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Self-Aggregation Behavior of meso-
Tetra-(4-trimethylaminophenyl)porphyrin
Encapsulated in Reverse Micelles

Nuo Zhang,

Yang Xia, ABSTRACT The aggregation behavior of cationic meso-tetra-(4-trimethyl-
Dan Wu, aminophenyDporphyrin (TAPP) was investigated in two reverse micelles
Ru Li, ) (RM) of ionic surfactants, cetyltrimethylammonium bromide (CTAB) and
Il;li(:]ng::m Ma, bis(2-ethylhexyDsulfosuccinate (AOT) using absorption spectroscopy, fluor-
and Qin Wei escence spectroscopy, and resonance light scattering spectroscopy. TAPP

School of Chemistry and showed different types of aggregation upon varying the ratio of water
Chemical Engineering, University concentration to CTAB concentration, w,. The charge on the surfactant used
of Jinan, Jinan, China to form reverse micelles determines the aggregation of porphyrin. The
addition of hydrochloric acid can transform the H-aggregates of TAPP into
monomers, while the addition of sodium hydroxide led to J-aggregation.

Tonic strength had no significant influence on the aggregation of TAPP.

KEYWORDS aggregation, meso-tetra-(4-trimethylaminophenyl)porphyrin,
reverse micelles, spectroscopy

INTRODUCTION

In recent years, porphyrins and their analogs with supramolecular
functions have shown great potential in their recent application to various
fields.""™ For example, they can be used as therapeutic drugs or photo-
sensitizers for cancer detection and photodynamic therapy.” " However,
porphyrins are usually introduced into the blood stream as relatively
concentrated solutions which can result in diminished activity, or adverse
effects due to spontaneous aggregation processes.”” Although porphyrin
aggregates play specific roles in photosynthetic plants and organisms,®
the processes behind their formation and possible effects in the human body
are not fully understood. In-depth comprehension of the effect of porphyr-
ins and metalloporphyrins in cells and the human body therefore requires

, a study of the aggregation behavior in a system that closely resembles the
Received 15 August 2009;

accepted 14 September 2009. biological intracellular environment.
Address correspondence to Qin Wei, The self-assembly of different surfactant molecules into organized micelle
School of Chemistry and Chemical structures with unique morphologies and dimensions, provides a good

Engineering, University of Jinan,
Jinan 250022, Shandong Province,
China. E-mail: sdjndxwq@163.com water in nonpolar solvents and have been used extensively as biological
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cellular simulation system. Reverse micelles (RM) are stable dispersions of
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membrane models to aid in the understanding of
membrane chemistry.” " Thus, RM can also provide
a suitable simulation environment to study the aggre-
gation of porphyrins in cells.

The charge on porphyrin derivatives significantly
impacts its interaction with the bio-target molecule
as well as the photodynamic efficiency. The posi-
tively charged porphyrins themselves are photosen-
sitizers for photodynamic therapy and aggregate
easily in cultured cells. There are many methods that
can be used to investigate the aggregation behavior
of porphyrin, such as absorption spectroscopy,?
fluorescence spectroscopy>** and resonance light
scattering  spectroscopy.”
position and shape of the Soret bands allow us to
distinguish between monomeric porphyrins and
various types of aggregates. Depending on the
geometrical arrangement of the chromophores,
the exciton theory developed by Kasha® predicts
the occurrence of hypsochromic or bathochromic
shifts for the relevant absorption bands, in the case
of H-type (face-to-face) or J-type (side-by-side) inter-
actions, respectively. The fluorescence spectroscopy
is an important auxiliary method to study the aggre-
gation of porphyrins. Using the resonance light scat-
tering spectroscopy to investigate the porphyrin
aggregation is an excellent method. If there are
aggregates existed, the resonance light scattering
signal is very strong. Therefore, extended aggre-
gation is evaluated by resonance light scattering. In
the present study, we extend our work on self-
aggregation of porphyrins in aqueous solution to
RM in an attempt to better understand and control
the potential aggregation processes in real human
cells. The structure of TAPP is shown in Fig. 1.

Determination of the

FIGURE 1 Structure of TAPP.

N. Zhang et al.

EXPERIMENTAL

Apparatus

A Perkin-Elmer Lambda-35 UV-Vis spectrophot-
ometer with a 2nm slit and 480 nm/min scanning
velocity was used for all UV-visible absorption
measurements. Fluorescence measurements were
recorded with a Perkin—Elmer LS-55 fluorescence
spectrometer. Band-pass slits of 15 and 6 nm were
used for fluorescence excitation and emission moni-
toring of TAPP respectively. The excitation wave-
length was set at 412nm. The fluorescence spectra
were scanned from 610 to 780 nm with a scanning
velocity of 500 nm/min. The resonance light scatter-
ing spectra were obtained by using synchronous
excitation and emission scanning with right-angle
geometry, corrected by subtracting the correspond-
ing blank sample. Band-pass slits of 15 and 2.5nm
were used for excitation and 2.5nm for TAPP exci-
tation and emission monitoring respectively. The
scan resonance scattering spectrum ranged from
350 to 600 nm with a 500 nm/min scanning velocity.
KQ-100E ultrasonic cleaner (Kunshan City Ultrasonic
Instrument Co., Ltd., Kunshan City, China) was used
to prepare CTAB and AOT reverse micelles. PeakFit
data processing software was used to fit the data to
the absorption spectrum.

Reagents

CTAB RM solutions were prepared by adding
double-distilled water into the CTAB/isobutanol/
n-octane mixture and shaking for a few seconds until
a transparent solution was obtained. In the experi-
ment, the entire volume injected was considered as
water and used to calculate w, (wy=[H,O]/[CTAB).
TAPP was synthesized in-house at this laboratory.
The concentration of TAPP was determined spectro-
photometrically considering the molar extinction

coefficient, &412nm=4.16 X 10°L-mol ™' -cm ™.

RESULTS AND DISCUSSION

The Aggregation of TAPP in CTAB
RM at Variable wq

Figure 2 displays the absorption spectra of TAPP at
different wy. At low water content (wqy < 12), there
are two peaks in the absorbance spectra, so we think
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FIGURE 2 Absorption spectra of TAPP encapsulated in CTAB
RM at different wo. Curves: 1~9: 0o =3, 4, 5, 6, 8, 12, 20, 30,
aqueous solution; [TAPP] = 1.84 x 10 ®mol-L".

that there are multiple species of aggregates and
monomers present. The absorption peaks located
at 382 to 402nm indicated the existence of
H-aggregates. Upon increasing w,, H-aggregates
converted into monomers. At higher water content
(wo > 20), the absorption spectra of TAPP were simi-
lar to those for the aqueous solution. As the water
content increased up to my=30, we assume that
most of the TAPP molecules were in monomer form.
Moreover, no isosbestic point was found, indicating
the existence of multiple species in CTAB RM
(H-aggregates species were different) and more than
one distribution equilibrium between H-aggregates
and monomers. Figures 3 and 4 verified the con-
clusion that increasing the w, gradually converted
H-aggregates into monomers.

The formation of porphyrin aggregates may lead
to difficult interlaminar electron energy radiation,
which can make the value of fluorescence quantum
yield decrease. Therefore, the fluorescence intensity
of porphyrin decreased. As shown in Fig. 3, when

400 1
300+
200+

100+

Fluor. Intensity

t

600 630 660 690 720 750 780
Wavelength/nm

FIGURE 3 Fluorescence spectra of TAPP with different o, in
CTAB RM. Curves 1~11: 09 =3, 5, 6, 8, 10, 12, 14, 16, 20, 30,
aqueous solution; [TAPP] = 1.84 x 10 ®mol-L .
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the water decreases to mwy, =12, obvious fluorescence
quenching occurs, which indicated the existence of
aggregation. The figure also shows that upon
increasing g, two well-defined emission bands
always existed and their intensity gradually increased
as they shifted to the blue with peaks changing from
648 and 714 nm to 643 and 705 nm, respectively, but
still red-shifted relative to those obtained in free
water. Based on the spectroscopic data one would
be tempted to assign the major component at lower
wo to the H-aggregate responsible for absorption
below 402 nm.

Resonance light scattering technique is an effective
method to detect porphyrin aggregates. Due to the
strong electronic coupling between chromogenic
groups, the resonance light scattering signal is
enhanced greatly at the maximum absorption wave-
length. As shown in Fig. 4, the intensity of resonance
light generally diminishes as wq increases, indicating
the conversion of H-aggregates into monomers. We
could also see that w,=12 was a critical value. At
low water content (wy < 12), the intensity of resonant
light was relatively large. The maximum of resonance
light scattering peak was located at about 391 nm. The
spectral shape between 350 and 400 nm had signifi-
cant differences from that obtained in water. This
further indicated the existence of H-aggregates.

When the radius of the RM was small and the
enclosed volume contained very little water, there
were significant differences between the aqueous
solution inside and outside of the RM. One possible
explanation for this is that the water molecules inside
the RM were fixed to the inner wall. When the radius
of the RM increased, the number of free water mole-
cules would also increase, and the properties of the
water inside the RM would more closely reflect those
of the free aqueous solution. RM has the ability to
solubilize large amounts of water, forming spherical
monodisperse droplets that do not vary with
dispersed-phase volume fraction or temperature.”
The entrapped water influences the RM radius,
shape, and polar headgroup packing. Therefore,
the parameter w, used to describe these systems is
directly proportional to the micellar radius."® FTIR
and NMR spectroscopy indicate that water solubi-
lized inside small micelles (w,<7) was bound to
the polar headgroups of AOT, thus inhibiting their
ability to form hydrogen bonds as found in bulk
water."??” Solvation dynamics also shows that water

The Aggregation Behavior of Cationic
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FIGURE 4 RLS spectra of TAPP with different ©, in CTAB RM. (a) Curves 1 ~6: 0y = 3, 5, 6, 8, 10, 12; [TAPP] = 1.84 x 10 ®mol-L"; (b)
Curves 7~11: 09 = 14, 16, 20, 30, aqueous solution; [TAPP] = 1.84 x 10 %mol-L".

inside the smallest micelles is immobilized, but a
bulk-like component appears as water is added
and a water core forms.*!

The cations of CTAB repel TAPP because of its
positive charge. Furthermore, because of the small
volume within these RM, spatial confinement effects
also lead to H-aggregates via m—mn stacking interac-
tions. We also investigated the aggregation of TAPP
at different w, in AOT RM and found there were
no aggregates even when w, was reduced to 3. It
is speculated that this result was related to the nega-
tive charge of AOT. The negative charge could result
in the binding of TAPP onto the inner wall of AOT
RM in the form of a monomer. The continued
reduction of m, inhibited the solubilization of TAPP,
resulting in delamination. A similar trend was also
observed in two water-soluble freebase porphyrins:
negatively charged meso-tetrakis(p-sulfonatophenyl)-

porphyrin  sodium salt (TSPP) and positively

Absorbance

0.0

340 360 380 400 420 440 460 480
Wavelength/nm
(a)

meso-tetrakis(N-methylpyridinium-4-yD-
[14]

charged
porphyrin (TMpyP).

The Effect of Strong Acid Medium
on the Aggregation of TAPP
in CTAB RM

The effect of hydrochloric acid on the aggregation
behavior of TAPP in CTAB RM at water content
wo=20 was studied, and the results are shown
in Fig. 5. At relatively low acidity, the absorbance of
TAPP increased with increasing acidity. This may be
caused by H-aggregates’ disaggregation into mono-
mers. When the concentration of HCl was 3.09 X
10 mol - L™, the spectra showed an increase in the
Soret band maximum from 414 to 438 nm followed
by a concomitant red-shift. Four Q-bands also notably
changed upon further increases of the acidity, among
which Q, (1, 0) and Qy (0, 0) bands disappeared,
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FIGURE 5 Absorption spectra of TAPP with different concentrations of HCl in CTAB RM. (a) B band of curves 1~ 6; (b) Q bands of
curves 1~ 6; Curves: 1~6: [HCI] = 9.65 x 10 ®mol-L™",1.93 x 10 °mol-L~", 3.09 x 10 *mol-L~",9.65 x 10 °mol-L~", 9.65 x 10 *mol-L",

1.93 x 10 ®mol-L"; [TAPP] = 1.84 x 10 ®mol-L".

N. Zhang et al.
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while the absorbance of Q, (1, 0) and Q, (0, 0)
increased, with the latter increasing significantly.

Under similar experimental conditions, the fluores-
cence spectra and resonance light scattering spectra
were obtained for TAPP in CTAB RM, as displayed
in Fig. 6. Fluorescence quenching occurred with the
shape of the spectrum changing when the con-
centration of HCl was 3.09 x 10 °mol-L~'. When
the concentration of HCl increased to 9.65x 10~
mol - L™, the two fluorescence emission peaks chan-
ged into one peak significantly red-shifted from 642
to 662nm. The resonance scattering spectrum also
changed significantly with the increasing acidity at
HCI concentration of 3.09 x 10> mol - L', Maximum
scattering as well as the wave valley both experi-
enced red shifts from 443 to 456nm, and 410 to
431 nm, respectively.

Judging from the absorption spectra, fluorescence
spectra and resonance scattering spectra, TAPP
apparently formed into a porphyrin diacid because
of protonation with increasing acidity, but there were
no signs of aggregation appearing. The positive
charge on TAPP increased, enhancing the repulsion
between TAPP within the CTAB RM and reducing
TAPP’s potential to form aggregates.

The Effect of Strong Alkali Medium
on the Aggregation of TAPP
in CTAB RM

The effect of sodium hydroxide on the aggre-
gation behavior of TAPP in CTAB RM at water
content wy, =20 was also studied.

400- 1
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FIGURE 7 B band of TAPP with different concentrations
of NaOH. Curves 1~5: [NaOH] = 1.93 x 10 *mol-L~", 9.65 x
10 *mol-L™", 1.93x10 3mol-L™", 3.86x 10 3mol-L~", 5.79 x
103mol-L~"; [TAPP] = 1.84 x 10 *mol-L~".
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FIGURE 8 The effect of concentrations of NaOH on the Rel.
species content of TAPP.

As shown in Fig. 7, the Soret band of the absorp-
tion spectra red shifted from 414 to 423 nm upon
increasing the NaOH concentration. Our preliminary
conclusion is that there were J-aggregates. We used

RLS Intensity
s 5328

20-
10- u
0-
350 400 450 500 550 600
Wavelength/nm
(b)

FIGURE 6 Fluorescence spectra (a) and RLS spectra (b) of TAPP with different concentrations of HCI in CTAB RM. Curves: 1~6:
[HCI] = 9.65 x 10 ®mol-L™", 1.93x10 °mol-L™", 3.09x 10 °mol-L™", 9.65x 10 °mol-L~", 9.65x10*mol-L~", 1.93x10 3 mol-L";

[TAPP] = 1.84 x 10 ®mol-L .
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FIGURE 9 Fluorescence spectra (a) and RLS Spectra (b) of TAPP with different concentrations of NaOH. Curves 1~ 5: [NaOH] =
1.93 x 10 *mol-L~", 9.65 x 10 *mol-L~", 1.93 x 10 3mol-L", 3.86 x 10 >mol-L~", 5.79 x 10 3mol-L~'; [TAPP] = 1.84 x 10 ®mol-L~".

PeakFit data processing software to fit data to the
absorption spectrum and the results are presented
in Fig. 8.

Figure 8 shows TAPP’s transformation from mono-
mer to J-aggregate form with absorption peaks at 414
and 423 nm, respectively. When the concentration of
NaOH reached a threshold value, TAPP could also
form more complicated J-aggregate species with an
absorption peak at 430nm. Using similar experi-
mental conditions, the fluorescence spectra and res-
onance scattering spectra were measured for TAPP in
CTAB RM, as shown in Fig. 9, which further verified
our conclusions.

Figure 9a shows fluorescence quenching with the
fluorescence emission peaks at 642 and 702 nm gradu-
ally widening, and the absorption spectrum red
shifting with the increase in NaOH. Figure 9b shows
the intensity of resonance light increasing significantly
with the increase of NaOH. Considering these results,
we judged that the addition of NaOH caused TAPP to
form J-aggregates. So we could speculate that strong
NaOH condition would influence the existing form
of TAPP. At high NaOH concentrations, the nitrogen
in the pyrrole ring undergoes a deprotonation process,
causing OH™ groups to migrate to the interior of the
RM and bind to its inner wall.

The Effect of lonic Strength on the
Aggregation of TAPP in CTAB RM

At different water contents, the ionic strength did
not significantly influence the aggregation of TAPP.
The electrostatic repulsion between cationic por-
phyrins was very strong. In addition, the positively

N. Zhang et al.

charged nitrogens in the pyrrole rings bonded with
three methyls, and the large volume of these periph-
eral groups increased steric hindrance. Changes in the
ionic strength alone cannot cause TAPP aggregation.

CONCLUSIONS

The aggregation behavior of cationic porphyrin
TAPP was studied in CTAB cationic reverse micelles.
The water content, w,, determined the RM radius®
and influenced the properties of water within the
RM, thus affecting TAPP aggregation behavior. When
wo < 12, water was bound to the inner wall of the RM.
In this situation, coexistence of H-aggregates and
monomers was found. TAPP existed in form of mono-
mer only in large RM when the water content was
high, and free water molecules were present. After
studying the aggregation behavior of TAPP in AOT
RM and referencing the pertinent literature, we
inferred that the charge on the surfactant forming
the reverse micelle had decisive influence on porphy-
rin aggregation. Water-soluble cationic porphyrin
could aggregate in cationic reverse micelles, but not
in anionic reverse micelles. Moreover, the addition
of HCI could cause TAPP to form porphyrin diacid
species, promoting transformation from H-aggregates
to monomer form. The addition of NaOH causes
TAPP to undergo a deprotonation process leading
to J-aggregation. Different ionic strength had no
significant influence on the existing form of TAPP.
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