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Cephalopods can sense and respond to changes in their environ-
ment using combinations of pigments, proteins, and/or nanostruc-
tures which are sequestered in the stratified optical organs of their
dermal tissue. Of these organs, the chromatophore functions as a
dynamic optical filter that imparts rapid and adaptive changes to
the color and patterns presented in cephalopod skin. Chromato-
phores contain pigmented granules, but there is very little informa-
their function extends beyond
pigmentation. We examine granule performance within a photo-
voltaic cell and investigate their light sensing properties. Upon
exposure to solar simulated light, photoexcited charge transfer is

tion available on whether

observed in devices containing the granules, where a photoconver-
sion efficiency up to 0.81 + 0.14% is recorded. This finding is the
first to suggest that these biomaterials function as more than simple
colorants; they may also be involved in light sensing and transduc-
tion to support adaptive camouflage.

Introduction

Cephalopod camouflage is enabled by combinations of light
scattering, absorption, reflection, and refraction'™ through a
network of chromatic and emissive units controlled directly
and indirectly via the central nervous system.>® There are
multiple dermal organs that participate in regulating
body color. These include chromatophores layered on top of
reflecting cells like iridophores. Chromatophores are pigmen-
ted organs presented as yellow, red, and brown/black colors,
where the primary pigmentary component is the nanostruc-
tured granules containing xanthommatin or decarboxylated
xanthommatin.”® These granules are generally spherical with
diameters ranging from 200 to 800 nm depending on color.
Contraction and relaxation of radial muscle fibers surrounding
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the central pigment sac of the chromatophore is correlated with
its neuronal innervation, suggesting neuromuscular control of
the dynamic structures. During an actuation cycle, the pigment
sac can expand up to 10 times its original size and can operate
synchronously with hundreds of adjacent chromatophores to
present complex patterns and shapes across multiple spatial
scales.””® While our understanding of the molecular contribu-
tions enabling color change and pattern formation enabled by
cephalopod chromatophores is evolving, mechanisms under-
lying signal transduction within a single chromatophore and
across neighboring chromatophores are not yet understood.
One intriguing potential influence on the creation of color
patterns on the body is the light in the environment. In general,
body patterning in cephalopods depends on communication
between three major components: the eyes, the central nervous
system (CNS), and the skin.'®'" Previous studies reveal that
squid and octopus chromatophores in dissociated skin respond
directly to light exposure. The expression of opsin mRNAs in
cuttlefish skin may be linked to this light sensitivity, as r-opsin
based phototransduction genes have been observed in both the
eyes and skin of some cephalopods.'>'* Ramirez et al. forma-
lized this behavior in Octopus bimaculoides skin as “light-
activated chromatophore expansion,” when they found that
the chromatophore seems to directly sense illuminated light,
with maximal responses achieved and sustained upon contin-
uous blue (480 nm) light exposure.™ This suggests that cepha-
lopod skin may be intrinsically sensitive to light; however, it is
still unclear how light sensitivity connects to the electromecha-
nical function of the chromatophore required for global color
change.

It is well known that cephalopod chromatophores are
sensitive to electrical stimulation. In one example, electrophy-
siological studies on semi-intact Sepioteuthis lessoniana demon-
strated that chromatophore expansion and retraction
synchronized with quasi-sympathetic wave-like patterns at
oscillating frequencies below 1.5 Hz.'> Even though these
patterns were generated by stimulating CNS motor neurons,
the remarkable large-scale resonance of chromatophores

This journal is © The Royal Society of Chemistry 2025
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suggests electrical communication between chromatocytes that
is controlled by the CNS. Despite this correlation, it is uncertain
how electrical signal propagates across and through a single
chromatophore to reach a neighboring unit. The possibility
of electrical amplification within the chromatophore could
address this. For this to be true, there must be electron transfer
within/throughout the granules of the chromatophore. By
definition, the inclusion of pigments in a biological system
creates opportunities for light interaction, thus leading to a
higher probability of photonic energy.'® In conjunction with a
putative protein-pigment complex interaction presupposed in
each granule,® this photonic energy could stimulate electron
transfer, and by extension, amplification and signal transduc-
tion across the chromatophore organ for camouflage.”** To
test this hypothesis, we examined the light-sensitizing function
of pigment granules extracted and purified from squid chro-
matophores assembled as part of a photovoltaic cell. Inspired
by the design of dye-sensitized solar cells (DSSCs) which
produce electrical energy through charge injection into the
semiconductor from a highly absorptive layer of photosensitive
dyes via an interstitial electrolyte,'®>" we used isolated chro-
matophore granules as photosensitizers in these cells and
interrogated their capacity to transduce light into energy. To
accomplish this goal, we first defined the energy bandgaps of
isolated pigment granules and their component parts using
combinations of UV-vis absorption spectra and energy level
estimation using electrochemical analysis. Next, photoconver-
sion efficiency (PCE) of assembled devices containing granules
were measured, where we observed PCE values up to 0.81 +
0.14% with a corresponding increase of photocurrent genera-
tion of 2.5 4+ 0.15 mA cm ” at the highest granule loading
densities. When compared to the control (no granules), syn-
thetic pigment, and soluble pigment extracted from the gran-
ules, we found that the granules consistently outperformed the
other conditions, suggesting an important structural and func-
tional contribution to signal transduction unique to the chro-
matophore granules only.

Methods

Granule extraction

Granules were extracted from chromatophores from deceased
adult Doryteuthis pealeii, which were received from the Marine
Resources Center (MBL, Woods Hole, MA). Because ethics
approval is not required for work on cephalopods in the United
States, no Institutional Animal Care and Use Committee
approval was needed for this work. Still, the authors attest to
conducting all experiments with caution and care, where only
the minimal number of animals were used in the studies. To
isolate the granules, the epidermal skin layer of the deceased D.
pealeii was first carefully removed, and the intact chromato-
phore layer was treated with a 6 mg mL ™" solution of collage-
nase (Clostridium histolyticum, Sigma-Aldrich) and 1 mg mL™"
of papain (Thermo Scientific) solution similar to past reports.”®
Granules were isolated from the tissue following a sequence of
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sonication, washing, and centrifugation (5 min at 18 k rcf) steps
and were stored at 4 °C until use.

Pigment extraction from the granule

The purified, extracted granules were treated with 500 pL of
5% v/v hydrochloric acid (Sigma-Aldrich) in methanol (Sigma-
Aldrich). This suspension was vortexed, sonicated, and centri-
fuged. After which, the visibly pigmented supernatant was
collected, and the transparent pellet was discarded.

Xa synthesis

Xa was synthesized similar to past reports, where 4 mg of 3-
hydroxy-p-kynurenine (30HK) (Sigma-Aldrich) was first dis-
solved in 1 mL DI water neutralized in sodium hydroxide
(Sigma-Aldrich) containing 16.5 g of potassium ferricyanide
(Thermo Scientific) and stirred at room temperature. After
90 min, Xa was precipitated from the reaction using concen-
trated acid hydrochloric acid (Sigma-Aldrich) and washed with
water until further use.

Preparation for TiO, paste

7.5 g of titanium dioxide (TiO,, P25, Degussa) was mixed in
10% v/v acetylacetone (Fisher) to create the paste used in the
photovoltaic cells. This mixture was stirred for three days, and
finally 2.5% v/v Triton X-100 (Sigma-Aldrich) was added to the
well-dispersed colloidal solution before use.

Fabrication and testing of DSSCs

DSSCs were assembled using a layer-by-layer approach (Fig. 1).
The photoanode was prepared using a doctor blade method to
create a thin film of TiO, paste which produced a film thickness
of ~23 um on an FTO coated glass substrate (MSE supplies,
7-8 Q sq~ ', FTO TEC 7 coated glass substrate). The films were
then annealed at 450 °C for 60 min in air. For sensitization,
films were soaked in different concentrations of granules (or
synthetic Xa and extracted pigments) in 90% v/v acetonitrile
(Fisher) overnight at room temperature in a shaking bath. The
samples were than rinsed with acetonitrile and dried in air to
remove the excess dyes. Devices were assembled with a counter
electrode that was prepared on a FTO glass substrate coated
with 0.01 mol L' of chloroplatinic acid (H,PtCls, Sigma-
Aldrich) in isopropanol (Fisher) and annealed at 350 °C
for 30 min in air. Finally, the electrolyte containing 4 mL
propylene carbonate (Sigma-Aldrich) by adding 0.5 mol L™*
lithium iodide (Sigma-Aldrich), 0.05 mol L' iodine (Sigma-
Aldrich), 0.5 mol L' 1-butyl-3-methylimidazolium iodide
(Sigma-Aldrich), and 0.5 mol L " 4-tert-butylpyridine (Fisher)
was added, and the device was sealed with an adhesive.

Morphology and thickness studies

Surface and cross-sectional analyses were conducted using
scanning electron microscopy (Hitachi S-4800 FE-SEM).
Optical measurements

The UV-vis absorption spectra of the extracted granules (or
extracted pigments and synthetic Xa) in solution and deposited

J. Mater. Chem. C, 2025,13, 1138-1145 | 1139


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc04333b

Open Access Article. Published on 06 January 2025. Downloaded on 3/3/2026 8:40:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

[A]

Pigment granules

[B] (i)

2
r, » "*g ) B Collect
o
<> j’.%
»
Al
Isolated chromatophore
pigmented cells
(i)
R
p o N~
Doctor blade TiO, paste Annealed 450 °C
[c1a
0.8 4
—a— Xa
E —e— Granule
o 07 —a— Extracted pigment
3
c
=06+
[=]
9’ 054
o
o
]
£04
S
@
-1
©o03
£
g
% 0.2
o
=
0.1 T T T T T T
Initial 10 30 60 180 720

Time (min)

Relaxation

—
Contraction

Release tethered granule
network

Dye loading with acetonitrile for 12 h

View Article Online

Communication

Purify 0.5 % HCI-MeOH

—_—

Extracted pigment
from the granule

Granule pellet

Prepared photoanode

(i)

454 ——FTO Glass
——FTO:TiO,
——FTO:TiO, Xa
———FTO:TiO,:Granule
~——FTO:TiO,:Extracted pigment

oo
},A Bl

TiO; Xa Granule Ex. Pigment

[N
o

Absorbance (0.D.)
o

00 —T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Fig. 1 Fabrication and characterization process for the chromatophore granule-based DSSCs. (A) Illustration of chromatophore contraction and
relaxation and the associated parts of the organ. The nanostructured granules are in the central pigment sacculus. (B) Overview of the (i) extraction
process of chromatophore granules from the isolated chromatocytes and extraction of the pigment from within the granules and the (ii) procedure for
preparing the granule-based DSSCs with a final circular active area of 0.35 cm?. (C) Tracking the changes of the absorbance spectra of each “dye”
(62.5 mg mL™Y) during the photoanode incubation step, including (i) changes to the soluble dye content within the soaking medium over the 12 h
(720 min) incubation period and (i) the absorption spectra of granule, extracted pigment, and synthetic Xa loaded TiO, films after the 12 h incubation is

completed. Photos of each film are presented in the inset.

as thin films were collected using UV-vis spectroscopy (Thermo
Scientific, Evolution 220 UV-visible spectrophotometer).

Electrochemical measurements

Electrochemical experiments were conducted using a Gamry
Interface 1000B potentiostat with a three-electrode cell, which
included carbon glassy electrode as the working electrode, a
platinum wire as the counter electrode, and Ag/AgCl (with
saturated KCl) as the reference electrode. The current-voltage
(I-V) measurements were reported using 3 mL of 0.25 mg mL ™"
of granules (or extracted pigments and synthetic Xa) in
0.1 mol L' phosphate buffer as the electrolyte (pH 7). The
potential range was -0.2 to 0.2 V using a 50 mV s~ ' scan rate.
Electron transport processes of prepared cells were collected by

140 | J Mater. Chem. C, 2025, 13, 1138-1145

electrochemical impedance spectroscopy (EIS) with same
potentiostat in dark and illuminated light conditions across
10000 Hz to 0.01 Hz and an oscillating voltage of 10 mV in two-
electrode configuration.

HOMO/LUMO calculation

To determine the relevant energy levels of HOMO and LUMO
for each sensitizer, the oxidation and reduction peaks from CV
curves, following eqn (1) and (2) were used.”” Here, Ey is
determined from the generated Tauc plot.

EHOMO = _e(onidationvs.NHE + 4'75) or _e(Ereductionvs.NHE + 4-75)

1)

Erumo = Eg t Enomo (2)

This journal is © The Royal Society of Chemistry 2025
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Photovoltaic measurements

The current density-voltage ( /-V) characteristics of the cells
were measured with a source measure unit (SMU, Ossila
Xtralien X200) under exposure of 1 sun (100 mW cm ?)
illuminated intensity. A solar simulator (Oriel LCS-100, solar
simulator, Xe lamp) was employed as the light source. The
incident light intensity was calibrated with a solar power meter
(Extech Instruments). The photovoltaic parameters were mea-
sured immediately after exposing the prepared cells to light.

Results and discussion
Optical properties

Cephalopod chromatophores are complex, multicomponent
organs (Fig. 1A). We hypothesize that granules within the
central pigment sac are active components in light sensing/
signaling for camouflage. To test this hypothesis, we first
isolated granules and their component parts (Fig. 1B(i)) and
incorporated them onto photoanodes made of a custom for-
mulated TiO, paste of FTO glass (Fig. 1B(ii)). To maximize the
loading density of the chromatophore-based colorants on the
TiO, semiconductor, we first varied the concentration of
each additive to enrich color transfer. The primary colorants
of the granules are xanthomatin (Xa) and its decarboxylated
form (DC-Xa) which have maximum absorption in the visible

View Article Online
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region centered around 435-485 nm.”>* As expected, extracted
granules and pigments isolated from the granules have similar
absorption spectra compared to synthetic Xa, where loading
density is dependent on concentration and incubation time
(Fig. 1C(i) and Fig. S1, ESIt). When monitored over 720 min
(12 h) of incubation in acetonitrile, we observed that 46.6%,
69.4%, and 43.2% of the total granules, synthetic Xa, and
extracted pigment respectively were transferred to the photo-
anode, as no dye was adhered to the vessel (Fig. 1C(i)). Of the
conditions tested, synthetic Xa exhibited the fastest adsorption
process, which we believe is due to its binding affinity to the
oxide film.>* The granules and pigment extracted from the
granules were slower likely due to their complex composition,
which includes proteins® and, in the case of the granules,
nanostructures that were ~20x greater than the TiO, used in
the paste (Fig. S2, ESIt). Despite this observation, all films
produced rich visible colors compared to the TiO, control
(Fig. 1C(ii)).

Based on the collected UV-vis spectra of prepared dye loaded
TiO, films, a Tauc plot>® was constructed to extrapolate the
bandgap of the respective materials. These were estimated at
3.19, 3.16, and 3.15 eV for the extracted granule, synthetic Xa,
and extracted pigment, respectively (Fig. 2A and Fig. S3A, ESIT).
These values were compared to the extrapolated energy band-
gap of the TiO, used in our photoanode (3.27 eV), which was
also in good agreement with previous reports for TiO,>°
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Fig. 2 Performance of the chromatophore-based materials incorporated within the modified DSSC. (A) Comparison of the energy band alignment of
granules, extracted pigments, and synthetic Xa relative to the TiO, layer. (B) Overview of the assembled device and setup, where (i) is picture of the
experimental framework and (i) represents the assembled granule-based device (image and schematic). (C) Charts representing current density (J) vs.
voltage (V) measurements acquired by the source measure unit (SMU) when each device is exposed to 100 mW cm™2 of solar simulated light. J vs. V
curves are generated from DSSCs prepared at different loading concentrations for the (i) granule loaded cells, (i) extracted pigment form granule loaded
cells, and (iii) synthesized Xa loaded cells.
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supporting the validity of our calculations. Based on our
calculations, the granules, synthetic Xa, and extracted pigment
all have relatively smaller bandgaps than the TiO,, suggesting
that solar illumination may be sufficiently energetic to drive the
electron injection into the edge of the conduction band of
TiO,.>”

Electrochemical analysis

To determine the energy levels of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) values, we next recorded cyclic voltammograms (CV)
for each material. We observed reversible electrochemical
behavior as expected,”® with approximately the same peak
oxidation and reduction currents across all materials
(Fig. S3B, ESIY). The oxidation and reduction peaks are related
to the electron and hole injection from conduction and valence
bands. When taken together with the E, determined from the
absorption curves, we can use these values to estimate the
HOMO and LUMO energies for the granules (—4.932 eV and
—1.742 eV), pigment extracted from the granules (—4.932 eV
and —1.779 eV), and synthetic Xa (—4.935 eV and —1.775 eV),
respectively (Fig. 2A). These experimentally-derived values
agreed well with previously calculated values estimated using
density functional theory (DFT).>°

Photovoltaic measurement

To understand the photosensitizing capacities of the granules,
pigments extracted from the granules, and synthetic Xa,
we varied the material loading density on each cell from
12.5 mg mL ™" to 62.5 mg mL . In this range, we observed a
corresponding increase in current density as a function of
loading concentration, where the granule-based devices con-
sistently performed better relative to the extracted pigment,
synthetic Xa, and the control (Table 1). At concentrations above
62.5 mg mL ', we observed a decrease in photocurrent genera-
tion for the granule devices, suggesting a threshold concen-
tration for performance.

Next, we analyzed the charge transfer, or photocurrent
generation, after illuminating the constructed devices with
100 mW cm ™ ? light. Characteristic photovoltaic parameters
like open circuit voltage (Voc), short circuit current ( Jsc), fill
factor (FF), and photoconversion efficiency (i) were extrapo-
lated from the generated current density (J) vs. voltage (V)
curves (Fig. 2C). The control, non-photosensitized TiO, gener-
ated 0.46 + 0.10 V, 0.52 & 0.21 mA cm ™ 2, 55.87 & 0.24%, and
0.14 £ 0.12% for Vo, Jsc, FF, and 5 respectively. Application of
62.5 mg mL " of granules increased this photovoltaic perfor-
mance to 0.498 + 0.12 'V, 2.51 =+ 0.15 mA cm ™2, 64.03 = 0.10%,
0.81 £+ 0.14% for Voc, Jsc, FF, and 7. This ~8x increase in
photoconversion efficiency with the granules indicates that it
can sufficiently collect and transfer photoexcited electrons to
the conduction band of TiO,. This feature was further investi-
gated by reducing the illuminating light intensities from 100 to
75 mW cm ™ to assess the light sensitivities of the granules. We
observed a decrease in photocurrent generation of 42.7% when
light intensity was decreased from 100 to 75 mW cm™> for the

142 | J Mater. Chem. C, 2025, 13, 1138-1145
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Table 1 List of photovoltaic parameters of open circuit voltage (Voc),
short circuit current (Jsc), fill factor (FF) and photoconversion efficiency (1)
based on collected J-V curves of TiO,, granule, extracted pigment, and
synthetic Xa at different loading concentrations

Sample Voc (V) Jsc (mA em™) FF (%) 1 (%)
TiO,

0.46 £ 0.10 0.52 £+ 0.13 55.87 £ 0.24 0.14 + 0.05
Granule
12.5 mg mL™' 0.49 + 0.10 1.63 + 0.05 61.31 = 0.10 0.49 £+ 0.02
25.0 mg mL~" 0.50 + 0.08 1.66 + 0.15 63.96 + 0.14 0.54 £ 0.08
50.0 mg mL~" 0.50 +0.10 1.87 + 0.21 63.99 &+ 0.05 0.60 &+ 0.15
62.5 mg mL™' 0.50 £ 0.12 2.51 + 0.15 64.03 = 0.10 0.81 + 0.14
Extracted pigment
12.5 mg mL~" 0.46 + 0.06 0.78 + 0.09 61.69 & 0.02 0.22 £ 0.05
25.0 mg mL™" 0.46 + 0.04 1.53 + 0.04 61.75 = 0.15 0.43 + 0.02
50.0 mg mL~" 0.45 + 0.05 1.68 + 0.04 61.86 = 0.05 0.47 & 0.03
62.5 mg mL~" 0.45 + 0.15 1.88 + 0.11 61.79 £ 0.12 0.52 + 0.14
Xa
12.5 mg mL~" 0.46 + 0.08 1.01 + 0.05 54.86 &+ 0.10 0.25 & 0.07
25.0 mg mL™' 0.43 £ 0.06 1.29 + 0.12 51.92 + 0.20 0.29 £+ 0.08
50.0 mg mL~" 0.42 +0.10 1.45 + 0.04 55.02 + 0.14 0.32 £ 0.07
62.5 mg mL~" 0.42 +0.25 1.64 + 0.12 52.14 £ 0.33 0.36 = 0.11

granule loaded cells. This sensitivity was higher than the TiO,
only cells, which exhibited a 30.8% decrease under these
conditions (Fig. 3B). The enhanced photocurrent density
appeared unique to the granule system especially when com-
pared devices containing the extracted pigment and synthetic
Xa. This is surprising considering Xa is the primary soluble
portion of the granules.” Based on the UV-vis spectra, synthetic
Xa demonstrated the highest visible absorption peak compared
to the both the granules and the extracted pigment with the
highest peak cathodic and anodic currents. As such, we origin-
ally anticipated that synthetic Xa would be the highest perfor-
mer within these DSSCs. However, we observed the opposite;
it was consistently the lowest performing material of all
materials tested within the cells, with 0.423 4+ 0.25 V, 1.64 +
0.12 mA cm 2, 52.14 £ 0.33%, 0.36 % 0.11% for Vo, Jsc, FF,
and 7, respectively at the 62.5 mg mL ' condition. The
extracted pigment cells performed better than the synthetic
Xa cells, with photovoltaic performances of 0.448 + 0.15 V,
1.88 +0.11 mA em 2, 61.79 + 0.12%, and 0.52 = 0.14% for Vo,
Jsc, FF, and #, respectively. Because the pigment extraction
from the granules was a crude (i.e., unpurified) process, we
believe other biological materials and proteins may also be part
of the lysate and that these may facilitate photoconversion in
the cells.

To investigate why the non-granular form of Xa consistently
performed worse than the granules, we considered the perfor-
mance of processed Xa from past reports. In our previous
reports, we observed reversible color change of synthetic Xa
when blended with TiO, in plasticized coatings.”* Not surpris-
ingly, we noted similar trends in our devices, where the color of
the Xa loaded photoanode changed from brown (or dark yellow)
to red (Fig. S4, ESIt). We also observed a light-induced color
change in the extracted pigment devices; however, this process
was slower (10 min vs. 1 min for the synthetic Xa, Fig. S4, ESIT).
The slower reduction time of the extracted pigments, again,
supported that they were more resistant to photoreduction than

This journal is © The Royal Society of Chemistry 2025
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the synthetic form likely due to the non-specific granular
materials (i.e., proteins) co-extracted with the small molecules,
which we know are present due to previous mass spectrometric
reports.® While this light-activated color change cannot be
decoupled from Xa performance, it poses a problem for photo-
current efficiency within DSSCs. Mainly, the photoreduction of
Xa mitigates the efficient transfer of the photoexcited electrons
to the semiconductor layer due to charge recombination within
the cells. To better understand the differences in the charge
transfer process, we used electrochemical impedance spectro-
scopy (EIS) for each cell approximated as the equivalent circuit
presented in Fig. 3C. EIS experiments were recorded in the dark
and under illuminated light (100 mW cm™?), where we tracked
changes in each material’s impedance response across a range
of frequencies to compare their electron-transport processes. In

This journal is © The Royal Society of Chemistry 2025

the context of DSSCs, different frequency regions correspond to
distinct electrochemical processes that are critical for device
performance. The impedance response at high frequencies
(~10000 Hz) signifies charge transfer at the counter (Pt)
electrode, while impedance at low frequencies (~0.01 Hz)
reflects the Warburg impedance from the electrolyte. In DSSC
applications, the intermediate frequency range reveals the
recombination resistance (Rcr) across the TiO,/dye/electrolyte
interface,*® where a lower Rcr leads to higher cell efficiency.
Evaluation of EIS under dark conditions eliminates the con-
tribution of photogenerated current, which resulted in a differ-
ent electron distribution behavior compared to the impedance
response after light illumination. Specifically, the granule
loaded cell exhibited the lowest Rcr of 94.6 £ 20.1 Q after light
illumination. This reduction in R¢ facilitates improved current
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flow, consequently enhancing the photovoltaic parameters.
Pigment extracted from the granule displayed an Rcr values
of 1274.3 + 0.2 Q, whereas synthesized Xa exhibited an Rcr
values of 1866.5 + 0.6 Q. Furthermore, the distinct appearance
of the tail in the low frequency region of synthetic Xa suggests a
slower diffusion process of the electrolyte. Xa is a heterocyclic
n-conjugated compound that is inherently redox active®® (Fig.
S5, ESIt). Redox activity can occur in some cases upon exposure
of light.***® This activity may contribute to the high charge-
transfer resistance in our cells with Xa only. Consequently, Xa
exhibits a higher charge recombination rate with slow electro-
lyte diffusion, resulting in lower cell performance compared to
granules and extracted pigments. The differences in Rcr con-
tribute to the differences in device performance. DSSCs require
illumination of the photoanode, excitation of dye molecule,
then subsequent injection of excited electrons into the conduc-
tion band of the TiO, semiconductor. In theory, these electrons
travel through the external circuit to the counter electrode,
where they reduce the electrolyte to, in turn, regenerate the
oxidized dye molecules.>* However, the inherent redox activity
of Xa confounds this process due to its higher propensity to
undergo charge-recombination, leading to an ultimately lower
performing cell. The nanostructure enclosure afforded within
the granules not only precludes charge recombination but also
enables efficient photocurrent generation with the highest
photoconversion efficiency of all conditions tested. Future
studies will investigate the detailed molecular interactions
within and outside the granules that enable these properties.

Conclusions

The hypothesis that pigment granules act as photosensitizers in
the chromatophore to enable signal transduction was exam-
ined by applying the theoretical principles of DSSCs. By apply-
ing three different sensitizing species from similar biological
origins, we have demonstrated that granules show enhanced
photovoltaic parameters that are dependent on its loading
concentration. While synthetic Xa and the extracted pigments
from the granules also exhibit photovoltaic performances larger
than the control, the soluble pigments undergo a spontaneous
redox reaction with exposed light that leads to charge recombi-
nation with an ultimate consequence of lower photoconversion
efficiency relative to the intact granules. This supports the
conjecture that the granules themselves may be uniquely
designed to create emergent optoelectronic properties in the
chromatophore. Given these data together with the natural,
dynamic features of the cephalopod chromatophores, we pro-
pose an additional path of light sensing/signaling that is not
directly dependent on visual input. We propose that the gran-
ules within individual chromatophores may indirectly ‘“sense”
light to subsequently initiate photoconversion to electrons to
transduce signal across the organ and to other adjacent organs
in a new pathway that could potentially supplement, or in some
cases bypass, the canonical ocular system. Future studies will
be designed to investigate the compositional and structural
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origins of these fascinating functional properties with particu-
lar attention paid to the macromolecular makeup.

While our study only focused on the pigment granules
(combinations of proteins and pigments”®) as photosensiti-
zers, future work will be designed to systematically explore
other components in squid skin. These could include exploring
the photosensitizing capacity of whole chromatophore cells,
soluble metabolites, or even neighboring cells/organs which
may possibly enhance, or in some cases inhibit, efficiency. For
now, we highlight the first characterization of native granules
as photosensitizers and describe a role for light sensing and
signaling in the skin which has never been discussed for these
incredible animals.
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