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Abstract
The present study investiaged the enhancement of nonlinear optical properties of Protoporphyrin IX in photodynamic therapy
using nano-droplet. To this end; absorbance, fluorescence, and nonlinear optical properties of Protoporphyrin IX were examined
and results showed that dye aggregation and dielectric constant of solvent could change absorbance and fluorescence spectra.
According to quantum mechanical perturbation theory, dipole moment of Protoporphyrin IX in solutions of water-ethanol was
extracted. The values of nonlinear absorption and nonlinear refractive index of Protoporphyrin IX in AOT/Toluene/H2O were
also reproted to be larger than aqueous solutions, due to polarity reduction of solvent as well as discount of Protoporphyrin IX
aggregation in AOT/Toluene/H2O. Furthermore, the effect of cell culture media on the nonlinear optical properties of
Protoporphyrin IX was analyzed and the results were compared with those of water. The photon correlation spectroscopy of
solution also showed a growth in dye-droplet aggregation following the increase of Protoporphyrin IX concentration.

Keywords Protoporphyrin IX . PRMI . Microemulsion . Nonlinear optic . Fluorescence . Cell cultural medium . Photon
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Introduction

Two-photon photodynamic therapy (TP-PDT) is known as a
method to use two photon absorption in Photodynamic
Therapy(PDT) [1–3] and also as a way to produce singlet
oxygen to destroy cancer tissues [4].

Related studies in this domain have reported that the proto-
porphyrin IX (PpIX) can be used to examine excitation (TPE)
fluorescence microscopy of 5-aminolevulinic acid (5-ALA)-in-
duced production in human glioma spheroids [5]. PpIX is also
recognized as one of the most common porphyrins in nature and
also an iron-free form of hemin [6]. Moreover, the molecular
structure of PpIX can have a large hydrophobic surface with two
peripheral ionizable propionate groups. These types of mole-
cules can be also predicted to create dimers or supermolecular
structures formed by hydrogen-bonding.

PpIX aggregation in aqueous solutions can be studied via
spectrophotometer, fluorimeter, and dynamic light scattering
[5]. It has been observed that absorption spectra have a peak at
406 nm at low pH (pH = 1). In an intermediate pH (3 < pH <
7), a broad absorption peak can be also observed with maxima
at 352 and 450 nm; and in a higher pH (pH = 12), a peak can
be seen at 382 nm. The fluorescence intensity can also have a
redshift as pH increases.

It is well known that PpIX is a monomer in the low pH, a
dimer form in pH > 8, and a greater aggregation appearing in
intermediate pH range of 3–7. So, it can be conlcuded that dye
aggregation depends on pH range.

In previous studies, diode-pumped Nd:YVO4 continuous
wave laser (532 nm) had been used to study of the two-
photon excited fluorescence of PpIX in ethanol and micelle
[5] and it had been reported that the two-photon fluorescence
rate of PpIX was similar to those for one-photon excitation
(OPE). The absorption coefficient (α) could be specified by
Eq. 1 [8, 9]:

α ¼ α0 þ βI ð1Þ

Where I is the intensity of laser beam, α0 shows the linear
absorption, and β stands for nonlinear absorption coefficient.
The enhancement of nonlinear absorption is also considered
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as one of the interesting topics in optics which can have ap-
plications in PDT [10].

Moreover, z-scan is a method to study properties of mate-
rials [11, 12]. Therefore, z-scan instruments have open and
closed apertures and open aperture curve can be specified
using Eq. 2 [13, 14]:

TOA ¼ ∑
n¼0

−q0ð Þn nþ 1ð Þ−1:5 ð2Þ

In which, q0 is;

q0 ¼ βI0Leff 1þ z:z−10
� �2� �−1

ð3Þ

Where Leff is the effective thickness and z0 represents the
Rayleigh length. The intensity also depended on the refractive
index (n) which could be described through Eq. 4 [15].

n ¼ n0 þ n2I ð4Þ

In which, n0 is the linear absorption and the n2 can be
defined by Eq. 5:

n2 ¼ 2πI0 1−exp −α0lð Þð Þ ΔΦ0α0λð Þ−1 ð5Þ

Wherein; λ is the wavelength, l indicates cell thickness, and
Δφ0 is the phase. The differences between the peak and the
valley of the closed aperture curve could be given as follows:

ΔTP−V ¼ 0:406 1−sð Þ0:25Δφ0 ð6Þ

In this study, the enhancement of NLO properties of PpIX
was studied using a nano-droplet. Moreover, charge effects on
the NLO properties of PpIX were examined to understand the
enhancement mechanism as well as the impact of polarity on
media. For this reason, the NLO properties of the PpIX were
investigated by a spectrophotometer, a fluorimeter, and a z-scan
instrument. The effect of medium polarity was further examined
via changing the solvent from water to water-ethanol and the
impact of electrostatic interactionwas studied using two types of
surfactants. In addition, the effect of AOT/Toluene/H2O on
PpIX was investigated. It should be noted that is studied. The
AOT/Toluene/H2O is a water to oil microemulsion. In this
study, the influence of droplet size on NLO properties of PpIX
was also investigated. The results revealed that the NLO
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properties of PpIX had changed through the polarity, charge
interaction, as well as microemulsion droplet.

Experiment

Materials and Sample Preparation

PpIX; as disodium salt, sodium bis (2-ethylhexyl)
sulfosuccinate (AOT), toluene with purities of 99%, and
RPMI 1640 medium were bought from Sigma-Aldrich Co.
(Munich, Germany). De-ionized water was also used for the
preparation of the PpIX solution.

Four types of samples were prepared for this experiment.
Firstly, PpIX was assorted through water at 0.5 mM (different)
concentration (CPpIX) as a stock. Secondly, PpIX was mixed
with droplets. The mixture of the aqueous solution of PpIX in
the mixture of AOT in oil with two surfactant to water molar
ratio was X = [H2O]/[AOT], X = 5, and 10. Mass fraction was
also considered as droplet mass ratio to total mass (mf = (m-

w +mAOT)/mT), wherever mT =mw +mAOT +moil), in which
mw is the mass of water, mAOT stands for the mass of AOT,
and mT shows the total mass. Thirdly, the mixture of water
with ethanol whose dielectric constant of solutions could

change after the increase in ethanol percentage into water
and finally, the effect of RPMI concentration on nonlinear
optical properties of PpIX doped droplet were studied and
the RPMI concentration in solution was described by the mass
of dye to the total mass (Y).

Methodology

In this study, the z-scan technique had two types of aperture;
closed and open, to find the n2 and β, separately. In the z-scan
instrument, laser (λ = 532 nm, Power = 80 mW) with
Gaussian beam was used which was focused through a
5 .0cm lens in which the beam (ω0) was 1 .1mm and the
length of Rayleigh (z0) was 1 .4μm. The z-scan was prepared
in Pars-Optic Co. (Iran).

Absorbance and fluorescence spectra of PpIX in the
samples were recorded using a UV-1650 PC spectrome-
ter (Labomed Co., Los Angeles, USA) and a Jasco FP-
6200 spectrofluorimeter (Jasco, Japan). PCS measure-
ments were also performed on the samples using
Malvern Instruments (Malvern Co., England) with
HeNe-laser (632.8 nm) to determine the size of AOT/
Toluene/H2O with and without PpIX.
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Table 1 Shows νa + νb(cm−1),νa − νb(cm−1), ratio of dipole moments μeμe/μgμg, the wavelength of the absorption peak λabs, and the fluorescence
peak λem of Azophloxine (PpIX) in organic solvent

Solvent ε n Cdye (mM) λabs
(nm)

λem
(nm)

νa − νf
(cm−1)

νa + νf
(cm−1)

μe
μg

Water & Ethanol 53.9 1.33 0.04e-3 403 627 8865 40,763 1.45153

Water & Ethanol 54.7 1.33 0.04e-3 407 627 8621 40,519 1.45153

Water & Ethanol 63.3 1.33 0.04e-3 402 626 8902 40,850 1.45153

Water 80 1.33 0.5 403 635 9066 40,562 1.45153
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Fig. 3 The normalized (a) open and (b) close aperture curves of PpIX in water at different dye concentration



Results and Discussion

Photophysics of PpIX in Water and Microemulsion

In this study, the effect of different media on absorbance and
fluorescence of PpIX was studied using spectrophotometer
and fluorometer. For this purpose, the mixture of PpIX with

water, microemulsion, as well as the mixture of water with
ethanol were investigated. The absorbance of PpIX in water
showed four broad peaks (472, 541, 592, 644 nm) whose
wavelengths did not change as PpIX concentration increased
(Fig. 1a). A great blueshift in absorbance was also observed
through changing the solvent from water to AOT/Toluene/
H2O (Fig. 1b). The results demonstrated that the wavelength
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of peaks had not changed following the increase of droplet
mass fraction from 0.02 to 0.06 and the molar ratio from 3 to
10 (Fig. 1b, c).

The absorbance of PpIX in the mixture of water in ethanol
was also studied at different concentrations and the absor-
bance at different dielectric constant (ε) of water in ethanol
was presented in Fig. 1d. The reduction of PpIX aggregation
after the change of solvent from water to AOT/Toluene/H2O
could describe the redshift of PpIX in the solvents. According
to Fig. 1 (d), the wavelength of absorbance peak was not
sensitive to the variation of ε.

Moreover, the aggregation of PpIX in aqueous solution
was investigated by means of UV-vis spectroscopy [7] and it
was observed that the aggregation of PpIX in aqueous solution
had a formation similar tomultilamellar or onion-like vesicles.
It could be proposed that the aggregation of PpIX in
microemulsion was less than water, explaining the redshift
in absorbance spectra. The fluorescence spectra of PpIX in
water at different dye concentrations (Fig. 2a) and in AOT/
Toluene/H2O at two molar ratios (X = 3,6.7,10) (Fig. 2b, c)
were correspondingly studied. The fluorescence intensity of
PpIX in aqueous solutions displayed a peak at 618 nm where-
in the redshift was detected by the change of solvent from

water to AOT/Toluene/H2O (Fig. 2a, b), caused by a decrease
of PpIX aggregation. In addition, the redshift of fluorescence
depended on the dielectric constant of the solvent (Fig. 2d).
The redshift was also distinguished by an increase of dielectric
constant of solvents. According to Fig. 2a, b, the fluorescence
of PpIX in microemulsion was greater than water solution due
to the reduction of dye aggregation in AOT/Toluene/H2O. The
main point was that the fluorescence spectra of X = 3 was
higher than other Xs. It means, lower droplet size had greater
fluorescence spectra.

In this study, quantum mechanical perturbation theory was
utilized to study dipole moment of PpIX in the solution. In this
theory, wavenumber of absorption (νa) and wavenumber of
fluorescence (νb) in the component could be labeled by [16,
17, 19]:

νa−νb ¼ p1� f þ const ð7Þ
νa þ νb ¼ −p2� f þ 2gð Þ þ const ð8Þ

Within these equations, f and g were obtained as follows:

f ¼ 2n2 þ 1

n2 þ 2

ε−1
εþ 2

−
n2−1
n2 þ 2

� �
ð9Þ

Table 2 The values of χR and γR of PpIX in water at different dye concentration

Solvent C dye

(mM)
n 2(×10

−12 m2 W−1) XR
(3)(m3 W−1 s−1) γR(×10

−20 m6W−1s−1)

Water 0.004 3.45 23.43439 0.390543

0.005 4.36 29.61563 0.394845

0.006 5.11 34.71006 0.385638

0.008 6.5452 44.45877 0.370462

0.01 7.73 52.50661 0.350017
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Fig. 6 The value of (a) β and (b) n2 of AOT/Toluene/H2O/PpIX at X = 5 and 10, PpIX/Water = 0 .5mM as a function of PpIX concentration in
microemulsion



and

g ¼ 3

2

n4−1
n2 þ 2ð Þ2

" #
ð10Þ

In which, ε (permittivity) and n (the solvent of the refractive
index) were the polarity of the sample. The parameters of p1p1
and p2p2 could be also found through the following equations:

p1 ¼
2 μe−μg

� �2
hca3

ð11Þ

and

p2 ¼
2 μ2

e−μ2
g

� �
hca3

ð12Þ

Wherein; c (light velocity), h (Planck’s constant), μe/μg

(the ground state dipole moments), and μe/μg (the excited
state dipole moments) were obtainable in Eqs. 11 and 12.
The μe/ μg could be also extracted from Eqs. 11 and 12 and
the results were illustrated in Table 1. The μe/ μg values of
PpIX in water-ethanol was constant at 1.45 and the change of
absorption and fluorescence peaks also depended on the di-
electric constant of solutions.

In a previous study, the dipole moment of Crocin in
solvent and microemulsion was studied using quantum
mechanical perturbation theory [12] and the results in-
dicated that the dipole moment of Crocin could change
with microemulsion, while it was constant at different
solvents. Thus, it was considered as a general effect in

which the microemulsion could change the dipole mo-
ment of the dyes.

NLO Properties of PpIX

The normalized closed and open aperture curves of PpIX in
water were presented in Fig. 3a, b. The results showed the
depth of open aperture curves and the distance between the
peak and the valley of close daperture curve growth as PpIX
concentration increased (Fig. 3).

The β and n2 values were also extracted based on Fig. 3
as along with Eqs. 2 and 6 and the results were presented in
Fig. 4. The value of β and n2 growth with the upsurge of
PpIX concentration was due to the number of PpIX.

The NLO properties of the PpIX in AOT/Toluene/
H2O were studied using z-scan. The open aperture curve
of AOT/Toluene/H2O/PpIX was also examined at X = 5
(Fig. 5a) and X = 10 (Fig. 5b) for different mass frac-
tions and the closed aperture curves of AOT/Toluene/
H2O/ PpIX were studied at X = 5 (Fig. 5c) and X = 10
(Fig. 5d) for different mass fractions. The value of β
and n2 extracted as well as the results were illustrated in
Fig. 6. The value of β and n2 did not depend on the
molar ratio of AOT/Toluene/H2O. Furthermore; the β
and n2 values in AOT/Toluene/H2O at the constant
dye concentration were greater than aqueous solutions,
caused by the decrease of solvent polarity and reduction
of PpIX aggregation in AOT/Toluene/H2O.

According to the results, the PpIX aggregation in
water was greater than microemulsion that could

Table 4 The σ2 value of PpIX in water at different PpIX concentration

Solvent C dye (mM) β
(×10−7cmW−1)

absorption Cross section �10−40m: s
lit

� �

Water 0.04 0.772 0.0119842
0.06 2.59 0.026804
0.075 5.043 0.0417522
0.1 5.93 0.0368219

Table 3 The values of χR and γR of PpIX in AOT/Toluene/H2O at X = 5 and 10 with PpIX/Water = 0 .5mM and different droplet mass fraction (mf)

Oil PpIX/water ratios (mM) X mf CCR (×10−2mM) n2 (×10
−12m2W−1) XR

(3)(m3 W−1 s−1) γR(×10
−23 m6W−1s−1)

Toluene 0.5 5 0.005 0.03648 6.414 0.04885 5.56747
0.008 0.05841 7.89 0.06009 4.27784
0.01 0.07304 8.84 0.06733 3.8328
0.02 0.14637 12.1 0.09216 2.61786

0.5 10 0.001 0.01249 1.8 0.01371 4.5649
0.002 0.02498 4.65 0.03542 5.8952
0.004 0.04998 9.737 0.07416 6.16987
0.006 0.07499 9.26 0.07053 3.91026
0.008 0.10003 10.94 0.08332 3.46344
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decrease the μg of PpIX. The reduction of the μg of
PpIX could also moderate the value of β and n2.

In this respect, the third-order susceptibility (real part)
could be defined via Eqs. 13 and 14 [20]:

χR ¼ 2n2n20ε
2
0c ð13Þ

The hyperpolarizability (real part);γR, was signified by Eq.
14 [21].

γR ¼ χR

L4N
ð14Þ

In which; L was the Lorenz parameter. The values of χR
and γR of PpIX in the solutions were also extracted from
the values of the n2 (Figs. 4b and = 6c, d) as presented in
Tables 1 and 2. There was also a descending trend for the
γR values as the concentration upsurged. This was ascribed
to the reality that the dipole moment of PpIX could change
based on the concentration [18]. The nonlinear absorption
cross-sections (σ2) could be also labeled via Eq. 15 [22].

σ2 ¼ βEυ � 103

NCPpIX
ð15Þ

Table 5 The nonlinear absorption cross-sections (σ2) value of PpIX in AOT/Toluene/H2O at X = 5 and 10 with PpIX/Water = 0 .5mM and different
droplet mass fraction (mf)

Oil PpIX/water ratios (mM) X mf CCR

(×10−2mM)
β (×10−7mW−1) absorption Cross section �10−40m: s

lit

� �

Toluene 0.5 5 0.04 0.293916 3.55 0.749992

0.07 0.517486 5.26 0.63116

0.09 0.668051 6.91 0.642274

0.5 10 0.02 0.250639 1.438 0.356257

0.025 0.313597 3.32 0.657382

0.03 0.376676 5.139 0.847155

0.04 0.503196 6.65 0.82061

0.05 0.630201 6.96 0.685776
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Wherein, E is the energy of the laser and N shows
Avogadro constant. According to Figs. 4a and 6a and Eq. 9,
the value of σ2 was extracted, as shown in Tables 3 and 4.

The σ2 value of PpIX in AOT/Toluene/H2O was greater
than that of water. As mentioned before, the PpIX aggregation
in AOT/Toluene/H2O was lower than that in water which
could enhance the value of σ2. Moreover, the dielectric con-
stant of AOT/Toluene/H2O was reproted less than that of wa-
ter which could change the value of the nonlinear absorption
cross-sections.

Effect of Cell Culture Medium on PpIX

RPMI is a system used in cell culture. Normally, the RPMI
can be used to study PTD in cell culture in a laboratory envi-
ronment. In this study, the mixture of RPMI in water and
AOT/Toluene/H2O/PpIX was studied at different RPMI con-
centrations. Moreover, the open aperture curve of RPMI in
water (Fig. 7a) and RPMI in AOT/Toluene/H2O/PpIX at mf =
0.075, X = 10, and PpIX/water = 0 .5mM (Fig. 7b) were stud-
ied. The closed aperture curve of RPMI in water (Fig. 7c) and
AOT/Toluene/H2O/PpIX at mf = 0.004, X = 10, and
PpIX/water = 0 .5mM (Fig. 7d) were also considered. The β
and σ2 values of water/PpIX and AOT/Toluene/H2O/PpIX at
X = 10 and mf = 0.03 and PpIX/Water = 0 .5mM at a different
RPMI concentration were similarly extracted from Fig. 7a, b
and the results were outlined in Tables 5 and 6. Moreover, the
β and σ2 values upsurged with the increase in PRMI concen-
tration in solutions.

The values of n2, χR, and γR of water/PpIX and AOT/
Toluene/H2O/PpIX at X = 10 and mf = 0.004 and
PpIX/Water = 0 .5mM at a different RPMI concentration were

also extracted from Fig. 7c, d and the results were illustrated in
Tables 7, 8, and 9. There was also a growth in β and σ2 values
as the PRMI concentration in solutions increaaed. According
to the results of this study, the reduction of PpIX aggregation
in solutions could increase the NLO properties. Thus, the in-
crease of RPMI concentration in water and microemulsion
could reduce PpIX aggregation in solutions.

PCS of AOT/Toluene/H2O/PpIX

PCS was used to find the effect of PpIX on the nano-confined
water of AOT/Toluene/H2O. The light source of PCS was He-
Ne laser and the scattering angle was α = 900. The q was also
determined by Eq. 16 [23, 24].

q ¼ 4πn
λ

sin
θ

2

� 	
ð16Þ

In this formula; λ is the wavelength of the laser and θ
shows the angle of scattering. In PCS, the second-order auto-
correlation function g2(τ) could be specified via Eq. 17:

g2 τð Þ ¼ I tð ÞI t þ τð Þh i
I tð Þh i2 ð17Þ

Wherein, τ refers to the correlation time. The function g1(t)
was also connected to the first-order correlation function g1(t)
through the Siegert relation [22].

g2 τð Þ ¼ 1þ P g1 τð Þj j2 ¼ 1þ Pexp −2t=τð Þ ð18Þ

Table 7 The β and σ2 values of AOT/Toluene/H2O/PpIX at X = 10 and mf = 0.03 and PpIX/Water = 0 .5mM at different RPMI concentration

Microemulsion RPMI/
water(Y)

β (×10−7cmW−1) Nonlinear absorption Cross section �10−40m: s
lit

� �

PpIX/water ratios (mM) = 0.5
X = 10
mf = 0.03

0.0113 2.64 78.0614

0.0084 2.39 70.6693

0.0068 1.9 56.1806

Table 6 The β and σ2 values of water/PPIX with PpIX/water =0 .5mM at different RPMI concentration

Solvent PpIX/water ratios (mM) C dye (mM) RPMI/
water(Y)

β (×10−7cmW−1) absorption Cross section �10−40m: s
lit

� �

Water 0.5 0.075 0.0113 4.73 0.0391608

0.075 0.0084 4.76 0.0394092

0.075 0.0068 4.53 0.037505

0.075 0.0056 3.8 0.0314611
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In which, the collective diffusion coefficient could be
extracted from the following equation:

Dc ¼ 1

q2τ
ð19Þ

The autocorrelation function of AOT/Toluene/H2O with
and without PpIX at a constant X = 10, mf = 0.07, and three
different dye/water = 0, 0.2 and 0 .5mM were also studied
and the outcomes were presented in Fig. 8. With the in-
crease in the dye/water ratio, the second peak of autocorre-
lation function was illustrated in Fig. 8. The second peak
could be because of the dye-droplet aggregation in AOT/
Toluene/H2O.

The size of water-droplet of AOT/Toluene/H2O with
X = 10 and mf = 0.07 was extracted at 4 .9nm and that

in the AOT/Toluene/H2O/PpIX with X = 10, mf = 0.07,
and dye/water = 0.2 two different sizes were also ex-
tracted at 5.1 and 225 nm using PCS. These results
indicated that the dye-droplet aggregation had increased
by the upsurge of dye concentration. In a previous
study, the PCS of the Rhodamine 6G with n-Decane/
AOT/H2O had been studied [16] and the results had
revealed that the size of AOT nano-droplets could be
affected by R6G/water concentration in the water/AOT/
n-decane system. In the present case, the size of AOT/
Toluene/H2O also changed as PpIX concentration
increased.

Conclusion

The effect of solvent polarity, surfactant interaction,
microemulsion, and cell cultural medium on absorbance,
fluorescence, and NLO properties of PpIX was examined
in this study. In this resepct, reduction of solvent polarity
induced a blueshift in absorbance and a redshift in fluores-
cence spectra of PpIX. The β and n2 values of PpIX in water
and water-ethanol were also studied and the results were
compared with those for microemulsion. The findings indi-
cated that β and n2 values had enhanced in microemulsion
compared with other solvents, owing to polarity reduction
as well as interaction of surfactant with PpIX. The effect of
cell culture medium (i.e. RPMI) on NLO properties of PpIX
was also examined. The β value increased following
growth in RPMI concentration in microemulsion and aque-
ous solutions. According to the results of PCS, a growth
was observed in dye-droplet aggregation following a rise
in PpIX concentration in micoremulsion.

Table 9 The values of n2 and χR, γR of AOT/Toluene/H2O/PpIX at X = 10 and mf = 0.004 and PpIX/Water = 0 .5mM at different RPMI concentration

Microemulsion RPMI/water (Y) n2 (×10
−12m2W−1) XR

(3)(m3 W−1 s−1) γR(×10
−20 m6W−1s−1)

PpIX/water ratios (mM) = 0.5X
= 10mf = 0.004 Cdye (×10

−2mM)= 0.04998
0.0084 3.65 0.0278 0.412801

0.0068 4.1 0.03123 0.463695

0.0056 4.41 0.03359 0.498754

Table 8 The values of n2 and χR, γR of water/PPIX at different RPMI concentration

Solvent PpIX/water ratios (mM) C dye (mM) RPMI/water (Y) n 2(×10
−12 m2 W−1) XR

(3)(m3 W−1 s−1) γR(×10
−20 m6W−1s−1)

Water 0.5 0.006 0.0113 3.85 26.15142 0.290549

0.006 0.0084 5.61 38.10635 0.423372

0.006 0.0068 5.97 40.55168 0.45054

0.006 0.0056 6.11 41.50264 0.461105
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0.0
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Fig. 8 The autocorrelation function of PpIX in AOT/H2O/ Toluene at
X = 10 and three mass fraction at three different dye/water = 0, 0.2,
0 .5mM
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