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Abstract

Dye-doped droplets are known as mixtures of dyes with uniform solutions of water droplets in a continuous phase of oils with
surfactants. To observe the relationship between water droplet structures and surfactant types on optical properties of dyes, a
mixture of methyl orange (MO)-doped droplet prepared with benzane and hexane as oils and sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) as a surfactant was thus examined using Z-scan instrument, spectrophotometer, and fluorimeter in the
present study. The findings revealed that nonlinear refractive (NLR) index, nonlinear absorption (NLA) coefficient, as well as
fluorescence intensity of the MO had enhanced following a reduction in the droplet water content induced by changes in the non-
centrosymmetric charge density distribution of this pH indicator. Moreover, the MO-doped droplet in a continuous phase of
benzene investigated by 'H nuclear magnetic resonance (NMR) spectroscopy indicated that the MO had been located in the
droplet in the vicinity of the hydrophilic part of the surfactant. Furthermore, the MO-doped droplets along with laser radiation
were employed to perform antibacterial photodynamic therapy (APDT) of Staphylococcus aureus (S. aureus). It was ultimately
concluded that the bacteria colony had also extremely diminished in the group treated by the MO-doped droplet.
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Introduction

Characterized by huge optical nonlinearity, nonlinear optical
(NLO) materials can have applications in antibacterial photody-
namic therapy (APDT) [1-3]. In this respect, enhancement of
nonlinearity of materials has been assumed as one of the inter-
esting topics with several applications. The NLO properties of
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materials can also change due to environmental effects such as
cis-trans transition [4], phase transition [5], as well as solvent
polarity [6, 7]. Besides, some techniques are available to find
the NLO values of dyes; e.g. four-wave mixing and Z-scan tech-
nique. In this regard, the Z-scan technique has been recognized as
a high-sensitivity and simple method to examine third-order
NLO parameters such as nonlinear refractive (NLR) index and
nonlinear absorption (NLA) coefficient [8].

The Z-scan technique, presented by Sheik-Bahae, was cre-
ated on a laser beam and distributed via an NLO material [9].
Accordingly, several studies have been conducted on NLO
properties of organic dyes [10, 11]. Most of these investiga-
tions have been performed on azo and xanthene dyes with
regard to their applications in medicine and biological phe-
nomena [12, 13]. Methyl orange (MO), as a pH indicator, has
been correspondingly utilized in the form of a probe for car-
rying out experiments on interactions in proteins [14] and
surfactants [15]. In previous studies, the NLR index and the
NLA coefficient of MO have been further investigated via Z-
scan technique under different pH conditions [16], demon-
strating that cis-trans transition is able to change the NLO
properties of MO. The findings have also suggested that
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azobenzene polymer can strongly influence optical responses
of MO [17].

To the best of authors’ knowledge, the NLO properties of
MO in droplets and microemulsions (MEs) as optical trans-
parent mixtures and uniform solutions of oil, water, and sur-
factants in which water droplet can be combined with dyes
had not been already published [18]. The MEs can also have
water-in-oil (W/O) phase in which water and surfactants can
produce a nano-droplet in a continuous phase of oil. In the
mixture of hydrophilic dye with a nano-droplet, the dye can
similarly stay inside a water droplet and the position of the dye
in the droplet can control the NLO properties. The nano-
materials have a lot of application in antimicrobial, sensing
biomaterials and cancer tretment, [19-21].

The APDT has been introduced as a method to kill bacteria
via oxidation in a precise manner [22]. Within the APDT,
singlet oxygen can be thus produced through an interaction
between laser light and photosensitizers and consequently de-
stroy bacteria [23]. One method to enhance singlet oxygen can
be an increase in NLA in mediums. In this respect, it has been
reported that singlet oxygen can be generated through two-
photon excitation [24, 25]. For example, the APDT of
S. aureus had been investigated in a previous study using
hydrogel prepared with peptide-modulated self-assembly of
fullerenes [26].

In the present study, linear and NLO properties of MO-
doped nano-droplet were thus reported and compared with
surfactant effects. The main objective of this study was to
examine the effect of the droplet size in a nanometer scale
on the NLO of the MO. Accordingly, it was observed that
the NLA of the MO-doped droplet had been enhanced com-
pared with the MO from aqueous solution. The 'H nuclear
magnetic resonance (NMR) spectroscopy was also utilized
to determine the position of the MO inside the droplet. The
APDT of S. aureus was further assessed using the MO in the
ME as a photosensitizer and laser radiation to produce the
NLA. Ultimately, it was investigated whether the MO-doped
droplet could be used for the APDT of S. aureus.
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Fig. 2 The n, values of MO/AOT/Water/Hexane (Close Circles), MO/
Kenon/Water/Hexane (Open Circles) and MO/AOT/Water/Benzene
(Open up-triangles) as a function of molar ratio(X) at a constant MO
concentration (Cyio = 0.0285 mM)

Experiment
Materials and Preparation

MO, sodium bis(2-ethylhexyl) sulfosuccinate (AOT),
cetyltrimethylammonium bromide (CTAB), dimethylformamide
(DMF), methanol, ethanol, i-propanol, hexane, and benzene
were purchased from Sigma-Aldrich Corporation. Two types of
solutions were arranged to examine NLO properties: (1) a mix-
ture of MO in water (MO-H,0) and MO in ME (MO-ME).
Accordingly, the microemulsion was prepared by a mixture of
water, oil (hexane and benzene), and surfactant (AOT) in which
the ratio of water-to-surfactant molar ratio was defined by
X =[H,OJ[AOT] and droplet concentration was described by
droplet mass fraction {mg = (Mo + MpaoT) (M)}, Wherein
M, 1S mass of water, surfactant, and oil in the ME. It should be
noted that the ME was prepared at different water-to-AOT molar
ratios (between 3 to 20). The concentration of dye in ME was
also explained by weight in terms of mass of MO in ME (Cy0);
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Fig. 1 The close aperture curves of (a) MO/AOT/Water/Hexane (Cgye = 0.0285 mM - mf'=0.01) and b Methyl Orange/Kenon/Water/Hexane at (Cgye =
0.0285 mM - mf=0.0381) and (c) Methyl Orange/AOT/Water/Benzene (Cgye = 0.0285 mM - mf=0.01) at different molar ratio (X)
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(2) a mixture of aqueous solutions of MO with AOT and Kenon.
The absorption and fluorescence spectra of MO in different so-
lutions (methanol, ethanol, i-propanol, and water) and ME were
investigated.

According to CLSI protocol, a pure bacterial culture of a
standard bacillus strain, was suspended in a buffer, standard-
ized to turbidity and swabbed uniformly across a culture plate,
and incubated for 16-24 h at 37 °C.

Instruments

In this study, a Gaussian beam with a continuous-wave (CW)
laser (A = 532 nm, with 80 mW) was used in the Z-scan tech-
nique. The laser beam was focused by a 5.0 cm lens. The beam
radius (wg) and Rayleigh length (z;) were also reported by
1.4 ym and 1.1 mm; respectively. Absorbance and fluores-
cence spectra of the samples were then recorded using UV-
1650 PC spectrometer (Labomed Inc.) and FP-6200 spectro-
fluorometer (Jasco Inc.).

All '"H NMR experiments were performed on a
Bruker Avance II 500 '"H NMR spectrometer equipped
with a 5-mm probe using the standard Bruker TopSpin
Software. Temperature control was also fulfilled using a
Bruker variable temperature unit (BVT-3000) in combi-
nation with a Bruker cooling unit (BCU-05). The exper-
iments were conducted at 303 K without sample spin-
ning. Chemical shifts were then given in values of parts
per million, referenced to residual solvent signals
(7.16 ppm for residual 'H in C6D6). 'H NMR data
were similarly collected with 32 k complex data points.
Moreover, 1D ROESY experiments were carried out
using pulse sequences, described in Refs. [27, 28].
Gaussian-shaped pulses were correspondingly used for
radio frequency irradiation. The repetition time between
subsequent runs of the rotating frame overhauls effect
spectroscopy (ROESY) sequence was also reported at
least three times longer than the mean proton T1 for
the molecules. Furthermore, mixing time elevated from
0.05 to 0.5 s. In this respect, inversion-recovery exper-
iments were performed using the Bruker TIIR pulse
program, using standard acquisition parameters. Tl
values were then calculated using the T1 relaxation rou-
tine (Topspin 2.1), [29, 30].

Results and Discussion

NLO Properties of MO

The close aperture curves of the MO/AOT/water/hexane,
the MO/kenon/water/hexane, and the MO/AOT/water/

benzene at different molar ratios (X) and with constant
MO concentrations (Cyio =0.0285 mM) are illustrated in

Fig. 1a, b,c. The difference between the maximum and
the minimum of the closed aperture is given in the
following equation [31]:

AT py = 0.406(1-5)"* Ad, (1)

here; A®, refers to phase distortion and S represents
aperture transmittance [32, 33]. The n, can be also cal-
culated from AT, , using Eq. 2:

m = (AAT.ATpy = 0.406(1-8) 2 A0-5)"%)  (2)

The n, as the function of molar ratio (X) is displayed
in Fig. 2. The value of n, had thus reduced following
the rise in X (droplet size). The closed aperture curves
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Fig. 3 a The close aperture curves of MO/AOT/Water/Hexane at mf=
0.01, X=10 and Cg4y.=0.0285 mM and MO-H,O at two MO
concentration (Cgye=0.0285 mM and 2 mM). b The n, values of MO-
ME (Cubic) and MO-H,O (Close circle)
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Fig. 4 The close aperture curves of MO-H,0 (Cyio =1 mM) with different concentration of (a) CTAB, b AOT and ¢ Kenon. d The n, values as a
function of surfactant concentration of CTAB (Up-triangle), AOT (Cubic) and Kenon(Circle)

of the MO-ME and the MO-H,0 (Cy0=0.0285 mM)
were further studied, whose results are presented in
Fig. 3 (a). According to Fig. 3b, the n, value of the
MO-ME is higher than that of the MO-H,0 at Cyio=
0.0285 mM; due to the polarity of the solution, since
the polarity of the ME is less than water. Moreover, the

thermo-optic coefficient of the materials could be ob-
tained from the n, value via Eq. 3 [34]:

dn aw?
N2 thermal = E %k

Table 1 The nonlinear refractive index (n,), third-order susceptibility (xr) and second-order hyperpolarizabilities (Yr) of MO-ME
Sample Cymo (mM) mf X (10 2m*W xrPm®* Ws™ TR0 PmW ! s
MO/AOT/Water/Benzene 0.0285 0.01 10 4.60785 0.0321 4.62988
8 7.20749 0.05021 7.24195
3 9.91867 0.06909 9.9661
MO/AOT/Water/Hexane 0.0285 0.01 5 13.87 0.05561 11.4541
8 13.59 0.05449 11.2229
10 10.48 0.04202 8.65457
20 7.638 0.03062 6.3076
MO/Kenon/Water/Hexane 0.0285 0.0381 3 15.2 0.06094 2.73087
4.449 13.88 0.05565 2.49372
8 11.51 0.04615 2.06792
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Table 2 The n,, xr and yg of

(10 2m*W P ws™h Yr(10ZPmeW ! s7h

MO/AOT/Water/Hexane and Sample Cyvo(mM)
MO-H,0
Mic 0.0285
Mf=0.01
X10
Water 0.0285
2

15.67 0.06283 0.129405
0.22 1.50487 3.49021
11.6 79.34774 2.62242

wherein, «, k, and dn/dt show absorption coefficient,
thermal conductivity, and thermo-optic coefficient; re-
spectively. It should be noted that an increase in the
n, value together with a reduction of the droplet size
can be due to changes in the dn/dt. However, reduction
in the n, value in the MO-H,0O can be induced by
thermal conductivity, since the thermal conductivity of
water is higher than ME.

The effect of cetrimonium bromide (CTAB), AOT, and
kenon concentrations on the n, values in the MO-H,O
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Fig. 5 a The open aperture curves of MO/AOT/Water/Hexane at mf=
0.01, X =10 and Cy;o = 0.3 mM and MO-H,O0 at Cy;0=0.3, 12, 15 mM.
b The 3 values as function of MO concentration at MO-ME (Cubic) and
MO-H,O0 (Circles)

solutions were also examined as illustrated in Fig. 4a, b, c.
Accordingly, the n, values did not change following variations
in cationic (CTAB), anionic (AOT), and nonionic (kenon)
surfactant concentrations in the solution (Fig. 4d). Thus, the
surfactant type and concentrations could not change the dn/dt
values. Therefore, the change in the n, value in the MO-ME
with the droplet size could not come from the interaction be-
tween the MO and the AOT.

Third-order susceptibility (real part) was also related to the
n, and it could be evaluated by Eq. 4 [35]:

Xk = 2mmele 4)

wherein, ng and ¢ indicate refractive index and light velocity;
respectively. In the real part of second-order
hyperpolarizabilities, vy is also represented by Eq. 5 [36].
()

T = (5)
in which, L stands for Lorenz correction factor. The xr and yr
values of the MO-ME are presented in Table 1 and the xr and
Yr values of MO/AOT/water/hexane and MO-H,0O are listed
in Table 2. According to the results, the yr values of the MO-
ME were very smaller than those of the MO-H,O and they
reduced following the increase in the X. It is also known that
the second-order NLO is due to a growth in non-
centrosymmetric charge density distribution. Thus, the NLO
properties of the MO could change based on the droplet size
due to charge density distribution. In an earlier study, sulphide
glass-containing b-GeS2 microcrystallites had been also ex-
amined and it had been reported that the NLO properties had
been influenced by electron-phonon sub-systems [37]. It had
been further suggested that non-centrosymmetric charge den-
sity distribution could affect second-order NLO properties
[38, 39]. A theoretical study had been also conducted using
ultraviolet-visible (UV) spectroscopy of 6-substituted
benzodifuran derivatives [40]. In this respect, second-order
hyperpolarizability could depend on the length of the 7t-
conjugated way and the force on donor-acceptor substituents.
The origin of second-order hyperpolarizability could be also
related to non-cetrosymmetry in charge density distribution.
Thus, NLO properties of MO could be changed by molecule
charge density distribution or be subject to molecular dipole
moment.
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Fig. 6 The open aperture curves
of MO-H20 at constant MO
concentration (Cyo = 15 mM)
with different concentration of a
CTAB, b Kenon. ¢ The 3 values
as a function of surfactant con-
centration of CTAB (Circle) and
Kenon (Stars)
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Moreover, second-order hyperpolarizability of 4-  case, the ME could reduce dye aggregation compared with

octadecyl-4'"-nitrostilbene (OANS) in Langmuir-Blodgett (L-  aqueous solutions and it could correspondingly mitigate

B) films had been examined in previous studies [41], suggest-
ing that OANS aggregation in L-B films could enhance
second-order hyperpolarizability of OANS. In the present

second-order hyperpolarizability of the MO-ME.
The open aperture curves of the MO-ME and the MO-H,0
are shown in Fig. 5a. Accordingly, the results revealed that the

Fig. 7 a Fluorescence spectra (b) 1000 (a) — Botanol —— Botanol
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Fig. 8 Chemical structure of methyl orange (left) and AOT (right)

MO-ME (X =10, mf=0.1, Cy;o = 0.3 mM) had a minimum at
Z =0, while the open aperture curves of the MO-H,O (Cy0 =
0.3 mM) showed a straight line. The NLA was corresponding-
ly found from an open aperture curve, fitted by Eqs. 6 and 7
[42].

4o = BloLeg (1 ¥ (§)> (©)

That qo is:
Tos = 20 (=qo) (x+1)"7 (7)

where, L.g and z, represent effective thickness and Rayleigh
length; respectively. As well, I, refers to laser intensity of
focus and 3 shows NLA coefficient. The (3 value was also
extracted from Eqgs. 6 and 7. According to Fig. 5b, the 3 value
of the MO-ME was higher than that of the MO-H,0 at Cyjp =
0.3 mM. Moreover, the 3 value of the MO-H,O enhanced
following an increase in MO concentration, from 3 to
15 mM. In Fig. 5, the open aperture curves could be related
to reverse saturable absorption (RSA) which depended on
two-photon absorption (TPA) and excited state absorption
(ESA). It should be noted that the MO had a peak absorbance
at 450 nm [43] and a weak one at 532 nm; indicating TPA.
Thus, the TPA of the MO-ME enhanced compared with aque-
ous solution, probably due to reduction of medium polarity in
the ME.

In this study, the open aperture curves of the MO-H20 at
different CTAB and kenon concentrations are presented in
Fig. 6a, b.

3

—t 1 111 T 1

8.2 78 76 74 7.2 70 6.8
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Fig.9 '"HNMR spectrum of methyl orange in AOT/Water/Benzene, T =

303 K. Methyl orange signals are marked by arabic numbers

B
A
(o}

SO;3Na

The results showed that the depth of the open aperture
curves had increased following a growth in surfactant concen-
tration in solutions, thus the 3 value increased from 2.5 x 1077
to 3.1 x 1077 cm/W with a rise in surfactant concentration
from 0 to 3 mM (Fig. 6¢). The increase in the value of 3 with
a rise in the surfactant concentration might be due to the
growth in MO solubility. Typically, a micelle in aqueous so-
lution is produced with an aggregate of the hydrophobic tail of
surfactant. The number of micelles can thus increase follow-
ing a rise in surfactant concentration in aqueous solutions and
more micelles can enhance dye solubility in solution.
Therefore, the NLO properties can be boosted following an
increase in MO solubility.

To improve the results, fluorescence and absorbance spec-
tra of the MO in different solvents were studied whose results
are presented in Fig. 7a, b; indicating that the peak position of
fluorescence and absorption spectra did not depend on the
polarity of mediums. However, the fluorescence spectra en-
hanced in the MO-ME due to increased lifetime of the excited
level following the growth in NLA coefficient.

"H NMR Spectrum of MO in AOT/Water/Benzene

The "H NMR spectrum of the MO in the AOT/water/benzene
(Fig. 8) solution is shown in Fig. 2. Signals on the spectra
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o v UL
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o
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Fig. 10 '"H NMR spectrum of MO/AOT/Water/Benzene (upper) and 'H

NMR spectrum of AOT/Water/Benzene (bottom). T =303 K. AOT sig-
nals are marked by latin letters
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Fig. 11 "H NMR spectrum of MO/AOT/Water/Benzene (upper) and 1D selective ROESY NMR spectra of MO/AOT/Water/Benzene, T =303 K,
mixing time 0.3 s. The arrows indicate the signals with the frequency of applied selective RF pulses

were thus assigned according to the data in the related litera-
ture [44]. This spectrum contained weak peaks of MO in the
aromatic region from 7 to 8 ppm. The MO signals were also
indicated by Arabic numbers (Fig. 9).

The 'H NMR spectrum of the AOT in the presence and
absence of the MO was illustrated in the bottom, contain-
ing strong signals of sodium docusate signed by capital
Latin letters [45]. The '"H NMR signals of the AOT were
also different in pure benzene solution and in those with
MO dye (Fig. 3). Proton signals of the micelle model (A,
B) in the '"H NMR spectrum also exhibited a strong high
field shift. Moreover, it was observed that the signal shape
had changed the spectrum in the presence of the dye
(Fig. 10) for A, B, C*, and F protons. Such differences
in the spectra indicated that the MO had probably formed
a molecular complex with the AOT reverse micelle.
Reverse micelles one-dimensional (1D) selective rotating-
frame overhauser spectroscopy (ROESY) experiments were
additionally carried out in order to investigate the interac-
tion between azophloxine dye and docusate sodium. It
should be noted that such experiments are based on a mea-
surement of nuclear overhauser effect (NOE) in a rotating
frame. The NOE has been also recognized as a powerful
tool to determine molecular spatial structure as well as
structure of molecular complexes, particularly those with
micelles [46-48]. It has been stated that; after excitation
of the sample with a radio frequency field (RF field) via
a frequency corresponding to the desired signal in the 1D
selective ROESY experiment, only those signals can arise
in the spectrum whose nuclei are closer to the excited one
(distance<5 A) [28]. The 1D selective ROESY spectra of
the MO/AOT/water/benzene obtained after excitation of the
sample on the frequencies of CH-2, CH-3, CH-6, and CH-7
signals of the MO are illustrated in Fig. 11.

@ Springer

There were also numerous NOEs between aromatic pro-
tons of the MO and almost all protons of docusate sodium
on the 'H selective ROESY spectrum (Fig. 11).
Accordingly, this assumption was confirmed that the dye
could probably intercalate in the reverse micelles in the
AOT/water/benzene solution. The most intensive peaks simi-
larly corresponded to the exterior part of the micelle. Thus, it
was concluded that the MO had been located in the external
part of the micelle, most of the time, near to hydrophilic tails
of docusate sodium. However, large numbers of the observed
NOEs implied high mobility of the MO molecule in the
micelle.

According to the results, the MO stayed in the vicinity of
the hydrophilic of the surfactant and it could interact with their
head group. Thus, interactions between the dye and the sur-
factant could change the NLA and consequently enhance the
fluorescence spectra of the MO.

In Vitro APDT of S. aureus

Based on the study results, the NLA value of the MO-ME was
higher than that of the MO-H,O; thus, the MO/AOT/water/
hexane could be suggested as a useful material for APDT. In
this study, the APDT of S. aureus was examined via
clonogenic assay, as presented in Fig. 12. The samples of the
bacteria with the MO-ME are also illustrated in Fig. 12a and
the bacteria and the MO-ME with laser irradiation are shown
in Fig. 12b. Accordingly, the findings revealed that the bacte-
ria colony had extremely reduced in the group treated with the
mixture of the MO-ME with light irradiation. Moreover, the
bacteria colony was studied in the petri with the MO-H,O0, as
depicted in Fig. 12¢, d; and the results were then compared
with reference to petri (Fig. 12¢). Ultimately, the results dem-
onstrated that the bacteria colony in the samples with the MO-
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Fig. 12 The S. aureus with (a)
MO-ME without laser irradiation
(b) MO-ME under laser irradia-
tion. The S. aureus with (¢) MO-
H,0 without laser irradiation, d
MO-H,O under laser irradiation
and (d) reference ptri

H,0 was higher than those with the MO-ME. Thus, the MO-
ME was recommended as a good photosensitizer for the
APDT of S. aureus.

Conclusion

The effect of droplet, water content of AOT/water/hexane,
AOT/water/benzene, and kenon/water/hexane on NLP prop-
erties of MO using Z-scan technique were investigated in this
study. The findings revealed that the NLA coefficient and the
NLR index of the MO had reduced following an increase in
the water content of the droplet. Thus, the behavior of the MO
became similar to water as the water content of the droplet
elevated. The type of surfactant did not also change the NLO
properties of the MO, while it could vary based on bulk

polarity. The value of the second-order hyperpolarizibility,
i.e. Ygr, of the MO in water additionally enhanced compared
with ME due to changes in non-centrosymmetric charge den-
sity distribution of the MO. The medium polarity and the
structure of the droplet could correspondingly charge density
distribution of the MO. Moreover, the reverse saturable ab-
sorption was observed in the MO in the ME consisting of two-
photon absorption. The NLA of the MO in the ME was thus
reported to be extremely higher than water and it could be of
use for APDT. Therefore, the MO-doped droplet could be
recommended for the APDT of S. aureus since a reduction
in bacteria colony was observed under treatments.
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