Downloaded viaNOTTINGHAM TRENT UNIV on January 21, 2026 at 16:16:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACS

AGRICULTURAL

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acsagscitech

A Tale of Two Approaches: Photosynthetic Augmentation via
Nanobionics and Solid-State Fluorescence

Konstantinos T. Kotoulas, Andrew D. Burrows, Gareth Cave, and Ming Xie*

I: I Read Online

[l Metrics & More |

Cite This: https://doi.org/10.1021/acsagscitech.5c00975

ACCESS |

Article Recommendations |

ABSTRACT: Global food demand is projected to rise by nearly 50% by 2050, placing unprecedented pressure on agricultural
productivity. Photosynthesis, the biological foundation of crop growth, is intrinsically constrained by its limited utilization of the
solar spectrum, as only 43% of incoming solar energy falls within the photosynthetically active radiation (PAR) range. This review
evaluates two strategies that can be used to overcome these spectral limitations: external light modulation via solid-state fluorescence
and internal augmentation through plant nanobionics. Solid-state fluorescence employs luminescent films and greenhouse coatings
that convert harmful or underutilized ultraviolet radiation into PAR, enhancing canopy-level light quality. Nanobionics integrates
engineered nanomaterials into plant tissues, where they function as artificial antennae that expand absorption spectra and may
transfer energy directly to chlorophyll via Forster Resonance Energy Transfer (FRET) or direct electron transfer. However,
challenges remain in validating FRET in vivo (requiring fluorescence lifetime imaging microscopy), understanding nanomaterial
environmental fate, and scaling these technologies economically. This review synthesizes current findings, highlights mechanistic

uncertainties, and outlines future pathways toward integrating photonic technologies into sustainable agriculture.

KEYWORDS: plant nanobionics, luminescent agricultural composites, sustainable agriculture, spectral conversion,

photosynthetic augmentation

1. INTRODUCTION

1.1. Overcoming the Spectral Limits of Photosynthesis

The dual challenges of feeding a population projected to reach
nearly 10 billion by 2050 and mitigating climate change,
impacts demand for transformative agricultural innovation.'
Conventional intensification is limited by land scarcity,
fertilizer dependence, and ecological damage. Enhancing
photosynthetic efficiency represents a sustainable route to
higher yields. Despite its central role, photosynthesis is
ineflicient: C; crops such as wheat or rice achieve a theoretical
maximum solar energy to crop biomass conversion of only
4.6%, while C, crops such as maize achieve 6.0%.” This
inefficiency arises because chlorophylls absorb mainly red and
blue wavelengths, leaving much of the solar spectrum (green,
UV, far-red) unused.’ A detrimental factor in hindrances to
photosynthetic systems remains to be inefficiency in the light
harvesting and light absorption processes within key plant
pigments. This is a consequence of primarily only blue and red
light being useful in photosynthesis, with other wavelengths of
the light spectrum such as green, UV and far-red being
underutilized.®

1.2. Case for Photosynthetic Augmentation

Since only a fraction of incident light from the sun drives
carbon fixation, improving spectral use efficiency could result
in major photosynthetic improvements. By redirecting,
converting, or supplementing light that would otherwise be
wasted, photosynthesis can be pushed beyond its natural
spectral constraints. The first method covered in this review is
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external light modulation (Indirect Augmentation), which
include luminescent films and coatings that down-convert UV
radiation into PAR, enriching the plant’s spectral environment
(Figure 1). The second method involves Internal Nanobionics
(Direct Augmentation), in which engineered nanomaterials are
integrated into leaves and chloroplasts, acting as artificial
antennae to extend absorption and enable efficient energy
transfer to photosystems (Figure 1). These strategies represent
a shift from purely genetic or biochemical crop improvement
toward materials-enabled photonic agriculture.

2. SOLAR SPECTRUM AND PLANT PHOTOBIOLOGY

Light quality governs plant productivity, morphology, and
stress tolerance. A nuanced understanding of how different
spectral bands interact with plant physiology underpins
augmentation strategies.

2.1. Photosynthetically Active Radiation (PAR)
PAR is formally defined as the spectral range of solar radiation
between 400 and 700 nm that photosynthetic organisms can

harness for photosynthesis (Figure 2). Within the PAR band,
however, different colors of light are not functionally
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Figure 1. Comparative schematic of indirect (external) and direct (internal) strategies for photosynthetic augmentation. The indirect approach
(left) employs spectral conversion materials, such as luminescent films and coatings for greenhouses. The direct approach (right) uses plant
nanobionics, where engineered nanomaterials are introduced into plant tissues via foliar spray or root uptake.
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Figure 2. (Top left) Normalized solar spectrum at sea level, illustrating that only a fraction of solar energy falls within the photosynthetically active
radiation (PAR, 400—700 nm) range. (Top right) Absorbance spectra of major photosynthetic pigments, including chlorophyll and carotenoids,
highlighting their strong absorption in the blue and red regions but poor absorption in the green region. (Bottom left) Conceptual diagram
highlighting the benefits of UV-diffusion in agriculture. (Bottom right) The distinct roles of different PAR wavelengths throughout the plant life

cycle.

equivalent; they play distinct and synergistic roles in regulating
plant growth, development, and metabolism (Figure 2).

Red light (600—700 nm) is widely recognized as the most
efficient wavelength range for driving CO, assimilation. The
quantum yield of photosynthesis, a measure of CO, fixed per
photon absorbed, peaks in the orange-red region, around 610—
650 nm.” This high efficiency is directly linked to the strong

absorption in this region by chlorophyll a and chlorophyll b,
the primary photosynthetic pigments (Figure 2). Blue light
(400—500 nm), while also strongly absorbed by chlorophylls
and carotenoids (Figure 2), is generally used less efficiently for
CO, assimilation on a per-photon basis compared to red light.’
However, its role in plant development is indispensable. Blue
light is the primary energy source for phototropic responses
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(plants bending toward light) and is a key regulator of stomatal
opening, which governs gas exchange. Studies have shown that
red light enhances CO, fixation and chlorophyll accumulation,
whereas blue light regulates stomatal traits.”” Recent studies
have also demonstrated the influence far-red light has on
stomatal behavior and phytochrome morphologyg. Therefore,
balanced ratio of red to blue light is crucial for achieving both
high photosynthetic rates and healthy plant morphology.'’

For decades, green light was dismissed as being largely
unusable for photosynthesis, simply because it is poorly
absorbed by chlorophyll and is thus reflected, giving leaves
their characteristic color. While the quantum yield of green
light is lower than red light at the single-leaf, low-intensity
level, its poor absorption becomes a critical advantage in more
complex, realistic scenarios. Because red and blue light are
absorbed so strongly, they are captured almost entirely by the
uppermost cell layers of a leaf. At high light intensities, this can
lead to saturation of the photosynthetic machinery in these
layers, where excess energy is wasted as heat and can even
cause photoinhibitory damage.’ Green light, by contrast, can
penetrate much deeper into the leaf mesophyll and further
down into the plant canopy. This allows it to excite
chloroplasts in lower tissue layers that would otherwise be
light-starved, thereby increasing the overall photosynthetic
efficiency of the entire leaf and canopy, particularly under high-
light conditions, by improving stomatal efﬁciency11 and
antioxidative enzyme activity.">

2.2. Ultraviolet Radiation: Stress and Signaling

The ultraviolet (UV) portion of the solar spectrum, which
accounts for 8% of incident solar energy (Figure 2), represents
both a threat and a regulatory signal for plants. Among UV
wavelengths, UV—B (280—31S5 nm) is the most biologically
impactful.

2.2.1. Damage. UV—B photons are absorbed by aromatic
amino acids within the D1 and D2 proteins of Photosystem II
(PSII), leading to photo-oxidative degradation of the D1
protein, a critical event in PSII photoinhibition.””™"* In
parallel, UV—B exposure generates reactive oxygen species
(ROS), which indiscriminately oxidize biomolecules as they
cause lipid peroxidation that disrupts thylakoid and chloroplast
membranes, denature enzymes, and induce DNA lesions.*®
Together, these processes compromise both the structural and
functional integrity of the photosynthetic apparatus.'’

2.2.2. Defense. To counteract these stresses, plants
activate multiple protective mechanisms. They accumulate
UV-absorbing flavonoids in epidermal tissues, which act as
sunscreens; they employ DNA repair enzymes (photolyases)
to reverse UV-induced pyrimidine dimers; and they trigger
photomorphogenic signaling through the UVRS8 photo-
receptor, which mediates protective gene expression.'”"”

2.2.3. Hormetic Effect. Interestingly, UV—B is not solely
detrimental. At low doses, it functions as a signaling cue that
primes antioxidant responses, enhances secondary metabolite
production, and improves stress resilience.”® At high doses,
however, these benefits are outweighed by PSII photodamage
and oxidative stress, resulting in growth inhibition.

Agricultural strategies must therefore be nuanced. Complete
exclusion of UV radiation could suppress valuable acclimatory
signaling, while excess exposure is damaging. The optimal
approach may involve attenuating UV—B to subdamaging
levels while allowing sufficient flux for signaling or employing
photonic augmentation technologies that convert surplus UV

light into photosynthetically active radiation, while enhancing
the plant’s intrinsic antioxidant defenses.

3. EXTERNAL LIGHT MODULATION VIA SOLID-STATE
FLUORESCENCE

3.1. Principles of Spectral Conversion

Solid-state fluorescence (also called photonic down-conver-
sion) involves materials that absorb high-energy photons (UV,
blue) and re-emit them at longer wavelengths, in this case the
PAR region. Greenhouses in agriculture already play a vital role
in contributing to largely reduced water consumption and
therefore refining resource use.”’ Agricultural films and
greenhouse panels doped with down-converting materials can
both protect plants from damaging UV and recycle photons
into PAR. This is a similar concept to Luminescent Solar
Concentrators (LSCs), which are being developed for
agrivoltaics. In an LSC, a transparent waveguide (e.g., a glass
or polymer panel) is doped with a luminescent material.
Incident sunlight is absorbed by the material, re-emitted, and
then trapped within the waveguide by total internal reflection
until it reaches solar cells mounted at the edges.22

3.2. Agricultural Films and Coatings

Before considering wavelength-shifting and luminescent
technologies, it is important to note that most of the global
greenhouse cultivation still relies on conventional polymeric
films. Energy consumption and conversion efficiency has been
improved on in more advanced greenhouses, thus reducing any
impact of their environmental footprint in addition to land
use.”’ Industry leaders such as Plastika Kritis, Berry Global,
and ExxonMobil manufacture multilayer films composed
primarily of polyethylene (PE), ethylene-vinyl acetate (EVA),
and thermoplastic polyolefins (TPO). These films are typically
engineered with a combination of UV stabilizers, thermal
additives, and light-diffusing agents. For example, Plastika
Kritis’ Suncooler incorporates near-infrared (NIR) additives to
lower canopy heat load, while its Polydispersive line integrates
nanoadditives for ultrahigh haze with minimal loss of
transmission.”* Berry Global's multilayer greenhouse covers,
such as the Super4 film, blend LDPE/EVA/TPO to provide
high optical clarity, thermal retention, and pollinator
compatibility, with recent expansions into biobased PE films
for sustainability.”®

While these polymer films are highly effective at managing
thermal balance, extending film lifetimes, and improving light
diffusion, they are inherently monodimensional solutions.
Their function is limited to modifying light intensity and
thermal load, without altering the spectral composition of
incoming radiation. As a result, their utility is strongly climate-
dependent.In hot and arid regions, films with NIR-blocking or
cooling properties reduce heat stress, whereas in temperate or
low-light climates, maximizing transmission and diffusion is
preferred. However, these materials cannot actively convert
non-PAR photons into photosynthetically useful wavelengths,
meaning they do not fundamentally expand the usable solar
spectrum. This gap has motivated the development of
fluorescent and luminescent films that go beyond modulation
to deliver true spectral conversion.

Early efforts to enhance the spectral quality of light in
agriculture focused on material classes with strong luminescent
properties. Among the first materials tested were organic dyes,
such as rhodamines and coumarins, which offered high
quantum yields for down-conversion. However, their long-
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Table 1. Commercial and Academic Developments in Luminescent Agricultural Films and Coatings

name and material type mechanism
quantum-dot coatings, Sinbiosys®> UV — red/orange + UV
diffusion

UV — PAR conversion
UV — red/orange

nanoparticle coating, Fotoniq33
quantum dot films, UbiGro™*

lumine%scent spray coatings, Lambda Energy/
Agri™

luminescent spectral-shifting films (dye-based),
LLEAF’

. 37
photoconversion films, Cascade

green — red

UV — blue
Green — red
micro cone arrays with Lumogen Red*® Green — red

PMM% or cellulose acetate films with Lumogen  Green — red

Red

CulnS$,/ZnS quantum dot films* UV/blue — red (600 and

660 nm)

PMMA films with Eu-polyoxotitanates UV— red
complexes

polyolefin-type film with Eu- UV— red

triphenylphosphineoxide“

UV — PAR down-conversion

reported Impact

improved canopy uniformity and early growth

1.7-3% 1 yield
20-30% yield 1
9% 1 basil yield, 30% 1 rocket biomass

20% 1 growth rate and 10—35% 1 in crop yields

1 yield by 13—14.5% and 15.7% in raspberries and tomatoes respectively

86% 1 in incident red light
+20—30% 1 in biomass of Lactuca sativa

At 600 and 660 nm emission 1 in dry mass (13 and 9%), total leaf area (8
and 13%)

9% 1 in dry mass

1 1.2- and 1.4-fold for plant height and biomass respectively

term viability was limited by poor photostability under
sunlight, high production costs, and environmental risks from
leaching.”® Subsequently, attention turned to rare-earth
complexes. Lanthanide-based emitters, particularly Eu®* and
Tb** complexes, were attractive for their narrow-band, highly
efficient emission in the red part of the spectrum (612—615
nm), which aligns closely with chlorophyll absorption
peaks.””*® Despite this advantage, their widespread use has
been constrained by high costs, potential quenching effects,
and relatively short lifetimes within polymer matrices.””**

Another important class of materials includes inorganic
phosphors, such as Eu** silicates, Ce>* oxides, or Mn** sulfides,
which provide high luminous efficiency, strong thermal and
chemical stability, and long lifetimes. These can be used to
convert UV into blue light or blue-green into far-red, thereby
targeting phytochrome responses.”” The primary technical
challenge with phosphors is achieving uniform dispersion in a
polymer film or coating without increasing light scattering and
lowering overall transmittance. More recently, a highly versatile
approach has emerged with the use of metal quantum dots
(MQDs), which are semiconductor nanocrystals whose
emission color can be tuned by controlling their size. MQDs
possess broad absorption spectra, high quantum yields, and
good photostability, offering exceptional flexibility for design-
ing custom light spectra. While materials such as cadmium-
based QDs have been extensively studied, concerns over heavy
metal toxicity have shifted focus toward more benign
alternatives like silicon, graphene, or carbon QDs for
agricultural applications.”””’

Despite them taking up a large section of the solar spectrum
(Figure 2), converting near-infrared wavelengths into PAR
would require photon up conversion, which involves the
absorption of multiple low-energy photons to emit a higher-
energy photon. Such processes are extremely inefficient. This is
why most technologies focus on inefficiently utilized UV or
Green light to down convert to photosynthetically active
emissions in the blue and red. Recent years have seen a wave of
companies and academic spin-offs bringing luminescent
photonic materials from lab benches to greenhouse panels,
each demonstrating tangible plant productivity benefits (Table

1).

4. INTERNAL AUGMENTATION VIA PLANT
NANOBIONICS

4.1. Concept and Rationale

Plant nanobionics introduces engineered nanomaterials into
living tissues, where they act as artificial antennae to extend
light absorption beyond the natural limits of plants’ light
harvesting antennae. Natural photosynthesis is saturated by as
little as 10% of full sunlight, and the antenna complexes are
blind to large portions of the solar spectrum (Figure 2),
particularly in the UV and near-infrared regions.”” Nanoma-
terials, such as carbon nano assemblies and metallic quantum
dots, can be engineered to absorb strongly in these very
regions. Once excited by these otherwise wasted photons, the
nanomaterial can transfer the captured energy to the nearby
chlorophyll molecules of Photosystem I (PSI) or Photosystem
II (PSII). This effectively broadens the plant’s usable light
spectrum, increasing the total number of excitons delivered to
the reaction centers and thereby boosting the rate of electron
transport and carbon fixation. This approach transforms the
plant into a living hybrid bionic device, transferring more
energy to the photosystems, potentially through the FRET
mechanism and direct electron transfer.

4.2. Uptake, Transport, and Localization

Plants present two primary portals for nanomaterial entry, their
foliar surfaces and roots. Spraying nanomaterial suspensions
onto leaves enables uptake through natural foliar openings
such as stomata and hydathodes, as well as through
microcracks in the cuticle (Figure 1). Particle size is critical,
as smaller nanomaterials can more readily penetrate cell walls
and membranes, improving uptake efficiency.”’ Alternatively,
nanomaterials that are introduced into soil or hydroponic
media are absorbed by roots and transported via two
pathways:** the apoplastic route (movement through cell
wall spaces) and the symplastic route (movement through the
cytoplasm and plasmodesmata) (Figure 1). Once internalized,
nanomaterials enter the vascular system for long-distance
transport.

Systemic distribution occurs primarily through the xylem,
which carries nanomaterials upward with the transpiration
stream, and the phloem, which redistributes them with food
and nutrients to different parts of the plant. Importantly,
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nanomaterial’s surface charge strongly influences mobility.
Negatively charged nanomaterials exhibit reduced adhesion to
the negatively charged xylem walls and lower aggregation with
other particles. This electrostatic “non-stick effect” maintains
dispersion in the transpiration stream, promoting efficient
systemic transport from the roots to the leaves.*> For
nanomaterial uptake in plants, ICP-MS, isotope labeling, and
confocal imaging are widely applied to confirm and quantify
translocation. ™

4.3. Forster Resonance Energy Transfer (FRET)

FRET is hypothesized as a central mechanism by which
nanomaterials enhance photosynthesis. FRET is a quantum
mechanical phenomenon based on dipole—dipole coupling. An
excited donor molecule can transfer its energy to a nearby
acceptor molecule without the emission and subsequent
reabsorption of a photon*” (Figure 3). For FRET to occur
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Figure 3. Proposed molecular mechanisms for photosynthetic
augmentation by internal nanobionic agents. (Top) Z-scheme of
the electron transport chain, displaying direct electron transfer and
ROS scavenging. (Bottom left) Nanomaterials acting as artificial plant
antennae via the FRET mechanism, with the corresponding Jablonski
diagram (bottom right).

efficiently, two main conditions must be met. First, the
emission spectrum of the donor molecule must significantly
overlap with the absorption spectrum of the acceptor molecule,
and second, the donor and acceptor must be in very close
proximity, typically between 1 and 10 nm.*® In the context of
plant nanobionics, the fluorescent nanomaterial serves as the
donor, and a native chlorophyll molecule in a light-harvesting
complex serves as the acceptor. Existing evidence of the FRET
mechanism, is indirect, based on spectral overlap and isolated
chloroplast photophysics. The definitive confirmation of FRET
requires more advanced spectroscopic techniques, particularly
Fluorescence Lifetime Imaging Microscopy (FLIM),* to show
decreased donor lifetimes consistent with the FRET
mechanism. We therefore present FRET as a promising but
currently unvalidated hypothesis.

4.4. Alternative and Complementary Mechanisms

While FRET is a leading hypothesis, it is likely not the only
light harvesting mechanism through which nanomaterials can
enhance photosynthesis. Two other plausible pathways, which
may act in concert with FRET, are direct electron transfer and
redox modulation.

In the case of direct electron transfer, instead of transferring
energy via FRET, an excited nanomaterial could act as an
electron donor, directly injecting a high-energy electron into
the photosynthetic electron transport chain.”” The mobile
electron carrier plastoquinone (PQ), which shuttles electrons
from PSII to the Cytochrome b4f complex, has been identified
as a likely target for this process (Figure 3). This mechanism
would be particularly beneficial under conditions where PSII is
damaged or rate-limiting, such as under high light or UV stress.

The second pathway involves redox homeostasis. Some
nanomaterials possess intrinsic redox activity that can
indirectly benefit photosynthesis by mitigating oxidative stress
(Figure 3). Redox-active materials like nanoceria can act as
catalytic ROS scavengers, neutralizing the harmful byproducts
of excess light absorption. It is likely that the most effective
nanobionic agents employ a combination of these mechanisms,
enhanced light absorption (via FRET or direct electron
transfer) and enhanced photoprotection (via ROS scavenging),
to achieve a synergistic improvement in photosynthetic
performance.

5. NANOBIONIC AGENTS

5.1. Carbon Nanoassemblies

The term carbon nanoassemblies is employed in this review as
a broader designation encompassing carbon-based nanoma-
terials such as carbon and graphene quantum dots. Unlike

Table 2. Efficacy of Carbon Nanoassemblies in Enhancing Plant Growth and Photosynthesis®

application

plant species method

Malus domestica (Apple)*’ foliar spray

key findings & reported benefits

1 24.3% photosynthetic efficiency, 1 11.4% soluble sugar; mechanism via electron transfer

to plastoquinone pool.

Arabidopsis thaliana® foliar spray

Arabidopsis thaliana and Trifolium repens L. (White root infiltration
Clover®®)

Solanum lycopersicum (Tomato) and Zea mays root infiltration

(Corn) seedlings™

Vigna radiata (Mung bean) seedlings®® root infiltration

1 1.8-fold fresh weight; enhanced activities of PSI & PSII, accelerated electron transport.
1 20% grain production

1 92.4% and 76.2% to tomato and corn germination rates

1 66.3% increase to chlorophyll content at 750 mg/L

“The table summarizes key findings from recent studies, detailing improvements in biomass, photosynthetic efficiency, and germination rates across

different species and application methods.
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metallic quantum dots, which exhibit emission properties
governed by quantum confinement effects, carbon nanoma-
terials display photoluminescence primarily through surface
states and molecular emissive domains. As such, describing
them strictly as “dots” can be misleading, and the term
nanoassemblies better reflects their heterogeneous structural
and optical characteristics. These carbon nanoassemblies have
emerged as a leading platform for plant nanobionics due to
their low toxicity, biodegradability, photostability, and scalable
synthesis from inexpensive precursors. Recent research has
demonstrated the remarkable efficacy of these materials in
enhancing photosynthesis and boosting crop yields across a
wide variety of plant species. As summarized in Table 2, the
application of carbon-based nanomaterials has led to
substantial gains in agricultural productivity. The physiological
basis for these improvements lies in the ability of carbon dots
to function as both light converters and photosensitizers.” As
light converters, they can absorb underutilized high-energy UV
radiation and re-emit it as photosynthetically active light,
whereas, as photosensitizers, they directly participate in the
photosynthetic electron transport chain. Upon excitation,
carbon nanoassemblies can inject high-energy electrons into
the electron transport chain, accelerating the overall rate of
electron flow and subsequent ATP and NADPH production.”’
In parallel, carbon nanoassemblies may also enhance photo-
synthesis via the FRET mechanism, where their emission
energy is nonradiatively transferred to nearby chlorophyll
molecules, increasing excitation of Photosystems I and II
without direct charge transfer.””

The key advantage of using undoped carbon-based systems
is their inherent biocompatibility, which circumvents the dose-
dependent cytotoxicity often associated with metal-based
nanoparticles.”’ While high concentrations of graphene
quantum dots have been shown to induce oxidative stress’,
the toxicity threshold is generally much higher than for their
metallic counterparts. Furthermore, the ability to synthesize
carbon nanoassemblies from abundant and renewable biomass
makes them a cost-effective and environmentally sustainable
choice for large-scale agricultural use. This scalability has
already been demonstrated by companies such as Glaia (UK),
which markets a carbon-based biostimulant that has delivered
yield increases of up to 25% in lettuce and 21% in strawberries
in field trials, and QarboTech (Malaysia), whose biomass-
derived carbon nanomaterial spray (QarboGrow) has reported
10—50% yield gains in rice and high-value horticultural

56,57

5.2. Metal-Doped Carbon Nanoassemblies

The introduction of metal heteroatoms into carbon nano-
assemblies modifies the electronic structure by altering the
Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) levels, narrowing the
band gap and creating intermediate states that facilitate charge
transfer.”® In addition, metal atoms introduce catalytically
active centers and structural defects that enhance conductivity
and redox reactivity in carbon nanoassemblies, by providing
accessible electron-delocalization pathways and promoting
charge-transfer kinetics.””" This dual effect transforms these
metal-doped carbon nanoassemblies, enabling them to directly
engage in photosynthetic and metabolic processes. The usage
of magnesium doped carbon nano assemblies in rice seedlings
increased the fresh biomass by 71%, while also displaying a
52% and 47% increase in photosynthetic and RuBisCO activity

respectively’’. Furthermore, the introduction of Zn into
carbon nano assemblies, improved the grain yield in wheat
by 16% while also improving the total zinc and nitrogen
content in the crop by 19 and 118% respectively.”> By
embedding these metals within carbon nanoassemblies,
researchers achieve not only higher quantum yields for light
conversion but also the codelivery of essential micronutrients
to plants. This multifunctionality highlights the dual promise of
metal-doped CDs: improved photonic efficiency at the
chloroplast level and enhanced nutritional outcomes at the
whole-plant and crop-product level.

5.3. Metal-Based Nanomaterials

To fully appreciate the unique capabilities of metal-doped
carbon nanoassemblies, it is useful to compare them with other
classes of metal-based nanomaterials applied in photosynthetic
augmentation. While effective, these systems typically operate
through indirect or extracellular mechanisms, in contrast to the
intracellular, biocatalytic roles of carbon nanoassemblies. For
instance, plasmonic gold and silver nanoparticles enhance
photosynthesis via Localized Surface Plasmon Resonance
(LSPR), which amplifies the local electromagnetic field near
the nanoparticle surface. This field increases the photon
absorption rate of nearby chlorophylls, boosting excitation
without direct entry into the chloroplast or electron donation
to the electron transport chain. This was investigated in a
recent study on Chinese mustard (Brassica juncea) that
displayed how gold nanoéparticles can boost photosynthesis
and nitrogen assimilation.”

In contrast, metal oxide nanoparticles (TiO,, ZnO, CuO)
function more as biochemical regulators than direct photonic
enhancers. TiO, can improve photosynthetic efficiency,”*
while ZnO nanoparticles up-regulate chlorophyll biosyn-
thesis®> and photosynthetic efficiency,”® while reducing lipid
peroxidation.”” Their effects are systemic, often improving
stress tolerance and enzyme efficiency rather than directly
integrating into the photosystems. While metal-doped carbon
nanoassemblies penetrate chloroplasts, engage directly with the
photosynthetic electron transport chain, and simultaneously
deliver essential micronutrients, metallic nanoparticles typically
act through external light field effects (plasmonics) or
metabolic regulation (metal oxides). Thus, doped carbon
nanoassemblies represent a stronger nanobionic candidate
compared to the broader-acting metal nanomaterials.

6. COMPARATIVE ANALYSIS: NANOBIONICS VS
SOLID-STATE FLUORESCENCE

6.1. Advantages of the Direct and Indirect Approaches

Plant nanobionics offers several distinct advantages as a direct
approach to photosynthetic augmentation. By delivering
energy directly to the photosynthetic reaction centers, this
strategy minimizes losses associated with reflection and
transmission at the leaf surface, thereby increasing photo-
synthetic efficiency. Once internalized and translocated,
nanomaterials can exert systemic and persistent effects,
sustaining enhanced photosynthetic activity throughout the
lifetime of the plant tissue without requiring repeated external
applications. Moreover, nanomaterials are inherently multi-
functional. They can be engineered not only to broaden light
harvesting but also to deliver essential micronutrients such as
copper and zinc, to mitigate abiotic stress through reactive
oxygen species scavenging (e.g, nanoceria), or even to
function as nanosensors of plant health.®®
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On the other hand, wavelength-shifting materials provide a
more scalable and noninvasive strategy for photosynthetic
augmentation. Since they act externally, they do not require
nanomaterials to cross biological barriers, thereby avoiding the
complexities and potential toxicities associated with uptake,
translocation, and bioaccumulation. This external mode of
action also simplifies regulatory approval, as films and coatings
are generally considered safer and more straightforward to
license compared to technologies that introduce engineered
nanomaterials into the food chain. Furthermore, luminescent
films can be readily integrated with existing greenhouse
infrastructure and are compatible with agrivoltaic systems
such as luminescent solar concentrators, enabling the dual
benefits of enhanced crop productivity and electricity
generation.

6.2. Material Limitations

Nanobionics face major challenges in achieving controlled
delivery to chloroplasts, avoiding dose-dependent phytotox-
icity, and ensuring safe long-term environmental fate within
soils and food webs.*’ Wavelength-shifting films, in contrast,
are limited by photodegradation, reduced light transmittance if
not optimally designed, and confinement to greenhouse or
semicontrolled environments rather than open-field agricul-
ture.

A critical knowledge gap remains in the mechanistic
validation of nanobionics. There is still no direct, unequivocal
proof of FRET between artificial nanoantennae and chlor-
ophyll within living chloroplasts. Current evidence of spectral
overlap and spatial colocalization remains circumstantial. The
decisive next step is the adoption of Fluorescence Lifetime
Imaging Microscopy in all nanobionic studies utilizing light
harvesting properties, which can map fluorescence lifetimes in
situ and reveal the shortened donor lifetimes diagnostic of
FRET in isolated chloroplast trials or cyanobacteria.”” Moving
from steady-state to time-resolved imaging would provide the
definitive mechanistic proof needed for rational nanoantenna
design, while single-molecule approaches could later refine
efficiency measurements.” >

6.3. Ecological, Safety, and Scalability Implications

A significant hurdle for both technologies is the lack of
comprehensive understanding of their long-term environ-
mental impact. For nanobionics, critical questions remain
about the fate of nanomaterials after the plant is harvested or
decomposes.”” Do they persist in soils, alter microbial
community composition, disrupt nutrient cycling, or enter
food chains through trophic transfer. Studies highlight that the
transport and toxicity data emphasizes that particle size, surface
coating, aggregation state, and dissolution behavior are the
principal controls on mobility and bioavailability in soil plant
systems.”* The propensity for accumulation depends on (i) the
stability of the, (ii) dissolution into ionic species, and (iii) the
developmental timing of exposure.”> Therefore, accumulation
patterns are highly material- and species-dependent. For
example, cerium oxide nanoparticles (CeO,—NPs) applied to
soil have been detected in lettuce tissues and can undergo
biotransformation, with concentration-dependent effects on
plant physiology,76 while silver nanoparticles have been
reported to penetrate tomato roots and accumulate in
vegetative tissues’’ Furthermore, in carbo nano assemblies,
studies consistently report low cytotoxicity, high biodegrad-
ability with a minimal aggregation in plant tissues.”””®

Analytical strategies for evaluating nanomaterial uptake and
translocation must balance mechanistic resolution with
scalability. For carbon nanoassemblies, high-precision methods
such as isotope labeling could, in principle, distinguish
internalized CNAs from native plant carbon pools and map
their movement within tissues; however, these approaches are
not feasible at agricultural scale. Instead, for carbon-based
systems, the downstream physiological and biochemical impact
of treatment can be more realistically assessed through
metabolomic profiling, which enables high-throughput detec-
tion of shifts in central metabolism, redox balance, and
secondary metabolites associated with nanomaterial activity.
For inorganic nanomaterials and metal-doped CNAs, scalable
elemental analyses are more straightforward. Techniques such
as ICP-MS, supported by autosamplers, allow hundreds of
plant digests to be processed in a single run, providing
quantitative information on elemental loading across large
experimental cohorts. Additionally, portable XRF instruments
offer a practical field-deployable option for semiquantitative
screening of metal accumulation directly in leaves, stems, or
soils, enabling rapid in situ monitoring without destructive
sampling.

On the other hand, for agricultural films and composites, the
degradation products of both the polymer matrix and the
luminescent materials must be assessed for their potential
ecotoxicity and persistence in the environment.”” Rigorous,
long-term life cycle assessments under realistic field conditions
are urgently needed to ensure these technologies are not only
effective but also environmentally benign. Equally critical is
scalability and farmer adoption. One way to improve large
scale deployment of the indirect light harvesting approach is
the combination with luminescent solar concentrators. When
integrated with the indirect approach, LSCs offer a dual-use
advantage as they can concurrently (i) optimize the spectral
quality of light reaching crops by converting UV into PAR
wavelengths, and (ii) generate electrical power from the guided
photons without significantly shading the crop canopy. This
would also provide producers with the financial incentive to
consider investing in this new technology.

Although many of the nanomaterials and luminescent
complexes can, in principle, be synthesized from low-cost
precursors, transitioning from laboratory-scale syntheses to
industrial manufacturing, while maintain consistent nanoma-
terial sizes and quantum yields remains a challenge. The
economics of synthesis, purification, formulation, and delivery
must ultimately be weighed against yield gains to establish
clear cost—benefit outcomes. Without demonstrated scalabil-
ity, even the most promising technologies will remain confined
to research settings rather than delivering real-world
agricultural impact.

Nanobionics and solid-state fluorescence represent promis-
ing strategies to address the spectral limitations of photosyn-
thesis, offering direct and indirect routes to enhance light-use
efficiency in crops. However, their translation beyond proof-of-
concept studies will depend on rigorous mechanistic validation,
particularly for proposed energy-transfer pathways, alongside
comprehensive assessments of environmental fate, food safety,
and long-term ecological impact. Ultimately, scalable manu-
facturing, realistic field trials, and clear cost—benefit advantages
for growers will determine whether these photonic augmenta-
tion technologies can progress from laboratory demonstrations
to practical agricultural solutions.
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