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Fluorescence quenching of iodinated cyanine dyes gained attention in
recent years in the field of Theranostics whereby cyanine dyes loaded on
FDA-approved feraheme form nanoprobes with quenched fluorescence.
In the present paper, we report the fluorescence quenching of three
iodinated cyanine dyes (I-111) using FDA-approved nano-iron oxide as
potential candidates in the field of theranostics and other applications.
The dyes were synthesized by solvent-free microwave technique. The
electronic absorption, fluorescence spectra and excited state lifetimes
were measured. Fluorescence quenching using iron oxide nanoparticles
was studied in the presence and absence of SDS micelles. Micellar
media enhance dynamic quenching at the expense of static quenching
pathways as revealed by Stern-Volmer plots. The binding constants
between the three iodinated cyanine dyes and iron oxide nanoparticles
together with the second order quenching rate constants were calculated
from Stern Volmer and modified Stern VVolmer relations.

Fluorescence superquenching is a well-known phenomenon obtained
when nanoparticles are applied as quenchers due to the remarkably low
nanoparticle concentrations capable of causing efficient fluorescence

guenching.




Introduction

For cyanine derivatives to be
utilized in advanced applications, their
photophysical properties are crucial.
Occasionally, their absorption spectra
extend into near-infrared (NIR) regions,
ranging from 380 to 700 nm. The molar
extinction coefficients are on the order
of 10* M* cm™ (Jia et al., 2015). The
Stokes shifts of substituted cyanine dyes
in  various polar solvents are

commendable, making them more
suitable than other known dyes for

biological staining (llina et al., 2019).

Photosensitizers, lasers, photodynamic
therapy, semiconductors, and medical
diagnosis by fluorescence sensing are
just a few of the many applications of
chemistry that make use of cyanine dyes
(Gopika et al.,, 2021). Cyanine dyes
have good fluorescence quantum vyields
of aggregates and strong absorption in
the visible region, making them
promising candidates for the creation of

optical devices (Mishra et al., 2000).

Many cyanine dyes, including 1,1'-
dioctadecyl-3,3,3' tetramethylindocarbo-
cyanine perchlorate and 4,4'-difluoro-
5,7-dimethyl-4-bora-3a,4a-diaza-s-

indacene-3-propionic acid have been
described as promising theranostic
agents (Reichel et al., 2019). To

enhance their photophysical properties

like photostability, photoconversion
efficiency, singlet oxygen generation,
and hyperthermia, cyanine nanoprobes
(1CG),

heptethine cyanine (IR780), and cypate

like  indocyanine  Green

were conjugated in polymeric micelles
or inorganic nanoplatforms.
Photodynamic therapy and photothermal
therapy are supported by cyanines
because of the excellent therapeutic
benefits (Bhattarai and Dai, 2017). As
a multimodal contrast agent for MRI in
humans, the theranostic Gd (DOTA)-
cyanine dye has been developed and
used with great effectiveness (Wang et

al., 2021).

The fluorescence quenching of

cyanine  derivatives using various
quenchers like metal ions, carbon
tetrachloride and acetone and has been
studied by steady-state methods (Tarazi
et al., 2002; Biradar et al., 2007; Al-
Kady et al., 2011a). The quenching of
organic fluorophores by nanoparticles
was reported (Landes et al., 2001;
Pramanik et al., 2007; Kotiaho et al.,
2009), and both dynamic and static
mechanisms are involved in the
guenching process (Huang and Murray,
2002, Ghosh et al.,, 2004, Lee and
2008).  The

mechanism has significance in chemistry,

Suzuki, quenching

biology, and medicine besides physics.



There are instances where the
experimental data agree with the linear
Stern-VVolmer relationship, but there are
also instances where the experimental
results indicate a positive divergence
from the linear Stern-Volmer plots
(Andre et al, 1979, Behera and
Mishra, 1993). Multiple mechanisms,
including singlet-to-triplet excitation,
creation of charge transfer complexes in
both ground and excited states, static and
dynamic quenching, etc., have been
proposed to account for this positive

divergence.

High Stern-Volmer constants (in
the range of 10’-10"* M™) using metal
nanoparticles are commonly associated
with superquenching of organic dyes
(Morozov et al., 2020). Energy transfer
between the dye molecules and the metal
nanoparticles has been implicated as a
cause of the fluorescence
superquenching, along  with  the
production of a nonfluorescent complex.
The rate of collisional quenching of
fluorescence from dyes like 3,7-diamino-
2,8-dimethyl-5-phenyl phenazinium
chloride by AgCl nanoparticles is
affected by the size control of the AgCl
nanoparticles in microemulsion media

(Pramanik et al., 2007).

Iron oxide nanoparticles are used in
magnetic sealing, oscillation damping,

position sensing, ultra-high density
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magnetic  storage  media, clinical

diagnosis and therapy, biological
labelling, tracking, imaging, detection,
and separations (Raj and Moskowitz
1990, Jordan et al., 2001, Bulte et al.,
2002, Zeng et al., 2002). Particle size,
morphology of the particles, and size
distribution all play a vital role in
determining their features. Hematite is
the most stable form of iron oxide, and it
has numerous applications in science and

technology.

Experimental
Materials and instruments

Fresh synthesized cyanine
derivatives (I, 11, and I11) were produced
according to established

(Alganzory et al.,, 2017). Scheme 1

protocol

depicts the structures of the cyanine
derivatives I, 11, and 1l that were studied.
Fluka supplied methanol and iron
chloride (FeCl; 99%). Dodecyl sulphate
(soda) from Sigma Aldrich. In all these
experiments, double-distilled water was
A Shimadzu UV-160A
Spectrophotometer was used to acquire
the absorption spectra. A JASCO FP-

employed.

8200 Spectrofluorometer was used to
acquire emission spectra at a steady state
condition. The picosecond fluorescence
decay profiles were measured by single
photon counting method using Fluor

Hub (Horiba Scientific). Lifetime was
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evaluated with software Fluo fit attached

to the equipment.

Cyanine |

Cyanine Il

Al-Ayyat et al., (2023)

Cyanine Il

Scheme (1): The chemical structure of cyanine derivatives I, Il and Il

Synthesis of cyanine derivatives
Monomethine cyanine derivatives (I, Il
and I1l) were freshly synthesized using
previously reported method (Beilenson
and Hamer, 1939) as the follows:
Synthesis cyanine derivatives | and 11
In the presence of triethylamine,

monomethine cyanine dyes (I and II)

i C['}mm .

were synthesized via the reaction of
benzo thiazolium salts with 4-
methylquinolinium salts. The vyield is
80% and 87%, respectively, after 5
minutes of microwave irradiation at 320
W and 260 W of power [Scheme 2].

-
CHLHLHO '
d"\wm
()N
Microwave gty
e

Scheme (2): Microwave synthesis of cyanine derivatives | and Il

Synthesis cyanine derivative 111

In the presence of dimethylformamide

(DMF),  equivalent

amounts of

monomethine cyanine dye A (1 mmol)
and the corresponding diamino linker B

(3 mmol) were mixed to produce



cyanine derivative Ill. After the addition
of a few drops of triethylamine, the
mixture was heated in a microwave for
one hour and a half with 100 watts of

power while being stirred continuously.
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acetate, 3:1) was utilized to track the
progression of the reaction. After being
filtered out, the produced precipitate was
washed with CH,Cl, and then dried at 60

degrees Celsius.

TLC (eluent, petroleum ether: ethyl

(CHy),~1 '
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- CH, ; N ’
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Cyaninederivativelll

Scheme (3): Microwave synthesis of cyanine derivative IlI

Synthesis of iron oxide nanoparticles

as a fluorescence quencher

A solution of 0.1 M FeCl; (15 ml)
was added drop by drop to 100 ml of
vigorously stirred boiling distilled water.
The color changed from yellow (FeCl;
solution) to red and upon excess addition
of 0.1 M FeClj, the color turned to dark
red. The resulting solution was heated to
reflux and kept at that temperature for 30
min. The solution was then cooled to
room temperature. Such colloidal
solution can exist indefinitely without
signs of precipitation. However, a
reddish-brown precipitate was obtained
upon dropping concentrated solution of
sodium hydroxide (Hamada and
Matijevié¢, 1981; Pu et al., 2006). The
reaction

mechanism was discussed

(Rufus et al., 2017). Boiling FeCl3z in
water produces purple-colored of hexa-
aqua iron ()
([Fe(H20)6]*") (Xiao et al., 2018). Aqua

complex ions

complex ions

breakdown into
deprotonated [Fe (OH)(H,0)]*" species,
which can be labelled Felll-R.

Iron oxide nanoparticles quenched
(1-111)

fluorescence. 2 ml of 1x10™M cyanin

cyanin dye derivatives

dye derivatives in ethanol were
combined with an appropriate volume of
iron oxide nanoparticles solution as
guencher.
Results and Discussion

UV-VIS

spectrum of as prepared iron oxide

electronic  absorption

nanoparticles is given in Fig. (1)
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showing an absorption maximum at 385
nm in consistency with reported value
(Al-Kady et al., 2011b). The band gap
energy (Epg) is calculated based on the

maximum absorption band (385nm) of

Al-Ayyat et al., (2023)

a-Fe;O3 nanoparticles as 3.22 eV
according to following equation
(Rahman, 2011).
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Fig. (1): Typical UV-Vis. spectrum of as-synthesized a-Fe,O3 nanoparticles in water

The electronic
fluorescence  spectra
derivatives (I-111)

The electronic absorption spectrum

absorption  and
of cyanine

of 1 x 10 M ethanolic solutions show
absorption peak maxima at 503 ,508 and
I "
respectively (Fig. 2). These peaks are

506 nm for cyanines |, and
assigned to (m -n*) transition due to the

resonance that occurs through the
conjugated system between the tertiary
and quaternary nitrogen atoms. The
extensive conjugation leads to long-
wavelength absorption maxima and high
molar absorptivity. The fluorescence
spectra (hex= 480 nm) show maximum
fluorescence bands at 550, 563 and 563

nm for cyanines I, Il and 111 respectively.

Like other cyanines, the investigated
cyanines are characterized by very small
Stokes shifts (Table 1).
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Fig. (2): Absorption and fluorescence
spectra of cyanine dyes ethanolic solutions
(a) cyanine 1, (b) cyanine Il and (c) cyanine

Effect of solvent polarity on the
absorption and emission spectra of
cyanines I, Il and 111

The absorption spectra of derivatives I,
Il and Il are shown in Fig. (3-5). The
molar extinction coefficients gmnax and
maximum wavelengths (Amax) are given
in Table (1). The emission spectra of
cyanine |, as a model in different

solvents is shown in Fig. (6).

Table (1): Spectral maxima and photo physical parameters of cyanine derivatives (1) in

different solvent

M max. © max. = - . .
SOOI B S e B v R it
Acetone 504 97800 557 1887.9 | 0.355 42.2 5.1 21.3 2.87
Acetonitrile 503 93200 550 1698.8 | 0.461 45.6 5.8 375 3.85
Dioxane 505 75400 560 19448 | 0.164 36.1 4.8 2.25 0.45
DMF 506 89900 555 17448 | 0.386 43.8 6.4 36.7 3.86
DMSO 509 79600 558 17252 | 0.444 45.0 7.2 46.7 3.92
n-Butanol 507 97100 557 17705 | 0.586 50.2 3.9 17.8 1.66
Water 503 60700 566 2212.8 1.0 63.1 10.2 80.1 1.82
Methanol 504 93200 554 1790.7 | 0.762 55.4 5.1 32.7 1.72
Isopropanol 505 71400 561 1976.6 | 0.546 49.2 3.9 17.9 1.66
n-propanol 505 89900 556 1816.3 | 0.617 48.6 4.0 20.1 1.68
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Fig. (3): Absorption spectra of 1x10®° M cyanine | in different solvents
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Fig. (4): Absorption spectra of 1x10™° M cyanine Il in different solvents
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Fig. (5): Absorption spectra of 1x10° M cyanine 11 in different solvents
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Fig. (6): Fluorescence spectra (e, = 480) of 1x10° M cyanine | in different solvents

Fluorescence quenching of cyanines I, were noticed revealing the absence of

Il and 1l using iron oxide emissive  exciplex under  applied
nanoparticles.

: . experimental conditions.
The fluorescence quenching of cyanines P

I-111 using iron oxide nanoparticles as a The Stern-Volmer equation (1) was
quencher reveals no spectral pattern applied to study the fluorescence

change and no other emission bands quenching behavior (Lakowicz, 2013).
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Ip

=2 =1+ K [Q]... 1)

I

where lp and | are the fluorescence
intensities in the absence and presence of
quencher, respectively, Ksy is the Stern—
Volmer quenching constant and [Q] is
the quencher concentration. The Stern—
Volmer plots are nonlinear with positive
deviation as shown in Fig. (7). Similar
experimental results were reported by
others (Tablet and Hillebrand, 2007;
Melavanki et al., 2008; Evale and
Hanagodimath, 2009; Melavanki et al.,
2009; Evale and Hanagodimath, 2010).
The positive deviation from linearity
suggests that the quenching is not purely
dynamic but is due to the simultaneous

dynamic and static quenching types.

The fluorescence quenching of cyanines
I-111 using iron oxide nanoparticles was
further studied in presence SDS micelles
(2x10° M) showing linear Stern-Volmer
plots with correlation coefficient of
0.995 as shown (7). This

indicates a dominant dynamic quenching

in Fig.

mechanism in the presence of SDS

micelles.

I/l

1!
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Fig. (7): Stern-Volmer plots for the

fluorescence quenching of cyanines (a) I, (b)
Il, and (c) Il using iron oxide nanoparticles
as a quencher in the presence and absence of
2% 10% M SDS.

Calculation of Binding constants

For non-linear Stern-Volmer plots
obtained in non-micellar media, the
extended Stern Volmer equation (2) was

applied (Lakowicz, 2006):



-
[e]

= (K + K;) + (Kew K,)IQ] o ... 2

where Ksy and Kg are the dynamic
Stern-Volmer quenching and ground-
state binding constants of the complex
between cyanine dyes and iron oxide
nanoparticles. Upon fitting experimental
data to Eqg. (2) two quenching behaviors
are recognized with the quenching at
higher quencher concentrations assigned
to dominant static quenching for which
both Ksy and Kg have been determined.
Fig. (8) shows plots of [l/I — 1]/[Q]
versus [Q]. Table 2 shows the Ksy and
Kg values obtained from intercepts and

slopes of the second stage. The obtained
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dynamic quenching Ksy constants have
nearly the same values obtained for the

dynamic quenching plots according to
Eq. (2).

The excited state lifetimes t values of
cyanines I, Il and Il were measured as
5.46, 5.18 and 4.71 ns for cyanines I, Il
and Il respectively. From the lifetimes
and Ksy values, the second order

quenching rate constants kg were
determined according to the relation: kg
= Kg/t and the values are given in Table
1 with kq* in SDS micelles being of
higher values compared with k,” values

in non-micellar media.

23

22 Slope = 0.6396
Intercept = 1.3447
21 R?=0.890

20

19

(1/1) -1/[Q]

18

17

16

15

00 01 02 03 04 05 06 07 08 09

[QInM

Fig. (8): Plots of [ly /T — 1]/[Q] versus [Q] for Cyanines I-I11 in absence of SDS solutions
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Table (2): Quenching parameters of cyanines I-I11 using iron oxide nanoparticles as a quencher

in the presence SDS solution.

Cyanine | Kg*x10%M7) | Kg°x105M?) | Ky*x108M™) | K#x108(M?) | t(ms) | k& (MTs?) | k° (MTs?)
I 11.35 10.90 7.67 15.92 5.46 20.78 19.96
T 12.62 7.79 11.68 8.20 5.18 24.36 15.03
i 11.41 10.07 4.96 13.48 4.71 24.22 21.38
Ksv @: From eq. 1 in absence of micelles (SDS).
Ksv ®: Fromeq. 2.
Ksv ©: In presence of SDS micelles
Kg: Binding constant.
kg®: The second order quenching rate constant from equation 1
kg": The second order quenching rate constant from equation 2
1o (ns): Excited state lifetime.
Conclusion fluorescence is  regenerated upon
) ) ) liberation from iron oxide nanoparticles.
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