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Could Edible Photonic Structures Be an Alternative to

Traditional Food Coloring?

Miguel A. Cerqueira,* Nicolas Vogel, Martin Lopez-Garcia, Krassimir P. Velikov,

Silvia Vignolini, and Lorenzo M. Pastrana

Color is a fundamental characteristic of food, shaping the perception and
influencing the expectations of flavor, freshness, and quality, and has been
helpful throughout evolution to distinguish nutritious sources from
potentially dangerous ones. Food producers have used these aspects to
enhance visual appeal, ensure product consistency, and compensate for color
loss during processing, but the use of food colorants has come under
increasing scrutiny in recent years due to safety concerns. Therefore, there is
a demand for new strategies toward food colorants. In this perspective, the
focus is on the potential of structural color in food applications. Distinct
advantages over available colorants are introduced, recent advances in edible
photonic materials are highlighted, and key challenges and requirements
along the entire process chain with the goal of fostering research and
innovation in this emerging interdisciplinary field are critically discussed.

1. The Role of Color in Food

“You eat with your eyes first” is a well-known saying among
chefs that refers to the fact that we only eat foods that look
appetizing.['?] Color cues are everywhere around us, and like ev-
ery other animal, we are strongly affected by them.’) In food,
color is much more than mere aesthetics or appeal; it is in-
timately linked to our experience while eating. It has been
shown that the food’s color stimulates appetite, enhances the

perceived flavor, and can impact
consumers’ emotional and cultural
connections.*®l In processed products,
synthetic colorants are used to enhance
sensory aspects and consumer experi-
ence, or to restore the original color of
the ingredients. The food industry has
suffered several challenges in recent years,
with regulators and consumers increas-
ingly demanding natural, environmentally
friendly, and safer food colorants.®! This
demand is driven by consumer interest
in healthy and sustainable food products,
where the clean label concept has invested
considerable effort in research and devel-
opment to find alternatives to traditional
additives and ingredients.'®!!l One of
the main concerns regarding colorants is
the associated consequences for human
health, where some food colorants have been linked to neu-
robehavioral effects in children.'>!3] These concerns have led to
increasingly stricter regulations. Notably, legislation differs be-
tween countries: several colorants are approved in some coun-
tries but banned in other regions, ' indicating that their safety
and use in food products are not yet universally accepted. As re-
cent examples, the European Union (EU) banned the classical
white colorant titanium dioxide (TiO,) in 2022,[5] and the The
United States of America (USA) banned RED No 3 in 2025,/
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Figure 1. Structural color emerged from nanostructured materials. Surface grating: a1,a2) Scanning electron microscopy images of (a1) Top view, (a2)
cross-sectional view of the fabricated photonic crystal film based on polydimethylsiloxane (PDMS) with a grating of 750 nm and a height of 170 nm
formed by reverse nanoimprint lithography. a3) Photonic crystal structural color of PDMS grating for horizontal observation angles of 35°, 145°, 215°,
and 325° under a vertical observation angle of 45°. a4) Relationship between horizontal observation angle and structural colors of the photonic crystal
of PDMS grating by the reflected spectra in the CIE 1931 xy chromaticity diagram.[23] Multilayers: b1) Field emission electron microscopy image of cross
section of multilayer nanoparticles using SiO, and TiO, after infiltration with PDMS. b2) Photographs of flexible interference filters cut in circles using a
12-layer structure using SiO, and TiO, after infiltration with PDMS and with different lattice parameters.[?*] Colloidal assemblies: c1) Photographs and
scanning electron microscopy images (5 and 1 micron scale bar) of structural color pellets prepared by monodisperse polystyrene (PSt) without and
with a shell of polydopamine (PDA) which are designated by PSt(X) @PDA(Y) core—shell particles (X: diameter of PSt core particles, Y: thickness of PDA
shell layer in nm). PSt(285) @PDA(Y) core-shell particles. c2) High resolution FE-SEM image of PSt(285) @PDA(15) particles. c3) Cross section view
of PSt(285) @PDA(2.5) pellets. The inset shows a photograph of the samples. c4) Cross-section view of PSt(285) @PDA(15) pellets. The inset shows a

photograph of the samples.[?’]

while several other colorants raised concern among regulators,
such as vegetable carbon (E153) and iron oxides and hydroxides
(E172).117]

The increasingly strict regulations, as well as the globally dif-
fering legislation, raised concerns among producers and con-
sumers and have led to a global increase in the use of natu-
ral components as food colorants.8! Examples of such natu-
ral colorants approved in the European Union are anthocyanins
(E163) and lycopene (E160d), producing purple and red colors,
respectively. However, these natural dyes can be unstable during
processing and storage (pH, temperature, and light) and affect
the sensorial properties of the food by undesired reactions with
micronutrients.['?) In addition, it is essential to understand how
their production, extraction and purification processes compare
to other colorants regarding the life cycle assessment.[20-21]

2. Traditional Colorants Versus Structural Colors
and the Special Case of White

A common characteristic of the colorants mentioned above,
whether natural or synthetic, is that the coloration is intrinsi-
cally linked to their chemical composition. Conventional pig-
ments and dyes absorb light in a specific spectral region, while
all other spectral regions are scattered or reflected and thus per-
ceived as color. An interesting alternative to achieve coloration
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is the use of interference of light waves with defined nano- and
micro-structured materials. Such structural colors achieve their
vivid appearance primarily through the precise arrangement of
micro- and nanostructures, which governs light interference and
scattering; however, the refractive index of the constituent mate-
rials, linked to their composition, also impacts the overall optical
response. Such architectures can form photonic crystals, where
the micro and nanostructures are periodically ordered in space,
resulting in bright and iridescent colors; and photonic glasses,
where the structures exhibit short-range order, and an angular
independent coloration is achieved. Figure 1 presents represen-
tative examples of nano- and micro-structured materials that have
been developed to create structural coloration.

In contrast to periodic and correlated structures, which pro-
duce defined colors by interference, to obtain a white appear-
ance, nonabsorptive disordered systems are necessary. Specifi-
cally, producing white requires the absence of absorption and an
efficient scattering of light throughout the visible spectrum. Inor-
ganic nanoparticles with a high refractive index and low absorp-
tion in the visible range satisfy this criterion and are thus used as
typical white pigments. TiO, has been approved in the USA since
1966 for use in foods to achieve a white color, or to provide opacity,
and remains the most widely used food additive for this purpose.
Its high refractive index allows efficient scattering at low concen-
trations and is thus well-suited as an additive to produce white, or,
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in combination with pigments, enhanced color saturation. How-
ever, European regulators have banned TiO, in food products,**!
which has led to a new search for replacement materials. The
challenge of creating white color from edible material is the in-
herent low refractive index of typical food materials. Yet, recent
approaches have highlighted that control of shape and assembly
of colloidal particles made from potentially edible materials, such
as starch, calcium carbonate, or cellulose, can efficiently enhance
their scattering properties and thus produce efficient white.26]
In the following sections, we present biological systems that
create structural color and discuss existing approaches to creating
structurally colored materials from edible components, potential
exploitation strategies, and challenges that need to be overcome
to translate structural color from laboratories into food products.

3. Food-Grade Structural Color

Structural color is widely found in nature and even exists as a
natural means to provide color in certain foods. For example, the
Damson fruit exhibits subtle iridescent effects due to its epicu-
ticular wax layer,!?”] while the iridescent sheen on beef muscle
tissue results from light interference within organized muscle
fibers.[?8] Even the intense blue color of blueberries or plums
results from controlled scattering effects from nanostructured
epicuticular wax layers.[?) These examples provide inspiration
for edible photonic systems and demonstrate that structural col-
oration can be integrated into food matrices without compromis-
ing edibility, reinforcing the feasibility of translating similar prin-
ciples into engineered, food-grade photonic materials.

To date, however, the only application of structural coloration
in food products is on chocolate surfaces, where imprinting tech-
nology enabled the introduction of color impressions via diffrac-
tion gratings.3) Another simple approach, proposed but not im-
plemented commercially, is to use thin film interferencel®!! by
creating a thin layer of an edible coating on top of a flat sur-
face with a significantly different refractive index contrast. This
method has been shown using alginate, a common polysaccha-
ride widely used in the food industry (E401), obtained from ma-
rine brown seaweeds. Cathell and Schauer®?! showed that spin-
coated alginate films fixed by spraying of a CaCl, solution on flat
Si-wafers as model substrates can produce structurally colored
thin-film with hues ranging from magenta (266.5 nm), orange
(226.2 nm), yellow (219.9 nm), aqua (122.4 nm), blue (102.8 nm),
and purple (95.8 nm). In an industrial context, this strategy could
be implemented on highly pigmented substrates that can be uni-
formly coated with a polymer layer.

More complex hues and optical appearances, as well as angle-
independent colors, can be achieved with more complicated
nanoarchitectures. In this case, the building blocks of such archi-
tectures are ideally approved food additives, such as polysaccha-
rides, proteins, and lipids, which are natural food sources them-
selves. A potentially simpler alternative could be inorganic ox-
ides, such as silica,l**! which, in the form of amorphous SiO,
nanoparticles, are considered edible and are often used as an an-
ticaking agent in powdered food products and as a stabilizer in
the production of beer.>]

Among polysaccharides, hydroxypropyl cellulose (HPC, E463),
which is a common cellulose derivative used as a food additive
as a thickener and as an emulsion stabiliser, has been shown
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to produce structural colors. HPC is, in fact, capable of forming
a cholesteric liquid crystalline phasel3>3®! which produces struc-
tural coloration both in water or gel (Figure 2a1-a3)/*”] but also as
solid particles (Figure 2b1),38] opening possibilities for versatile
integration within complex matrices of different food products.

To date, the number of studies using approved food ingredi-
ents and additives is limited. However, this might change in the
future, as more bio-derived materials have the potential to receive
approval for food use, as is the case with cellulose nanocrystals.[*°]
When considering biomaterials as building blocks for struc-
turally colored materials more broadly, the available materials
spectrum can be significantly widened. In fact, materials such as
cellulose, chitin, and lignin are already present in food products,
but they have not yet been used or approved in a nanoscale or
purified form for human consumption. Under current EU and
USA regulations, any intentionally engineered nanomaterial is
considered a novel food ingredient, requiring a comprehensive
safety assessment that considers potential changes in bioavail-
ability, toxicity, and interactions with biological systems com-
pared to its bulk counterpart. The EU’s Novel Food Regulation
(EU 2015/2283) explicitly defines engineered nanomaterials and
mandates nanospecific risk assessments, while the US FDA typi-
cally evaluates such materials under the Generally Recognized as
Safe framework, demanding scientific evidence of safety. These
requirements reflect the regulatory view that nanoscale forms
may exhibit different hazard profiles, even when derived from
substances already approved in bulk form. For materials that are
considered soft and digestible in the human gut, this should not
be an issue as the nanostructure itself will not persist in the body.
However, for materials that are not digestible in the human gut,
a thorough assessment is necessary.l*!]

In recent years, the field has seen a growing effort in us-
ing such bio-derived nanomaterials in the context of structural
colors.[*>*3] Nanocellulose is probably the most studied type of
colloidal system for the production of both color!®! and white
pigments,[2°) which are now also commercially available. Simi-
larly, lignin, which is present in every fruit and vegetable along
with cellulose and hemicellulose, is not digestible and is not
used as a food ingredient in its pure form for human consump-
tion. However, similar to the case of cellulose and chitin, it can
be exploited to produce well-defined colloidal particles that can
then be assembled into structurally colored materials,[** dis-
playing different colors depending on the lignin particle size
(Figure 2c1-c4).’] These recent efforts underscore how bio-
derived colloidal particles of controlled size and low polydisper-
sity can be applied to various surfaces to achieve structural color.
This is an important step toward controlling edible structural
color; in contrast to thin film-based materials, the availability of
such particles allows tailoring the photonic properties by control-
ling the self-assembly process and thus opening avenues to create
angle-independent coloration via glassy structural arrangements.

4. Challenges and Future Directions

The previous examples underline the potential of engineering
food-grade building blocks into structurally colored materials.
This would be advantageous compared to conventional dyes,
as many colors and color effects could be produced with the
same material. In contrast, dyes or pigments with different colors
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Figure 2. Examples of structural color developed using bio-based materials. a) Hydroxypropyl cellulose (HPC) in water (left) and HPC in gelatin (right),
corresponding to 36, 34, and 32 wt% water, respectively. HPC formulations al) in 6 mm thick rubber O-rings, sealed between glass slides with epoxy
glue; a2) in Falcon tubes (50 mL) placed upside down for 48 h; and a3) placed between two glass slides and left at rest for at least 1 min (scale bar:
1¢m).371b1) HPC microparticles produced by emulsification using a 45 wt% HPC solution. b2) Micrographs of individual HPC microparticles recorded
in bright-field configuration. The microparticles were removed from the Petri dish prior to imaging. b3) Cross-sectional scanning electron microscopy
(SEM) micrographs of blue, green, and red hydroxypropyl cellulose (HPC) microparticles prepared at 68.5, 71.0, and 77.5 °C, respectively. The white
arrow indicates the pitch (p) of the helicoidal architecture, which determines the reflected color.?®] ¢) Lignin-based structures. c1) Photos of original
disordered lignin powder showing dark brownish color; c2) photonic lignin showing bright structural colors among the entire visible light range (from
red to purple) (scale bar: 1 cm). c3) Average diameters of red, yellow, green, blue, and purple photonic lignin (being respectively 279, 242, 219195, and
181 nm). c4) SEM image of photonic lignin particles (Reprinted with permission from Wang et al. Copyright 2022. American Chemical Society).

require chemical alteration, necessitating new toxicological
screenings. Moreover, if fabricated with inert compounds, struc-
tural colors remain chemically stable and maintain their color
properties over time; in contrast, dyes and pigments require ad-
ditives to enhance their photostability, risking additional toxic-
ity. Structurally-colored materials also provide additional stabil-
ity under varying pH, temperature, and light conditions, thereby
preventing color fading and off-flavors, which are a challenge for
natural colorants. However, for structural color to become a vi-
able alternative to food coloring, many obstacles along the entire
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process chain need to be addressed and resolved. In the follow-
ing, we discuss these various challenges along key intermediate
stages in the development.

Selection of the Material Used as Building Blocks: The Codex
Alimentarius, which provides a list of approved materials for
food use, can be utilized for this purpose. However, each coun-
try also has its own list of materials, which can vary from coun-
try to country. The list includes polysaccharides, proteins, sur-
factants, waxes, and inorganic materials, as well as specific in-
formation about the type of products and the allowed quanti-

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB01 7 SUOLULLIOD @A) 3[cedldde 8y Ag peusenob ae sajoie YO ‘8sn JOSa|ni o} Akeldi8UlJUO AB]IAA UO (SUONIPUOO-PUR-SLUIB)/WIO A8 | 1M Ale.ql Ul Uo//Sdiy) SUORIPUOD pue SIS 1 8L} 89S *[9202/70/20] Uo Akeiqiauliuo A8|im ‘AiseAln 1ysenn Aq 092205202 Wope/Z00T 0T/I0p/W0d A8 |1 Akeiq 1l |uo"peoueApe//SAny WoJj papeo|umod ‘g ‘9202 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

ties of these materials in food. Some of those compounds, such
as HPC and alginate, have already been explored for structural
color, yet more options need to be developed. The key require-
ments to screen for suitable materials are their physicochemical
characteristics (refractive index, solubility, thermal stability), but
also their availability in controlled purity, molecular weight, etc.,
since they will affect the development of homogeneous building
blocks.

Design and Production of Building Blocks from Edible Materi-
als: Technologies already exist to produce micro- and nanostruc-
tures using identified food-grade materials. Examples include the
production of nanoparticles, fibers, or patterned surfaces, which
have mostly been used for compound encapsulation, surface
modification, or gelation. However, structurally-colored materi-
als have more stringent requirements and require well-defined
and uniform particulate building blocks that remain stable dur-
ing processing and can be produced at scale. Nanoprecipitation
or emulsification technologies****) may be good candidates since
they afford control over mean particle size and polydispersity.

Assembly and Integration of the Building Blocks Within Food
Matrices: The complexity of food poses challenges for integrat-
ing structurally colored materials. Different approaches will be
needed for different types of food, depending on whether a sur-
face, a solid material, aliquid, or a gel-like matrix is targeted. Solid
materials may be most easily colored via structural elements, as
these may be deposited on the final surface. Gels provide means
to integrate pre-formed structurally colored materials, for exam-
ple in the form of supraparticles,*’! which then provide the de-
sired color effects. The integration of structural coloration in lig-
uid foods presents unique challenges (unless the case of white,
where scattering enhancers can be added).[?®! Structural color
in liquids is difficult to achieve without altering the rheologi-
cal properties of the liquid, as there will always be an addition
of colloidal species in suspension.[*®] However, other color ef-
fects can be achieved by introducing low-content structural color
pigment-like particles into a liquid, which would not significantly
change the rheological response, but give a pixelating color effect,
rather than a homogeneous coloration. In all cases, the final prod-
ucts need to be evaluated case-by-case, as is normally performed
when a new ingredient/additive is used in food products. In addi-
tion, processing steps can involve high- or low-temperature shear
forces and exposure to a wide range of components, which must
not disintegrate the nano/microstructures of a structurally col-
ored ingredient. A potential avenue to address these challenges is
to encapsulate structurally colored materials, for example, in the
form of supraparticles>*%] that fix the arrangement of the build-
ing blocks while providing dispersible, micron-scale materials to
be added to the food matrix. Additionally, the use of Pickering
emulsions and microgels, combined with electrostatic stabiliza-
tion, can be employed to maintain uniformity and prevent coa-
lescence in both emulsified and nonemulsified systems. Some
of these approaches are well-established in food colloid science
and can be adapted for structural color applications. To minimize
impacts on mouthfeel, photonic structures should remain below
25 uml*! and avoid using photonic structures that rely on com-
ponents like HPC, where high concentrations are required.

Tackling Dispersities and Irregularities: Given the complex na-
ture of both the starting materials and the matrix itself, photonic
colorants derived from edible materials are likely to be less ho-
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mogeneous, more distributed in size and shape, and less per-
fectly assembled. This can impact the saturation of developed
structural color. In some cases, this challenge is overcome by the
use of absorbing pigments[*’] that, despite being used in very
small amounts, should be avoided in food applications. While
these provide challenges to target desired colors accurately, they
present opportunities for well-developed simulation and mod-
elling tools already in use for structural color in other fields, such
as the coatings industry, with the aim of seeing how optimized
colors could be yielded from less-defined building blocks or un-
der nonideal assembly conditions. Emerging Al tools used for
modeling and prediction can also contribute to addressing this
challenge.

Safety, Digestion, and Toxicity: Safety is a major concern to all
stakeholders, and in this regard, the use of nanoengineered ma-
terials in foods needs to be evaluated under specific regulations.
Guidelines for such assessments already exist in Europe and the
United States. Solubility and digestibility may serve as a rule of
thumb for applicability: If the produced building blocks are solu-
ble or digestible, they may be less of a concern. However, nonsol-
uble or nondigestible building blocks, even from biological ma-
terial such as cellulose or lignin, need to be evaluated to ensure
safe usage or need to be firmly bound within larger structures to
completely prevent their disintegration into nanoscale materials
within the body.

Sustainability: Using food ingredients such as proteins and
polysaccharides directly as colorants will contribute to more sus-
tainable food systems. However, life cycle assessments must be
performed to assess the carbon footprint of using photonic col-
orants to color foods. Besides the carbon footprint of the materi-
als used, this analysis needs to consider the methodologies used
to develop the photonic structures and technologies used for their
incorporation into foods.

Scale-Up and Economic Considerations: The large-scale imple-
mentation of structural colorants in food products will ultimately
depend on cost competitiveness relative to conventional pig-
ments. While current fabrication methods for photonic struc-
tures can be resource-intensive, many strategies can leverage
existing food processing technologies, such as emulsification,
spray-drying, and spray coating, to reduce production costs. Fur-
thermore, the use of abundant, low-cost biopolymers (e.g., cel-
lulose, starch) and scalable self-assembly techniques offers a po-
tential pathway toward economically viable solutions. Future re-
search should prioritize process optimization and life cycle as-
sessments to ensure that structural colorants not only meet safety
and performance requirements but also align with the economic
realities of the food industry.

Consumer Acceptance: Consumers are looking for similar or
better sensory characteristics; therefore, colors need to be vivid
and stable to replace existing ones. As for new technologies,
most consumers are looking for natural, safer, and sustainable
foods.[>2! In this regard, consumer acceptance of photonic col-
orants may be significantly influenced by the resemblance be-
tween naturally occurring photonic structures and their artifi-
cially produced counterparts, especially when these are derived
from familiar, food-grade ingredients such as polysaccharides
and proteins, which can impact perceptions of naturalness by
consumers. As some photonic structures are based on particles
that can be used to entrap different molecules, future research
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could also explore the co-assembly of flavor molecules with
photonic structures, enabling multisensory food experiences that
combine visual appeal with enhanced taste perception, thereby
improving consumer acceptance.

As this discussion shows, significant challenges arise at all key
stages of the development of edible photonic materials. Many of
these challenges are intertwined, bridge different scientific dis-
ciplines, and may, therefore, prevent individual trial-and-error
solutions. Instead, with this perspective, we aim to provide an
understanding and appreciation of the complexity of the chal-
lenges and how they transcend different scientific disciplines as
we move along the process chain. Complex challenges translate
into rich research opportunities. This emerging scientific field,
therefore, needs to attract scientists from different scientific back-
grounds to join forces, gain a mutual understanding, and appre-
ciate different perspectives. If this succeeds, the ultimate goal can
be a new class of safe, sustainable, and versatile food colorants
based on nature’s most inspiring color effects.
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