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• Inorganic polyphosphate induces the self-
assembly of tricationicmeso-porphyrin.

• The aggregates formed are very stable
and extended (several hundred nano-
meters in diameter).

• Porphyrin self-assembly corresponds to
the mixture of J- and H-aggregates.

• Possible structures of porphyrin–
polyphosphate complexes were calcu-
lated.
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Self-assemblies formed by the new synthesized tricationic porphyrin derivative (TMPyP3+) on the polyanionic
inorganic polyphosphate (PPS) in aqueous solution were studied using different spectroscopic techniques and
DFT calculation method. From the fluorescence quenching of the bound TMPyP3+ molecules and their Raman
spectrawe conclude that porphyrin chromophores form the stable π–π stacking-assemblies onto PPS polyanions.
The transformation of the Soret band in absorption spectra at different PPS/TMPyP3+concentration ratios
evidences that the assemblies are mixtures of J- and H-aggregates. Molecular modeling performed shows that
the flexibility of PPS strand allows a realization of spiral or “face-to-face” one-dimensional structures formed
by porphyrinmolecules arranged in parallel and antiparallel modes. The peculiarity of PPS structure allows a for-
mation of two porphyrin stacks on opposite sides of polymer strands that result in the appearance of higher-
order aggregates. Their size was estimated from the light scattering data. Distinctions between TMPyP3+ and
TMPyP4 aggregation on PPS template are discussed.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The self-assembly of meso-substituted porphyrins on different poly-
mer scaffolds attracts essential scientists' attention due to their unique
photophysical properties and potential applications in nanomedicine
and nanotechnology including design of new photonic materials and
devices, fabrication of light-harvesting systems etc. [1,2].

Meso-substituted tris(N-methylpyridinium) porphyrin (TMPyP3+)
is a tricationic analog of well-known symmetric tetracationic porphyrin
arkov, Ukraine. Tel.: +380 57
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TMPyP4, which can be easily functionalized, e.g. with a carboxyalkyl
group, to allow the covalent attachment of other molecules. In recent
years a conjugation of TMPyP3+ with various ligands was used to
achieve the selective stabilization of G-quadruplex structure of
telomeric DNA [3–5], as well as for the development of efficient chemi-
cal nucleases [6,7] and photocleavage agents of DNA [8,9]. TMPyP4 is a
classic G-quadruplex DNA binder, telomerase inhibitor and thus an effi-
cient anticancer agent [10,11]. We have recently found that telomerase
inhibiting activity of TMPyP3+ in vitro is very close to that of TMPyP4
[12]. While the latter is hardly conjugated to transport polymers or
nanoparticles, the attachment of TMPyP3+ to polymeric carriers via a
suitable cleavable linker can be easily performed. That would result in
the development of an efficient antitumor agent with selective delivery
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to cancer cells. Covalent attachment of low-molecular drugs to natural
or synthetic polymeric materials is currently considered a versatile
way to improve their therapeutic efficiency and specificity [13]. Upon
the porphyrin-carrier linker cleavage inside the target cell, bioactive
TMPyP3+ would be released being able to bind to the telomeric DNA
and to inhibit the telomerase activity. We have studied just this deriva-
tive with aliphatic substituent that would form upon the cleavage of
tricationic porphyrin conjugates.

Upon binding of the above compound to DNA a self-association of
the porphyrin can occur which must be taken into account when ana-
lyzing the complex formation. However while the characteristics of
di- and tetracationic porphyrins assemblies formed on DNA anionic
backbone are well established [14–16], the stacking-aggregation of
tricationic porphyrins like TMPyP3+ has not yet been studied. It
would be important e.g. for the understanding of the mechanism of
biological activity of this compound inside the cell, including the inter-
action with nucleic acids. Moreover, the properties of supramolecular
self-assemblies of TMPyP3+ are of significant interest in its own right
for the physics of porphyrin aggregation.

In the present work we have investigated the interaction of new
synthesized TMPyP3+ derivative bearing a carboxyalkyl linker with
polyanionic matrix of inorganic polyphosphate (PPS) which can simu-
late the electrostatic interaction of the porphyrin with anionic DNA
backbone. The last supposition is based on the fact that PPS chains can
assume a conformation where negatively charged PO2

− groups draw
up in rows having the intercharge distance which is close to that in
the DNA backbone. We have found that two types of molecular aggre-
gates are formed upon the porphyrin binding to PPS, namely, J and H
one-dimensional stacking-assemblies. Molecular modeling was per-
formed to construct the geometries of the porphyrin stacks. Besides, it
was revealed that stacking-aggregates and PPS strands are combined
into higher-order aggregates. Spectroscopic and structural characteris-
tics of the aggregates were studied. To reveal the distinction between
PPS induced aggregation of TMPyP3+ and TMPyP4, we have performed
the experimental investigation using the same techniques and under
the similar conditions as it was made earlier [17].

2. Experimental

Tris(4-N-methylpyridinium)porphyrin carrying the carboxyalkyl
chain (TMPyP3+, Fig. 1A) was synthesized as previously reported [18].
Sodium polyphosphate (PPS, Fig. 1B) with degree of polymerization
Fig. 1. Molecular structure of tricationic porphyrin derivative TMPyP3+ (A) and
polyanionic chain of inorganic polyphosphate (B).
approximately 75 was purchased from Sigma Chemical Co. The
deionized water from Millipore-Q system was used as a solvent for all
sample preparations. The porphyrin concentration was determined
spectrophotometrically in water using the extinction coefficient of
ε424 = 200,000 M−1 cm−1 at the Soret band maximum [18]. The PPS
concentration was estimated from the dissolved substance weight (1%
solution corresponds to 98 mM phosphates).

The investigations were carried using techniques of polarized fluo-
rescence, absorption, resonance Raman spectroscopy and static light
scattering. The spectral equipments and methods of measurements
were described in our previous article devoted to investigation of the
tetracationic porphyrin TMPyP4 interaction with PPS [17]. The binding
of TMPyP3+ to PPS was followed by changes in parameters of the
porphyrin fluorescence under titration experiments. The fluorescence
of the porphyrinwas excited atλexc = 505 nmand its intensity and po-
larization were registered at λobs = 700 nm (the emission spectral slit
was 1 nm). Fluorescence spectra were corrected for spectral sensitivity
of the spectrofluorimeter. The aggregation process arisen in the solu-
tions was followed by the intensity of steady-state light scattering (LS)
excited and measured at λobs = 525 nm corresponding to the wave-
length of Q absorption band maximum. Resonance Raman spectra
were excited by the emission of 457.9 nm line of an Ar ion laser
(power 25 mW) and recorded using conventional 90° registration ge-
ometry. The comparative peak positions in the spectrawere determined
with an accuracy of 0.3 cm−1.

In titration experiments the sample of [TMPyP3+] = 10 μM was
added with increasing amounts of the concentrated PPS solution con-
taining the same porphyrin concentration, whereupon fluorescence
and LS intensities were measured. The time up to 10 min was required
to reach the thermodynamic equilibrium in the system which was ver-
ified from the approach to the stability in the fluorescence signal. The
aim of titration experiments was to obtain dependences of the fluores-
cence and LS characteristics on the molar phosphate-to-dye ratio, P/D.
The experiments were performed in deaerated deionized water. All
measurementswere carried out in quartz cuvettes at room temperature
from 22 to 24 °C.

Molecular modeling was performed to construct the geometries of
the aggregates formed. All calculationswere carried out byDFT (Density
Functional Theory) approach using M06-2X functional [19] that was
proposed for the correct representation of energetics and geometry of
π-stacking complexes. Complexes of four TMPyP3+ molecules with
two or three hexaphosphate chains were investigated. Taking into ac-
count the complexity of the studied systems that contain about 500
atoms and 5000 basic functions, we have used 6-31G(d) basic set. Cal-
culations were performed with Gaussian 09 package (revision A.01)
provided by the Mississippi Center for Supercomputing Research, USA
[20]. Full geometry optimization was performed for each atom of the
system in water solution. Threshold value of each of the four main
criteria of the procedure of geometry optimization was increased
twice. The solvent effects were treated using CPCM (Conductor-like
Polarizable ContinuumModel) method [21,22].

3. Results and discussion

3.1. Absorption and fluorescent characteristics of the porphyrin aggregate

Visible absorption (Fig. 2) and fluorescence spectra (Fig. 3) of free
TMPyP3+ and in the complex with inorganic polyphosphate were re-
corded in aqueous solution. The dye concentration was 10 μM in all
samples.

As it can be seen from Fig. 2, the spectrum of the free dye is sim-
ilar to that of TMPyP4, however 3–3.5 nm red shift was observed. It
consists of intense Soret band (B-band) at 425.5 nm (extinction
ε = 200,000 M−1 cm−1) and four less intense Q-bands centered at
522 nm, 561 nm, 583.5 and 642.5 nm. Its fluorescence spectrum con-
sists of wide structureless band centered at ca. 715 nm (Fig. 3). The



Fig. 2. Normalized absorption spectra of free TMPyP3+ porphyrin (1) and bound to
polyphosphate one at P/D = 3.5 (2) and P/D = 30 (3). Measurements were carried out
in deionized water, [TMPyP3+] = 10 μM.

Fig. 4.Dependence of the relative intensity, F/F0 (F0 is thefluorescence intensity of the free
dye), and polarization degree, p, (inset) of TMPyP3+ fluorescence onmolar phosphate-to-
dye ratio, P/D. The data were obtained in deionized water. The total porphyrin concentra-
tion was constant i.e. [TMPyP3+] = 10 μM.
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fluorescence polarization degree, p, measured at the emission band
maximum was found to be around 0.015.

To follow the binding of TMPyP3+porphyrin to PPS the fluorescence
titration experiments were performed, where changes in the porphyrin
relative fluorescence intensity, F/F0 (here F0 is fluorescence intensity
of the free dye), and polarization degree, p, on P/D were registered
at λobs = 700 nm (Fig. 4).

As can be seen from Fig. 4, the initial part of the titration curve
representing fluorescence intensity changes has the shape typical for
strong cooperative binding of cationic dyes to linear polyanions
[17,23,24]. Quenching of the dye fluorescence evidences the stacking-
association of tricationic porphyrin molecules on PPS polyanionic ma-
trix. At P/D ≈ 3.5 the fluorescence intensity reaches its minimal ratio
(F/F0)min = 0.20. It can be noted that this value remains invariable
within experimental error even under the 5-fold reduction in the por-
phyrin concentration that evidences that the overwhelming majority
of porphyrin molecules are involved in the stacking interaction. Thus
(F/F0)min characterizes the emission of properly TMPyP3+ stacks. The
linear part of the titration curve corresponds to the saturation of PPS
binding sites and formation of the extended porphyrin stacking-
aggregates. Being extrapolated to the level line of (F/F0)min it produces
the intersection point positioned at P/D = 3 (Fig. 4) which determines
the stoichiometry of the binding. This obviously means that each
TMPyP3+ molecule is bound to three negatively charged phosphate
groups of PPS.
Fig. 3. Fluorescence spectra of free TMPyP3+ porphyrin (1) and bound to polyphosphate
one at P/D = 3.5 (2) and P/D = 30 (3). [TMPyP3+] = 10 μM; λobs = 700 nm is the
wavelength where the fluorescence intensity was registered upon the titration
experiments.
According to the theory of cooperative binding [25], increase of P/D
results in the dissociation of the continuous stacking-aggregates into
separate stacks that leads to a gradual decrease in the number of stacked
chromophores. In our case the disintegration of the stacks is accompa-
nied by the increase in the fluorescence intensity, which at P/D ≥ 25
reaches the steady-state level of F/F0 ≈ 0.34. It can be supposed that
this value is the fluorescent characteristic of very stable TMPyP3+

dimers bound to PPS, which do not crumble even at high P/D. At
the same time the fluorescence polarization degree increases
from p0 = 0.015 (typical for the free dye) up to p = 0.065 ± 0.005 at
P/D ≥ 4 (see inset in Fig. 4), remaining practically constant during fur-
ther P/D increase. It means that the rotation mobility of bound porphy-
rin molecules does not depend on the stack size being defined by some
another parameters, that will be discussed later.

The absorption and fluorescence spectra of TMPyP3+–PPS com-
plexes with P/D = 3.5 and 30 are presented in Figs. 2 and 3. We can
see that upon the stacking-aggregation of the porphyrin on PPS tem-
plate the shape of Soret band undergoes some transformation and ex-
hibits a hypochromism of about 53% (Fig. 2). So, at P/D = 3.5 where
maximal quenching of the porphyrin fluorescence is observed, the pro-
file of the Soret band becomes asymmetric and splitted. New peaks ap-
pear on the opposing sides of initial Soret band maximum, at 415 and
443 nm.We suppose that the splitting can be conditioned by the super-
position of two bands corresponding to J-aggregates (red-shifted one)
and H-aggregates (blue-shifted one) [26]. The difference in the constit-
uent band intensities is conditioned by the ratio between the concentra-
tion of corresponding fractions and the difference in the spectroscopic
properties of these aggregates. At P/D = 30 the spectrum reflects the
absorbance of the porphyrin dimers bound to PPS. We can see (Fig. 2)
that the intensity of Soret band is only somewhat higher than that for
extended porphyrin stacks (P/D = 3.5), however a position of the
band maximum is the same as in the case of the free dye (P/D = 0).

In the Electronic Supplementary Information (Fig. S1 a,b) we have
presented example of the absorption spectra deconvolution performed
for free TMPyP3+ and its complexwith PPS with P/D = 3.5. The spectra
were fitted by the sums of Gaussian components, corresponding to
different porphyrin states, and the relative areas of these components
reflect their fractions into the spectrum. As it can be seen in Fig. S1b,
relative areas under the Gaussian components in Soret band corre-
sponding to J- andH-aggregates (bands centered at 443 and 415 nm re-
spectively) are comparable.

Fluorescence spectra of the above mentioned porphyrin–PPS com-
plexes are presented in Fig. 3. It can be seen, that upon the formation
of extended porphyrin stacks at P/D = 3.5 the fluorescence spectrum
splits into two bands centered at ca. 670 and 725 nm. At P/D = 30 the
spectrum splitting becomes more pronounced, and the band peaks are
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somewhat shifted toward shorterwavelengths (to ca. 661 and722 nm).
Such spectral transformation can be explained by preventing of the
intramolecular charge transfer between π-system of porphyrin
macrocycle and pyridiniumgroups caused by the restriction of the rota-
tion of these groups toward coplanar geometry with the porphine ring,
as it was described for the TMPyP4+ stacking-aggregates [27]. For the
bound porphyrin dimers (P/D ≥ 25) the splitting of the porphyrin
fluorescence band can be intensified by the effect of the chromophore
nonpolar environment produced by PPS component, as it was observed
for TMPyP4 in nonpolar solvents [27]. The ratio between integral inten-
sities of emission calculated for TMPyP3+ stacks and free porphyrin (at
P/D = 3.5 and 0 respectively) as the areas under the corresponding
fluorescence bands is amounted to ca. 0.125. Approximately the same
order of magnitude is expected for its relative fluorescence quantum
yield, Q/Q0, since the emission excitation was performed at 505 nm
where absorption of all samples is practically the same. Taking into ac-
count that under H-aggregation of TMPyP4 porphyrin which chromo-
phore structure is similar to that for TMPyP3+ value Q/Q0 = 0.23 was
obtained [17], and for its J-aggregates the strong fluorescence
quenching was observed [28,29] it can be concluded that the obtained
magnitude of Q/Q0 = 0.125 is conditioned by the contributions of
above two types of the chromophore aggregates into the sample
emission.

3.2. Resonance Raman spectra

Resonance Raman (RR) spectra of free TMPyP3+ and its complex
with PPS at P/D = 3.5 (where all bound porphyrin molecules form
stacks) were obtained in the range of 300–1900 cm−1 (see Fig. 5)
where vibrations of pyrrole and pyridyl rings become apparent. The
small changes in the pattern of RR spectra upon the porphyrin aggrega-
tion were found. The bands corresponding to stretching vibrations of
the porphyrin macrocycle at 970 and 1005 cm−1 are assigned to
ν(Ca\Cb) and ν(Ca\Cm), respectively [30] are shifted by 2 cm−1 to
lower frequencies. These frequency shifts evidence the stacking interac-
tion between the porphyrin core planes. Changes in vibrations attribut-
ed to the N-methylpyridyl group N+\CH3 are also revealed. The
frequencies of N-methylpyridyl group vibration near 796, 1250 and
1644 cm−1 are decreased by 1–2 cm−1. The downward shifts of these
RR bands suggest the existence of an electrostatic interaction between
N+\CH3 groups of porphyrin and PO− groups of PPS in the aggregates
formed. Such small changes in the vibration frequencies (1–2 cm−1)
are typical for the noncovalent Coulomb interaction [31]. The essential
changes in relative intensities of Raman bands in the spectra are not re-
vealed for the exception of the band at 334 cm−1. This band attributed
Fig. 5. Fragments of resonance Raman spectra of free TMPyP3+ (A) and its complex with
PPS recorded at P/D = 3.5 (B) where continuous stacking-aggregates are formed.
[TMPyP3+] = 25 μM.
to bending vibration of the porphyrin macrocycle [30] has been in-
creased approximately by two times that obviously occurred due to a
resonance with the excitonic transition that can be occurred in porphy-
rin molecular aggregates [32].

3.3. Light scattering and aggregation

The drastic increase in the light scattering (LS) intensity has been re-
vealed for the TMPyP3+–PPSmixture in the P/D range near the stoichio-
metric binding ratio (Fig. 6). The phenomenon is conditioned by the
aggregation process which was clearly observed visually via a monocu-
lar. As can be seen in Fig. 6, in the initial part of the titration curve the LS
intensity increases sharply reaching themaximumat the P/D values that
correspond to the formation of extended π–π stacking-aggregates. Fur-
ther P/D increase is accompanied by the slow decrease in LS intensity
that evidences that the aggregation process exists even under the high
P/D values.

The origin of the aggregation can be explained using the following
model. It is supposed that extended columnar TMPyP3+ stacks are
formed on each PPS strand, and positively charged N-methylpyridyl
groups of the porphyrin interact electrostatically with negatively
charged oxygen atoms of the polymer. By means of the conformation
analysis of PPS it was shown that the polyphosphate chain can take
both planar (Fig. 7A) and helix conformation [17]. In both these cases
negatively charged phosphate groups are arranged along two opposite-
ly situated rows so that the intercharge distance becomes equal to ca.
0.42 nm for the planar conformation and 0.36 nm for the helix one.
Such arrangement of thenegative charges on thepolymer promotes for-
mation of two extended porphyrin stacking-aggregates on opposite
sides of the PPS chain.

Since the thickness of the porphyrin π-electronic system is equal to
0.34–0.36 nm [33] it can be supposed that the helix PPS conformation
induces formation of continuous linear porphyrin H-aggregates [17].
In the case of the planar geometry of PPS the planes of the porphyrin
macrocycles should be inclined to the stack axis (Fig. 7B) forming “offset
card deck” arrangement typical for J-aggregates. The above two types of
TMPyP3+ aggregates manifest themselves in the absorption spectra.

Since each TMPyP3+ molecule bears three spatially separated posi-
tive charges its stacking-aggregate can join up to three PPS chains. Be-
sides, an ability of each PPS strand to be a template for two porphyrin
stacks (Fig. 7B) promotes the integration of adjacent stacks. These
mechanisms induce an association of the porphyrin–PPS complexes
into higher-order aggregates. The light scattering data evidence that
the largest aggregates arise at low P/D values where formation of
extended porphyrin stacks occurred. However these aggregates do not
disappear even under the stacks decomposition at high P/D, but
their size is somewhat decreased. Thus the maximal LS signal observed
Fig. 6. P/D dependence of the light scattering intensity measured in the TMPyP3+–PPS
sample at λ = 525 nm. The total porphyrin concentration was constant i.e.
[TMPyP3+] = 10 μM.
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Fig. 7. Scheme of the planar all-trans conformation of PPS chain (A), arrangement of two
continuous TMPyP3+ stacks on the template of single PPS chain (B), schematic represen-
tation of antiparallel TMPyP3+ assemblies of the porphyrin on polyphosphate chain (C).
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at P/D ≈ 5 reduces only by ~20% at P/D = 30 (Fig. 6). It corresponds to
only ~7% decrease in the size of the particles.

We have estimated the size of the aggregates from the solution
turbidity data measured for the sample at P/D = 5 and applying the
method of Doty and Steiner [34], namely, using the equation:

− d logτ
d logλ

¼ 4− d logQ
d logλ

¼ 4−β ð1Þ

where τ denotes the turbidity,Q is the particle dissipation factor andλ is
the wavelength of the light in vacuum. The dependence of τ on λ was
registered by measuring the absorbance in the range of λ = 710–
830 nm, where the porphyrin does not absorb. From the rectilinear
plot of logτ versus logλ (Fig. 8) a value d log τ/d log λ = −2.9 was
calculated which determines the magnitude of β = 1.1 in Eq. (1).

Let us consider two cases where the aggregates adopt a conforma-
tion (i) of spheres and (ii) of polydisperse coils. Under these assump-
tions, from Table VII presented in [34] it is followed that the calculated
β value corresponds to the ratio D/λ′ ≈ 0.8, where D is the coil or
sphere diameter and λ′ is the mean value of light wavelength in water
solution over the measured wavelength range. In our case of
λ′ ≈ 775 nm, it appears that the diameter of the aggregates, D, is
Fig. 8. Wavelength dependence of the solution turbidity for TMPyP3+–PPS sample
(P/D = 5) in water measured in the range of λ = 710–830 nm.
equal to ca. 320 nm in the case of spherical particles, and ca. 580 nm
for polydisperse coils.

The magnitude of the fluorescence polarization degree, p, gives the
information about the rotationmobility of TMPyP3+. Upon the aggrega-
tion its value increases from p0 = 0.015 for the free porphyrin
molecules in water solution up to p ≈ 0.065 for their complexes with
PPS. The independence of p magnitude on P/D over the wide range of
the ratios evidences that porphyrin fluorescence polarization degree is
defined not only by the stacking association but mainly by the restric-
tion of porphyrin mobility in the higher-order aggregates as a result of
its electrostatic binding to PPS strands.

3.4. Models of aggregates

Wehave used a combination ofM06-2X functional and CPCMmodel
to treat the solvent effects. These calculation approaches have been suc-
cessfully applied before for complex molecular systems. M06-2X func-
tional developed by Zhao and Truhlar quite recently was shown to
describe noncovalent interactions better than classic density functionals
[19,35]. Among all DFT functionals integrated into Gaussian 09 package,
highly parameterizedM06-2X is themost appropriate one for the calcu-
lation of intermolecular dispersion interactions in large molecular
systems. CPCM model is also integrated into Gaussian 09 package and
recommended by the developers of Gaussian to be used for the correct
estimation of the solvation energy.

Complexes of four TMPyP3+ molecules were used for computer
modeling as we suppose that this number of the molecules is sufficient
for understanding the structure of J- and/or H-aggregates formed by
this porphyrin. Polyphosphate chains were modeled by a fragment
containing six PO2 residues. Positive charges in TMPyP3+ are localized
at N-methylpyridinium groups, so hexaphosphate chains in the initial
structures for optimization were localized at close proximity to these
groups. Porphyrin complexes were formed by TMPyP3+ molecules as-
sembled in parallel or antiparallel orientation. Polyphosphate chain is
sufficiently flexible to adopt in each case a suitable conformation opti-
mal for the interaction. We have calculated the structures of porphyrin
quartet stacks with two or three polyphosphate chains. All structures
were electroneutral, besides the complex of four porphyrins and three
PPS strands (structure 3.1) which has a total charge of (−6).

We have found three main types of complexes formed by TMPyP3+

with polyphosphate strands. The structures differ in the arrangement
of porphyrin chromophores and the localization of hexamer
polyphosphate chains around stacked TMPyP3+ arrays. In porphyrin
quartets bound to two PPS chains, both parallel and antiparallel
TMPyP3+ assemblies were found, whereas complex with three
polyphosphates contains porphyrin molecules only in parallel orienta-
tion. Most favorable structures are presented in Fig. 9 (full data for all
calculated structures are presented in the Electronic Supplementary
Information, Fig. S2 a–g).

TMPyP3+ molecules arranged in antiparallel mode. π−π-Stacking
complexes 1.1 and 1.2 are characterized by a small radial turn of por-
phyrin rings around the vertical axis of the porphyrins stack; there is
nohorizontal shift of the porphyrins (Fig. S2a, S2b). This spatial arrange-
ment of TMPyP3+ molecules allows us to consider these complexes as
antiparallel H-aggregates. At the same time, structure 1.3 is character-
ized by a significant horizontal planar shift of porphyrin rings relatively
to each other (Fig. S2c). This staircase-type structure can be referred to
as the aggregate of J-type.

Complexes of the second type (2.1–2.3) are formed by TMPyP3+

molecules arranged in a parallel mode. The spiral turn of porphyrin
rings relatively to each other in the quartet is observed. The parallel-
type structures allow hydrophobic interaction between alkyl tails
which are located in close proximity and form hydrophobic clusters.
These complexes somewhat differ in the localization of polyphosphates
around the porphyrin stacks, however in all cases PPS binds to the sides
of the porphyrins (Fig. S2d–S2f). In all cases electronic π-systems of
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Fig. 9. Side (left) and top (right) views of themost favorable calculated structures of porphyrin-polyphosphate complexes 1.1 (A), 1.3 (B) and 3.1 (C). Carbon atoms are in black, nitrogen—

blue, oxygen — red, phosphorus — magenta (see Electronic Supplementary Information).

44 V.N. Zozulya et al. / Biophysical Chemistry 185 (2014) 39–46
porphyrin chromophores are well overlapped, thus complexes of this
type can be described as parallel H-aggregates.

An interesting structure 3.1was obtained upon theoreticalmodeling
of four-porphyrin stack complex with three polyphosphate chains. In
this case, only a parallel-type porphyrin assembly is possible and natu-
ral. Stacked porphyrin rings are turned around the vertical axis of the
array, and PPS chains form spiral structures around this chiral rod-
shaped aggregate (Fig. S2g). All positive charges of porphyrins localized
atN-methylpyridinium substituents are neutralizedwith phosphate an-
ions. The radial turn of porphyrin rings is relatively small and π-systems
in the stack are well overlapped, so this complex can be considered as
H-aggregate. This structure is similar to structures 2.1–2.3, but the
third polyphosphate strand is added that binds to the heads of porphy-
rins. Some of the calculated structures are presented in Fig. 9.

Wewere unable to localize energetically favorable parallel TMPyP3+

arrays with a slipped stacking, i.e. strong horizontal shift (parallel
J-aggregates). At the same time, antiparallel structures were found
with either horizontal or radial shift of porphyrin planes. While in par-
allel complexes three PPS chains are easily arranged around the porphy-
rin aggregates, in “face-to-face” antiparallel structures, the porphyrin
stacks can in principle interact with four polyphosphate chains, two of
them are bound at the sides of the aggregates and two at their head/
tail regions.
In all cases, phosphate negative charges of PPS bound to TMPyP3+

stacks are neutralized by porphyrin cationic groups. It should be noted
that PPS chains in modeled complexes do not adopt a single conforma-
tions, e.g. all-transwhere the electrostatic repulsion of anionic groups is
minimized (Fig. 7A); on the contrary, a combination of cis- and trans-
orientations of phosphate groups in PPS is usually observed, and this
flexibility allows the formation of energetically most favorable com-
plexes. Nevertheless, in all cases only every second phosphate group in-
teracts with the sides of porphyrin stack, whereas half of phosphate
anions which are not oriented to porphyrins remain unbound and
thus free for the interactions with other cationic molecules (Fig. 7B).
Even lower fraction of phosphate anions (every fourth) binds to the
head/tail regions of antiparallel structureswhere charged heads and un-
charged tails alternate. Free phosphates may bind to other porphyrin
molecules, so it is possible to arrange two porphyrin stacks on a single
PPS (Fig. 7C). Moreover, the formation of extended 3-dimensional ag-
gregates of very complex nature is possible. We did not try to calculate
such structures as they are too complicated for the DFT method.

We have calculated using a DFT method the total energies of
porphyrin-PPS assemblies in water. Taking the total energy of complex
1.1 for zero, the values of relative energies for complexes 1.2, 1.3, 2.1, 2.2
and 2.3 are equal to 56.94, 14.86, 7.15, 63.88 and 78.55 kcal/mol, re-
spectively (see Supplementary material, Table S1). The obtained data

image of Fig.�9


45V.N. Zozulya et al. / Biophysical Chemistry 185 (2014) 39–46
suggest that the most favorable structure among the complexes with
two PPS chains is complex 1.1with antiparallel orientation and a slight
radial turn of porphyrin rings relative to each other, i.e. H-aggregate
(Fig. 9). Somewhat less favorable structures are parallel complex 2.1
with no horizontal shift but with a radial turn of porphyrin rings similar
to that in 1.1, and antiparallel complex 1.3with a significant horizontal
shift of porphyrins (J-aggregate). The other possible assemblies contain-
ing two PPS chains (1.2, 2.2, 2.3) are less probable. The parallel structure
3.1 containing three polyphosphate strands also seems to be favorable,
however, direct comparison of the calculation data obtained for very
different structures containing 2 and 3 polyphosphate chains and differ-
ent total charges is rather incorrect.

Thus, DFT calculations allowed finding several possible types of
polyphosphate-templated π-stacking H- and J-aggregates of tricationic
porphyrin TMPyP3+ stacks formed in aqueous solutions. The results of
molecular modeling are in good agreement with our experimental
data suggesting the presence of both types of aggregates in the studied
mixtures.

3.5. Comparison between PPS-induced aggregation of TMPyP3+ and
TMPyP4

The experimentally obtained spectroscopic data were compared
with those previously published for TMPyP4–PPS system [17] to
determine similarities and differences in the behavior of these two
porphyrins under their binding to inorganic polyphosphate. The
functionalization of TMPyP4 porphyrin to TMPyP3+ via the attachment
of carboxyalkyl side chain reduces the number of its positively charged
groups from4 to 3 (see Fig. 1A), lowers the chromophore symmetry and
affects the spatial structure of the aggregates formed on oppositely
charged polymeric matrix. The modification practically does not influ-
ence the shape of the free porphyrin spectra (only ~3 nm red shifts of
Soret absorption and fluorescence bands are observed for TMPyP3+ in
comparison with TMPyP4 ones). However, the addition of inorganic
polyphosphate induces strongly different changes in the absorption of
these dyes. So, for TMPyP4 compound the 51% hypochromism and
12 nm blue shift of Soret band were registered at low P/D values corre-
sponding to stoichiometric binding conditions, whereas in the case of
TMPyP3+ the bandmaximum is 11 nm red-shifted, 53% hypochromism
is observed and the band becomes structured. Spectral deconvolution
performed has shown that the last one is the sum of two bands with
maxima at 443 and 415 nm. In contrast, almost the same changes in
the fluorescence behavior were registered for both compounds in the
initial P/D region during the titration experiment. Strong quenching of
the porphyrin emission linearly dependent on PPS concentration, as
well as increase in their fluorescence polarization degree were regis-
tered evidencing cooperative binding mechanism. The shift of the titra-
tion curve minimum from P/D = 5.3 for TMPyP4 to P/D = 3.5 for
TMPyP3+ is conditioned by the change in the number of positively
charged groups from 4 to 3. Under the stoichiometric binding condi-
tions the minimal levels of the porphyrin emission were registered
being amounted to 23% from initial for TMPyP4 and 12.5% for
TMPyP3+ evidencing formation of highly-ordered structures. For both
compounds the above mentioned transformations are accompanied
by the splitting of the fluorescence band and the appearance of strong
light scattering. Themaximal scatteringwas registered under P/D values
corresponding to the saturation of the binding near the titration curve
minima. For tricationic porphyrin–polyphosphate complex themaximal
scattering signal is more than twice as high as that for tetracationic one
(70,000 cps and 43,000 cps correspondingly). However the increase of
P/D value is accompanied by the different behavior of their fluorescence
and scattering. For TMPyP4 the scattering signal decreases gradually,
so that at P/D = 1000 its intensity is approximately 2300 cps, and at
P/D N 2000 it becomes only twice as much as the signal for the solution
without PPS that evidences the aggregate disintegration. In contrast,
aggregates formed in the TMPyP3+–PPS system are very stable. At
P/D = 1000 the LS signal amounts to 30,000 cps (not shown). For
tricationic porphyrin–polyphosphate complex the fluorescence band
recorded at P/D = 1200 remains splitted, whereas for tetracationic
one it has an unstructured shape, as for the free dye. As compared to
the emission of free porphyrin, the fluorescence intensities are 40% for
TMPyP3+–PPS complex and 80% for TMPy4–PPS one (calculated as
ratio between the areas of corresponding emission bands), their fluo-
rescence polarization degrees are 0.065 and 0.034, respectively. It is ob-
vious that the size and shape of the aggregates formed under the
stoichiometric binding of these porphyrins to PPS are also different.
From analysis of the absorption spectra transformation we have
concluded that in the case of TMPyP3+–PPS system the aggregates con-
stitute the mixture of J- and H-types. Their size estimated from light
scattering data is about several hundred nanometers, whereas for
TMPyP4–PPS only columnar H-aggregates are formed being approxi-
mately 14 nm in length.

4. Conclusions

Formation of the TMPyP3+ self-assemblies in water is revealed
under the porphyrin binding to inorganic polyphosphate. The changes
in the Soret absorbance band evidence that both J- and H-type aggre-
gates form simultaneously. The aggregation results in the eight-fold
quenching of porphyrin fluorescence. According to molecular modeling
data, the porphyrin molecules can be arranged in spiral-like (either
parallel or antiparallel) or “face-to-face” antiparallel structures, with
possible formation of two porphyrin stacks at the polyanionic matrix
of each PPS strand. The ability of each PPS strand to be a template for for-
mation of two columnar porphyrin stacks results in the integration of
the adjacent stacks into higher-order aggregates. Their size estimated
from the light scattering data reaches ca. 320 nm in the case of spherical
particles, and ca. 580 nm for polydisperse coils. As compared to TMPyP4
aggregates formed on PPS under the similar experimental condi-
tions [17], those for tricationic porphyrin are substantially more stable
and extended.
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