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ACCUMULATION OF A PHOTOSENSITIZER IN CELLS WITH
ALLOWANCE FOR THE PASSAGE OF ITS CHARGED
FORMS ACROSS THE MEMBRANE

L. V. Zhorina and N. V. Stepanova

A mathematical model has been constructed and studied of the penctration of
hematoporphyrin (HP) ions into cells and their accumulation there., HP is a
photosensitizer most frequently used in the photodynamic therapy of tumors.
It is shown that the selectivity of HP accumulation in tumors depends on the
following factors: (a) the lowered acidity inside malignant cells and in the sur-
rounding medium and {b) the higher concentration in tumor cells of lipids, to
which the HP molecules bind.

sSorme flucrescent dyes introduced into an srganizat have the properry of acoumudarting predaninangly
in tumor tissues. These dyes can he used as phototherapeutic agents. The irradiation of malignant fissnes
containing a dye by visible light may lead to the disappearance of the tumor. This way of detection and
treatment of tumors forms the foundation of the method of photodynamic therapy {PDT) {1} The suceessiul
use of PDT largely depends on the elaboration of raethods for raising the photosensitizer level in the cell.

In an earlier paper {2] we considered a mathematical model of intracellular accumulation of hematopor-
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 coucentration
of HP can appreciably exceed its concentration in the surrounding medium when the pH inside the cell is
higher than outside. Tn the present paper the same problem is considered but the penetration of not only
the neutral but also charged forms of HP into the cell is 1aken into accounst.

First we examine in more detail the formation of P 1ons. As is known, HP can exist in the neuiral
form. and as an anion. a dianion. a cation. and a dicasion. Depending on the pIl of the environment. the
prosonization-deprotonization reactions of the HP molecule have the form
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The symboals C*~, =, % CT, and C*7 denote the corresponding HP ion types and their concentrations;
ki and ky; are the equilibrium constants of the reactions; pK; = —log k;; the pK values are taken from [3].

We introduce the total HP concentration by the formula

Co=Cl+C +C* +CF 4 O,
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The relative concentrations for the stationary distribution of HP over the ion types are
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It is clear that for other pK values (see. e.g.. [L. 3]} the character of the distribotien will change. We also
nose that in the present paper the dependence of pK on the degree of HP aggregation [§] is not taken into
account. Figure i shows that for the normal pH the relative concentration of HP cations is very low wliereas
anions and the neutral form dominate.

Fig. 1

Stationary distribution of relative concentrations of HP ionic forins,

As in [2], the kinetic model will be constructed for the cell culture used in in vitro experirnents. Ler us
consider the main assumptions of the model. The cell membrane has electric and thermedynamic potential
barriers. The neutral form of an HP molecule is “indifferent” to the electric potential. and thie mebrane
barrier height for it is AGY = AG. For charged HP forms this quantity is a suin of the electrostatic and
thermodynamic potential barriers, AG, and AG, and we have AG. = {¥|F for singly charged ions and
AG, = 2[|F for doubly charged ions, where F is the Faraday constant and ¢ is the membrane potential
(Fig. 2). We shall assume that AG is the same for all types of HP ions and that the cytoplasm is an agqueans
medium.

The model takes into account the following factors.

1. The diffusion of the five types of HP ions C+, C**, €% C~, and C®~ across the cell membrane
under assuming their complete mixing within the volumes of the cell and the medium with the following
input and output constants (see Fig. 2): )

o =7¢ = q0 = Aogexp{—AG/RT} for the neutral form;

9ay = qoexp{—w F/RT}, 7,1 = 4y for the anion '~

qaa = 70 exp{~20F/RT}, fao = qo for the dianion C*~;

IN1 = qa, dv1 = qo exp{—w F/RT} for the cation C*;

axe = go, dxn = qo exp{—2¢F/RT)} for the dication C*¥.

2. The kinetics of HP distribution over the ion tvpes inside the cell.
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Fig. 2

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 mediurn.

3. The difference in the pH inside and outside the cell; the pH'" is assumed to be constaut in the
process of HP accumulation in the cell, i.e., the work of the intracellular buffer™ and the pil'™ variation

during the life cycle of the cell*™) are not taken into account.

4. The membrane potential v, which is negative and constant and which tmpedes the penetration of
the anion HP forms across the cell membrane. Using the Goldman-Hodgkin-Katz equation {or the electric
potential ¥ of the membrane {10-12], it can easily be shown that in the process of HI? penetration into and
accumulation in the cell the variations of 1 can be neglected. However, the results of our direct measurements
of w [13] show that the potential ¥ changes when HP passes across the membrane but regains its former
value after the P penetration into the cell.

*) The main buffer maintaining a constant pH in the intracellular liquid is the phosphate buffer system
H.PO; — HPOJ, pK 6.36 [7, 8]. Our calculations show that the rate of the pH'™ restoration by the buffer
substantially exceeds the rate of HP penetration into the cell and the rate of the related change of the
intracellular pH.

=1 As is known, the pH'® variation over the life cycle of the cell attains 0.3 (with the mean value of the
pHI" preserved) {9]. However, different cells in the culture are in different phases of their life cycles, and this
provides a coustant mean value of the pII™ in the culture.
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Therefore the kinetic equations for HP accumulation in the cell are written as

dc? - - i
_;iC.I'fl_n = q0C2 — GoCh — k_1Ch + ks O [HT]™ = kyaCL[HT]™ + k_3CF;
dci; - ~ - - 2—rrp+7in 0 +fr+in
dt = G,'ulcex - qulc'm - k-’lcln + k'-q-'lcln [H ] + k-lC‘m - k‘i'lcini.I{ J I
dC-Q— 2 ed '
_E'tn_ - qag(}';x qaﬂc + ke _ QC - k‘f‘r-’CL-n- [H+]m (2)
dCt I .
— =l - Ivi1C + kesCRIAT]™ = ks G
- k+4cm LH+Im + L"‘icm '
dCLf : )
= = e C - e Gl b CHIEF" — ks Gl

Taking into account the input and output constants of the HP ionic forms and the eqmmmum constants
{from the i vilro experiments it is known that go ~ 1077 57!, k_; = k_» ~ 1 s7%) and introducing
c=qp/koy _a = 1073 and the dimensionless time r = t&_| = tk., we rewrite Eqs. (21 in the form
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In solving system (3), use is made of the HP distribution over tlie ion tvpes outside the cell in accordance
with the pH® by formulas (1). In the conditions of in cetro experiments. the volume of the surronnding
medium 1s much greater than the total volume of the cells, and the number of moles of the dye inside the celis
is much grearer than cutside. This allows the HP concentration ourside the cell ta be considered constant.

The terms with £ in system (3) are much smaller than the others. By disresarding themn we obrain the
already solved problem of HP distribution over the ion types inside the cell.

We now consider the dvnamics of the total HP concentration. To this end the equations in system (2)
are added together: '

dC¢ -
% ={Ch + CLexp{—vF/RT} + CX exp{—2vF/RTY + CS + CiF
~CEF —C7 = CY — Cexp{ ¢ F/RT} - C¥ exp {26 F/RTY). (4)

'Fquation {4} has a stationary solution

(CE)sar - agx +afiexp{~wF/RT} + a5 exp{=2¢F/RT} + ¥, + o,

C¥ D ko'l exp{—wF/RT} + ail,exp{—=20F/RT} + o'} + o'
_h PH'#)
f2(pH*?)

[38)
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ultimately determined by the membrane potential ¢ and the pH** and pH". Figure 3 demonstrates the
dependence of the ratio (Ci);5./CE on the pH**. Figure 3 shows that the lower the pH®* value and the
greater the difference between the pH™ and pH®, the greater is the ratio of the internal and external
concentrations. A sharp increase in HP accumulation is observed with decreasing pH™ and pH®* in the
region of pH®* values lower that 7. The location of the inflection in the curves substantially depends on the
pK values. For a pH®* exceeding 7.5 the total concentration of the dye in the cell is aiways lower than its
concentration in the surrcunding medium. Similar dependence of the accumulation of the HP derivative was
found experimentally in {14]. The important roje of low acidity in tumeor cells and their environment during
the photosensitizer accumaulation in the cell was also noted in {3, 3, 81.

( ??fal‘/ G s

Fig. 3
Dependence of the (Cil),,; /CE ratio on the pH** for different pH'™ values.
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Fig. 4
Kinetics of HP accumulation in the cell: C& = 10-% M, pH®™* = 7.2, pHi® = 6.0, and

P =5t mV.

At normal pH vaiues 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 aceumulation of the anion
and neutral HP forms in the cell is described by the curves in Fig. 4. In about 7000 s the accumulation curves
attain the level of saturation. This level is different for different pH®**, pH®, and ». The HP distribution
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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 ¢ 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 with pH values is observed i
vivoe. [t is well known that glycolysis in malignant cells is intensified to satisfy the increased energy demands.
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

between the hydrophobic dye and the intraceilular lipids [15], whose content in tumor celis is higher than in
normal cells [2].
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