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ABSTRACT

Scattering of light from randomly textured materials is ubiquitous and of great interest in biology and for diverse applications—including
filtering, light trapping in solar cells, and speckle photography. One attractive means to build these materials is by harnessing the complexity
present in structures of biological origin. Here, we report on the development of a random phase diffuser based on intertwined filamentous
cells (hyphae) of the fungus Trichoderma atroviride. A fungal colony (mycelium) is grown on the surface of a gel medium, and then
removed, fixated, and dehydrated, resulting in a free-standing, two-dimensional random mesh (1 cm� 1 cm� 5lm) composed of rigid
hyphae separated by air gaps. A laser beam incident on the bioplate results in speckle patterns of nearly equal intensity in transmission and
reflection. By modeling the bioplate as composed of optical phase elements and computing Fraunhofer diffraction, we recover the overall
shape of the observed diffuse light spot. As the hyphal density composing the sample is increased, all optical power is in the speckle pattern,
and approximate Lambertian transmissivity is reached. Altogether, our observations suggest that a planar fungal colony can scatter light effi-
ciently by imparting a random phase. These results underscore the potential of a biological structure to develop optical elements and to use
light scattering to evaluate morphology in complex structures—such as filamentous mycelia.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143619

Scattering of light by randomly textured materials is ubiquitously
present in everyday experience (even in mirrors), and light patterns
resulting from this phenomenon contain essential information regard-
ing the composition and morphology of materials from which light is
reflected or transmitted. Accordingly, the study of randomness in opti-
cally diffusing surfaces or diffractive elements is of great interest in
applications that include layers of random morphology to enhance
optical absorption in solar cells (light trapping),1–3 sensors developed
in speckle photography,4–6 and optical filters based on diffraction
gratings.7,8 From the optical point of view, the distinctive feature of
randomly textured materials is their ability to distribute light over all
scattering angles, and their associated speckle patterns can reflect neg-
ligible changes in the structure of the random texture.

One attractive strategy to develop random structures of optical
interest is the use of biological scaffolds. Biological systems offer abun-
dant architectures with diverse morphologies that can be exploited in
materials synthesis and functionalization. To date, a wide variety of
biological building blocks, such as DNA,9 proteins,10 viruses,11

bacteria,12 algae, insects,13 and fungi,14 have been used as biotemplates
with diverse physical properties. The micro- and nanostructures found
in biosystems offer rapid generation times, simple processes for growth
and preparation,15 and present both ordered,16 and irregular pat-
terns.17 The applications of schemes that mimic biological structures
are wide, ranging from electronics18 to manipulation in solar energy.19

While optical scattering produced by periodical arrays is a well-
studied process, there is considerably less research regarding random
diffraction produced by biological structures. Notably, it has been
found that certain types of coloration present in the wings of insects
and the feathers of birds are due to light scattering from non-periodic
and random structures.20–22 Furthermore, there is significant biotech-
nological interest in using light scattering to develop analytical tools
that characterize the highly complex morphology of filamentous fun-
gus of the type described below.23

In this study, we present fabrication and optical characterization
of an optical diffuser based on a biotemplate. To provide random
texture, we chose the filamentous fungus Trichoderma atroviride, an
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organism of interest in biotechnology and agriculture.24 In filamentous
fungi, cells are arranged as filaments (known as hyphae), and vegeta-
tive growth consists of hyphae elongating at the apices and undergoing
branching. The colony that develops is the mycelium—a collective of
highly intertwined filamentous hyphae. We show that planar mycelia
can act as optical diffractive plates of the phase kind, and control of
the hyphal density results in efficient transfer of optical power to the
scattered light.

We grow two-dimensional T. atroviride colonies in Petri dishes
[Fig. 1(a)] by inoculating conidia (�10-lm diameter spores) at the
center of 8-cm diameter cellophane disks placed directly over the
potato dextrose agar (PDA) solid medium. Inoculation of T. atroviride
on cellophane paper allowed us to separate the fungal film without
compromising its structure. Colonies were developed at 28 �C under
dark conditions; the absence of light ensured vegetative growth (avoid-
ing the development of asexual reproduction structures),25 thus main-
taining a mycelium composed exclusively of intertwined hyphae.
Under these conditions, the mycelium exhibits radial growth in the
plate [Fig. 1(b)].

The fabrication process is shown in Fig. 1(c). All chemicals were
purchased from Sigma Aldrich, except where indicated. Fungal cul-
tures were grown for 36 h, well before the colony filled the plate

[see Fig. 1(b)], therefore ensuring a healthy and reproducible structure.
In an aseptic environment, �100mm2 areas of cellophane with young
mycelium were trimmed (from the edge of the colony) for further
treatment. The mycelium cuttings were fixed in 4% paraformaldehyde
(PFA) diluted in phosphate-buffered saline (PBS) for 4 h. Samples
were washed by rinsing three times with PBS for 15min each and then
dehydrated in graded ethanol (35%, 50%, 75%, and 95% ETOH and
two exchanges of anhydrous 100% ETOH) followed by two exchanges
in anhydrous acetone. Finally, samples were left to dry onto micro-
scope slides. This preparation produced free-standing pellicles,
although most of the observations reported here were performed by
sandwiching samples between a glass slide and a coverslip. The sand-
wich condition protects the otherwise fragile samples, extending the
useful life of the bioplate to several months.

Figure 2(a) presents the resulting bioplate. Observation under the
bright-field (BF) optical microscope [Fig. 2(b)] reveals an intricate
mesh formed by filaments and interspaces of irregular size and shapes.
The arrangement of hyphae has a broad distribution of spatial fre-
quencies with no discernable periodic components [Fig. 2(c)] and
wide histograms of inter-hyphal space area [Figs. 2(d)–2(f)]. Samples
show a spatial gradient in the density of hyphae (in the mm range):
low, middle, and high, at 0, �3, and �6–10mm into the colony from
the edge, respectively [Figs. 2(d)–2(f)]. Moreover, from scanning elec-
tron microscopy (SEM) micrographs (obtained by mounting�5mm2

free-standing bioplates on carbon tape; FEI Quanta 250, 80 Pa,
8–12 kV), hyphae are seen to be embedded in the PFA matrix and
leaving the irregular inter-hyphae spaces empty [Fig. 2(g)].

From the SEM images, we assess that the thickness of our sam-
ples is �5lm [Fig. 2(h)]. We performed another, independent mea-
surement of the sample thickness by using the glass slide and coverslip
enclosing a bioplate as an etalon. As this configuration was illuminated
with a laser beam (k ¼ 450nm), light reflecting from the inner
(uncoated) glass surfaces of the enclosure underwent interference at a
projection screen located a distance l from the etalon, thus producing
well-known concentric circular fringes. In the small angle approxima-
tion, the distance between the glass surfaces (and, therefore, the thick-
ness of the bioplate) is s ¼ kl2=ðy2m � y2mþ1Þ, where ym is the radius of
the mth fringe. By measuring the radii of these fringes, the thickness
was measured, s ¼ 5.96 0.6 lm. Altogether, these results show that
the bioplates are two dimensional (with typical dimensions
5mm� 5mm� 6lm), the structure is formed essentially by two
types of elements: hyphae and inter-hyphae empty spaces, and the dis-
tribution of these elements is random.

To evaluate the optical properties of our bioplate, we first mea-
sured the transmittance (T) and reflectance (R) properties of the sam-
ple with a high density of hyphae [Fig. 3(a)]. The R–T curve was
measured using an integrating sphere (Newport, 819C-SF-4) with
Spectraflect as the inner-sphere material (96%–98% reflectivity from
400 to 800nm). Diffuse light measurements were performed with a
spectrometer coupled to the integrating sphere, showing samples with
�60% and 40% transmittance and reflectance, respectively, in the
450–900nm spectral range with little optical absorbance. Next, we
built an optical setup to characterize the patterns of diffuse light pro-
duced by the bioplates under coherent illumination [Fig. 3(b)]. A He-
Ne laser beam (k ¼ 632.8 nm, Thorlabs HNL150RB) with a Gaussian
profile (800 lm in width) incident on the plates results in a speckle
pattern both in transmission and reflection with a wide angular

FIG. 1. Biological sample and its preparation. (a) Colony of T. atroviride grown on
cellophane in PDA plates for 36 h at 28 �C in dark conditions (scale bar, 20 mm).
(b) Fungal colony diameter over time. The vertical dashed line indicates the typical
time when samples were taken for subsequent preparation. (c) Schematic repre-
sentation for the fabrication procedure of the bioplate based on the fungus T.
atroviride.
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distribution. In transmission, at increased hyphal densities, the central
undeflected laser spot vanishes [Fig. 3(b)], indicative of high scattering
efficiency.

The intensity pattern produced by the diffuser is not circular
[Figs. 4(a) and 4(b)], indicating that light is not undergoing multiple

scattering at the plate. Furthermore, as little absorption is observed
[Fig. 3(a)], we conclude that the plate mainly acts by imparting phase
to incoming light. To test this hypothesis, we consider the plate as a
spatial arrangement of phase-imparting elements (the hyphae) and
compute the expected Fraunhofer diffraction pattern resulting from a

FIG. 2. Morphology of the bioplate fabricated from fungal mycelium. (a) Macroscopic view of the bioplate on a microscope slide (scale bar, 10 mm). (b) Bright-field (BF) micros-
copy shows the superficial texture of the bioplate (scale bar, 200 lm). (c) Fourier-transform of the image in (b). (d)–(f) Binarized, BF micrographs show low (d), medium (e),
and high (f) hyphal densities; white color corresponds to fungal hyphae. Scale bar, 200lm. The bottom row shows the corresponding histograms of the inter-hyphal space
area, together with an exponential fit (blue lines); mean values of the inter-hyphal space area from the fit: 8946 32 lm2 (low), 1456 8 lm2 (medium), and 306 2 lm2

(high). (g)–(h) SEM micrographs of the bioplate. Scale bar, 100 lm (g) and 10lm (h).
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monochromatic plane wave (wavelength k) incident on the arranged
phase elements. The hyphal arrangement is obtained from a bright-
field microscopy digital image of the bioplate and, to compare against
experimental results, the experimental diffusive pattern is recorded
using a laser beam passing through the same imaged region. To use
the digital image to compute diffracted light, we regard the bioplate as
a holographic diffuser,26 where the phase information is obtained
from the image (see below).

Using the above considerations, we consider a plane wave
incident on a collection of identical square apertures (correspond-
ing to the pixels in the image) each acting as a phase element. The
square aperture located at coordinate ðl;mÞ will impart a phase
Uðl;mÞ onto the transmitted wave. The scattered field strength27

results from the sum over all (2Mþ 1) � (2Nþ 1) square pixels in
the digital image,

U x; y; zð Þ ¼
eikzeik x2þy2ð Þ=2z

ikz
F
� XM

m¼�M

XL
l¼�L

rect
n� 2lw
2w

� �

� rect
g� 2mw

2w

� �
eiU l;mð Þ

������ fx ¼ x
kz

fy ¼ y
kz

; (1)

where w is the half-width of pixels in the digital image, n and g are the
orthogonal directions in the sample plane, k ¼ 2p=k, i ¼

ffiffiffiffiffiffi
�1
p

, and
F is the Fourier transform operation. The phase imparted by each
square aperture of the bioplate is modeled simply as U l;mð Þ ¼ ksnl;m,
where s is the thickness of the bioplate and nl;m is the refractive index
of the square element with coordinate ðl;mÞ. Evaluation of the trans-
form in Eq. (1) yields

U x; y; zð Þ ¼ U0sinc
2xwx

kz

� �
sinc

2ywy

kz

� �

�
XM

m¼�M

XL
l¼�L

eik snl;m�2 xwxlþywymð Þ=z½ �: (2)

To obtain the refractive index map (nl;m) from a digital image of the
bioplate, we perform the following image processing operations. First,
we remove the background and normalize the gray-level histogram of
the image; then, an nl;m value is assigned to each pixel (l,m) using a lin-
ear relationship between n and the image gray level such that n¼ 1.52
for max(gray values) and n¼ 1.0 for min(gray values). In this approxi-
mation, we assume that the gray-level intensity of the image scales lin-
early with the refractive index. The maximum value n¼ 1.52 is used
here as it has been found for fixed filamentous fungal samples.28 The
final light intensity distribution I x; yð Þ to be compared with the exper-
iment results from I x; yð Þ ¼ U x; y; zð Þ

�� ��2, using Eq. (2) with z¼ 1 m.
A comparison of the observed diffusive light pattern with the

result of the model reveals that the two patterns show qualitative
agreement in the overall shape [Figs. 4(b) and 4(c)]. The disposition of
hyphae in the sample [Fig. 4(a)] shows the random orientation super-
posed to a preferred direction—presumably related to the radial net
direction of growth at the colony level; this cellular organization results
in an elongated diffraction pattern whose main axis is rotated p/2 with
respect to the preferred hyphal orientation. In both experiment and
model, a dense and extended speckle pattern is observed, indicating a
wide, random distribution of spatial frequencies in the sample.
Provided that transmission diffusers produce light patterns whose
characteristics depend on a number of factors (such as shadowing,
refraction, and multiple scattering), and the bioplate is not exactly pla-
nar, the agreement of experiment with the results of our oversimplified
model is remarkable and support the notion that the bioplate acts as
an effective random diffuser of the phase kind.

We next aimed to evaluate the scattered light distribution pro-
duced by the fabricated bioplate. Using the home-made setup shown
in Fig. 3(b), we measured the intensity of diffracted light as a function
of the scattering angle for normal laser incidence (Fig. 5). A He-Ne
laser beam (k ¼ 633nm) was used for illumination, and the light
intensity was recorded using a Si photodiode (Thorlabs DET110, 3.62

mm2 active area) armed with an interference filter (6336 20nm). To
perform angular measurements, the photodiode is located at a distance
of 115mm from the bioplate and mounted on a stepped motor
(NEMA-17, with its rotation axis centered at the intersection of the

FIG. 3. (a) Reflectance (R) and transmittance (T) spectrum of the bioplate. (b)
Schematic of the optical setup built to characterize the plate. A laser beam (red)
impinges on the sample (blue), resulting in a wide-angled diffraction pattern that
hits a translucent screen (upper right image), which is imaged by a digital camera
(DSRL). The hyphal morphology responsible for the observed speckle pattern is
imaged by inserting a bright field (BF) arm (green square) into the main optical
axis; BF is adjusted for Kohler alignment. The side view shows the details of the
photodiode (PD) mount to measure the angular distribution of the light intensity. M:
mirror; WP: waveplate; PBS: polarization beam splitter cube; D: iris diaphragm; OL:
objective lens; TL: tube lens.
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sample plane and the laser illumination beam, controlled via computer
using an Arduino interface). A broad angular distribution is observed
(Fig. 5) with width increasing as the hyphal density increases, in accor-
dance with the expected behavior of a diffraction plate. In the densest
probed sample [Fig. 5(c)], the undeflected beam vanishes, and nearly
all optical power is distributed within the scattering pattern. This
behavior signals a high-efficiency diffusive plate and suggests that
Lambertian transmittivity can be achieved at the saturating hyphal
density. Interestingly, as our measurements reach wide diffraction
angles [see Fig. 5(c)], we notice significant diffractive power in reflec-
tion. This behavior, together with the nearly 50%–50% R–T curve dis-
played in Fig. 3(a), indicates that our bioplate is an excellent diffractive
element able to distribute light power into nearly all angles.

Altogether, we have developed a randomly textured material with
diffusive properties provided by a natural substrate. Our bioplate dem-
onstrates simple, replicable, and cost-effective fabrication of a random
phase diffractive element that can be morphologically modulated by
adjusting fungal growth times. This approach contrasts with special-
ized procedures typically used in the construction of periodic and geo-
metric micropatterns. One recently developed method to achieve
ultrathin (subwavelength-thick) diffusers uses electron-beam lithogra-
phy and reactive-ion etching to sculpt dielectric metasurfaces.29 In our
case, straightforward fabrication achieves thin (<10lm in thickness)

plates with efficient and nearly Lambertian optical diffusive behavior
at a minimal cost (<1 USD per sample). The bioplate presented here
could have potential application in flat photonic devices. In light trap-
ping, for example, mold transfer and roll-to-roll processing30 could
produce copies of our random diffraction diffuser to be incorporated
in solar cells. Apart from potential applications in light management,
our results on the optical properties shown by mycelia grown on surfa-
ces bear biotechnological interest. Indeed, we have shown that the
hyphal density determines the efficiency and spread of the diffusive
pattern. This characteristic could be used to record scattered light pat-
terns and evaluate from them the complex fungal morphology31 with-
out resorting to optical microscopy and image processing methods.32

Previous experiments have shown a linear correlation between the
intensity of backscattered light and the mycelium dry weight.23 We
speculate that analysis of the diffusive light patterns of the kind
reported in the present work could be used to evaluate in-vivo hyphal
density or other mycelial complexity metrics such as fractal dimen-
sion.33 We will explore this possibility in future studies.

Finally, our work parallels previous efforts that use micro-
organisms as bio-templates, such as studies that use bacteria to direct
the construction of hollow TiO2 structures applied for light harvesting
through scattering.34 Supported by substrates, these bioplates consti-
tute excellent molds to be reproduced. Future improvements to our

FIG. 4. Comparison of the computed and observed diffraction pattern produced by the bioplate. (a) BF image of the hyphal distribution composing the biological template.
Field of view, 840� 840 lm2. (b) Experimental diffusive pattern produced by a laser beam impinging on the bioplate area shown in (a). (c) Diffraction pattern computed from
the bioplate area shown in (a). Images shown after background removal. Field of view in (b) and (c), 10� 10 cm2.

FIG. 5. Angular distribution of the diffusive pattern from the T. atroviride bioplate. Voltage photodiode is shown. The distribution broadens as the hyphal density increases from
low (a) to medium (b) to high (c). Notably in (c), the transmitted laser spot is not noticeable, indicating a highly efficient diffuser.
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work should include achieving a self-standing device; here, the
mechanical properties of our fixated mycelium could be enhanced to
ease handling. One attractive possibility is to introduce metallic coat-
ings on our film. This approach offers additional possibilities of use for
our bioplate, in sensing, optical devices, surface-enhanced Raman scat-
tering, etc. The implementation of natural patterns in the field of opti-
cal diffusers or diffraction devices remains a vast area of study.
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