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Three series of glycoconjugated and hydroxylated derivatives of 5,10,15,20-meso-tetraphenyl porphyrin
(TPP) were studied in order to evaluate the effect of a porphyrin structure on its binding to dimyris-
toylphosphatidylcholine (DMPC) liposomes and to human serum albumin (HSA). The studied derivatives
have been developed as potent photosensitizers for photodynamic therapy (PDT) of cancers. Steady
state and time resolved fluorescence emission spectroscopy, Stern-Volmer quenching and fluorescence
anisotropy were used for this evaluation. The lipophilicity of the compounds has been deduced from their

Iéz g)i;d;ugate d porphyrin retention time in reverse phase liquid chromatography. The results demonstrated that the more polar
Aggregation glycoconjugated compounds presented limited aggregation in aqueous media and very rapid binding
Lipophilicity kinetics to DMPC liposomes and HSA. Derivatives having intermediate or high hydrophobicity showed
Albumin extensive auto-association in aqueous media and as a consequence slow association kinetics. The strength

DMPC liposome
Fluorescence

of porphyrin binding to DMPC liposomes also depended on their lipophilicity and was lower for the polar
glycoconjugated analogues. The highest affinity for liposomes was observed for hydroxylated derivatives
with intermediate lipophilicity. In contrast, the highest binding constant for albumin was observed for
a polar tetra-glycoconjugated analogue. The depth of penetration into the phospholipid bilayer did not
appear to be directly related to the global hydrophobicity of the compounds, but depended more on the
number of apolar, non-substituted phenyl groups grafted to a tetrapyrrolic macrocycle. Furthermore,
liposome-albumin competition studies revealed that the porphyrins were always mainly partitioned
into the phospholipid bilayer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Porphyrins are a class of cyclic tetrapyrroles, which possess a
highly conjugated, heterocyclic macrocycle. The presence of a 22-
T electron system gives rise to their long wavelength absorption.
As a result, porphyrins have attracted the attention of researchers
for their application as photosensitizing agents (PS) in medicine
and are of great interest in photodynamic therapy (PDT), a selec-
tive treatment against small superficial tumors or tumors accessible
by endoscopy [1,2]. A key point of PDT is the uptake of the pho-
tosensitizing agent by tumor cells followed by their illumination
with visible light. The photosensitization efficiency and intracel-
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lular localization of the PSs strongly depend on their structure,
especially their hydrophobicity and the symmetry of distribution
of polar and hydrophobic moieties around the macrocycle [3,4].

In the last decades, there has been an increasing interest in the
synthesis and characterization of new porphyrin derivatives. In this
context, many efforts have been focused by our groups on the devel-
opment of neutral meso-tetraphenyl porphyrin (TPP) derivatives
modified with glucose [5], galactose or mannose moieties [6] and
more recently on the synthesis of photosensitizers bearing a gly-
codendrimeric moiety [7]. These modifications were developed in
order to improve PS water solubility but also to favour the possi-
bility of specific interactions with cellular membrane receptors as
lectins [8].

Porphyrin interactions with biomolecules and membrane mim-
icking systems have been extensively studied. Hematoporphyrin
[9-12], protoporphyrin [11] and their modified analogues [13,14],
deuteroporphyrin [12,15], charged TPP derivatives [16] and m-
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Fig. 1. Structure of tetra phenyl porphyrin (TPP) derivatives.

THPC (Foscan®) [17,18] received significant attention. Conversely,
only few studies have been reported to this day on neutral TPP
derivatives [19-21].

In the present work, we report on the evaluation of three series
of tetraphenyl porphyrins (meta, para and dendrimer), each of them
including glycoconjugated and hydroxylated derivatives (Fig. 1). In
the case of the meta and para groups we worked with tri- and tetra-
substituted derivatives only, given that the mono- and di- substi-
tuted analogues are insoluble in water. One of the para derivatives
bore spacers between the sugar and the TPP unitin order to increase
sugar mobility [6]. Glycodendrimeric structure was designed in
order to favor specific interactions with membrane receptors via
a cluster effect [7].

The main objective of our work was to determine the impact
of the above structural modifications on the lipophilicity of TPP
derivatives and on their behavior in aqueous media in terms of
self-aggregation and interaction with DMPC liposomes as a simple
model of a lipid bilayer. Interactions with human serum albumin
(HSA) were also studied, as this protein is one of the key com-
pounds for drug distribution in human blood. The analysis was
performed using techniques such as steady state and time resolved
fluorescence emission spectroscopy, fluorescence anisotropy and
fluorescence quenching.

2. Materials and methods
2.1. Materials

Nine derivatives of TPP were studied (Fig. 1). 5,10,15,20-
meso-tetra-(meta-hydroxyphenyl) porphyrin [m-THPP], and
5,10,15,20-meso-tetra-(para-hydroxyphenyl)  porphyrin  [p-
THPP] were prepared according to Bonnett et al. [22].
Meta-glycoconjugated  derivatives  5,10,15-meso-tri-(meta-O-
[B-p-glucosyloxyphenyl)-20-phenyl porphyrin [TPP(m-GluOH)s],
5,10,15,20-meso-tetra-(meta-O-B3-D-glucosyloxyphenyl) por-
phyrin [TPP(m-GluOH)4], and para glycoconjugated derivative
5,10,15,20-meso-tetra-(para-O-3-p-glucosyloxyphenyl) porphyrin
[TPP(p-GluOH),], were prepared as described in our previous
work [5,8], as well as 5,10,15-meso-tri(para-hydroxyphenyl)-
20-phenylporphyrin [TPP(p-OH)3] [23]. The synthesis of the
glycosylated diethylene glycol porphyrin 5,10,15-tri{para-O-[2-
((2-0-a-pD-mannosyloxy)-ethoxy)-ethoxy]-phenyl}-20-phenyl
porphyrin [TPP(p-Deg-O-c-ManOH);], was described in a
more recent study [6]. Finally, two mono substituted deriva-
tives bearing dendrimeric structure have been prepared [7],
one glycoconjugated, TPP-p-glycodendrimer, and the other
non-glycoconjugated, TPP-p-dendrimer (Fig. 1).
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Dimyristoylphosphatidylcholine (DMPC, Mw=677.9 g/mol),
human serum albumin (HSA, essentially fatty acid free, 99%
Mw = 66,500 g/mol [24]), sodium thiosulfate (Na,;S,05) and potas-
sium iodide (KI) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH), sodium dihydrogenophosphate (NaH;POy,),
analytical grade chloroform, methanol and acetonitrile were pro-
vided by VWR International. All working solutions and liposome
suspensions were prepared in a phosphate buffer saline (PBS)
containing 0.01 M phosphate buffer, NaCl 0.138 M and KCl 2.7 mM
(pH=7.4) purchased from Sigma-Aldrich.

2.2. Preparation of liposomes

DMPC liposomes were prepared by the Bangham method fol-
lowed by the extrusion of the vesicles suspensions [25]. A DMPC
solution in chloroform:methanol (9:1, v/v) was evaporated under
vacuum leaving a thin film on the flask wall. Phosphate buffer was
added until the 4mM DMPC concentration was reached and the
film was peeled off by vortexing in the presence of glass beads. The
milky aqueous suspension thus obtained was extruded through a
200 nm polycarbonate membrane filter at 50 °C using an extruder
(Avestin Lipofast, Ottawa, California). After 10 extrusion cycles, the
suspension turned into a homogeneous population of small unil-
amellar vesicles. The average liposome size (160 nm) was checked
by photon correlation spectroscopy using a Coulter analyzer N4-
MD (Coultronics, Margency, France).

2.3. Spectroscopy

- Steady state spectroscopy: UV-visible absorption measurements
were carried out on a CARY 100 Bio UV-visible spectrophotome-
ter (Varian, USA). Fluorescence emission spectra were recorded
on a Perkin-Elmer LS-50B luminescence spectrometer (MA, USA)
equipped with a red sensitive photomultiplier. Excitation of por-
phyrins was performed at the maximum of the Soret band. All
samples had a low optical density (<0.05) at the wavelength of
excitation in order to avoid the inner filter effects.

Time resolved fluorescence: They were carried on a single photon

counting set-up, based on a Titanium sapphire laser (Tsunami

3950B, Spectra Physics, Les Ulis, France) and a multi-channel plate
photomultiplier (R3809U, Hamamatsu, Massy, France). Excita-
tion of porphyrins was performed at 420 nm. For details of the

experimental set-up see Schoutteten et al. [26].

- Solutions: 10~4M porphyrin stock solution were prepared in
methanol:pyridin (98:2, v/v) and directly diluted to 2 x 107 M
in 0.01 M phosphate-buffered saline (PBS) just before the exper-
iments. 1 mL porphyrin aqueous solutions were added to 1 mL
of DMPC liposomes suspensions or HSA solution of various con-
centrations. The porphyrin concentration in the working solution
was then 10~7 M. Higher porphyrin concentrations (2 x 10~7 M)
were employed only for recording the absorption spectra in PBS
and for time resolved fluorescence measurements. In all cases
(except in the kinetics study) the samples were incubated for 24 h
at 37 °C before measurements.

2.4. Association kinetics

In order to determine the incubation time required to reach
equilibrium, the incorporation kinetics of the porphyrin into
liposomes and HSA were studied at 37 °C using steady state fluores-
cence spectroscopy. The experiments were performed at a molar
ratio of [DMPC]/[Porphyrin] and [HSA]/[Porphyrin] of 1000/1 in
order to ensure complete porphyrin association. The variation of
the intensity of porphyrin fluorescence emission was monitored
with time.

2.5. Determination of porphyrin derivatives affinity for DMPC
liposomes

Samples containing [DMPC]/[porphyrin] in various molar ratios
(up to 1000/1) were prepared and kept at 37 °C in the dark for 24 h.
The fluorescence emission was then measured at 37 °C.

The mathematical model: Porphyrin liposome/solution partition
coefficients (K) can be determined using the approach introduced
by Huang and Haugland [27]:

i (L= PI/L)

(Pe/W)
where [L—P], Py, L, and W are the liposome-bound porphyrin, free
porphyrin, phospholipid, and water concentrations respectively.
The fluorescence intensity (F) of this system is then given by the
equation:

(F-Fp) _[L-P]
(Fmax - FO) p
wherein, Fy, and Fyax are the fluorescence intensities of porphyrin
measured in the lipid free solutions, and following complete asso-

ciation with the lipids, respectively. P is the total amount of the
porphyrin: P=[L — P]+ Ps. From Eqgs. (1) and (2) we obtain:

F = Fo + (Fmax — Fo)(K/W)L/[1 + (K/W)L] (3)
and Eq. (3) is fitted to the experimental data.

(1)

(2)

2.6. Determination of porphyrin derivatives association constant
with albumin

As inthe case of liposomes, [HSA]/[porphyrin] molar ratios were
varied up to 1000/1; and fluorescence measurements were per-
formed after incubation of the samples at 37 °C for 24 h.

The mathematical model: Albumin-porphyrin association is a
complex feature, due to porphyrin and protein aggregation [28]
and to the multiple binding sites of albumin [29,30]. In some cases,
only a macroscopic association constant can be calculated. In our
study, as HSA is in a large excess with respect to the porphyrin, we
considered that only one binding site for porphyrin per albumin
was actually effective [31] and we simplified the model to a 1:1
stoichiometry:

[A-P]
Pr A
The corresponding apparent association constant (Kn) could

thus be determined by fitting the experimental data of fluorescence
intensity (F) versus HSA concentration (A) to the equation:

F:FO +(Fmax—F0)KAA/(] -‘,—KAA) (5)

where Fy, and Fpax are the fluorescence intensities of porphyrin
measured in HSA free solutions, and after complete association
with HSA, respectively.

P+AoA—P Ky= (4)

2.7. Fluorescence quenching studies

A stock solution of 5M KI was prepared in PBS, and 103 M
Na;S,03 was added in order to prevent I, formation. In working
solutions, the [DMPC]/[Porphyrin] molar ratio was 1000/1 to ensure
total incorporation. After 24 h of incubation at 37 °C, small aliquots
of KI stock solution were added to 2 mL of [Porphyrin]/[DMPC] solu-
tion, and then mixed. KI addition was performed at two different
temperatures: 15 and 37°C that is below and above respectively
the DMPC phase transition temperature (23.5°C)[32].

In both cases experimental data were fitted by the Stern-Volmer
relationship:

I()/I = To/‘L' =1+ Tol(q[Kl] =1+ Ksy[KI] (6)
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where Iy, I are the fluorescence intensities, tg, T are the lifetimes
of the excited state, in the absence and in the presence of the
quencher respectively and kq is the quenching rate constant. Ksy is
the Stern-Volmer constant considering that a dynamic quenching
mechanism is usually reported with I~ [33].

2.8. Fluorescence anisotropy

Steady state emission anisotropy (r) for liposome bound por-
phyrins was measured at 15 and 37°C. Before measurements,
porphyrins were incubated with a large excess of liposomes
(1000/1: [DMPC]/[porphyrin]) during 24 h at 37 °C. It is worth not-
ing that for the DMPC concentration used (10~4 M), light scattering
occurred due to the size and number of DMPC vesicles and this arte-
fact contributed to the total apparent fluorescence. In order to avoid
this contribution, horizontal and vertical components of scattered
light were carefully measured and subtracted from all measure-
ments with liposomes. Excitation and emission wavelengths were
chosen at the maximum of excitation and emission spectra of each
derivative.

2.9. Competition between DMPC liposomes and HSA for
porphyrin binding

(HSA-Porphyrin)-Liposomes interaction {(A-P)-L}  or
(Liposomes-Porphyrin)-HSA interaction {(L-P)-A}: HSA and
porphyrin molecules or liposomes and porphyrin molecules,
([HSA]/[porphyrin] or [DMPC]/[porphyrin] molar ratio: 1000/1),
were incubated in PBS at 37°C in darkness for 24h, and the
fluorescence intensities were measured. Then, liposomes or HSA
were added in the same ratio with respect to the porphyrin and
incubated at 37 °C in darkness for another 24 h, and afterward the
fluorescence intensities were recorded.

2.10. Lipophilicity evaluation

2.10.1. Experimental approach

The lipophilicity of the nine derivatives was studied by means of
their retention time in an octadecyl stationary phase using reversed
phase liquid chromatography (RP-LC).

- Theoretical considerations: Snyder and Dolan [34] have demon-
strated that the retention time in a gradient (tg) is:

te = (to/b) log(2.3kob + 1)+ to + tp (7)

to is the column dead time, tp the system delay time and kg the
retention factor of isocratic elution at the beginning of the gra-
dient. b is defined as: b=ty x slope of the gradient x S, where S is
the slope in the linear strength model according to:

log k = log kw — S¢ (8)

with ¢ the organic solvent content in the mobile phase, and k.
the extrapolation of the retention in water. At the beginning of
the gradient ¢ = ¢pg and k=kq. Usually, kg b>> 1 and the logarithm
terminEq.(7)canbe simplified. From Eqgs.(7)and (8) the apparent
retention factor kg =(tg — to — tp)/tp can be expressed as:

ke = (1/b)(log 2.3b + log ku — Scbo) (9)

kg is obviously linear function of log kw and can be used to rank
compounds in terms of lipophilicity. The same conclusions have
been derived by Krass et al. [35].

- Apparatus: The HPLC equipment used was a BIO-TEK device con-
sisting of a 525 gradient pump, 565 auto sampler, 582-column
thermostat and 545V diodes—array detector. The analytical
column was an Uptisphere® ODB, (150 mm x 4.6 mm, 5 m) pur-
chased from Interchrom. Analysis was performed using gradient

0.06

Absorbance (u.a.)
S
g

0.02

380 400 420 440 460 480 500
Wavelength (nm)

Fig. 2. Absorption spectra in PBS in Soret band region; [porphyrin]=2 x 10~7 M.
( ), TPP(m-GIuOH)s; (e ), TPP(m-GluOH)s; ( ), m-THPP;
(e ), TPP(p-GIUOH)y4; (s ), TPP(p-Deg-O-a-ManOH)s3; ( eem— ), p-
THPP; (e ), TPP(p-OH)3; (wsmmmmmm ), TPP-p-glycodendrimer; (
TPP-p-dendrimer.

elution with a mobile phase varying from 5/95 (v/v) acetoni-
trile/water to 100% acetonitrile in 45 min with a total flow rate of
1 mL/min. Data acquisition and instrument control were carried
out using the Kromasystem (Geminyx) 2000 software.

2.10.2. Insilico approach

The lipophilicity of the studied compounds was estimated by
calculating log P values using appropriate software programs, such
as ChemDraw Ultra 6.0 (CambridgeSoft.Com) and Calculator Plug-
ins (MarvinBeans 4.1.13) from ChemAxon.

2.11. Molecular graphics

Molecular graphics were created using VMD—Visual Molecu-
lar Dynamics software [36]. DMPC bilayer coordinates were taken
from the Biocomputing site of the University of Calgary [37] and
porphyrin structures were generated using the Corina software
[38].

3. Results and discussion

3.1. Self-aggregation in aqueous media and lipophilicity of
porphyrin derivatives

Auto-association of porphyrin derivatives in aqueous media is
very common and has been described by numerous authors[21,39].
According to Hunter and Sanders this feature is mainly due to m-o
interactions between the tetrapyrrolic macrocycles [40]. Aggre-
gation induces important modifications on porphyrins absorption
spectra: the maximum of the Soret band (the main absorption
band)is red or blue shifted, associated with enlarged bands of lower
intensity. The self-assembling of the porphyrin units is rather com-
plex and can involve the formation of dimers, trimers, oligomers
and/or large-scale aggregates.

The spectra of the monomer form of all compounds in methanol
were characterized by a narrow Soret band centered between
414 and 417 nm (Table 1). The two symmetric compounds TPP(p-
GIluOH); and TPP(m-GluOH),; were the only ones to exhibit a
rather sharp Soret band in aqueous media (Fig. 2). Their absorp-
tion maximum was slightly blue shifted in PBS with respect to
their monomer spectra in methanol (Table 1), probably due to the
presence of dimers of face-to-face geometry (H-type aggregates)
as already suggested for TPP(p-GluOH),4 by other authors [39]. A
broadening of the Soret band was observed for the asymmetric
TPP(m-GluOH)3, leading, at higher concentrations, to a red shift
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Table 1

Comparison of lipophilicity, aggregation in aqueous media and binding to biomolecules for the nine studied derivatives. Amethanol and Apps (nm) are the maximum of the
Soret band in methanol and aqueous PBS respectively. kg is the apparent retention factor for gradient elution in RP-LC (n=3, RSD <3%; T=22°C). Liposome/aqueous phase
partition coefficient (K) and association constant with HSA (Ka) were determined at T=37°C.

Porphyrins Aggregation Lipophilicity Liposomes binding Albumin binding
Amethanol Apps kg K(x109) Ka (x10%)
TPP(m-GluOH),4 414.5 413 6.9 39405 2144+17
TPP(m-GluOH); 413.5 414 11.7 12.6+0.9 10.1+£14
m-THPP 414.5 425 249 118+20 6.0+0.3
TPP(p-GluOH),4 416 415 4.2 NA? NA?
TPP(p-Deg-0O-a-ManOH)s3 416 431 and 406 13.6 7.0+£0.7 0.334+0.02
p-THPP 417 423 21.5 91+16 158+1.2
TPP(p-OH)3 417 425 27.9 40.2+1.8 524+0.8
TPP-p-glycodendrimer 413 417 and 408 20.8 9.3+0.7 1.6+0.1
TPP-p-dendrimer 413 Very broad 29.1 11.6+£0.9 0.92+0.06

2 Not available.

probably due to an offset between the two macrocycles (J-type
aggregates [41]). For all the other compounds, self-association in
aqueous media was extensive. The hydroxylated compounds: m-
THPP, p-THPP and TPP(p-OH); showed quite similar absorption
spectra with a very large Soret band and a pronounced red shift
with respect to the spectra of their respective monomers. Bon-
nett et al. in their study of m-THPC, a photosensitizer having very
close structure to that of m-THPP, have observed similar effects
and attributed them to the contribution of edge-to-edge porphyrin
arrangements (J-aggregates) involving hydrogen bonds between
adjacent phenolic functions [42]. For TPP(p-Deg-0-a-ManOH); and
TPP-p-glycodendrimer, derivatives with particularly bulky sub-
stituents, the Soret band was split into two bands, one red shifted
and one blue shifted with respect to the spectrum of the monomer
(Fig. 2). The structure of the aggregates was difficult to deduce from
these results; perhaps an oblique arrangement of porphyrin transi-
tion dipoles took place [43,44]. The absorbance of TPP-p-dendrimer
was very low, indicating low water solubility.

In terms of lipophilicity, if we could easily classify derivatives of
a same series (for example the three meta), we could not directly
compare compounds of different series, for example a meta deriva-
tive and a dendrimer. However, it was necessary to determine
whether there was any correlation between lipophilicity of por-
phyrin derivatives, their aggregation in aqueous media and their
association with biomolecules. Lipophilicity of a drug is commonly
evaluated by the octanol-water partition coefficient (log P), deter-
mined using the shake flask method. Nevertheless, due to their
amphiphilic character and their aggregation in aqueous media, this
method was not suitable for our compounds. On the other hand,
computation using in silico approach (see experimental) cannot
distinguish between meta and para substitution and give the same
value not only for m-THPP and p-THPP but also for TPP(m-GluOH)4
and TPP(p-GluOH)4. For these reasons, we chose to evaluate the
lipophilicity of the nine derivatives by monitoring their retention
in reversed phase liquid chromatography (RP-LC) on a hydrophobic
octadecyl stationary phase (Table 1).

As expected, glycoconjugation induced a decrease in the
apparent retention factor (kg), indicating more polar compounds
(Table 1). We could also observe that the para derivatives p-THPP
and TPP(p-GluOH),4 behaved as more polar than the meta analogues
m-THPP and TPP(m-GluOH),4 as they exhibited shorter retentions.
TPP(p-Deg-O-a-ManOH); appeared slightly more hydrophobic
than TPP(m-GluOH)3, TPP-p-glycodendrimer showed a retention
factor slightly below that of the two tetrahydroxylated derivatives
m-THPP and p-THPP, and TPP-p-dendrimer seemed to be the least
polar of all studied compounds (Table 1).

Self-association in solution was obviously a function of por-
phyrin lipophilicity. The two more polar studied compounds
TPP(p-GluOH)4 and TPP(m-GIluOH), exhibited high absorbance
in PBS, with a rather sharp Soret band, demonstrating limited

aggregation in aqueous media. The lowest absorbance value, corre-
sponding to extensive aggregation and poor water solubility, was
observed for the TPP-p-dendrimer.

3.2. Association kinetic studies with HSA and liposomes

Tri- and tetra-glycoconjugated meta derivatives [TPP(m-
GIuOH); and TPP(m-GluOH)4], that presented limited self-
aggregation in solution, associated very rapidly to liposomes and
HSA as shown by the constant fluorescence emission recorded
immediately after their mixing (Fig. 3a and b). A slight decrease
in intensity with time was observed. The fluorescence emission
of the tetraglycoconjugated para derivative TPP(p-GluOH),4, the
most polar compound in this study, decreased very rapidly in
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Fig. 3. Evolution of the emission intensity the first 30 min after mixing, (a) in
the presence of liposomes, (b) in the presence of HSA. T=37°C, [DMPC]=10"*M,
[HSA]=10"4M, [porphyrin]=10-7 M.
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Fig. 4. Normalised fluorescence spectra of (a) TPP (p-GluOH)y4, (b) TPP (m-GluOH), after 24 h of incubation at 37 °C in: (

and ( ), Methanol, [porphyrin] =107 M, [DMPC] =104 M, [HSA]=10"4 M.
the aqueous liposome suspension (Fig. 3a).! Normalized fluores-
cence spectra of TPP(p-GluOH),; remained the same as in PBS
solution (Fig. 4a), indicating that no association with liposomes
took place. Conversely, TPP(p-GluOH), presented a rapid associ-
ation with albumin with a slight fluorescence emission decrease
with time (Fig. 3b). In the presence of HSA, its spectrum became
similar to that of its monomer in methanol (Fig. 4a), accounting for
the association.

For all compounds except TPP(p-GluOH )4, normalized fluores-
cence spectra in the presence of liposomes or HSA were quite
different from those in aqueous PBS accounting, with the increase
in fluorescence intensity, for porphyrin binding (example TPP(m-
GluOH),, Fig. 4b).

The derivatives showing a large self-association in PBS (m-
THPP, p-THPP, TPP(p-Deg-O-a-ManOH )3, TPP(p-OH); and the two
dendrimers), also presented slow association rates with HSA and
liposomes. As an example, we show the association of m-THPP in
Fig. 3a and b: fluorescence emission was still rising 30 min after
mixing and the plateau was actually reached after 6 h only (data
not shown). For all derivatives exhibiting slow kinetics, equilibrium
was reached within 8 h, and the fluorescence intensity remained
constant for the following 24 h.

Association of porphyrins to HSA or liposomes was expected
to be a two-steps process: firstly dissociation of the aggregates
and secondly, binding of monomers to albumin or liposomes. We
observed that for all compounds (except TPP(p-GluOH),4) kinetics
were rather similar for liposomes and HSA, suggesting that the
break-up process of porphyrin aggregates was the limiting step.

3.3. Affinity for liposomes and albumin

As mentioned above, addition of HSA or DMPC liposomes in
PBS induced a progressive dissociation of porphyrin aggregates
with regeneration of porphyrin monomer fluorescence emission,

1 Decrease of emission with time for free porphyrin (not associated with lipo-
somes or albumin) in aqueous media has already be reported for other porphyrin
derivatives and is related to their low solubility.

), PBS; ( ), DMPC; ( ), HSA,

until saturation occurred in the presence of an excess of liposomes
(Fig. 5a) or HSA.

The liposome-aqueous phase partition coefficient (K) (Table 1)
decreased with increasing glycoconjugation and this was verified
for the three series of studied derivatives. For example, the partition
coefficient of the meta derivatives decreased in the order: m-
THPP > TPP(m-GluOH)3 > TPP(m-GluOH),4. For para derivatives, as
we have demonstrated in the previous paragraph, TPP(p-GluOH)4

900
8001 a
700 +
600 -
500

Fluorescence (a.u.)

o8 . . . .
210° 410° 610° 810°
[DMPC] (M)

400 -
300 ~
200 A

Fluorescence intensity (a. u)

100

=

600 650 700 750 800
Wavelenght (nm)

K (x10%)
K, (x109)

Fig. 5. (a) Evolution of fluorescence emission of m-THPP as a function of DMPC
concentration, [m-THPP]=10-7 M. (b) Evolution of liposome/aqueous phase parti-
tion coefficient (K) and of association constant with HSA (Ka) as a function of the
apparent retention factor kg.
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Table 2

Fluorescence life times of the nine compounds dissolved in methanol at 22 °C (ty,) and bound to liposomes () at 37°C and at 15°C in the absence of the quencher. Ksy is

the slope of Stern-Volmer plots, and kq the quenching rate constant (kq =Ksy/7L).

Porphyrin Tm (ns)22°C Quenching in liposome suspension at 37 °C Quenching in liposome suspension at 15°C
Ksy (M™1) 71 (ns) kq (M~'s71) x108 Ksy (M) 71 (ns) kq (M~'s71) x108

TPP(m-GluOH )4 9.9 6.5+0.08 113 5.8+0.07 5.1+£0.10 12.0 4.3+0.09
TPP(m-GluOH)s3 9.4 3.4+0.06 114 3.0£0.05 4.3+0.11 11.9 3.6+£0.09
m-THPP 9.0 4.6+0.11 10.6 4.3+0.09 2.8+0.07 11.1 2.9+0.09
TPP(p-GluOH)4 8.9 8.14 8.14
TPP(p-Deg-0-a-ManOH); 8.6 1.3+0.04 10.8 1.24+0.04 3.6+0.08 10.6 3.4+0.08
TPP(p-OH)3 8.0 1.74+0.08 9.26 1.84+0.09 3.1+0.10 9.50 3.3+0.10
p-THPP 8.2 4.1+0.13 8.75 4.7+0.15 4.4+0.10 8.90 49+0.11
TPP-p-glycodendrimer 9.4 0.47 +£0.02 123 0.38+0.01 1.4+0.03 12.7 1.1+0.02
TPP-p-dendrimer 9.5 0.32+£0.01 123 0.28+0.01 1.1+0.03 12.8 0.90+0.02

did not bind to liposomes at all. The triglycoconjugated deriva-
tive TPP(p-Deg-O-a-ManOH)3 bound to liposomes but presented
a lower affinity than the non-glycoconjugated TPP(p-OH);. The
TPP-p-glycodendrimer also showed a lower affinity than its non-
glycoconjugated parent compound.

An opposite trend was observed for the association of por-
phyrins with HSA: for meta derivatives and for the dendrimer
compounds (Table 1), a significant increase of the association con-
stant (Ka) was induced by the glycoconjugation. In contrast, the
paraderivative TPP(p-Deg-0-a-ManOH); presented low affinity for
HSA, even lower than the non-glycoconjugated TPP(p-OH)3, prob-
ably due to the presence of the diethylene glycol spacer. Whereas it
did not bind to liposomes, TPP (p-GluOH), appeared able to bind to
HSA. Unfortunately, accurate determination of its K, was impos-
sible due to the limited enhancement of fluorescence intensity
induced by this association.

As we have mentioned before, chromatographic retention
experiments demonstrated that the para derivatives p-THPP and
TPP(p-GluOH)4 were more polar than the meta analogues: m-THPP
and TPP(m-GluOH)4. This can be correlated with their lower affin-
ity for liposomes. However, it is not possible in all cases to correlate
increased polarity to a decreased affinity for liposomes. Indeed,
TPP(p-Deg-O-a-ManOH)3; was less polar than TPP(m-GIluOH )3, but
it showed a lower K value. Similarly, partition coefficients of den-
drimer compounds were in the same order of magnitude than
the tri-substituted derivatives TPP(m-GluOH)3 and TPP(p-Deg-O-
a-ManOH)s in spite of their lipophilicity. It is noteworthy, as we
observe in Fig. 5b, that the affinity for liposomes was optimum
for derivatives having intermediate value of kg. This apparent dis-
crepancy between porphyrin lipophilicity and their affinity for
liposomes could be explained by the fact that the classification of
the compounds by their retention time only takes into account their
interaction with aliphatic chains. Yet, to associate with liposomes,
porphyrin derivatives would have to penetrate first the polar head
groups region of phospholipids. From this point of view, it is not
surprising that the highest binding constants were obtained for
hydroxylated derivatives exhibiting intermediate lipophilicity.

3.4. Porphyrin localization in liposomes

3.4.1. Time resolved fluorescence spectroscopy

When DMPC vesicles were in large excess, porphyrin could be
considered as entirely bound to them. The fluorescence lifetimes
T of the porphyrins were measured by time resolved fluorescence
spectroscopy at +15°C and +37 °C. For all components mono expo-
nential decays were observed (see for example TPP(m-GIluOH)4
curve 1, Fig. 6) demonstrating the presence of only one fluores-
cent species bound to liposomes. The obtained values were close to
lifetimes measured for the same compounds in methanol (Table 2)
indicating that porphyrins were bound in their monomer form.

Cooling from 37°C to 15°C induced an increase in the lifetime
values t for all compounds except for TPP(p-Deg-O-o:-ManOH)s.
The observed higher values at 15°C were probably due to slower
non-radiative rates (ky;) at lower temperature.

3.4.2. Dynamic fluorescence quenching

I~ is a quencher known to penetrate to some extent itself, into
phospholipid bilayers forming a concentration gradient [45,46].
Its use has become the simplest way to obtain information about
the relative penetration depth of membrane-bound fluorophores
including porphyrins [47]. In this work we compared the rela-
tive depths of penetration of 8 porphyrins into DMPC bilayer by
means of the quenching rate constants (kq) with iodide. kq values
can be calculated from the Stern-Volmer (Ksy) constants of por-
phyrin bound to liposomes and the lifetime values in the absence
of the quencher (Eq. (6)). Quenching by iodide (I~) led to linear
plots for all studied compounds (Fig. 7). Deviations from linearity
have been previously reported in the literature and were attributed
to the presence of different porphyrin populations with various
accessibilities to the quencher [9,11]. However, in our experiments,
the deviations from linearity remained within the experimental
error. The shape and the maximum of porphyrin absorption spec-
tra remained the same in the presence of the quencher (results not
shown) and the lifetime of the excited state decreased (for exam-
ple TPP(m-GluOH)y4, Fig. 6) in agreement with a dynamic quenching
process.

At 37°C, high values of Ksy and kq were obtained for the
three tetra-substituted compounds m-THPP, p-THPP and TPP(m-
GluOH)4 (Table 2). The highest values were observed for the latter,

Fluorescence Photons

1
10

T T T T
0 20 40 60
Fluorescence Delay in ns

Fig. 6. Fluorescence decay of TPP(m-GluOH)4 bound to liposomes at 37 °C; [TPP(m-
GIluOH)4]=2 x 10~7M. Curve 1 without the quencher, curve 2 in the presence of
[I-]=0.5M.
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Fig. 7. Stern-Volmer plot of bound porphyrins at 37 °C, [DMPC]=10-4M, [porphyrin]=10-7 M.

suggesting that this compound was located near or within the
polar head group region of the phospholipid bilayer, where it
could be more easily quenched by I~. Tetra-substituted compounds
bearing hydroxyl units instead of sugars (m-THPP, p-THPP) pre-
sented lower kq than TPP(m-GluOH),. Tri-substituted compounds
presented lower inhibition constants than tetra-substituted ones,
which could indicate that they were located deeper into the phos-
pholipid bilayer. Thus, TPP(m-GluOH); was deeper inserted into
the bilayer than m-THPP and p-THPP, in spite of its more volumi-
nous substituents grafted on the phenyl groups. We also observed
that the presence of the diethylene glycol spacer in TPP(p-Deg-O-o-
ManOH); favoured TPP penetration between the aliphatic chains. It
is worth noting that this compound was even deeper inserted in the
bilayer than TPP(p-OH)s3. The lowest inhibition rate constants were
obtained for the dendrimers (Fig. 7, Table 2), which were appar-
ently the molecules that penetrated the most deeply into liposome
bilayers. On the basis of these results it is evident that the depth of
penetration into the phospholipid bilayer increased with increasing
number of free apolar phenyl units.

When the temperature decreased from 37 to 15 °C the phospho-
lipid hydrophobic chains became rigid. The work of Langner and Hui
[46] has shown that inhibition constants by iodide of fluorophore
embedded into hydrophobic chains of DMPC bilayer were slightly
higher at 15°Cthan at 37 °C. This was indeed the case for the trisub-
stituted derivatives and the dendrimers in our study (Table 2). The
increase was significant for TPP(p-Deg-O-a-ManOH); and TPP(p-
OH)s, suggesting that in a rigid monolayer, these compounds were
partially displaced towards the polar region. The tetra-substituted
compounds located in the polar region of the bilayer presented
unchanged (p-THPP) or decreased (m-THPP and TPP(m-GluOH)4)
kq values, probably induced by lower diffusion coefficients of iodide
at lower temperature.

In order to prove the protective effect of the liposome, many
authors [9,47] have compared the quenching constant Ksy obtained
with iodide, when a porphyrin was bound to liposomes or free
in the bulk solution. In our case no useful information could be
deduced from this comparison as the studied derivatives aggre-
gated in buffer making it impossible to study the quenching of the
monomers in aqueous media. Stern-Volmer plots of the aggregates
have been established however, for the three derivatives that had
limited aggregation in PBS: TPP(p-GluOH)4, TPP(m-GluOH); and
TPP(m-GluOH)4. Ksy was 15M~! for TPP(m-GluOH)s, but as high
as 50 M~ for the two others. For all three compounds these values
were much higher than those obtained in liposomes. For the other

compounds, random deviations from linearity without a particu-
lar pattern have been observed; these features were attributed to
modification of porphyrins aggregates induced by iodide.

3.4.3. Steady state fluorescence anisotropy

Anisotropy values of the nine compounds were very low in
methanol (Table 3) due to rotational depolarization. Associated
with liposomes, all porphyrins presented values closer to those
reported in glycerol, indicating a rigid microenvironment espe-
cially at 15°C, below the transition temperature. The anisotropy
values in liposomes were between 0.02 and 0.08 (Table 3) in agree-
ment with the values obtained for some other TPP derivatives in
DMPC liposomes [16].2 Conversely, for TPP(p-GluOH )y, anisotropy
values were 0.147 and 0.26 at 37 and 15°C respectively; as this
compound did not bind to liposomes, these values correspond to
its aggregates in PBS [48,49]. Cooling from 37°C to 15°C induced
the most significant increase in the anisotropy value for TPP(p-Deg-
O-a-ManOH); and the two dendrimer compounds (see Table 3),
suggesting that these three compounds were located deep in the
phospholipid bilayer as the changes in microviscosity are reported
to be more significant near the center of the bilayer [50].

3.4.4. Temperature effect in fluorescence emission

The steady state fluorescence intensity was monitored during
the cooling from 37 to 15 °C. In the absence of porphyrins, the phase
transition was determined from the intensity trend of the scattering
light (Fig. 8a). The transition temperature corresponds to the inflec-
tion point of the curve, that is 25.5 °C for the scattering light curve.
This value is close to the DMPC transition temperature reported
in the literature, determined by differential scanning calorimetry
(23.5°C)[32], and to the value determined for large DMPC lipo-
somes using 1,6-diphenyl hexatriene (DPH)as a probe (24.4°C)[51].
Porphyrins emission intensity increased gradually with decreasing
temperature, and presented a steep increase near the phase transi-
tion (see Fig. 8b,c,d). Similar curves to that of m-THPP presented in
Fig. 8b were obtained for p-THPP, TPP(m-GluOH )3, and TPP(p-OH)s.
For TPP(m-GluOH),4 the transition curve was also similar but shifted
by —0.8 °C. These results suggest that all these derivatives (at least

2 High values of polarization could be obtained with excitation at the QX00 band
(~630nm for TPP derivatives). In our conditions, porphyrin concentrations make
that significant emission intensities could be recorded only after excitation at the
maximum of the main band (Soret band).
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Table 3

Steady state fluorescence anisotropy values (r) of porphyrins in various media. (SD <0.003). % Ar is the anisotropy increase in % from 37°C to 15°C.
Porphyrins Methanol Glycerol Liposomes Liposomes % Ar

(22°C) (22°C) 37°0) (15°C) (15-37°C)

TPP(m-GluOH),4 0.006 0.066 0.070 0.080 13
TPP(m-GluOH)3 0.001 0.070 0.050 0.060 17
m-THPP 0.001 0.066 0.050 0.056 11
TPP(p-GluOH),4 0.004 0.071 0.148 0.269
TPP(p-Deg-0-a-ManOH); 0.008 0.096 0.037 0.058 36
TPP(p-OH)3 0.004 0.089 0.040 0.055 27
p-THPP 0.004 0.077 0.035 0.037 5
TPP-p-glycodendrimer 0.008 0.082 0.033 0.052 37
TPP-p-dendrimer 0.004 0.087 0.024 0.048 50

a significant fraction), including the most hydrophilic tetra glyco-
conjugated TPP(m-GluOH),4, were not located outside the bilayer
but inside (in the polar or in the hydrophobic region depending
on the depth of penetration). We know from quenching experi-
ments that TPP(p-Deg-O-a-ManOH)3 and the dendrimers are the
most deeply inserted compounds. For TPP(p-Deg-O-a-ManOH)s,
the phase transition to the gel phase induced a meaningful fluo-
rescence enhancement and shift of —2 °C (Fig. 8c). In contrast, for
the dendrimer compounds, the steep increase observed in fluores-
cence emission was of the same order (in absolute intensity values)
as that of the scattering light, and almost undistinguishable in the
normalised curve (Fig. 8d), despite the fact that these compounds
were the two most deeply inserted into the bilayer.

After cooling from 37 °C to 15 °C, the fluorescence was recorded
as the temperature was raised from 15°C to 37 °C. For all studied
derivatives, the obtained curves were exactly surimposable on the
cooling curves, demonstrating that the observed phenomenon was
reversible.

3.4.5. Molecular graphics

The depth of penetration of the different porphyrin derivatives
as described in the previous paragraph was assessed using fluo-
rescence quenching and fluorescence anisotropy. Based on these
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Fig. 8. (a) Intensity of scattered light (F) at 650 nm during cooling, excitation at
420 nm; (b), (¢), (d) normalized emission intensity at the wavelength of the maxi-
mum emission of each porphyrin, excitation at the maximum of the Soret band. (b):
m-THPP, (c): TPP(p-Deg-O-a-ManOH)s, (d): TPP-p-dendrimer.

results and on structural considerations, molecular graphic of gly-
coconjugated porphyrins localization at the level of DMPC polar
headgroups or in the region of hydrophobic chains is proposed in
Fig. 9. DMPC bilayer structure and conformation were taken from
Tieleman [37]. The hydrophobic TPP unit in TPP(m-GIluOH)y4, sur-
rounded by four sugars, would not penetrate into the aliphatic
chain region. As already suggested in a previous work [52], this
derivative was located at the level of the choline and glycerol groups
of the bilayer. Conversely, the asymmetric TPP(m-GluOH)3, due to
its free phenyl group could be inserted into the aliphatic chain
region. The presence of a spacer between the phenyl group and
the sugar in TPP(p-Deg-O-a-ManOH)3; would increase the flexibil-
ity of the sugars and allow the molecule adopting conformations
favourable to a deeper penetration into the bilayer. Finally, for the
dendrimer compounds, the entire TPP unit would be inserted into
the aliphatic chain region with the amide link into the glycerol
region. The TPP-p-glycodendrimer would be localised deeply into
the hydrophobic chain region with the two opposite phenyl groups
in the region between the two phospholipid leaflets (Fig. 9).

3.4.6. Concluding remarks

It is worth noting that the relative depths of penetration estab-
lished by the inhibition study illustrated in Fig. 7 are in excellent
agreement with the lifetime and anisotropy measurements. Life-
time of fluorophores was reported to increase with the depth of
penetration into a phospholipid bilayer [53]. The lifetime increase
in liposomes, with respect to methanol, was more significant for the
compounds deeply inserted into the bilayer, e.g. 30% for the den-
drimers and only 7% for p-THPP (values calculated from Table 2).
There was also an excellent correlation between the kq values at
37°C (Table 2) and the impact of the temperature on fluorescence
anisotropy (% Ar, Table 3). For example, the porphyrins located
deeply into phospholipids bilayer had small kq values and pre-
sented a high anisotropy increase % Ar upon cooling. The opposite
was observed for the derivatives located in the headgroup region. kq
and % Ar were highly correlated (calculated correlation coefficient
R?=0.88).

On another hand, the knowledge of photosensitizer localization
in DMPC bilayer helps us to better understand the transition curves
of TPP(p-Deg-O-a-ManOH)3; and TPP-p-dendrimer (Fig. 8). It is
known that the contribution of radiative (k;) and non-radiative (kp)
to the overall decay of porphyrins is a function of the interactions
between the tetrapyrrolic macrocycle and the phenyl groups at the
meso position as well as a function of the distortion of the macrocy-
cle [54]. For the dendrimer derivatives, the decrease in the available
space during condensation had the smallest disturbance on the
phenyl-tetrapyrrolic macrocycle conformation, due to the location
of the two opposite phenyl groups in the region between the two
phospholipid leaflets: it can be the reason why no abrupt increase
fluorescence has been observed with cooling (Fig. 8d). Conversely,
because the three bulky substituents of TPP(p-Deg-O-a-ManOH)3
interacted with the hydrophobic chains of the phospholipids, lipid
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Fig. 9. Molecular graphics: depth of penetration of TPP derivatives into DMPC bilayer. Carbon: blue; Nitrogen: green, Oxygen: red. Structure of DMPC bilayer was obtained
from Tieleman [37]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

condensation induced a change in the conformation of these sub-
stituents, reducing their mobility, affecting the planarity of the
macrocycle and the angle between the phenyl group and the macro-
cycle. As the lifetime (7) was lower at 15 °C for this compound (see
Table 2), the increase of fluorescence could only be explained by
increased radiative rate constants (k;) (@ = k;7) induced by changes
in the conformation of the molecule. An important decrease in the
transition temperature was also observed (Fig. 8c), demonstrating
that this compound disturbed the phospholipid bilayer more than
the others and locally fluidified it. This is in agreement with EPR
studies, performed by other authors, demonstrating that maximum
perturbing effect on membrane phase transition is induced when
bulky groups are located at the middle of the alkyl chains [55].

3.5. Competition between DMPC liposomes and HSA for
porphyrin binding

3.5.1. Spectral characteristics of bound porphyrin

As already mentioned, for all the compounds except TPP(p-
GluOH)4, normalized fluorescence spectra in the presence of
liposomes or HSA were quite different from those in aqueous PBS,
accounting for porphyrin binding. The spectra of bound porphyrins
were not strictly similar to those recorded in methanol and could
be different when they interacted with liposomes or HSA (example
TPP(m-GluOH )y, Fig. 4b, see also Supplementary information). The
spectra showed some particularities, resulting from specific inter-
actions, microenvironment polarity and change in conformation
when the porphyrins were bound to liposome or albumin.

The spectral modifications observed were too small to allow
studying specific porphyrin-biomolecule interactions, but they
were quite reproducible. They could then be very useful to find
the localization of porphyrin in more complex media, e.g. when
studying the competition between liposome and albumin towards
porphyrin binding.

3.5.2. Porphyrin binding competition
For all the compounds studied, the spectrum obtained following

the {(A-P)-L} protocol was similar to that obtained with the sec-
ond one {(L-P)-A} within experimental error. This indicates that
porphyrin association with liposomes or HSA would be a reversible
process, and that liposomes and HSA could compete for porphyrin
binding.

It is reasonable to consider that two fluorescent species existed,
one bound to HSA and the other one bound to liposomes. If x is
the fraction of the porphyrin bound to liposomes, 1 — x will be the
fraction bound to HSA. Then, the total fluorescence emission Fj.
of the system should be:

Fiya=(1—x) Fo + xF_ (10)

The comparison with the fluorescence emission in the presence
of only liposomes Fj or only albumin Fa allows (using Eq. (10)) to
calculate the fraction x of the porphyrin bound to liposomes.

As it is mentioned in the kinetics study, the fluorescence emis-
sion of TPP(m-GluOH)4 and TPP(m-GluOH); decreased with time.
Even if the signal decay was limited, the whole porphyrin concen-
tration was not the same in all cases and accurate estimation of x
could not be performed. Nevertheless, comparison of normalized
excitation and emission spectra in the three media (L, A and mix-
ture of them) suggests that the two compounds were mainly (>50%)
bound to liposomes (see also Supplementary information).

Estimation of x demonstrates that the two tetra hydroxylated
porphyrins (m-THPP and p-THPP) bound preferentially to lipo-
somes to an extent of ~70%, this percentage being even higher
(95%) for the trihydroxylated derivative TPP(p-OH);. Comparison
of normalized excitation and emission spectra for each hydroxy-
lated derivatives in the various media (L, A and L+ A) confirmed the
preferential binding to liposomes. TPP(p-Deg-O-a-ManOH)3; had
similar normalized emission spectra in liposomes and HSA but dif-
ferent excitation spectra; comparison of the excitation maximum
then suggests a partition of the derivative between liposome and
HSA. The calculation based on the differences in fluorescence emis-
sion intensity (using Eq. (10)) suggests that 60% of this derivative
bound to liposomes.

Normalized spectra of dendrimers were similar in the presence
of HSA and liposomes and the competition process could be studied
only from the variations in fluorescence intensity. Using equation
(10), the partition fraction in liposomes was evaluated to 56% for
glycoconjugated dendrimer and 64% for the non-glycoconjugated.

To summarize, our results demonstrated that the competition
process was dependent on the porphyrin structure. Nevertheless,
for all studied compounds, except TPP(p-GluOH),4, partitioning
between liposomes and HSA took place, but the porphyrin was
always mainly localized in the phospholipid bilayer.
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4. Conclusion

In this work, three series of neutral tetraphenyl porphyrin (TPP)
derivatives were compared with the main objective to evaluate the
impact of structural modifications on porphyrin interactions with
a phospholipid bilayer and with human serum albumin.

It was found that glycoconjugation of a tetraphenyl porphyrin
unit increased the solubility of the compound in aqueous media,
diminished its self-aggregation and induced very rapid kinetics
of association with DMPC liposomes and HSA. However, glyco-
conjugation also decreased the liposome/aqueous phase partition
coefficient (K) accounting for a diminution of porphyrin affinity
for the phospholipid bilayer in all cases (meta, para and den-
drimer derivatives). On the other hand, glycoconjugation seemed
to increase the binding constant with albumin (Ka): the high-
est value of K,y has been observed for a tetra-glycoconjugated
analogue, the TPP(m-GluOH)4. The presence of a diethyl glycol
spacer between the sugar and the TPP unit in the TPP(p-Deg-O-
a-ManOH); derivative led to a large self-aggregation in aqueous
media and a low affinity, especially for albumin. The presence of
hydroxyl groups grafted on the TPP macrocycle favoured its affinity
for DMPC liposomes: the highest affinity was observed for the two
tetra-hydroxylated derivatives, m-THPP and p-THPP. The position
ofthe grafted group (meta or para) seemed also to have some impor-
tance: para derivatives presented lower affinity for liposomes than
the corresponding meta bearing the same number and nature of
substitution. Dendrimer structure derivatives presented large self-
aggregation, and relatively low affinity for liposomes and albumin.

The lipophilicity of the porphyrins has been evaluated by their
apparent retention (kg) on an octadecyl stationary phase, and an
attempt was made to correlate lipophilicity and affinity of the
porphyrin for liposomes and albumin. It was observed that the
derivatives presenting the highest affinity for DMPC liposomes (m-
THPP and p-THPP) had intermediate lipophilicity; the derivative
presenting the highest affinity for albumin (TPP(m-GluOH)4) was
the more polar one.

The depth of a TPP derivative penetration into the phospho-
lipid bilayer mainly depends on the number of its free phenyl
groups. This number is maximum for the dendrimers that have
three free phenyl groups and these derivatives were the most
deeply inserted into the hydrophobic chains region. Trisubstituted
compounds have only one free phenyl group and penetrated to
a lesser extent than the dendrimers. However, the presence of a
diethylene glycol spacer increased the distance of the sugar from
the phenyl group and thus, allowed insertion of the macrocycle
deeper into the aliphatic chains. Tetrasubstituted compounds (p-
THPP, m-THPP and TPP(m-GluOH),4) that have no free phenyl group,
were the less deeply inserted and apparently remained near the
region of glycerol groups.

As a conclusion, the studied structural modifications induce
major effects on the TPP derivatives aggregation and on their
interactions with DMPC liposome and HSA. The knowledge of
these effects could contribute to the better understanding of the
behaviour of these derivatives in biological media.
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