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a b s t r a c t

Polymeric derivatives of the biocompatible poly(vinylpyrrolidone) bearing discrete amounts of aromatic
amines have been synthesized. The interaction of 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin with
a series of these copolymers (P10, P25, P50, P75, and P100, the numbers referring the molar percentage
of incorporation of aromatic amines in the copolymers) has been analyzed regarding shifts of the ab-
sorption bands and shift of the transition pH between the di-anionic and the tetra-anionic forms of
5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin. The interaction between the dye and poly(-
vinylpyrrolidone) has also been studied as a control. The incorporated aromatic amines increase the
hydrophobic properties of the resulting polymers and provide specific interactions with the tetra-anionic
form of 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin. Thus, P10 was soluble in water, P25 was
dispersible in the form of polydisperse nanoparticles, and P50, P75, and P100 are insoluble in water.
However, low polydisperse nanoparticles of mean size of 175 nm were formed by pouring 1 volume of a
solution of P25 in DMSO into 9 volumes of water. These nanoparticles are permeable to 5,10,15,20-
tetrakis-(4-sulfonatophenyl)-porphyrin. Both P10 and P25 nanoparticles produce strong binding to
5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin, stabilize the tetra-anionic form of the dye in a wide
range of pH, and prevent the undesirable self-aggregation both in the form of H- and J-aggregates. It was
shown that the affinity of the 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin for P10 is stronger than
for chitosan, which gives insights concerning the possible stability of the complex in biological systems.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Porphyrins have increased their applications over the last years
due to their efficiency in photodynamic therapy (PDT) in cancer [1].
PDT is a combined light-plus-drug treatment for malignant tumors.
The PDT drug Photofrin�, a water-soluble, red powder consisting of
a mixture of metal-free porphyrins, is approved in the U.S. for
treatment of obstructing cancer of the esophagus and early stage
cancer of the bronchus [2]. Clinical trials are reported for tumors of
the skin, brain, head and neck, urinary bladder, gastro-intestinal
tract, and female genital tract. PDT is based on the cell damage
induced by the oxygen in the tumor tissues [3]. The active molecule
eno-Villoslada).
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in PDT is singlet oxygenwhich is generated by means of the energy
given upon relaxation of a dye (photosensitizer) from an excited
state [4,5]. The photodynamic action of any photosensitizer in
biological systems is a puzzle which is strongly influenced by the
environmental conditions of the dye, including photosensitizer
location and interactions, photosensitizer self-aggregation, reac-
tivity of surrounding molecules and biological targets, as well as
diffusion kinetics, and life-times of excited states, factors that can
be determinant in the photodynamical mechanism and efficiency
of the therapy [6]. Robust methods that ensure a high efficiency of
singlet oxygen production are desirable. Controlling the environ-
mental characteristics of photosensitizers is one strategy that may
enhance singlet oxygen production. Confinement in polymeric
matrices or micelles as carriers may be one strategy to control the
dye environment [7e9]. The desired properties of these carriers
may comprise the stability of the active triplet excited state of the
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dye, avoidance the dye self-aggregation in order not to disperse the
energy but produce reactionwith triplet oxygen, and improvement
of the tumor targeting.

Regarding these biomedical applications, searching biocom-
patible polymers to achieve a control of the dye environment is of
interest. Poly(vinylpyrrolidone) (PVP) is a non-ionic, water soluble
polymer, extensively used for biomedical applications and in cos-
metics, personal hygiene, and contact lenses fabrication due to its
non-toxicity [10]. It has been approved by the FDA as a nutritional
additive and it is also used as stabilizer (E1201). This polymer has
also recognized amphiphilic properties, and has been used as sur-
factant [11,12] and stabilizer in dispersion polymerization reactions,
obtaining microspheres of controlled size [13e15]. An adequate
functionalization strategy of this polymer opens huge possibilities
for different applications. We have previously described the syn-
thesis of a functional vinylpyrrolidone (VP) modified with different
groups such as aromatic amines [16] (VPeArNH2). Aromatic amines
are useful for increasing the hydrophobia of PVP derivatives, and
may produce aromaticearomatic interactions with aromatic mol-
ecules [17]. Close binding between the aromatic species allows
short-range electrostatic interactions taking place between two
aromatic groups, which define the geometry of the assembly
[18,19]. Indeed, aromaticearomatic interactions may be enhanced
when both aromatic groups present complementary charges. We
have shown that the extent of binding and the state of aggregation
of different dyes in the presence of polyelectrolytes strongly de-
pend on the structure of the polymer as a whole, and other vari-
ables such as functional groups, localization of the charge,
flexibility, hydrophobia, linear charge density, and linear aromatic
density seem to determine the behavior of the system [20e29].
The copolymerization of pure VP and VPeArNH2 may produce co-
polymers with different linear aromatic amine density, allowing
modulation of the properties of the polymer in order to achieve a
better control of the dye environment, providing a potential
application for PDT.

5,10,15,20-Tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS) is a
photosensitizer whose physicochemical properties allow explora-
tion of their close environment. It presents acid and base forms
whose equilibrium is sensitive to environmental conditions [30].
The transition between the basic, tetra-anionic form of TPPS
(H2TPPS4�) to the acid, di-anionic form of the dye (H4TPPS2�) is
easily followed by UVevis spectroscopy. It also presents sol-
vatochromic properties [31], and undergoes preferential solvation
for polar organic solvents, as such described for DMSO in mixtures
water:DMSO [31]. Besides, its state of aggregation produces
changes on the electronic transitions that can be also followed by
UVevis spectroscopy [26,32]. In this paper, the synthesis of co-
polymers of VP and VPeArNH2 will be shown, and their interaction
with TPPS will be studied by UVevis spectroscopy. The interaction
between TPPS and PVP will also be studied as a control. The pos-
sibility of confinement of TPPS in polymeric complexes and nano-
structures will be analyzed.

2. Experimental

2.1. Materials

VP (SigmaeAldrich) was purified by distillation at low pressure.
Isatoic anhydride (SigmaeAldrich) and lithium diisopropylamide
(LDA) (SigmaeAldrich) were used to synthesize VPeArNH2. Azoi-
sobutyronitrile (AIBN, SigmaeAldrich) was recrystallized from
ethanol and used as polymer synthesis initiator. TPPS (TCI) was
used without further purification for interaction studies. Dime-
thylformamide (DMF, SigmaeAldrich), dimethylsulfoxide (DMSO,
Merck), acetonitrile (Merck), ethanol (Merck), deionized, distilled
water, deuterated dimethylsulfoxide (DMSO-d6, SigmaeAldrich),
and deuterated water (D2O, SigmaeAldrich) were used as solvents.
The pH was adjusted with minimum amounts of HCl (Fisher Sci-
entific) and NaOH (Sudelab). Tetramethylsilane (TMS, Sigmae
Aldrich) was used as internal standard for NMR analyses. Pyrene
(SigmaeAldrich) was used as a probe for micelle formation after
being twice recrystallized from ethanol. Monodisperse standard
poly(styrene) (Polymer Laboratories) was used for molecular mass
calculations. Chitosan (CS, Protasan, deacetylation degree >80%,
NovaMatrix) and PVP of Mw of 30,000 (Merck) and 1,300,000 g/
mol (SigmaeAldrich) were used for comparative studies. The
structures of the polymers and TPPS in both its basic and acid forms
are shown in Fig. 1.
2.2. Equipment

Distilled water was deionized in a SimplicityMillipore deionizer.
The pH was controlled on an UltraBasic Denver Instrument pH
meter. UVevis measurements were performed in a Helios g
spectrophotometer. 1H NMR spectra were recorded on a Bruker
Avance-300 NMR apparatus. Size exclusion chromatography (SEC)
was done using a PerkineElmer apparatus with an isocratic pump
connected to a differential refractometric detector (serial200a).
Fluorescence was analyzed in a SCINCO FluoroMate FS-
2spectrometer. Apparent size and zeta potential of suspended
nanoparticles were obtained by dynamic light scattering (DLS) on a
Malvern Zetasizer Nano ZS (Malvern) instrument with backscatter
detection (173�), controlled by the Dispersion Technology Software
(DTS 6.2, Malvern).
2.3. Procedures

2.3.1. Polymer synthesis
The synthesis of VPeArNH2 was accomplished following the

method previously described [16], and shown in Scheme 1.
Monomers (VP and VPeArNH2) and the initiator AIBN were dis-
solved in DMF at total monomer concentration of 1 M and initiator
concentration of 1.5$10�2 M. Nitrogen was flushed through the
polymerizing solution for 30min. Polymerizations were carried out
at 60 �C during 24 h. The formed copolymers were isolated and
purified by dialysis (Slide-A-Lyser 3.5K Dialysis Cassette, 3500
molecular weight cutoff, PIERCE) against mixtures deionized
water:DMF for 24 h and then against deionized water for 48 h to
minimize the presence of residual unreacted monomers and other
lowmolecular-weight molecules. Structural characterization of the
polymers was carried out by NMR in DMSO-d6 using the
MestreNova� 6 software. Chemical shifts are given in the d scale
relative to TMS. The molecular weight was analyzed by SEC. Two
ResiPore� columns (Varian) were conditioned at 70 �C and used to
elute the samples (1 mg/ml) with HPLC-Grade DMF supplemented
with 0.1% v/v LiBr at a rate of 1 ml/min. Calibration of SEC apparatus
was carried out withmonodisperse standard poly(styrene) samples
in the range of 2.9$103e480$103 Da.

2.3.2. Interaction studies
Absorption UVevis analyses were performed using quartz ves-

sels with path lengths of 1 cm following conventional procedures.
Particular experimental conditions are provided in the captions of
Figs. 2e12. The polymer concentrations are given in mole of aro-
matic basic groups per liter for polymers containing amine groups
or in mole of monomeric units per liter for PVP. All samples were
prepared in pure water or mixtures of water:DMSO 90:10 and
allowed to equilibrate after pH adjustment for several minutes. In
the latter case, the polymers were dissolved in pure DMSO and then
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Fig. 1. Molecular structures. For the polymeric VP derivatives, PVP corresponds to x ¼ 1, y ¼ 0, and P10, P25, P50, P75, and P100 are the polymers for which the numbers represents
the value of y (%); for chitosan, x > 0.85; TPPS is shown in its acid and its base forms.

Table 1
Copolymer composition related to feed composition and the resulting molecular
weight (MWn) and polydispersity index (PDI).
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1 volume of the DMSO solutionwas added to 9 volumes of aqueous
solutions either containing or not containing TPPS.

2.3.3. Nano- and microparticle formation and analysis
Samples containing 9$10�5 M of the corresponding polymers in

water:DMSO 90:10 and variable TPPS concentrations were prepared
by pouring a polymer solution in DMSO into an aqueous solution
containing the dye at pH 3.5 under vigorous stirring and analyzed at
298 K by DLS to obtain the size and the zeta potential of the particles
formed. Results of size and zeta potential were considered valid under
the criteria of the DTS 6.2 software. The formation of nano- and mi-
cro-particles with PVP, in the presence or not of TPPS, was searched
by DLS and fluorescence spectroscopy using pyrene as probe. For
fluorescence studies of the PVP solutions containing pyrene, the
excitation wavelength was fixed to 320 nm and the emission was
analyzed between 350 and 500 nm. Slits of excitation and emission
were fixed to 2.5 nm and pyrene concentrationwas fixed at 1$10�5M.

3. Results and discussion

3.1. Polymer synthesis and physicochemical properties

Statistical copolymers (P10, P25, P50, P75, and P100) with in-
creasing amount of VPeArNH2 were obtained by free radical
Scheme 1. Chemical reaction for VP derivatization.
polymerization. Table 1 shows the copolymer composition, molec-
ular weight, and polydispersity index (PDI) obtained for each syn-
thesis. The acronyms of the copolymers are given as an indication of
the molar fraction of VPeArNH2 in the feed, which practically cor-
responds to the actual value of the molar co-monomeric composi-
tion. The analysis of the composition of the different copolymers was
carried out by comparison of the integrated areas (A) of proton
resonance signals of the corresponding spectra, which are shown in
Fig. 2, considering chemical shifts ranges between 7.0 and 8.0 ppm,
corresponding to aromatic protons H1 and H3 and NH2 of aniline, and
1.0e2.4 ppm corresponding to the more shielded methylene protons
H6;H9;H0

5;H
0
6; and H0

9 (see Figs. 1 and 2 for assignments). The cor-
responding molar fractions ðx ¼ fVP; y ¼ fVPeArNH2

Þ are calculated
using Equations (1)e(5), where H is the integrated area for a single
proton:

A1:0�2:4 ¼ 4HfVPeArNH2
þ 6HfVP (1)

A7:0�8:0 ¼ 4HfVPeArNH2
(2)
Polymer fVPeArNH2

in the feed
fVPeArNH2

in the polymer
MWn (kDa)/PDI

P10 0.10 0.08 33/1.60
P25 0.25 0.23 41/1.62
P50 0.50 0.46 43/1.81
P75 0.75 0.74 34/1.77
P100 1 1 41/1.86



Fig. 2. 300 MHz 1H NMR spectra of PVP (A), P10 (B), P25 (C), P50 (D), P75 (E), and P100
(F) in DMSO.
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fVPeArNH2
¼ 1� fVP (3)

Dividing (1) by (2), and rearranging, we obtain

fVP ¼
4
6

�
A1:0�2:4
A7:0�8:0

� 1
�

1þ 4
6

�
A1:0�2:4
A7:0�8:0

� 1
� (4)

and

fVPeArNH2
¼ 1

1þ 4
6

�
A1:0�2:4
A7:0�8:0

� 1
� (5)

Protonation of the amino groups should increase the hydro-
philia of the polymers and allow their dissolution in water, so that,
in the copolymers hereby reported, as the linear aromatic amine
density increases from P10 to P100, an increase on their solubility
in water in acid media was expected. However, the opposite
behavior was experimentally observed, that is, the solubility in
water of the copolymers decreases as the amount of VPeArNH2
increases even at acid conditions. Aniline is a basic molecule whose
pKa has been reported to be near 4.6. Withdrawing substituents
make the pKa decrease, and values around 3.0 have been reported
[33]. We investigated the behavior of P10 at a concentration of
0.1 M in D2O versus the pH by 1H NMR spectroscopy. It can be seen
in Fig. 3 left, that protons H2 and H4, which in this solvent appeared
overlapped, are the most sensitive to the pH change due to they are
Fig. 3. Left: 300 MHz 1H NMR spectra in D2O of P10 at pH 3 (A) and 0.6 (B); r
in para and ortho position, respectively, with respect to the amino
group. Note that protons at the amino group are not observed in
this solvent due to fast exchange with deuterium. As deduced from
the graph in Fig. 3 right, where the chemical shifts of protons H2
and H4 are plotted versus the pH, protonation of the amino groups
begins at pH around 3, and, as recurrent in ionizable polymers,
gradually increases as the pH decreases. Consider, however, that
upon diluting, or in the presence of anions that stabilize the posi-
tive charges, the probability of the copolymers to protonate may
increase. Apart from thewithdrawing effect of the carbonyl group, a
stabilization of a resonance form of the aromatic amine in which
the amine is establishing a hydrogen bond with the neighboring
carbonyl group, as depicted in Fig. 1, may produce a decrease on the
basicity of the nitrogen atom. The planar configuration of the aro-
matic pendant groups may enhance their self-stacking and
confinement in hydrophobic domains of the polymer, a fact whose
probability increases with the increase on the linear aromatic
amine density in the copolymers. This could explain the decrease
on the solubility of the copolymers bearing higher fractions of
amino groups. Thus, PVP and P10 are readily water-soluble, P25
needs acid conditions to (apparently, see below) solubilize 10�4 M
in water, and P50, P75, and P100 are insoluble in water.

All the polymers studied here are soluble in DMSO. However,
the use of this solvent is a drawback for biological applications.
Assays tofind theminimumvolume fractionofDMSO inwater:DMSO
mixtures to achieve solubility gave us an interesting result. All
the copolymers appeared as soluble in water:DMSO 90:10
mixtures when pouring 1 volume of solutions of the co-
polymers in DMSO into 9 volumes of water at pH 3.5. However,
the solubilization of P25, P50, P75, and P100 by this method
resulted in colloidal suspensions as deduced by DLS experi-
ments. The correlograms obtained by this technique are shown
in Fig. 4. P10 is readily soluble in the mixture of solvents, so
that low intense scattering is found. P50, P75, and P100 are
found in the form of microparticles, showing a high PDI value
and the presence of large particles as deduced from the noisy
baseline. However, P25 is found in the form of nanoparticles of
an apparent mean size of 175 nm, showing a low PDI value of
0.19, and a positive zeta potential of 9.23 mV that indicates the
effective protonation of some aromatic amino residues at this
pH. The zeta potential is low due to the low pKa value of the
substituted aniline and the low linear aromatic density (and
hence linear charge density) of the polymer. Two explanations
that do not exclude each other may be given to understand the
role of DMSO in the process. Polymeric precipitates (nano-,
micro-, or macro-metric) may appear by the well-known sol-
vent displacement phenomenon when the solution of polymers
in an organic, water-soluble solvent is poured into water
[34,35]. Besides, DMSO may be intercalated between stacked
ight: chemical shift in ppm of protons H2 and H4 as a function of the pH.
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aromatic groups, solvating them, and generating microdomains
rich in DMSO that may be stabilized by the VP moieties, so that
preferential solvation of the aromatic amino groups could be
also invoked to understand the enhanced solubilization of these
polymers. Preferential solvation is attributed to a differentiation
between the immediate surroundings of the solute and the
composition of the bulk mixture, so that the local molar fraction of
any co-solvent in the solute solvation shell appears to be higher than
the molar fraction of this co-solvent in the bulk. This specific sol-
vation arises due to differences in the specific and nonspecific in-
teractions between the solute molecules and each of the solvent
components [31]. In the case of the possible interaction between
DMSO and the aromatic amines, pep interactions may play an
important role.Note that theDMSO1HNMRsignal in Fig. 2 at around
2.5 ppm is shifted upfield in the presence of the aromatic amines;
upfield shifting occurs when a molecule is sterically placed in the
shielding cone of an aromatic group, revealing their close binding by
means of specific interactions. The formermechanismmay bemore
probable in the case of P50, P75, and P100, and the latter may be
more probable in the case of P25, since, as will be discussed in the
following sections, the microparticles obtained with P50, P75, and
P100were not permeable toTPPS,whilst the nanoparticles obtained
with P25were. On the other hand, the solubility of P25 inwater was
apparent, and colloidal suspensions were also found by DLS in pure
water at pH 1, as can be also seen in Fig. 4, which showed higher PDI
than when the polymer is previously dissolved in DMSO.
Fig. 5. UVevis spectra of aqueous solutions containing 10�6 M of TPPS at pH 7.15
(dotted line), pH 5.05 (dashed line), pH 1.83 (continuous line); inset: 10�4 M of TPPS at
pH 2.0.
3.2. Acidebase and self-aggregation properties of TPPS

Many organic dyes such as TPPS have a tendency to self-stack
due to aromaticearomatic interactions stabilized by dispersion
forces. In order to observe the formation of self-aggregates, UVevis
spectroscopy is a useful technique. The formation of aggregates in a
sandwich-like disposition (H-aggregates) produces a shift of the
absorbance maximum to higher energies. On the contrary, the
formation of aggregates in a head-to-tail disposition (J-aggregates)
produces a shift of the absorbance maximum to lower energies.
Besides, H-aggregation produces fluorescence quenching, while J-
aggregation produces aggregates that fluoresce [36e39].
In this respect, TPPS can undergo both H-type and J-type aggre-
gation [26,40e43]. The latter case is found once the porphyrins are
protonated at their pyrrole groups (see Fig. 1), forming a di-anionic
species (H4TPPS2�), so that interaction between the positively
charged center of the molecule with the negatively charged periph-
ery stabilizes the aggregates. In this case, long arrangements of dyes
slightly fold so that supramolecular polymers, coiling around an
imaginary cylinder, have been described, as well as the induction of
chirality in the presence of chiral seeds or asymmetric stirring
[40,44]. This is reflected by the appearance of a band at around
490 nm, whilst the Soret band of the monomeric H4TPPS2� appears
at 434e435 nm (see Fig. 5, continuous line and inset, and Table 2). H-
type aggregates are normally found for the basic form of the dye, the
tetra-anionic H2TPPS4�. The formation of these aggregates produces
a band at around 400 nm at the expense of that at 414 nm corre-
sponding to the Soret band of the monomer (see Fig. 5, dotted line
and Table 2). The probability of H4TPPS2� and H2TPPS4� to undergo
respectively J-aggregation or H-aggregation increases with the con-
centration of the dye, as can be seen in Fig. 5, inset for the formation
of J-aggregates at acidic pH, and/or the presence of positive objects
and surfaces, including polyelectrolytes, whichmay produce a higher
local concentration of the dye around these surface as a consequence
of the electrostatic attraction.

As deduced from the explanation given above, the aggregative
properties of TPPS are related to its acidebase properties. At dilute
conditions (10�6 M or less) the main species is the monomeric di-
anionic H4TPPS2� at acid pH and the monomeric tetra-anionic
H2TPPS4� at pH higher than 5. At pH close to 5 (Fig. 5, dashed line)
both species are present. In order to better observe the transition
between the tetra-anionic species and the di-anionic species with the
pH, in Fig. 6, the absorbances corresponding to both H2TPPS4� and
H4TPPS2� species at every pH value have been plotted normalized for
their sum, i.e. the sumof the two absorbances is at every pH condition
always equal to 1. It can be seen that H4TPPS2� becomes the main
species under pH 4.9 (see Table 2) as stated in the literature [26,41].

As some of the copolymers considered in this study are insol-
uble inwater but dispersible in a mixture of water:DMSO 90:10, the
behavior of 10�6 M of TPPS in mixtures of water:DMSO has been
analyzed. By increasing the volume fraction of DMSO in the
mixture, an increasing shift of the H2TPPS4� monomer band is



Table 2
lmax of monomeric H2TPPS4� and H4TPPS2� and corresponding transition pH in the
presence of 9$10�5 M of the different polymers.

Polymer Solvent lmax

monomeric
H2TPPS4�

(nm)

lmax

monomeric
H4TPPS2�

(nm)

Transition
pH between
H2TPPS4� and
H2TPPS4�

None H2O 414 434e435 4.9
None H2O:DMSO 90:10 416 437 4.8
PVP H2O 421 435 4.3
PVP H2O:DMSO 90:10 420 437 4.3
P10 H2O 423 435 2.1
P10 H2O:DMSO 90:10 423 437 2.6
P25 H2O 423 e 1.8
P25 H2O:DMSO 90:10 423 e 1.6
P50 H2O:DMSO 90:10 416 437 4.5
P75 H2O:DMSO 90:10 416 437 4.5
P100 H2O:DMSO 90:10 416 437 4.5
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mixtures for solutions containing 10�6 M of TPPS.
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observed, from 414 to 421 nm, as can be seen in Fig. 7, revealing the
solvatochromism of this dye. On the other hand, upon addition of
HCl at concentrations of 10�3 M or higher, the band corresponding
to H4TPPS2� that in pure water appears at 434e435 nm is also
shifted up to 451 nm, the value obtained in pure DMSO, as can be
also seen in Fig. 7 and reported in the literature [31]. In mixtures
water:DMSO 90:10, both monomeric species experience a shift of
the position of their Soret bands by the incorporation of DMSO in
relation to the corresponding positions in pure water: that of
H2TPPS4� moves 2 nm to lower energies (from 414 to 416 nm) and
that of H4TPPS2� moves 2e3 nm to lower energies (from 434e435
to 437 nm), as can be read in Table 2. Although not studied here, the
H2TPPS4� becomes more stabilized than H4TPPS2� when the
organic content of the mixtures increases, so that the correspond-
ing protonation constants decrease [31] and thus, the appearance of
two extra positive charges in the molecule is prevented. In partic-
ular, in mixtures H2O:DMSO 90:10, a slight shift in the transition pH
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between the two monomeric forms of the dye at a concentration of
10�6 M was found decreasing to approximately pH 4.8, as can be
seen in Fig. 6. These changes are related to preferential solvation of
TPPS for DMSO in mixtures water:DMSO [31]. As can be seen in
Fig. 7, the tendency of H2TPPS4� to undergo preferential solvation
with DMSO is higher than for H4TPPS2�, so that the corresponding
band shift for the former reaches higher relative values than for the
latter at low DMSO volume fractions. This is related to the more
hydrophilic nature of H4TPPS2�, which is zwitterionic, thus pre-
senting 6 individual charges.

As can be seen in these studies, environmental conditions of the
dyes influence their characteristic absorption bands, as well as their
chemical behavior. In particular, band shifting and/or splitting,
corresponding to changes in the transition energies and/or excita-
tion/relaxation mechanisms may be observed by UVevis spec-
troscopy, and all these properties are related to the polarity of their
environment and to the relative probability to stack on other
molecules, including self-stacking. Moreover, changes on the acide
base properties of dyes also witness different environmental con-
ditions. The measure of UVevis spectral changes, and transition pH
from tetra-anionic to di-anionic changes, serves to analyze and
interpret the environment of TPPS.

3.3. Acidebase properties and band shift of TPPS in the presence of
PVP

PVP is an amphiphilic polymer [12,14,15] that lacks of any aro-
matic or charged functional group, as shown in Fig. 1. Thus, changes
on the aggregation and acidebase properties of TPPS must be
related to its amphiphilia and/or the p system of the amido group.
The amphiphilic behavior for this polymer is related to a compro-
mise of hydrophilic properties associated to the amido groups, and
hydrophobic properties associated to the rest of the hydrocarbon
chain. Thus, experiments have been done at pH 6 in which the
concentration of TPPS is set at 10�6 M and the concentration of PVP
is varied. At PVP concentrations higher than 9$10�5 M, the presence
of the VP units induces a shift of 7 nm of the H2TPPS4� Soret band
from 414 to 421 nm, as can be seen in Fig. 8. These changes may be
related to preferential solvation by PVP segments, that is, to specific
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and nonspecific interactions produced by the amphiphilic polymer.
On the contrary, the H4TPPS2� Soret band was not shifted and
remained centered at 435 nm (data not shown). The polymeric
nature of PVP may provide a less polar local environment for
H2TPPS4� upon preferential solvation at low concentrations of the
polymer, and, on the other hand, allows the more hydrophilic
H2TPPS4� to retain its hydration sphere.

Interestingly, it can be seen in Fig. 8 that at concentrations of the
polymer lower than 9$10�5 M, the maximum of absorbance does
not reach the plateau at 421 nm. On the contrary, a sharp shift is
obtained when increasing the polymer concentration in the range
of 10�5e10�4 M, such as if a transition between two states was
witnessed. It could be related to the formation of polymeric mi-
celles of PVP showing a critical micellar concentration of this order.
However, no report in the literature was found about the aggre-
gation and micelle formation of the pristine polymer. A report has
been found [45] on the formation of colloidal suspensions by
addition of amitriptyline, a tricyclic anti-depressant drug bearing a
large p system, to PVP solutions; the drug appears to induce PVP
collapse in the form of nanoparticles. Our own assays made by DLS
and by fluorescence spectroscopy using 10�5 M of pyrene as fluo-
rescent probe, confirm that polymeric micelles are not formed in
the range of PVP concentrations between 10�6 and 10�2 M, even
using a PVP of 1,300,000 g/mol of molecular weight (notably higher
than the molecular weight of the copolymers, so that aggregation
1 2 3 4 5

0

0.3

0.9

2.7

8.1

Transition pH

V
P

 
c

o
n

c
e

n
t
r
a

t
i
o

n
 
x

 
1

0
4
(
M

)

P10

P25

P50

P75

P100

PVP

PVP

PVP

PVP

PVP

A

Fig. 9. Transition pH of 10�6 M of TPPS in the presence of 9$10�5 M of the different copo
water:DMSO 90:10 (B).
should be enhanced) in the presence and in the absence of 10�6 M
of TPPS. Then, the transition observed in Fig. 8 may just be related
to the probability of PVP segments at these low concentrations to
solvate TPPS by means of preferential solvation.

On the other hand, special attentionmust be paid to PVP solutions
at concentrations at which the amount of VP units is coincident with
that in the copolymers that will be studied in the following sections.
The transition between the two acid and basic monomeric forms also
changes as a function of the PVP concentration, as can be seen in
Fig. 9(A). At low concentration of the polymer, no shift of the tran-
sition pH was observed, and it remained at 4.9. However, at con-
centrations over 9$10�5 M, the transition pH is increasingly shifted to
lower pH values. Note that there is a correspondencewith the shift of
the absorption band of the tetra-anionic form of the dye shown in
Fig. 8. In the presence of 8.1$10�4 M of PVP, the transition pH is
shifted to a low value such as 3.3. As explained when mixtures of
water:DMSO are used as solvent, this may be due to the fact that the
hydrophobic environment produced by the polymer stabilizes the
basic form in order to prevent the appearance of two extra positive
charges in the molecule. Thus, the band shifts of the absorption
bands of TPPS, and the changes on the transition pH between
H2TPPS4� and H4TPPS2� may be related to nonspecific interactions
and/or specific interactions that provide preferential solvation of
TPPS by the amphiphilic segments of PVP.

Similar behavior is found when the same studies are performed
in mixtures water:DMSO 90:10, as can be seen in Fig. 9(B), indi-
cating that the presence of DMSO does not play an additional
crucial role on the environment of TPPS in the presence of PVP.

3.4. Acidebase properties and band shift of TPPS in the presence of
P10

The UVevis spectral changes of the dyes in the presence of
polyelectrolytes depend on the polymer structure as a whole
[28,29]. Hydrophilia, flexibility, degree of ionization of the ionizable
groups, presence or absence of aromatic groups, nature and loca-
tion of functional groups, linear aromatic density, and linear charge
density, influence the behavior of the systems and the aggregation
state of the dyes. In particular, the presence of charged aromatic
groups in the polymer produces strong binding and notorious
changes on the dye chemical and spectroscopic behavior. A sig-
nificant amount of literature shows that the presence of comple-
mentary charged polymers produces aggregation of dyes in the
form of sandwich-like aggregates [27,28,43,46]. This property has
been elegantly used to achieve interesting nanostructures by ionic
self-assembly [47e49]. In the case of H2TPPS4� an intense H-band
appears at around 400 nm at the expense of that at 414 nm in the
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presence of poly(allylamine) [42] or CS (as will be shown later) [43].
Besides, the tetra-anionic form is stabilized up to pH 2.2, due to
charge neutralization by the polymer. However, when the poly-
electrolytes bear positively charged aromatic groups, aromatice
aromatic interactions between these charged aromatic groups
and aromatic counterions such as TPPS may compete with the dye
self-aggregation. In some cases, as in the presence of poly(4-
vinylpyridine) (P4VPy) this interaction becomes intense, and the
self-stacking of the dyes is inhibited [26,32,41]. This behavior has
been also observed for cationic xanthene dyes and aromatic and
aliphatic polyanions [20e22].

The copolymer P10 presents 10% of its pyrrolidones substituted
with aromatic amines. As discussed above, the aromatic nature of
these substituents may increase the hydrophobia of the copolymer.
However, and in particular when the amino groups are charged,
they may also enhance the aromaticearomatic interactions with
TPPS. The low linear aromatic density of this polymer may favor its
hydration and protonation, and thus its interactionwith the dye. As
aromaticearomatic interactions are short-range interactions, close
binding between both interacting aromatic residues may produce
notorious changes in the absorption characteristics of the dye, due
to both unspecific change in polarity and specific aromatice
aromatic interaction. Thus, complexation of 10�6 M of TPPS with
9$10�5 M of P10 produces a shift of 9 nm to lower energies (higher
than in pure DMSO) of the corresponding H2TPPS4� Soret band, as
can be seen in Table 2, arising a band at 423 nm,while the H4TPPS2�

Soret band is not shifted, remaining at 435 nm. Interestingly, the
transition between H2TPPS4� and H4TPPS2� decreases to pH 2.1, as
can be also seen in Table 2. Note that at the P10 concentration used
in these experiments, the apparent concentration of VP residues is
8.1$10�4 M. The behavior of TPPS in the presence of a comparable
concentration of the homopolymer PVP showed shifts of 7 nm of
the H2TPPS4� Soret band, lower than in the presence of P10 (see
Fig. 8), as well as a decrease on the transition pH to 3.3 (see
Fig. 9(A)). The higher shifts of these parameters (absorbance max-
ima and transition pH) in P10 highlight the role of the aromatic
amines of the polymers in providing specific interactions with TPPS.

When performing the study in water:DMSO 90:10, it was
observed that the H4TPPS2� Soret band of 10�6 M of TPPS moves to
437 nm in the presence of 9$10�5 M of P10 (Table 2), and the
transition pH between both tetra-anionic and di-anionic TPPS
species is shifted to 2.6, higher than in the presence of purewater as
solvent, but still much lower than for pristine TPPS. As deduced
from DLS results shown in Fig. 4, the polymeric chains are in an
extended coil form and are highly solvated. Upon preferential sol-
vation of TPPS and of the aromatic amines by DMSO, the close
binding between both species may be decreased. Besides, the less
polar solvent also contributes to decrease the basicity of the amino
groups, decreasing the probability to find them protonated. As said
before, in the mixture water:DMSO 90:10, the transition pH of TPPS
in the presence of 8.1$10�4 M of PVP is similar than in water, taking
a value of 3.3, as can be seen in Fig. 9(B).

3.5. Acidebase properties and band shift of TPPS in the presence of
P25

P25 presents a higher aromatic density than P10. Its solubility in
water is decreased at neutral pH, but the polymer is apparently
readily soluble by adding HCl so that the basic functional groups
may still hydrate and protonate. This is an indication of a still low
linear aromatic amine density that provides less compact polymers,
although both in H2O at pH 1 and in mixtures water:DMSO 90:10 at
pH 3.5 polymeric aggregation results in the formation of nano-
particles, as was seen in Fig. 4. As a result of the interaction with
9$10�5 M of this polymer, the tetra-anionic form of TPPS at a
concentration of 10�6 M is stabilized at least up to pH 1.8 (see
Table 2). Whilst the aromatic amine density is increased, the
apparent concentration of unmodified pyrrolidones is decreased by
comparison with experiments made with P10. However, the
H2TPPS4� Soret band is also shifted to 423 nm as in the case of P10,
as can be also seen in Table 2, a fact that may indicate that this
notorious shift is mostly provided by the specific aromaticearo-
matic interaction between the dye and the aromatic amines. In this
respect, the nanoparticles formed with P25 are permeable to TPPS,
so that, a strong interaction is observed. The stabilization of the
tetra-anionic form may be due to both a higher hydrophobic en-
vironment and the charge compensation furnished by the ammo-
nium groups. The apparent VP units concentration for this
polymers is 2.7$10�4 M. Note in Fig. 9(A) that at this concentration
of pure PVP, a lower shift of the transition pH is found than in the
case of a more concentrated PVP solution, achieving a value of 3.6.
However, a higher shift of the transition pH is found for P25
comparing to the case in the presence of P10, related to the increase
on the aromatic amine density, provided that the apparent total
aromatic amine concentration has been kept constant.

Similar behavior is found in mixtures of water:DMSO 90:10.
However, contrarily to the case in the presence of P10, the stabili-
zation of the tetra-anionic form in these conditions is still higher than
in pure water, evidenced by a shift of the transition pH between the
basic and the acid form to at least pH 1.6, as can be seen in Table 2.
This could be related to swelling of DMSO inside the nanoparticles,
based on a probable preferential solvation of the polymeric func-
tional groups, that makes the environment inside the particle less
polar, and still permeable to TPPS, decreasing also the probability of
the dye to protonate. In the mixture water:DMSO 90:10, the transi-
tion pH of TPPS in the presence of 2.7$10�4M of PVP is comparable to
that in water, taking a value of 3.6, as can be seen in Fig. 9(B).

3.6. Acidebase properties and band shift of TPPS in the presence of
P50, P75 and P100

None of these polymers are water-soluble, even at acidic condi-
tions. So, the linear aromatic amine density is too high and, as a
possible explanation, hydration of the functional groups is prevented
by means of a higher probability of these polymers to stabilize
stacked planar, non-basic structures in hydrophobic domains. How-
ever, suspensions of these polymers at a concentration of 9$10�5 M
and pH 3.5 were obtained by pouring concentrated solutions of the
polymers in pure DMSO into 9-fold water volume at the same pH, so
that amixture water:DMSO 90:10 was obtained as solvent. As shown
in Fig. 4 and discussed in Section 3.1, the polymers where found in
the form of polydispersemicroparticles. At these conditions, addition
of TPPS produced no effect concerning band shifts in comparison to
the situation in the absence of the polyelectrolytes, as can be seen in
Table 2. This suggests that the polymers are found in a rather
compact, solid form, not permeable to TPPS, with low porosity and
hardly solvated by the organic solvent, their amino groups remaining
in their basic form, decreasing the probability to undergo aromatice
aromatic interactions with TPPS. The dye may also be stabilized by
DMSO upon preferential solvation, and both entities, polymers and
dye, behave as practically independent. No effect was found con-
cerning transition pH changes in water, and weak effects are
observed in the presence of the microparticles inwater:DMSO 90:10,
shifting from around 4.8 to around 4.5 in the presence of all poly-
mers, as can be seen in Fig. 9(B).

3.7. Fluorescence studies

Three dimensional graphs regarding excitation and emission
wavelengths and intensity are obtained for TPPS in the presence of
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different polymers and at different pHs, as shown in Fig. 10. The di-
anionic H4TPPS2� presents an intense emission peak at around
680 nm when excited at 434 nm, while the tetra-anionic species
presents two less intense peaks at 642 and 706 nm, when excited
around 414 nm (entries A1 and A2, respectively). In the presence of
9$10�5 M of PVP and acidic pH, the peak corresponding to the di-
anionic form of TPPS decreases in intensity around two-fold, a
fact that may be interpreted as an increase of intersystem crossing
from singlet excited states to triplet excited states, provided that
Fig. 10. Three dimensional fluorescence graphs showing fluorescence intensity as a function
(entries X2), in the absence of any polymer (entries An), and in the presence of 9$10�5 M
triplets are less polar than singlets, and thus they are stabilized in a
more hydrophobic environment. This is important for PDT since the
energy to produce singlet oxygen is transferred from the triplet
state of the photosensitizer. On the other hand, the tetra-anionic
form of TPPS presents an intense fluorescence when excited at
around 421 nm. The corresponding fluorescence spectrum is wide,
and does not present the peak at around 706 nm, while that at
642 nm is shifted to around 650 nm, corresponding to the shift of
the absorption band from 414 to 421 nm. The Stokes shift is
of excitation and emission wavelengths of 10�6 M of TPPS at pH 2 (entries X1) and >5
of PVP (B1 and B2), P10 (C1 and C2), P25 (D1 and D2).



Fig. 11. UVevis spectra of aqueous solutions containing 10�6 M of TPPS in the presence
of 9$10�5 M of CS at pH 3.6 (continuous line), 8.1$10�5 M of CS and 9$10�6 M of P10 at
pH 3.5 (dashed line).
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practically conserved. The intensity of this peak is comparable to
that of the di-anionic species. Although not shown here, the same
profiles are obtained in the presence of different concentrations of
PVP above 9$10�5 M, while at a concentration of 3$10�5 M, a profile
closer to that of the freemonomer is obtained, in correspondence to
the band shifts analyzed in Section 3.3 shown in Fig. 8. In the
presence of 9$10�5 M of P10 we can observe that the tetra-anionic
species is present at both pH 2 and 5 since emission peaks appear
when exciting at 421 nm. The fluorescence peaks of the tetra-
anionic form follow the pattern obtained in the presence of PVP,
and only awide emission band appears. At pH 2 amixture of the di-
anionic and the tetra-anionic species is contributing to the fluo-
rescence, the former revealed by the fluorescence peak that ap-
pears upon excitation at 435 nm. As the superposition of both
bands results in a wide peak, no analysis on the relative intensity
will be done. On the contrary, at pH 5, where the tetra-anionic
species is the only species present, the corresponding fluores-
cence intensity is decreased around 3-fold with respect to the case
in the presence of PVP. In the presence of P25 the tetra-anionic form
is found at both pH 2 and 5, showing a fluorescence intensity higher
than in the presence of P10 and lower than in the presence of PVP.
Only one emission band is also obtained in this case. Note that at
the concentrations used in these studies, the apparent concentra-
tion of VP is decreasing in the order PVP < P25 < P10, so that the
relative intensity of the fluorescence of TPPS in the presence of
these polymers seems to follow the apparent relative concentration
of VP, which may furnish the hydrophobic environment to stabilize
the triplet state of the dye. On the contrary, the aromatic amine,
when protonated, may stabilize the more polar singlet state by
means of its own polarity.

3.8. Selective interaction

As highlighted before, the more common behavior of dyes in the
presence of complementary charged surfaces, including poly-
electrolytes, is the formation of large aggregates based on H-type
contacts. This behavior is often due to the nature of the interaction
between the dye and the complementary charged surface being
electrostatic. Long-range electrostatic interactions produce non-
site-specific binding, so that counterions keep their hydration
sphere, and locally concentrate near the complementary charged
surface [50,51]. In the case of the interaction between dyes and
complementary charged polyelectrolytes, the higher local concen-
tration of dyes on the polymeric near environment induces the
molecules to self-stack.

Concerning potential biological applications, chitosan (CS) is an
interesting polycation. CS is a polysaccharide derived from
glucosamine, obtained by partial deacetylation of chitin. Thus, it is a
copolymer whose linear charge density, and hence solubility, is
modulated by the degree of deacetylation. The CS used in our study
presents more than 85% of deacetylated glucosamines that at pH
below 5 are protonated, ensuring its easy solubility in water. In the
presence of 9$10�5 M of CS at pH between 3.5 and 5, 1$10�6 M of
TPPS solution in water shows an intense band at around 400 nm
corresponding to H-aggregates of H2TPPS4� formed on the surface
of the polyelectrolyte, as can be seen in Fig. 11.

The interaction of dyes with polyelectrolytes bearing comple-
mentary charged aromatic groups is more intense than with
aliphatic polyelectrolytes, since in the former case, a combination of
long-range electrostatic interactions, hydrophobic interactions, and
short-range electrostatic interactions may induce strong site-
specific binding [22e24,29]. As a consequence of this, in the pres-
ence of both types of polycations, TPPS should bind preferentially to
the aromatic one. In order to verify this, 1$10�6 M TPPS solutions
have been prepared in the presence of mixtures of CS and P10. P10
was chosen as a readily water-soluble polymer, showing weaker
interactions with TPPS than P25, as deduced from the smaller shift
of the transition pH. In these experiments, the amount of total
polymeric amino groups has been set at 9$10�5 M, and the relative
concentration of CS and P10 has been chosen as variable. In order to
increase the probability of P10 to undergo protonation at the very
diluted conditions of the experiment, the pH has been set between
3.6 and 3.5. Thus, in Fig.11 it can be seen that H-aggregation of TPPS
is prevented at a CS/P10 ratio of 9:1 and pH 3.5 (dotted line),
deduced by the appearance of the sharp band at 423 nm corre-
sponding to the monomeric tetra-anionic form of TPPS complexed
by P10. This result highlights the strength and stability of the TPPS/
P10 interaction, properties that may be of transcendental impor-
tance for biological applications, where different structures pre-
senting different linear and surface charges are found, with
potential influence on the state of aggregation of the dye and its
consequent response to light.
3.9. TPPS confinement in P25 nano- and micro-particles

The particular characteristics of the copolymers concerning
their solubility open the possibility to obtain nanostructures that
include TPPS. This can be important for an adequate design of
pharmaceutical formulations depending on the possible adminis-
tration routes. Confinement of a dye in nano- or micro-particles is
an adequate strategy to provide stability and improve the targeting.
As P25 showed to form nanoparticles with the ability to strongly
interact with TPPS, experiments have been done setting the con-
centration of the polymer at 9$10�5 M and varying the concen-
tration of TPPS from 0 to 9$10�6 M. The solvent chosen was
water:DMSO 90:10, achieved by pouring 1 volume of a polymer
solution of P25 in DMSO with 9 volumes of an aqueous solution of
TPPS. The pH selected was 3.5 in order to ensure as much amine
protonation as possible, and keep TPPS in its tetra-anionic form. As
stated before, in the absence of TPPS, nanoparticles of P25 are
formed with an apparent size of 175 nm, showing a low PDI of
0.19, and positive zeta potential. The zeta potential is low (9.23mV),
due to the low charge density of the polymer. By increasing the
concentration of TPPS in the samples, a Gaussian-like bell curve
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appears when plotting the apparent size of the particles versus the
TPPS/P25 ratio, as can be seen in Fig. 12. A maximum appears
around a TPPS/P25 ratio of 0.01. There is a correlation of this
maximumwith an observed change in the sign of the zeta potential.
Thus, by increasing the concentration of TPPS up to TPPS/P25 ratio
of 0.01, charge neutralization is increasingly achieved, the poly-
meric chains associate each other forming aggregates whose size
also increases, up to around 3 mm, and the zeta potential is
increasingly lowered, so that the stabilization effects of the surface
charge in the particles are also lowered. Upon adding more TPPS,
the absolute value of the negative zeta potential starts increasing.
Thus, the particles become more charged, and chain aggregation in
the form of large particles is prevented. The apparent size of the
particles formed decreases to a plateau at around 150 nm as the
TPPS/P25 ratio is decreased. Interestingly, these results show the
ability of P25 to confine TPPS, not only by electrostatic interactions,
but also by means of additional interactions such as hydrophobic,
aromaticearomatic, and specific interactions with both DMSO and
PVP segments.

3.10. Final remarks

The experiments shown in this work highlight the importance
of the synthesized PVP derivatives as potential carriers of TPPS for
PDT. In this respect, the potential of the synthesized polymers finds
its conceptual origin on the biocompatibility of PVP, on its surfac-
tant properties, and, as an absolute novelty of this work, on the
incorporation in the polymers of discrete amounts of VP modified
with aromatic amines, which increases the hydrophobic properties
of the resulting polymers, and provides specific interactions with
H2TPPS4�, resulting in a higher stability of its confinement, and,
more interestingly, in the stabilization of the tetra-anionic form in a
wide range of pH, avoiding the undesirable self-aggregation both in
the form of H- and J-aggregates. Although not shown here, the
stability of the confined molecules is extended when different
conditions are applied, such as temperatures varying between 10
and 60 �C, and presence of electrolytes such as NaCl at concentra-
tions between 0 and 5$10�2 M. Among the polymers studied, P10
and P25 exhibit the highest potential due to their solubility, ability
to form nanostructures, and ability to incorporate the dye in its
tetra-anionic form. These two polymers bear 10 and 25% of modi-
fied pyrrolidones, respectively, which results in an advantage under
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the scope of both low economic and synthetic cost, and retention of
biocompatibility. The high affinity of these polymers to bind the
dye, by comparison to other biopolymers such as CS, represents an
outstanding advantage that may be a first indication of further
stability of the assemblies in biological systems. Besides, the low
charge of the polymeric systems and their small size are of interest
to achieve an effective cellular uptake and permeation through
biological cellular membranes.
4. Conclusions

Copolymers of VP and VPeArNH2 have been synthesized and
their interaction with TPPS has been studied regarding shifts of the
absorption bands and shift of the transition pH between the di-
anionic and the tetra-anionic form of the dye, both in water and
in mixtures water:DMSO 90:10. The interactions with the
biocompatible PVP have also been studied as control. The incor-
porated aromatic amines increase the hydrophobic properties of
the resulting polymers and provide specific interactions with TPPS.
P50, P75 and P100 resulted insoluble in water, whilst P25 formed
polydisperse nanoparticles, and P10was readily soluble inwater. By
pouring 1 volume of solutions of P25, P50, P75, and P100 in DMSO
into 9 volumes of water, P25 formed nanoparticles of 175 nm,
showing a low polydispersity index of 0.19, and a positive zeta
potential of 9.23 mV which indicates the effective protonation of
some aromatic amino residues. P50, P75, and P100 also formed
particles of bigger size and highly polydisperse by this technique.
The P25 nanoparticles were permeable to TPPS, which was effi-
ciently confined in them. Both P10 and P25 stabilize the tetra-
anionic form of the dye in a wide range of pH, and prevent the
undesirable self-aggregation both in the form of H- and J-aggre-
gates. Moreover, the affinity of P10 to bind the dye is higher than for
other biopolymers such as CS, which may be a first indication of
further stability in biological systems. The low content of modified
pyrrolidones in P10 and P25 results in an advantage under the
scope of both low economic and synthetic cost, and retention of
biocompatibility. All these properties make these polymers inter-
esting materials to confine TPPS in polymeric matrices or micelles
as carriers for photodynamic therapy against cancer.
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