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The broadband reflectance of iridescent silvery fish is caused by aperiodic photonic structures formed by com-
plex distributions of guanine platelets in their iridophores. Photons can be reflected multiple times inside the
iridophores found in many pelagic teleosts allowing for advanced photonic methods of characterization. The one-
dimensional aperiodic structures reflect light over a broad spectrum. Enhanced amplified spontaneous emission
(ASE) and suppressed laser light in stained skin tissue is attributed to the high group velocities and negligible
localization of light over the gain envelope of rhodamine B (RhB). The enhancement to the ASE, reported herein,

is shown to be caused by an increase in the effective ASE gain path length of photons generated in the iridophores
of skin tissue stained with RhB. We show that the effective ASE gain path length can be used as a figure-of-merit
to quantify aperiodic photonic structures, including those found in many underwater animals, by determining
the increase of a photon’s average time spent in broadband reflective tissue.

1. Introduction

An iridophore is a specific type of animal chromatophore cell (color
cell) which does not derive its color from dyes or pigments. Rather, an
iridophore contains complex structures that reflect light at multiple in-
terfaces. Some fish iridophores are highly reflective with low dispersion
over the visible spectrum while other iridophores have well-defined
photonic crystal structures with distinct reflection bands caused by the
constructive and destructive interference of light at different wave-
lengths [1-4]. The structural color of reflected light from iridophores
found in fish species depends on the size, shape, orientation, and dis-
tribution of guanine platelets [5,6]. Due to the high parameterization of
photonic crystal structures in fish iridophores and the heterogenous
distribution of chromatophores in general, the amplitude, color, and
polarization of the reflected light largely depends on an observer’s
orientation with respect to a fish and the light source [7,8]. Many fish
use their iridophores as camouflage [9], while other species of fish have
developed photonic crystal structures for communication [10]. The
broadband reflections observed in many open-ocean teleosts is caused
by uneven stacks of guanine platelets, such as those with chaotically
distributed or chirped thicknesses/spacings [11,][12]]. Various types of
guanine crystal platelets are also present in the broadly reflecting

iridophores of pelagic teleosts [11,12].

Spatial- and temporal-coherent photon emission has been observed
in cells using both external cavities [13-17] and intracellular resonances
[18,19]. Lasing in biological tissues composed of multiple cells and/or
the extracellular matrix have also been reported [20,21], where the
biological material is either used as the gain medium [22], the resonant
structure/cavity [23-26], or both [27]. Prior to lasing in biological
materials most studies on iridophore networks involve reflection and
scattering measurements of an external light source. To date, several
optical techniques have been developed to quantify the structural color
of animals [28-33].

Laser light emission, including emission from any biological struc-
tures, is sensitive to structural/cavity resonances [34-36]. In some cir-
cumstances, it may be advantageous to decouple the gain from any
passive cavity that can result in lasing. A population inversion without
resonant feedback can lead to amplified spontaneous emission (ASE) in
the gain medium [37], where some recent studies have focused on the
ASE from organic dyes in tissues and other biomaterials [38-46]. In this
paper, a sensitive figure-of-merit for broadband reflecting iridophores is
introduced, which is based on the path length of photons traveling
through the gain region of fish skin stained with a laser dye. The ASE
threshold condition couples the population inversion density with the
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path length of emitted photons. The effective gain path length is defined
as the average path length of an emitted photon through a material
before it is either absorbed or exits the gain medium. ASE has lower
temporal coherence relative to laser light emitted from the same gain
medium. The generation of highly coherent laser light requires feedback
from dispersive cavities or other passive structures, whereas the coher-
ence of ASE light is decoupled from the resonances of passive structures.
Samples of fish skin sectioned from the head of a king salmon (onco-
rhynchus tshawytscha) [47] fish with a high density of iridophores are
used to illustrate how the ASE threshold can quantify broadband
reflecting iridophores.

2. Photonic measurements

For the ASE measurements, ~ 1 cm? sections of skin tissue were
extracted from the salmon head. The mean sample thickness was ~ 1
mm and included the epidermis and dermis layers as well as some
subcutaneous material. Fig. 1(a) shows an image of a salmon fish head
after the rest of the animal has been processed for food. The salmon
tissue was previously frozen and then thawed via standard food industry
practices. Samples of skin taken from below the eyes and near the gills
were viewed with an optical microscope using an adjustable-angle top-
light at x 10, x 40, and x 100 magnifications. Two sets of microscope
images for different regions of the skin are also shown in Fig. 1(a). The
dark silver areas of the head, which can also have a violet or blue hue
were highly populated with both iridophores and melanophores. The
silvery iridescent region of skin was observed to have a low surface
density of melanophores while still maintaining a relatively high density
of iridophores. A melanophore imaged through a backlit optical mi-
croscope and an iridophore imaged with a high-angle top-light source
are shown in Fig. 1(a). Skin sections with high iridophore densities and
very few melanophores were doped with a fluorescent dye. The irides-
cent region reflects light across the entire visible spectrum as shown in
Figure S1 of the supplemental document.

Rhodamine B (RhB) was added to a 70% ethanol-water solution at a
few different concentrations as shown in Figure S2. The salmon skin
samples were fixed in the dye-doped solution for several days. The
samples were then rinsed in a RhB/deionized water solution at 1/10th
the concentration of the RhB/ethanol-water solution prior to use. After
the soak, the samples were placed on a glass substrate with either the
shiny epidermis face (€ face) or dull subcutaneous face (S face) exposed
to atmosphere.

For the ASE experiments, a vertically polarized beam of 532 nm
doubled Nd:YAG laser light with a ~ 10ns pulse width operating at 10
Hz was passed through a KG-1 filter to absorb the residual fundamental
1064 nm light. The power was reduced by passing the beam through a
set of neutral density (ND) filters. A beam splitter passed a portion of the
beam energy to a pyroelectric sensor, which was given a calibration
factor that related the referenced pulse energy to the energy incident on
the sample. The other portion of the pulse energy transmitted through
the beam splitter was passed through a shutter and focused onto the
sample. Photobleaching of chromophores can quickly degrade the ASE
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intensity [48-51], where photobleaching was minimized by (1) limiting
the number of shots incident on the sample per spectrum acquisition
with the shutter and (2) limiting the total number of spectra collected for
each sample. A spectrometer, capped with a 550 nm long-pass filter, was
used to detect the ASE signal from the sample. The long-pass filter
removed the bright 532 nm pump intensity while the large Stoke’s shift
for RhB allows for the peak fluorescence to be captured by the detector.
The peak ASE is located near the peak of the fluorescence spectrum at
low concentration. The peak ASE red shifts away from the fluorescence
peak for increased dye concentrations.

The emission from samples excited by the pump beam was measured
using the experimental geometry shown in Fig. 1(b). The angle of the
detector sweeping a horizontal plane parallel to the optical table was
fixed at 15° with respect to the sample’s normal direction. The pump

beam spot incident on every sample had an area of ~ 1 mm?2.

3. Results and discussion

The emission spectra shown in Fig. 2(a) was recorded for the S face
of a sample stained with an ethanol-water solution containing ~ 0.1 wt
% RhB dye. The ASE spectra for the £ face of the skin sample is shown in
Fig. 2(b). The ASE recorded from the £ face was significantly more
intense than the ASE emitted from the S face at the same pump energy
per pulse. Images of the sample’s £ face and opposing S face are both
shown in Fig. 2(a)-(b). The ASE peak was separated from the fluores-
cence using a multipeak Gaussian fit of the emission intensity I as a
function of the emitted photon energy Epp,
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where wj is the standard deviation, A; is the area, and E; is the horizontal
offset of the ith peak. The optimization was performed in Python with
the “leastsq” function [52]. Two peaks were enough to consistently fit
the spectral data; however, three-peak fits were used to more accurately
assess the ASE peak area, peak position, and FWHM in some data sets.
Graphs of three-peak vs. two-peak fits for a staining concentration of 0.4
wt% are shown in Figure S3. The area under the ASE peak, normalized to
the largest value recorded from all samples, is shown in the upper right
insets of Fig. 2(a)-(b).

ASE is often observed by first exciting a thin straight line of atoms/
molecules to a relatively long-lived excited state. It can only occur when
there is a population inversion with respect to a lower energy state. The
threshold for ASE occurs when a single photon emitted at one end of the
line induces the emission of a photon at the other end of the line. The
ASE threshold in such a geometry was found to be similar to that of a
traditional laser cavity, but without the effect of the cavity [53]. For a
straight line, the threshold condition for ASE is given by
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Fig. 1. (a) The head of a salmon fish with microscope
images of skin tissue taken from the eye and gill re-
gions. The skin near the eye shows both iridophores
and melanophors while the skin near the gill shows a
KG-1 similar distribution of iridophores without the high
density of melanophores. A single melanophore from
the skin near the eye is shown as well as an iridophore
from tissue taken near the gills. (b) The experimental
setup used to investigate the ASE generation in
rhodamine B-doped king salmon iridophores.
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where ngj; is the critical population inversion density, Av is the width of
the transition, ¢ is the length of the straight line, A is the wavelength, and
@p is the branching ratio. Note that Allen and Peters previously gave the
threshold condition in terms of the line width and was nearly identical to
Eq. (2) out to a factor of z [54]. The function describing the emission line
is typically a convolution of Gaussian and Lorentzian functions. The ASE
intensity can easily be written for the two extremes of a perfectly Lor-
entzian or perfectly Gaussian spectral profile. The emission intensity has
since been approximated far above threshold by Svelto et al. where
corrections to the Linford formula have been made above the saturation
intensity, including separate factors of x for Lorentzian or Gaussian line
functions [55].

A four-level model is assumed in Equation (2), where 75 is the life-
time of the second-excited state. The four-level model is a good
approximation for laser dyes such as RhB, where a population inversion
between the first- and second-excited states is easily achieved via optical
pumping. Note that Equation (2) is often rewritten in terms of a critical
length as opposed to the critical population inversion density due to the
ease of length measurements along a single well-defined direction.

The threshold given in Equation (2) assumes a uniform population
inversion density along the entire line; however, a uniform population
inversion density is not always possible. Because 1) the ASE threshold is
the first instance of amplification in which an emitted photon induces
the emission of another photon, and because 2) the threshold condition
can be written as (¢n).; = constant, any heterogeneous population
inversion density can be recast as a uniform one over an “effective”
critical length, (Zegn),;, = constant. In any geometry, the ASE intensity
depends on the product of the photon path length and the gain. Chris-
tianson et al. used an “effective” gain path length to describe the changes
in ASE emission above the ASE threshold caused by heterogeneous
photobleaching of emitters [56], where the ASE characterization
resulted in the determination of self-healing properties of laser gain
media that can recover after photobleaching [57].

The ASE intensity for the quasi-two-dimensional circular geometry of
a thin disk laser was given as a function of an “effective” gain path length
S by Peterson et al. [58], Because the threshold criteria for ASE in a disk
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laser geometry still depends on the length of a traveling photon emitted
in the gain medium to induce another photon via de-excitation, then the
threshold condition must be (Sn).; = constant. Introducing reflecting
surfaces is a simple method to increase the path length of emitted
photons. Many materials report low-threshold ASE, random lasing, or
both in scattering media, where the density of scatterers affects the type
of emission phenomenon [59]. Thus, low-threshold ASE is also antici-
pated for broadband-reflecting iridophores stained with an organic laser
dye when there is no appreciable localization of the pump and/or
emitted light.

Because the samples were submerged in the staining solution for
several days, the dye concentration is assumed to be uniform throughout
the sample. The lengthy soak time in the RhB/water bath results in the
same aqueous environment effects for the dye molecules throughout the
entire sample. Thus, the reduction of the ASE threshold for the £ face
relative to the S face shown in Fig. 2(a)-(b) can only be caused be the
presence of the reflecting guanine platelets. Multiple reflections inside
the iridophores on the iridescent skin result in an increased path length
of emitted photons traveling through the gain medium.

The excited-state lifetime 75 is the same for RhB on either side of the
skin sample. Thus, the effective gain path lengths for the S and £ faces
can be related at threshold,

&€ 'S S
s Merie — S Merit (3)
Avf AvS’

where the £ and S superscripts denote the respective £ and S faces onto
which the pump beam is incident. Solving Equation (3) for S¢ results in
the expression

e _ (Mo (A s
= () (@) @
The ASE data can be used to find a simple figure-of-merit for aperi-
odic structures after identifying a few simplifying terms and approxi-
mations. The ratio of the ASE line width can be determined directly from
the full-width at half maximum (FWHM). When the third-excited state
and first-excited state lifetimes are much shorter than the second-excited
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state lifetime and there is no saturable absorption of the pump, then n(x,
¥, %) & Ipump(X, ¥, 2). The pump can be approximated as having a uniform
intensity over the circular beam spot. The absorption length is defined as
the distance the pump travels in the material until it becomes 1/e of its
transmitted value at the bulk material interface. The gain depth is
approximately equal to the absorption length, even in scattering media
[60]. For the concentrations used in this study, the gain depth is shallow
as compared to the dimensions of the pump beam spot incident on the
surface. The pump beam on the £ face of the sample is reflected from
multiple guanine/cytoplasm interfaces at low concentration. Therefore,
the gain depth for the pump incident on the £ face is less than the gain
depth for the S face. Also, more pulse energy is reflected out of the
sample when the pump is incident on the £ face due to the presence of
the reflecting iridophores. Thus, there is an inequality nS; /nS, > I5 ../
Ifhresh, where Iihresh is the threshold pump intensity incident on the
sample.

A low-angle reflection measurement of the pump beam on each side
of the sample was used to determine the population inversion ratio using
n

ait — £ f:"—h The intensity being absorbed by the dye is

crit thresh

the expression
given by Iump — Ireflect = Ipump(1 — 1) with n = IIP:‘—mpt Therefore the

correction factor may be written as £ = t—;’j, where Figure S4 shows the
reflected intensities for a pump beam incident on both sides of a sample
stained with a 0.1 wt% RhB solution. For a concentration of 0.1 wt%, the
effective gain path length of an emitted photon through the £ face with
exposed iridophores is approximately 5.6 times longer than the effective
gain path length when pumped on the S face, i.e., S* ~ 5.6 55.

Using the ratio of effective gain path lengths as a figure-of-merit
requires careful consideration of the dopant concentration. As the RhB
concentration in the staining solution increases, the absorption depth of
the pump decreases. A high concentration RhB solution such as 1 wt%
results in a pump beam incident on the £ face reaching fewer platelet
interfaces. Thus, the intensity of the reflected beam approaches the re-
flected intensity when the pump is incident on the S face for the same
pump intensity. Although a greater amount of energy per pulse is
absorbed by the dye, the gain depth decreases and the gain medium
becomes shallow. When the excited-state population dwindles in the
region where multiple guanine/cytoplasm reflections occur, the effec-
tive gain path length of the £ face approaches that of the S face. Fig. 2
(c)-(d) shows the emission spectra at various pump intensities for a skin
sample stained by a 1 wt% RhB solution. The threshold pump intensities
for ASE are comparatively closer between the S face and £ face illumi-
nation, I3, . ~ 1.2I§ ..., as compared to the thresholds observed for
samples stained with weaker RhB concentrations. The spectral widths
are also observed to be much closer at greater stain concentrations as
compared to those stained with weaker concentrations. The peak ASE
wavelength is the same when pumped on either face of a sample for a
given stain concentration. The peak ASE wavelength on either side
redshifts when stained with greater RhB concentrations. Note that the
sample burn threshold was quickly reached after passing the ASE
threshold on the S face of the 1 wt% sample, which limited the upper
range for both the concentration and pump intensity in this study. Laser
damage to biological tissue from the absorption of visible light by dyes
and pigments is well documented [61-64].

Fig. 3 shows the concentration dependence of the ASE threshold
when pumped on the S and £ faces. The stark increase in the ASE
threshold as a function of concentration when pumped on thef face
occurs after increasing the staining concentration above 0.1 wt% RhB.
There is a slight decrease in the ASE threshold at increased staining
concentrations when the samples were pumped on the S face. When the
RhB concentrations increase, the mechanisms of reduced quantum yield
and increased emitter density compete which result in a relatively small
ASE threshold reduction over the experimental range of concentrations.

The pump beam absorption depth decreases as the concentration
increases. Because the diameter of the beam spot is much greater than
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Fig. 3. The ASE threshold as a function of RhB dye concentration in the ethanol
staining/fixing bath for salmon skin illuminated on either the S or £ face.

the gain depth for the RhB concentrations used in this study, the
dependence of the ASE threshold on the gain depth is negligible when
the pump beam is incident on the S face. When the pump beam is
incident on the £ face, however, the absorption depth determines the
extent of pump light absorption in the iridophore cells. As the gain depth
becomes sufficiently short at high concentrations, the pump does not
penetrate into the guanine/cytoplasm layers and the threshold of the £
face approaches the value observed when pumped on the S face. Note
that the relative ASE threshold for the £ is significantly lower than the S
for the 0.1 wt% concentration, but the absolute values are relatively
high as compared to some studies. These relatively high ASE thresholds
are primarily due to the lower quantum efficiency of RhB in aqueous
solution relative to other solvents such as methanol, longer pump pulse
duration used in this experiment, and the pump beam geometry being
circular as opposed to a long gain strip.

When multiple dielectric layers with alternating high/low refractive
indices are periodically distributed, constructive interference causes
certain colors to be reflected. A lack of any definite color in the reflected
light over a small surface area is a result of there being no well-defined
reflection band over a small patch of illuminated surface. Multilayer
structures with (1) large random thickness variations, (2) well-defined
chirped layers, and (3) groupings of small layered clusters with
angular and thickness variations can all result in the far-field, broad-
band, reflection spectrum observed in Figure S1. All possible broadband-
reflecting structures formed by guanine crystal platelets and cytoplasm
can increase a photon’s path length after being emitted from a fluores-
cent chromophore in the cytoplasm.

As stated, there are three types of structures that could occur in iri-
dophores which would result in the broadband reflection spectrum
observed in Figure S1. If a material is composed of small clusters of
periodic structures, then lasing should occur in small localized regions.
Broad reflection bands with low dispersion can be observed if the
reflecting structures are either chirped or have chaotically distributed
layer thickness. Lasing in a localized region is improbable in these one-
dimensional aperiodic structures because of the high group velocities
associated with the low dispersion of the reflector. Lasing was not
observed in any of the samples pumped with a circular spot at high in-
tensity, which led to the conclusion that the photonic structure was not
composed of small clusters of periodic multilayers.

Thus, the layers must either be chirped or chaotically distributed.
There has been recent interest in aperiodic photonic structure in both
fabrication methods and the broadband enhancement of optical phe-
nomena [65-71]. The transmission electron microscope (TEM) images
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in Fig. 4 show aperiodic photonic structures with chaotic distributions of
guanine platelets in the cytoplasm of iridophores. The guanine platelet
thicknesses are relatively constant with large variations in the thick-
nesses of the cytoplasm layers. Because silvery fish skin is often a
byproduct of the food industry, it can be used as a low-cost alternative to
many aperiodic photonic structures that have more costly fabrication
methods. These structures also have a liquid layer which can be used to
modify their photonic properties; the liquid layer can also be polymer-
ized to create an entirely solid-state aperiodic photonic structure as was
done for the TEM analysis and shown in Figure S5. The technique for
TEM sample preparation is given in TEM Methods found after Section 4.

The broadband reflecting iridophores show little dispersion in the

Fig. 4. Transmission electron microscope images of transverse sectioned skin
samples showing an (a) aperiodic distribution and a (b) sparse distribution of
guanine platelets. The scale bar represents a distance of 5 ym.
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visible spectrum. Therefore, the observation of reduced-threshold ASE
was not accompanied by low-threshold lasing. What appeared to be
high-threshold lasing was briefly observed in one sample stained with a
high concentration of RhB, but only after a coverslip was placed over the
sample and the pump beam was shaped into a line. Short-range re-
flections inside the iridophores coupled with the long-range guiding of
light emission via high-angle reflections at the coverslip interfaces were
attributed to the coherent backscattering that resulted in random lasing
from the ASE profile. The emission spectrum in Figure S6 shows a bio-
modal ASE profile with multiple random lasing peaks emerging, where
the energy per pulse of the pump laser illuminating the thin strip caused
the sample to burn. Unlike the ASE experiments, lasing in samples using
a coverslip and line pump profile was not easily reproduced.

Several optical techniques have already been developed to measure
the reflective properties of iridophores. This paper presents a novel
photonic technique to measure the path length of photons in fish skin
with silvery iridescence. The plethora of fish species with iridophores
having various photonic and optical properties could result in new
photonic materials and devices, where new methods of characterizing
these biomaterials may prove important. There were some limitations in
this study such as sample-to-sample variation in the surface density of
iridophores, the specimens were frozen/thawed, and the skin was
dehydrated by the ethanol vehicle in the staining procedure. In addition,
the pump wavelength was limited to 532 nm and the active molecule in
the gain medium was limited to RhB. It would be interesting to char-
acterize the ASE emitted at shorter and longer wavelengths to determine
how the broadband reflecting iridophores affect the ASE over a broader
range of emission wavelengths. More studies on other species will be
necessary to investigate the breadth of the photonic biodiversity of
pelagic teleosts and the effective ASE gain path length’s merit in
determining a broadband-reflecting iridophore’s capacity as a photonic
biomaterial.

4. Conclusion

The ASE threshold was significantly reduced in the skin of king
salmon when photons were emitted from iridophores stained with a
fluorescent laser dye. At a staining concentration of 0.1 wt% RhB in a
70% ethanol-water solution, the pump was able to substantially pene-
trate into the iridophore-containing skin surface. The presence of the
iridophores on the £ face reduced the ASE threshold as compared to the
ASE measured from the S face. The effective gain path length in silvery
king salmon skin samples was estimated to be 5.6 times greater than the
stained subcutaneous tissue. The dependence on stain concentration
further confirmed that the reduced-threshold ASE was due to gain in the
iridophores. It has been suggested that Anderson localization can occur
in silvery fish iridophores [72]. The lack of low-threshold random laser
emission using the pumping scheme shown in Fig. 1 is indicative of
delocalized light over the entire gain envelope of RhB; however, results
could differ for fresh samples with the use of a cell-permeating fluo-
rescent dye and without the use of a nonaqueous vehicle. The absence of
random laser light emission without the aid of an external glass reflector
further suggests that even weak photon localization was negligible
under these experimental conditions. Thus, the increase in the
emitted-photon path lengths through the gain medium is the dominant
mechanism for the reduced ASE thresholds being reported.

5. TEM methods

The samples were fixed in a modified Karnovsky’s solution with 2%
paraformaldahyde (PFA), 2.5% glutaraldahyde (GA), and 0.1 M phos-
phate buffer and transported to the Franceschi Microscopy and Imaging
Center at Washington State University. After arrival, samples were
transferred into a 0.1 M phosphate buffer on cutting board. Each sample
was cut down to ~ 1 mm?, then placed back in the 2% PFA, 2.5% GA,
and 0.1 M phosphate buffer at 4 °C overnight. Samples were rinsed the
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following day three times (3 x ), 10 min each, with 0.1 M phosphate
buffer. The samples were then placed in 1% osmium tetroxide overnight
at 4 °C. After post-fixing with osmium, the samples were rinsed as before
and then dehydrated through an ethanol series (30%, 50%, 70%, 95%,
and 100%-3 x ) for 10 min each step. Samples were incubated in 100%
propylene oxide (PO) for 10 min, then infiltrated with propylene oxide:
Spurr’s resin at 2:1 overnight at room temperature. The following
morning the infiltration solution was increased to 1:1. The solution was
replaced with 100% Spurr’s resin at the end of the day and left overnight
at room temperature. After two more changes of 100% Spurr’s resin,
samples were polymerized in molds overnight at 70 °C. Thin sections
were cut using glass knives on a Reichert-Jung ultramicrotome. The
sections were picked up on a formvar coated slot grid, stained with 2%
uranyl acetate for 8 min, and then Reynolds lead for 8 min. Samples
were observed on an FEI T20 TEM using a 200 kV accelerating voltage.
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