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ACCUMULATION OF A PHOTOSENSITIZER IN CELLS WITH 

ALLOWANCE FOR THE PASSAGE OF ITS CHARGED 

FORMS ACROSS THE JVIEMBRANE 

L. \'. Zhorina and N. V. Stepanova 

A mathematical rr1odel has bee11 constructed and studied of the pent-~tration of 
hematoporphyrin (HP) ions into cells and their accun1nlatiou there. HP is a 
photosensitizer 1nost freque11tly used in the photo<lynamic therapy of t11111ors. 
It is shown that the selectivity of HP accumulation in tt1mors depe11ds on the 
following factors: {a) the lowered acidity inside malignant cells and in tl1e sur­
rou11ding n1edh1111 and {b) the higher co111~entration in tnn1or c~lls of lipids~ to 
whicl1 the HP n1olecnles hii1d. 

Sorne fluorescent dyes introduced into nn org:a11i~1tL have the prop\:'rry c·f :1ci:111111il;1ri11~ prell•)H1i11;11irly 
in tun1or tissues. These dyes can be U:'ied as phototherapeutic agents. ~fhe irrrtdiation of n1;digu;111t ri.":-11e:-:: 
cont.aining; a dye by visible light inay lead to the disapp.:ar;::i.nce of the r111nor. -rhis \\';-iy of ,(,~1.;cti·-;n :1ud 
treatn1ent of tumors forms the foundation of the rnethod of photodynatnlc tl1et·ary ( r 1)1') Ll}. "f !1<~ :;11CC(:s:::ful 
use of PDT largely depends on the elaboration of rnethods for raising the photosensitizer level in the cell. 

In an earlier paper [2] we considered a mathematical model of intracellular accumulation of he1nat.opor­
phyrin (HP) - a sensitizer most frequently used in PDT. It was assumed in the model that only the neutral 
HP form passes across the cell membrane. The calculations showed that the intracellular cottcent.ration 
of HP can appreciably exceed its concentration in the surrounding medium \\'hen the pH inside r.he cell is 
higher than outside. In the present paper t.he same problem is considered but the pt:'netration of 11ot oHly 
the neutral but also charged forrns of HP into the cell is taken into account. 

First \Ve exa111ine in 111ore detail the forrnation •)f lfP ions. A.s is kllO\\'fl. I-TP c.?.11 exi5t i11 t ltt~ ni-:1.11.r;:d 
forn1. and as an anion. c_i dianion. a catioll. and ;_1 Jication. Depending on the pll nf thr:- et1virorn1u:nt. tlte 
protonization-deprotonization reactions of the llP n1olecule haYe the form 

c2- +H+ 
k+~ c-: /,;oJ. 2 = L,/k+2; pI\.a2 'i.2 ± 0.1: 
l.:_2 

+H+ 
l.:+l. 

co: c- ka1 = L1/k+1: PKa1 6.5 ± 0.1; 
k_1 

c·I) __._ 1f-T- I:+; 
c+ {·SL = L:i/k.,"3 : ph::.\.L ;}_.[ = fJ_] 

I.; _J 

c+ +a+ 
k+~ 

c2+; k,v2 = k_4/k+4; pI(,.....2 2.9 ± 0.1. 
l.:_.i 

The sy1nbols c 2 - ~ c-, C'0 , c+, and c· 2+ denote the corresponding HP ion types and their concentrations: 
ka.i and k,vi are the equilibrium constants of the reactions; pI\.1 = - log ki; the pI...:. values are ta.ken from [3}. 

\Ve introduce the total HP concentration by the formula 

c~ = c 0 + c- + c2
- + c+ + c'+. 
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The relative concentrations for the stationary distribution of HP over the ion types are 
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( 1) 

It i::: clear that for other pl\: \·a!nes (see. e. b°·· [-!. 5]) the charC'lcter of the distrib1H.io11 wil! cha11~e. \\·,~ ~1J..;o 

note that in the present paper the dependence of pI\: on the degree of HP aggregarion [OJ is not t<1ke11 into 
account. Figure 1 sho,vs that for the norn1al pH the relative concentration of IIP cations is very lo\V w!1ereas 
anions and the neutral form don1inate. 
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Stn.tionary distribution of relative co1Lcentrations of lIP ionic fonns 

A .. s in [2], the kinetic rnodel ,vill be constructed for the cell culture used in 1n vitr·o experin1ents. Let us 
consider the n1ain assumptions of the model. The cell men1brane has electric and thermodynan1ic potential 
h:irriers. The neutral form of an ITP tnolecule is "indifferent" to th.e electric potenrial. and tl1e 1i1+··llilit·;1r 1 ~ 
bR.rrier height for it is ~G0 = ....).G. For charged HP forms this quantity is a su111 of the e!ectro~tatic ancl 
ther1nodynamic pot.ential barriers 1 tlGe and tlG, and 've have D..Ge = l'fl)IF for singly charged ions and 
....).Ge = 214,IF for doubly charged ions, 'vhere F is the Faraday constant and !/; is the membrane potential 
f Fig. 2). \Ve shall assume thi:lt ....).G is the same for all t:ypes of HP ions and that the cytoplasn1 is ::u1 aque011s 
rnediun1. 

The n1odel takes into account the follo,ving factors. 
l. The diffusion of the five types of HP ions c·+, C'2+, C'0 , c·-, and c 2 - across the cell n1en1brane 

under assuming their coinplete n1ixing within the volumes of the cell and the n1edium \vith the follotving 
input and output constants (see Fig. 2): 

'lo = 1.o = qo = .·lo-c exp{-.:0.G/ RT) for Lhe neutral form; 
q,11 = qoexp{-1bF/RT}, iTu.1:::: 'lo for the anion(.'-: 

q,, = qoexp{-2wF/RT), 1.a2 = qo for the dianion c 2-; 

q.vi = qo, 1.Nt = qo exp{ - "'FI RT) for the cation c+; 
q .V2 = qo, 1..v2 = qo exp { -2,,,, FI RT) for the <lication c2+. 
2. The kinetics of HP distribution over the ion types inside the cell. 
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Potential barrier of the cell membrane for the anion (a), dianion (b), neutral form (c). 
cation (d), and dication (e): (1) cell; (2) membrane; and (3) surrounding medium. 

3. The difference in the pH inside and outside the cell; the pI-l 1n is assumed to be cc·n~tant in the 
process of IIP accun1ulation in the cell, i. e., the \\'Ork of the intracellular buff er~) ;1nll the p TI '11 va ria.1 ion 
during the life cycle of the cell•"') are not taken into account. 

4. The membrane potential ?JJ. \vhich is negative and constant and \\·hich ln1pedes the penetrn.tion of 
tl1e auion IIP forn1s across the cell 1ne1nbrane. Using the Goldn1an-Hodg;kin-l{atz equation for tlle electric 
potential I/; of the inembrane (10-12L it can easily be shown that in the process of tlP penetration illtO and 
accumulation in the cell the variations of l/J can be neglected. Ho\vever, the results of our direct measurements 
of w [13] sho\v that the potential if; changes \Vhen HP passes across the membrane but regains its forn1er 
\·educ after the IIP penetration into the celL 

•) The main buffer maintaining a constant pH in the intracellular liquid is the phosphate buffer syste1n 
tI'.:!P04 - HP04, pl( 6.86 [i) 8]. Our calculations shotv that the rate of the pHin restoration by the buffer 
substantially exceeds the rate of HP penetration into the cell and the rare of the reh1ted cl1ange of tl1e 
intracellular pH. 

··l A.sis knO\\"Il, the pfI1n val'iation over the life cycle of the cell attains 0.3 (\vit:.11 the rnean value of the 
pH 1n preserved) (9]. Ho\'1.rever, different cells in the culture are in different phases of their life cycles, and this 
provides a coustant inean value of the pllm in the culture. 
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Therefore the kinetic equations for HP accumulation in the cell are \Vritten as 

dC0 

'" c 0 - C0 k c 0 + k c-[H+]in k C0 [H+j'" + k c+. dt = qo ex - qo in - -1 in +1 in - +3 in -3 m' 

de,-;, c- - c- k c- k c 2- [H+J'n · k c 0 k c+ 'H+''" dt = qol ex - 'lat in - ~-'2 in+ ·-t-2 1n ""t" ·-l. in - ·+1 inl J ; 

dC2-
'" - c 2- - c 2- k c- k c 2-[H+J'"· ~ - qa2 ex - (]a.'2 in + -2 in - +2 in · 

de,: c+ · - c+ k c 0 [H+J'n k c+ dt = ?_;\rl ·ex - q.Vl in+ '+3 in - ·-3 in 

k C·+r8 +11n + k· c·'2+. - +4 "in l J -4 'in ' 

dc 2+ in c+ - c~ k c+[n+i•n k c'+ ~ = q,v2 <0x - q,Y'J, m + ·+-i, in J - ·--1. in · 
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(2) 

Taking into account the input and output constants of the HP ionic fortns and the eqt1i!ibri11111 co11stants 
(from the in vitro experiments it is kno,.vn that q0 ....., io- 3 s- 1 , k_ 1 = k_ 2 - 1 s- 1 ) and intro<lucing 
~ = q0 /k-l.-'2 = io-3 and the dimensionless tin1e r::::: tk_ 1 :::: tk-~. we re,vrite Eq~.121 in thP f01·r11 

dC,~ = .·(exp 1r-c·F/RT)C- - c-1 -dr - · ex in 

c 2-m+1•n ) -c·- + 111 L ' • 

!ll ' ktl:: ' 

dCo ( c- rH+]1n C'o r1-f+•in ) _,_n = ~(C' _ c') _ c' _ inl _ c+ + '"' J . 
dr " ex m m ka1 in k:v1 , 

(:Ji 

de,: - ·(c+ c+ { F/RT)) (c+ c,~[H+J•n -d- - ~ ex - in exp -If; - 'in - k 
T 1Vl 

- c.2+ c,:[H+]'n ) . 
'" + k • ·1V?. 

dC'+ ( c+[H+J' 0 
) d; = o(c;,+ -c,~+ exp{-21/;F/RT})- c,;,+ _ inh, .. 

In solving system (:J), use is n1ade of the I{P distribution over die ion types outside rhe cell iu :1ccorci;i11ce 
\Vi th the pIIex by formulas ( 1). In the conditions of in r.:itro experirnents, the vol11t1Le of the s11rro11ndin~ 
n1ediun1 is n1uch greater than the total volume of the cells. and the nu111ber of 111oles of t.lte Jye iusi1 le the 1:ells 
is n111ch g:re::i.t.er thnn outside. l~his allo\\·s the TIP f'o11centration ontsidr-: thr:- CPJI !n he "<•ll'id"r··r.I c•_)11sr:--t11I. 

~fhe tern1s \\'ith sin sys.tern (:J) are 1nuch sn1aller than the others. I3y disrr:_~;-1rcl111~ thein \\"l' olJ1_ai11 tl1e 
already solved problen1 of HP distribution over the ion types inside the cell. 

\Ve now consider the dynamics of the total HP concentration. To this end t.he equat.ions iii systen1 ( 2) 
are added together: 

d~! = s( C~x + C;, exp{-vF/ RT)+ C;',- exp{-2,-F/ RT)+ c,;: + c;,~ 
- C,~- - c,-;, - c,00 - c,: exp{ _:__¢Ff RT) - C;~+ exp{-2wF/ RT)). 

Equation ( 4) has a stationary solution 

( c~n )sat 

c;x 
= et0' +a;';exp{-wF/RT) +a;\jexp{-2~·F/RT) +"\'\ +<>'.\'2 

a'"+ a'~ exp{-wF/RT) + ,,;n exp{-2wF/RT) + ain + a'n 0 .\ 1 • · iV2 • · al ,12 

= 
h (pH") 

f,(pH'") 
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ultimately determined by the membrane potential 1p and the pHex and pH'". Figure 3 demonstrates the 
dependence of the ratio (Clj'),.,/C!:' on the pH•'. Figure 3 shows that the lower the pH•x value and the 
greater the difference between the pHm and pHex, the greater is the ratio of the internal and external 
concentrations. A sharp increase in HP accumulation is observed with decreasing p H1n and p Hex in the 
region of pHex values lower that 7. The location of the inflection in the curves substantially depends on the 
pK values. For a pHex exceeding 7.5 the total concentration of the dye in the cell is always lower than its 
concentration in the surrounding medium. Similar dependence of the accumulation of the HP derivative \Vas 

found experimentally in [14]. The important role of low acidity in tumor cells and their environment during 
the photosensitizer accumulatioa in the cell was also noted in [3, 5, 6]. 
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Dependence of the (C\;'),.,/C!:x ratio on the pH•x for different pllm values. 
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Fig. 4 

Kinetics of HP accumulation in the cell: CEx = io-5 M, pHex = 7.2, pHin = 6.0, and 
ip = 50 mV. 

At normal pH values the anion and neutral HP forms dominate (see Fig. 1). Therefore one can neglect 
the presence of cations in the cell. Then. according to system (3), the kinetics of the accumulation oft he anion 
and neutral HP forms in the cell is described by the curves in Fig. 4. In about 7 000 s the accumulation curves 
attain the level of saturation. This level is different for different pHex, pH 1n, and W. The HP distribut.ion 
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inside the cell that corresponds to the exact stationary solution of system (3) (d/dr = 0) differs little from 
the distribution calculated by formulas (1) (the terms of the order of o are added). 

It follows from our results that the effect of selective HP accumulation can occur when the pH in the cell 
cytoplasm is lower than in the surrounding medium. Precisely such situation \Vith pH values is observed 1n 

vivo. It is well known that glycolysis in malignant cells is intensified to satisfy the increased energy den1ands. 
This is accompanied by the release of the glycolysis by-product, lactic acid, into the pericellular space, ·which 
reduces the pH there. 

The other possible factor causing the selectivity of HP accumulation in tumor cells can be a relation 
bet\veen the hydrophobic dye and the intracellular lipids (15], whose content in tumor cells is higher than ln 
normal cells [2]. 
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