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Conjugated polymer nanoparticles boosting growth and
photosynthesis in biohybrid plants

This work reports the first in vivo integration of poly(3-
hexylthiophene) nanoparticles (P3HT-NPs) into Arabidopsis
thaliana plants, creating a bio-hybrid plant with enhanced
growth and photosynthetic performance. Through
morphological, optical, and chemical characterization, we
demonstrate that P3HT-NPs act as photonic antennas,
broadening light absorption and facilitating electron transfer
within the photosynthetic machinery. The study opens

new perspectives for sustainable bio-nanotechnology
approaches to improve plant productivity and renewable
energy harvesting.

Image reproduced by permission of Manuela Ciocca from
Mater. Horiz., 2025, 12, 7937.

7 ROYAL SOCIETY
PPN OF CHEMISTRY

S

As featured in:

Materials
Horizons

See Manuela Ciocca et al.,
Mater. Horiz., 2025, 12, 7937.

rsc.li/materials-horizons

Registered charity number: 207890



Open Access Article. Published on 18 September 2025. Downloaded on 2/15/2026 4:58:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,

12, 7937 .
Manuela Ciocca,

Received 25th February 2025, Soufiane Krik,

Accepted 25th July 2025
DOI: 10.1039/d5mh00341e

rsc.li/materials-horizons

Engineered nanomaterials integrated into photosynthetic systems
could pave the way to new, exciting avenues towards biohybrid
systems and renewable energy sources. Here, a biohybrid plant devel-
oped through the integration of poly(3-hexylthiophene) nanoparticles
(P3HT-NPs) in Arabidopsis thaliana plants is presented. P3HT-NPs were
used to enhance plant solar radiation absorption, with a spectro-
photometric profile matching chlorophyll absorbance. The P3HT-NP-
engineered biohybrid plants showed a 45% increase in root length,
corresponding to a relevant enhancement in biomass production of up
to 17% compared to the control group. The presented biohybrid plant
might open a new route for improving CO, capture and oxygen
production, underscoring the transformative potential of combining
nanomaterials with plant biology, and paving the way for novel
biohybrid nano-engineered renewable energy sources.

Introduction

Photosynthetic systems (e.g., plants, algae, and bacteria) are vital
for energy harvesting in nearly all Earth ecosystems. They trans-
form carbon dioxide (CO,, from the atmosphere) and water (H,O,
from soil) into carbohydrates, and release oxygen into the
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New concepts

This work demonstrates a novel concept in materials science: the in vivo
integration of conjugated polymer nanoparticles (CP-NPs), namely poly(3-
hexylthiophene) nanoparticles (P3HT-NPs) into Arabidopsis thaliana
plants, to form a bio-hybrid photosynthetic living system. The presented
first engineered bio-hybrid plant shows enhanced photosynthetic effi-
ciency and growth. Unlike previous studies that have focused on ex vivo
applications or toxicity assessments of nanomaterials in plants, our
approach directly incorporates P3HT-NPs into the plant’s 3D structure.
The P3HT-NPs act as photonic antennas, potentially interacting with
native chlorophyll to broaden light absorption and boost electron transfer
during photosynthesis. As a result, treated plants exhibit an 11% increase
in CO, assimilation and significant improvements in biomass accumula-
tion, up to 17%. This work provides new insights into how engineered
nanomaterials can be harnessed to modify intrinsic biological energy
conversion processes, thereby bridging the fields of nanomaterials and
plant biology. The concept not only advances our understanding of nano-
bio interactions but also opens promising avenues for novel sustainable
bio-hybrid nano-engineered energy sources.

atmosphere by utilizing electromagnetic energy, typically from the
sun,' through the natural photosynthesis process. In plants, this
primarily takes place in the leaves, and more specifically within the
chloroplasts (specialised plant cell organelles) where light reac-
tions occur in sac-like structures known as thylakoids. Light is
captured mainly by the green dyes of chlorophyll (located in the
thylakoid membrane).” The structure of chlorophyll shows a five-
ring heterocyclic structure surrounding Mg>* ions with an
extended (conjugated) polyene moiety alternating single and dou-
ble bonds, responsible for absorption in the visible region of the
electromagnetic spectrum (Fig. S1a). Thus, as a principal photo-
receptor, chlorophyll harvests the absorbed solar energy and
makes it available for several chemical reactions whose final
product is sugar,’ consistently with the following eqn (I) and (II):*

Light
2H,0 = O + 4[H'] + de™ i)
4e” + 4[H'] + CO, — (CH,0) + H,0 (10)
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Radiation with wavelength in the range of 400 to 700 nm,
known as photosynthetically active radiation (PAR), is universally
used as a source of energy for photosynthesis by green plants.” The
main forms of chlorophyll in plants are chlorophyll a (Chl a,
absorption peaks at 430 and 663 nm) and chlorophyll » (Chl b,
absorption peaks at 450 and 640 nm) generally in a ratio of 3:1%’
(Fig. S1a). Thus, by absorbing maximally in the blue (430-450 nm)
and red (640-663 nm) regions of the solar spectrum, chlorophyll-
protein complexes are involved in harvesting solar energy and
transporting electrons, resulting in the generation of the reductant
(such as nicotinamide adenine dinucleotide phosphate (NADPH),
which carries electrons for the next steps of the photosynthetic
process) and energy (adenosine triphosphate (ATP), which serves
as an energy currency in the cell).®

Plants convert, utilize, and store less than 1% of the solar
energy.’ Solar energy is the most environmentally friendly and
sustainable energy source. In the last few decades, solar-driven
CO, conversion applied to the production of fuels has received
increasing attention within a vision of a future based on
renewable energy sources.'® From this perspective, photocata-
lytic, photoelectrochemical, and photovoltaic (PV) plus electro-
chemical approaches have been intensively studied strategies."’
The emerging and fast-expanding research field of engineered
and hybrid living materials (ELMs and HLMs) that combine
living and non-living matter is currently establishing a pro-
mising perspective for achieving such an aim,""™ offering
unprecedented opportunities to develop novel and non-genetic
strategies for sustainably enhancing the efficiency of photosyn-
thetic systems,'* moving beyond the limitations of traditional
genetic engineering approaches. Developing HLMs for energy
production could potentially overcome a variety of conventional
approaches (e.g., PV) to these issues. So far, however, only simple
biological model systems (e.g:, bacteria and microalgae) have been
used for the realization of energy conversion-HLMs,"> "’ whereas
plants remain still mostly unexplored as testbeds for the develop-
ment of biohybrid living systems. Only very recently, organic PV
polymers and nanomaterials have been introduced in plant
biotechnologies, with the aim of both enhancing photosynthesis
and monitoring plant functions."®"® Although knowledge of the
interactions of nanoparticles (e.g., gold, carbon) with plants has
increased,”®* the development of biohybrid plants via interfa-
cing them with engineered nanoparticles (NPs) for controlled
energy conversion is still a distant prospect. Carbon dots (CDs),
with absorption capability across the UV and visible range and
emission into far-red/near-infrared (NIR) light (625 to 800 nm),
have been explored for artificial photosynthesis to extend the
plants’ solar light utilization.® Despite the promising enhance-
ment of the photosynthesis, enabled by the far-red/NIR emitting
CDs, demonstrated in vitro, the long-term biocompatibility in
diverse plant systems, and the limited understanding of CD
interactions with plant cellular pathways are still unresolved
challenges. While successful in vivo incorporation of CDs as
light-harvesting antennas has been demonstrated in unicellular
cyanobacteria (Synechococcus elongatus), achieving such an aim in
plant leaves remains under investigation.>” Recent efforts have been
focused on using CDs and doped-CDs to create chloroplast-hybrid
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systems to enhance chlorophyll light absorption and improve
photosynthesis.****?° A major limitation of these studies lies
in the fact that the enhancement of photosynthetic perfor-
mance was demonstrated through direct measurements only
in isolated chloroplast systems, while in planta investigations
relied on indirect indicators such as leaf fluorescence, biomass
accumulation, and morphological traits.

Other engineered biosafe nanomaterials, with photoconver-
sion properties can be considered for this purpose. For instance,
conjugated polymers (CPs) are outstanding light-harvesting
materials with large absorption coefficients,® demonstrating bio-
compatibility*** and high tunability of their optical properties.>***
They are widely used in organic PVs® as thin films or as nano-
structures (in the form of nanofibers or NPs).*® Lately, the use of CP
thin films and CP-NPs has been proposed for application in the
general area of bioelectronics, biophotonics and photovoltaic
bioelectronics*”** to monitor and stimulate bioelectrical activity of
living cells.***® Recently CPs were employed to indirectly enhance
photosynthesis by interfacing CP-NPs with chloroplasts*! or plant
leaves affecting the Arabidopsis thaliana (A. thaliana) stomatal
aperture (leaf pores regulating transpiration) and indirectly
influencing the photosynthesis.'® CP-NPs were also proposed
as artificial antennas to expand the PAR range of natural
pigments for application in artificial photosynthesis** and
artificial carbon sequestration.”® An in vitro model of
chitosan-modified CP-NPs was investigated to increase photo-
synthetic efficiency and plant CO, storage.® Recently, a blend
consisting of poly(3,4-ethylene dioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS) and carboxymethylated
cellulose nanofibrils was exploited to develop the “eSoil”, a
bioelectronic hydroponic medium providing electrical stimuli
on roots of plants and promoting root and shoot growth.**

However, the potential of CP-NPs to enhance plant growth
and biomass production for engineered bioenergy alternatives
has been minimally explored, and there is a lack of direct
in vivo studies on the existing biohybrid interfaces to gain fully
functional enhanced biohybrid photosynthetic systems.

Here, we present the first engineered biohybrid plant
through the in vivo integration of poly(3-hexylthiophene) nano-
particles (P3HT-NPs) into A. thaliana plant model. The unpre-
cedented biohybrid photosynthetic system demonstrates
enhanced growth and biomass production, representing a
significant step forward at the intersection of nanomaterials
and plant biology. The presented approach enables the direct
and functional integration of CP-NPs within the three-
dimensional architecture of the entire living plant, validating
the biosafety of CP-NPs in whole organisms and paving the way
for novel biohybrid nano-engineered renewable energy sources.

Experimental
Preparation of P3HT-NPs dispersion

P3HT-NPs dispersion was prepared by the nanoprecipitation
method working in a laminar flow hood. Regioregular poly(3-
hexylthiophene-2,5-diyl) (r--P3HT, Mw 60 150, Rr 97.6%, Ossila)

This journal is © The Royal Society of Chemistry 2025
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was dissolved in tetrahydrofuran (THF, Merck) at a concen-
tration of 10 mg mL™". 1 mL of the obtained P3HT solution was
added dropwise in 20 mL of ultrapure water (presterilized in an
autoclave at 80 °C) under stirring. Thus, P3HT was first dis-
solved in THF (a good solvent) miscible with water and then
dispersed into H,O (a poor solvent) under stirring. Therefore,
NPs were instantaneously formed because of the rapid change
in solvent polarity. Thus, a colloidal suspension of P3HT-NPs is
obtained. The residual organic solvent, potentially harmful for
biological systems, was then removed by dialyzing the colloidal
suspension using a dialysis sack (pore size 14000 MWCO,
99.99% retention) against 2 L of sterilized deionized water
overnight. The whole process was carried out in sterile conditions.
The obtained P3HT-NPs dispersion was additionally sterilized via
an autoclave before being mixed in a sterile plant agarose-based
hydrogel growth medium and all subsequent steps were carried
out under sterile conditions to avoid possible contamination of the
biological samples.

P3HT-NPs characterization

P3HT-NPs absorbance and emission spectra were recorded via
a spectrophotometer (Jasco Corporation V-670) and a fluori-
meter (Horiba Fluoromax 4) respectively. For the emission
spectra, an excitation wavelength of 41 = 500 nm was used.

Nanoparticle size (hydrodynamic diameter) and charge (zeta
potential) were measured via dynamic light scattering (DLS)
with a wavelength of 633 nm in back-scattering mode via using
a zetasizer ZEN3600 (Malvern Panalytical).

The morphology of the P3BHT-NPs was investigated using a
scanning and plasma electron microscope — Dual Beam CXe
Helios 5 PFIB, from ThermoFisher (Thermo Fisher Scientific,
Waltham, Massachusetts, US). The system is equipped with a
suite of state-of-art that enable high-resolution S/TEM analysis,
energy dispersive X-ray spectrometry (EDXS) microanalysis for
compositional measurements, and an electron backscatter
diffraction (EBSD) detector for crystallographic analysis.
P3HT-NPs solution was drop cast on a silicon substrate and
dried at 60 °C before image acquisition.

For chemical and electronic characterization, P3HT-NPs
samples (after dialysis and sterilization) were prepared by
repeated drop-casting from an aqueous solution (concen-
tration: 0.10 mg mL ") onto Si wafers with native SiO,, ensuring
sufficient surface coverage. The samples were dried by heating
at 60 °C on a hot plate (~20 minutes) and transferred to the
ultrahigh vacuum (UHV) analysis chamber.

Scanning photoelectron microscopy (SPEM) characteriza-
tion was carried out at the ESCA Microscopy beamline of the
ELETTRA synchrotron facility in Trieste (Italy) (https://www.
elettra.eu/elettra-beamlines/escamicroscopy.html) to investi-
gate the surface chemical states of the P3HT-NPs. A soft
X-ray photon beam with an energy of 500 eV was focused on
a ~150 nm diameter spot on the sample surface. The drop-cast
sample was scanned in front of the beam with a positional
accuracy of 10 nm. For XPS imaging and spectroscopy, a
100 mm hemispherical electron energy analyzer equipped with
a 48-channel detector and an energy resolution better than
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200 meV was used. XPS spectra and image data were analyzed
using IGOR Pro v9 software.

Ultraviolet photoelectron spectroscopy (UPS) measurements
were performed in an UHV analysis chamber equipped with a
He-discharge lamp operating at the He I emission line (21.22 eV)
and a VSW HA100 hemispherical electron energy analyzer (featur-
ing a PSP power supply and electronic control). The system
provides an energy resolution of 0.1 eV for UPS. During the
measurements, the sample was biased at —7.1 V.

Seedling and plant growth medium preparation

Arabidopsis thaliana (A. thaliana) Col-0 seeds were provided by
the Competence Centre for Plant Health of the Free University
of Bozen-Bolzano. The seeds were sterilized in 3 steps:
(i) washing the seeds with a solution of 70% ethanol (PanReac
- AppliChem) + 0.1% SDS (sodium dodecyl sulfate, Merck) in
which the seeds were kept for about 1 minute; (ii) washing the
seeds with a 70% ethanol solution; (iii) drying the seeds under a
laminar flow hood for about 2-3 hours after the removal of
excess ethanol from the washing previous steps. At this point
the seeds were sown in Petri dishes (120 x 120 x 17 mm)
containing a volume of 50 mL of 1/2 Murashige and Skoog salt
(MS, Duchefa Biochemie) medium prepared with 0.8% agarose
and 0.3% sucrose (MS agarose-based hydrogel (CTRL)) and
mixed with silica NPs (Si-NPs, Merck) or P3HT-NPs at different
concentrations, all maintained at pH 5.5 with the MES buffer.
The medium was previously prepared and subsequently ster-
ilized in an autoclave. After sowing the A. thaliana seeds, the
plates were closed and sealed and placed for stratification at
4 °C for 72 hours to ensure seed stabilization and to induce
synchronous germination in seeds. After stratification, the
plates were incubated in growth chambers (GroBanks CLF
Plants Climatics) at 22 °C and a day/night cycle of 16/8 hours
respectively with 103 pmol m™> s™' of PAR light radiation
conditions during day hours, or 12 hours day (full-spectrum
white light) and 4 hours green light/8 hours darkness, 5 plates
for each condition were prepared, each containing 10 seeds.

Chlorophyll extraction from Arabidopsis thaliana leaves

A. thaliana leaves, from the control group, were harvested on
the last day of the observation period (Tend, 9 days post-
germination) and the fresh weight (28.23 + 4.01 mg) was
recorded. Subsequently the leaves were soaked into 4 mL of
ethanol (Merck) and left on stirring for 2 hours. The mixture
was transferred to a mortar and pestle and ground for a few
minutes. Then, it was filtered. The filtered solution was used
for further investigations.

MS and MS + P3HT agarose-based hydrogel medium
characterization

PH measurements. pH measurements were conducted at RT
using the sensION TM + PH 3 pH meter to assess the pH levels
of the agarose-based hydrogel medium before seedling and at
the end of the experimental observation period. To facilitate the
measurements, a 3 mL volume of agarose-based hydrogel
medium was dissolved through heating at 80 °C on a hot plate

Mater. Horiz., 2025,12, 7937-7950 | 7939
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for 30 minutes with continuous stirring and subsequently
positioned on the pH-meter stage for analysis.

H,O0, analysis. Colorimetric analyses were conducted using
the MQuant™ Peroxide test kit (Merck). Briefly, the peroxidase
enzyme is responsible for transferring peroxide oxygen to an
organic redox indicator. As a result, a blue oxidation product is
produced. Thus, the peroxide test strips go through a blue
colour change based on the quantity of H,O, formed in the
agarose-based hydrogel soil providing a semi-quantitative
measurement of the peroxide concentration via visually com-
paring the test strip’s reaction zone with a provided colori-
metric scale. In our approach, MATLAB was employed to
upload images of the strips, reproduce the colorimetric scale,
and statistically compare the images. Following image prepro-
cessing, which involved loading and normalizing the scale and
strip images, the mean of the matrices was computed for both.
Subsequently, the mean scale matrices were plotted as coloured
strips along the x-axis, representing the colour spectrum, while
the mean strip matrices were plotted as symbols along the
y-axis. Strips falling within a particular colour band on the scale
were associated with that colour. This method allowed for a
quantitative analysis of the colorimetric data, enhancing the
accuracy and efficiency of our assessment.

Absorbance spectra. Absorbance spectra of extracted chloro-
phyll from A. thaliana leaves, of MS agarose-based hydrogel
medium and MS medium supplemented with Si-NPs and P3HT-
NPs were acquired through UV-Vis spectrophotometer (Cary 60
UV-Vis, Agilent Technologies). To facilitate the measurements,
a 3 mL volume of agarose-based hydrogel medium (supplemented
or not with NPs) was dissolved through heating at 80 °C on a hot
plate for 30 minutes with continuous stirring and subsequently
analysed through the UV-Vis absorbance spectra measurements.
Data were analysed via OriginPro 2021.

Arabidopsis thaliana roots length and leaves area

A. thaliana root length and leaf area analysis was conducted
using Image]’s image processing software (version 1.54i,
National Institutes of Health, Bethesda, MD, USA). Plant
samples were imaged using a digital camera with a standard
resolution of 50 megapixels and uniform illumination to
minimize variations in brightness between images. Following
image acquisition, the acquired images underwent prelimin-
ary processing to enhance quality and reduce noise, includ-
ing colour balance adjustment, illumination correction, and
removal of any undesired artefacts. Subsequently roots and
leaf areas were extracted from the acquired images. The
dimensions of the regions of interest (ROIs) corresponding
to the roots and leaves were then measured in terms of linear
and square pixels respectively using Image]. Calibration to
convert dimensions into physical units (linear and square
centimetres) was done using a reference image with known
scales. Data were analysed via OriginPro 2021. Statistical
analysis was performed via one-way ANOVA tests (Tukey test)
to evaluate significant differences (*p < 0.05, **p < 0.01,
***p < 0.001) in leaf area dimensions and root length among
different experimental conditions.
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Arabidopsis thaliana fresh and dry weight

Fresh and dry weights of A. thaliana were measured by carefully
excising plants at the junction between the stem and roots and
subsequently placing the roots and stems separately into pre-
weighed Eppendorf tubes. After weighing the Eppendorf tubes
containing the biomass, they were placed in an oven and left at
60 °C overnight to ensure thorough drying. Following this
drying period, the Eppendorf tubes were reweighed to deter-
mine the dry weights of the plant material.

Photosynthetic activity measurements

The photosynthetic activity was assessed measuring the net
CO, exchange of all the plates using an infrared gas analyser
(L1-8100, LI-COR Biosciences, Lincoln, NE, USA) adapted to
sample the gas from a custom-made Plexiglass chamber fabri-
cated via laser cutting, with internal dimensions of 125 x 125 x
27 mm, where each plate was inserted (Fig. S11a). A compre-
hensive leak test was performed to ensure the reliability of the
enclosure, and it was then properly sealed. Each measurement
lasted 90 s and the CO, flux was derived by fitting an exponen-
tial curve on the CO, mixing ratio evolution inside the closed
chamber measured at a frequency of 1 Hz.*>*° All measure-
ments were taken under artificial white light (85 pmol m 2 s™*)
and relatively constant temperature and CO, concentration
(20.7 & 0.9 °C and 606 + 50 umol mol *, respectively). In the
post-processing phase, data were handled using SoilFluxPro®™
software to adjust the volume of the system to the modified
chamber and to set the dead band interval to 10 s to ensure the
establishment of a steady mixing of CO, before the beginning
of the measurements (Licor 2010, Fig. S11b). Only fluxes with
R? > 0.60 and originated by non-contaminated plates were kept
for further analysis. The quality check process carried out on
the gas exchange measurements caused the removal of two out
of five measured plates for both CTRL and P3HT-NPs treated
plates. One CTRL plate was excluded due to the contamination
of the plate with a bacterial colony, while one plate of CTRL and
two plates of P3HT-NPs treated plants were removed because
the coefficient of determination of the flux was below the fixed
threshold of 60%. Thus, 10 plants over 3 plates were considered
as the CTRL samples. 16 plants over 3 plates were considered as
the P3HT-NPs samples. Data were analysed via OriginPro 2021.

Hyperspectral images

Hyperspectral images (HSIs) were acquired via HERA hyper-
spectral camera (NIEROS). Images were captured using an
exposure time of 3 ms and a white LED as the light source to
illuminate the field of view of the camera. The distance between
the sample and the camera was 120 cm. The spectral range was
400-1000 nm. Data acquisition and management were con-
ducted using HERA_analysis_APP (NIEROS). Based on the
Fourier-transform approach, the spectrum of light at different
selected pixels of the CTRL, Si-NPs and P3HT-NPs plant leaves
was measured. HSIs were processed using ENVI 5.3 (Exelis,
McLean, VA, USA), and the ROI tool was used to draw a region
of interest corresponding to the measurement area of the leaf.

This journal is © The Royal Society of Chemistry 2025
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3 leaves per plant, 5 plants per condition were considered. Data
were analysed via OriginPro 2021.

Confocal imaging

Leaves were freshly detached from the plant and fixed by using
coverslip glass. The imaging acquisition was made by using
a Leica SP8-X confocal microscope with 63x oil immersion
objective. The P3HT-NPs were detected by using the 520 nm
excitation wavelength and the stomata cells with 488 excitation
wavelengths.

Results and discussion
Light harvesting nanoparticles to develop biohybrid plants

Biohybrid plants have been obtained by sowing A. thaliana
seeds into Murashige and Skoog salt (MS) agarose-based hydro-
gel medium®’ supplemented with P3BHT-NPs. MS medium and
MS medium supplemented with silica NPs (Si-NPs) were used
as controls (CTRL). Si-NPs were used as a negative control due
to their comparable size to P3HT-NPs but lack of photoactive
properties. The plant growth observation period was 19 days.
Biosafety and growth-promoting effects of P3HT-NPs on A.
thaliana plants were investigated, as well as potential negative
effects (e.g., pH variation of the agarose-based hydrogel supple-
mented medium).

P3HT-NPs preparation and characterization. P3BHT-NPs were
obtained via nanoprecipitation method. The 152.3 + 64 nm
measured hydrodynamic diameter (Fig. 1a) allows NPs to be
uptaken via plant roots.*® The measured zeta potential (—41.2 +
6.2 mV) and the polydispersity index (PdI = 0.158, Fig. 1a, inset)
indicate a stable colloidal suspension.’® Furthermore, the nega-
tive zeta potential facilitates NPs penetration (from the root sur-
face to the vascular system) and transport (from root to shoot).”

The absorption and emission spectra of P3BHT-NPs (Fig. 1b
and Fig. S1b) feature peaks at 516 and 655 nm, respectively.
Notably, the absorbance spectrum of P3HT-NPs, spanning from
450 to 650 nm, aligns with the spectral region where chloro-
phyll exhibits minimal absorption in plants (Fig. 1b). Conver-
sely, the emission spectrum of P3HT-NPs, extending from
600 to 750 nm, coincides with the pronounced absorption
spectral range of the plant’s chlorophyll (Fig. 1b). These spec-
tral properties substantiate the theoretical potential for employ-
ing P3HT-NPs as photonic antennas to augment plant light
absorption. Absorbance and emission spectra show the P3HT-
NPs retention of optical properties following dialysis process
and sterilization (Fig. S1b), which are essential preparatory
steps for biological application, with minor shifts indicative
of morphological or aggregation changes during processing.
This confirms the optical stability of the P3HT-NPs in bio-
logically relevant conditions. Morphological investigation
of P3HT-NPs through scanning electron microscopy (SEM)
imaging (Fig. 1c) corroborated the dimensions and geometry
of the NPs. Additionally, high-resolution scanning/transmis-
sion electron microscopy (S/TEM) analysis verified that the NPs
shape and structural integrity were preserved throughout the
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Fig.1 P3HT-NPs characterization. (a) Hydrodynamic diameter distribu-
tion of P3HT-NPs, measured via dynamic light scattering (DLS). The plot
illustrates the size dispersion of P3HT-NPs in solution, highlighting the
predominant hydrodynamic diameter range, indicative of the nano-
particles’ stability and uniformity in aqueous environments. The polydis-
persity index (Pdl) and average diameter (d. av.) are reported as inset. (b)
Spectral match of P3HT-NPs with chlorophyll extracted from Arabidopsis
thaliana leaves (see Methods). The absorption (shaded light green) and
emission (shaded red) spectra of P3HT-NPs are shown alongside within
the absorption spectra of chlorophyll (black line). The figure highlights
potential interactions in the 450-650 nm range for P3HT absorption and
650-700 nm for P3HT emission, suggesting the capacity of P3HT-NPs to
interact with chlorophyll-based photosynthetic processes. (c) Scanning
electron microscopy (SEM) of P3HT-NPs showing the morphology and
size of P3HT-NPs with uniform geometry and nanoscale dimensions. Scale
bar is 500 nm.

preparation and processing steps, including dialysis and ster-
ilization (Fig. S2a—c). Finally, to assess the chemical integrity of
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the sterilized P3HT-NPs, those used in subsequent experiments
for plant integration, scanning photoelectron microscopy
(SPEM) and X-ray photoelectron spectroscopy (XPS) analyses
were conducted. SPEM chemical maps, along with the corres-
ponding XPS micro-spectra, confirmed the presence of char-
acteristic carbon (C1s) and sulfur (S2p) signals associated with
the P3HT backbone, located at the binding energies of
approximately 285 eV and 163 eV, respectively (Fig. S3). Addi-
tional ultraviolet photoelectron spectroscopy (UPS) confirmed
a work function of 3.4 eV for the sterile P3HT-NPs with the
highest occupied molecular orbital (HOMO) onset at ~1.5 eV
below the Fermi energy, in accordance with the literature®
(Fig. S4). These values are consistent with the known chemical
composition of poly(3-hexylthiophene),”* confirming the
stable morphological and chemical structure of the P3HT-
NPs, and thus their suitability for application in biohybrid
plant systems.

P3HT-NPs biosafety and growth-promoting evaluation in
Arabidopsis thaliana. To study the biosafety of P3HT-NPs
on plant systems an MS agarose-based hydrogel medium
(CTRL) was combined with the P3HT-NPs at different concen-
trations (P3HT-NPs [0.01 mg mL™ '], [0.05 mg mL '] and
[0.10 mg mL~']). Sterile A. thaliana seeds were sown both in
the CTRL and in the P3HT-NP supplemented media. The
samples were then placed in a plant growth chamber, follow-
ing day (full spectrum white light, Fig. S5a)/night (dark) cycles
for 9 days.

At the initial germination checkpoint (7,, 3 days after
incubation within the plant growth chamber), all germinated
samples uniformly measured approximately 1 cm in root
length, exhibiting no evident size variations between the CTRL
and the P3HT-NPs-treated samples (Fig. S6). Remarkably, by
the 9th day post-germination (Z.nq, 12 days following incuba-
tion), A. thaliana plants treated with the highest concentration
of P3HT-NPs ([0.10 mg mL']) showed a 45% increase in root
length (8.10 & 0.99 cm) compared to the CTRL (5.56 + 2.07 cm)
(Fig. 2a and b). Additionally, the P3HT-NPs [0.10 mg mL ']
treated plants demonstrated a leaf area expansion of 1.0 +
0.3 mm? beyond that of the CTRL (Fig. 2c and d), and a 0.03 +
0.02 mg increase in dry weight (Table 1) indicative of a 11%
enhancement in biomass production. No evident differences in
the dry weight were observed under conditions with P3HT-NPs
at lower concentrations (Table 1).

While some variability is inherent in biological systems,
these findings support the biosafety of P3BHT-NPs, as indicated
by the unaltered plant phenotype (Fig. 2b) and the positive
plants growth-promoting both for roots and leaves.

Fluorescence microscopy analysis was employed to assess
the persistence of P3HT-NPs within the MS agarose-based
hydrogel medium at T.,q. After a 20-day integration period,
the P3HT-NPs retained their fluorescence properties (Fig. S7),
underscoring their stability and enduring efficacy in the medium.

P3HT-NPs effect on plant growth and photosynthetic
enhancement in Arabidopsis thaliana. Motivated by the pro-
mising preliminary findings, a subsequent experiment was
conducted to further exploit the impact of PZHT-NPs on plants.
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MS agarose-based hydrogel medium supplemented with P3HT-
NPs ([0.10 mg mL~']) was prepared as previously described and
selected for evaluation. Control groups included MS medium
(CTRL), and Si-NPs supplemented medium, both prepared
following identical protocols. The experimental observation
period was 19 days.

Evaluation of stability, reactive oxygen species formation
and pH variations of MS medium supplemented with P3HT-
NPs. To evaluate potential alteration in the optical properties of
P3HT-NPs in MS medium after 19 days of light exposure under
day/night cycles, absorbance spectra were measured for CTRL,
Si-NPs, and P3HT-NPs media at T, (day of preparation) and
Tena (day 19). No significant differences were observed in the
spectra, with an overall 20% decrease in absorbance across all
samples over the period (Fig. S8). For the P3BHT-NPs medium,
absorbance in the 450-500 nm range was evident at both time
points, reflecting the presence of P3HT-NPs.

To investigate the formation of reactive species resulting
from the oxygen reduction reaction on P3HT,>* H,0, and pH
measurements were performed on CTRL, Si-NPs and P3HT-NPs
supplemented media at T, and Teng. No significant variation
in H,0, levels (Fig. S9), or pH values (Table S1) were noticed,
excluding any significant chemical modification, potentially
harmful to the plants, in the P3BHT-NPs supplemented medium.

Germination and growth of A. thaliana in P3HT-NPs supple-
mented media. At T, (germination checkpoint), only 14, 0, and
15 plants over 60 seeds sown into CTRL, Si-NPs, and P3HT-NPs
supplemented media germinated, respectively. All the germi-
nated samples uniformly measured approximately 1 cm in root
length, exhibiting no evident variation (Fig. S10). At T; (day
13th within the growth chamber) (Fig. 3a) and at Tenq an
appreciable increase in root length of 25-26% and 91-92%
was noted in A. thaliana seeds sown and cultivated within the
medium incorporating P3HT-NPs (root lengths: 7.22 4+ 0.58 cm
at T and 9.53 £ 0.59 cm at T.,q) in comparison to the CTRL
(root lengths: 5.76 &+ 1.25 cm at T5 and 7.55 & 1.26 cm at Tenq)
and Si-NPs supplemented medium (root lengths: 3.77 +
0.77 cm at T; and 4.97 + 1.95 cm at T.,q) respectively
(Fig. 3b). P3HT-NPs growth-promoting also allowed 17% (at
Tena) increase in biomass production, per plant, respect to
CTRL when considering normalized leaves dry weights, as
detailed in Table 2.

These findings confirm and reinforce the growth-promoting
effects of P3HT-NPs observed in previous results also providing
evidence of the inhibitory effect of Si-NPs on plant growth.

Consistently with the root length increment, the leaf area
measured at Tenq (Fig. 3c) of P3HT-NPs treated plants (0.09 +
0.03 cm?) was larger by factors of 1.5 and 1.8 respect to the
CTRL (0.06 + 0.01 cm?®) and Si-NPs (0.05 & 0.02 cm?) treated
plants.

Representative pictures of A. thaliana plants grown in P3HT-
NPs supplemented medium and of plant leaves from each
treatment group are depicted in Fig. 3d and e.

P3HT-NPs light antennas in Arabidopsis thaliana. To further
investigate the growth-promoting effects of P3HT-NPs and their
ability to act as light antennas by broadening the absorption

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 P3HT-NPs growth-promoting evaluation in Arabidopsis thaliana. (a) Root lengths at the end of the experimental period (Teng, 9 days post-
germination, 12 days after incubation), measured for plants grown in MS agarose-based hydrogel soil (CTRL) and MS agarose-based hydrogel soil
supplemented with P3HT-NPs at different concentration (0.01 mg mL™2% 0.05 mg mL™%, 0.10 mg mL™%). Error bars represent the standard deviation (SD).
(b) Representative pictures for roots growth comparison with a scale reference between CTRL and treated groups. (c) Leaf area measurements for
dicotyledon (first embryonic leaves) and (d) for first leaf (first photosynthetic leaf that develops after the dicotyledons), across the same treatment groups,
highlighting the effects of NPs concentration on plant leaves development. Error bars represent the standard error (SE). Statistically (one-way ANOVA)

significant differences between groups are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.

Table 1 Dry weight of Arabidopsis thaliana plants grown across different
treatments. Average of dry weight (mg) for A. thaliana plants grown in MS
agarose-based hydrogel medium (CTRL) and MS medium supplemented
with P3HT-NPs at different concentrations ([0.01 mg mL™Y, [0.05 mg mL™Y,
[0.10 mg mL~1). Values are expressed as the normalized leaves dry weight (mg
per plants) mean + SD

Samples Mean (mg)
CTRL 0.28 + 0.02
P3HT-NPs [0.01 mg mL '] 0.26 + 0.02
P3HT-NPs [0.05 mg mL '] 0.28 £ 0.03
P3HT-NPs [0.10 mg mL '] 0.31 + 0.02

spectrum of plants, A. thaliana plants were grown in CTRL, and
P3HT-NPs supplemented media within a growth chamber for
9 days. The plants were subjected to standard day/night cycles
(as previous experiments) and day/night cycles with additional
4 hours of green light (Fig. S5b). 9 days post-germination, an

This journal is © The Royal Society of Chemistry 2025

increase in root length of 27% and 31% was observed in A
thaliana grown in the P3HT-NPs supplemented medium com-
pared to the CTRL, under standard conditions and with the
addition of 4 hours of green light, respectively (Fig. 3f and g).

These results corroborate the positive effect of P3HT-NPs on
root growth suggesting that the presence of P3HT-NPs also
enables the plants to absorb green light.

Analysis of photosynthesis, optical properties, and nanoparticle
localization in biohybrid plants

The photosynthetic capacity of A. thaliana plants grown in
CTRL and P3HT-NPs supplemented media was investigated at
Tena- Plant photosynthetic efficiency and the overall carbon
balance were investigated by measuring the net CO, assimila-
tion (balance between CO, fixation and CO, production by
photorespiration). Si-NPs supplemented medium was not con-
sidered due to bacterial colony contamination, which could

Mater. Horiz., 2025, 12, 7937-7950 | 7943
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Fig. 3 P3HT-NPs growth-promoting evaluation in Arabidopsis thaliana. (a) Root lengths at the 13th day within the growth chamber (T3), measured for
plants grown in MS agarose-based hydrogel medium (CTRL) and MS medium supplemented with Si-NPs, and P3HT-NPs [0.10 mg mL~Y]. (b) Root lengths
at the end of the experimental period (Teng, 19 days post-germination), measured for plants grown across the different treatments. Error bars represent
the SD. (c) Comparison of the first leaf area (cm?) for plants grown across the different treatments. Error bars represent SE. (d) Representative picture of
plants grown in P3HT-NPs supplemented medium. (e) Representative pictures of the plants from each treatment group, visually highlighting the
differences in leaf size. (f) Root lengths for CTRL and P3HT-NPs treated plants grown under standard white light (yellow shaded area) and white light with
additional green light (green shaded area). Error bars represent the SD. (g) Representative images of the root systems, with measurements indicating
the increase in root length. Statistically significant differences between groups (one-way ANOVA) are indicated by asterisks: *p < 0.05, **p < 0.01,
***p < 0.001

interfere with CO, assimilation processes. Samples were col-
lected from the growth chamber, placed in a sealed custom-
made gas-exchange transparent chamber and illuminated with
a full-spectrum white light mimicking solar radiation as shown
in Fig. S11a. P3HT-NPs treated plates have shown a cumulative
increase in shoot biomass by 42% with respect to the CTRL
plates (4.53 + 0.28 vs. 3.20 £ 0.24 mg of dry weight, Fig. 4a and

7944 | Mater. Horiz., 2025,12, 7937-7950

Table S2). In P3HT-NPs A. thaliana treated plants the net CO,
assimilation increased by 11% respect to the CTRL (2.30 vs.
2.07 nmol of CO, plate ! s, Fig. 4b and Table S2). These
results represent a first attempt to measure the assimilation
capacity of P3HT-NPs engineered A. thaliana plants and support
the possible positive effects of the treatment on the photosyn-
thetic activity of the plant.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Dry weight of Arabidopsis thaliana plants grown across different
treatments. This table presents the average dry weight (mg) of A. thaliana
plants grown in MS agarose-based hydrogel medium (CTRL) and MS
medium supplemented with Si-NPs and P3HT-NPs (at a concentration
of 0.10 mg mL™Y). Values are expressed as the normalized leaves dry
weight (mg per plants) mean + SD

Samples Mean (mg)
CTRL 0.71 £ 0.07
Si-NPs [0.10 mg mL "] 0.61 + 0.05
P3HT-NPs [0.10 mg mL™] 0.83 + 0.06

To evaluate the effects of P3HT-NPs on plant physiology,
hyperspectral imaging (HSI) was used alongside standard mor-
phological characterization. This non-destructive technique
captures high-resolution spectral reflectance (400-1000 nm),
thereby enabling analysis of leaf pigments, nutrient status,
stress responses, and photosynthesis.”® Spectral curves of
leaves from A. thaliana plants grown in CTRL, Si-NPs, and
P3HT-NPs media showed significant differences in the 500-
650 nm range, with P3BHT-NPs treated plants exhibiting 3 times
higher reflectance than controls (Fig. 4c) while the reflectance
between 800 and 450 nm was similar for the CTRL and Si-NPs
samples. Selected regions of interest (ROIs) are shown in
Fig. S12. This augmentation suggests a specific interaction
between P3HT-NPs and plant tissues, potentially influencing
light absorption and utilization, warranting further study of
nanomaterial-plant interactions.

Finally, confocal images (Fig. S13, S14 and Fig. 4d) of
differently treated samples of A. thaliana reveal distinct features
and enable the following considerations: (i) red fluorescence is
observed between guard cells in all the samples and attributed
to chlorophyll autofluorescence® (Fig. S13 and Fig. 4d); (ii)
in contrast intense red spots, measuring less than 1 pm in
diameter, were observed exclusively in the leaves of the plants
grown in the P3HT-NPs supplemented medium. The observed
fluorescent features may result from individual P3HT-NPs or
small aggregates formed post-uptake, anyway indicative of the
presence of P3HT in the leaf; (iii) confocal images of P3HT-NPs
supplemented medium and roots of A. thaliana plants grown in
it (Fig. S14) further confirm the potential uptake of P3HT-NPs
by the root tissues. Taken together, these observations strongly
suggest that P3HT-NPs, introduced through the supplemented
medium, were effectively absorbed by the roots and transported
to the leaves via the stem. Their localization in the leaves
corroborates the hypothesis of their role as light-harvesting
antennas, enhancing plant growth, reflectance, and photo-
synthetic activity.

Conclusions

For the first time, we present the successful development of
enhanced biohybrid plants through the natural incorporation
of P3HT-NPs into the A. thaliana 3D organization, in vivo.

The improved growth and biomass production of P3HT-NPs
biohybrid plants indirectly indicate enhanced photosynthetic

This journal is © The Royal Society of Chemistry 2025
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activity, confirmed by net CO, assimilation measurements
showing 11% higher CO, utilization than CTRL plants. This
suggests that P3HT-NPs, transported to leaves, act as photonic
antennas, boosting light absorption and influencing electron-
transfer chain reactions (the light-dependent reaction, eqn (I))
taking place in the reaction centre of the chlorophyll,*® as
represented in Fig. 5a. During the photosynthesis sunlight
energy energizes an electron in the green organic pigment
chlorophyll, enabling the electron to move along an electron-
transport chain in the thylakoid membrane.>” Indeed, it is well-
established that CPs can efficiently transfer excitons to adjacent
low-energy acceptors, analogous to the energy transfer observed
between antenna pigments in photosynthesis.”® It is worth
noticing that chlorophyll, and all photosynthetic pigments,
possess long-range conjugated m-electron systems>® similar to
those found in CPs. In a first approximation, the relative energy
alignment of the HOMO and lowest unoccupied molecular
orbital (LUMO) levels of P3HT-NPs and chlorophyll provides
insight into the potential for electron transfer within the system
(Fig. 5b and c). To visualize this alignment, we determined the
energy levels of P3BHT-NPs using our UV-Vis and UPS measure-
ments (see Fig. S1, S3 and S4), as shown in Fig. 5b. The energy
levels of chlorophyll (Chl b) were taken from Mondal et al.,*°
and are also included in Fig. 5b. Although the constructed
energy diagram does not account for possible distortions due to
the local environment, it clearly indicates that photoexcitation
(e.g., by sunlight) could promote electron transfer from P3HT-
NPs to chlorophyll. This is supported by the relatively small
energy offset of approximately 0.2 eV between the LUMO levels
of P3HT-NPs and chlorophyll.

Therefore, the presence of P3BHT-NPs in the leaves might
allow the biohybrid plant to absorb a broader range of light,
generating more electrons in the electron-transport chain
within photosystem II (PSII, the protein complex in chloroplasts
involved in photosynthesis process) increasing the charges
transfer and generating more electronic holes by the absorbed
light, thus enhancing the photoelectric conversion efficiency.
Therefore, it may lead to an augment photosynthesis beyond
natural chloroplasts.

HIS analysis revealed higher reflectance in the green region
for P3HT-NPs treated leaves, suggesting increased chlorophyll
content or improved chloroplast activity, aligning with observed
photosynthetic and biomass gains, further supporting the hypoth-
esis of P3BHT-NPs acting as photonic antennas when transported
and located into plant leaves, as confirmed by confocal imaging.

These findings demonstrate the potential of P3HT-NPs for
biohybrid plant creation, opening avenues for agricultural and
environmental applications. Although P3HT-NPs have demon-
strated biocompatibility with A. thaliana, future work will be
necessary to assess their environmental fate including studies
on persistence in soil and water and their long-term inter-
actions with ecosystems. This work introduces biohybrid-
photosynthetic living systems, reinforced with light-harvesting
nanomaterials, as a novel strategy to enhance photosynthesis
and bioenergy production paving the way for significant
advancement in plant bio-nanotechnology.
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Fig. 4 Photosynthetic capacity and optical characterization of Arabidopsis thaliana plants grown across different treatments. Comparison of the
biomass (a) and the net productivity (b) (equal to net CO, assimilation, nmol CO, plate™* s™%) between plants grown in MS agarose-based hydrogel soil
(CTRL) and MS medium supplemented with P3HT-NPs (at a concentration of 0.10 mg mL™). The roots and shoots dry weight and the net productivity
values are reported per plate. Error bars represent the SD. (c) Hyperspectral analysis of leaf reflectance. The spectral curves represent the reflectance
spectra of regions of interest (ROIs) on leaves across various wavelengths, with the average shown as a continuous line and the SD as shaded areas, for
plants grown in CTRL and Si-NPs and P3HT-NPs (at a concentration of 0.10 mg mL™Y) supplemented media, as illustrated schematically on the right. The
hyperspectral data cube linked to the measured leaves spectral signature is also represented, as well as a representation of the different analysed samples.
(d) Fluorescence confocal microscopy of Arabidopsis thaliana leaves. Images of plants grown in P3HT-NPs supplemented medium. The natural
autofluorescence of chlorophyll is appreciable, while the presence of P3HT-NPs as distinct red fluorescence spots (indicated by arrows) is highlighted.
These intense red spots, less than 1 um in diameter, confirm the uptake and translocation of P3HT-NPs from roots to leaves. Scale bars 10 um.
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Fig. 5 Schematic representation of the mechanism of photosynthetic enhancement in biohybrid plants incorporating P3HT-NPs. (a) Illustration of
P3HT-NPs (red circles) uptake from the hydrogel-based medium, root internalization, and translocation to leaves, where they localize in chloroplasts.
(b) Energy level diagram comparing the HOMO and LUMO positions of P3HT-NPs and chlorophyll b (Chl b). Data for P3HT-NPs were experimentally
determined via UPS and UV-Vis (lonization potential (IP) = 4.9 eV, work function (¢) = 3.4 eV, hole injection barrier (HIB) = 1.5 eV), and Chl b values were
taken from literature. The relative alignment of energy levels suggests potential photo-induced electron transfer from excited P3HT-NPs to chlorophyll,
enhancing charge separation efficiency. (c) Conceptual depiction of the interaction between P3HT-NPs and the photosynthetic electron transport chain
within the thylakoid membrane. P3HT-NPs act as photonic antennas, absorbing light and facilitating electron injection into photosystem Il (PSII) and PSI,

leading to increased photosynthetic activity of the biohybrid plants and subsequent increased CO, assimilation.

Future studies should aim to optimize the concentration
and delivery methods of NPs into plants and to further elucidate
the mechanisms underlying the NPs/living system interactions.
Particular emphasis should be placed in analysing chlorophyll
fluorescence-based photosynthetic parameters, such as electron
transport rates (ETR), to gain deeper insights into the effects
of NPs on the light-dependent reactions of photosynthesis.
In addition, subcellular localization through TEM and chlorophyll
fluorescence lifetime measurements may help clarify nanoparticle
interactions at the organelle level, providing direct mechanistic
evidence of their role in enhancing photosynthesis.
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