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SPECTROSCOPIC STUDIES OF SELF-ASSEMBLED TPPS4

NANOSTRUCTURES IN AQUEOUS SOLUTIONS:

THE ROLE OF SERUM ALBUMIN AND pH
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The interaction of meso-tetra(4-sulphonatophenyl) porphyrin (TPPS4) with bovine serum albumin (BSA) in acid medium
was investigated using optical absorption spectroscopy. Changes in the absorption spectra indicate that a mechanism of interac-
tion between TPPS4 and BSA is in a complex manner dependent on: (a) the ratio between monomeric and aggregated species
in a homogenous solution of TPPS4, (b) the molar ratio of the TPPS4–BSA mixture, and (c) the initial state of protein solution.
When different forms of TPPS4 exist in solution, small relative concentrations of BSA favour J-aggregation; however, higher
concentrations may lead to the disruption of J-aggregates. If J-aggregates are preformed in the solution, adding of protein does
not disrupt these aggregates.
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1. Introduction

Water-soluble porphyrins and porphyrin derivatives
are well established photosensitizers for photodynamic
therapy (PDT) of cancer. The efficiency of PDT is
highly dependent on the photophysical properties of
the sensitizers, such as their intensive absorbance in
the far red spectral region and high quantum yields for
triplet state population and singlet oxygen generation.
However, these properties can vary with the aggrega-
tion state of the porphyrins [1–7].

The interaction with different macromolecules and
other biological structures can also affect the photody-
namic efficacy of porphyrins [8–10]. The changes in
photophysical properties of meso-tetra(4-sulphonato-
phenyl) porphyrin (TPPS4) upon binding to human
serum albumin (HSA) were investigated and some of
them were attributed to the ability of the protein to
monomerize aggregates of the sensitizer [11].

In aqueous media TPPS4 molecules exist in differ-
ent ionic forms, depending on medium acidity. In
very acidic solutions (pH < 2), where the diproto-
nated form ((H+)2TPPS4) prevails, these ionic species
start forming one-dimensional ordered arrangements,
called J-aggregates [12, 13]. Strong interaction be-
tween the molecules within the J-aggregate leads to
collective effects in the optical response: an exciton

band (J-band) is formed. In pure solutions the for-
mation of J-aggregates is initiated by the increase of
concentration, medium acidity or ionic strength. For-
mation of J-aggregates could also be promoted by in-
teraction with surfactants [14] and proteins [15]. Due
to these unique optical properties determined by self-
organization of the molecules, the special interest in
J-aggregates of TPPS4 arises.

It has been shown that TPPS4 localizes mainly
in lysosomes when being introduced into the organ-
ism [16]. The lumen of these organelles is acid
(pH 4.6–4.8). Under such acidity, the diprotonated
form of TPPS4 is present in aqueous media. There-
fore, the possibility cannot be ruled out that TPPS4 can
probably form J-aggregates when being accumulated in
cells as well.

Another field of application for organic materials,
such as porphyrins, is the development of new nano-
devices through the self-assembly, which occurs in na-
ture, but might also be useful in designing supramolec-
ular structures with suitable properties. Self-assembly
provides a primary mechanism through which molec-
ular aggregate structures in both natural and artifi-
cial systems are created. The manipulation with self-
assembled structures could be an alternative method
for nanofabrication techniques. The adsorption of
such self-assembled structures on solid surfaces is one
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Fig. 1. (a) Deprotonated and (b) protonated forms of TPPS4.

of the fundamental processes for the development of
molecule-based nanodevices.

Presuming that the J-aggregates can be formed in bi-
ological media, the method of absorption spectroscopy
was applied to investigate the influence of the bovine
serum albumin on the formation of J-aggregates.

2. Materials and methods

TPPS4 was obtained from Porphyrin Products (Lo-
gan, Utah, USA) and bovine serum albumin (BSA)
from Fluka (USA). Solutions of TPPS4 and BSA were
prepared in distilled water. Medium pH was varied by
adding appropriate amounts of 0.1M HCl. For the in-
teraction studies, TPPS4 concentration was kept con-
stant, while the BSA concentration was varied. Equal
volume parts of TPPS4 and BSA solutions were mixed
before the spectroscopic measurements.

The pH values of TPPS4–BSA solutions were con-
trolled using a pH-meter IC150 (IQ Scientific Instru-
ments, Inc., USA) with glass electrode CW711.

Absorption measurements were performed by the fi-
bre optics built-in spectrometer PC1000 (Ocean Optics
Inc., USA) using 1 mm and 10 mm optical path quartz
cuvettes.

3. Results

In neutral and basic aqueous media, TPPS4 molec-
ules exist in a nonprotonated form (Fig. 1(a)). The ab-
sorption spectrum of the nonprotonated form consists
of the Soret band with a peak at around 412 nm and four

Fig. 2. Changes in the absorption spectra of TPPS4 (c = 7·10−6M)
occurring upon increase in acidity of the medium.

Q absorption bands in the visible spectral region, which
is typical of the etio-type spectra (Fig. 2). When acidity
of the aqueous medium increases, the protonated form
of TPPS4 (Fig. 1(b)) becomes dominant. At that time
new absorption bands can be observed at 433 nm and
also at 592 and 645 nm (Fig. 2). In very acidic me-
dia two new absorption bands are formed at 488 and
706 nm (Fig. 2), which are typical of the J-aggregates
of TPPS4 [17].

An aqueous solution of bovine serum albumin was
chosen as a model of a biological system for the in-
teraction studies. The preliminary studies of pH in-
fluence on absorbance of pure BSA solutions showed
that absorption spectrum of the albumin did not over-
lap with the absorption bands of both the nonproto-
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Fig. 3. Absorption spectra of BSA (c = 10
−5M) in homogeneous

solution of different acidity.

nated and protonated forms of TPPS4. Changing the
medium acidity the absorbance of BSA changed only
very slightly (Fig. 3).

Two different concentrations of TPPS4 were chosen
for the interaction studies in the acid medium. In the
absence of BSA (the TPPS4 : BSA molar ratio 1 : 0)
in acid aqueous solution at lower porphyrin concen-
tration (5·10

−6M), the absorption bands of monomeric
(H+)2TPPS4 at 433 and 645 nm dominated in the spec-
trum (Fig. 4(a)). The intensity of the absorption bands
of J-aggregates at 487 and 705 nm was very low. The
presence of even relatively small amount of BSA in the
solution (TPPS4 : BSA of 1 : 0.005) induced significant
decrease of monomer bands and increase of J-aggregate
bands. When the molar ratio TPPS4 : BSA was fur-
ther increased from 1 : 0.005 to 1 : 0.1, the absorption
bands of J-aggregates became even more intense and
underwent a slight blue shift to 484 and 702 nm. The
maximal absorption intensity of J-aggregates in the so-
lution was observed when the molar ratio was about
1 : 0.1. On the other hand, the Soret band underwent
further decrease in intensity with simultaneous broad-
ening and a blue shift. When the ratio TPPS4 : BSA
in the complex solution was 1 : 2, the intensity of the
excitonic band of J-aggregates decreased and its peak
underwent a small bathochromic shift. A new peak
of the Soret band formed at around 421 nm. The in-
tensity of this peak increased with the increase of pro-
tein concentration. Narrowing of the absorption band
of J-aggregates in the far-red spectral region was ob-
served together with the formation of two flat peaks in
the region of 500–550 nm.

At higher concentration of TPPS4 (5·10
−5M) the ab-

sorption bands of J-aggregates dominated in the spec-

(a)

(b)

Fig. 4. Absorption spectra of TPPS4 ((a) c = 5·10−6M, (b) c =

5·10−5M) when the molar ratio of TPPS4 to BSA in the solution
changes from 1 : 0.005 to 1 : 10 (pH = 1.2).

trum of the pure solution (Fig. 4(b)). Instead of the
Soret band of the monomeric (H+)2TPPS4, the broad
Soret band was observed at around 426 nm with a
shoulder on the long-wave side. The intensity of the
Soret band slightly decreased at TPPS4 : BSA molar ra-
tios from 1 : 0.005 to 1 : 0.01 and the formation of pel-
let in the complex solution was observed immediately
after mixing. No pellet was formed at higher BSA con-
centrations, probably due to the enhanced solubility of
J-aggregates. The changes in the shape of the Soret
band (a hypsochromic shift and narrowing, Fig. 4(b))
as well as slight increase in intensity were found to be
similar to those observed in the case of lower concen-
tration of TPPS4 (Fig. 4(a)). Increase of TPPS4 :BSA
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Fig. 5. Spectral changes occurring in the mixed solutions during the interaction between TPPS4 (c = 2·10−6M) and BSA.

molar ratios up to 1 : 10 resulted in slight decrease of
J-aggregate absorption bands at 490 and 705 nm.

To get more detailed information on how BSA in-
fluences the formation of J-aggregates, the role of the
initial states of both components during the interaction
was investigated. For this, pure solutions of TPPS4 and
BSA were made in distilled water and also in 0.1M
HCl. The complex solutions were prepared by mix-
ing equal volumes of both components to get differ-
ent TPPS4 : BSA molar ratios, and their spectra are
presented in Fig. 5. Figure 5(a) reflects the spectral
changes observed when increasing amounts of BSA
(dissolved in acid) were mixed with the TPPS4 (dis-
solved in distilled water). Similarly as in Fig. 4(a), the

shape of the absorption spectrum of pure TPPS4 at con-
centration 2·10

−6M was characteristic of monomeric
(H+)2TPPS4 species (Fig. 5(a), solid line). However, at
this concentration no J-aggregates were observed. For-
mation of J-aggregates (a new band at 484 nm) was in-
duced by the presence of BSA at molar ratios up to 1 : 1.
The narrow Soret band at 421 nm, absent J-aggregate
bands, and an etio-type spectrum in the visible region
were characteristic features of the solutions at the mo-
lar ratio 1 : 10.

In the complex solutions, where both components
were predissolved in 0.1M HCl, the smaller amount of
J-aggregates formed at the molar ratio 1 : 1 (Fig. 5(b),
dotted line). At higher molar ratio (1 : 10) the intensity
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of J-aggregate band decayed almost to the initial value
observed in the pure solution (dashed-dotted and solid
lines, respectively). The Soret band at 421 nm exhib-
ited a second peak at around 436 nm. Five broad bands
comprised the spectrum in the visible spectral region.

In contrast to the both previous cases, the highest
amount of J-aggregates formed at the smallest molar
ratio (1 : 0.01) in complex mixtures prepared by adding
BSA dissolved in distilled water (Fig. 5(c)). At the
molar ratio 1 : 10, the Soret band resembled that of
Fig. 5(a) in shape, while the bands in the visible spec-
tral region were similar to those in Fig. 5(b) (dashed-
dotted lines). Similarly as in Fig. 5(b), J-aggregates
were present even at the highest protein ratio.

Spectral changes observed in the complex mix-
tures in distilled water reflected the strong interaction
between diprotonated species of porphyrin and BSA
(Fig. 5(d)). The absorption spectrum of the mixture at
the molar ratios above 1 : 1 comprised the Soret band
at 420 nm and also etio-type bands in the visible spec-
tral region, which are typical of nonprotonated TPPS4

species.

4. Discussion

The factors determining formation of J-aggregates
of TPPS4 molecules can be relatively divided into two
groups: those being essential for the occurrence of
the process and those affecting it either quantitatively
or qualitatively. Summarizing the data of the exten-
sive studies, the formation of J-aggregates in pure por-
phyrin solutions can be induced by lowering the value
of pH below 3.5 and increasing the concentration of
porphyrin above a certain level (typically 10

−6M at
pH = 1) [12]. This process can be modified by the pres-
ence of additional components in solution. Cations,
cationic surfactants, and proteins were shown to faster
and boost the aggregation under appropriate condi-
tions [14, 15].

In the study on the interaction of TPPS4 with HSA
and β-lactoglobulin in acid media [15] it was re-
ported that the formation of TPPS4 J-aggregates and
porphyrin–protein complexation depended on the pro-
tein nature, pH, and the porphyrin/protein molar ratio.
Our results suggest that the mechanism of TPPS4 in-
teraction with protein can be affected not only by the
above-mentioned factors but is also sensitive to the ini-
tial states of both interacting compounds. The spectro-
scopic changes (Fig. 4(a, b)) observed during the inter-
action of porphyrin with different amounts of protein in
the acid medium were found to be strikingly different

for lower (5·10
−6M, Fig. 5(a)) and higher (5·10

−5M,
Fig. 5(b)) concentrations of TPPS4. Present data sug-
gest an interaction scheme detailed below.

The amount of monomeric diprotonated species was
significantly reduced in complex TPPS4 solutions of
lower porphyrin concentration, even by mixing stock
solutions to get the small proportion of proteins to
porphyrins. For BSA predissolved in acid (Figs. 4(a)
and 5(b)) the interaction led to simultaneous forma-
tion of J-aggregates, the excitonic band of which was
slightly blue-shifted relatively to that in a pure por-
phyrin solution. Submicromolar concentration of the
protein (HSA) was suggested to support the positive
microphase due to its global positive charge in the acid
medium, and therefore, stimulating the formation of
J-aggregates [15]. Similarly, BSA possesses global
positive charge in acid media. We suggest that dur-
ing the interaction proteins act as centres of condensa-
tion for monomeric (H+)2TPPS4 species, thus facili-
tating the formation of J-aggregates on the surface of
protein moiety. Similar surface-induced polymeriza-
tion processes were reported for monomeric actin on
a positively charged lipid monolayer [18]. High con-
centration of BSA disrupts these aggregates forming
the protein–porphyrin complex absorbing at 421 nm.
Spectral properties of porphyrin species in this com-
plex, especially those in the visible region, are typical
of the neutral form of TPPS4 implying that in the vicin-
ity of BSA protons are released from the core of por-
phyrin ring (Fig. 5(b)). Deprotonation of TPPS4 in acid
media (pH around 3.5) was also observed during the in-
teraction of diprotonated species of TPPS4 with CTAB
micelles [14].

J-aggregates prevailed in pure acid TPPS4 solutions
at higher porphyrin concentration (Fig. 4(b)). When
stock solutions were mixed together producing a small
protein to porphyrin ratio, sudden appearance of the
pellet was observed. The decrease in the intensity of
the Soret band during this phenomenon was detected
only at its short-waved side, where absorbance of ag-
gregates is dominant. Higher BSA concentration, how-
ever, induced no precipitation in the complex solutions.
We presume that the pellet was probably formed due
to the strong interaction between J-aggregates boosted
by protein molecules, which acted as centres of pre-
cipitation for aggregated porphyrins. A similar effect
was reported in acid TPPS4 solutions in the presence
of cationic surfactants [14]. The reason why higher
protein concentrations prevented the formation of the
pellet probably is that J-aggregates bound to proteins
cannot interact so efficiently any more. The peak of
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the Soret band at around 423 nm evolved only at the
highest BSA concentration implying the formation of a
similar protein–porphyrin complex as that in the solu-
tion of lower TPPS4 concentration. However, interac-
tion with BSA was not efficient enough to disrupt most
of those J-aggregates being already present in the pure
TPPS4 solution.

While there are no marked changes observed in the
absorption spectra of BSA solutions at different pH
values (Fig. 3), the increase in medium acidity pro-
duces the distinct conformational changes of BSA. At
pH = 4, albumin exists in the F form, which involves
the unfolding of domain III [19, 20]. At pH < 4, BSA
undergoes another expansion with a loss of the intrado-
main helices of domains I and II. This expanded form
is known as the E form [21]. The studies of TPPS4

interaction with BSA at different pH values revealed
that different isomeric forms of albumin finally yield a
complex with similar spectral features. However, var-
ious isomeric forms of protein can probably possess
different affinity both to porphyrin and another protein
molecules. This could explain the spectral differences
observed during the interaction studies as reflected in
Fig. 5.

Comparing the spectral changes induced by the in-
teraction of TPPS4 with BSA predissolved either in
acid (Fig. 5(b)) or in distilled water (Fig. 5(c)), one
can note that in the latter case BSA had higher capac-
ity for binding porphyrins. The amount of J-aggregates
induced by BSA, which can be determined by the in-
creased intensity of the J-band and its bathochromic
shift in a complex solution, was found to be the high-
est at the smallest BSA concentration. Moreover,
J-aggregation was no longer favourable at higher BSA
concentrations, which was not the case when BSA was
predissolved in acid. Instead, the decrease in intensity
of the J-band was accompanied by the rising peak of
the Soret band at 421 nm. The amount of J-aggregates
formed in a complex solution by BSA predissolved in
distilled water was lower than that observed by mixing
both components predissolved in acid. Although, the
spectral bands in the visible spectral region attributable
to the deprotonated species of TPPS4 had the high-
est expression in the former case. However, even at
these interaction conditions (porphyrin/protein molar
ratio 1 : 10) BSA did not disrupt J-aggregates formed
in a pure acid TPPS4 solution (Fig. 5(b)).

The albumins like many other molecules in solu-
tions can form aggregated structures, especially at low
pH [22]. We presume that BSA predissolved in dis-
tilled water is less aggregated in complex acid solu-

tions and, therefore, demonstrates stronger interaction
with monomeric (H+)2TPPS4 form, thus preventing
further formation of J-aggregates. On the other hand,
BSA predissolved in acid is expected to have higher de-
gree of aggregation in complex solutions. Those BSA
molecules forming aggregates have reduced binding
affinity to porphyrins. Nevertheless, such aggregates
can probably serve as a template for the adsorbed por-
phyrin molecules assembling into J-aggregates on their
surface.

5. Conclusions

From the above experimental results we come to
the following conclusions. The pattern of the TPPS4

interaction with BSA implies the concurrent mecha-
nism. It depends on the relative concentrations of
monomeric and aggregated species in a homogenous
solution of TPPS4 as well as on the initial state
of a homogenous protein solution. Strong interac-
tion with BSA shifts the Soret band of the formed
TPPS4–protein complex towards 421 nm indepen-
dently of pH. The high protein/porphyrin ratio leads
to the formation of the TPPS4 spectrum, typical of
the deprotonated species of the porphyrin. The small
relative concentration of the protein favours formation
of J-aggregates of TPPS4, while higher concentration
leads to their disruption. In complex acid solutions for-
mation of J-aggregates is favoured by the higher aggre-
gation of BSA. J-aggregates preformed in a homoge-
neous solution of TPPS4 retain their spectral properties,
adding protein does not disrupt these aggregates.
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SAVITVARKIŲ TPPS4 NANODARINIŲ SPEKTROSKOPINIAI TYRIMAI:

SĄVEIKOS SU ALBUMINU IR APLINKOS pH ĮTAKA

J. Valančiūnaitė, J. Žerebcova, S. Bagdonas, G. Streckytė, R. Rotomskis

Vilniaus universitetas, Vilnius, Lietuva

Santrauka

Vandeninėse rūgštinėse terpėse tetrapirolinis junginys mezo-
tetra(4-sulfonatofenil)porfinas (TPPS4) virsta jonine forma, kuri
sudaro savitvarkius organizuotus mezodarinius – J agregatus. Nuo-
stoviosios sugerties spektroskopijos būdu tirtos tų agregatų susida-
rymo ypatybės jaučio serumo albumino įvairios koncentracijos ir
skirtingo rūgštingumo tirpaluose. Nustatyta, kad vienodos TPPS4

koncentracijos tirpaluose, priklausomai nuo terpės pH bei baltymo
koncentracijos, susidaro skirtingas J agregatų kiekis. Porfirino joni-
nės formos pusiausvirines sąveikas baltyminiuose tirpaluose lemia
konkurencinis mechanizmas. Nedidelės baltymo koncentracijos
skatino J agregatų susidarymą, tuo tarpu didesnės turėjo priešingą
poveikį. Baltymas neturėjo įtakos jau susidariusių J agregatų pa-
tvarumui.


