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The threat posed by increasing CO» concentrations in the atmosphere requires innovative carbon sequestration
technologies. Photosynthetic CO4 sequestration by plants is a sustainable pathway, but its full potential is limited
due to COy diffusion and abiotic stress in the plant. Engineered nanomaterials such as nanoceria (CeO3) can
increase the activity of chloroplasts due to their photocatalytic activity and thus stimulate photosynthetic pro-
cesses. In the present study, the development of a new nanoformulation of CeOy whose surface was function-
alised with an ionic liquid (IL), cholinium ascorbate ([Cho][Asc]) was investigated to enhance photosynthetic
CO, fixation in tobacco plants. Compared to CeO; and IL, the CeO + [Cho][Asc] nanoformulation significantly
improved plant growth, biomass yield, photosynthetic rate and CO5 fixation. Compared to the control, plants
treated with CeOz + 50 mM [Cho][Asc] showed ~2-fold higher photosynthetic rate and a 198 % increase in dry
biomass accumulation. The maximum quantum efficiency of photosystem II (F,/Fy,) results were consistent with
the observed photosynthetic rate. Application of CeO3 + 50 mM [Cho][Asc] resulted in CO; sequestration of 3.02
t/hectare, which is 80-110 % higher than CeO5 and IL applied separately, and 279 % higher than the control.
This improvement in photosynthetic CO, fixation was achieved without compromising tobacco seed yield, as
foliar application of CeO5 + 50 mM [Cho][Asc] resulted in significantly higher seed yield than in control plants.
Overall, this study provides insights into the effects of IL-modified CeO2-based nanoformulations on plant growth
and COy fixation, contributing to sustainable agriculture and mitigating climate change.

1. Introduction by enhancing photosynthesis (Giraldo et al., 2014; Liu et al., 2024;

Chandra et al., 2014). Engineered nanomaterials (ENMs) can effectively

The increasing accumulation of carbon dioxide (CO») in the atmo-
sphere poses a serious threat to the climate, food supply and ecosystems
(Shen et al., 2025). While carbon mineralisation and CO, fixation into
platform chemicals are potential technological solutions (Sanna et al.,
2014; Aresta et al., 2014), natural solutions such as photosynthetic CO5
sequestration are crucial (Daneshvar et al., 2022; Peng et al., 2025).
However, the inefficient conversion of solar energy in most crops (<2 %)
limits CO, diffusion and restricts the ability of plants to sequester COy
efficiently Matthews (2023). Recent breakthroughs in nanotechnology
offer an alternative to increase the CO, sequestration capacity of plants
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interact with plants and modulate plant physiology, light absorption and
biochemical pathways (Giraldo et al., 2014; Chandra et al., 2014). ENMs
can contribute to CO; sequestration in crops and microalgae by cata-
lysing the conversion of CO, into valuable products and supporting
sustainable agriculture (Patel et al., 2025; Gan et al., 2014).
Carbon-based nanostructures materials (Giraldo et al., 2014; Chandra
et al., 2014), metal oxide nanoparticles (Wu et al., 2017), and semi-
conductor quantum dots (Liu et al., 2024), among other classes of ENMs
(Jahani et al., 2019; Yan et al., 2025; Ze et al., 2011), have been shown
to affect photosynthetic efficiency and carbon assimilation in both
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model and crop plant species. Metal oxide nanoparticles such as nano-
ceria (CeO) have photocatalytic properties that can stimulate
light-harvesting ability under suboptimal conditions (Wu et al., 2017;
Jahani et al., 2019; Abbas et al., 2020; Du et al., 2015). CeO4 has also
been used to inhibit the degeneration of chloroplasts and thus support
their photosynthetic activity (Wu et al., 2017). CeO5 acts as a cofactor
for numerous enzymes and influences essential metabolic processes such
as photosynthesis, respiration, antioxidant system and signal trans-
duction (Gong et al., 2011). Despite these promising results, the use of
such ENMs for photosynthetic CO; sequestration is still at an early stage.
A comprehensive understanding of the interactions between nano-
materials and plants in photosynthetic CO, sequestration is essential.

The unique properties of ENMs, including size, shape, and surface
charge, can be tailored to optimize their activity while controlling the
release of metal ions, which is critical for improving their utilisation
efficiency (Jiménez-Rosado et al., 2022; Ma et al.; 2020; Martins et al.,
2024). Recently, we showed the potential of ionic liquids (ILs) for
tailoring the release of copper ions from CuO nanoparticles to improve
the use efficiency of CuO-based nanofertilizers (Martins et al., 2024).
Several studies have investigated the effects of ILs, a well-known class of
green solvents, on plant growth and development (Xia et al., 2018; Yu
et al., 2018). The mechanism underlying these positive effects is
believed to be the ability of ILs to solubilize nutrients and promote their
uptake by plants. Recently, the application of di-cationic ILs was re-
ported to exhibit growth-stimulating activity in corn plants, as evi-
denced by a significant increase in fresh weight and dry weight of corn
cobs (Kaczmarek et al., 2023). However, the engineering of nano-
materials with ILs for sustainable and environmentally friendly photo-
synthetic CO; fixation has hardly been explored (Martins et al., 2024).
The combination of ENMs with ILs not only improves their intrinsic
properties but also enables controlled and targeted delivery
mechanisms.

The present study explores the emerging potential of surface func-
tionalisation of CeO, with IL, cholinium ascorbate ([Cho][Asc]), to
enhance plant CO2 capture by improving photosynthetic performance.
The reason behind selecting CeOs is its known effect on photosynthesis
by modulating stomatal opening (Wu et al., 2017). Cholinium ions are
involved in membrane integrity, phospholipid metabolism and synthesis
of plant growth regulators, which contributes to improved plant growth
and ascorbate is well known antioxidant for stress resistance (Nuccio
et al., 2000). Overall, the effects of CeO5 and [Cho][Asc]-based nano-
formulations on plant growth, photosynthetic performance and CO,
fixation were investigated and compared with pure CeO2 and pure IL
treatments in Nicotiana tabacum (tobacco). Overall, the effect of
IL-modified CeOs-based nanoformulations on enhanced photosynthetic
CO,, fixation is demonstrated to promote sustainable agriculture and
contribute to climate change mitigation.

2. Experimental methods
2.1. Materials

Choline bicarbonate (80 % w/w aqueous solution) and ascorbic acid
(99.7 %) were procured from Sigma Aldrich. Both precursors were used
directly to synthesize [Cho][Asc] IL, without further purification. Dou-
ble distilled ultrapure water purified using a Milli-Q plus water (re-
sistivity = 18.2 MQ cm, total organic content < 5 pg dm ™3, particle-free
> 0.22 pm) was employed. CeO, nanoparticles dispersed in water (CeOa,
20 wt%, 30-50 nm, stock#: US7110, CeO2 CAS# 1306-38-3, Hy,0O CAS#
7732-18-5) was procured from US Research Nanomaterials, Inc (USA),
and freeze-dried before use. Analytical grade ethanol was acquired from
Fisher Scientific, while dialysis tubing cellulose membranes were ob-
tained from SIGMA (D9277).
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2.2. Synthesis of IL

[Cho][Asc] was synthesised by neutralising cholinium bicarbonate
with ascorbic acid (1:1 mol ratio), following the method described by
Sharma et al. (2021). Briefly, ethanol was used to suspend the ascorbic
acid, which was then added dropwise to an excess of base under
vigorous stirring at room temperature, producing carbon dioxide and
water. To remove the formed carbon dioxide, the mixture was stirred
with the lid open and left to stand for 24 h. Unreacted starting materials
were removed by liquid-liquid extraction with ethyl acetate (Sigma
Aldrich). The synthetised IL was then dried under vacuum (1 Pa) with
stirring at room temperature for 48 h.

2.3. Characterizations

The structural integrity of the IL was confirmed by 'H NMR (Nuclear
Magnetic Resonance) spectroscopy, in a Bruker Avance 300 at 75 MHz
using deuterated water (D20) as solvent, which showed a 1:1 acid-base
ratio and a purity higher than 97 %. In addition, CeOy was characterized
before and after dissolution experiments and contact with ILs using
scanning Transmission Electron Microscopy (TEM) and powder X-ray
diffraction (p-XRD). For TEM analyses, nano-materials (NMs) were
suspended in water, dispersed by sonication, and TEM grids were pre-
pared by immersion. Measurements were conducted using a Hitachi HD-
2700 microscope at 200 kV. p-XRD measurements were performed in
diffraction-free sample holders at room conditions using an Empyrean X-
ray diffractometer from PANalytical B.V. operating with a Cu anode
(Kal = 1.5406 A; Ko2 = 1.5444 A) and equipped with a PIXcel'P de-
tector. Diffraction data were collected in continuous mode in the 26
range of 10-70° in steps of 0.04° and with a time per step of 295 s. The
UV-vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) of IL
and CeO5 and their combination were carried out in 200 nm to 800 nm
wavelength range with a resolution of 1 nm. The particle size and zeta
potential of IL, CeO,, and IL+CeO5 were determined using the dynamic
light scattering spectrometer (DLS) Litesizer DLS 500 (Anton Paar,
Austria).

2.4. Dissolution kinetics of Ce ions from CeOz in PGR-ILs

To determine the rate at which Ce ions are released from the CeO,-
based formulations, the dissolution kinetics was studied in ultrapure
water and in aqueous solutions containing [Cho][Asc], following the
procedure described previously (Martins et al., 2024). Briefly, dialysis
membranes pretreated as per the recommendation of the manufacturer,
were filled with water or water + [Cho][Asc], plus CeO; in excess. The
systems were ultrasonicated for 2 min to disperse the particles and then
shake at 200 rpm and 25°C using a Carousel 12 Plus reaction station.
Aqueous samples of approximately 1 g were collected at different time
points, diluted in 1 wt% polyvinyl alcohol, and added a known con-
centration of yttrium standard (1000 mg/L Certipur® standard,
Sigma-Aldrich). 10 pL of each sample was then placed on a previously
treated carrier (containing 10 pL of silicon in isopropanol solution) and
dried on a hot plate at 353 K. The concentration of Ce ions was measured
using a Picofox S2 total reflectance X-ray fluorescence spectrometer
(TXRF) from Bruker Nano, USA, equipped with a molybdenum X-ray
source (X-ray tube voltage: 50 kV and current: 600 pA). For each time
point and solution, at least three independent measurements were per-
formed, with an acquisition time of 500 s. For the preparation of sus-
pensions, the initial concentration of CeO, was around 100 ppm, while
the concentration of [Cho][Asc] was 12 mM. The pH of the suspensions
was measured both before the experiment (in aqueous solutions of [Cho]
[Asc]) and after its completion (in aqueous solutions of [Cho][Asc] and
dissolved cerium ions), using a Mettler Toledo™ S470 benchtop pH
meter.
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2.5. Effects of CeOz+ [Cho][Asc] nanoformulations on tobacco plants

To study the effects of nanoformulations on tobacco plant growth,
treatments were prepared as follows: (1) Hz0, (2) H20 + CeO, (3) H20
+ CeO2 + [Cho][Asc:1 mM], (4) H20 + CeO: + [Cho][Asc:10 mM], (5)
H20 + CeO:2 + [Cho][Asc:50 mM], and (6) H20 + [Cho][Asc:10 mM]. A
suspension containing CeOz and/or [Cho][Asc] ILs was concocted by
mixing 100 ppm of CeO: in specified quantities with ultrapure water in
Falcon tubes. The mixture underwent sonication for 5 min and was left
to stir at 100 rpm for 7 days under standard room temperature condi-
tions. The formulation containing both dissolved and undissolved CeO2
along with IL was used without any filtration step for foliar application
and the same solution was used throughout the experiment. The
formulation was foliar applied on tobacco plants (N. tabacum Petit Ha-
vana L. CV) grown under controlled greenhouse condition, 19 days after
transplanting. In brief, seeds were sterilised for 1 min with 70 % ethanol
(v/v), followed by a triple wash with sterile deionised H0O. Subse-
quently, they were soaked in 50 % (v/v) sodium hypochlorite with an
active chlorine concentration of 1.5 % for 6 min, followed by another
triple rinse in sterile deionized HyO. Seeds were germinated on half-
strength Murashige and Skoog (1962) culture media supplemented
with sucrose (15 g/L). Tobacco seedlings were then planted in pots with
sterile peat substrate and maintained under greenhouse conditions
(16/8 light/dark cycle, light intensity 90 pmol m~2s~!, 70 % RH, and
temperature 24°C). The experiment followed a completely randomized
design (CRD) with three replicates. Seedlings received five applications
of CeO4 + IL -based nanoformulations at one-week intervals until the
end of the experiment. Each pot received approximately 1 g of the
nanoformulations per treatment. The control plants were treated with
ultrapure water without any nanoformulations. Prior to application,
plants were checked for uniformity, well-developed shoots, and differ-
entiated leaves. Pots were consistently watered to field capacity
(3.5 mL/g substrate) during the experiment. Plant performance was
assessed weekly after each foliar application, at the following time
points: 0, 7, 14, 21, 28, and 35 days post-treatment. At every interval,
plant height (net plant length) was measured from the base of the stem
to the apex using a precision ruler. At the end of physiological data
collection (5 weeks after transplanting), destructive harvest was per-
formed to obtain fresh and dry biomass data. Plants were carefully
uprooted, and roots and shoots were separated and carefully washed
with tap water, followed by distilled water. Excess surface moisture was
removed using sterile filter paper before determining the fresh weight
with an analytical balance. Samples were then oven-dried at 65°C for
48 h in a forced-air drying oven to obtain dry weight measurements,
providing a robust estimation of biomass accumulation across treat-
ments. Phenotypic data were systematically collected in triplicate for
each treatment, and images of both plant shoots and roots were captured
to qualitatively assess the effects of the treatments. Pod length and
diameter were measured using a digital calliper. Pods were air-dried to
determine dry weight, and seeds were manually separated for dry
weight determination and counted using an electronic seed counter. All
measurements were performed in triplicate to ensure accuracy and
statistical reliability.

2.6. Effects of CeO2+ [Cho][Asc] nanoformulations on leaf gas exchange
and photosynthesis

The leaf chlorophyll index was studied non-destructively by
measuring the leaves of tobacco plants using a portable SPAD-502Plus
Chlorophyll Meter (Konica Minolta GmbH) at 14th and 21st days post
treatment (dpt). To study the effects of CeOp+ [Cho][Asc] nano-
formulations on leaf gas exchange and photosynthesis, the leaf photo-
synthetic efficiency was measured on individual plants per treatment
and sampling point (14-dpt), and at each foliar spray. Photosynthetic
parameters were measured in triplicates for every plant considering
actively growing leaves, with 9 measurements per treatment. Gas
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exchange parameters such as net photosynthetic rate Py (ymol CO5 m ™2
s_l), transpiration Tr (mmol HyO m~2 s_l), conductance Cond (mol H,O
m 2 s’l), and intercellular CO, concentration Ci (pmol COo mol ™) were
measured using a LI-6400XTPortable Photosynthesis System (LI-COR
Biosciences) on a leaf in the same position on every plant. Measurements
were made under artificial light conditions in the chamber at an in-
tensity of 750 pmol m~2 s™!, 400 pmol mol~! CO, with a flux of 200
pmol 217 s~ and 50-65 % RH. The instrument was recalibrated after
every measurement of 15 samples to obtain stable readings.

The leaf chlorophyll fluorescence assessments were conducted using
a chlorophyll fluorescence analyser (OS1p, Opti-Sciences, Hudson, NH)
according to Rossi et al. (2016). Briefly, healthy tobacco leaves were
selected on the plant considering 5 plants per treatment. Prior to mea-
surements, leaves were adjusted to dark for 30 min according to
Maxwell and Johnson (2000). Fluorescence parameters considering the
baseline (Fp) and maximum (Fp,) fluorescence were quantified, and
subsequent calculations involved the derivation of variable fluorescence
(Fy = Fm — Fp) and the ratio of variable fluorescence to maximum
fluorescence (Fy/Fp,).

2.7. Effects of nanoformulations on COy sequestration

To assess the CO;, sequestration in the plant, carbon content was
estimated using a CHNS analyzer (Leco Truspec-Micro CHNS 630-200
200). The leaves, root and shoot tissues were ground into a fine powder
using a homogenizer (Taurus, 25 790 Barcelona, Spain) and passed
through a 1 mm mesh sieve. The carbon content in the root and shoot
tissues, along with dry biomass yield, was used to estimate CO;
sequestration (Martins et al., 2024).

2.8. Computational details

The geometry optimization of Ce;¢Ozg cluster, the adsorption study
of [Cho][Asc] ionic liquid with water molecule, and cerium leaching
studies were performed by density functional theory (DFT) methods as
implemented in Vienna Ab initio Simulation Package (VASP) code
(Kresse and Furthmiiller, 1996). The electron—ion interaction was
defined using the projector augmented wave (PAW) pseudopotential
method (Blochl, 1994; Kresse and Joubert, 1999). The spin-polarized
Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) was used to compute the exchan-
ge—correlation energy (Perdew et al., 1996). All simulations used a
plane-wave basis set with a fixed energy cutoff of 400 eV. Geometry
optimisations were performed via ionic relaxation using the conjugate
gradient method. The geometries were considered converged when the
force tolerance was 0.02 eV A~! and the energy tolerance was 10> eV.
The atomic structures were visualized by VESTA code (Momma and
Izumi, 2008). The adsorption energy of molecule on CeO; cluster ob-
tained by the equation Eads = EmoleculeQcluster — (Ecluster +
Emolecule), where Ecluster, Emolecule and Emolecule@Qcluster are the en-
ergies of the CeO; cluster, adsorbed molecule and the entire composite
system (molecule@cluster), respectively. The cerium ion leaching
studies are modeled by the removing one cerium atom from the
Ce1002¢-ionic liquid-water composite system.

2.9. Statistical analysis

All data were statistically analysed using one-way ANOVA (p < 0.05)
to determine significant differences between treatments. Post-hoc
comparisons between treatments were performed using the indepen-
dent samples t-test, followed by Duncan's multiple range test.
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3. Results and discussion
3.1. Surface functionalisation of nanoceria with ionic liquid

Fig. 1a shows the schematic representation of the protocol adopted
for the surface engineering of CeO, with an aqueous solution of [Cho]
[Asc]. After 7 days of continuous stirring of 100 ppm CeO in 50 mM
[Chol[Asc], the mixture was characterized by various analytical
methods.

The crystalline structure of CeO2 with a crystallite size of 28.2 nm
was confirmed by p-XRD analysis (Fig. 1b). The diffraction peaks
correspond to the characteristic Bragg reflections of CeOg, which are
assigned to the planes (111), (200), (220), (311) and (222). No changes
or shifts in X-ray diffraction angles were observed for CeO2 when
exposed to the IL-based medium, suggesting that [Cho][Asc] does not
affect the morphology or crystallinity of CeO,. The UV-Vis spectrum of
CeO5 shows an absorption peak at 317 nm (Fig. 1c), which is due to the
charge transfer from the oxygen 2p valence band to the cerium 4 f
conduction band (Safat et al., 2021). This peak remains unchanged after
treatment with IL, suggesting that the morphology and size of CeOy do
not change after functionalization with IL. The absorption maxima at
266 nm in [Cho][Asc] and CeO5+ [Cho][Asc] are due to the n-n* tran-
sition of [Asc]” (Witmer et al., 2016). The DLS results show that the
hydrodynamic diameters of [Cho][Asc] and CeO2 + [Chol[Asc] are
similar (Fig. 1d), which is consistent with the p-XRD and UV-vis anal-
ysis. However, the hydrodynamic radius is over 4 times the crystallite
size which is also coherent with the TEM (Fig. 3a), suggesting partial
aggregation of the particles in solutions. The zeta potential of CeO; was
measured to be —47.2 mV (Fig. 1e). However, after engineering with IL,
the surface charge decreased to —34.6 mV, confirming the successful
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surface functionalization of CeO; with IL. The interplay between
nanoceria, water molecules, and [Cho][Asc] IL was examined through
DFT-based simulations considering a cluster based model for ceria
nanoparticle. The initial geometry of the Ce;¢O20 cluster was adopted
based on results from a global structural optimization study
(Zibordi-Besse et al., 2018). The optimized structures of Ce;(0y cluster,
[Cho][Asc], and [Cho][Asc] + Ce19O20 cluster composite systems are
given in Fig. 2. The calculated adsorption energy of the [Cho][Asc] on
Ce100y cluster is —0.28 eV, confirming a favourable thermodynamic
binding, which allow facile surface functionalization of the IL on
nanoceria.

To investigate the morphology and composition of CeO,, which may
directly affect its dissolution and subsequent accumulation in plants, the
characterization of CeO2 was performed by TEM (Figs. 3a-3b). The
corresponding EDS spectra of CeO: before and after 7-day exposure to
[Cho]l[Asc] can be found in Fig. S1. The TEM image of the original CeO-
at to shows well-defined nanoparticles with minimal aggregation, quite
similar to that after 7-day exposure to [Cho][Asc] (t7), suggesting that
the ILs do not affect the morphology and size of CeO: in aqueous solution
of IL. The EDS spectra confirm the chemical composition of the materials
and show that CeO: remains pure both before and after exposure to
[Chol[Asc] (Fig. S1).

3.2. Release of cerium from ionic liquid functionalised nanoceria

The release of Ce ions from CeOs is a crucial process that ensures
their long-term effectiveness. When ILs are added, the resulting nano-
formulation is expected to exhibit controlled release properties and
affect the availability of Ce ions over time. Dialysis tubes with cellulose
membranes were used to evaluate the release profiles of Ce ions using
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Fig. 1. (a) Schematic representation of surface engineering of CeO, with IL, [Cho][Asc]. (b) p-XRD, (C) UV-vis spectra, (d) DLS plot, and (e) zeta potential of CeOy
nanoparticles before and after 7 days of exposure to the [Cho][Asc]-based medium.
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Fig. 2. Optimized structure of (a) Ce;oOzo cluster, (b) [Cho][Asc] ionic liquid, and (c) [Cho][Asc] and H,O functionalized Ce;¢O2¢ cluster.

the methodology described previously and detailed in Section 2.4
(Martins et al., 2024). The dissolution of cerium was characterized by a
continuous release of particles over the evaluation period of 35 days,
which is accurately described by a second-order polynomial equation as
shown in Fig. 3c. This model does not assume a final equilibrium con-
centration. The dissolution kinetics of CeO5 in pure water was also
studied over a period of 7 days, but the values obtained were below the
detection limit of the TXRF device.

We also calculated the energetics for cerium release tendency from
the Ce;002p-water, Ce;gOop-ionic liquid-water composite systems using
DFT study (Fig. 3d-e). The calculations reveal that leaching is highly
endothermic in both environments (+19.08 eV for Hy0-CegOy cluster
and +17.04 eV for[Cho][Asc][H20]-CegOq cluster), however the ionic
liquid environment offers a more favourable release pathway than the
Ce10020-water system. These findings are consistent with our experi-
mental observations, which show that the cerium concentration in so-
lution remains very low during the first two days of the release
experiment (Fig. 3c"). After 7 and 35 days, the dissolution of CeO,
+ [Cho][Asc] in water was 171 and 1322 pg/L, respectively, showing
that time significantly affects the leaching of cerium compared to water
alone. In addition, the pH values of the solutions were measured before
and after exposure to [Cho][Asc]. The pH of the [Cho][Asc] solution
remained unchanged at 4.8 before and 7 days after the addition of CeO,
with the slightly acidic nature promoting ion dissolution.

3.3. Effect of ionic liquid functionalised nanoceria on plant growth

Following the successful production of IL-functionalized CeO,, a
study was conducted to investigate its potential to improve the pheno-
typic and physiological properties of tobacco plants. Normally, nano-
ceria can interact with mesophyll cell walls and plasma mebranes and
promote redox reactions that increase photosynthetic efficiency (Wu
etal., 2017). However, at high concentrations, they can lead to oxidative
stress, damage choloplasts, and decrease chlorophyll content (Du et al.,
2015). On the other hand, [Asc]” is a potent antioxidant that can
neutralize oxidative stress. This suggests that the combination of [Cho]
[Asc] with nanoceria could lead to a balanced generation of reactive
oxygen species (ROS), which would be beneficial for plant performance.
To understand the effects of IL modification of CeO on plant growth, a
control study was conducted with at a similar concentration without
CeO». A total of six treatments (1:H20, 2: H20 + CeO-, 3: H20 + CeO2 +
[Cho][Asc:1 mM], 4: H20 + CeO:2 + [Cho][Asc:10 mM], 5: H20 + CeO2
+ [Cho]l[Asc:50 mM], and 6: H20 + [Cho][Asc:10 mM]) were prepared
using combinations of CeO2 (100 ppm) and different concentrations of
[Chol[Asc]. It is important to note that the formulation contains both
dissolved and undissolved CeOz, along with IL, because no filtration step
is performed before application (Section 2.5). The tobacco seedlings
received five applications of the nanoformulations at one-week intervals

until the end of the experiment. Growth and physiological responses of
the plants were evaluated at 0, 7, 14, 21, 28 and 35 days after treatment.
A detailed protocol for the evaluation of the growth parameters can be
found in (Section 2.5). Fig. 4a shows the images of tobacco plants har-
vested after 35 days of cultivation. A visible difference was observed in
the treatment with IL+CeO, compared to the control and treatments
with IL and CeO; separately. Plants treated with CeO2 + 50 mM [Cho]
[Asc] ILs stand out from all other treatments. A continuous growth
assesment over 5 weeks showed that after that time there was a signif-
icant increase in plant height in both the plants treated with CeOq
+ 10 mM [Cho][Asc] and those treated with CeO5 + 50 mM [Cho][Asc]
(Fig. S2). The plants treated with CeOy + 50 mM IL showed a 59 % and
48 % higher plant height than the control and the plants treated with
CeO; alone, respectively (Fig. 4b). This significantly higher plant height
also resulted in higher shoot and root biomass production of the
IL-modified CeO,-treated plants. In addition, a clear dose-response
relationship was observed, with the highest concentration (50 mM)
resulting in the highest growth performance. Specifically, plants treated
with CeO5 + 50 mM [Cho][Asc] IL showed an increase in fresh biomass
by 108 %, 51 % and 34 % compared to sprayed with HyO, CeO5 and IL,
respectively (Fig. 4c). A similar trend was observed in dry biomass yield,
where treatment with CeO5 + 50 mM [Cho][Asc] IL resulted in 198 %,
106 % and 70 % higher dry biomass production compared to the plants
sprayed with H0, CeO; and IL, respectively (Fig. 4d).

Previous studies have shown that the application of CeOz nano-
particles improved the biomass productivity of Brassica napus (canola)
(Rossi et al., 2016), and enhanced overall yield, fruit quality, and
postharvest storage of tomatoes (Feng et al., 2022). Ahmad et al., (2025)
showed that foliar application of CeO5 nanoparticles combined with
biochar improved nutrient uptake under stress and led to enhanced
growth and yield of rice. Engineered for controlled nutrient release,
CeO, nanoparticles have the capacity to ensure a consistent nutrient
supply and promote sustainable plant growth (Servin and White, 2016).
Thus, the application of CeO2 + [Cho][Asc] ILs may have synergistically
interacted with the intrinsic cell structure of the plants, possibly stim-
ulating growth-related processes and improving nutrient uptake. The
significantly higher dry biomass yield indicates the potential of the
IL-functionalized CeO: to improve not only plant growth and biomass
production, but also water use efficiency. Overall, comparison with a
control group shows a remarkable increase in plant growth and biomass
production of plants treated with CeO3 + [Cho][Asc] ILs, confirming the
suitability of IL-modified CeO3 as a stimulant for plant growth.

3.4. Effect of ionic liquid functionalised nanoceria on photosynthetic
parameters

After the effects of IL-modified CeO, on growth promotion of tobacco
plants were demonstrated, a comprehensive study was conducted to
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Fig. 3. (a-b) TEM micrographs of CeO, before and after 7 days of exposure to the [Cho][Asc] aqueous solution. (c) Dissolution kinetics of Ce ions in an aqueous
solution of [Cho][Asc] at 25 °C and at an initial mass concentration of 100 ppm and 12 mM for CeO, and [Cho][Asc], respectively. Data were fitted to a second-order
polynomial equation: Ce (ppm) = 0.0005 x t(days)? + 0.0185 x t(days) + 0.0121, R? = 0.9938. The insets showing the schematics of Ce®" ions release (¢’) and
initial 4 days dissolution data of cedt (¢). (d) H,0-CegOy cluster after release of one Ce ion. (e) [Cho][Asc][H,0]-CegOoy cluster after release of one Ce ion.



L.M. Kiirika et al.

Industrial Crops & Products 240 (2026) 122609

(b) Shoots

Roots  (C)

Shoots

H,0 + [Cho][Asc:10mM] =
H;O + CeO, + [Cho][Asc:50mM] | *
H;0 + CeO, + [Cho)[Asc:10mM] ' 1
H,O + CeO; + [Cho][Asc:1mM)]
H.0 + CeO, -
H.O b X
0 4'0 2'0 0

6
Length (cm)

(d) Shoots

20

Fresh biomass yield (g/plant)

H,O + [Cho][Asc:10mM]

H,0 + CeO; + [Cho][Asc:50mM)] * )
H.0 + CeO; + [Cho][Asc:10mM]
H,O + CeO; + [Cho)[Asc: 1mM]
H,O + CeO,

H,0

;
F

—
[

30 25 20 15 10 5 0 5 10

Dry Biomass yield (g/plant)

15 20 25

10
Chlorophyll Index (ClI)

o A
(&)
w

0 35
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investigate their photosynthetic performance. The detailed protocol for
measuring various photosynthetic parameters can be found in Section
2.6. Photosynthesis is an essential plant process in which light energy is
converted into chemical energy, which is crucial for plant growth and
development. Chlorophyll is the most important pigment involved in
photosynthesis and its content serves as an indicator of the rate of
photosynthesis. The treatment combinations with different concentra-
tions of [Cho][Asc] + CeO; showed a significant increase in the chlo-
rophyll index of tobacco plants (Fig. 4e). The chlorophyll index
increased with increasing IL concentration and showed a dose-response
relationship. Overall, a 25-30 % increase in chlorophyll index was
observed in plants treated with CeO + 50 mM [Cho][Asc] compared to
H20, CeO:2 and [Cho][Asc]. This increase in chlorophyll index indicates
a higher photosynthetic rate (Py) in the CeO3 + [Cho][Asc] treatment.

Fig. 5 shows the physiological responses of tobacco plants to the
treatments. A concentration-dependent pattern can be seen, indicating
that CeOy + 50 mM [Cho][Asc] is an optimal concentration that
significantly improves the physiological performance of the plants. As
shown in Fig. 5a, a 176 % increase in Py was observed in CeOo-treated
plants compared to the control, confirming the results of a previous
report (Wu et al.,, 2017). A similar result was obtained for [Cho]
[Asc]-treated plants with a 168 % increase in Py. However, a

significantly higher Py value (264 %) was obtained in the plants treated
with CeOy + 50 mM [Cho][Asc] IL compared to the control, confirming
the cooperative effect of the IL-functionalized CeO, nanoformulation on
the photosynthetic rate. The observed Py values reflect the trend of plant
height and biomass yield (Figs. 4a-4d), suggesting that the improved
plant growth is due to the increased photosynthetic efficiency. Foliar
application of IL-modified CeOy nanoformulation could stabilize the
ultrastructure of chloroplasts and mitochondria and help plants main-
tain their photosynthetic efficiency. In addition, a 2-fold increase in
photosynthetic rate and an approximately 2-fold increase in dry biomass
production suggest a synergistic effect of CeO and [Cho][Asc] in buff-
ering ROS generation, thereby enhancing the conversion of solar energy
into chemical energy in the form of photosynthates. ENM- induced
abiotic stress has been shown to affect the primary physiological
response, namely stomatal closure, resulting in reduced CO; diffusion,
decreased photosynthesis and impaired plant growth (Lowry et al.,
2019). Foliar application of CeO2 nanoparticles at a concentration of
100 mg/kg led to an increase in Py, stomatal conductance, and leaf
transpiration rate in spianch (Ahmad et al., 2024), even under elevated
CO9 concentration. In this study, intercellular CO, concentration was
increased (17 %), stomatal conductance was higher (92 %) and leaf
transpiration was higher (70 %) in plants sprayed with CeO, + 50 mM
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[Cho][Asc] formulation (Figs. 5b-5d), indicating an effect of the treat-
ments on plant physiological processes and the observed higher
photosynthesis.

Fig. 6a shows the chlorophyll fluorescence of plants subjected to
different treatments. The maximum quantum efficiency of photosystem
II (Fy/Fp: the ratio of variable fluorescence to maximum fluorescence) is
used to determine the photosynthetic health of a plant. It provides an
indication of the maximum photochemical efficiency of PS II in the
chloroplasts (Rossi et al., 2016). This parameter is proving valuable for
assessing plant health, with the optimum F,/Fp, range typically between
0.79 and 0.84 in many plant species, with lower values indicating
increased levels of plant stress (Rossi et al., 2016). To understand plant
responses to the application of CeO, + [Cho][Asc] IL, a
high-performance chlorophyll fluorescence analyser was used to quan-
tify and analyse the intensity of fluorescent signals emanating from the
leaves (Section 2.6). Tobacco plants were assessed 5 weeks after foliar
application of CeO,, [Cho][Asc] and CeOs + [Chol[Asc] IL. The deter-
mination of F,/Fp, showed a significant (p < 0.05) progressive increase
in growth 1 week after treatment (Fig. 6a). Within 7 days of treatment
with CeO3 + 50 mM [Cho][Asc] IL, a significant increase in F,/Fp, of 3.1
was observed compared to control, and F,/F, increased up to 5 % after
35 days. This continuous increase in Fy/Fy, between 0.79 and 0.83 in-
dicates that the plants treated with CeO5 + 50 mM [Cho][Asc] IL were
exposed to less stress and showed good plant health throughout the
experiment.

3.5. Effect of ionic liquid functionalised nanoceria on photosynthetic COz
sequestration

The observed increase in F,/Fy,, photosynthetic rate and growth
performance in the IL modified CeO, treated plants could lead to higher
photosynthetic carbon assimilation, which in turn contributes to
photosynthetic CO fixation. Accordingly, the effect of CeOy + [Cho]
[Asc] nanoformulation on photosynthetic CO3 fixation was calculated as
we reported before (Martins et al., 2024). Fig. 6b shows the amount of
fixed CO; per plant after treatment with different nanoformulations in
tobacco plants. As can be seen in Fig. 6b, the results of CO3 sequestration
follow the similar trends of photosynthesis rate (Fig. 5a). Compared to
the control, an 80 % increase in CO, sequestration was observed in
CeOy-treated plants. Similarly, a 112 % increase in COy sequestration
was observed in the plants treated with [Cho][Asc] compared to the
control. Remarkably, treatment of modified CeOy with [Cho][Asc] IL
resulted in 279 % higher CO4 sequestration compared to the control,
confirming the synergistic effect of IL-modified CeO2 nanoformulation
in CO, sequestration. In a plant population of 75,000 plants/hectare of
tobacco cultivation, foliar application of CeOy + 50 mM [Cho][Asc]
would sequester 3.02 tons of CO5, which is 80-110 % higher than foliar
application of CeO5 and IL formulation alone. In general, approximately
55-68 tonnes of COy are sequestered per hectare annually through
microalgal cultivation, and this could be further augmented by expousre
to CeO, nanoparticles (Liu et al., 2024). Thus, the impact of IL-modified
nanoceria on CO; sequestration could be more beneficial for improving
microalgal biomass production via enhanced CO» fixation.

Furthermore, to assess the commercial potential of the IL-
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functionalised CeO, nanoformulation in improving tobacco seed yield,
we evaluated the yield parameters of tobacco seeds (Fig. 7). The results
showed that pod size, number of pods per plant, and number of seeds per
pod were all significantly higher in plants treated with CeOy + 50 mM
[Cho][Asc] compared to the control (Fig. 7a-c). Although the weight of
100 seeds was similar to that of the control (Fig. 7d), the substantially
higher number of pods per plant (52.4 % increase) and seeds per pod
(44 % increase) in CeO2 + 50 mM [Cho][Asc] treated plants indicate
that the overall seed yield would be considerably greater than that of the
control. Overall, the observed CeOs dissolution results (Fig. 3c),
improved biomass yield (Fig. 4d), enhanced photosynthetic rate
(Fig. 5a), higher F,/Fp, (Fig. 6a), heightened CO4 sequestration (Fig. 6b),
and enhanced seeds yield (Fig. 7) suggest that the impact of the nano-
formulation is not governed by CeOs dissolution solely. The results
reflect a combined effect of several factors which includes controlled
ROS generation, modulation of stomatal opening and closing, enhanced
nutrient uptake, and mitigation of abiotic stress.

4. Conclusions

A facile strategy to prepare an innovative nanoformulation by sur-
face engineering of nanoceria with [Cho][Asc] IL was developed. The
effects of the IL-modified CeO, nanoformulations on promoting plant
growth, enhancing CO2 sequestration, increasing the photosynthetic

rate of tobacco plants, and improving seed yield were demonstrated.
Foliar application of CeO2+ [Cho][Asc] nanoformulation significantly
promoted plant phenotypic growth, physiological aspects, and seeds
yield in concentration-dependent responses. Compared with the control,
pristine CeO, and [Cho][Asc] treatments, CeOy+ [Cho][Asc]-treated
plants showed a significant increase in plant height, photosynthetic ef-
ficiency, CO; sequestration, leaf chlorophyll fluorescence, biomass
yield, maximum quantum efficiency of photosystem II (F,/Fy,), and to-
bacco seeds yield. The most notable result was a 2-fold increase in
biomass productivity and photosynthetic rate, and a 2.8-fold increase in
CO: sequestration, along with enhanced tobacco seed production,
following foliar application of the CeO2 + 50 mM[Cho][Asc] nano-
formulation compared to the control treatment. CeOy + [Cho][Asc]
nanoformulation promotes additional CO, sequestration of 1.3-1.6 t/
hectare compared to CeO, and IL treatments, suggesting that both CeO,
and IL have a synergistic effect in mitigating the effects of climate
change. While the potential of IL-modified CeO; to promote plant
growth and CO; sequestration with potential for large-scale application
is evident, the study recognizes the need for further research to under-
stand plant-nanoformulation interactions at the plant molecular level, to
test the suitability of this nanoformulation for other plant species, and to
assess toxicity for large-scale application.
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