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Here we report the use of pigments produced by UV-resistant Antarctic bacteria as photosensitizers in Dye Sen-
sitized Solar Cells (DSSCs). Pigments were obtained from red and yellow colored psychrotolerant bacteria isolat-
ed from soils of King George Island, Antarctica. Based on metabolic characteristics and 16s DNA sequence,
pigmented bacteria were identified as Hymenobacter sp. (red) and Chryseobacterium sp. (yellow). Pigments pro-
duced by these microorganisms were extracted and classified as carotenoids based on their spectroscopic and
structural characteristics, determined by UV–Vis spectrophotometry and infrared spectroscopy (FTIR),
respectively.
With the purpose of develop green solar cells based on bacterial pigments, the photostability and capacity of
these molecules as light harvesters in DSSCs were determined. Absorbance decay assays determined that bacte-
rial carotenoids present high photostability. In addition, solar cells based on these photosensitizers exhibit an
open circuit voltage (VOC) of 435.0 [mV] and a short circuit current density (ISC) of 0.2 [mA·cm−2] for the red pig-
ment, and a VOC of 548.8 [mV] and a ISC of 0.13 [mA·cm−2] for the yellow pigment.
Thiswork constitutes the first approximation of the use of pigments produced by non-photosynthetic bacteria as
photosensitizers in DSSCs. Determined photochemical characteristics of bacterial pigments, summed to their
easy obtention and low costs, validates its application as photosensitizers in next-generation biological solar cells.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decades, research and development of photovoltaic
technology has strongly increased in response to high world energy de-
mand [1]. Solar energy is themost abundant renewable resource on our
planet, however, its application as an alternative to the use of fossil fuels
has a major drawback: the economic and environmental costs of their
production [2]. As a way to solve this inconvenient, during the last de-
cades researchers have worked on developing photovoltaic devices
based on new materials or novel ways to make them interact. In this
context, in 1991 Michael Graetzel developed a low cost and high effi-
ciency solar cell known as Dye Sensitized Solar Cell (DSSC). This
model is based on light-harvester molecules (sensitizers) attached to a
film of TiO2 nanoparticles in presence of a redox electrolyte [3,4].

To date, there have been several types of photosensitizers for this
kind of solar cell, such as organic dyes [5], ruthenium [6] and platinum
complexes [7]. However, some of these materials display high toxicity
and are very scarce in nature, revealing a hard, expensive and non-eco-
logical fabrication process. In this context, natural dyes have been pro-
posed as sensitizers because of their low obtention costs, easy
).
manipulation and eco-friendly characteristics [8–10]. Different biologi-
cal dyes such as anthocyanins [11–13], flavonoids [14] and carotenoids
[15,16] have been used as photosensitizers in DSSCs. Also, pigments
present in light-harvesting photosynthetic complexes from plants and
bacteria have been used as sensitizers [17,18]. In the case of carotenoids,
their biosynthesis has been reported in plants and some environmental
microorganisms, but to date, only carotenoids extracted from plants
have been used as sensitizers on DSSCs [19,20]. In this context, non-
photosynthetic pigmented microorganisms constitute an efficient and
still non-explored source of biological dyes for DSSCs.

Microorganisms inhabiting Antarctica have developed different de-
fense mechanisms to survive the constant exposure to UV radiation.
UV-mediated cellular stress produces an increase in reactive oxygen
species (ROS), which damage DNA, lipids and proteins [21–23]. In gen-
eral, microorganisms display mechanisms to counteract UV-damage
such as improved DNA repair systems and antioxidant response,
among others [24–27]. The synthesis of carotenoid pigments represents
another antioxidant defense against oxidative stress that has been de-
scribed in Antarctic bacteria [28–30].

Carotenoids are one of the most structurally diverse natural pig-
ments described. Their structure is based on hydrocarbon chains with
conjugated double bonds and a range of light absorption between 400
and 500 nm [31,32]. To date, carotenoid pigments used as sensitizers
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in DSSCs have been chemically synthesized or extracted from fruits and
flowers [15,16], and the use of pigments extracted from bacterial cells
has not been reported.

The use of microorganisms to produce pigments or other natural
products is an efficient process as consequence of the high yields of bio-
mass that can be obtained and the simplicity to extract the natural dye.
In this context, microbial biosynthesis processes constitute a cost effec-
tive and environmentally friendly alternative to produce biomolecules
of technological interest [33–35].

In the present work, the use of bacterial pigments extracts as photo-
sensitizers in DSSCs is reported for the first time.

2. Materials and Methods

2.1. Isolation, Identification and Characterization of Antarctic Pigmented
Bacteria

Soil samples were collected from King George Island (South Shet-
land Islands) during the 50th Antarctic Scientific Expedition (ECA 50)
organized by the ChileanAntarctic Institute (INACH). For isolation of en-
vironmental bacteria, 100 mg of soil were suspended in 1 mL of sterile
distilled water and vigorously stirred by vortexing. Samples were incu-
bated at 28 °C for 1 h. After that, aliquotswere seeded onR2Aagar plates
and incubated at the same temperature for two days. Environmental
pigmented isolates were selected by morphology and coloration, and
pure cultures were obtained by the streak plate method as reported be-
fore [36,37].

Selected isolates were identified by 16S rRNA sequencing. The ge-
netic material for each bacterial isolate was extracted using DNeasy®
Blood & Tissue Kit (Qiagen) according to manufacturer's instructions.
PCR amplification of the 16S rRNA gene was performed using the uni-
versal forward primer PA (5′-AGAGTTTGATCCTGGCTCAG-3′) and the
universal reverse primer PH (5′-AAGGAGGTGATCCAGCCGCA -3′). The
reaction mix consisted of 2 μL of extracted DNA as template, 1.25 μL of
each primer, 12.5 μL of 2× GoTaq® Green Master Mix (Promega) and
8 μL of molecular grade water. The amplification steps includes initial
denaturation at 95 °C for 5 min, 42 cycles at 95 °C for 30 s, 55 °C for
30 s, 72 °C for 1 min 30 s, and a final extension at 72 °C for 10 min.
Resulting amplicons were visualized by gel electrophoresis in agarose
gels (1.5%) and sequenced (Macrogen Corporation, South Korea). Bacte-
rial isolates were classified at the gender level by comparing obtained
sequences (1398 bp for the yellow isolate and 1437 bp for the red iso-
late) with those present in the NCBI database using the BLAST
algorithm.

Bacterial growth curves were determined by measuring the optical
density at 600 nm (OD600) of bacterial cultures (100 mL R2A medium)
grown at 28 °C with constant shaking.

To characterize the UV resistance of pigmented bacteria, bacterial
isolates were grown in R2A medium at 28 °C with constant shaking
until OD600 ~0.3 was reached. Then, cultures were diluted (serial dilu-
tions of 1:10, 1:100, 1:1000, 1:10.000 and 1:100.000 were prepared)
and 5 μL of each dilution were plated in R2A agar (in triplicates). Each
plate was exposed to UV-C irradiation with a 15 W germicidal lamp
(Model G15T8, 16 in. long, Sankyo Denki Co.) for 0, 5, 10 and 15 min
and then incubated at 28 °C for 72 h. The same protocol was used for
E. coli (BW25113) as control.

2.2. Extraction and Purification of Bacterial Pigments

Cultures of pigmented bacteria were grown in R2Amedium at 28 °C
for two days until saturation (OD600 ~0.8). Then, cells were centrifuged
at 7.690 ×g for 10min, supernatants were discarded and collected cells
were lyophilized (freeze-dried) for 24 h. Lyophilized cells were mixed
with methanol for 10 min at room temperature and the methanol ex-
tract (colored supernatant) was separated from cells by centrifugation
at 26.670 ×g for 15 min at 4 °C (this also allows precipitating other
biomolecules). This extraction process was repeated several times
until the cells were completely bleached. All these steps were carried
out under low light conditions to avoid pigments degradation.

2.3. Optical and Structural Characterization of Pigments

Pigment extracts were characterized by UV–Visible spectrophotom-
etry using a Synergy™ H1 Microplate Reader (BioTek Instrument Inc.).
Absorbance spectrum between 300 and 700 nm (2 nm resolution)
was measured. To determine the photostability of bacterial pigments,
samples were normalized to 1.0 arbitrary unit of absorbance by dilution
according to their maximum absorbance peak (450 and 478 nm for
yellow and red pigment, respectively). Then, pigments were exposed
to light (~70 mW·cm−2) and the decay of maximum absorbance peak
of each samplewasmeasured every 10min during 1 h. To avoid solvent
evaporation, the temperature of the experimentwas controlled (16 °C).
The experiment was performed in triplicate and a dark condition was
used as control.

For the structural characterization, Fourier Transform Infrared Spec-
troscopy (FTIR) was performed. Samples were dried using a vacuum
centrifugal concentrator (IR Concentrator Micro-Cenvac NB-503CIR, N-
Biotek Inc.) for 24 h and the powder was mixed with KBr to form a
thin pellet. FT-IR spectra were performed in a Nicolet™ iS™10 FT-IR
Spectrometer (Thermo Scientific Inc.) using a Smart iTR™ Attenuated
Total Reflectance (ATR) accessory provided with a single bounce Ge
crystal. The scan frequency was 3700 to 700 cm−1.

2.4. Fabrication and Characterization of Dye Sensitized Solar Cells

DSSCs were produced following the protocol previously described
by our group [38], with somemodifications. To fabricate the electrodes,
50 × 50 × 2 mm size fluorine doped tin oxide coated glass (FTO glass)
TEC15, with a surface resistivity of 13 [Ω/sq] and 85% transmittance
was used. Conductive glasses were cleaned by successive sonication in
absolute ethanol and deionized water for approximately 10 min to re-
move organic contaminants. The anode was prepared using a suspen-
sion of titanium (IV) oxide nanoparticles (TiO2 nanopowder from
Sigma-Aldrich, ~21 nm particle size and anatase crystal structure) that
was deposited on the glass through spin-coating at 2000 rpm for 10 s.
The electrodes (TiO2 films) underwent a sintering process at 450 °C
for 30 min.

Sensitization of TiO2 film was performed by direct adsorption. The
electrode was treated twice with the pigment solution (in a concentra-
tion of 10mg/mL) and incubated in darkness. The active area of the cells
was 15 cm2. Moreover, the cathode or counter electrode was prepared
from a solution of H2PtCl6·6H2O in isopropanol. 10 μL of the solution
were dispensed on a FTO coated glass by spin-coating and heated
20 min at 400 °C.

Then, the photoanode and the counter electrode were assembled
leaving a 127 μm space between them. Before sealing the cell, 100 μL
of electrolyte was added. The electrolyte solution used was iodide/
triiodide (I−/I3−) prepared from KI (0.5 M), I2 (0.05 M) in ethylene gly-
col. Characterization of solar cells was performed in triplicate for each
bacterial pigment using a solar simulator (SunLite™ Model 11002.
Abet Technologies, Inc.) and an interface potentiostat-galvanostat (In-
terface 1000. Gamry Instruments) to register the current-voltage curves
and time-dependent photoresponse. Measurements were performed
under constant conditions of temperature and irradiance at a one sun
intensity as the light source (~100 mW·cm−2 and AM1.5).

3. Results and Discussion

3.1. Isolation and Characterization of Antarctic Pigmented Bacteria

Two pigmented bacteria were isolated from soil samples obtained
from the King George Island in Antarctica. Isolates were obtained by
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incubating in R2A media at 28 °C, a condition that favor the growth of
bacteria present in soils [39]. From all isolates obtained, two pigmented
bacteria were selected based on their color and growth characteristics
(colonies were obtained after 48 h incubation at 28 °C). Yellow and
red-pigmented bacteria were selectedwith the aim to evaluate two dif-
ferent pigments as photosensitizers in solar cells.

Red and yellow colored environmental isolates were designated as
A9A5(R) and A9A5(A), respectively. Both Antarctic strains correspond
to rod shape Gram-negative bacteria. Growths of both isolates were
evaluated at 8, 18, 28 and 37 °C. No growth was observed at 8 and
37 °C. Despite isolates were able to grow at 18 °C, their optimal growth
temperature was 28 °C (not shown). Based on this result, both isolates
correspond to psychrotolerant bacteria. According to growth curves,
A9A5(A) reaches the exponential phase of growth approximately 12 h
before A9A5(R). However, both environmental isolates reach stationary
phase after 48 h growth in R2A medium (Fig. 1).

The identity of both isolates was determined by a 16S rRNA gene se-
quence analysis. The A9A5(R) isolate shared 85.85% similarity with
Hymenobacter actinosclerus; which is a red pigmented, rod shaped and
Gram-negative bacterium that was reported as a new species by Collins
et al. [40]. The genus Hymenobacter was first described by Hirsch et al.
(1998) to accommodate a group of red/pink-pigmented rods from Ant-
arctic soils and sandstone [41]. Based on this our bacteria was classified
as Hymenobacter sp. A9A5(R).

The 16S rRNA gene analysis of A9A5(A) revealed that this isolate
shared 95.90% sequence similarity to Chryseobacterium chaponense; a
yellow pigmented, rod shaped Gram negative bacterium which was
proposed as a new specie by Kämpfer et al. (2011) [42]. This bacterium
has been isolated from Atlantic salmon (Salmo salar) farmed in Chapo
Lake (Chile) [42]. Chryseobacterium genus was created by Vandamme
et al. (1994) to accommodate various species previously classified in
the genus Flavobacterium [43]. Chryseobacterium strains produce trans-
lucent, shiny and with entire edges colonies. Chryseobacterium can also
produce a bright yellow, non-diffusible and non-fluorescent flexirubin-
type pigment [44]. All these phenotypes were also observed in our
pigmented isolate. Based on this our bacteria was classified as
Chryseobacterium sp. A9A5(A).

The tolerance to UV radiation of pigmented isolates was studied by
exposing them toUV-C radiation for different times (Fig. 2). As expected
for pigmented bacteria, Chryseobacterium sp. A9A5(A) and
Hymenobacter sp. A9A5(R) were capable to growth after UV exposure
(Fig. 2). Chryseobacterium sp. A9A5(A) grows gently after 5 min UV-ex-
posure (Fig. 2, inset) but no growth was observed at longer times.
Hymenobacter sp. A9A5(R) was able to grow even after 15 min UV-C
Fig. 1. Characterization of Antarctic isolates. a) Agar plate with pigmented A9A5(R) and A9A5(A
strains, and c) 16S identification indicating most similar species.
exposure. As expected, the UV-sensitive bacterium E. coli was unable
to growth after 5 min UV-exposure.

Obtained results indicate that both Antarctic isolates are resistant to
UV, being Hymenobacter sp. A9A5(R) highly resistant to this stress.
These results are in agreement with characteristics reported for both
isolated species. H. actinosclerus has been obtained from irradiated
pork and reported as radiation resistant [40]. This genus was found as
dominant, in conjunction with Deinococcus, in samples obtained from
solar panels [45]. It has also been proposed that these microorganisms
tolerate excessive UV irradiation on the surface of the snow due to the
protection provided by their own pigments [46]. In this context, mem-
bers of this genus are known to synthesize red or pink carotenoids [47].

Some Antarctic environments are exposed to UV radiation for
prolonged time periods, particularly near the polar circle where 24 h
daylight exposures have been registered [48]. This generates a selection
pressure that forces bacteria to develop protection mechanisms. Ac-
cordingly, a higher percentage of yellow, orange and red-pigmented
bacteria have been determined on environments exposed to constant
UV radiation [49]. Bacterial pigmentation is one mechanism that cells
have developed to counteract the damage produced by UV-radiation
and oxidative damage [30]. The antioxidant characteristic of bacterial
pigments is related with the capacity of these biomolecules to interact
with reactive oxygen species (ROS) inside cells, constituting a very ef-
fective mechanism to reduce oxidative damage [50].

3.2. UV–Vis Spectrophotometry and Fourier Transform Infrared Spectrosco-
py (FTIR) Analysis of Bacterial Pigments

UV–Visible absorption spectra were determined to characterize the
pigments extracts obtained from Antarctic bacterial isolates. Extracted
pigments showed the characteristic absorption bands of carotenoids,
between 400 and 550 nm (Fig. 3) [30,51].

Therefore, the measured spectra correspond to the absorption of
chromophore groups present in the chemical structures of carotenes.
β-carotene has a maximum absorption at 456 nm [52], similar to zea-
xanthin [53]. According to this description, this last carotenoid matches
with the extracted yellow pigment. In the case of the red pigment, ab-
sorption spectrum displays a slight shift to longer wavelengths when
compared to β-carotene. Observed absorption maximum coincides
with the characteristic absorption for lycopene [54] and canthaxanthin
[55].

The chemical composition of bacterial pigment extractswas evaluat-
ed by FTIR (Fig. 4). FTIR spectra of both pigments show absorption peaks
at 2850 and 2950 cm−1. These bands are characteristic stretching
) isolates and E. coli as non pigmented bacteria, b) growth curve for A9A5(R) and A9A5(A)



Fig. 2. UV resistance of pigmented bacteria. Viable cells of Hymenobacter sp. A9A5(R) and
Chryseobacterium sp. A9A5(A) present in cultures exposed to UV-C radiation for 0, 5, 10
and 15 min. Cultures of pigmented bacteria were exposed to UV and serial dilutions
were plated on R2A agar and incubated at 28 °C. UV-sensitive E. coliwas used as control.

Fig. 3. Spectrophotometric characterization of pigment extracts. Absorbance spectra of
yellow and red pigments extracted from Chryseobacterium sp. A9A5(A) and
Hymenobacter sp. A9A5(R), respectively. Tubes containing pigment solutions are shown.

Fig. 4. FTIR spectra of bacterial pigments. FTIR of red and yellow pigments extracted from
UV-resistant Antarctic bacteria.
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vibrations of C\\H bond, belonging to groups CH2 and CH3 (Fig. 4, signal
B and C). Bending and scissoring of CH2 and CH3 groups between 1500
and 1350 cm−1 (signal F) are also observed. In the fingerprint zone, typ-
ical bands between 1200 and 1300 cm−1 corresponding to C\\C bonds
(signal G) were determined. Absorption at 1100–1150 cm−1 corre-
sponding to C\\O stretching and bending vibrations was also observed
(signal H).

The main difference between red and yellow pigment spectra corre-
sponds to a characteristic absorption band for the vibration of the OH
group, located at an approximate frequency of 3300 cm−1 in the case
of yellow pigment (signal A). This result suggests that the yellow pig-
ment may correspond to lutein and/or zeaxanthin [56,57]. In the case
of the red pigment, a strong signal near 1750 cm−1 (signal D) with
features of a carbonyl group (C_O) was also observed. The presence
of this group could be consequence of the oxidation of lycopene, zea-
xanthin and/or lutein. Oxidation occurs by incorporation of oxygen in
any of the C_C double bounds (signal E) or by oxidation of the OH
group in the chemical structure of carotenoid [58]. These oxidations re-
sult in the formation of carotenoids such as astaxanthin and canthaxan-
thin, all of them are red/orange keto-carotenoids that have been
reported in microalgae, microorganisms and marine animals [59]. Can-
thaxanthin presents two carbonyl groups, a diketone [58]. Based on this,
the red pigments most probably correspond to canthaxanthin.

In order to evaluate the purity of bacterial pigments, the extracts
were runned on a chromatographic silica column. 9 and 4 fractions
were obtained from red and yellow pigment extracts, respectively. We
measured the absorbance spectrum of every fraction, and similar absor-
bance spectra were determined for each fraction obtained. All yellow
and red pigments fractions display typical absorbance spectra of carot-
enoids (not shown). The main difference observed between fractions
was the intensity of the signal, most probably reflecting differences in
concentration.

Therefore, UV spectra and FTIR results suggests that the pigments
from Antarctic bacteria belong to the family of carotenoids, specifically
xanthophylls. The yellow pigmentmost probably corresponds to lutein,
zeaxanthin or a mixture of both, and the red pigment mainly constitut-
ed by canthaxanthin (Fig. 5).



Fig. 6. Photostability of bacterial pigments. Photodegradation of red and yellow pigments
extracted from UV-resistant Antarctic bacteria was determined at their respective
maximum absorbance peaks (450 and 478 nm for yellow and red pigment, respectively).
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3.3. Photostability of Bacterial Pigments

Photostability is one of the most significant characteristics defining
the potential application of photosensitizers in solar cells. In order to
evaluate photostability of bacterial pigments, photodegradationwasde-
termined bymeasuring the absorbance decay at different times light ex-
posure (Fig. 6).

The yellow pigment suffers a low and constant degradation in time,
with the highest decay after 50 and 60 min (Fig. 6a). Moreover, the red
pigment was much more photostable, keeping its maximum absor-
bance peak constant during all times evaluated (Fig. 6b). It has been re-
ported that resistance to light degradation is due to the presence of
structures with conjugated double bonds in carotenoid pigments, such
as carbonyl and keto groups found in ionone rings [60]. Although it
has been reported that natural carotenoids exhibit instability when ex-
posed to light [31], photostable β-carotene-humic acid complexes have
been chemically synthesized [61]. In contrast, natural pigments from
Antarctic bacteria reported in our study proved to be quite stable to
light under the evaluated conditions.

The presence of carotenoid pigments in somemicroorganisms is re-
sponsible for their survival in extreme environments [29,62]. In this
context, obtained photostability results are in agreementwith UV-resis-
tance levels determined in Fig. 2, suggesting that high UV-resistance of
Hymenobacter sp. A9A5(R) is consequence, at least on part, of the pro-
duction of the red pigment canthaxanthin.

3.4. Characterization and I–V Measurement of Dye Sensitized Solar Cells

Based on the properties of bacterial carotenoid pigments, we
evaluated their use in sensitized solar cells. A schematic representa-
tion of the solar cell used to evaluate the bacterial pigment extracts is
shown in Fig. 7.

When pigments absorb light, they inject electrons from their excited
levels to the conduction band of the TiO2 nanoparticles film. The
Fig. 5. Chemical structures of carotenoids belonging to the xanthophyll family.



Fig. 7. Scheme of a Dye Sensitized Solar Cell. The film of TiO2 nanoparticles on conductive glass is sensitizedwith bacterial pigments forming the photoanode, while the cathode or counter
electrode is platinum on FTO glass. The redox electrolyte fills the space between electrodes. The photosensitizer is represented by the chemical structure of carotenoids produced by
Hymenobacter sp. A9A5(R) and Chryseobacterium sp. A9A5(A).
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recirculation of the redox electrolyte in its oxidized-reduced state al-
lows recharging the electrons lost by the oxidized dye while serving
as a pathway for electron transfer between the two electrodes [3,4].
Thus, when light shines on the solar cell, the device directly converts
sunlight into electricity and the current and voltage data can be record-
ed in an external circuit.

As shown in Fig. 8, the photovoltaic device constructed with bacteri-
al pigments present the expected behavior for solar cells, evidenced by
the characteristic shape on current-voltage curves and time-dependent
photoresponse (Fig. 8, inset) [63]. Under darkness, no photovoltage re-
sponse can be observed at the studied time interval, due to the negligi-
ble concentration of charge carriers in the valence band (holes) and to
the presence of a Schottky barrier, indicative of the diode character of
the sensitized TiO2/electrolyte interface. Under illumination, the
Fig. 8. Current-Voltage (I–V) curves for DSSCs sensitized with bacterial pigments. I–V curves f
circuit photovoltage response for the studied solar cells is also included (inset).
dynamic response of this interface in intermittent status indicates that
processes such as photogeneration, diffusion and recombination are oc-
curring [64,65]. Photovoltaic parameters derived from current-voltage
curves are summarized in Table 1.

The solar cell sensitized with the yellow pigment presents an open
circuit voltage (VOC) of 548.79 [mV], a short circuit current density
(ISC) of 0.13 [mA·cm−2] and an efficiency of 0.0323%. On the other
hand, the solar cell with the red pigment showed a VOC of 435.02
[mV], a ISC of 0.2 [mA·cm−2] and an efficiency of 0.0332%.

Sensitized solar cells with carotenoid pigments extracted from gar-
denia fruits and Asian flowers have reported efficiencies between 0.16
and 0.56% [15,16]. One disadvantages of using a natural dye as sensitizer
is the aggregation of the biomolecule in the TiO2 film. This phenomenon
blocks the flow of electrons between the electrodes reducing the
or a) red pigment-sensitized solar cell and b) yellow pigment-sensitized solar cell. Open-



Table 1
Photovoltaic parameters obtained from I–V Curves obtained from DSSCs using bacterial pigments as biological dye. Characterization of solar cells was performed in triplicate for each bac-
terial pigment, average values ± SE are shown.

Solar cell Photoanode structure
(sensitizer)

Short circuit
current
ISC [mA·cm−2]

Open circuit
voltage
VOC [mV]

Fill
factor
FF (%)

EfficiencyȠ (%)

Red pigment 0.20 ± 0.0120 435.02 ± 47.87 37.1 0.0332

Yellow pigment 0.13 ± 0.0067 548.79 ± 2.832 48.4 0.0323
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photovoltaic parameters [66]. DSSCs constructed with bacterial pig-
ments extracts display this behavior, a result that could explain the pho-
tovoltaic parameters obtained.

In terms of current and efficiency, parameters obtained sensitizing
with the red pigment are similar than those obtained using the yellow
pigment (Table 1). It has been reported that variations in current and
voltage can be attributed to structural and optical differences that can
facilitate the interaction with TiO2 and/or improve the energy absorp-
tion [67–69]. In fact, among natural dyes, carotenoid sensitized solar
cells have lower photovoltaic parameters due to the lack of chemical
groups that favor the interaction with the semiconductor [16,70].

4. Conclusions

In this work, we reported for the first time the use of pigments pro-
duced by UV-resistant Antarctic bacteria as photosensitizers in solar
cells.

The bacteria were isolated fromAntarctic soil samples and identified
as Hymenobacter sp. (red strain) and Chryseobacterium sp. (yellow
strain). Both environmental isolates showed resistance to UV radiation.
Extracted bacterial pigments are photostable and belong to the caroten-
oids family, specifically xanthophylls. Finally, we demonstrated that
bacterial carotenoids can be used as photosensitizers in DSSCs. Despite
photovoltaic parameters of DSSCs based on bacterial pigments are still
low, our results constitute a first step for the development of greener
solar cells using these bacterialmolecules. Future research should be fo-
cused on the search and isolation of microorganisms that produce new
pigments with characteristics that favor its use in sensitized solar cells,
such as higher performance as light harvesters or better interaction
with the TiO2 film.

Acknowledgments

This work was supported by Erika Donoso Lopez, FONDECYT
1151255 (JMP) and INACH T-19-11 (JMP) grants.

References

[1] F. Dinçer, The analysis on photovoltaic electricity generation status, potential and
policies of the leading countries in solar energy, Renew. Sust. Energ. Rev. 15
(2011) 713–720.

[2] R.W. Miles, K.M. Hynes, I. Forbes, Photovoltaic solar cells: an overview of state-of-
the-art cell development and environmental issues, Prog. Cryst. Growth Charact.
Mater. 51 (2005) 1–42.

[3] B. O'Regan, M. Gräetzel, A low-cost, high-efficiency solar cell based on dye-sensi-
tized colloidal TiO2 films, Nature 353 (1991) 737–740.

[4] M. Gräetzel, Dye-sensitized solar cells, J. Photochem. Photobiol. C 4 (2003) 145–153.
[5] S. Ito, H. Miura, S. Uchida, M. Takata, K. Sumioka, P. Liska, P. Comte, P. Péchy, M.

Gräetzel, High-conversion-efficiency organic dye-sensitized solar cells with a
novel indoline dye, Chem. Commun. 44 (2008) 5194–5196.

[6] C.Y. Chen, M. Wang, J.Y. Li, N. Pootrakulchote, L. Alibabaei, C. Ngoc-le, J.D. Decoppet,
J.H. Tsai, C. Gräetzel, C.G. Wu, S.M. Zakeeruddin, M. Gräetzel, Highly efficient light-
harvesting ruthenium sensitizer for thin-film dye-sensitized solar cells, ACS Nano
3 (2009) 3103–3109.

[7] W.Wu, X. Xu, H. Yang, J. Hua, X. Zhang, L. Zhang, Y. Long, H. Tian, D–π–M–π–A struc-
tured platinum acetylide sensitizer for dye-sensitized solar cells, J. Mater. Chem. 21
(2011) 10666–10671.
[8] S. Hao, J. Wu, Y. Huang, J. Lin, Natural dyes as photosensitizers for dye-sensitized
solar cell, Sol. Energy 80 (2006) 209–214.

[9] H. Zhou, L. Wu, Y. Gao, T. Ma, Dye-sensitized solar cells using 20 natural dyes as sen-
sitizers, J. Photochem. Photobiol., A 219 (2011) 188–194.

[10] H. Hug, M. Bader, P. Mair, T. Glatzel, Biophotovoltaics: natural pigments in dye-sen-
sitized solar cells, Appl. Energy 115 (2014) 216–225.

[11] Q. Dai, J. Rabani, Photosensitization of nanocrystalline TiO 2 films by anthocyanin
dyes, J. Photochem. Photobiol., A 148 (2002) 17–24.

[12] G. Calogero, J.H. Yum, A. Sinopoli, G. Di Marco, M. Grätzel, M.K. Nazeeruddin, Antho-
cyanins and betalains as light-harvesting pigments for dye-sensitized solar cells, Sol.
Energy 86 (2012) 1563–1575.

[13] N. Gokilamani, N. Muthukumarasamy, M. Thambidurai, A. Ranjitha, D.
Velauthapillai, Utilization of natural anthocyanin pigments as photosensitizers for
dye-sensitized solar cells, J. Sol-Gel Sci. Technol. 66 (2013) 212–219.

[14] S.A. Agarkar, R.R. Kulkarni, V.V. Dhas, A.A. Chinchansure, P. Hazra, S.P. Joshi, S.B.
Ogale, Isobutrin from Butea monosperma (flame of the forest): a promising new nat-
ural sensitizer belonging to chalcone class, ACS Appl. Mater. Interfaces 3 (2011)
2440–2444.

[15] E. Yamazaki, M. Murayama, N. Nishikawa, N. Hashimoto, M. Shoyama, O. Kurita, Uti-
lization of natural carotenoids as photosensitizers for dye-sensitized solar cells, Sol.
Energy 81 (2007) 512–516.

[16] K.V. Hemalatha, S.N. Karthick, C.J. Raj, N.Y. Hong, S.K. Kim, H.J. Kim, Performance of
Kerria japonica and Rosa chinensis flower dyes as sensitizers for dye-sensitized solar
cells, Spectrochim. Acta A Mol. Biomol. Spectrosc. 96 (2012) 305–309.

[17] D. Yu, G. Zhu, S. Liu, B. Ge, F. Huang, Photocurrent activity of light-harvesting com-
plex II isolated from spinach and its pigments in dye-sensitized TiO2 solar cell, Int.
J. Hydrog. Energy 38 (2013) 16740–16748.

[18] Q. Fu, C. Zhao, S. Yang, J. Wu, The photoelectric performance of dye-sensitized solar
cells fabricated by assembling pigment–protein complexes of purple bacteria on
nanocrystalline photoelectrode, Mater. Lett. 129 (2014) 195–197.

[19] M.V. Jagannadham, V.J. Rao, S. Shivaji, The major carotenoid pigment of a
psychrotrophic Micrococcus roseus strain: purification, structure, and interaction
with synthetic membranes, J. Bacteriol. 173 (1991) 7911–7917.

[20] J. Lorquin, F. Molouba, B.L. Dreyfus, Identification of the carotenoid pigment cantha-
xanthin from photosynthetic bradyrhizobium strains, Appl. Environ. Microbiol. 63
(1997) 1151–1154.

[21] A.L. Santos, N.C.M. Gomes, I. Henriques, A. Almeida, A. Correia, Â. Cunha, Contribu-
tion of reactive oxygen species to UV-B-induced damage in bacteria, J. Photochem.
Photobiol. B 117 (2012) 40–46.

[22] E. Cabiscol, J. Tamarit, J. Ros, Oxidative stress in bacteria and protein damage by re-
active oxygen species, Int. Microbiol. 3 (2000) 3–8.

[23] X. Zhao, K. Drlica, Reactive oxygen species and the bacterial response to lethal stress,
Curr. Opin. Microbiol. 21 (2014) 1–6.

[24] K.W. Minton, DNA repair in the extremely radioresistant bacterium. Deinococcus
radiodurans, Mol. Microbiol. 13 (1994) 9–15.

[25] M. Ehling-Schulz, S. Scherer, UV protection in cyanobacteria, Eur. J. Phycol. 34
(1999) 329–338.

[26] V. Fernández Zenoff, F. Sineriz, M.E. Farías, Diverse responses to UV-B radiation and
repair mechanisms of bacteria isolated from high-altitude aquatic environments,
Appl. Environ. Microbiol. 72 (2006) 7857–7863.

[27] C. Di Capua, A. Bortolotti, M.E. Farías, N. Cortez, UV-resistant Acinetobacter sp. iso-
lates from Andean wetlands display high catalase activity, FEMS Microbiol. Lett.
317 (2011) 181–189.

[28] A.T. Mikell, B.C. Parker, E.M. Gregory, Factors affecting high-oxygen survival of het-
erotrophic microorganisms from an Antarctic lake, Appl. Environ. Microbiol. 52
(1986) 1236–1241.

[29] D.N. Correa-Llantén, M.J. Amenábar, J.M. Blamey, Antioxidant capacity of novel pig-
ments from an Antarctic bacterium, J. Microbiol. 50 (2012) 374–379.

[30] M. Dieser, M. Greenwood, C.M. Foreman, Carotenoid pigmentation in Antarctic het-
erotrophic bacteria as a strategy to withstand environmental stresses, Arct. Antarct.
Alp. Res. 42 (2010) 396–405.

[31] G. Britton, Structure and properties of carotenoids in relation to function, FASEB J. 9
(1995) 1551–1558.

[32] W. Stahl, H. Sies, Antioxidant activity of carotenoids, Mol. Asp. Med. 24 (2003)
345–351.

[33] N.R. Williamson, P.C. Fineran, F.J. Leeper, G.P. Salmond, The biosynthesis and regula-
tion of bacterial prodiginines, Nat. Rev. Microbiol. 4 (2006) 887–899.

[34] B.H. Rehm, Bacterial polymers: biosynthesis, modifications and applications, Nat.
Rev. Microbiol. 8 (2010) 578–592.

http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0005
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0005
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0005
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0010
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0010
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0010
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0015
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0015
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0015
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0020
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0025
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0025
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0025
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0030
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0030
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0030
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0030
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0035
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0035
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0035
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0040
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0040
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0045
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0045
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0050
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0050
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0055
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0055
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0060
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0060
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0060
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0065
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0065
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0065
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0070
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0070
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0070
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0070
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0075
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0075
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0075
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0080
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0080
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0080
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0085
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0085
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0085
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0085
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0090
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0090
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0090
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0095
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0095
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0095
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0100
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0100
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0100
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0105
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0105
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0105
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0110
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0110
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0115
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0115
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0120
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0120
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0125
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0125
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0130
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0130
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0130
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0135
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0135
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0135
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0140
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0140
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0140
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0145
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0145
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0150
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0150
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0150
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0155
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0155
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0160
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0160
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0165
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0165
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0170
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0170


714 N. Órdenes-Aenishanslins et al. / Journal of Photochemistry & Photobiology, B: Biology 162 (2016) 707–714
[35] K.B. Narayanan, N. Sakthivel, Biological synthesis of metal nanoparticles by mi-
crobes, Adv. Colloid Interf. Sci. 156 (2010) 1–13.

[36] C. Gallardo, J.P. Monrás, D.O. Plaza, B. Collao, L.A. Saona, V. Durán-Toro, F.A. Venegas,
C. Soto, G. Ulloa, C.C. Vásquez, D. Bravo, J.M. Pérez-Donoso, Low-temperature bio-
synthesis of fluorescent semiconductor nanoparticles (CdS) by oxidative stress re-
sistant Antarctic bacteria, J. Biotechnol. 187 (2014) 108–115.

[37] D.O. Plaza, C. Gallardo, Y.D. Straub, D. Bravo, J.M. Pérez-Donoso, Biological synthesis
of fluorescent nanoparticles by cadmium and tellurite resistant Antarctic bacteria:
exploring novel natural nanofactories, Microb. Cell Factories 15 (2016) 1.

[38] N.A. Órdenes-Aenishanslins, L.A. Saona, V.M. Durán-Toro, J.P. Monrás, D.M. Bravo,
J.M. Pérez-Donoso, Use of titanium dioxide nanoparticles biosynthesized by Bacillus
mycoides in quantum dot sensitized solar cells, Microb. Cell Factories 13 (2014) 90.

[39] F.A. Arenas, B. Pugin, N.A. Henríquez, M.A. Arenas-Salinas, W.A. Díaz-Vásquez, M.F.
Pozo, C.M. Muñoz, T.G. Chasteen, J.M. Pérez-Donoso, C.C. Vásquez, Isolation, identi-
fication and characterization of highly tellurite-resistant, tellurite-reducing bacteria
from Antarctica, Policy. Sci. 8 (2014) 40–52.

[40] M.D. Collins, R.A. Hutson, I.R. Grant, M.F. Patterson, Phylogenetic characterization of
a novel radiation-resistant bacterium from irradiated pork: description of
Hymenobacter actinosclerus sp. nov, Int. J. Syst. Evol. Microbiol. 50 (2000) 731–734.

[41] P. Hirsch, W. Ludwig, C. Hethke, M. Sittig, B. Hoffmann, C.A. Gallikowski,
Hymenobacter roseosalivarius gen. nov., sp. nov. from continental Antarctic soils
and sandstone: bacteria of the Cytophaga/Flavobacterium/Bacteroides line of phylo-
genetic descent, Syst. Appl. Microbiol. 21 (1998) 374–383.

[42] P. Kämpfer, K. Fallschissel, R. Avendaño-Herrera, Chryseobacterium chaponense sp.
nov., isolated from farmed Atlantic salmon (Salmo salar), Int. J. Syst. Evol. Microbiol.
61 (2011) 497–501.

[43] P. Vandamme, J.F. Bernardet, P. Segers, K. Kersters, B. Holmes, New perspectives in
the classification of the flavobacteria: description of Chryseobacterium gen. nov.,
Bergeyella gen. nov., and Empedobacter nom. rev, Int. J. Syst. Bacteriol. 44 (1994)
827–831.

[44] S. Yamaguchi, M. Yokoe, A novel protein-deamidating enzyme from
Chryseobacterium proteolyticum sp. nov., a newly isolated bacterium from soil,
Appl. Environ. Microbiol. 66 (2000) 3337–3343.

[45] P. Dorado-Morales, C. Vilanova, J. Peretó, F.M. Codoñer, D. Ramon, M. Porcar, A high-
ly Diverse, Desert-like Microbial Biocenosis on Solar Panels in a Mediterranean City,
bioRxiv, 2015, http://dx.doi.org/10.1101/029660.

[46] M. Fujii, Y. Takano, H. Kojima, T. Hoshino, R. Tanaka, M. Fukui, Microbial community
structure, pigment composition, and nitrogen source of red snow in Antarctica,
Microb. Ecol. 59 (2010) 466–475.

[47] J.L. Klassen, J.M. Foght, Differences in carotenoid composition among Hymenobacter
and related strains support a tree-like model of carotenoid evolution, Appl. Environ.
Microbiol. 74 (2008) 2016–2022.

[48] R.L. McKenzie, P.J. Aucamp, A.F. Bais, L.O. Björn, M. Ilyas, Changes in biologically-ac-
tive ultraviolet radiation reaching the Earth's surface, Photochem. Photobiol. Sci. 6
(2007) 218–231.

[49] Y. Tong, B. Lighthart, Solar radiation is shown to select for pigmented bacteria in the
ambient outdoor atmosphere, Photochem. Photobiol. 65 (1997) 103–106.

[50] N.I. Krinsky, S.M. Deneke, Interaction of oxygen and oxy-radicals with carotenoids, J.
Natl. Cancer Inst. 69 (1982) 205–210.

[51] M.K. Chattopadhyay, M.V. Jagannadham, M. Vairamani, S. Shivaji, Carotenoid pig-
ments of an antarctic psychrotrophic bacterium Micrococcus roseus: temperature
dependent biosynthesis, structure, and interaction with synthetic membranes,
Biochem. Biophys. Res. Commun. 239 (1997) 85–90.

[52] D. Tátraaljai, L. Major, E. Földes, B. Pukánszky, Study of the effect of natural antiox-
idants in polyethylene: performance of β-carotene, Polym. Degrad. Stab. 102 (2014)
33–40.
[53] J. Milanowska, A. Polit, Z. Wasylewski, W.I. Gruszecki, Interaction of isomeric forms
of xanthophyll pigment zeaxanthin with dipalmitoylphosphatidylcholine studied in
monomolecular layers, J. Photochem. Photobiol. B 72 (2003) 1–9.

[54] M. Cámara, M. de Cortes Sánchez-Mata, V. Fernández-Ruiz, R.M. Cámara, S.
Manzoor, J.O. Caceres, Lycopene: a review of chemical and biological activity related
to beneficial health effects, Stud. Nat. Prod. Chem. 40 (2013) 383–426.

[55] M.W. Shafaa, H.A. Diehl, C. Socaciu, The solubilisation pattern of lutein, zeaxanthin,
canthaxanthin and β-carotene differ characteristically in liposomes, liver micro-
somes and retinal epithelial cells, Biophys. Chem. 129 (2007) 111–119.

[56] P. Boonnoun, H. Nerome, S. Machmudah, M. Goto, A. Shotipruk, Supercritical anti-
solvent micronization of chromatography purified marigold lutein using hexane
and ethyl acetate solvent mixture, J. Supercrit. Fluids 80 (2013) 15–22.

[57] P. Adamkiewicz, A. Sujak,W.I. Gruszecki, Spectroscopic study on formation of aggre-
gated structures by carotenoids: role of water, J. Mol. Struct. 1046 (2013) 44–51.

[58] Y.F. Zheng, S.H. Bae, M.J. Kwon, J.B. Park, H.D. Choi, W.G. Shin, S.K. Bae, Inhibitory ef-
fects of astaxanthin, β-cryptoxanthin, canthaxanthin, lutein, and zeaxanthin on cy-
tochrome P450 enzyme activities, Food Chem. Toxicol. 59 (2013) 78–85.

[59] B.P. Arathi, P.R.R. Sowmya, K. Vijay, V. Baskaran, R. Lakshminarayana, Metabolomics
of carotenoids: the challenges and prospects-A review, Trends Food Sci. Technol. 45
(2015) 105–117.

[60] K.B.N. Vinay, B. Kampe, P. Rösch, J. Popp, Characterization of carotenoids in soil bac-
teria and investigation of their photodegradation by UVA radiation via resonance
Raman spectroscopy, Analyst 140 (2015) 4584–4593.

[61] S. Martini, C. D'Addario, C. Bonechi, G. Leone, A. Tognazzi, M. Consumi, A. Magnani,
C. Rossi, Increasing photostability and water-solubility of carotenoids: synthesis and
characterization of β-carotene–humic acid complexes, J. Photochem. Photobiol. B
101 (2010) 355–361.

[62] R.P. Rastogi, R.P. Sinha, S.H. Moh, T.K. Lee, S. Kottuparambil, Y.J. Kim, J.S. Rhee, E.M.
Choi, M.T. Brown, D.P. Häder, T. Han, Ultraviolet radiation and cyanobacteria, J.
Photochem. Photobiol. B 141 (2014) 154–169.

[63] S. Sarker, H.W. Seo, K.S. Lee, Y.K. Jin, H. Ju, D.M. Kim, Exact analytical analysis of cur-
rent density-voltage curves of dye-sensitized solar cells, Sol. Energy 115 (2015)
390–395.

[64] A. Tello, H. Gómez, E. Muñoz, G. Riveros, C.J. Pereyra, E.A. Dalchiele, R.E. Marotti,
Electrodeposition of nanostructured ZnO thin films from dimethylsulfoxide solu-
tion: effect of temperatures on the morphological and optical properties, J.
Electrochem. Soc. 159 (2012) 750–755.

[65] Z. Hua, Z. Dai, X. Bai, Z. Ye, P. Wang, H. Gu, X. Huang, Copper nanoparticles sensitized
TiO2 nanotube arrays electrode with enhanced photoelectrocatalytic activity for
diclofenac degradation, Chem. Eng. J. 283 (2016) 514–523.

[66] M.R. Narayan, Review: dye sensitized solar cells based on natural photosensitizers,
Renew. Sust. Energ. Rev. 16 (2012) 208–215.

[67] S.K. Balasingam, M. Lee, M.G. Kang, Y. Jun, Improvement of dye-sensitized solar cells
toward the broader light harvesting of the solar spectrum, Chem. Commun. 49
(2013) 1471–1487.

[68] E. Galoppini, Linkers for anchoring sensitizers to semiconductor nanoparticles,
Coord. Chem. Rev. 248 (2004) 1283–1297.

[69] L. Zhang, J.M. Cole, Anchoring groups for dye-sensitized solar cells, ACS Appl. Mater.
Interfaces 7 (2015) 3427–3455.

[70] S. Shalini, R. Balasundara prabhu, S. Prasanna, T.K. Mallick, S. Senthilarasu, Review
on natural dye sensitized solar cells: Operation, materials and methods, Renew.
Sust. Energ. Rev. 51 (2015) 1306–1325.

http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0175
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0175
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0180
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0180
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0180
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0180
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0185
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0185
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0185
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0190
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0190
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0190
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0195
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0195
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0195
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0195
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0200
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0200
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0200
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0205
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0205
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0205
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0205
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0210
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0210
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0210
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0215
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0215
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0215
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0215
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0220
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0220
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0220
http://dx.doi.org/10.1101/029660
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0230
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0230
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0230
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0235
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0235
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0235
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0240
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0240
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0240
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0245
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0245
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0250
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0250
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0255
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0255
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0255
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0255
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0260
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0260
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0260
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0265
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0265
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0265
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0270
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0270
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0270
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0275
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0275
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0275
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0280
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0280
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0280
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0285
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0285
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0290
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0290
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0290
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0295
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0295
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0295
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0300
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0300
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0300
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0305
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0305
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0305
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0305
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0310
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0310
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0310
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0315
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0315
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0315
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0320
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0320
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0320
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0320
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0325
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0325
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0325
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0325
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0330
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0330
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0335
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0335
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0335
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0340
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0340
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0345
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0345
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0350
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0350
http://refhub.elsevier.com/S1011-1344(16)30199-3/rf0350

	Pigments from UV-�resistant Antarctic bacteria as photosensitizers in Dye Sensitized Solar Cells
	1. Introduction
	2. Materials and Methods
	2.1. Isolation, Identification and Characterization of Antarctic Pigmented Bacteria
	2.2. Extraction and Purification of Bacterial Pigments
	2.3. Optical and Structural Characterization of Pigments
	2.4. Fabrication and Characterization of Dye Sensitized Solar Cells

	3. Results and Discussion
	3.1. Isolation and Characterization of Antarctic Pigmented Bacteria
	3.2. UV–Vis Spectrophotometry and Fourier Transform Infrared Spectroscopy (FTIR) Analysis of Bacterial Pigments
	3.3. Photostability of Bacterial Pigments
	3.4. Characterization and I–V Measurement of Dye Sensitized Solar Cells

	4. Conclusions
	Acknowledgments
	References


