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Abstract

Fluorescence characterization of halophilic archaeal C50 carotenoid—bacterioruberin extracts was investigated using UV/
Vis and steady-state fluorescence spectrophotometry in solvents with different polarity. Different extracts showed maximum
absorption and fluorescence wavelengths between 369—536 nm and 540-569 nm. Stokes’ shifts varied between 50—79 nm
depending on the solvent. In particular, water extract showed significant Stokes' shifts with the increase in polarity index;
however, fluorescence wavelength (band position) and shape were found to be independent of polarity. According to the
obtained results, it is thought that bacterioruberin will be a new alternative material with increasing applications in optics,
biosensor/chemosensor, biotechnology, analytical chemistry and nanotechnology due to its fluorescence properties.
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Introduction

Carotenoids are natural pigments produced by plants, fungi,
algae, bacteria, and archaea that are essential for several
biological functions, such as photoprotection and antioxi-
dation [1, 2]. Bacterioruberin is a lipophilic, pink-red pig-
ment mainly found in halophilic archaea and infrequently
in halophilic bacteria, which are microorganism groups that
survive in extremely saline environments [3]. Halophilic
archaea produce bacterioruberin for their ability to survive
under extreme conditions, such as high salinity, UV radia-
tion, low water activity, and maintaining membrane stabil-
ity [4]. Although there are several studies on the biological
functions of bacterioruberin in halophiles [5-8], there are no
sufficient studies on its fluorescence properties. Understand-
ing the fluorescence properties of bacterioruberin, is cru-
cial for biosensor/chemosensory, biotechnology, analytical
chemistry, and materials science applications. Fluorescence
properties are also of great importance in materials science,
nanotechnology, sensors, and optical systems, and therefore
attract the attention of researchers among the topics to be
investigated [9-12].
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There are many environmental or structural parameters
that affect fluorescence [13, 14]. Molecular structure is the
most important of these [14, 15]. Fluorescent structures
usually contain conjugated double bonds [16]. Molecules
containing two or more conjugated double bonds (-C=C,
C=C-, etc.) have greater electron mobility [16, 17].
Scheme 1 shows the molecular structure of the carotenoid
showing conjugation in its structure. Carotenoids have a
linear conjugated structure called polyenes [18]. This fea-
ture of carotenoids makes them important in applications
such as light harvesting and photoprotection in photosyn-
thetic organisms [19, 20]. The simple structure of linear
polyenes makes them quite suitable as test compounds for
spectroscopic studies. The conjugation in their structure
(-C=C-C=C-) contributes to the excited state energy and
thus to the fluorescence properties [16, 21]. Another effec-
tive parameter is the solvent polarity and local environment
[15]. The solvent effect has been emphasized in the literature
that the fluorescence emission wavelength affects it [15, 22].
In particular, the polarity index of the solvent is one of the
issues that should be taken into consideration. Therefore, the
study of the solvent effect on the absorption and fluorescence
emission properties plays an important role [23-25].

There are several reports in the literature on different
applications for carotenoids and similar structures. D “1az
et al. (2008) in their study mentioned that the spectral
and photophysical properties of berberine were studied in
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Scheme 1 General chemical structure of carotenoid (The structure was drawn using ChemSketch)

different solvents using UV/Vis absorption-fluorescence
spectroscopy. They found that the absorption and emission
maxima were between 421-431 nm and 514-555 nm. It was
found that berberine had the largest shift and the largest fluo-
rescence emission wavelength in water. This is consistent
with our study [23].

Andersson et al. (2001) investigated the photophysical
characterization of natural cis-Carotenoids in their study.
They focused attention on the excited states of two carot-
enoids, phytoene and phytofluene, with three and five
conjugated double bonds both with 15-cis-conformations.
Additionally, they investigated the dependence of the photo-
physical properties on temperature and viscosity. They found
that the transition dipole moment of absorption and emission
are parallel in phytoene and nonparallel in phytofluene [26].

Chen et al. (2018) investigated the effects of carotenoids
on the absorption and fluorescence properties and fluores-
cence quenching of Chlorophyll a. Fluorescence and absorp-
tion characteristics of Chlorophyll a were modulated by
the carotenoids with different numbers of conjugated car-
bon—carbon double bonds in solutions. They emphasized
that the absorption of Chlorophyll a and carotenoids are lin-
early dependent on intrinsic factors, conjugate length and
functional groups, and on the polarizability of the solvent.
As a result of in their study, the absorption bands of the
Chlorophyll a and carotenoids showed a red shift when the
solvent polarizability increased [27].

Bruna et al. (2019) reported the biological synthesis of
CdS fluorescent nanoparticles by polyextremophilic halo-
philic bacteria isolated from Atacama Salt Flat (Chile),
Uyuni Salt Flat (Bolivia) and Dead Sea (Israel). Absorbance,
emission-excitation spectra of QDs produced by Halobacil-
lus sp. DS2 in 1-3 h were recorded, as well as the emission
wavelength. Halobacillus sp. DS2 after 1-3 h was found
emission wavelengths between 420-500 and 440-530 nm,
respectively. They also studied the effect of different NaCl
concentrations on the fluorescence emission intensity [28].

Jaebeom Lee et al. (2019) studied metal-enhanced fluo-
rescence properties of carotenoids in thin polymer films.
Their paper investigated the fluorescence enhancements
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of both carotenoids (, all-trans-p-carotene and 8'-apo-p-
carotene-8'-al) in the silver substrate by time-resolved fluo-
rescence measurements. The absorption and steady-state
emission spectra of carotene in thin polystyrene and polyeth-
ylene glycol films and the spectroscopic properties of carot-
enoids in polymer films were given. The absorption bands of
carotene appeared at 471 and 498 nm in a polystyrene film
and at 452, 475, and 514 nm in a polyethylene glycol film.
The emission spectra of carotene were centered at 568 and
585 nm in the polystyrene and polyethylene glycol films. The
emission bands of carotene in solutions were observed in a
similar wavelength range of 524-571 nm [29].

In this study, we focus on the photophysical properties of
a C50 carotenoid bacterioruberin extracted from a halophilic
archaeon Halorubrum ezzemoulense TC23 isolated from
Ayvalik Saltern, Turkey. Firstly, carotenoid was extracted
in solvents of different polarity. Extracted carotenoids were
characterized by UV-Vis and fluorescence spectrophotom-
etry. In this context, absorption and steady-state fluorescence
of carotenoid extracts were recorded. UV .., emission,,
and Stokes’ shifts were determined to investigate photophys-
ical properties. Additionally, images of extracts were pre-
sented in daylight and UV regions in each solvent. Further-
more, the relationship between fluorescence characterization
of carotenoid extracts with solvents of different polarities
was studied in detail.

Experimental
Chemicals

Dimethyl sulfoxide, Dimethylformamide, Methanol, Ace-
tone, Isopropyl alcohol, L-glutamic acid, trisodium citrate,
MgSO,7H,0, MnCl, 4H,0, and FeCl,4H,0 were obtained
from Sigma-Aldrich (St. Louis, USA). Casamino acids, KCl,
NaCl, yeast extract were obtained from Merck (Darmstadt,
Germany). Deionized water was used in the study (Human
power II) (Scheme 2).
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Scheme 2. The workflow of the experimental study

Halophilic Archaeal Strain and Culture Conditions

Halorubrum ezzemoulense TC23, a halophilic archaeon iso-
lated from Ayvalik Saltern, was used as the source of bac-
terioruberin (NCBI BioProject Number: PRINA1092433).
The strain was inoculated into a 50 mL of MAM JCM 168
medium contained casamino acids (5 g/L), L-glutamic acid
(1 g/L) and yeast extract (5 g/L), trisodium citrate (3 g/L),
MgS0,7H,0 (29.5 g/L), KC1 (2 g/L), NaCl (150 g/L),
FeCl1,4H,0 (0.036 g/L), and MnCl, 4H,0 (0.36 mg/L). The
culture was incubated at 39 °C for 7 days [30].

Carotenoid Extraction

Halophilic archaeal carotenoids were extracted using six
different solvents; Water, Dimethyl sulfoxide, Dimethylfor-
mamide, Methanol, Acetone and Isopropyl alcohol. To this
end, the culture cultivated in broth medium for 7 days was
divided into tubes and centrifuged at 9,000 rpm for 20 min.
The pellets were treated with 3 mL of solvents followed by
vortex and sonication for 60 min. Following the process of re-
centrifugation, the C50 carotenoid—bacterioruberin containing
supernatants were moved to a fresh tube, and the extracts were
kept away from light [31]. The extracts were analyzed using a
UV-VIS Spectrophotometer (Epoch 2, BioTek Instruments,
Inc., USA) within the wavelength range of 300-600 nm. Fig-
ure 1 shows images of Halorubrum ezzemoulense TC23 on
agar plate (bottom) and broth medium (up) (Fig. 2).

Photophysical Characterization

Photophysical characterization of the carotenoid extracts was
determined using ultraviolet—visible (UV-Vis, Shimadzu,
Pharmaspec) and steady-state fluorescence spectrophotome-
ters. Absorption measurements were performed at 300—700 nm

Fig. 1 Halorubrum ezzemoulense TC23 on agar plate (bottom) and
broth medium (up)

range and room temperature. Steady-state fluorescence exci-
tation and emission measurements were performed using a
fluorescence spectrophotometer (Horiba Fluoromax-4). The
excitation and emission slit spacing was 1 nm and the inte-
gration (measurement) time was 0.1 s. We investigated the
effects of solvent polarity on the absorption and fluorescence
properties of carotenoid extracts. Absorption and emission
spectra of carotenoid extracts in solvents with different polari-
ties were measured. In this context; Water, Dimethyl sulfoxide,
Dimethylformamide, Methanol, Acetone and Isopropyl alcohol
were used. The change in photophysical properties according
to polarity indexes was examined in detail. The workflow of
the experimental study is shown step by step in Scheme 2.

Results and Discussion
Photophysical Properties

Bacterioruberin is a highly lipophilic compound, yet, the
inclusion of four terminal hydrophilic groups provides a lit-
tle solubility in water [5]. Even though the bacterioruberin
solubility in the obtained extract was poor, the observation
of a strong fluorescence effect constitutes one of the unique
aspects of the study.

The photophysical studies of halophilic archaeal
C50 carotenoid bacterioruberin extracts which obtained
from different polarity indexes were performed using
absorption and fluorescence techniques. The polariz-
ability of solvents decreases in the following order:
Water > DMSO > DMF > Methanol = Acetone > IPA [33].

The polarizability of the solvent causes the excited state
structure of the carotenoid to change. It is thought that
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Fig.2 Up-Absorption spectra in n-hexane (black), toluene (red), ace-
tonitrile (green), and methanol (blue). Bottom-Fluorescence kinetics
(a) at 515 nm in n-hexane, (b) at 600 nm in n-hexane, (c) at 515 nm
in methanol, and (d) at 600 nm in methanol [32]

the conjugate length of the molecule slightly lengthens as
the solvent polarizability increases. This situation shows
the response of the electron structure to the solvent effect
(Figs. 3 and 4).

The difference in absorption and emission maxima in
different solvents is due to the fact that a molecule exhibits
different optical properties depending on the solvent-mole-
cule interactions in the solution [24]. The variety of these
interactions has important effects on the energy, structure
and dynamics of the molecule. The properties of the sol-
vent, especially the polarity, viscosity, dielectric constant,
proton donor—acceptor properties and molecular structure
of the solvent, cause the observed shifts in the absorption
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and emission spectra [34, 35]. Polar solvents can change the
electron distribution of the molecule by establishing strong
interactions with polarized molecules. These changes affect
the energy levels of the molecule and thus cause changes
in the locations of the absorption and emission maxima.
Highly polar solvents (e.g. water, methanol) usually stabi-
lize the charge distribution of the molecule, which generally
leads to lower energy levels being more accessible [36]. As
a result, absorption and emission at longer wavelengths can
be observed. Low polarity solvents provide a less polarized
environment, which can cause the molecule to shift less in
energy levels, and absorption and emission are observed at
shorter wavelengths [37].

Absorption, Steady-State Fluorescence and Solvent Effect
Studies

The absorption and emission spectra of all fluorescent bac-
terioruberin extracts are given in Fig. 3. Maximum absorp-
tion—emission and Stokes' shift were recorded in solvents of
different polarity. The obtained data are presented in Table 1.
The different extracts exhibited maximum absorption and
fluorescence emission wavelengths between 369-536 nm
and 540-569 nm. Stokes shifts were found between
50-79 nm (Fig. 5 and Table 1). The difference in the polar-
ity index of the extracts showed shifts in absorption and
fluorescence emission. Absorption maximum wavelengths
are similar. The excitation wavelength was taken as the basis
of the maximum wavelengths in the absorption spectra of
carotenoids (based on the literature). Therefore, the exci-
tation wavelength was used as the basis for the maximum
wavelengths with the exception of DMSO.

DMSO, although a highly polar solvent, is known for its
lower dielectric constant (~47) and special solvation proper-
ties, unlike water and other polar solvents. The highly polar-
ized structure of DMSO can affect the electron density and
energy levels of the molecule in solution, leading to shifts
in absorption and emission wavelengths. In measurements
made with DMSO, the transmission of the exciting light
or the interaction of the molecule with its excited state are
different.

Stokes shift is the difference between the absorption and
emission maxima of a molecule and is a result of interac-
tions between the molecule and the solvent in solution [38].
The presence of less polar solvents causes a fluorescence
change by shifting the fluorescence peak [39]. The differ-
ence in Stokes shift between water and IPA is due to the
different polarity indexes and chemical properties of the
solvents. Water, with its higher polarity, hydrogen bonding
and higher dielectric constant, produces a greater solva-
tion effect, while IPA exhibits a smaller Stokes shift due to
its lower polarity and weaker hydrogen bonds. The water
extract exhibits a large emission wavelength (569 nm) and
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Fig.3 UV absorption-steady-state fluorescence spectra in different »
solvents and the image of carotenoid in bright light (left) and UV
lamp-365 nm (right) in different solvents a) DMSO b) Methanol c¢)
IPA d) Water ) DMF f) Acetone

the largest shift (79 nm) is observed in water. Water is a very
polar molecule and has the ability to form hydrogen bonds.
Another interesting result is that the fluorescence emission
wavelength of the less polarized extract (IPA) is observed
to shift to longer wavelengths compared to other solvents
(except water). As a result of, it was found that the fluores-
cence wavelength (band position) and shape are independent
of polarity (Fig. 5).

Another noteworthy point is that the dielectric constants
of methanol and acetone are similar and their polarity
indexes are equal (5.1). This shows that their polarity prop-
erties are similar. This similarity causes the substances
dissolved in these solvents to show similar peaks in their
absorption and emission spectra. Polar solvents affect the
absorption and emission of light at certain wavelengths
by affecting the solvent-molecule interactions, which are
affected by the polarity of the solvent. Therefore, when
their polarities are similar, the absorption and emission
properties in such solvents are expected to be similar.
The results of our study support this theory as stated. The
UV,,..« value of methanol and acetone was determined to
be 490 nm; and the emission,,,, value was determined to
be 545, 546 nm, respectively. For a clearer understanding
of the extracts in solvents with different polarities, nor-
malized UV absorption and emission spectra on the same
graph are shown in Fig. 4.

In addition to these results, the color change of all dif-
ferent solvent extracts under bright light and UV lamp was
shown. It was observed that the extracts, which were light
pink, yellow, orange, and transparent in bright light, emitted
slightly bright blue under the UV lamp at room temperature.

Lun-Yi Zang et al. (1997) investigated absorbance
changes of carotenoids in different solvents. Four carote-
noids, namely lutein, zeaxanthin, lycopene, and b-carotene,
were compared in terms of absorbance characteristics in
hexane and methanol, respectively. At similar concentra-
tions, carotenoids have been found to have highly variable
optical properties in different solvents [40].

Harry A. Frank et al. (2000) reported the effect of the sol-
vent environment on the spectroscopic properties of carot-
enoids. Carotenoids in several different solvents have been
studied using steady-state absorption and fast-transient opti-
cal spectroscopic techniques. The effect of solvent environ-
ment on the spectroscopic properties of the lowest excited
singlet states, especially of carbonyl-containing carotenoids,
was clearly demonstrated in this study [41].

Seiji Akimoto et al. (2008) investigated one of the keto-
carotenoids, siphonaxanthin, solvent effects on excitation
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Fig.4 UV absorption-normalized steady-state fluorescence spectra (Absorbance and emission are normalized to the maximum point.)

Table 1 Photophysical

for diff Lari Carotenoid extracts Polarity index Absorption Excitation Emission Stokes’ shift
S)a:ra;?fters or different polarity (\gpes 1Y) (oo tm) (Ao im) (Ao M)
Water 10.2 394, 476 502, 536 490 569 79
DMSO 7.2 369, 386, 463, 490, 521 508 560 52
DMF 6.4 376, 397, 426, 474, 571,536 490 540 50
Methanol 5.1 369, 386, 463, 490, 521 490 545 55
Acetone 5.1 387, 465, 491, 524 490 546 56
IPA 39 372, 388 490 566 76
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relaxation dynamics using steady-state absorption and
time-resolved fluorescence spectroscopy. They measured the
absorption and fluorescence of siphonaxanthin in n-hexane,
toluene, acetonitrile, and methanol. They noted the changes
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caused by the solvent. They emphasized that the absorption
spectrum in methanol showed an increase in intensity in the
long wavelength region, indicating the ability of siphonaxan-
thin to absorb green light. The absorbance and fluorescence
data obtained in their study are presented in Fig. 2 [32].

Conclusion

In this work, we present the photophysical properties of a
C50 carotenoid-bacterioruberin extracted in solvents of dif-
ferent polarities. In this context, the absorbance and steady-
state fluorescence of the carotenoid-bacterioruberin extracts
were measured and UV, , emission,,,,, and Stokes’ shifts
were recorded. The highest Stokes’ shift (79 nm) and fluo-
rescence wavelength (569 nm) were found in water and the
lowest in DMF (40-540 nm). It was observed that the fluo-
rescence emission wavelength of the less polarized extract
(IPA) was the second longest wavelength after water and had
a Stokes shift. As a result, it was found that the fluorescence
wavelength (band position) and shape were independent of
polarity.
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In conclusion, it was determined that the unique Halo-
archaeal C50 carotenoid-bacterioruberin could be a valu-
able candidate for many fields such as optics, biosensors,
biotechnology and nanotechnology due to its fluorescence
properties (Stokes’ shift and brightness under UV). The
strong fluorescence effect of the water extract is especially
important for green chemistry in terms of preventing the use
of harmful solvents in industrial processes.
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