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Abstract: Organisms have evolved the ability to manipulate light for vision, as a means to
capture its energy, to protect themselves from damage, especially against ultraviolet (UV) and
other high flux radiation, and for display purposes. The makeup of the structural elements used
for this manipulation often discloses novel pathways for man-made photonic devices. Iridocytes
in the mantle of giant clams in the Tridacninae subfamily manipulate light in many ways, e.g.,
as reflectors, scattering centers, and diffusers. There is, however, a void in understanding the
absorption and photoluminescence (PL) emission dynamics of these cells. In turn, a profound
understanding of iridocytes’ photophysics can offer the prospect for a new generation of advanced
optoelectronic materials and devices. Here, the structural and optical properties of the iridocytes
embedded in the mantle tissue of the Tridacna maxima are investigated and their use as a
high-speed color convertor for UV photodetection, well-suited to application in UV optical
wireless communication, is demonstrated.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Many iridescent organisms advantageously change color during camouflage, social interaction,
wooing mates, and fending off competition from rivals. This structural coloration process arises
from an ability to tune color via manipulation of the periodicity of photonic crystal structures
[1,2,11–14,3–10]. The eyes of spiders [9,15], eyes and scales of fish [5,7,8,16], and chameleon
skin [2,10,17] are some examples in which light manipulation of this type is demonstrated. Giant
clams of the Tridacninae subfamily, inhabiting Indo-Pacific coral reefs, are among the largest
living bivalve mollusks and are unique in their symbiotic relationship with microalgae of the
Symbiodinaceae family. The mantle tissue of the Tridacna maxima (T. maxima henceforth)
giant clam is virtually covered by iridocyte cells, which consist of alternating layers (∼100-nm
thickness) of high-index membrane-bound proteinaceous platelets and low index cytoplasm or
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extracellular space [18,19]. These Bragg-mirror-like structures serve as forward and sideways
scattering sources for the photosynthetically productive part of the light spectrum (400–700
nm) and back-reflectors for other wavelengths [18,20]. This allows simultaneous enhancement
of the photosynthetic rates of the symbionts while protecting the holobiont from harmful UV
radiation [21]. Apart from sporadic reports on reflectivity and scattering phenomena related to T.
maxima, absorption, and photoluminescence (PL) emission dynamics of these cells containing
proteinaceous platelets have barely been studied. Here, we investigate the structural and optical
properties of the iridocytes embedded in the mantle tissue of T. maxima and demonstrate their
use as a high-speed color convertor for mid-deep UV photodetection, well-suited to application
in mid-deep UV optical wireless communication (OWC).

With the recent surge in deployment of ‘Internet of Things’ smart devices, it is projected
that there will be approximately 75.4 billion of such devices in use by 2025 [22]. OWC
provides light-based internet opportunities that substantially add to this connectivity growth,
leveraging license-free operation at high bandwidth and data-transmission rates across the
near-infrared to ultraviolet (UV) spectral range for both terrestrial [23–26], and underwater
domains [27–30]. In particular, and to enhance non-line-of-sight photodetection, mid-deep UV
wavelengths are considered to have enhanced Rayleigh scattering that relieves the strict pointing,
acquisition, and tracking (PAT) requirements for establishing a robust link [31,32]. The enhanced
scattering is beneficial for short-distance optical signal broadcasting which relieves the strict PAT
requirement for steady communication links needed for aircraft landing and secure communication
[33,34]. Even though there are group-III-nitride based UV photodetectors (PDs) having better
responsivities than that of Si PDs, epitaxy hardness leads to extra careful fabrication steps
required to control cracking of high aluminum composition AlGaN-based PDs [35]. Recently,
deep UV (DUV) photodetection research is gearing towards Ga2O3 semiconductor, which has
high responsivity due to internal gain mechanisms [36,37], but not suitable for high-speed
optical modulation due to a long carrier relaxation time that ranges from sub-milliseconds to
seconds. The relaxation time of Ga2O3 depends on the phases i.e. α−, β-, ε-phases and the
growth conditions of the materials. The relaxation time for the photodetectors based on β−Ga2O3
(sub-milliseconds: 0.3 ms) [38], ε−Ga2O3 (100 ms) [39], and α−Ga2O3 (89 µs) [40], shows that
the PDs based on Ga2O3 are slow. Therefore, there is a genuine need to further research in the
field of high-speed DUV photodetection to advance OWC. In addition, it should be noted that the
status of the application of UV communication is still in its early stage and hence it needs a great
deal of study to implement it practically in open areas.

Photon down-conversion is one of the techniques used in down-converting the UV photons
to visible light wavelengths, where the responsivity of silicon photodetectors is the highest
[41,42]. Continuing along this pathway to address UV photodetector design, we turn to nature for
inspiration in identifying a suitable optical material for efficient mid-deep UV photodetection. We
explore the use of giant clam based iridocytes for photon down-conversion from DUV to the visible
spectrum, going beyond the prior research interest, which was solely focused in understanding
the symbiotic relationship of iridocytes with symbiont algae for selective enhancement of the
photosynthetically active radiation (PAR) [18,20,21,43]. We present promising results for this
new platform as a high-speed color converter for efficient mid-deep UV photodetection well
suited for OWC.

2. Experimental section

Time resolved PL (TRPL), temperature dependent PL (TDPL), and power dependent PL (PDPL)
measurements were carried out using the third harmonic line (266 nm) of a 800-nm ultrafast
(150 fs) Ti:Sapphire laser (Coherent, Germany) converted by HarmoniXX THG unit (APE,
Germany) as the laser excitation source. Pulse repetition rate of 2 MHz was obtained by a pulse
picker unit (APE, Germany) where the laser spot diameter was kept at ∼100 µm. The TDPL
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measurements were performed in the temperature window of 10–290 K using a closed-cycle
cryostat. Emission from the sample was detected using a SpectraPro 2300 spectrograph (using a
grating with 150-gr/mm groove density) attached to a Hamamatsu C6860 streak camera with a
temporal resolution of ∼20 ps. The integration time was kept to 100 ms for 500 integrations.
TRPL decay transients were fitted using a double exponential decay (Eq. (1)):

Y = Yo + Afaste−t/tfast + Aslowe−t/tslow , (1)

where Yo represents the background signal, tfast is the fast decay time, tslow the slow decay time,
and Afast and Aslow the weightings of the fast and slow components, respectively. The average
decay time is then calculated using Eq. (2) [44]:

τaverage =
Afastt2fast + Aslowt2slow
Afasttfast + Aslowtslow

(2)

Power law fits are performed using Eq. (3):

IPL = APα, (3)

where IPL is the integrated PL, P is the laser excitation power density, and A and α are the fit
parameters.

We used an optical microscopy (Nikon measuring microscope MM-400) to capture the images
of the iridocytes, using objectives in the range of 5× to 100× (Nikon Japan LU Plan ELWD).
Transmission electron microscopy (TEM) samples were prepared using a standard protocol.
Biopsy punches (approximately 1 mm2) of the T. maxima mantle tissue were fixed in 2.5%
glutaraldehyde in 0.1 M Cacodylate buffer maintaining the temperature at 4 °C overnight. The
tissue was then washed in 0.1 M (pH 7.2–7.4) Cacodylate buffer 3 times for 15 minutes each
time. The post fixation step was performed in 1% osmium tetroxide in 0.1 M Cacodylate buffer
in the dark for one hour. Afterwards, the tissue was washed in deionized water 3 times, keeping
it for at least 15 minutes in water during each wash followed by dehydration with increasing
concentration of ethanol (30, 50, 70, 90, and 100%) in water and 100% acetone. The tissue was
then infiltrated with a mixture of acetone and Durcupan resin (3:1, 1:1, and 1:3 ratios), allowing
2 hours for each step before final infiltration in pure Durcupan resin overnight. Next, the tissue
was embedded in pure Durcupan resin and polymerized in the oven at 65 °C for 48 hours. Leica
Ultramicrotome EM UC7 (Leica, Germany) was used to cut 140-nm-thick sections from each
resin-embedded tissue block. These sections were placed on 200 meshed TEM grids and stained
with uranyl acetate and lead citrate following a standard protocol [21,45]. TEM images were
then acquired at 300 kV using a Titan CT TEM (Thermo Fisher, USA).

For bandwidth modulation, a Nichia NDU4116, 375-nm laser diode (LD) mounted on a
thermoelectric cooler integrated laser mount (Thorlabs, LDM56F/M) is used as the transmitter.
The LD is then connected to the output channel of an electronic-calibrated (electronic calibration
module: Agilent, 85093-60010) vector network analyzer (VNA) (Agilent, E5061B) for small-
signal modulation. The direct current (DC) to the LD is set to 70 mA and the input channel
of the VNA is connected to the avalanche photodiode (APD) (Thorlabs, APD430A2/M). For
frequency response measurements using a 278-nm UVC LED (from LG Innotek), the APD and
peripheral components were replaced by a photomultiplier tube (PMT) (Thorlabs, PMTSS) and
corresponding peripherals. For the data rate measurement, the same 375-nm Nichia NDU4116
LD setup was connected to the bit-error-ratio tester (BERT) transmitter (Anritsu, ME522A), with
a superimposed alternating current (AC) amplitude set to 3 V (peak to peak). On the receiver side,
the modulated signal after the down-conversion process is received by the APD and connected
to the BERT receiver through a linear amplifier (Tektronix, PSPL5865), which is not shown in
the figure for clarity. The eye diagrams were captured using a digital communication analyzer
(Agilent, 86100C Infinium DCA-J Wideband Oscilloscope).
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3. Results and discussion

The micro- and nano-structures of the giant clam based iridocytes were characterized using
optical and electron microscopy as shown in Fig. 1(a–e). Figure 1(d) shows, consistent with
previous reports [18], a nearly spherical shape with a diameter of approximately 7 µm within
which the alternating layers are evident. Figure 1(e) reveals their detailed structure with the highly
regular platelets (variable lengths and width of ∼50 nm) separated by a center-to-center distance
normal to the layers ∼150 nm. The intervening low refractive-index layers are significantly less
ordered. Study suggests the platelets are formed by deposition of the proteinaceous material laid
on cisternae [19,46]. The exact chemical composition of this material will be a subject of further
investigation. It is this Bragg-mirror-like alternation of high- and low-refractive-index layers that
allows the iridocytes to reflect harmful radiation [18,43]. The scattering of PAR deeper into and
laterally within the mantle to benefit the symbiont algae will also depend on the lateral structure
(normal to the plane of the TEM images) and the orientation of the iridocyte cells relative to the
incident radiation direction. In the following, the PL characteristics of iridocytes are investigated,
a topic that has not received much attention in the literature other than in the context of the red
PL that many reef fish emit [47].

Fig. 1. Optical and electron microscopy images: (a) Photo of T. maxima specimen with
blue mantle coloration (the red rectangle region on the mantle shows the region from which
tissue was clipped); (b) Clipped T. maxima tissue ∼ 1×1 cm2 area; (c) 100× optical image of
clusters of iridocytes observed using a Nikon microscope equipped with a LU Plan extralong
working distance objective; (d) TEM image of a single iridocyte cell; (e) TEM image of the
highlighted region in (d) showing layered proteinaceous nanostructures in a single iridocyte
cell.

The sample used for optical characterization are not subjected to any chemical treatments
nor were they chemically fixated. They were studied at room (RT ∼290 K) and low (LT ∼10
K) temperature. For PL, a 266-nm laser was used as the excitation source, at power densities
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ranging from 0.01 Wcm−2 to 38 Wcm−2. The distribution of iridocytes throughout the tissue
was not homogeneous as shown inset of Fig. 2(a) and hence the PL measurement was carried out
at different locations i.e., “Iridocytes+Tissue” (densely packed iridocytes region) and “Tissue”
(few or almost no iridocytes cells) (see Fig. 2(a)). The PL spectrum from the Iridocytes+Tissue
shows three distinct features whereas the PL spectrum from the tissue shows a dominant peak
at 444 nm. The integrated PL (IPL) shows that the PL signal from the iridocytes is at least an
order of magnitude higher than the PL signal solely from the tissue. The PL spectra taken at 3
different locations densely packed iridocytes (shown in Fig. 2(b)) shows that the PL peaks are
consistent with slightly fluctuating intensity which can be attributed to the density of iridocytes.
The bright blue light pictured in the image is the transmitted bluish-white light used to illuminate
the tissue while taking optical images of the iridocytes in transmission mode. Previously, we
performed the photoluminescence (PL) measurements at room temperature on the tissues taken
from four (two blue and two brown) different T. maxima. Apart from the slight variation in the
intensity of the PL spectrum when probed at different depth of the tissue layers, the PL emission
peak-positions were found to be fairly similar irrespective of the color of the mantle tissue of T.
maxima suggesting the iridocytes in each case are made up of similar proteinaceous material [21].
Fluorescent protein found in various organism are mostly guanine crystals, which we discussed
in detail in the earlier section. Also, guanine has similar absorption and emission characteristics
as observed in the proteinaceous material contained in iridocytes. However, further work is
required to affirm the exact chemical composition of the proteinaceous material.

Fig. 2. Photoluminescence characterization of T. maxima iridocyte samples at room
temperature: (a) Comparison of PL spectra measured at two different regions: densely
packed iridocytes region, “Iridocytes+Tissue” (marked by purple circle) and “Tissue” (few
or almost no iridocytes, marked by red circle). The inset at the top right corner is the image
of the mantle tissue taken while performing µ-PL measurements, (b) PL spectra comparison
of three different iridocytes packed regions.

The power dependent PL (PDPL) spectra measured at 10 K are plotted in semi-log format
in Fig. 3(a); the spectra consist of three main features and extend from ∼280 to ∼750 nm,
encompassing UV-B, UV-A and the whole visible spectrum. The first feature is a high energy
band that peaks at ∼321 nm for the lowest excitation power density (0.01 Wcm−2), with a
second peak emerging at 345 nm as the power increases. The second feature is a broad (full
width at half maximum (FWHM) ∼195 nm) emission band spanning most of the visible range
and peaking at ∼ 470 nm. These emission peaks falls in the PL emission regime of guanine



Research Article Vol. 11, No. 5 / 1 May 2021 / Optical Materials Express 1520

aqueous solutions and frozen glasses, and is assigned accordingly [48]. The second feature
dominates the PL spectrum at all powers and discernibly increases its relative contribution with
increasing excitation power. The third feature is a sharp peak at 675 nm with weak shoulders at
longer wavelengths. This latter emission matches that previously reported for algal chlorophyll
[49]. The IPL power dependence shown in Fig. 3(b) is relatively linear under the conditions
studied, consistent with the PL originating from neutral excitons [50,51]. In addition, TDPL was
carried out across the temperature range from 10 K to 295 K (RT) at an excitation power density
∼1 Wcm−2. Selected TDPL spectra for a range of temperatures are shown in Fig. 3(c), with
normalized IPL plotted against inverse temperature in Fig. 3(d). It is apparent that over this range,
the IPL has its maximum value at LT (10 K), then decreases with increasing temperature up to
∼100 K, flattens off and then rises again at high temperatures (>200 K) reaching normalized IPL
of ∼77% at RT. The key feature to note here is that these iridocyte samples are stable over a wide
temperature range. The detailed interpretation of these behaviors will be the subject of a further
study. In addition, comparison of respective PL and absorption spectra (Fig. 3(e–f)) shows that,
as expected, the ∼675-nm contribution from the symbiont algae decreases significantly upon
going deeper into the mantle tissue. Iridocytes in natural T. maxima tissue are found to be stable
without any processing when stored in ambient conditions (air, 290 K) and are also not affected
by relative humidity of 45–50% in the laboratory. To further explore their stability under optical
pumping, we exposed samples mounted on sapphire substrates in ambient air to 266-nm laser
(38 Wcm−2), whilst monitoring the IPL. Remarkably, the iridocytes showed only a modest 17%
drop in PL intensity after 30 hours of continuous exposure and the PL spectra did not change
(Fig. 4(a)), indicating no catastrophic material damage. The quantum yield (QY) of the photon
down-conversion in case of the proteinaceous material found in iridocytes at 10 K is reported
to be ∼ 39. 2± 4.2% [21]. However, we cannot deny the potential in the improvement of the
quantum yield of the proteinaceous nanostructures if we are able to extract the proteinaceous
material from the tissue in its purest form.

In addition to the steady state PL, the carrier dynamics is vital in understanding the photophysics
of these iridescent cells. Luminescent nanoparticles and dyes with longer lifetime have been
extensively used together with biomaterials for imaging and diagnostic purposes [52]. Long
lifetime in biological imaging is used to eliminate short-lived auto-florescent background
originated from the components of tissue (nucleobases). The lifetime of auto-florescent emission
covers a wide range i.e. picoseconds (0.8 ps to > 100 ps) [53], sub-nanoseconds (0.7–0.9 ns) [54],
to nanoseconds (1–4 ns) [55]. The ultrashort lifetime of nucleobases appears to be an intrinsic
molecular property; however, it can be affected by their chemical environment to a certain extent
[53]. In our case, the proteinaceous material is packed in iridocytes cells. Our aim here is to
investigate the recombination process in the context of using such proteinaceous material found
in iridocyte cells as a high-speed color converting material for optical modulation. The time
resolved PL decay (shown in Fig. 4(b)), integrated over the range from 300 to 600 nm) was
fitted using a double exponential decay equation, results in fast decay (0.26 ns; 56%) and slow
decay (1.22 ns; 44%) components that yield an average decay time (τaverage) ≈ 1.02 ns. This PL
decay time is, promisingly, shorter than the ∼ 4–5 ns for all-inorganic lead halide perovskite
nanocrystals that have previously been studied for high-speed DUV photodetection [42,56].

As the differential PL decay time is inversely proportional to the frequency modulation
bandwidth [57], the short decay time (∼1 ns) sets the stage for the optical bandwidth modulation
tests (see Fig. 5(a)). The frequency response of iridocyte samples by modulated UV laser diode
(LD) (375 nm) and UVC light-emitting diode (LED) (278 nm) is shown in Fig. 5(b). The
frequency bandwidths of the iridocytes obtained by modulated UV LD (375 nm) are 56 MHz
(–3 dB) and 220 MHz (–10 dB), respectively. This allowed 100-Mbit/s data-transmission rates
using a return-to-zero on-off keying (RZ-OOK) communication scheme (Fig. 5(c)). The resulting
BER of 1.6×10−3 lies below the standard 7%-overhead forward error correction (FEC) limit of
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Fig. 3. Photoluminescence characterization of T. maxima iridocyte samples: (a) Semi-log
plot of PDPL spectra at 10 K. (b) Double log plot for power law fits of IPL at RT (red dots)
and 10 K (blue dots). (c) Selected TDPL spectra for temperatures between 10 and 290 K. (d)
Normalized IPL plotted versus inverse temperature. These measurements are for mantle
surface tissue samples. Comparison is also made for (e) PL and (f) absorption spectra
obtained from two different tissue depths: outermost surface tissue (upper curve, red) and
tissue at a depth of about 500 µm from the surface (lower curve, black).
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Fig. 4. (a) Iridocyte sample photostability test when subjected to 38 Wcm−2 laser excitation
power density at 266 nm. The data points are the IPL values recorded at 30-minute intervals
over a 30-hour period. The red error bars represent the unavoidable laser fluctuations during
the prolonged measurement. The inset presents selected PL spectra at t= 0, 15, and 30
hours; violet, green, and red symbols, respectively. (b) RT PL decay transient for 300 to
600 nm IPL: blue dots represent the measured data whereas the red line denotes the double
exponential decay fit.

3.8×10−3, and the corresponding eye diagrams at 25 Mbit/s and 100 Mbit/s are shown as insets in
Fig. 5(c). More importantly, we examined the frequency response of the iridocytes in free space
by the modulated UVC LED (278 nm) and achieved frequency bandwidths of 22 MHz at –3 dB
and 56 MHz at –10 dB, respectively. The obtained –3 dB modulation bandwidth (22 MHz) is
adequate to establish a high-speed OWC link based on UVC light. This value is higher than the
previously reported 11 MHz frequency response for all-inorganic halide perovskite nanocrystals
[42]. Our initial attempt to directly test the data transmission rate for this 278-nm LED was,
however, limited by the source power that can be modulated. Nevertheless, based on the data
transmission rate (∼100 Mbit/s) and –3 dB bandwidth (∼ 56 MHz) measured for iridocytes
modulated by 375-nm laser light, a data transmission rate in the tens of Mbit/s is expected for a
higher power UVC LED, potentially comparable to or exceeding the recent development of halide
perovskite based photodetectors [42]. It is also expected that the data transmission rates in each
of the above cases can be improved further by employing more sophisticated communication
schemes.
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Fig. 5. Modulation bandwidth and data rate measurements to realize a stable UV communi-
cation link. (a) Experimental setup for measuring the modulation bandwidth of iridocytes
using a 375-nm laser / APD or a 278-nm LED / PMT. Bandwidth and data rate experiments
were performed using Agilent-E5061B and Anritsu-ME522A / Agilent-DCA-86100C, re-
spectively. (b) –3-dB and –10-dB frequency bandwidth modulation of iridocytes using a
375-nm laser (blue line) and a 278-nm LED (red line). (c) Bit error ratio (BER) as a function
of the data rate for the 375-nm laser source in the range from 20 Mbit/s to 100 Mbit/s. Eye
diagrams are shown as insets for a return-to-zero on-off-keying (RZ-OOK) modulation
scheme. The standard forward error correction (FEC) limit is shown by the dotted horizontal
blue line.

4. Conclusions

In summary, we investigated the photoluminescence properties of iridocytes from the Red Sea
giant clam, T. maxima and demonstrated the feasibility of using this material for deep ultraviolet
optical wireless communications via high-speed color down-conversion. We observed a fast PL
decay time (∼1 ns) that allowed a –3-dB modulation frequency bandwidth of 22 MHz for UVC
LED (278 nm) modulation. This could support a data-transmission rate of tens of Mbit/s using
a higher power modulated UVC source, which is promising, especially given the potential for
optimization following a more detailed study of the iridocyte photophysics. Another encouraging
finding was the photostability of the iridocytes, sustaining high-power density UVC laser (266
nm) irradiation for 30 hours without major material degradation. This contrasts with the rapid
degradation typical of many other materials. Extracting pure iridocytes from the T. maxima tissue
or artificially synthesizing such material will be the first step in our optimization strategy, seeking
to enhance the PL intensity, frequency response, and OWC data-transmission rate. If successful,
this would establish iridocytes from the mantle tissues of T. maxima as a novel material for a
range of potential photonic applications.
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