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ABSTRACT: Pheophorbide a (Pheo) is a well-known hydrophobic photosensitizer used for photodynamic
treatment of various diseases. The influence of the surroundings on the electronic properties of photosensitizers
mainly accumulating in membrane structures is of relevance for their photoactivity. In this paper the current
knowledge about the electronic properties of Pheo in different microheterogeneous environments is
summarized and new findings about its incorparation in different model membranes are discussed. Copyright
# 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Pheophorbide a (Fig. 1) represents a decomposition
product of chlorophyll a. Its photosensitizing activity
in vitro andin vivo is well known and has been under
study for more then 15 years.

Moreover, its electronic properties, especially the
high singlet oxygen quantum yield and the fast
retention from tissue, favour this tetrapyrrole for use
as a photosensitizing drug in photodynamic therapy
(PDT) or as a fluorescence marker in diagnostics [1–
6]. Because of its relatively high photostability and
uncomplicated extraction from green plant leaves,
pheophorbide a and its derivatives are used as model
compounds for different photobiophysical investiga-
tions, such as the study of primary processes of
photosynthesis or the molecular mechanism of photo-
dynamic activity [7, 8].

The photophysical and photosensitizing properties
of pheophorbide a (Pheo) are generally well known.
This phorbide has been under investigation in our
group since 1984. We have studied its electronic

properties in organic solvents [9–11] and in micro-
heterogeneous environments [12–14] and its photo-
sensitizing activityin vitro andin vivo [4, 15]. The aim
of this paper is to summarize today’s knowledge about
the electronic properties of Pheo in different environ-
ments.

The photophysical parameters of Pheo monomers
were investigated in a number of papers
[8, 10, 16, 17]. In the Jablonski diagram shown in
Fig. 2 these parameters are summarized. In previous
studies the singlet oxygen quantum yield of Pheo
monomers was found to beΦD = 0.59 [16]. Since Pheo
is a hydrophobic compound, it tends to aggregate in
aqueous environments. The most important photo-
physical parameters for biological activity, such as
fluorescence quantum yield (ΦFl) and singlet oxygen
quantum yield (ΦD), are strongly influenced by
aggregation processes. The quantum yield of both
processes decreases dramatically (ΦFl = 0.02 and
ΦD< 0.01) in phosphate-buffered solution (PBS).
On the other hand,in vitro as well asin vivo high
photodynamic activity was observed. Considering
these facts, it was not clear whether the dye
deaggregates completely to monomers or whether
non-photoactive equilibrium dimers also exist in cell
membranes. If such dimers exist according to the
findings of Dietel and Wendenburg [18], we have to
take into account that during irradiation the equili-
brium is shifted to monomers, giving an increasing
amount of photosensitizing molecules. Cell suspen-
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sions [19] incubated with Pheo show a strong
fluorescencein the red region of the spectrum.Also
in vivo strong Pheo fluorescenceof tumours was
observed [20]. The spectral distribution of the
fluorescencewas identical with the monomerspec-
trum (with someslight bathochromicshift dueto the
weakinteractionwith thesurroundings).

MATERIA L AND METHODS

Photosensitizer

Pheophorbidea waspreparedin our laboratoryfrom

leavesof Urtica urens accordingto Willstätter and
Stoll [21]. In order to improve the yield and the
separationfrom pheophorbideb respectively,wehave
introducedtwo modifications:first, theextractionwas
carried out using a Soxhlet extractor instead of a
beaker; second, the acidic solution was not only
diluted by water but also neutralized by aqueous
sodiumhydroxide.

Absorption Spectroscopy

The absorption spectra were measured using a
Shimadzu160A UV-vis spectrometer.

Fluorescence Spectroscopy

Steadystatemeasurementswerecarriedout usingthe
self-made equipment describedin Ref. 22. Time-
resolved fluorescenceand fluorescenceanisotropy
investigations were carried out on the TCSPC
apparatusdescribedin detail in Ref. 22. Steadystate
and dynamic anisotropieswere calculatedusing the
Perrin equation.Rotationaldiffusion constantswere
obtainedaccordingto D = 1/6trot.

Singlet Oxygen Detection

Steadystatesinglet luminescenceand low-tempera-
ture steady state fluorescenceanisotropy measure-
ments were done using the self-made equipment
describedin Ref. 23. Time-resolvedsinglet oxygen
luminescencewasdetectedusingtheapparatusshown
in Ref. 24.

Fig. 1. Structuralformulaeof chlorophyll a (left) andpheophorbidea (right).

Fig. 2. Jablonskidiagramof pheophorbidea (monomers).
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Erythro cyte Ghost Preparation

Thepreparationis given in detail in Ref. 24.

Langmuir–Blodgett (LB) Layers with BehenicAcid

Behenicacid(docosanicacid,C22H44O2, Aldrich) was
usedwithout furtherpurification,dissolvedin chloro-
form (trichloromethane, spectroscopicgrade, Al-
drich).

The layers were formed and transferredusing a
commercially available film balance(FW2, Lauda,
Germany) with a controlled trough temperature
(18� 1°C). The subphaseconsistsof ultrapurewater
from a coupled reverse osmosis/milli-Q device
(Millipore, France)with a salt concentrationof about
5� 10ÿ4 mol lÿ1 CdCl2 (Riedel deHaen).The sam-
ples were spreadusing a microsyringe(Hamilton).
The pheophorbidea concentrationin the spreading
solution amounts to about 2.5� 10ÿ4 mol lÿ1 for
mixed monolayerswith behenicacid. Here the mole
fractionxdye is 0.1,meaningaratioof onemoleculeof
pheophorbideato ninemoleculesof behenicacid.The
componentsof mixedmonolayersarespreadtogether
in onesolution that is mixed immediatelybeforethe
experiment.

Langmuir–Blodgettfilms areformedby transferof

the floating monolayer onto quartz plates (10�
25� 1 mm3, Medizinisch-Glastechnische Werkstät-
ten, Berlin). The platesare cleanedby hot chrome
sulfuric acid, hydrophilized by treatment with a
mixture of concentratedsulfuric acid and hydrogen
peroxide (3:1, v/v), then hydrophobizedusing di-
methyldichlorosilane.

Themonolayertransferis performedby thevertical
dipping technique using a film lift (FL1, Lauda,
Germany). For further spectroscopicstudies, only
sampleswith a transfercoefficientof unity or about
unity areused.

Becauseof the Cd2� ion-containingsubphase,the
transferredlayersarecadmiumbehenatelayersrather
thanbehenicacid layers.Nevertheless,in the present
paperthename‘behenicacid layer’ is used.

Langmuir–Schaefer (LS) Layers of Cell Membrane
Fragments

The OAT cell membranefragments were kindly
providedby ProfessorDr J. Moserfrom the Institute
of LaserMedicine (Heinrich-Heine-Universitüt Düs-
seldorf).As spreadingsolutiontheusualstocksolution
wasused.Thesolventis amixtureof glycerol/HEPES
(N-(2-hydroxyethyl)piperazine–N'-2-ethanesulfonic
acid) buffer (50 mM) in a volume ratio of 1:1. The

Fig. 3. Isothermsof OAT cell membranefragmentson a purewatersubphase:(a) initial compression;(b) compressionafter
20h; (c) compressionafter another21h; (d) compressionafter final 2 h. After eachcompressionthe layer wasimmediately
expandedandallowedto rest.Owingto thefact thatthemolarweightis notavailable,thex-axisis basedontheareaperapplied
weightof thecell membranefragments.
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concentrationamountsto 0.9mgmlÿ1. Owing to the
inhomogeneous,not molecularlydispersedandwater-
soluble spreadingsolution, the spreadingas well as
film-forming behaviourof the samplewas compli-
cated.Generally,film formationcouldnot beguaran-
teed.

For recording isotherms,0.45ml of this solution
was spreadeddropwise by a microsyringe. After
recordingan isotherm(Fig. 3(a)), the monolayerwas
expandedandthe layer on the subphasewasallowed
to rest.Thecompressionwasrepeatedthreetimesand
thenafter 20h, a further 21h anda final 2 h (Fig. 3).
Theshapeof theisothermschangeswith time,but the
last two isothermsarenearlyidentical.Obviouslythe
membrane fragments are first suspendedin the
subphase,then undergoa sort of restructuringand
finally form a stablelayer. Here we useda constant
surfacepressureof 18 mN mÿ1. After about30min
this layer is stable and ready to incorporatepheo-
phorbide molecules.For this purposean ethanolic
solutionof Pheois injectedbeneaththe subphase.As
shown in Fig. 4, the substanceis incorporated
immediately into the layer. After a short time this
dye-containinglayer is stabilizedtoo. The deposition
of the layer on a quartz substratewas carried out
accordingto the Langmuir–Schaefertechnique.Here

the quartz plate is held horizontally, lowered till it
touchesthe monolayerand then lifted. During each
cyclea Pheo-containingdoublelayer is transferredto
one side of the quartz plate. The plates and their
preparationare the same as used for Langmuir–
Blodgettlayers.

RESULTS AND DISCUSSION

Knowing the behaviour of Pheo in homogeneous
solution,we investigatedits photophysicalproperties
in different microheterogeneous environments,
namelyin liposomes,micelles(Table1),cyclodextrins
andpheophorbidea–antibodycomplexes[14,25]. In
order to discuss the behaviour of Pheo in model
membranes,the electronic properties of the dye
embeddedin liposomesor micelles are of interest.
As shown in Table 1, in both systemsa slight
bathochromic shift of both the absorption and
fluorescencespectrawas observed.The fluorescence
decaytime becomeslongerin liposomesowing to the
hydrophobicenvironmentof the dye.The decaytime
in micelles is similar to the decay observedfor
monomersin ethanol. In both systemssinglet mol-
ecularoxygenis generated(Table1).

Fig. 4. Area versustime diagramof OAT cell membranefragments,including last part of initial stabilization,injection of
ethanolicpheophorbide(t = 0), stabilizationof Pheo-containinglayeranddeposition.At thearbitrarily chosenpoint t = 0 the
layerhasbeenabout43.5h on thesubphaseandhasundergonefour compression/expansioncyclesandfinal compressionto a
constantsurfacepressureof 18 mN mÿ1 stabilizationhastaken35 min.
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Basedon steadystate and time-resolvedfluores-
cence anisotropy measurements,some information
aboutthe microenvironmentof dyemoleculescanbe
obtained.In a first stepthe steadystateanisotropyof
Pheowasmeasuredto obtain the averageanisotropy
and the angle betweenthe dipole orientationin the
ground and the various excited statesof Pheo.The
resultsaresummarizedin Fig. 5 andTable2.

For the most interestingtransitionS0,0 → S1,0 an
averageanisotropyof r = 0.26wasfound.The results
summarizedin Table 2 are in good agreementwith
parametersobtainedfor pheophytina [26]. In further
time-resolved experimentsthe rotational diffusion
time (D) of Pheo in different microheterogeneous
environmentswas determined(Table 1). We found
that Pheoas hydrophobicdye is located inside the
hydrophobic part of liposomes and included in
micelles probably in its monomeric form [14].
However,this information is not sufficient for some
prediction of the behaviour of Pheo in biological
membranes.These membranesconsist not only of

lipids but alsoof cholesterol,proteins,glycoproteins,
glycolipids andothercompounds.For this reasonwe
focusedour intereston theinvestigationof membrane
modelscloserto biological reality: erythrocyteghost
suspensions(EGS) and Langmuir layers containing
membranefragmentsof cancercells.

In this paperwe will focuson thefollowing aspects
of theaboveproblem.

1. Is it possible to extract the dimer spectrumof
pheophorbidea in solution and in membrane-like
structuresto determinetheelectronicparametersof
thedimer?

2. How do microheterogeneousenvironmentsmodel-
ling different aspectsof the cell environment
influencetheelectronicpropertiesof pheophorbide
a?

3. Is it possibleto developa membranemodelwhich
yields similar propertiesto biological membranes
andcouldbe investigatedby physicalmethods?

Table 1. Selected photophysical parametersa of Pheoin different microheterogeneousenvironments

Environment

�max (abs.) (Q(0,0)

ÿQ(1,0)) (nm) �max (fluor.) (nm) tFl1 (ns) tFl2 (ns) D (sÿ1) ΦD

Ethanolb [14] 667 675 720 5.9� 0.1 7.6� 108 0.59

PBSc [14] 683 667 710 3.7� 0.1 0.2� 0.1 0.02max.

Liposomes[14] ID/ID (eth.)d

Pheob:lipid

1:50 669 680 725 6.2� 0.1 No SOL

1:200 669 680 725 6.2� 0.1 1.2� 108 0.23

1:500 669 680 725 6.2� 0.1 0.33

1:1100 669 680 725 6.2� 0.1 0.51

1:1700 669 680 725 6.2� 0.1 0.70

PBS�1% Triton X-100 [14] 669 691 725 5.9� 0.1 3.5� 107 SOL

LB films 707 675 720 3.7� 0.4 0.15� 0.03 No SOL

LS films 677/702 679 735 3.9� 0.4 No SOL

EGS 675 [24] 680 725 6.1� 0.1 SOL

a tFl, fluorescencedecaytime; D, rotationaldiffusion constant;ΦD, singletoxygenquantumyield.
b cPheo= 1� 10ÿ5 M.
c pH 7.4; cPheo= 1.5� 10ÿ5 M; T = 348K; 5% ethanol.
d No quantumyield wasdetermined.Theratiobetweentheluminescenceintensityof thesystemliposome/Pheoandof Pheoin
ethanolis shown.
e SOL, singletoxygenluminescencedetected.
f No SOL, no singletoxygenluminescencedetected.
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Properties of Pheophorbide a Equilib rium Dimers in
Solution

The preparation of pheophorbidemonomer–dimer
equilibria in solution was realizedat dye concentra-
tions of about 10ÿ5 M. At theseconcentrationsthe
solution doesnot contain higher aggregates,as was
shownpreviouslyby temperature-dependentinvesti-
gationof thefluorescencequantumyield [27].

By varying the temperatureand the ethanol/water
ratio in thesolutionat constantdyeconcentration,we
observed a set of absorption spectra containing
isosbesticpoints [28]. Analysing thesespectra,we
obtained linear extinction difference diagramssug-
gestinga first-order reaction.The analysisof these
results,theknowledgeof thepuremonomerspectrum
from measurementsin ethanol, resulted in the
extractionof the dimer spectrumwith an absorption

maximum at 685nm [28]. Using exciton theory for
simulation of the dipole–dipoleinteraction between
two identicalmolecules,we calculatedan absorption
maximumof the dimer at �D = 684nm with a dipole
moment of M = 3 Debye [28]. These very closely
correspondingresults also suggest that no higher
aggregatesarepresentin the investigatedsamples.

Fluorescenceinvestigationsof Pheoin mixturesof
ethanolandPBSshowthatwith increasingcontentof
PBS two fluorescencedecaytimes can be observed
[10,14]. It can be seen that the decay times and
amplitudes of the two fluorescencecomponents
depend strongly on the content of PBS, i.e. of
monomersand aggregates.In PBS with 5% ethanol
the fluorescenceintensity is very low and the
fluorescencelifetime of the monomersis shortened
to t1 = 3.7ns, probably becauseof energy transfer
processesbetween monomers and aggregates.A
secondcomponentwith a lifetime of t2 = 170 ps is
alsoobserved[10,14,28].

Interact ion of PheoMoleculesin Langmuir–Blodgett
Films

In a first step,Langmuir–Blodgettlayersof purePheo
and of a mixture of Pheo and behenic acid were
prepared.Thecentralpartof thecoatedareaexhibited
very constant spectral properties, as was shown
previously [22]. In all experimentsthe observation
area was located in this part of the film. Upon
investigatinga numberof samples,we found that the

Fig. 5. Fluorescencespectrumof Pheoat 120K andsteadystatefluorescenceanisotropyat different wavelengths.

Table 2. Average anisotropy and angle (a) between
absorption andfluorescencedipole momentfor different
electronic transitionsof Pheo

�exc (nm)

Electronic

transition

Average

anisotropy a (deg)

666 S0,0 → S1,0 0.26 29

514 S0,0 → S2,0 0.16 39

420 S0,0 → Sn 0.06 49
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pure Pheolayer showsthe spectralbehaviourof an
aggregateddye whilst the mixed layer exhibits a
monomerfluorescencespectrum.Detailed investiga-
tion andphotophysicalcharacterizationof mono-and
multilayersof pheophorbidea embeddedin behenic
acid showed that excitonic interaction occurs [29]
betweenPheomoleculesin two neighbouringlayersin
which the layers are oriented with the polar head
groupsof thebehenicacidmoleculesoneto theother.
The application of exciton theory to this problem
resultedin a maximuminteractionat a stackingangle
of 39° betweenthe two moleculesand the same
spectralshift of absorbanceasfor equilibrium dimers
in solution [28]. Also two fluorescencedecaytimes
were observed:t1 = 3.7ns and t2 = 150 ps. These
findingsarein full agreementwith theresultsobtained
for monomer–dimerequilibria in ethanol/watermix-
tures. No singlet oxygen luminescencecould be
detectedin the layers.

Langmuir–Schaefer Multilaye rs

In a secondstep,Langmuir–Schaefermultilayerswith
cell membranefragmentswereprepared.In Fig. 6 the
fluorescencespectraof Pheoin differentenvironments
are shown. The shapeof the spectrumof Pheo in
Langmuir–Schaeferlayersis muchcloserto thatof the

Pheo monomer in ethanol than to that of Pheo in
Langmuir–Blodgettlayers.

The fluorescencedecaysmonoexponentiallywith
t1 = 4 ns.Theseobservationssuggestthat Pheoexists
in the OAT membranelayersmainly in its monomer
form and that the dye molecules are in strong
interactionwith thesurroundings,leadingto theshort
fluorescencelifetime. Becauseof this, it can be
proposedthat no efficient interactionbetweenPheo
moleculesoccursin this system.No singlet oxygen
luminescencecould beobserved.

Photophysical Parametersof Pheophorbide a in EGS

The incorporationof Pheoin ghostcell membranes
wasstudiedby absorptionmeasurementsin Ref. [24].
The fluorescencespectrumis similar to that obtained
in liposomes(not shown, Table 1) and to that in
ethanol(Fig. 6, Table1), with a slight bathochromic
shift due to the interactionwith the surroundings.In
contrastwith thetime-resolvedfluorescencemeasure-
mentsin Langmuirlayers,for Pheoin ghostcell mem-
branesa fluorescencedecaytime of tF1 = 6.0� 0.1ns
wasobserved.This decaytime is betweenthe decay
times obtained for Pheo in ethanol and micelles
(tF1 = 5.9� 0.1 ns)on theonehandandin liposomes
(tF1 = 6.2� 0.1ns[14]) ontheotherhand.In thiscase,
alsosingletoxygenluminescenceis observed[24].

Fig. 6. Fluorescencespectraof Pheoin different environments:(a) in ethanol;(b) in Langmuir–Blodgettmonolayerwith
behenicacid(1:9)onaquartzplate;(c) in Langmuir–Schaefermultilayerswith cell membranefragmentsonaquartzplate;(d)
in erythrocyteghostsuspension(EGS).
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CONCLUSIONS

The experimentaldata obtainedfor Pheo in homo-
geneoussolutionandin differentmicroheterogeneous
environments allow us to deduce that Pheo is
incorporatedin cell membranesmainly in its monomer
form. The results also show that simple Langmuir
layersasemployedin our experimentscannotbeused
asa modelfor the studyof photosensitizerbehaviour
in cell membranes.In contrast,erythrocyteghostsare
promising model systemsfor the study of primary
photoprocessesof hydrophobicphotosensitizers.

It seemsthat the content of proteins and other
molecules different from lipids as well as lipid
compositionand the aqueoussurroundingsplay an
important role in the electronic propertiesof Pheo
incorporatedin cell membranes.Furtherinvestigations
on this topic using erythrocyteghostsuspensionsas
modelsfor biological membranesarein progress.
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27. Marlow I, Marlow F, RöderB, Stiel H. Z. Chem.1986;
26: 338.
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