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Abstract

It was found significant difference in reactivity of undissociated ascorbic aciglakid its monoanion AH towards singlet oxygen and
in electron transfer to excited photosense. Kinetic analysis indicated that interaction of ascorbate with singlet oxygen in aqueous media
results in quenching of the latter with rate const@gt+ k) = (6.8 + 1) x 108 mol~11s~1, where chemical quenching rate constaris
1.4 x 18 mol~11s~2. The value ok; for AH;, is a factor of about 20 lower. The similar trend was observed for ascorbic acid oxidation in
electron transfer to excited photosense. The corresponding rate constants were established for ascodmademsire found to be: for
total quenchingXy + ) is of order 1 mol~*Is~1 and for radicals photogeneratién= (2.5+ 0.5) x 10° mol~*1s~1. Analysis of the
photosense—ascorbic acid system had revealed the low efficiency of type | pathway, initiated by electron transfer from ascorbate to excited
photosense, in comparison to efficiency of the route, mediated by singlet oxygen.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction activity of phthalocyanines is dependent on microenviron-
ment (medium polarity, pH, presence of electron donors or
To date the photodynamic therapy (PDT) is clinic-approved acceptors, etc.) which may influence the relative importance
method of cancer treatment. PDT involves the combination of free radical (type I) or singlet oxygen (type Il) reaction
of visible light and a photosensitizer. Each component is pathways.
harmless by itself, but in the presence of oxygen they induce It was suggested to use photosense with reductants (e.g.
cytotoxicity. The triplet state of the photosensitizer formed ascorbic acid) to increase type | radical route and hence pho-
upon the light absorption can interact with ground-state todynamic efficiency on the whole. Rosenthal and Ben-Hur
dioxygen to yield cytotoxic singlet dioxygen (type-ll mech- were the first to proposé] that photosense undergoes pho-
anism)[1]. The photosensitizer triplet state, or biological toreduction in the presence of ascorbic acid giving anion
substrate radicals formed by substrate interaction with the radical which is oxidized further by oxygen with the super-
photosensitizer triplet state, can react with oxydehto oxide formation according to the following scheme:
produce cytotoxic oxygen intermediates, such as super-
oxide, which are thought to provide alternative routes to
photosensitized cell death (type-l mechanism). PDT is a B B . N
highly selective method, as there is a preferential uptake of PS'+AH™ — P$™ +A*" +H )
the photosensitizer by the diseased tissue. Ps~ +30;, — Ps+02*~ (3)
Among photosensitizers for PDT the phthalocyanines
are the more promising second-generation photosensitizers Thus in the excess of ascorbic acid the radical mechanism of
Sulfonated aluminum phthalocyanine termed photosensePDT may be sharply enhanced. Recently, the PDT procedure
(AIPcS),.) has received special attention and now is ap- With photosense and sodium ascorbate was tested on mice
proved for the wide clinical use in Russia. Photosense and some positive results had been obtaifx¢d
generates singlet oxygen with high quantum vyield and is a  On the other hand, ascorbic acid is known as efficient bio-
typical type Il sensitizef3]. However, the photosensitizing ~ logical antioxidant and singlet oxygen quencfef8]. From
this point of view ascorbate should interfere with type-II sin-
* Corresponding author. Tek:7-095-2549866. glet oxygen route and decrease PDT efficiency. Suppression
E-mail address: jerrik@rol.ru (N.A. Kuznetsova). of PDT by ascorbic acid is noted in literature as We|lLO].
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So, there are controversial data about effect of ascorbatepure argon or oxygen during 30 min in the dark. Then the
on PDT. One possible approach to understand what is hap-powder of ascorbic acid was added (concentration of ascor-
pening in the complex biological assemblies is the analy- bic acid~ 1 x 10-*-5x 103 mol|~1) and the investigated
sis of the specific system. In the present paper we focussample ¢0.02 ml) under the stream of argon or oxygen, re-
on mechanism and kinetics of oxidation processes photoin-spectively, was put into ESR cell (0.1-0.15 cm path length).
duced by photosense in the presence of ascorbic acid. TheThe cell containing the investigated solution was directly ir-
photooxidation of ascorbic acid by singlet oxygen in the radiated within the microwave cavity of ESR spectrometer
system under investigation was considered, and formationusing a halogen lamp H4, equipped with water and cut-off
of free radicals was studied by direct electron spin param- glass filters, in order to excite photosense in the Q absorption
agnetic resonance (photo-ESR) method also. band. The intensity of filtered light, measured in front of the

cell by a calibrated power meter Spectra Physics 404, was
equal to 1x 10Y photonss!cm—2 for wavelength range

2 Materials and methods 64}0—700 nm. Quantum yieldfgbé). of ra_dic_al photogener—
ation were calculated as the ratio of initial rate of radical
21 Chemicals formation Morm) to initial rate of light absorptionWapg).

The values oWom were received from the initial slopes

Photosense (AIPES,) was from NIOPIK (Russia), ascor- of thg related kinetic curves. The amounts of radicals in the_

. . ’ solutions were measured by peak-to-peak method using ni-
bic acid was of analytical grade. Reagents were used as SUpfrox le radical (TEMPOL) as standard and taking into ac-
plied. The pH from 5.3 to 7.4 was adjusted with mixtures y 9

Of KH2PQy-KzHPOy for pHase, 286 and 1.68 potassium (1M7L 78 S0 P SRES D8 e 6 0 nttm
tartrate, mixture of citric acid with N&PO4 and potassium abs P 9 9

tetraoxalate were used, correspondingly. The ionic strength!menSIty and the absorption of photosense. The error of rad-

of the solutions was about 0.1 mof. The pH2 was adjusted ical species quantum yiel_ds was estimated to be of 25%'
by addition of sulfuric acid. Water was doubly distilled. The electronic absorption spectra were recorded with a

Hewlett Packard HP 8453 spectrophotometer.
All experiments were carried out at ambient temperature.
2.2. Instrumentation and methods

Singlet oxygen mediated photooxidation of ascorbic acid 3. Results
in the presence of photosense was studied in air-saturated
buffer solutions at room temperature by following the disap- 3.1. Electronic spectra
pearance of ascorbic acid absorbance at 265 nm{pkR25)
or at 245nm (pH< 4.25). The photosense concentration It is well documented that degree of sulfonation effects
was 5x 10~moll~1 in all experiments, concentration of the aggregation of sulfosubstituted aluminium phthalocya-
ascorbic acid was varied fromSix 10~3 to 5x 10> mol -1, nine in aqueous solutidi1,12] The effects of pH on aggre-
Typically a 3 ml of aqueous buffer solution, containing pho- gation and absorption spectrum profiles of AIRCSIPcS,
tosense and ascorbic acid, was added to the 1 cm path lengtland a mixed sulfonated sample were investiggt&d-15]as
cell and than irradiated in Q-band of sensitizer. The xenon well. Photosense is a mixture of differently sulfonated com-
lamp (150 W) was used as a light source. A 550 nm glass pounds AlPc3,, with average degree of sulfonatian~ 3
cut off filter GS 18 and water filter were used to filter off and, as spectroscopic study shows, is very similar to the
ultraviolet and far infrared radiation. An interference filter sample, investigated if15]. It was found that the absorp-
of 680+ 25 nm was placed in the light path. The light inten- tion spectra of photosense in buffer solutions with pH 3.56
sity was measured with a power meter Spectra Physics 404and 7.4 are characteristic for the monomer species. Further-
and was found to be.& x 10'®photons 5 cm~2. Amount more, the Beer—Lambert plot is seen to be linear over the
of quanta, absorbed by sensitizer, was estimated as overentire concentration range studied (610> mol 1), in-
lap integral of the radiation source light intensity and the dicating no aggregation.
absorption of the sensitizer (the action spectrum) in the re- The Q-band absorption maximum dependence on pH for
gion of the interference filter transmittance. The quantum photosense % 10-%moll~1 aqueous solution is shown in
yields of ascorbic acid photooxidation were estimated with Fig. 1for the pH range from 1.5 to 9, used for studies. The
accuracy 15%. data obtainedKig. 1) evidence thakmyay for photosense is

Photogeneration of free radicals was studied by the elec-situated about 679 nm in pH region from 1.68 to 5.5 and
tron spin resonance (ESR) spectroscopy. ESR steady stat€é75nm at pH> 7.5 up to basic solutions. Such behavior
measurements were performed with “Rubin” spectrometer points on existence of at least two pH-dependent spectro-
over X-range (at 9.4 GHz) operating at 100 kHz field mod- scopic forms of photosense at pH below 9 and is consistent
ulation. In these experiments the aqueous buffer solutionswith reported earlier for sulfosubstituted aluminum ph-
of photosense (5 10-°moll~1) were saturated with ultra  thalocianineg14,16] acid—base transition withA, = 6.7.
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Fig. 1. The Q-band absorption maximutmax (nm) dependance on pH for photosense 506 moll~1 aqueous solution.

The molar decadic extinction coefficientfor photosense ~ here are 14500 Imof cm~1 for AH~ at 265 nm[18] and
Q-band were 140000 at pH 3.56 and 7.4, this value is in 10100 Imottcm~1 for AH, at 245 nm[19].
reasonable agreement with those reported in literdBe

(and references therein). 3.2. Singlet dioxygen-mediated process
The following well established properties of ascorbic
acid are relevant to this study. Ascorbic acid has tWdsp The fact of ascorbic acid oxidation by singlet oxygen is

one at 4.2917] which represents the equilibrium AH= " well-established6-8]. Since AlPc$, is known as efficient
AH™ 4+ H" and another at 11.7817] which represents  singlet oxygen sensitizdB], under its excitation the sen-
AH™ = A2~ + HT. In basic solutions ascorbate undergoes sitized oxidation of ascorbic acid by singlet oxygen is ex-
auto-oxidation and is not sufficiently stable in the presence pected.

of oxygen. Therefore experiments in the current study were  Actually, we have found that irradiation of air-equilibrated
performed over the pH region from 2 to 7.4, where only solutions of ascorbic acid in the presence of photosense
monoanion AH and undissociated form AHare in equi-  with visible light modifies the respective absorption spectra.
librium. The peaks in electronic absorption spectra of AH  Fig. 2 depicts the absorption spectra 0¥8x 103 mol |1

and AH; species in aqueous media are at 265 and 245 nm,solution of ascorbic acid in water upon irradiation at wave-
correspondingly, and the molar extinction coefficients used |engths 680+ 25nm in the presence of photosense, and

Absorption

200 300 400 500 600 700 800
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Fig. 2. Absorption spectrum of ascorbic acid7®x 10-3moll~1) and photosense (5 10-® moll~1) in water and its evolution under irradiation with
visible light of . = 680+ 25nm. Traces are: (1)-before irradiation, and (2)—(5) after 10, 25, 35, and 45min irradiation.
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Fig. 3. Kinetics of sensitized by photosense oxidation of ascorbic acid1@“moll~1): (1)-in H,0, (2)-in buffer of pH 3.56, (3)-in buffer of pH 7.4.

shows that ascorbic acid absorption decreases and pealkion was more pronounced (5-12% at pH 5-7.4). Presented
wavelength shifts to the red from 250 nm to 263 nm with herein data are corrected for auto-oxidation.
photolysis time. This picture is similar to one observed The kinetic of sensitized by photosense oxidation of ascor-
in paper[20] for variations of ascorbic acid spectra with bic acid in aqueous solutiorFig. 3 curve 1) shows ac-
concentration. Photoinduced spectral modifications were celeration of the oxidation rate as irradiation progresses.
suppressed when JNbubbled solutions were tested or Above mentioned concomitant shift of ascorbic acid absorp-
in the presence of 0.01mol} sodium azide (a known tion maximum Fig. 2) evidences that equilibrium between
specific 10, physical quencher). This evidence demon- AH, and AH" is shifted during photolysis to the ionized
strates the occurrence of alD,-mediated mechanism form. It was found also, that as ascorbic acid is consumed,
of ascorbic acid photooxidation, sensitized by photo- the pH395 of its initial 15 x 10~3moll~! solution is in-
sense. creasing following curve oRig. 4 These data are consistent
Without light we have observed decrease of ascorbic acid with higher reactivity of ascorbate monoanion than that of
absorbance due to auto-oxidation. At pH4 this process  unionized Ak form.
was negligible, in more basic solutions, however, the contri-  Kinetics for ascorbic acid sensitized oxidation at con-
bution of auto-oxidation in the total ascorbic acid degrada- trolled pH conditions (pH 3.56 and 7.4) are presented on

0,0 0,5 1,0 1,5 2,0
t.,h

irr?

Fig. 4. The pH of air-saturated aqueous solution of ascorbic acix(10~3moll~1) and photosense (5 10~® molI~1) vs. irradiation time. Light of
A = 680+ 25nm (Q-band excitation of photosense).
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Fig. 5. Dependence of quantum yield on pH for oxidation of ascorbic acid 1@~ moll~1) sensitized by photosense.

Fig. 3 The obtained results evidence that rates of processscheme was used:
under investigation are dependent on pH. Consequently the; kg4 5
rate constant for singlet oxygen quenching by ascorbic acid 2 O2
will be dependent on pH. .

The pH dependence for quantum yields of sensitized by 10, + ASA - 30, (5)
photosense oxidation of ascorbic acighga) follows a typi-
cal sigmoidal Ka curve Fig. 5). It should be mentioned that 1
pH-induced acid—base transitions have not much influence

on singlet oxygen quantum yield of sulfonated aluminium \yhereky, ky andk; are the rate constants for the decay of
phthalocyanine, particulaly at pH aboveB4]. Therefore, 10,, “physical” quenching ofO, by ascorbic acid (ASA)

it is not the photosense to be a cause of relationship showngpg formation of oxidation products, respectively.

onFig. 5 In fact the curve of quantum yield versus pH de-  The expression describing the quantum yield of ascorbic
pendence unambiguously points ok p= 4.25, which is acid photooxidation is
relevant to Al = AH~ +H™ process. At pH values above L IASA
4.25 the ascorbic acid is in its deprotonated form hence, it gagp = @, i! ]

is more easily oxidizable. The pH dependence of the sen- kd + kq[ASA] + k[ASA]

cant contribution of the unionized form AHn the process  givesEq. (8)

(Fig. 5.
Effect of pH on the total rate constaly = (kq + k) for 1 — i (k, tkq kg )
singlet oxygen quenching by ascorbic acid has been stud-PAsa  @a ky ki[ASA]

ied in D20 containing acetonitrile (50% (v/VIP1]. Itwas ~ The plots of 1#asa versus 1/[ASA] were employed for
found thatkq depends critically on the protonation state of pH 7.4 and 3.56 conditions and accordinggq. (8) gave
substrate. However in#D neither pH dependence, nor even  straight lines Eig. 6) with the slopes ®060+0.0002 mol I1
reliable data for quenching rate constants were establishedfor pH 7.4 and 0290+ 0.0015 mol X for pH 3.56. These
The only report wa$6], where a marked isotope effect was s|opes are equal thg/@ak: with kg = 1/7a = 3.22 x
found: kg in H20 was 3.3 times faster thag in DglO, and  10°s! (ra = 3.09 x 10°%s in water[22]). Using value
kg in H20 was reported to be.Bx 10° mol~1s1. This of ®, = 0.38 for AIPcg,, [3], the constants, were
value is surprisingly low, as we suppose, due to consider- calculated to bg1.4 4+ 0.2) x 10°mol~tIs1 and (2.9 +
able amount of AH inactive form in provided by ascorbic  0.3) x 10’ mol~11s~ for pH 7.4 and 3.56 conditions, cor-
acid solute acidic conditions. _ respondingly. At pH 7.4 the dominant species for ascor-
We have re-estimated the constant for singlet oxygen pic acid are AH (99.9%) with low concentration of A
quenching by ascorbic acid employing controlled pH con- (0.1%) and negligible amount of?A. Hence constarit, =
ditions. The kinetic analysis of the following conventional (1.44-0.2) x 108 mol~1s~1 s relevant to monoanion A

(4)

O + AsSAX products (6)

(7)

(8)
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Fig. 6. Plots of 1#asa vs. 1/[ASA] for the photooxidation of ascorbic acid, sensitized by photosense, at pt@®7.and at pH 3.56 H).

At pH 3.56 the species in equilibrium are AKB0%) and
AH™ (20%). The corresponding value kf = (2.94+0.3) x
10’ mol~1Is~1 may be interpreted in terms of negligible
reactivity of unionized form AH in contrast to monoanion
AH™, and the latter being responsible for singlet oxygen
guenching.

Eq. (12)is valid to pH below~10. In more basic solutions
A2~ form of ascorbic acid appears in considerable amount.
As species A~ are more oxidizable and extremely unstable
in the presence of oxygen, we failed to gain any information
about its interaction with singlet oxygen.

The plots shown inFig. 6 gave intercepts= (kq +

The experiments under comparable conditions show k;)/®ak;. The intercepts were found to be .82 2 for pH

(Fig. 9 that the rate constant for singlet oxygen chemical
quenching by AH is a factor of about 20 lower than that
for monoanion AH, and this is about % 10° mol~1Is~1.

In general for the pH region, where amount of Ais
negligible (up to pH~ 10), the experimental rate constant
kASA of singlet oxygen chemical quenching by ascorbic acid
is related toc/\H2 andkA™ (rate constants dfO, chemical
guenching by undissociated form Aldnd monoanion AH,
correspondingly) b¥eqg. (9)

KASA = (1 — a)kM2 4 kN

(9)

where« is degree of ascorbic acid first ionization. The
may be expressed as (10):
Ka
0= ——
[H*] + Ka
whereK, represents the constant of ascorbic acid first ion-

ization.
This gives expression (11):

(10)

kM2 HT] + kAR K,

KASA _
' [HT]+ Ka

(11)

With k~H2= 7x10° mol~11s71, kA" = 1.4x10Pmol~1Is~1
and K = 5.6 x 10"°moll~1 [17] the experimental rate
constan”SA can be calculated frorig. (12)

asa _ 1% 10°[H*] + 7.84 x 10°
7 56x1054[HH]

(12)

7.4 plot and 1%+ 11.3 when pH 3.56 conditions were em-
ployed. The latter had low accuracy, however at pH 7.4 the
total constant for singlet oxygen quenchinig, ¢ k) was
estimated from the intercept of the plot. Wheén = 0.38
andk = (144 0.2) x 18 mol~tIs™, the (kq + k) for
monoanion of ascorbic acid was calculated to be equal
6.8+ 1 x 10®°mol~1Is~1. This value is 4.2 or 2.2 times
higher then reported for D solution[23] or DO contain-
ing acetonitrile (50% (v/v))[21], accordingly. In general
the tendency is in line with found by Chou and Khggj
solvent deuterium isotope effect on the rate constant for
singlet oxygen quenching by ascorbic acid.

The total rate constankd + k) for ascorbate ion AH is
five times larger than the rate consténfor photooxidation
alone thus, most of the singlet oxygen is scavenged by a
physical quenching process. Consequently, monoanion of
ascorbic acid quenches singlet oxygen more rapidly, than
reacts with it.

3.3. Type | radical pathway

To evaluate relative importance of type | mechanism in
PDT with photosense in the presence of ascorbic acid, the
generation of radicals was investigated using ESR measure-
ments.

The ESR spectra of radicals, generated during photoir-
radiation in the argon- and oxygen-saturated buffer solu-
tions of photosense (& 10~°mol I~1), containing ascorbic
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5G The second type of radical species was revealed as wide
= singlet withg = 2.0025+ 0.0007 andAH = 4.7+ 0.8G
(Fig. 7). By analogy with[28,29] the singlet signal was
attributed to the photosense anion-radici Ps
Control experiments ensured that no signal was observed
without light or in the absence of ascorbic acid, indicating
that the radical species were formed in photoinduced elec-
tron transfer between photosense and ascorbate monoanion.
When oxygen-saturated conditions were employed to pH
7.4 buffer solution of photosense—ascorbic acid, only the
doublet signal of A~ was observedHig. 7B), its intensity
increased significantly during the photoexcitation of photo-
sense with visible light. No wide singlet attributable to pho-
tosense anion-radical was found in ESR spectrum. These
data were interpreted as quenching of electron transfer pro-
B) cess by a competitive energy transfer from reactive excited
triplet state of photosense to oxygen, which results in singlet
oxygen formation. Singlet oxygen oxidizes further ascorbate
monoanion to give superoxide anion and ascorbate radical
[23]. Another reason for photosence anion-radical absence
is its rapid oxidation by oxygen, leading to superoxide-anion
formation.
©) In contrast to the situation in pH 7.4 solutions, at pH 3.56
in argon-saturated buffer solution of photosense—ascorbic
acid the ascorbate radicals were not observed, weak signal of
photosense anion-radical was found in ESR-spectra during
the photoirradiationKig. 70). In oxygen-saturated solution
at pH 3.56 no ESR signals, induced by light, were observed
(D) (Fig. 7D).
Magnetic resonance parameters of free radicals de-

WWMWWMW tected under Q-band excitation of photosense in argon-

and oxygen-saturated buffer aqueous solution containing
Fig. 7. ESR spectra of radicals obtained during photoexcitation of @sCorbic acid are representedTiable 1
5 x 10~>mol|~1 photosense in argon- (A, C) and oxygen-saturated (B, To estimate the quantum yields of radicals photogenera-
D) aqueous buffer solutions of ascorbic acic (%0~ mol ™) at pH 7.4 tion the kinetics of &~ and P&~ species under visible light
(A, B) and 3.56 (C, D). The ESR conditions: a nominal nonsaturating jrradiation were studied. The initial linear plots of A ki-
microwave power of 10 mWi; field modulation 1G. . . .
netic at pH 7.4 in argon- and oxygen-saturated solutions are
shown inFig. 8 Presented for oxygen-saturated solutions
data are corrected for auto-oxidation. It is seEig(8) that
under the anaerobic conditions the rate of ascorbate radical
photogeneration is significantly greater then in the presence
of oxygen.Fig. 9 represents the growth of Psconcentra-
tion, photoinduced in the presence of ascorbic acid at pH
7.4 and 3.56. Under the anaerobic conditions the rate of
P2~ photogeneration is higher at pH 7.4 then at pH 3.56.
®rhe guantum yields of radicals formation are summarized
in Table 1
Under argon at pH 7.4 conditions a similar valuesx(5
10~%) were obtained for the quantum yields ofPsaind A*~
formation (Table ). This finding is a confirmation of radicals

acid (5x 10-3moll~1) at pH 7.4 and 3.56 are depicted on
Fig. 7.

In argon-saturated solution at pH 7.4 the two types of
radicals were formed during photoirradiatidfid. 7A). The
doublet withg = 2.0051+ 0.0005 and a hyperfine coupling
constant o™ = 1.87+ 0.08 G is in good agreement with
corresponding signal in ESR spectrum reported for ascorbat
radical [24—-26] The ascorbate radical exists as the anion
radical A°~ with the unpaired electron spread over a highly
conjugated tricarbonyl systef6,27]

HO /H - appearance in the same, e.g., electron transfer, elementary
step.
For oxygen-saturated solutions at pH 7.4 the quantum

yield of ascorbate radical is about two orders of magnitude
less than relative quantum yield of ascorbic acid photooxi-
e dation by singlet oxygen. In this context the most reasonable
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Magnetic resonance parameters and quantum yields of free radicals detected during Q-band photoexcitation of photodéndensl—1) in buffer
aqueous solution in the presence ok 403 moll~1 ascorbic acid

pH Saturating gas Radical Peak-to-peak width (G) Coupling cafs(G) g-factor Quantum yield
7.4 Argon A - 1.87+ 0.08 2.00514+ 0.0005 5x 1074
7.4 Argon Ps- 47+ 0.8 - 2.0025+ 0.0007 5x 1074
7.4 Oxygen AR - 1.87+ 0.08 2.0051+ 0.0005 5x 10°°
3.56 Argon Ps— 6.3+ 0.7 - 2.0025+ 0.0007 1.5x 107
3.56 Oxygen No radical - - - -

L
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Fig. 8. The A~ concentration during the photoexcitation 0k8.0~>mol|~! photosense in argon (1) and oxygen-saturated (2) aqueous buffer solutions
(pH 7.4), containing ascorbic acid ¢610-3molI~1).
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Fig. 9. The P$~ concentration during the photoexcitation 0k5L.0~>moll~1 photosense in argon-saturated aqueous buffer solutions of pH 7.4 (1) and
pH 3.56 (2), containing ascorbic acid ¥510~3 molI~1).
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assumption is that only partial ascorbic acid photooxidation 3pe k_g) Ps

leads to A~ radicals with main rout proceeding as addition (17)
of the singlet oxygen to the double bond of ascorbate with X
formation of diamagnetic intermediates. 3pg + AH™ =S Ps+ AH™ (18)
For argon-saturated solutions at pH 3.56 the quantum
. _ 5 . .
yield of P$~ was equal to B x 10~°. This result in com- 3pg 1 AH- K pe— LA L HT (19)

parison to pH 7.4 anaerobic conditions is in line with low
reactivity of unionized form of ascorbic acid in photoreduc-
tion of excited photosense.

The absence of & signal in ESR spectrum at pH 3.56
anaerobic conditions requires a special consideration. It is
worth noting that pH 3.56 solution contains a significant
amount (about 20%) of monoanion AHn equilibrium with
AH> form of ascorbic acid, and former participates in elec-
tron transfer to excited photosense. The absence ofsig- 1 kq+kr kg 1 (20)

nal in ESR spectrum is most likely due to well-known rapid PR DTk Drky x [AHT]
decay of ascorbate free radical in acidic medif@7]. . . : . .

Inthe case of air-saturated pH 3.56 buffer solutions, where Thtﬁ F:LOt O]; llDR;gialgzt 1/['|A‘Itr1] '; a str_algr]:t Imeal(:[{g. 10
all negative factors are operating (oxygen quenches reactive’”’ € slope ->moll = By using lor photosense

excited triplet state of photosense, ascorbic acid is in inactive Pr = ?4? £1_3]tﬁnd ]Ld =1 fof (7o - Ige t'mio(g_zgmo'
AH> form) the concentrations of both*A and P&~ radicals sence triplet in the absence of ascorbages: Qus

were under the limit of determination. [30]) thefonsltankr was calculated to be. = (2'5.:':0'5) x

To evaluate the rate constant of electron transfer from 10°mol~t1s ™). The'mtercept of the plof{g. 10 is of low
AH- to triplet photosense we had studied the dependenceaccuracy' We use_d it to estimate the orde_r of the total con-
of quantum yield of radicals formatiordg) on ascorbate stant(kq _'"kr) of_trlplet photosense que7nch|n% by zlascorbate
concentration. The scheme for processes following photo- monoanion, which was found to be of 1ol s

sense excitation in deoxygenated aqueous media (pH 7.4) in hT:\e value of ra;g cobnstant fzr texcned tr'pli’\t dstatel_ of
the presence of ascorbate, is shown below. photosense quenching by ascorbate was reported earlier as

6.5 x 10"mol~11s~1 [13], that is higher, than found in

wherekg, kg andk; are the rate constants for photosense
triplet state decay, its “physical’ quenching by ascorbate
monoanion and for formation of radicals *Psand A*—,
respectively.

From this scheme with the steady-state condition
(d[3Ps]/dr = 0) finally we get:

Psﬂg 1pg (14) this work. Anyway evidence is that rate constant of radicals
P~ and A"~ formation is negligible in comparison with
total 3Ps° quenching by ascorbate. Hence, obtained here

1P§§ Ps (15) results on both quantum yields and rate constants clearly
show, that efficiency of type | pathway, initiated by direct
electron transfer between triplet photosense and ascorbate,

lpg 7 3pg 6)  islow.
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Fig. 10. Plot of 1&g as a function of 1/[AH] for ascorbate radical (solid circles) and*Ps(open circles) formation during the photo-excitation of
photosense (5 10~°moll~1) in aqueous buffer solution of ascorbic acid at pH 7.4.
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-II'\-’aa?Ieeczonstants fotO, and photosense triplet quenching by Akand AH, forms of ascorbic acid
Quencher Rate constants f6®, quenching, mott|s—! Rate constants for photosense triplet quenching, a2
ke kg + kr ke Ky + ke
AH~ (1.4 + 0.2)x10° (6.8 + 1)x1C® (2.5 + 0.5)x10° ~107
AH, ~T7 x 10° - - -
4. Discussion It is known[32], however, that PDT mainly results in vas-

cular occlusions, interrupting the supply of tumor by oxy-

Influence of series of biological reductants on the rela- gen. Under hypoxic conditions in the biological environment
tive significance of type | and type Il mechanisms of PDT direct electron transfer from ascorbate to the triplet state of
with some phthalocyanine sensitizers have been tested byphotosense can prevail and gives free radicals: photosense
flash-photolysig15] or ESR[28,29] techniques. We have anion-radical and ascorbate radical.
undertaken the study of photosense—ascorbic acid sys- The most reasonable explanation of ascorbic acid am-
tem and have found that both oxidation of ascorbic acid bivalent effect on the PDT therapeutic response seems to
by singlet oxygen and by electron transfer to photosensebe as follows. In the presence of oxygen photosense be-
triplet state are strongly dependent on pH of solution: haves as type Il sensitizer, meanwhile ascorbate monoanion
at pH < 4.25 ascorbic acid is in unreactive AHorm, scavenges singlet oxygen successfully in competition with
while at pH > 4.25 it exists mostly as monoanion AH other intracellular targets. Therefore, suppression of PDT
with high reductive power. The rate constants ¥a» and by ascorbate, observed in some cafg40], may be ac-
photosense triplet quenching by AHand AH, forms of counted for in terms of its antioxidant properties. However,

ascorbic acid are summarized Trable 2 Similar differ- when concentration of ascorbate is elevated, these processes
ence in reactivity of AH and AH- was reported earlier lead to abundant formation of ascorbic acid hydroperoxides
for ascorbic acid oxidation by H{®-radical[31]. Although [7,33]. Decomposition of hydroperoxides to the free radicals

pH-dependence of ascorbic acid reactivity is important for is catalyzed by iron ions, available in biological media:
its applications, in the case of photodynamic therapy ascor- _
bic acid works at physiologycal pH range (from pH 6 to Fe&" +ROOH— Fe’ 4 RO" + OH
pH 9), where it exists as monoanion and possesses highit may be supposed that formation of radicals from ascorbic
reactivity. acid hydroperoxides under certain conditions may increase
To rationalize our results with therapeutic response of efficiency of biomolecules damage in radical chain reac-
PDT on increase of ascorbic acid concentration in tumor tions. So ascorbic acid in elevated concentrations switches
tissue, which, as was mentioned above, in some cases is ang@rimary type Il singlet oxygen to radical type | mechanism,
in some cases is not enhanced, we should consider influencehe latter operates efficiently both in oxygenated and hy-
of ascorbic acid on type | and type Il mechanisms of PDT poxic conditions and in this way increases PDT therapeutic

with photosense. response, as was observed5ih.
It was firstly supposed by RosentHd] and then gener-

ally accepted that ascorbic acid has to enhance type | radical

route of PDT by donating the electron to photosensitizer in 5. Conclusions

excited state. However, the following consideration shows

that in oxygenated conditions, even with elevated ascor- Photosense under excitation sensitizes oxidation of ascor-
bic acid concentration, the electron transfer type | mech- bate anion AH via both type | (prevails in the absence
anism is not of great significance. Ascorbic acid tends to of oxygen) and type Il (dominates in oxygenated condi-
accumulate strongly in tumor. After ascorbic acid admin- tions) pathways. Upon irradiation of photosense—ascorbic
istration its level in tumor increases further, up to about acid combination in aqueous media the radicals were pro-
10~*mol1~1. Assuming air-equilibrated biological level for ~ duced in the process, which was found to depend on both
oxygen 104 moll~1, with bimolecular rate constants for solution pH and oxygenation. In the presence of oxygen for-
photosense triplet state quenching by oxygen and ascorbatenation of superoxide anion is negligible in comparison with
2.3x 10°mol~tIs~1 [13] and 10 mol-11s~1, correspond- efficient singlet oxygen photogeneration.

ingly, ratio of rates of relative quenching processes will

be about 200. It means that quenching of the photosense

triplet by oxygen in the presence of ascorbate is dominat- Acknowledgements

ing. Hence, processes (2) and (3) are not of great signifi-

cance in air-saturated media, and singlet oxygen formation This work was supported by the Russian Foundation for
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