; HPDME, hematoporphyrin dimethy! 
ester; DPDME, deuteroporphyrin dimethyl ester. 

VILE) were prepared by sonication of a suspension 
of the phospholipids in solutions comprising 
sodium phosphate (20 raM)/sodium phthalate (20 
mM)/NaC1 (0.15 M). This medium allows buffer- 
ing conditions in the range pH 2-11 without 
significant changes in the ionic strength. Sonica- 
tion was performed under nitrogen using a Bran- 
son sonifier (Model B15) equipped with a microtip 
probe set at 30% of duty cycle. The power output 
was approx. 60 W. Clear solutions were obtained 
after 15-20 min sonication. The stock solution of 
phospholipids was labelled with [3H]phosphati- 
dylcholine in order to determine precise con- 
centrations of phospholipid vesicles solutions. The 
stock vesicle solution was diluted to the ap- 
propriate lipid concentration, adjusted to the de- 
sired pH and allowed to stand for at least 2 h 
before porphyrin addition. Stock porphyrin solu- 
tions (usually 4 .10  6 M) were prepared in te- 
trahydrofuran. Usually, 5 /~1 of these solutions 
were thoroughly mixed with 2 ml of buffer solu- 
tions containing preformed vesicles, and the sys- 
tem allowed to stand for 10 min at 20°C before 
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f luorescence measurements  were carr ied out. The  
add i t ion  of such min imal  amounts  of t e t rahydro-  
furan did not affect the vesicles. The final 
porphyr in  concent ra t ion  was usually 1 - 10 s M. 

Fluorescence measurements. Fluorescence  emis- 
sion spectra  were recorded using an A m i n c o  SPF 

500 spectrof luor imeter .  Exci ta t ion was usually set 
at 400 nm with slits giving a band  of 4 nm 
half-width.  All spect roscopic  measurements  were 
carr ied  out  at 20°C. F i t t ing  of the t i t ra t ion curves 
were per formed  using a Hewle t t -Packard  com- 
pu te r  model  9816S. 
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Fig. 2. In teract ion of porphyr ins  with vesicles at cons tant  pH. (a) Emiss ion fluorescence spectra evolut ion upon addi t ion  of vesicles to 
deu te roporphyr in  (1 .10  s M) buffered solut ions (pH 7.2). Lipid concent ra t ions  were: - -  , zero: • ., 4 .9-10 6; ..  , 9 .7 .10 6; 

. . . .  , 1.65.10 5; . . . . . .  , 2 . 4 3 - 1 0 - 5 ;  . . . . . .  , 3 . 4 0 . 1 0  5; a n d - - , 4 . 3 7 - 1 0  5 M . ( b  g) Dependence  of the relative emiss ion 
fluorescence intensi ty  on lipid concent ra t ion:  b, deu te roporphyr in ,  pH 7.2; c, deu te roporphyr in ,  pH 5.07: d, hematoporphyr in ,  pH 
7.2; e, hematoporphyr in ,  pH 5.07; f, deu te roporphyr in  d imethyl  ester, pH 7.2: g, hematoporphyr in  d imethy l  ester, pH 7.2. 



Results 

Porphyrin incorporation into egg phosphatidylcho- 
line vesicles at constant pH 

Before dealing with systems involving lipo- 
somes, the solution behavior of porphyrins was 
examined. In tetrahydrofuran, the porphyrin ex- 
hibited absorption and emission spectra character- 
istic of monomeric forms over a wide range of 
concentrations. Fluorescence maxima were found 
at 625 and 692 nm with apparent vibrational 
structures at 655 and 675 nm for hematoporphyrin 
and 622 and 689 nm with structures at 652 and 
675 nm for deuteroporphyrin. The excitation spec- 
tra were found to match quite well the absorption 
spectra. The emission and excitation fluorescence 
spectra of hematoporphyrin dimethyl ester and 
deuteroporphyrin dimethyl ester were found to be 
very similar to those of the parent porphyrins. 
Addition of the stock porphyrin solutions in tetra- 
hydrofuran to the buffer solution (pH 7.2) con- 
taining no liposomes resulted in quite different 
behaviors according to the porphyrin structure• 
The free dicarboxylic porphyrins at a final con- 
centration of 1 • 10 -8 M gave solutions presenting 
the intense fluorescence spectra expected for 
monomeric species in aqueous solutions ()~ emis- 
sion = 615 and 674 nm for hematoporphyrin, 612 
and 671 nm for deuteroporphyrin with no ap- 
parent structure). On the other hand, the porphyrin 
ester forms yielded solutions with weak fluores- 
cence emission. The fluorescence intensity was 
found to somewhat depend on the conditions the 
solutions were prepared. These findings suggested 
quite unreliable formation of large aggregates of 
these hydrophobic molecules in water medium. 
Also, the porphyrins were found to adsorb on the 
glass vessel used to make solutions. To determine 
the amount of porphyrin adsorbed, the vessel was 
washed with tetrahydrofuran and the concentra- 
tion of the porphyrin extracted was measured by 
fluorescence using calibration curves. 

• The gradual addition of preformed vesicles to 
deuteroporphyrin solutions at pH 7.2 led to the 
spectral changes depicted in Fig. 2a. The presence 
of isoemissive points can be noted. The shift of 
the main fluorescence peak from 612 to 623 nm 
suggests that the porphyrin moves from an aque- 
ous to a lipidic environment (see above, the spec- 
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tral data reported for aqueous and tetrahydro- 
furan solutions as references). A good reversibility 
was observed when the vesicle concentration was 
progressively decreased by adding a porphyrin 
solution to a solution of preformed vesicles. In all 
instances, the partition was found to proceed 
within less than 10 min and no significant further 
changes in fluorescence spectra took place over 
hours. No changes in the porphyrin partition be- 
tween the lipidic and aqueous phases were ob- 
served when solutions were sonicated again. All 
these data are consistent with simple reversible 
partition of the porphyrin between the bulk aque- 
ous phase and the lipidic bilayer of the vesicles. 
The fluorescence changes at a wavelength corre- 
sponding to the porphyrin embedded in the vesicles 
are represented in Fig. 2b in terms of F/Fo vs. 
[lipid] where F and F 0 stand for the intensities of 
fluorescence presented by solutions containing 
vesicles or not, respectively. As discussed below, 
reference to the lipid concentration rather than to 
the vesicle concentration is made. Similar results 
were obtained with solutions at pH 5.07 but, in 
this case, the partition was much more in favor of 
the vesicles. This pH effect is well-exemplified by 
curves shown in Fig. 2b and c. The incorporation 
of hematoporphyrin into the vesicles was a much 
less favored process but it also depended on pH, 
as shown in Fig. 2d and e. At pH 7.2, almost no 
incorporation occurred even at the highest lipid 
concentrations. The fluorescence emission maxi- 
mum of hematoporphyrin incorporated into 
vesicles was at 623 nm. 

The incorporation of the dimethyl ester forms 
was investigated in a similar way, but in this case, 
the incubation was pursued overnight. Even in the 
presence of liposomes, the porphyrins were found 
to adsorb on glass vessel. The amount of adsorbed 
porphyrin, which was less important at higher 
vesicle concentration, was determined as above- 
mentioned. The actual porphyrin concentrations 
and corrected fluorescence intensities were calcu- 
lated accordingly. As shown in Fig. 2f and g, the 
ester forms readily incorporate at pH 7.2. The 
dimethyl ester and the free acid forms presented 
very similar emission spectra when incorporated. 

The pH dependence of porphyrin incorporation 
into vesicles exemplified in Fig. 2 prompted us to 
study the acid-base properties of the dicarboxylic 
porphyrins in absence and in presence of vesicles. 
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Spectrofluorimetric porphyrin titration in absence of 
vesicles 

Fig. 3 displays typical sets of fluorescence emis- 
sion spectra recorded on acid-base titration of 
h e m a t o p o r p h y r i n  dissolved in p h o s p h a t e /  
phthalate buffer solutions containing NaC1 (0.15 
M) to keep ionic strength constant. The fluores- 
cence emission spectrum of hematoporphyrin 
around pH 4 was characterized by quite broad 
bands at 607 and 654 nm. Decreasing the pH from 
about 4 to 1 leads to an increase of the fluores- 
cence emission with the appearance of peaks at 
596 and 652 nm. On the other hand, build up of 
sharp emission peaks at 615 and 674 nm was 
observed when the pH was increased. No other 
changes were observed above pH 7.25. A similar 
behavior was observed on titration of deutero- 
porphyrin. Solutions at pH 5 were found to pre- 
sent broad emission bands at 612 and 660 nm. 
When the pH was decreased from 5 to 1.2, sharp 
bands at 593 and 550 nm grew up. Gradual build 

up of bands at 612 and 671 nm was observed in 
the alkaline region. Titration curves at the most 
significant wavelengths are given in Figs. 4a and 
5a for hematoporphyrin and deuteroporphyrin, 
respectively. 

Spectrofluorimetric porphyrin titration in the pres- 
ence of vesicles 

The stability of the vesicles in the range of pH 
to be investigated was considered first. In Fig.4b, 
is shown the pH dependence of the intensity of 
light scattered by egg phosphatidylcholine vesicle 
solutions. It appears fairly constant in a wide pH 
range, suggesting that the vesicles remain 
unchanged between pH 2 and 10. Vesicle fusion at 
the extreme pH can account for the observed 
increase in scattering. 

A typical set of fluorescence emission spectra 
recorded on titration of hematoporphyrin solu- 
tions in phosphate /phtha la te  buffer containing 
egg phosphatidylcholine vesicles ([Lipid] = 6.6- 
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Fig. 4. (a) Spectrofluorimetric acid-base titration of hemato- 
porphyrin (1.10-8 M) at various wavelengths: (O) 596 nm; (zx) 
615 nm. The full line corresponds to the theoretical curve (see 
text), (b) pH dependence of the intensity of light scattered by 
vesicle solutions. The lipid concentration was 5.6.10-5 M. (c) 
Spectrofluorimetric acid-base titration of hematoporphyrin (1. 
10 -8 M) in the presence of vesicles ([lipid] = 6.6-10 -5 M) at 
various wavelengths: (O) 596 nm; (A) 615 nm; (O)  623 nm+ 
The full line corresponds to the theoretical titration curve (see 
text). 

10 -5 M) is shown in Fig. 6. It displays interesting 
f6atures as compared to the one depicted in Fig. 3. 
The spectrum with broad bands at 607 and 654 
nm presented by solutions around pH 4 is no 
more observed. On the other hand, a new spec- 
trum characterized by well-resolved fluorescence 
peaks at 623 and 687 nm is found around pH 4-6. 
This spectrum was assigned to the porphyrin 
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Fig. 5. (a) Spectrofluorimetric acid-base titration of deutero- 
porphyrin (1.10 -8 M) at various wavelengths; (O) 593 nm; (zx) 
612 nm. The full line corresponds to the theoretical titration 
curve (see text). (b) Spectrofluorimetric acid-base titration of 
deuteroporphyrin (1.10 -8 M) in the presence of vesicles 
([lipid] = 5.6.10 -5 M) at various wavelengths: (El) 593 nm; (A) 
612 rim; (©) 623 nm. 

embedded in the lipidc phase of the vesicles (see 
Discussion). The fluorescence spectra presented 
by either alkaline (pH > 8) or very acidic (pH < 2) 
solutions were found to be independent of the 
presence of vesicles (compare Figs. 3 and 6), sug- 
gesting that the corresponding forms of the 
porphyrin have very low affinity for the vesicles. 
In Fig. 4c are shown titration curves at the wave- 
lengths characteristic of the various species: 596 
nm (acidic form), 623 nm (incorporated form), 
615 nm (alkaline form). It is noteworthy that, in 
the presence of the vesicles, the titration curves 
corresponding to the formation of the acidic and 
alkaline forms are respectively shifted to extreme 
pH. The shape of the curves is also affected. 

Fluorescence spectra of deuteroporphyrin solu- 
tions containing vesicles ([Lipid]----5.6-10 -5 M) 
are reported in Fig. 7 for typical pH values. As for 
hematoporphyrin, a new spectrum characterized 
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Fig. 6. pH dependence of emission fluorescence spectra of hematoporphyrin (1.10- 8 M) in the presence of vesicles ([lipid I = 6.6.10 - 5 
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Fig. 7. pH dependence of emission fluorescence spectra of deuteroporphyrin (1.10-8 M) in the presence of vesicles ([lipid] = 5.6.10 5 
M). pH values were: - -  - - ,  1.6; - - ,  5.15; - - - ,  9.52. 

by sharp bands  at 623 and 690 n m  was displayed 
by solutions a round pH 5. Also, a spectrum iden- 
tical to the one presented by vesicle-free solutions 
was obta ined at acidic pH. On the other hand,  in 
the alkaline region, even at the highest pH, it was 
impossible to recover the spectrum presented by 
vesicle-free solutions. The spectrum reported in 
Fig. 7 for a solution at pH 9.5 displays only small 
decrease and increase of the 612 and  623 nm 
bands,  respectively. This indicates that deutero- 
porphyr in  still interacts with the vesicles in al- 

kal ine condit ions.  Ti t ra t ion  curves at wavelengths 

characteristic of the three species (593, 623 and 
612 nm for the acidic, incorporated and alkaline 
forms, respectively) are reported in Fig. 5b. As 
ment ioned  before in the case of hematoporphyrin ,  
the shifts towards extreme pH of the t i tration 
curves illustrate the strong effect of the vesicles on 
the pat tern of porphyr in  dis tr ibut ion between the 
various neutral,  anionic  or cationic forms. In the 
same way, the t i tration curve shapes are signifi- 
cant ly  modified. 



Discussion 

Porphyrins in aqueous solutions 
The solution structure of dicarboxylic porphy- 

rins is essentially governed by aggregation and 
acid-base processes. The aggregation of hemato- 
porphyrin and deuteroporphyrin in aqueous 
buffered saline solutions (pH 7.2) has been in- 
vestigated by Margalit et al. using fluorimetric 
techniques [26,27]. In dilute solutions (10-8-10 -6 
M), dimerization was found to be the dominant 
aggregation process. The values determined for 
the dimerization equilibrium constants were 4 .105 
and 2.3.106 M -1 at 25°C for hematoporphyrin 
and deuteroporphyrin, respectively. It can be 
calculated that in neutral solutions containing a 
total porphyrin concentration of 1 .10  -8 M, i.e., 
under the conditions of the present study, only 0.8 
and 4.2% of hematoporphyrin and deuteroporphy- 
rin are dimerized, respectively. Although these 
values may increase at lower pH, aggregation 
processes are not believed to interfere greatly with 
equilibria to be discussed below. Obviously, this is 
not true for the ester forms of the porphyrins, 
which largely aggregate, as shown by the weak 
fluorescence of their aqueous solutions. 

Dicarboxylic porphyrins possess two acidic and 
two basic groups undergoing protonations in the 
pH range 1-8 [28]. In Fig. 1 is depicted the 
structure of the neutral form PH 2 (carboxylic 
groups protonated, i.e., R = H). It is the predomi- 
nant form around pH 4-5 and is characterized by 
broad fluorescence emission peaks (as noted be- 
low, in the case of hematoporphyrin, a zwitterion 
form could also be present in this pH range). At 
higher pH, the two propionic acid chains succes- 
sively deprotonate, leading to the monoanionic 
( P H - )  and the dianionic ( p 2 - )  forms which ex- 
hibit stronger fluorescence emission (a simplified 
notation is used here: the anionic forms to be 
discussed are not related with species formed on 
deprotonation of the porphyrin pyrrole nitrogen 
which are observed at much higher pH). In the 
acidic range, two protons can be added succes- 
sively on the imine-type nitrogen atoms ( -N=)  of 
the porphyrin ring to form the monocation (PHi-) 
and the dication (PHI+).  These species have been 
characterized in organic [29] or micelle [28] solu- 
tions where well-resolved successive protonations 
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are observed. In the visible region, the monoca- 
tionic and dicationic forms present three and two 
absorption bands, respectively [29]. The low-en- 
ergy absorption bands of these species do not 
greatly differ in their wavelengths, but they are 
shifted to the blue as compared to the one of the 
neutral form. The fluorescence emission changes 
reported in Fig. 3a, are thus in agreement with the 
formation of cationic species. They are char- 
acterized by peaks at 596 and 593 nm for 
hematoporphyrin and deuteroporphyrin, respec- 
tively. Successive protonations are evidenced by 
shoulders on the titration curves shown in Figs. 4a 
and 5a. The upper line in Scheme I summarizes 
these various protonation steps. 

,,N2 ,~N, , ,^, KA2 
PH4 2+ PH ~- ~=~ PH 2 ~ PH p2- 

r2~,T K,J,T K~I" 
PH2L ~(PHL)- ~ (PL)  2 -  

Scheme  I 

Dissociation constants are defined as: 

KA, [PH- ][H + ] 
[PH2 ] ( la)  

rA2 = [P2- ][H+ ] 
[PH- ] (lb) 

[PH2][H + ] 
KN' [PHi" ] (lc) 

[PHi- ][H + ] 
KN2 [PH42+ ] (ld) 

Let us define C as the total porphyrin concentra- 
tion: 

C = [ P H ~ + ] + [ P H ~ - ] + [ P H 2 ] + [ P H - ] + [ P  2-]  (2) 

and 

c t = l +  [H+] + [H+]2 + KA1 + KAI"KA2 
KN, KNt.KN~ [H + ] [H + ]2 (3) 

it follows: 

C = a [ P H 2 ]  

A quantitative analysis of titration curves shown 
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in Figs. 4a and 5a is possible if, firstly, the fluores- 
cence emitted by each form at a given wavelength 
is directly proportional to its concentration (via 
proportionality factors hereafter noted as f )  and 
secondly, the fluorescence of a solution is equal to 
the sum of the fluorescence contributions of the 
various species present. These conditions are ob- 
eyed [30] with the very weakly absorbing solutions 
used in the present study. A last assumption ap- 
pears to be fulfilled owing to the fluorescence 
lifetime of porphyrins (5-15 ns, [31]): the excited 
state giving rise to the fluorescence emission does 
not undergo acid-base reactions during its life- 
time. In order to simplify further the mathemati- 
cal approach, we also define (for the sake of 
simplifying typography, the charges of the various 
species will be hereafter omitted in the notations 
of proportionality factors): 

a'=fPH2+fPH3 [H+] +fPH --[H+]2 +fPH KA1 
4 KNI'KN2 [H + ] 

+ fp  KA1 " KA2 (5) 
i n  + 12 

It is easily shown that: 

F =  a'[PH2 ] (6) 

or  

F=a'C (7) 
a 

where F is the total fluorescence intensity pre- 
sented by a porphyrin solution at a given pH. 
Computer simulations of the dependence of the 
fluorescence according to the pH using Eqn. 7 
were performed. The values of the various dissoci- 
ation constants and proportionality parameters 
were varied until the best fit of experimental points 

was obtained. The accuracies on the values of 
dissociation constants and proportionality factors 
are related. However, it must be pointed out that 
some of the latter parameters can be indepen- 
dently determined with a good accuracy. For in- 
stance, fPH4 and fp can be obtained from fluores- 
cence measurements at low and high pH, respec- 
tively. Other values (fPH3, fPH2) can be reasona- 
bly estimated from experimental data. The unre- 
solved successive dissociations of propionic groups 
led to more uncertainty. In our calculations, we 
assumed that fPH = ( f P H 2 + f P ) / 2 "  Best theoret- 
ical fitting curves are shown in Figs. 4a and 5a as 
full lines. The corresponding values for the pK of 
the ionisable groups are given in Table I. They are 
in agreement with those extrapolated from studies 
in other media and from pK of related substances 
[28]. The pK of the two propionic chains differ by 
about 0.5 unit, likely due to electrostatic effects 
and are slightly higher than the pK of propionic 
acid. It is noted that hematoporphyrin may partly 
exist as a zwitterion around pH 4.8 in aqueous 
solutions. 

Interactions of porphyrins with vesicles 
The fluorescence results on neutral aqueous 

solutions containing vesicles and the ester forms 
of hematoporphyrin and deuteroporphyrin pro- 
vide large evidences for the incorporation of the 
non-charged form of these molecules into the 
lipidic bilayer. Indeed, at pH 7.2, no protonation 
of the inner nitrogens is expected and esterifica- 
tion suppresses the possibility of propionic chain 
ionization. As a matter of fact, the fluorescence 
spectra of these molecules, either interacting with 
vesicles or dissolved in organic solvent, are very 
similar. As expected for these highly hydrophobic 
molecules, their partition between the aqueous 
phase and the lipidic bilayer is much more in 
favor of the latter environment. It should be re- 

TABLE I 

VALUES OF pK AND EQUILIBRIUM CONSTANTS AS SHOWN IN SCHEME l FOR HEMATOPORPHYRIN AND 
DEUTEROPORPHYRIN 

pKN2 pKN1 pKA1 pKa2 K 2 (M l) KI (M- 1) K (M 1) 

Hematoporphyrin 2.9+0.1 4.7+0.1 4.95+0.15 5.45+0.15 -~ 2.105 ---1-105 ~<103 
Deuteroporphyrin 2.7+0.1 4.4+0.1 5.4 +0.2 6.0 +0.2 =6.106 ~-2.106 =1.105 



minded that aggregates have been suggested to 
play an important role in porphyrin uptake by 
tumors [32]. The present system provides an inter- 
esting example of incorporation into lipidic struc- 
tures of porphyrins highly aggregated in solution. 
Further kinetic or thermodynamic analysis of these 
systems are however precluded by the complexity 
of the aggregation processes. 

In contrast to their ester forms, hemato- 
porphyrin and deuteroporphyrin are well-char- 
acterized in aqueous solutions. The reversibility of 
the partition of these porphyrins between the bulk 
aqueous phase and the vesicle phase was pointed 
out in the results. In addition, the lack of effect of 
sonication vesicle solutions already incubated with 
porphyrins and the rapidity of the partition pro- 
cess largely demonstrate that thermodynamic 
equilibrium conditions are attained. The extended 
scheme shown above which includes equilibria 
between porphyrins and vesicles is based on this 
premise and on the following observations. The 
fluorescence spectra of hematoporphyrin or de- 
uteroporphyrin below pH = 2 do not depend on 
the presence of vesicles, indicating that the ca- 
tionic forms do not incorporate into the lipidic 
bilayer. On the other hand, although neutral forms 
are best incorporated, negative charges on the 
propionic side-chains do not totally impede incor- 
poration. Thus, even at the highest pH, interac- 
tions between vesicles and deuteroporphyrin are 
observed. A further assumption will be made: the 
incorporation of a porphyrin molecule is indepen- 
dent of the presence of another porphyrin mole- 
cule in a vesicle. Assuming a mean number of 
3000 lipid molecules per vesicle, the mean ratio 
between the number of porphyrin molecules incor- 
porated and the number of vesicles is calculated to 
be less than 0.5 for most experiments and does not 
exceed a few dozen in the less favorable cases. 
Furthermore, the sharp fluorescence spectrum of 
embedded porphyrin molecules strongly suggests 
that they are monomeric. So, either a vesicle con- 
tains no more than one porphyrin molecule or if 
several molecules are incorporated they are remote 
enough so that they do not interact. Consequently, 
we will refer hereafter to the lipid concentration 
rather than to the vesicle concentration estimated 
from their mean size. The various equilibria in- 
volved in porphyrin-vesicle systems are sum- 
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marized in Scheme I. The affinity constants of the 
various forms of the porphyrin for the vesicles are 
defined by: 

[PH2L] 
K 2 [PH2I[L] (Sa) 

[(PHL)-] 
K, [PH- ][L] (8b) 

K [(pL)2-] (8c) 
[p2 ][L] 

where [L] refers to the lipid concentration and 
PH2L, (PHL)-  and (PL) 2- represent the incor- 
porated neutral, monoanionic and dianionic forms, 
respectively. 

In the same way as above we will define: 

K. KAI" KA2 ,8=K + Kx'KA1 + (9) 
2 [H + ] [H+] 2 

f KI"KM K'KAI 'KA2 
fl'=fPH2L'K2 +JPHL[~--j--+fpL [H+] 2 (10) 

The total porphyrin concentration: 

C = [PH4 2+ ] + [PH/]  + [PH2] + [PH- ] + [p2- ] + [PH2L] 

+[(PHL) ]+[(PL) 2 ] (11) 

can now be expressed by: 

c = (~ +/~[LI)[PH2] (12) 

The fluorescence of a solution is given by: 

F=  (a '+  fl'[LI)[PH2] (13) 

or 

F= a'+ fl'[L] 
a +p[L] C (14) 

Denoting F 0 and F~ the fluorescence of solutions 
containing no and sufficient amount of vesicles to 
displace equilibria toward complete porphyrin in- 
corporation, respectively, it can be shown [33] 
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that: 

F -  F~, aft '-  a ' f l  [L]C (15) 
,~(~ +/~[L]) 

,q~'- ,~'/~ 
F ~ - F =  C (16) /~(,~+ #[L]) 

and 

F~ - F [L] (17) 

o r  

F F° = log~- +log[L] 
°g F ~ _  F (18) 

Relation 17 can be modified to: 

1 1 1 a 1 

F - F 0  F.~- F0 + F ~ -  F0 x ~ x [L-~ (19) 

When the pH is maintained constant so are a, a', 
fl and fl'. As a consequence, if [L] is varied, this 
complex system behaves as it would involve a 
simple equilibrium [33] of the type A + B ~ AB. 
But, now, fl/a represents an apparent equilibrium 
constant, Kapp, the value of which depends on 
pH. From Eqn. 15, an important conclusion can 
be derived which applies when the pH and the 
porphyrin concentration are constant. The inter- 
section of any intermediate spectrum ([L] 4= 0) with 
the initial one must correspond to an isoemissive 
point. Indeed, this implies that aft'-a'fl=O 
which must apply to any other value of [L]. The 
set of spectra reported in Fig. 2a shows good 
agreement with this conclusion. 

The validity of Scheme I can be verified by 
plotting 1 / ( F - F  o) vs. 1/[L] or log(F-F o) / 
( F ~ -  F )  vs. log[L]. The former representation is 
useful when F~ cannot be attained experimen- 
tally. In this case, its value is obtained through 
extrapolation. In Fig. 8, are reported data on the 
interaction of deuteroporphyrin with vesicles 
according to the second representation. In agree- 
ment with Eqn. 18, data from two experiments 
performed at various pH are fitted by straight 
lines with slopes near unity. As expected, however, 
their positions along the abscissa, which is equal 
to - log Kapp, are pH-dependent. 
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Fig. 8. Interaction of deuteroporphyrin with vesicles. Plot 
according to Eqn. 18. pH was: II, 5.07; A, 7.20. Slopes as 
derived from least-mean-square analysis were found to be 1.14 
and 1.18, respectively. 

The theoretical fluorescence changes expected 
from acid titration of mixed systems containing 
porphyrins and vesicles can be computed accord- 
ing to Eqn. 14 assuming values for fPHZL, fPHL, 
fPL, K2, K1 and K, and using the pK and other f 
values previously determined. Best fits, which are 
shown in Figs. 4c and 5b as full lines, were 
obtained with the equilibrium constant values re- 
ported in Table I and assuming fPH2L =fPHL" In 
the case of deuteroporphyrin, which interacts with 
vesicles even when its two propionic chains are 
deprotonated, fPe at 623 nm (emission peak of 
the incorporated form) was found to be smaller 
than fPH2L or fPHL. An upper limit of the affinity 
constant of fully deprotonated hematoporphyrin 
for lipids is given. A more accurate value cannot 
be obtained owing to the limited lipid concentra- 
tion experimentally accessible. 

In view of these results, the interactions be- 
tween porphyrins and vesicles can be described as 
follows. Dicarboxylic porphyrins are incorporated 
into vesicles with their hydrophobic core buried 
into the lipidic bilayer. As a matter of fact, as 
compared to deuteroporphyrin, hematoporphyrin 



with polar alcoholic chains on the tetrapyrrolic 
nucleus, presents a lower affinity for vesicles (see 
Table I). In the same way, protonation of one 
inner nitrogen which drastically reduces the 
hydrophobicity of the porphyrin core impedes the 
incorporation into the vesicle bilayer. The effect of 
negative charges on the propionic chains is clearly 
evidenced by the relative values of the affinity 
constants, K 2 > K~ >> K. However, this effect ap- 
pears much less drastic than protonation of the 
inner nitrogens, suggesting that the incorporated 
molecules have their propionic acid chains lying 
near the polar heads of the bilayer. The smaller 
value of fPL as compared to fPHZL or fPHL may 
indicate that the dianionic form of deutero- 
porphyrin lies closer to the vesicle polar heads. 

The relative affinities of the various forms of 
the porphyrins for the vesicles have interesting 
consequences on the acid-base titration curves of 
mixed systems as exemplified in Figs. 4c and 5b. 
It should be first pointed out that the pK which 
could be derived from these curves are apparent 
pK, the values of which depend on the various 
affinity constants and on the vesicle concentra- 
tion. As expected from the drastic affinity de- 
crease associated with the first nitrogen protona- 
tion, the corresponding apparent pK is shifted to 
a lower value. This results in an almost simulta- 
neous titration of the two inner nitrogens. Like- 
wise, the shift of the apparent pK of the propionic 
groups towards higher pH is the consequence of 
the relative affinities of the various forms with 
K 2 > K~ >> K. However, as anionic forms retain 
some affinity for the vesicles, the shape of the 
titration curve is less affected than in the previous 
case. 

A model for the preferential uptake ofporphyrins by 
tumors 

The above results clearly show that pH largely 
governs the interactions of dicarboxylic porphyrins 
with membranes through acid-base equilibria in- 
volving ionizable groups. With regard to biological 
aspects, propionic chains appear particularly im- 
portant. Indeed, as exemplifeid by our model sys- 
tem, owing to interactions with membranes, the 
apparent pK of these acidic groups can be shifted 
enough to attain physiological pH. The incorpora- 
tion of the porphyrin as well as its distribution 
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among the various forms, PH2L, (PHL)-  and 
(PL) 2-, drastically depend on pH. As exemplified 
in Figs. 4c, 5b and in a related paper [34], a small 
decrease in pH around 7 leads to the increase of 
the amount of incorporated porphyrin. Also, equi- 
libria between the various incorporated species are 
shifted, resulting in an increased proportion of the 
neutral form PH2L [34]. As the latter gives rise to 
little electrostatic interactions, it is expected to 
cross a membrane structure more rapidly than do 
charged forms. It is noteworthy that, in some 
instances, tumors have been shown to be more 
acidic by 0.2-0.4 pH units than normal tissues [7]. 
So, a lowered local pH could contribute to the 
preferential uptake of porphyrins by tumors. As a 
matter of fact, cells were found to be more sensi- 
tive to photoinactivation at low pH [8,9]. The 
same conclusion likely applies to hematoporphy- 
rin derivative, the acid-base properties of which 
have been reported [35]. Indeed, hematoporphyrin 
derivative is composed of various porphyrins be- 
longing to the class of dicarboxylic porphyrins 
[36]. It is noted, however, that the long-term reten- 
tion of hematoporphyrin derivative, which is likely 
to be responsible for its therapeutic superiority, 
likely involves processes taking place after 
penetration of the drug into cells [37]. The com- 
parison of hematoporphyr in  with deutero- 
porphyrin also illustrates how minor changes in 
the nature of some side-chains can drastically 
affect the affinity of porphyrins for membranes. 

Conclusion 

The solution behavior of porphyrins in absence 
or in presence of egg phosphatidylcholine small 
unilamellar vesicles has been quantitatively de- 
scribed, as a function of pH, in terms of thermo- 
dynamical equilibria. The partition of the porphy- 
rin between the bulk aqueous phase and the hy- 
drophobic vesicle bilayer appears dominated by 
both the porphyrin structure and its charge which 
depends on pH. The highest affinities are pre- 
sented by neutral forms. These physicochemical 
data give support to the hypothesis that pH may 
partly control the selective uptake of dicarboxylic 
porphyrins by tumors which are known to be 
more acidic than normal tissues. 
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