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Photochemical Oxygen Consumption Sensitized by a Porphyrin
Phosphorescent Probe in Two Model Systems

Soumya Mitra and Thomas H. Foster
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ABSTRACT Phosphorescence quenching of certain metalloporphyrins is used to measure tissue and microvascular pO.,.
Oxygen quenching of metalloporphyrin triplet states creates singlet oxygen, which is highly reactive in biological systems, and
these oxygen-consuming reactions are capable of perturbing tissue oxygenation. Kinetics of photochemical oxygen con-
sumption were measured for a Pd-porphyrin in two model systems in vitro over a range of irradiances (1.34-134 mW cm ™ 2).
For a given irradiance, and, after correction for differing porphyrin concentrations, rates of oxygen consumption were similar
when the Pd-porphyrin was bound to bovine serum albumin and when it was taken up by tumor cells in spheroids. At
irradiances comparable to those used in imaging superficial anatomy, rates of oxygen consumption were sufficiently low (2.5
wM s~ ) that tissue oxygenation would be reduced by a maximum of 6%. An irradiance of 20 mW cm™2, however, initiated
a rate of oxygen consumption capable of reducing tissue pO, by at least 20-40%. These measured rates of consumption
impose limitations on the use of phosphorescence quenching in thick tissues. The irreversible photobleaching of the
Pd-porphyrin was also measured indirectly. The bleaching branching ratio, 23 M~ ", is significantly lower than that of porphyrin
photodynamic agents.

INTRODUCTION

Remarkably high yields of room-temperature triplet state Recently, Vinogradov and his colleagues have developed
phosphorescence have been demonstrated for a numberarid characterized a series of longer-wavelength absorbing
metalloporphyrins (Eastwood and Gouterman, 1970; Goutand emitting metalloporphyrins to take advantage of the
erman et al., 1975; Vanderkooi et al., 1987). Porphyrinmore favorable optical properties of tissue in the red and
triplets are efficiently quenched by molecular oxygé@.), near infrared spectral regions (Vinogradov and Wilson,
which is a ground state triplet, through the scheme credited995; Vinogradov et al., 1996). Betweern600 and 1300

to Kautsky (Foote, 1968, + °0, — S+ *0,, whereTand  nm, absorption of soft tissue is significantly reduced com-
S are the porphyrin triplet state and ground singlet statepared to that on either side of this window (Wilson and
respectively, andO, is singlet oxygen, the lowest lying Jacques, 1990). Light scattering by tissue, which follows a
electronic excited state of dioxygen. Thus, the lifetime ofweaker wavelength dependence, is also reduced in this
the metalloporphyrin phosphorescence provides an opticdBgion compared to shorter wavelengths (for example, Parsa
reporter of the oxygen concentration of the ambient meet al., 1989). The phosphor Green 2W, with an absorption
dium. The use of phosphorescence quenching in biologicdnaximum at 636 nm and a phosphorescence emission max-
systems was introduced by Vanderkooi et al. (1987), and itmum at 790 nm (Vinogradov et al., 1996), is well designed
has been implemented by that group and by several othdP allow exploitation of these favorable optical properties in
investigators to measure the oxygen tension in a variety ofhe attempt to image oxygenation of relatively deep tissue
biological systems in vitro and in vivo. Examples of the useStructures, such as malignant tumors of the breast and of the
of this method in vivo include pOmeasurements in sub- extremities, for example, in which hypoxia has been linked
cutaneous rodent tumor models (Wilson and Cerniglial® @ Poor response to ionizing radiation therapy and to
1992; Cerniglia et al., 1997), exposed organs (Rumsey et alincreased probgbility of appearance of metastases (Okunieff
1988; Mcllroy et al., 1998), the retina of the eye (Shonat et @, 1993; Brizel et al., 1996).

al., 1992), and in thin window chamber tissue preparations Although light at these wavelengths can penetrate several

(Torres Filho and Intaglietta, 1993; Torres Filho et al., 1994;centimeters in tissue, it is rapidly attenuated, and efforts to
Buerk et al., 1998). extract optical signals from phosphorescent probes in thick

tissues must address this practical reality. Using typical
values of soft tissue absorption and transport scattering
coefficients, 0.01 and 1.0 mm, respectively, the value of
Received for publication 20 September 1999 and in final form 25 Februarthe characteristic effective attenuation length in the diffu-
2000. _ _sion approximation is approximately 5.7 mm. Because both
ngréﬁﬁvﬁiﬁﬂnﬁ\iﬂﬂftégi g;; ”La;v':;ngs;‘:rhgfhp:srg?;toz';]s;if'g%‘ihe excitation light and the luminescence emission will be
14642. Tel: 716-275-1347; Fax: 716-273-1033; E-mail: thfoster@optics attenuated as they propagate from and to the tissue surface,
rochester.edu. higher excitation irradiances will be needed for signal re-
© 2000 by the Biophysical Society covery from deeper structures. This fact has been acknowl-
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excitation lamp intensities could be “increased 10- to 100-administered to tumor-bearing rats via intravenous tail vein injection. The
fold” in efforts to extend phosphorescence-quenching meakat blood plasma volume is5-6 ml, thus the intravascular concentration
surements to “tissue thicknesses of 5 ¢cm or greater.” Wén vivo of the metalloporphyrin was approximately 0.7 mg lMetal-

L . loporphyrin solution, 15Qul, was placed in a UV quartz cuvette (NSG
have also SqueSted the feaS|b|I|ty of using metalIOporphyI_Drecis,ion Cells Inc., Farmingdale, NY) with inside dimensions»83 24

rin _phOSphorescence.to detect regions 0f. hypoxia in tumorg,, (height). A Clark-style microelectrode (Diamond General, Ann Arbor,
residing several centimeters from the skin surface (Hull ey with a tip diameter of~10 um and a response time of1 s was

al., 1998). In considering implementation of higher excita-immersed into the sample solution. Sample irradiation was performed

tion irradiances in such measurements, it is necessary t¢ing the 514-nm output of a cw argon ion laser (Coherent Inc., Santa

evaluate carefully the consequences of the photochemic&l'a'a' CA). The laser light was delivered to the surface of the cuvette

kinetics. BecauseO. is highly reactive in biological sys through an optical fiber terminated with a gradient index lens (General
. 2 =

h hi f I hvri iol Fiber Optics, Fairfield, NJ). The optical density of the sample at 514 nm
tems, the quenching of metalloporphyrin trip etsamé can, attenuated the incident beam 10-fold across the 3-mm cuvette, producing a

under conditions of sufficiently high irradiance, result in gradient of photochemical oxygen consumption. Thus, to ensure reproduc-
significant rates of photochemical oxygen consumption;bility, care was taken to position the electrode tip inside the cuvette as

which could potentially perturb the oxygen concentrationclosely as possible to the surface at which the laser beam was incident. The
that is being measured. The]@Q reactions are also capable incident irradiation spot size wa§ 4.9 grso that the laser beam overfilled

of inducing undesirable biological damage (Weishaupt e{he area of the cuvette occupied by the sample. The electrode current,

L which is directly proportional to the Sroncentration, was recorded during
al., 1976) and may lead to the self-sensitized photobleacl]ﬁe irradiation period. We observed a monotonic decrease,inoBcen-

ing Of. the metalloporphyrin (Moan and Berg-, 199:!-)- Little tration of the solution with the onset of irradiation. As indicated in Fig. 1,
experimental work has been reported that investigates th@is o, depletion results from the irreversible reaction’af, with sub-
possible limitations that these phenomena may impose ostrates, which, in the case of the solution experiments, are amino acids of
the application of the phosphorescence quenching tecHRSA. The_se reactions competgwiththe monpmolecula_rdechyzdbthe
nique. The purpose of this study was to perform deta”edground triplet state, resulting in a progressive depletion gfffom the

medium as irradiation proceeds. The reportedcOnsumption rates are

oxygen-consumption measurements during irradiation of %verages calculated from three separate experiments at each of five inci-

W|de|Y_Sth|ed .metf‘i”OpQrphyr'n n envwonments releV?-mdent irradiances. In each experiment, thed®nsumption rate was deter-
to the in vivo situations in which luminescence-quenchingmined from the initial slope of the electrode data.

measurements are performed. In one series of experiments,

the metalloporphyrin was bound to bovine serum albumin

(BSA) in agueous solution to mimic the environment en- . .

countered during intravascular p@neasurements. In the SPheroid experiments

second, multicell tumor spheroids were incubated with porTo determine @ consumption rates under conditions of intracellular met-
phyrins to approximate the situation in which the phospho-alloporphyrin distribution, experiments were performed with multicell
rescent probe leaves the blood vessels and is taken up by thor spheroids. Our electrode technique is a time-dependent extension of
surrounding cells. We also evaluated the rates and possib}Ee method developed by Mueller-Klieser (1984). The details of the

mechanism of bhotobleaching of this compound method have been described previously (Nichols and Foster, 1994).
P 9 P ’ Briefly, EMT6/Ro spheroids (50@m diameter) were incubated in a

100-mm suspension-tissue culture dish containing 20 ml Eagle’s basal
medium with 10% fetal calf serum and 1@ ml~* PdTCPP at 37°C in a

METHODS humidified 5% CQ and 95% air atmosphere for approximately 24 hrs.
. After the incubation period, a single spheroid was selected and placed in an
Chemicals open dish containing 20 ml of Hank’s balanced salt solution. The spheroid

Pd-meso-tetra(4-carboxyphenyl)porphine (PdTCPP) was obtained fro

D\?‘/as, then immobilized with a thin glass needle on top of a pedestal, which
Porphyrin Products Inc. (Logan, UT) and was used as received. To simu-

as an Q permeable membrane. The tip of the Clark-style microelectrode
late two types of environments in which metalloporphyrin phosphores—WaS P'ace(_’ at the edge of the spheroid u§ing a micropositioning device. A
cence has been used to repogt @ncentrations, consumption experi- lensed optical fiber coupled to an argon ion laser (lon Laser Technology,
ments were performed on aqueous solutions of PATCPP bound to BSA jgalt Lake City, UT) delivered 514 nm light to the surface of the pedestal.
cuvettes and on multicell tumor spheroids preincubated with PATCPP. Cellne spheroids were irradiated using three different irradiances, and the
culture media, fetal calf serum, and Hank’s balanced salt solution werdesults presented are averages computed from three separate experiments at
purchased from GIBCO (Grand Island, NY). Unless otherwise noted, othefach irradiance. The microelectrode current represents the changes in the
chemicals and reagents were obtained from Sigma Chemical (St concentration taking place in the spheroid. The irradiation was contin-
Louis, MO). uous for approximately 500 s. Consistently, we observed a rapid initial
decrease in the Oconcentration followed by a slight increase due to
metalloporphyrin photobleaching. The initia}, @onsumption ratd,,, and

the ratio of two photophysical rate constarkgk,, were determined by
fitting numerical solutions to a pair of diffusion-with-reaction equations
To simulate intravascular £concentration measurements, PdTCPP (0.7 (see below) to the first 40 s of data using a Levenberg-Marquardt nonlinear
mg ml~) was added to a solution of BSA (60 mg ™) in physiological ~ least squares fitting algorithm. After these two parameters were determined
saline buffered to pH 7.4. The PdTCPP concentration we used was detefrom the initial G, transients, the entire time-dependent data were analyzed
mined on the basis of in vivo experiments reported by Wilson andto obtain the ratick,Jk,JA], as described below. All rate constants are
Cerniglia (1992) and Cerniglia et al. (1997), in which 4 mg PdTCPP weredefined in the next section and are depicted in Fig. 1.

Solution experiments

Biophysical Journal 78(5) 2597-2605
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FIGURE 1 Energy level diagram depicting the photophysical and photochemical processes relevant to metalloporphyrin phosphorescence quenching,
photochemical oxygen consumption, and photobleaching. The porphyrin-excited singlet stet@oPulated at the ratg through absorption of light by

the ground state, SRatek; denotes the direct de-excitation of ® S,. The porphyrin triplet state, ;T is populated via intersystem crossing at the rate

kse- T2 may decay directly to the ground state at the kgteor it may be quenched by ground state molecular oxy§@g, at the ratek,,. Radiative decay

of T, is phosphorescence. Quenching gfdly *0, results in energy transfer &0, and in the formation ofO,. *O, may relax directly to the ground state

at ratekg, or it may undergo irreversible chemical reaction with one of a variety of biological targets, denoted A in the diagram, aktheratéh the

porphyrin itself at the rat&.,, which can result in the irreversible photobleaching of the porphy@y.is depleted from the system through either of the
irreversible reaction pathways.

Spheroid data analysis where

(5)

Details of the method developed to analyze time-dependgrb@centra- K.dA]
tions in spheroids during photodynamic therapy have been published I‘o =S q)t |a(0)<W) )
elsewhere (Nichols and Foster, 1994; Georgakoudi et al., 1997). Briefly,
the spatial and temporal distribution of the Encentration within and in
the proximity of a sensitized multicell spheroid is described by solutions to.
the time-dependent diffusion equations,

S, denotes the fraction of triplet quenching collisions wi, that result
in *0, formation,®, denotes the photosensitizer triplet yielg(t) denotes
the rate of photon absorptiok,, is the bimolecular rate of triplet quench-
ing by 30, k., is the rate of chemical reaction betwe@y, and unspecified
8[302](r, t) o3 substrate [A]k, is the rate of chemical reaction betwe&d, and the
- DVO,](r, 1) R <r =Ry, (1) metalloporphyrin, andt, andk, are the monomolecular decay ratesof
and the metalloporphyrin triplet, respectively, is a constant that, in our
experiments, describes the initial rate of photochemicat@sumption,
3[302](r, t) ora i.e., the rate of consumption before the onset of significand&pletion or
Yt — DNVI°0O,(r,t) = I'(r,t) 0=r=R,, (2 photobleaching. We note that treatifigin this way implies an assumption
of a uniform distribution of the metalloporphyrin throughout the spheroid.
In the event that there is a radial concentration gradient, the valligtbfit
whereD4 andDg are the diffusion coefficients of n the medium and in  we extract will underestimate the rate of @nsumption near the outer rim
the spheroid, respectivelR; is the spheroid radius, ari} is the radius of  of the spheroid, and it will overestimate this rate near the center of the
the O, depletion zone in the medium near the spherbid, t) is the total spheroid. On the basis of the above definitions and the energy level
rate of Q, consumption within the spheroid, which, during irradiation, diagram of Fig. 1, the rati&,/(k,, [?0,]) defines a branching ratio for the
includes contributions from both photodynamic and metabolic processesnetalloporphyrin triplet state. When this ratio is equal to unity, the triplets

Therefore, for a sensitized spheroid during irradiation, are as likely to undergo monomolecular decay to the ground state as they
are to be quenched through collisions wi@,. Thus, the ratidk/ky,, which
_ has dimensions of a concentration, is a measure of@elependence of
T(r, 1) = Topr(r, 1) + Fey (3) dhelen

the dye-sensitizetD, formation process. At @concentrations higher than
ky/kow quenching by Qis the predominant decay route for the triplets,
wherel'.;is the rate of Q consumption due to cellular metabolism, and whereas, at lower concentrations, the quenching efficiency is limited,by O
Tepr(r, t) represents the rate of photochemicgl @nsumption. The ex-  availability. As noted above, numerical solutions to Egs. 1 and 2 are fitted
plicit functional form of ey is derived from the kinetic equations gov- to the first 40 s of the data to obtain best estimateEénd ky/kor. Then,
erning the photophysical processes, as described in detail by Nichols ansblutions are fit to the entire data set (approximately 500 s of recordings)
Foster (1994) and by Georgakoudi et al. (1997). Anticipating our experi-to obtain the ratiok,Jk.JA], which provides a measure of the self-
mental result, for the case in which the metalloporphyrin undergoes irresensitized photobleaching.
versible photobleaching predominantly via self-sensitizéd reactions,
oot is written as

Selection of irradiances

3 t
T T(t) =T kot[ 02](t) exp — kos T T(t) dt The rationale for the specific irradiances used in these studies was based on
POT\Y = * 0 kol 20,](t) + kp kod A] PD ' the published literature, with particular emphasis on phosphorescence-
0 guenching experiments performed in vivo. The lowest value was chosen to
(4) match the average irradiance used in imaging studies of superficial anat-
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omy. Shonat et al. (1992) used flash-lamp pulse fluences pfJ39m 2 for

blue light excitation and 5J cmi 2 for green excitation. Typically, for

each data acquisition delay time, 8 frames are averaged, and the total time
required to obtain an image is approximgtél s (Wilson and Cerniglia, P
1992; Vinogradov et al.,, 1996; Cerniglia et al., 1997). Thus, the time __ -‘:};
between successive flash-lamp excitations is 125 ms, and the averade '

. . .. . R . 200 <
irradiance incident on the tissue surface-8.3 mW cni 2. The extinction 2

coefficient of PATCPP is much greater in the blue region than it is at 514 & o5 .,
nm, where our experiments were performed. Using the measured absorpggs :o B
tion spectrum of PATCPP (see Fig. 5) and accounting for the difference in{8 1504 % ©
photon energies at the two wavelengths, we determined the 514-nm inteng { . ":L
sity that would match the rate of photon absorption that resulted from 0.3 8 1 ° e
mW cm 2 delivered at 418 nm. These considerations combine such that the& 12 o ©
appropriate 514-nm irradiance is1.3 mW cni 2. The higher irradiances ¢ 1004 ¢ %u
were selected because of the recent availability of longer wavelength& 1 “eo0 s
absorbing and emitting metalloporphyrins (Vinogradov and Wilson, 1995; g 1 - E
Vinogradov et al., 1996), which have created interest in the possibility of ? F B S ‘:, ‘Ln
imaging oxygen at depths of several centimeters in tissue. On the basis o 501 s o B
the suggestion of Vinogradov et al. (1996) that the flash intensity could be .‘5.{" u'ﬁib
increased 10-100-fold, we selected a maximum irradiance of 134 . s
mw cm2, 1
(] v

0

Porphyrin concentration in spheroids Time after onset of irradiation (s)

To make a quantitative comparison between the spheroid and BSA solutiopijGURE 2 Oxygen concentrations recorded using a microelectrode im-
oxygen-consumption rates, it is necessary to measure the concentration gfersed in a cuvette containing an aqueous solution of PATCPP (0.7 mg
metalloporphyrin in the spheroids. To accomplish this, 20 spheroids (50Qn|~1) pound to BSA during 514 nm irradiation at five different irradiances:
wm diameter) were incubated with 40g mlI~* PATCPP for 24 hrs as  1.34 mw cm?2 (00®®); 20 mW cm 2 (CICICIC]); 60 mwW cm 2

described above. After incubation, the spheroids, along with the mediaoO0O0); 100 mW cm2 (¢ ¢ ¢ ¢); and 134 mW cm? (AAAA).
were placed in a 15-ml tube and centrifuged for 5 min. After centrifugation,

the medium above the spheroid pellet was aspirated, and the spheroids

were then dissociated and the cells dissolved using 25% Scintigeskin 10 ided th h . ffici . b .
trypsin without phenol red. We then measured the absorption spectrum J]ess, provided that there Is sufficient ime between image

this sample. The metalloporphyrin concentration was calculated from thes@Cquisitions to allow fOFOz recovery.
absorption measurements using a calibration curve generated from the As described earlier, the rationale for the particular
absorbance of known PdTCPP concentrations in the same solvent. choices of the h|gher irradiances was based on Suggestions
published by Vinogradov et al. (1996) and on our own
RESULTS experimental _exp_erience vyith dete_ction of sources of Iumi-
nescence buried in scattering media (Hull et al., 1998). With
In the solution experiments, the choice of the lowest irradrradiances of 20, 60, 100, and 134 mW cmthe O
diance, 1.34 mW ci?, was based on an approximation to consumption rates were found to be considerably higher, as
the average incident irradiance used in the in vivo experishown in Fig. 2 and summarized in Fig. 3. The rates
ments described by Shonat et al. (1992). As described in theeported in Fig. 3 were determined from the initial slopes of
Methods section, this average was computed on the basis tfe curves in Fig. 2 and represent means and standard
the fluence per pulse and the pulse repetition rate reportedeviations of three separate experiments. At 20 mW tm
by those authors. Examples of the photochemically-inducedssuming the same range of tissug é@ncentrations and
changes in théO, concentration observed using the micro- image-acquisition times as mentioned above, the data indi-
electrode during sample irradiation with this and with sev-cate that the measurement would perturb the@ncentra-
eral other irradiances are shown in Fig. 2. From thredion by a minimum of 20% and by as much as 40%. Of
experiments performed with separate samples at the lowesburse, higher irradiances would have an even greater ef-
irradiance, théO, consumption rate was found to be 25  fect. The curves of Fig. 2 illustrate that the rate of depletion
0.1 uM s~ 1. Typical image-acquisition times reported in is diminished at the lowest QOconcentrations. This dimin-
papers that describe results of in vivo phosphorescencdshed rate occurs as the concentration approaches that de-
imaging of superficial anatomy are 1-1.5 s (Wilson andscribed by the ratié/k,; (see Methods) and results from the
Cerniglia, 1992; Cerniglia et al., 1997). Oxygen tensions inO, dependence of the rate dD, formation. Thus, the
normal tissue are typically in the range of 40-50 torrmagnitude of the perturbation imposed by the phosphores-
(~60-80uM). Thus, it may be concluded that the condi- cence-quenching technique depends in part on the ambient
tions under which the phosphorescence-quenching measur@, concentration.
ments are performed for superficial anatomy produce a Whereas the solution experiments, where the metallopor-
modest reduction in the tissi#®, concentration of 6% or phyrin is bound to BSA, represent a reasonable approxima-
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FIGURE 3 The maximal rates of photochemical oxygen consumption Time after onset of irradiation (s)

versus irradiance measured in the PATCPP-BSA solution experiments (0.7 ) )

mg ml~* PdTCPP, 514 nm irradiation), which were determined from the FIGURE 4 Microelectrode measurements of oxygen depletion versus
initial slopes of the data plotted in Fig. 2. In order of increasing irradiance,ime at the edge of a PATCPP-sensitized spheroid during the first 40 s of
the oxygen consumption rates (M s %) are 2.5+ 0.1, 16.9+ 1.8 514 nm irradiation at three different irradiances: 20 mwW én0OQ0Q);
33.4+ 1.4, 53.2= 1.5, and 68.9+ 4.8 (meanst SD), computed from 40 MW ¢ (000@); and 60 mwW cm? (LJLJI0). The solid lines
three independent experiments performed at each of the five irradiance§ePresent the bestfits to the data using numerical solutions to Egs. 1 and 2.
Where not shown, error bars are smaller than the plotted symbol.

spectrum of PATCPP in aqueous solution of trypsin and the
tion to the experiments in vivo that seek to measure intrasolubilizing agent Scintigest is shown in Fig. 6 along with
vascular Q concentrations, the spheroid provides a test ofthe calibration curve used to determine the metalloporphy-
the O, consumption that would be expected under condi+in concentration. The porphyrin concentration in the sphe-
tions where the phosphorescent probe leaks from the vaseids was greater than that used in the solution experiments
culature into the surrounding tissue. Examples of the initial0.7 mg mi"). When the Q consumption rates measured in
changes in thé0, concentration that we record at the edgeBSA solution are corrected for this difference in porphyrin
of PdTCPP-sensitized spheroids for irradiances of 20, 40concentration, they approach those measured in the sphe-
and 60 mW cm? are shown in Fig. 4. The solid lines roids.
through the curves represent the best fits of numerical When porphyrins are subjected to sustained irradiation in
solutions of Egs. 1 and 2 to the data. In this analysis, bottbiological systems, irreversible photobleaching is observed
', andky/k, are extracted as fitting parameters. From a tota(Mang et al., 1987; Moan et al., 1988). Bleaching may be
of nine experimentsn(= 3 for each irradiance), we find that measured indirectly with Oelectrodes through the gradual
the ratio ofky/k,, for PATCPP is 8.3+ 3.8 uM. Figure 5 increase in the ©concentration that results as the rate of
summarizes the values of the means and standard deviatiohight absorption by the porphyrin decreases (Georgakoudi et
of I'y determined from the same nine experiments. al., 1997). To determine the rate and mechanism of PATCPP

A comparison of Figs. 3 and 5 indicates that, under thebleaching, we analyzed time-dependent @ncentration

conditions of these experiments, the photochemicat@-  data recorded continuously for approximately 500 s at the
sumption rate in spheroids was significantly greater tharedge of spheroids irradiated using three different fluence
that observed in solutions containing BSA at the sameates. Representative data are shown in Fig. 7. The best fits
irradiance. To compare these results on a quantitative basief solutions to Egs. 1 and 2 to the data are depicted by the
we determined the concentration of the metalloporphyrin insolid lines. The particular form used for the rate of photo-
a spheroid after the same 24-hr incubation period used in thehemical Q consumption]' 5, Was derived on the basis of
O, consumption experiments. From a series of three indea bleaching mechanism in which the porphyrin is degraded
pendent solubilization and optical absorption measurethrough self-sensitizedO, reaction. Fits to the data allow
ments, we calculated the PATCPP concentration in the spheetermination of a ratiok,J/k,JA], which is a measure of
roids to be approximately 1.1 mg mi. The absorption the relative bleaching efficiency. From the nine experiments

Biophysical Journal 78(5) 2597-2605
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in Egs. 4 and 5) versus irradiance determined from the spheroid experi-

ments depicted in Fig. 4. In order of increasing irradiance, the valuEg of FIGURE 6 Absorption spectrum of PATCPP in 25% scintigest and tryp-

(in uM s7%) are 24.2+ 3.6, 41.4* 1.9, and 61.2+ 1.2 (meanst SD). sin. The inset shows the calibration curve (optical density at 418 nm versus

Means and uncertainties were determined from three independent expegoncentration) used to determine metalloporphyrin concentrations in mul-

ments performed at each of the three irradiances. ticell spheroids, which was generated from known PdTCPP concentrations
in the same solvent.

conducted using the three fluence rates mentioned abovenvironment encountered when the porphyrin leaks out of
we find that the value of this ratio for PATCPP is 23 .0  the vessels into the tissue (Torres Filho et al., 1994; Buerk
M~ (mean=+ SD). This value is significantly lower than et al., 1998).
that measured previously by Georgakoudi et al. (1997) for The results of our solution experiments demonstrate that,
the photosensitizer Photofrin (76 12 M%) and by Geor-  for most if not all published reports in which phosphores-
gakoudi and Foster (1998) fas-aminolevulinic acid-in- cence quenching has been used to measyreo@centra-
duced protoporphyrin IX (90+ 15.9 M%) using this tions in superficial structures in vivo and in applications
method. involving intravital microscopy, photochemical oxygen
consumption is of minimal importance. However, if the
DISCUSSION avegage excitation i_rradiance is increased to just 20 mW
cm <, the perturbation of the local oxygen concentration
The findings of this study illustrate potential limitations would be significant, even if one assumes that the total
imposed by Q consumption during measurement of tissueimage acquisition time is held to the 1-1.5 s range typically
pO, by the metalloporphyrin phosphorescence-quenchingised in imaging superficial anatomy. Because the detection
technique. We have demonstrated the severity of the prolsf luminescence signals originating at depths of several
lem by determining the ©consumption rates when the centimeters in an attenuating medium will require both
metalloporphyrin PATCPP was irradiated in two environ-relatively higher irradiances and longer data-acquisition
ments in vitro. In the first case, the PATCPP was bound tdimes, our results suggest that great caution must be exer-
BSA in solution, with the metalloporphyrin concentration cised in applying the phosphorescence-quenching technique
chosen to be as close as possible to that used in the intrée the imaging of oxygenation in all but the most shallow
vascular pQ measurements in vivo of Cerniglia et al. layers of tissue. In our own experience with imaging highly
(1997) and Wilson and Cerniglia (1992). In these in vivofluorescent targets buried in a scattering emulsion using a
experiments, the metalloporphyrin is bound to BSA, so thasensitive, cooled CCD camera and 160 mW ¢érincident
the probe is confined to the blood volume and so that therradiance, signal-acquisition times varied from 10 s for
calibration parameters calculated from measurements isource depths of approximately 6 mm to 245 s for source
vitro are relevant in vivo (Sinaasappel and Ince, 1996depths of approximately 44 mm (Hull et al., 1998).
Vinogradov et al., 1996). In the second case, multicell The plots of Fig. 2 show that the rate of photochemical
spheroids were incubated with PATCPP to approximate thexygen consumption depends on theddncentration of the
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250 PdTCPP concentrations, the rates of photochemical oxygen
consumption are found to be comparable. It is well known
that the intracellular environment presents many targets for
0, reaction, and these data demonstrate quantitatively that
BSA provides a similar effective concentration of substrate.
This finding is consistent with those of Reddi et al. (1984),
who showed that the tryptophan, tyrosine, and histidine
residues of human serum albumin were readily photo-oxi-
dized in the presence of hematoporphyrin derivative. In-
deed, in the paper that introduced the phosphorescence-
guenching method, Vanderkooi and her colleagues (1987)
described BSA as “a sink” for reactive oxygen species. On
the basis of our results, therefore, one may conclude that the
potential problems posed by photochemical oxygen con-
sumption are at least as likely to occur during intravascular
phosphorescence-quenching measurements as they are in
those situations where the porphyrin is allowed to distribute

Oxygen concentration (uM)

o. ————r—t—+—————  Out of the intravascular space.
0 100 200 300 400 500 The limitations imposed by photochemical oxygen con-
Time after onset of irradiation (s) sumption on the applications of metalloporphyrin phospho-

rescence quenching here appear to be fundamental to the
FIGURE 7 Time-dependent oxygen concentrations recorded using a mimethod rather than specific to the PdTCPP compound.
croelectlfode_at_the edge of g PdTCI_’P-gensitized spheroid during 500 s qfherefore, it is not immediately apparent what, if any,
514 nm irradiation at three different irradiances: 20 mW i) oo ns could be used to diminish or overcome this effect. No
40 mW cm “ (OO0O0); and 60 mW cm* (AAAA). The solid lines are e ) . ..
best fits to the data using the singlet oxygen-mediated photobleachingidnificant photochemical differences should be anticipated
model expressed in Eq. 4. through the use of the longer wavelength-absorbing metal-

loporphyrin Green 2W. The peak of the phosphorescence

emission of this compound was reported by Vinogradov et

medium, with the rate being diminished at lower concen—al' (1996) to be 790 nm. Thus, the Green 2W triplet state is

. . . sufficiently energetic to sensitize the formation tD,,
trations. This phenomenon follows simply from the faCtwhich is 1270 nm above the ground state. It is true that, for
that, as the © concentration is lowered, the probability g ' '

increases that the metalloporphyrin triplet will undergo dj-8 source of phosphorescence buried several centimeters

rect, monomolecular decay to the ground state. Thus rejdrom the tissue surface, the incident irradiance would be

tively fewer triplets are quenched by oxygen, leading to aattenuated significantly, and this will reduce the rate of

reduced rate ofO, formation. The characteristic ron- ~ Photochemical @ consumption at that site. However, be-
centration at which this effect becomes appreciable is deS@use the phosphor cannot be expected to localize perfectly
scribed by the ratio of porphyrin triplet state rate constants! € target tissue volume, the oxygen concentration in the
ky/ko Which were previously defined. This ratio identifies superficial tissue would be perturbed significantly. As men-
the O, concentration at which triplet monomolecular decaytioned previously, without detailed prior knowledge of the
and quenching bJO, are equally likely. Our analysis of the OXYgen distribution in tissue c_alcul_atlon of a_correctlon,
electrode recordings obtained at the edge of iradiated sph€0€s not seem feasible. Other imaging strategies not based
roids indicates that, for the PATCPP compound in the inOn triplet-state quenching could be considered. For exam-
tracellular environment, this characteristic concentration ile, 0xygen quenching of singlet-state fluorescence has
approximately 8uM. A practical and perhaps somewhat been reported (Chong and Thompson, 1985). Although flu-
counterintuitive consequence of this aspect of the photoorescent probes are certainly useful in a variety of funda-
chemistry is that phosphorescence quenching is more |ike|§}ﬂenta| studies, their lifetimes are sufficiently short that it is
to perturb tissue oxygenation at relatively higher tissueunlikely that they could be useful reporters of physiologi-
oxygen tensions. From the perspective of imaging thickcally relevant hypoxia in tissue. Therefore, we are left to
tissue, then, it appears unlikely that a scheme could begonclude that, although the very long-lived porphyrin trip-
devised to correct for the effects of photochemical oxygeret-state luminescence provides a sensitive measurement of
consumption without prior knowledge of the detailed oxy- tissue pQ, the mechanism through which the triplet reports
gen distributions. the O, concentration imposes important and quite funda-

When the data from the two in vitro systems that wemental limits to the situations in which phosphorescence
investigated are corrected for the difference in theirquenching can be applied.
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An interesting recent study by Buerk et al. (1998) com-may make PdTCPP an interesting candidate for biological
pared the tissue oxygen tensions reported bynb-tip- and medical studies of photodynamic action.
recessed electrodes and the phosphorescence-quenching
method in a hamSter skmfo_ld_modgl. Th(_ay concluded thz_it’l'he authors thank Mr. Jim Havens for assistance in maintaining spheroid
under the conditions of their 'ntrav_”al MICrOSCOPY EXPErl- cyjtures. This work was supported by National Institutes of Health grants
ment, the phosphorescence technique lowered the oxygeIneg409 and CA36856.
concentration only minimally, even when the irradiation
was performed for as long as 1 min. Although the puls
energies used in that study were not reported, it is likely tha
their findings are not inconsistent with our results. In severaBrizel, D. M., S. P. Scully, J. M. Harrelson, L. J. Layfield, J. M. Bean, L. R.
respects, intravital microscopy represents the most favor- Prosnitz, and M. W. Dewhirst. 1996. Tumor oxygenation predicts for the

. L N likelihood of distant metastases in human soft tissue sarc@aacer

able situation in vivo for the application of the phosphores- Res56:941-943.
cence method. The thicknesses of tissue that are interr@uerk, D. G., A. G. Tsai, M. Intaglietta, and P. C. Johnson. 1998. In vivo
gated are minimal, typically 200-3Q@m, thereby enabling tissue pQ measurements in hamster skinfold by recesseg p@ro-
th f very low excitation | nerai nd short electrodes and phosphorescence quenching are in agredvienatcir-

e use of very low excitation pulse energies and short ¢,aion.5:219-225,
acquisition times. In the particular case of the Buerk et alcernigiia, G. 3., D. F. Wilson, M. Pawlowski, S. Vinogradov, and J.

study, in which avascular regions of the hamster skin fold Biaglow. 1997. Intravascular oxygen distribution in subcutaneous 9L

were investigated, the metalloporphyrin concentration that Umers and radiation sensitivity. Appl. Physiol 82:1939-1945.
hong, P. L.-G., and T. E. Thompson. 1985. Oxygen quenching of pyrene-

was illuminated was .also very low, becaUS.e only a SmalF lipid fluorescence in phosphatidylcholine vesicléBiophys. J.47:
amount of the albumin-bound compound will extravasate. 613-621.
Further, because the illuminated field diameter is restrictedtastwood, D., and M. Gouterman. 1970. Porphyrins. XVIII. Luminescence

to approximately 140um in these experiments (Torres FOZ(CZ)' (sNi)igZ:‘ F;thc‘zmp'ex_‘:_ﬁ" 2"0" SpeCttr_OS35:35dgt‘h375'l A
. . . . oote, C. S. . otosensitized oxygenations an e role or single
Filho and Intaglietta, 1993), any oxygen depletion during oxygen.Acct. Chem. Res-104—110.

irradiation is replenished from outside the irradiated area. georgakoudi, I., and T. H. Foster. 1998. Singlet oxygen- versus nonsinglet
The photobleaching of porphyrins in biological systems oxygen-mediated mechanisms of sensitizer photobleaching and their

is a well-established phenomenon. Although the phospho- gflfgcgszson photodynamic dosimetrhotochem. Photobiol67:

r_escence'quenChmg te(?hmque is based Qn emlss_lon IIf%eorgakoudi, I., M. G. Nichols, and T. H. Foster. 1997. The mechanism of
times rather than amplitudes, the bleaching kinetics and Photofrin® photobleaching and its consequences for photodynamic do-

mechanism of the metalloporphyrins are nevertheless of simetry.Photochem. Photobiob5:135-144.

; ; ; outerman, M., L. K. Hanson, G.-E. Khalil, and W. R. Leenstra. 1975.
interest, especially in the context of proposals to use th€ Porphyrins. XXXII. Absorptions and luminescence of Cr(lll) com-

method to image in thick systems. Photobleaching during piexes.J. Chem. Physs2:2343-2353.
irradiation reduces the rate of light absorption and wouldHull, E. L., M. G. Nichols, and T. H. Foster. 1998. Localization of

thereby progressively reduce the rate of photochemical ox- luminescent inhomogeneities in turbid media with spatially resolved
. . . . . measurements of cw diffuse luminescence emittagml. Opt. 37:
ygen consumption. Also, if photobleaching is mediated 5755 5765

through a predominantly oxygen-dependent mechanism, agieg, M., and D. G. Whitten. 1984. Self-sensitized photooxidation of
has been reported for various porphyrins (Krieg and Whit- protoporphyrin IX and related free-base porphyrins in natural and model

. ; : : p . membrane systems. Evidence for novel photooxidation pathways in-
ten, 1984; Spikes, 1992), one might imagine a scenario in volving amino acidsJ. Am. Chem. Sod.06:2477-2479.

which a per!od of p_relrrad|at|on preferentially _bleached theMang’ T.S., T. J. Dougherty, W. R. Potter, D. G. Boyle, S. Somer, and J.
compound in relatively well-oxygenated regions, thereby Moan. 1987. Photobleaching of porphyrins used in photodynamic ther-

possibly enhancing the optical detection of hypoxic malig- apy and implications for therapyhotochem. Photobio#5:501-506.
nant tumors Mcllroy, B. W., A. Curnow, G. Buonaccorsi, M. A. Scott, S. G. Bown, and
o . - . . . A. J. MacRobert. 1998. Spatial measurement of oxygen levels during
PhOtObleaChlng IS reported Indll‘eCtly n the Sphel‘OId mi- pho[odynamic therapy u§ing time-resolved 0p[ica| spectroscbmho-
croelectrode measurements as a gradual increase in thgochem. Photobiol. B: Biold3:47-55.
measured oxygen concentration with prolonged irradiatiorivioan, J C_. Rimington, ar)d Z. Malik. 19_88. _Photoinduced degradati_on and
: . . modification of Photofrin Il in cells in vitro.Photochem. Photobiol.
(Ge_org'c_lkow_jl et al., 1997). Analyss of the traces obtained 47.353_357.
during irradiation of spheroids incubated with PATCPPpoan, 3., and K. Berg. 1991. The photodegradation of porphyrins in cells
demonstrates that this compound is significantly more sta- can be used to estimate the lifetime of singlet oxygehotochem.
ble with respect to bleaching than the other porphyrins that Photopiol.53:549-853. o
h died. A d l hi lati bility i Mueller-Klieser, W. 1984. Method for the determination of oxygen con-
we have studied. As nOte_ earlier, t 'S_re atlve stability Is sumption rates and diffusion coefficients in multicellular spheroids.
reported through the ratis,Jk,JA], which defines the Biophys. J46:343-348.
reciprocal of the porphyrin concentration at Whi&@2 Nichols, M. G., and T. H. Foster. 1994. Oxygen diffusion and reaction

: : : : ; kinetics in the photodynamic therapy of multicell tumour spheroids.
reactions with the porphyrin are as likely as those with other Phys. Med. Biol39:2161-2181.

nefarby target_s_. This property_, along W|th_ the emC'enCy W_|thOkunieff, P., M. Hoeckel, E. P. Dunphy, K. Schlenger, C. Knoop, and P.
which it sensitizes the formation of reactive oxygen species, Vaupel. 1993. Oxygen tension distributions are sufficient to explain the
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