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We explore the electromagnetic response of the pellicle of selected species of euglenoids. These microorganisms
are bounded by a typical surface pellicle formed by S-shaped overlapping bands that resemble a corrugated film.
We investigate the role played by this structure in the protection of the cell against UV radiation. By considering
the pellicle as a periodically corrugated film of finite thickness, we applied the C-method to compute the reflec-
tance spectra. The far-field results revealed reflectance peaks with a Q-factor larger than 10° in the UV region for
all the illumination conditions investigated. The resonant behavior responsible for this enhancement has also
been illustrated by near-field computations performed by a photonic simulation method. These results confirm
that the corrugated pellicle of euglenoids shields the cell from harmful UV radiation and open up new possibilities

for the design of highly UV-reflective surfaces.
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1. INTRODUCTION

Evolutionary processes in living organisms have developed a re-
markable variety of intricate and detailed structures that exhibit
singular electromagnetic properties. Depending on the optical
mechanisms involved, the interaction of light with these complex
microstructures produces different effects, such as iridescent col-
ors, metallic appearance, and extremely pure colors [1-5]. It is
not only visual effects that can be generated; depending on the
typical size of the geometrical parameters of the structure, inter-
esting features can be found in regions of the spectrum other
than the visible, such as the ultraviolet (UV) and the infrared.
These features might be employed by the owner species for
thermal regulation and UV protection. For instance, the high-
altitude flower Leontopodium alpinum (Edelweiss) has a UV pro-
tection mechanism based on the use of guided modes along
fibers containing UV-absorbing material, which have nanomet-
ric photonic structures acting as wavelength-selective couplers
[6,7]. The jumping spider Cosmophasis umbratica produces a
UV reflection peak that is very important in mating displays
[8], and also UV-reflecting decorations in spider webs have been
reported to act as a visual display that attracts prey [9].
Euglenoids are a group of predominantly free-living unicel-
lular flagellates that mostly live in freshwater bodies but can also
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be found in marine and brackish waters. These organisms show
a typical surface structure that distinguishes them from the
other flagellates: most cells are bounded by a pellicular complex
formed by overlapping bands (strips), which have a stable maxi-
mum number for each species and can be arranged either lon-
gitudinally or helicoidally. It is well known that euglenoids have
developed numerous protection mechanisms intended to avoid
or reduce the damage produced by UV radiation. The most
studied ones are of chemical origin, such as the production
of pigments and the repair mechanisms in hours of darkness
as well as during daylight [10-13].

In a previous work, we determined the cell viability of three
species of euglenoids after a UV radiation treatment. Basically,
this study showed that the species Euglena gracilis and Peranema
trichophorum, which have a regularly corrugated pellicle, mostly
survive UV radiation, whereas Monomorphyna megalopsis,
whose pellicle exhibits large planar regions (in comparison
to the UV wavelengths), does not [14]. Prompted by this result,
we also explored the possible protection that could provide the
surface pellicle against UV radiation from an electromagnetic
point of view, by modeling the cell surface as a periodic inter-
face of various shapes between two semi-infinite media [14,15],
and also by considering the whole cell as an infinite cylinder
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with a transverse cross section that resembles the euglenoid’s
profile [16]. Previous results suggest that the periodically pat-
terned interface could potentially contribute to the UV protec-
tion of the cell, and that the pellicle characteristics (depth,
period, shape) are critical parameters that strongly affect the
electromagnetic response. It is important to remark that in
these studies the thickness of the pellicle was neglected, and
only the effect of its corrugations was evaluated. However, it
has been reported that models representing the microalga as
a coated sphere, where the coating represents the cell wall,
can better reproduce its scattering properties than a bare homo-
geneous sphere [17].

To gain further insight into the influence of the corrugated
pellicle on the electromagnetic performance, in this paper we
refine our model and consider the pellicle as a periodically
corrugated film of finite thickness. We apply the C-method
[18-22] to calculate the reflected response of the structure
for different angles of incidence (in classical as well as in conical
mounting) and for different polarization modes. We also inves-
tigate the near field in the vicinity of the structure. To perform
this calculation, we employ a photonic simulation method
(PSM) especially suitable for dealing with complex biological
structures [23].

The organization of the paper is as follows. The character-
istics of the structure under study are shown in Section 2. These
features are employed in Section 3 to establish the geometrical
model employed for the calculations. In this section we also
outline the electromagnetic methods employed to solve the
diffraction problem: the C-method and the PSM. The results
obtained are shown in Section 4, where we include far-field
computations of reflectance for different incidence angles
and polarization modes, as well as near-field maps for resonant
and nonresonant wavelengths. Finally, concluding remarks are
given in Section 5.

2. STRUCTURE CHARACTERIZATION

Figure 1 shows transmission electron microscopy (TEM)
images of E. gracilis and P. trichophorum cells, and detailed im-
ages of their pellicles. These images were taken by a ZEISS EM
10 electron microscope available in the Electron Microscopy
Service of the Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires. It can be observed that the profile
of the pellicles exhibits a quite regular pattern that resembles a
corrugated film. However, as expected for natural structures,
the distance between adjacent grooves varies from one individ-
ual to another, and even in different regions within the same
pellicle. According to measurements done in images of several
individuals of E. gracilis and P. trichophorum, the reported peri-
ods range between 0.1 and 0.6 pm, their depths vary between
0.04 and 0.4 pm [15], and their thicknesses between 0.004
and 0.9 pm.

For the case of E. gracilis, the refractive indices of the com-
ponents of the pellicle complex and the plasmatic membrane
range between 1.46 and 1.6 [24]. These values correspond to
the visible range; measurements of the refractive indices in the
UV region are not found in the literature. Since the pellicle is a
highly conserved character in euglenoids, it can be assumed that
the pellicles of other species such as P. #richophorum have a
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Fig. 1. TEM images of the species under study. (A) Euglena gracilis
cell and (B) detailed image of its pellicle, (C) Peranema trichophorum
cell and (D) detailed image of its pellicle. P, paramylon; Nu, nucleus;
Ch, chloroplast; Mi, mitochondria; R, reservoir. The scale bars are
indicated in each figure.

similar composition. On the other hand, the refractive indices
of the intracellular organelles constituting the eukaryotic micro-
algae (nucleus, mitochondria, cytoplasm, chloroplast) range

between 1.36 and 1.6 [17,25-29].

3. CONFIGURATION AND METHODS

Since we are interested in exploring the specific role of the finite
thickness of the pellicle and that of the periodic pattern in the
protection mechanism, we assume that the pellicle is a perfectly
periodic corrugated thin film of finite thickness that separates
the external medium from the interior of the cell (see Fig. 2).

A. C-method
The geometry of the problem is shown in Fig. 2. The regions

¥ > 9,(x), y(x) <y <y,(x), and y <y,(x) are filled by

4 ~ /\X/YH\<Y2(X)
‘ l/ /\_ﬁ}\/\\_/\ I

o y(x)

Fig. 2. Geometry of the diffraction problem.
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homogeneous and lossless dielectric materials with refractive
indices 7y, 7,, and 73, respectively. The grooves of the grating
are along the z axis, and the y axis is perpendicular to the mean
surface of the grating. A linearly polarized electromagnetic
plane wave is incident from medium 1 at an angle 6 with re-
spect to the y axis; ¢ is the angle between the xy plane and the
plane of incidence. The angular frequency is w = ck = 27 /4,
where ¢ is the velocity of light in vacuum and 4 is the wave-
length in vacuum. The grating surface y = y,(x) is periodic
such that y, (x £ d) = y,(x) with 4 as the period, and the coat-
ing thickness e is uniform so that y,(x) = y,(x) + e.

To solve the electromagnetic problem, we used a computer
code based on the C-method, the details of which are available
elsewhere [18-22]. The main idea of the C-method is to
simplify the boundary conditions by using a nonorthogonal
curvilinear coordinate transformation that maps the grating in-
terfaces onto planes. The numerical code yields the efficiencies
of the reflected and transmitted diffraction orders, wherefrom
the total reflectance and total transmittance for TE and
TM polarizations are obtained. Although our computational
method is suitable for grooves of arbitrary shape, for the
purpose of this paper we chose to restrict our attention to
sinusoidal gratings with groove depth A.

B. Photonic Simulation Method
The PSM simulates the propagation of electromagnetic waves
via an analogy with the propagation of transverse mechanical
waves in a planar network of particles coupled by elastic springs
[23,30]. The movement of the particles is constrained to the
transverse direction (z), i.e., to the direction normal to the
plane of the two-dimensional array, the (x, y) plane. A wave
is generated by applying a transverse external force to certain
particles. For a highly dense array, the system can be regarded
as a continuous medium representing a tensioned elastic mem-
brane with mass density p(x;, y). The time evolution of the sys-
tem is described by the following wave equation:
2

04 Ty 104 E (1)
ot U uor u
where A = A(x, y, t) is the position along the z axis of a differ-
ential element of the membrane, 7 is the tension of the mem-
brane, y = y(x, y) is a damping constant, and £, = E,(x, y) is
the time-varying applied external force. v = /7" /p represents
the speed of the waves. In analogy with optics, regions with
mass density 4, can be identified with vacuum, i.e., a medium
of refractive index 7y = 1, whereas a region with an arbitrary
mass density u corresponds to a medium with a real part of the
refractive index 7 = \/pu/py. This approach can be applied to
two-dimensional problems involving dielectric materials illumi-
nated by TE-polarized light. Further details can be found
in [23,30].

4. RESULTS

In order to elucidate whether the pellicle of the cell plays a pro-
tective role against UV radiation, in this section we explore its
electromagnetic response along the UV and visible ranges. In
the examples below we illustrate the behavior of such a struc-
ture for typical parameters (depth-to-period ratio, refractive

indices) found in the studied species of euglenoids, and analyze
the response for different incidence angles and polarization
modes. We first investigate the far-field response of the struc-
ture, and then we compute the near field for resonant and
nonresonant situations.

A. Far Field

A perfectly periodic corrugated thin film constitutes a simpli-
fied model to investigate the electromagnetic response of the
euglenoid’s pellicle. In particular, the reflectance of the struc-
ture in the UV and visible ranges provides information about
a potential protection mechanism of structural origin provided
by the cell’s pellicle.

Since euglenoids are aquatic organisms, the refractive index
of the incidence medium (7;) is set to be 1.35, which corre-
sponds to the average refractive index of water in the near-UV
range [31]. Regarding the refractive index of the interior of
the cell, several recent works have been devoted to improving
the modeling of eukaryotic microalgae in order to accurately
predict their electromagnetic response [17,26-29]. One of
the proposed models consists of a homogeneous sphere char-
acterized by an effective refractive index calculated from the
optical properties of the different organelles [17,26,28,29].
In these works, the authors also present an improved model
of a coated sphere with a coating corresponding to the cell wall
and a homogenecous core with a volume-averaged refractive
index. The effect of the cell wall on the scattering coefficient
was also studied in Ref. [27]. Taking into account the reported
values of the refractive indices of the cell wall and core, we
assumed for the pellicle 7, = 1.5, and for medium 3, which
corresponds to the cell core, we used 7; = 1.38 and 1.4 to
consider possible variations within the UV range.

In Fig. 3 we plot the total reflectance (R) spectra of a peri-
odic corrugated film like that shown in Fig. 2, with
hld =127, e/d = 0.3, n; = 1.35, and n, = 1.5, illumi-
nated in classical mounting (the incidence plane, which
includes the incident wave vector and the y axis, coincides with
the main section of the structure), ie., ¢ = 0 (see Fig. 2).
Figures 3(a) and 3(b) correspond to 73 = 1.38, whereas
Figs. 3(c) and 3(d) correspond to 73 = 1.4. We consider dif-
ferent incidence angles 6 and both polarization modes: TE
[Figs. 3(a) and 3(c)] and TM [Figs. 3(b) and 3(d)]. The range
of A/d was chosen to include the UV region for typical values
of the pellicle’s period. It is observed that in all cases the re-
flected response is characterized by a set of peaks with very high
reflectance, distributed all along the range of wavelengths con-
sidered. By defining the quality factor as Q = A,.,/AA, with
Ares being the peak wavelength and A the total width at
half-maximum, the Q-factors of the main peaks in Fig. 3 take
values larger than 10°. These peaks correspond to Fano reso-
nances that originate at the film surface. Fano resonances are
characterized by an asymmetric line profile, and this asymmetry
originates from the close coexistence of resonant transmission
and resonant reflection and can be reduced to the interaction of
a discrete (localized) state with a continuum of propagation
modes [32,33]. The peaks shown in Fig. 3 are similar to those
found in [6], and, as expected, their intensity varies with the
incidence angle and polarization mode.
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Fig. 3. Reflectance of a periodic corrugated film with 4/d = 1.27, ¢/d = 0.3, n; = 1.35, and #, = 1.5, illuminated at classical mounting, for
several values of 0. (a) 73 = 1.38, TE polarization, (b) 73 = 1.38, TM polarization, (c) 73 = 1.4, TE polarization, (d) 7; = 1.4, TM polarization.
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Fig. 4. Reflectance of a periodic corrugated film with 5/d = 1.27, ¢/d = 0.3, n; = 1.35, and 7, = 1.5, illuminated at conical mounting, with
6 = 45° and for several values of ¢. (a) 73 = 1.38, TE polarization, (b) 73 = 1.38, TM polarization, (c) 73 = 1.4, TE polarization, (d) 73 = 1.4,

TM polarization.
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Similar behavior is found when conical mounting illumina-
tion conditions are considered, i.e., when the incidence plane
forms an angle ¢ with the main section of the structure, as
shown in Fig. 4 for both polarization modes. The existence
of such peaks reveals a resonant coupling between the incident
radiation and the modes supported by the finite-thickness
corrugated film. More specifically, these peaks are spectrally
located near the Rayleigh anomalies (RAs) [34], i.e., the wave-
lengths at which a grazing diffraction order propagates along
the structure. The RA wavelengths are obtained by imposing
a grazing p diffraction order (6, = 90°) in the grating equation
obtained via application of the pseudoperiodicity condition on
the tangential electromagnetic fields. In the case of conical
mounting, this condition takes the form

prc wd (13 - n})
4rep sin @ downy sin @ 4rpn sin 6

wn, cos® Od

cos ¢p = 2

for the transmitted diffraction orders, and for the reflected ones
the same relationship holds, but without the third term. In
Eq. (2), ¢ is the velocity of light in vacuum. In addition, if
n; = n3, the third term in Eq. (2) vanishes, and then the
conditions for grazing reflected and transmitted orders become

=)
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identical. Equation (2) gives the pairs of incidence angles (0, ¢)
for which the p diffraction order propagates along the surface
given 7y, n3, and @.

In Figs. 5 and 6 we plot Eq. (2) for the grazing transmitted
and reflected diffraction orders. Figure 5 shows the trajectories
of the grazing orders in the (6 - 1/4) plane for fixed values
of ¢: 0° [classical mounting, Fig. 5(a)], 30° [Fig. 5(b)], 45°
[Fig. 5(c)], and 60° [Fig. 5(d)]. In Fig. 6 we consider four values
of @ and plot the trajectories in the (¢p - 1/d) plane. The solid
lines correspond to reflected orders, and the dotted lines to
transmitted orders. The label near each curve indicates the p
grazing order and its type, reflected (R) or transmitted (T).
Notice that the paths of the reflected and the transmitted orders
are slightly different because the incident and the transmission
media have refractive indices that differ only by 0.03. It is im-
portant to note that the trajectories shown in Figs. 5 and 6 are
independent of the polarization mode, meaning that the RAs’
wavelengths coincide for both TE and TM polarizations. These
figures help correlate the spectral locations of the resonant
peaks with the surface modes of the grating. For instance,
Fig. 5(a) can be compared with Fig. 3. Each horizontal dashed
line indicated in Fig. 5(a) corresponds to a particular value of 6.
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Fig. 5. Trajectories of the Rayleigh anomalies in the 6 - 1/4 plane for several values of ¢: (a) 0°, (b) 30°, (c) 45°, and (d) 60°. The shaded zone in

(a) corresponds to the amplified region shown in Fig. 7(b).
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Fig. 6. Trajectories of the Rayleigh anomalies in the ¢ - 1 plane for several values of : (a) 30°, (b) 45°, (c) 60°, and (d) 75°. The shaded zone in

(d) corresponds to the amplified region shown in Fig. 7(d).

For example, the lowest dashed line at @ = 0 can be related
with the black squares curves in Figs. 3(a) and 3(b). A clear
correspondence between the spectral locations of the peaks
and the RA condition is observed. The maxima in Fig. 3 that
exhibit a double peak, for instance, for @ = 60° can be asso-
ciated with both the reflected and the transmitted RAs for the
same order. This behavior is also found for ¢ # 0, i.e., under
conical mounting illumination, as observed in Fig. 6(b)
(@ = 45°), which can be compared with Figs. 4(a) and 4(b).
The horizontal dashed lines in Fig. 6(b) indicate the values
of ¢ considered in Fig. 4. The vertical dashed lines in
Figs. 5 and 6 at A/d = 1.2 provide a reference for the spectral
limit between the UV and the visible ranges (A = 380 nm) for
d = 314 nm, which is a typical value of the period found in
the euglenoids pellicle. However, since the measured values of
the period range between 100 and 600 nm, the UV limit could
reach 1/d = 2.4. Taking into account all four panels in Figs. 5
and 6, it is observed that there is a higher concentration of RAs
for shorter wavelengths, which, in turn, produce more resonant
reflectance peaks within this spectral region.

It is evident that the reflectance peaks originate from reso-
nant coupling between the grazing diffraction orders and the
eigenmodes of the grating. In order to get more insight into
the role played by each type of diffraction order (R or T) in
the generation of the reflectance peaks, in Fig. 7 we show color
maps of total reflectance R for the cases illustrated in Figs. 5(a)
and 6(d) for TE polarization. In Fig. 7(a) we consider ¢p = 0°
and vary 6 and A/d, and in Fig. 7(c) 6 = 75°, and ¢ and 1/d
are varied. For these maps, we scan the variables over a reduced
region indicated by a shaded zone in Figs. 5(a) and 6(d),
respectively. For clarity, the corresponding plots of RAs are
shown in Figs. 7(b) and 7(d).

The correlation between the spectral locations of the reflec-
tance peaks and the corresponding RAs is evident. It is observed
that the highest-quality peaks [thin lines in Figs. 7(a) and 7(c)]
correspond to the grazing transmitted orders, indicated by dotted
lines in Figs. 7(b) and 7(d). However, the grazing reflected orders
give rise to secondary, lower-quality peaks with Q-factors of the
order of 50 (wider bands with much lower intensity next to the

fine peaks), as also observed in Figs. 3 and 4 for large values of 6.
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Fig. 7. Comparison between the total reflected efficiency and the spectral location of Rayleigh anomalies for a grating with 4/d = 1.27,
e/d = 0.3, n; = 1.35, n, = 1.5, and n3 = 1.38. (a) Color map of total reflected efficiency as a function of 1/d and 0 for ¢ = 0° and TE polari-
zation. Notice that the lower (0 < 50°) and the upper (@ > 50°) parts of this figure have different color scales; in the lower region the color scale is
saturated at a maximum of 0.05 (red) to better visualize the features of the plot. (b) Trajectories of the Rayleigh anomalies in the 0 - 1/d plane for
¢ = 0° (c) color map of total reflected efficiency as a function of 1/d and ¢ for & = 75° and TE polarization, (d) trajectories of the Rayleigh

anomalies in the ¢ - 1/d plane for 0 = 75°.

B. Near Field

It is also interesting to compare the near-field distributions in
and out of resonance. For this purpose, we employed the PSM
to compute the electric field in the vicinity of the grating for
0 = ¢ = 0. Taking into account that the PSM is an essentially
numerical method, the simulation domain and the width of the
incident beam should be finite. For this calculation we consider
a rectangular domain of 31.84 x 104 (d is the grating period),
and the incident field is a Gaussian beam of width ¢ = 5.14.
The rest of the parameters are the same as those used in
the previous figures: h/d = 1.27, e/d = 0.3, n, = 1.35,

ny = 1.5, and n; = 1.38. In Fig. 8 we plot |Z?|2 for a resonant
case [Fig. 8(a)] and for a nonresonant case [Fig. 8(b)]. Both

plots are normalized to the maximum value of |75 |2 in Fig. 8(a),
so that the color scale is the same for both panels. The incident
beam comes from the top. In both cases the near field exhibits
intensification spots in the vicinity of the corrugated slab.
However, notice that in the resonant case these spots are found

at both sides of the film, i.e., at the incident and at the trans-
mission side of the film. The intensification at the incident
medium gives rise to an enhancement of the reflectance, as
observed in Figs. 3, 4, and 7. On the other hand, in the non-
resonant case the hot spots are only found in the transmission
medium. It is important to note that the PSM and the
C-method are complementary approaches, used here to address
different aspects of the same problem. Consequently, due to the
finite nature of the simulation domain in the PSM, the near-
field maps in Fig. 8 do not correspond, strictly speaking, to the
perfectly periodic system explored in the previous subsection.
Nevertheless, they serve as a qualitative confirmation of the
resonant behavior in corrugated films.

5. DISCUSSION AND CONCLUSIONS

We have investigated, from an electromagnetic point of view,
the role played by the euglenoid’s pellicle in the protection
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(b)

Fig. 8. Normalized near-field distribution (a) at resonance and (b) out of resonance. The grating and illumination parameters are »/d = 1.27,

e/d =03, ny =135, n, =15, n3 =1.38,0 =¢ =0° and 6 = 5.1d.

against UV radiation. We have modeled the pellicle as a cor-
rugated sinusoidal film of finite thickness and applied the
C-method to compute the reflectance spectra. To calculate
the electromagnetic response, it is necessary to introduce the
geometrical parameters of the pellicle (height, thickness,
period), the refractive indices of the media involved, and the
incidence conditions (angle of incidence, polarization). The
values of #/d and ¢/d used for the simulations have been ob-
tained from TEM images of E. gracilis and P. trichophorum.
The refractive indices of the different parts of the cell in the
UV range have been extrapolated from published data available
in the visible range. In their natural habitat euglenoids are ex-
posed to sunlight, and therefore they are illuminated under all
incidence angles and both polarization modes. Taking into ac-
count the fact that the electromagnetic behavior of the cell can
be computed as a continuous superposition of the individual
responses for each pair of angles of incidence (6, ¢), we have
chosen a few representative angles to calculate the reflectance
as a function of the wavelength. The far-field results revealed
very high Q reflectance peaks in the UV region for all the
illumination conditions investigated. These curves suggest that
the excitation of resonances within the corrugated pellicle
increases the reflectance. Therefore, this mechanism could con-
tribute to reducing the penetration of UV radiation into the
interior of the cell, thus minimizing the damage and increasing
the survival of these organisms. This resonant behavior has also
been illustrated by near-field computations.

The above results suggest that the first barriers of the eugle-
noid’s cell could play an important role in the protection against
UV radiation. The optical features found can be useful for
diverse technological applications. For instance, based on
structural mechanisms, biomimetic artificial structures are

being designed and developed that can produce a predesigned

effect [35], such as different kinds of fabrics that are being
explored to provide protection against UV radiation [36].

However, there are still several aspects that should be inves-
tigated. It is known that some species of euglenoids possess pig-
ments in their composition. Therefore, it would be worth
exploring the role of pigments in the electromagnetic response
of the cell. In the case of nonpigmented euglenoids such as P.
trichophorum, an increase in the reflectance necessarily implies a
reduction in the transmittance. It would also be interesting to
know if the pigments present in E. gracilis also contribute to its
protection against UV radiation. In this case, the absorptance of
the cell could be an additional indicator of this kind of protec-
tive mechanism.

The simplified model of a perfectly periodic corrugated film
used in this work assumes an effective refractive index for the
interior of the cell. Another interesting aspect to be considered
would be the variability of the refractive indices from point
to point of the cell. The PSM employed here for the compu-
tation of the near field could eventually account for these
inhomogeneities and also for the imperfections of the film
profile, thus providing a more accurate representation of the
sample. However, it should be mentioned that far-field
calculations employing the PSM are highly computationally
demanding.

Taking into account that these kinds of structures could
inspire the design of highly UV-reflective surfaces, it would also
be interesting to explore how the electromagnetic response is
affected by the geometry of the structure, in order to optimize
the profiles for maximum UV reflectance.

Funding. Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET) (PIP 112-201101-00451); Universidad
de Buenos Aires (UBA) (UBACyT 20020150100028BA).
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