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ARTICLE INFO ABSTRACT

Keywords: Bio-based carbon nanomaterials have attracted increasing interest as sustainable alternatives to conventional
Nanopigments dyes and pigments due to their tunable optical properties and multifunctionality. In this work, carbon-based
Carbon quantum dot nanopigments were synthesized from agro-industrial residues of acai palm (Euterpe oleracea) seeds via a hy-
Nanofertilizer . . . .

Biofortification drothermal process. The resulting nanomaterials were structurally and optically characterized and evaluated for
Acai their functional performance in aqueous media and biological systems. Spectroscopic analyses revealed broad

and intense absorption in the ultraviolet-visible region, associated with n-n* and n-n* electronic transitions

typical of carbonaceous chromophores, along with excitation-dependent photoluminescence behaviour. Struc-
tural characterization indicated nanoscale particles with surface functional groups rich in oxygen- and nitrogen-
containing moieties, which contribute to their dispersibility, optical response, and interaction with surrounding
media. The nanopigments exhibited high colloidal stability and preserved their optical properties at low con-
centrations, demonstrating suitability for applications requiring efficient light-matter interaction. In agro-related
applications, foliar treatment with the nanopigments at low concentrations (10 mg L) promoted marked im-
provements in early plant development, increasing relative growth rate by 24.4% in maize and 164.6% in sor-
ghum, while root volume increased by 23.1 and 59.9%, respectively, compared to untreated controls. These
results demonstrate that the optical activity and surface functionality of the carbon nanopigments can be
effectively translated into measurable biological responses, highlighting their multifunctional potential across

both optically active materials and emerging agricultural technologies.
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1. Introduction

The acai palm (Euterpe oleracea Mart.) is widely found in the estuary
of the Amazon River, especially in areas of floodplains. Its fruit produces
pulp that is extracted from a layer of 1-2 mm around the seed and
constitutes the staple diet of traditional riverside populations [1]. Due to
its nutritional properties, the pulp is widely consumed by various urban
social classes both in the Amazon region and worldwide [2], encour-
aging cultivation of the palm outside its natural habitat in irrigated
dryland environments, with annual harvests achieving yields of 6-8 tons
of fruit per hectare during the adult stage [3].

Following extraction of the acgai pulp from a thin layer below the
surface of the fruit, known as the pits or seeds of the acai palm (Euterpe
oleracea Mart.), an ample residue (700-800 kg ton ™! of processed fruit) is
formed that is rich in residual carbon in the form of organic components
and mineral nutrients. Despite studies on its small-scale use as a biochar
[4], the production of bioenergy [5] or the development of composite
materials, this waste generally accumulates in the urban centres of
production regions and in large cities [6].

One way of using this residue, as seen with other crops, is in the
production of nanofertilisers [7], which would add value to the biomass
and, at the same time, return at least part of the mineral nutrients to the
production areas, thereby saving on fertiliser [8-10].

Due to their small particle size, nanofertilisers are able to efficiently
penetrate plant tissue [11]. This allows the nutrients to be delivered
directly at the cellular level, potentially improving absorption rates
compared to conventional foliar fertilisers. Due to their greater effi-
ciency, nanofertilisers generally require smaller doses to achieve the
same or better results [12]; this can reduce the costs of application and
any impact on the environment. Compared to conventional fertilisers,
nanofertilisers generally result in less runoff and less contamination of
soils and water bodies, making them potentially more sustainable [13].

Of the nanomaterials used in agriculture, carbon-based nanoparticles
show great promise. Among these, carbon dots stand out for their unique
properties, such as the ability to emit fluorescence and their high
biocompatibility [14], which make them ideal for applications in
biotechnology and agriculture. However, the production of a fluorescent
nanofertiliser from acai seeds based on carbon dots remains
unprecedented.

This study describes the processing, production, and characterisation
of a nanopigment derived from acai palm (E. oleracea Mart.) seed
biomass after pulp extraction, which also exhibits nanofertiliser-like
biofunctional activity, including toxicity assessment and growth-
stimulating effects on maize and sorghum, two crops of high economic
relevance.

2. Material and methods
2.1. Plant biomass

Ripe fruits of the acaf palm ‘BRS-Para’ (Reg. CGEN A7999DB) were
harvested at the Agropar Fazenda Vela Branca farm in Paracuru, Ceara,
from eight-year mature plantations grown under fertigation and organic
management. After harvesting, the fruits were pulped using the same
process and equipment employed in all production facilities for this type
of pulp [15]. The remaining pits (seeds) were washed in running water
and dried for 72 h at 65 °C under ventilation. The seeds were then
ground in a knife mill and passed through a 60-mesh sieve (Acai Seed
Powder — ASP) at the Biomass Technology Laboratory (LTB) of Embrapa
Agroindustria Tropical.

2.2. Mineral analysis
Samples of dried acai seed powder were submitted to sulphuric

digestion to determine the N, and to nitric-perchloric digestion for P, K,
Ca, Mg, S, Na, B, Cu, Fe, Mn and Zn, as per procedures described in
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Carmo et al. (2000). A Kjeldahl distiller was used to quantify the N,
while the minerals were quantified using an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Agilent 5100).

2.3. Synthesis of the carbon-based nanopigments

The carbon-based nanopigments, referred to here simply as carbon
nanoparticles (CNP) were synthesized in the laboratory of the Advanced
Materials Chemistry Group (GQMat) at the Federal University of Ceara.
The chemical reagents were of analytical grade and were used without
further purification. Citric acid (C¢HgO7, 99%) was purchased from the
Dinamica company, urea (CH4N20, 99.5%) from NEON, and Tween® 80
(Cg4H124026, 65%) from Sigma-Aldrich®.

A sample of dried acai seed powder (0.50 g) was weighed in a glass
beaker, to which distilled water (50 mL) was added. The suspension was
then placed in an ultrasonic bath (Solid Steel) for 15 min to facilitate
water access to all powder particles. Following this, an additional vol-
ume of water (50 mL) was added to the mixture along with urea (1.00 g,
16.65 mmol) and citric acid (1.00 g, 5.20 mmol). The mixture was
stirred with a magnetic stirrer at room temperature until the salts had
completely dissolved, at which point it was transferred to the isostatic
Teflon reactor (TFM™-PTFE).

A Berghof high-pressure reactor was used in the hydrothermal syn-
thesis of the CNP. The aqueous samples were subjected to a heating
ramp of 5 °C min~! until reaching 200 °C, where they remained for 6 h
with a BTC-300 controller coupled to the heating system.

After cooling, the material was centrifuged at 5000 rpm (2935 RCF)
in an Eppendorf 5430 Centrifuge. The supernatant was then collected
and filtered using a syringe filter with a 25 mm x 0.45 pm poly-
vinylidene fluoride (PVDF) membrane. Finally, the samples were dried
in 5 mL Eppendorf tubes using a lyophiliser (Liobras).

2.4. Calibration curve of the synthesized CNP

Standard solutions of the lyophilised nanomaterial were prepared at
the following concentrations: 0, 4, 6, 8, 10, 12, 15, 20, and 30 ppm. The
absorbances of the solutions were analysed using the Cary 60 UV-Vis
spectrophotometer (Agilent) and used to construct the calibration
curve between the CNP concentrations and the absorbance values
(Fig. 1S).

2.5. Molecular absorption spectroscopy in the ultraviolet and visible (UV-
Vis) region and fluorescence spectroscopy

Absorption and fluorescence spectra of diluted CNP samples were
obtained using a UV-2600 spectrophotometer and an RF-6000 spectro-
fluorometer (SHIMADZU). The UV-Vis spectrum was scanned in the
200-600 nm range using a 1 cm-wide glass cuvette, while for the fluo-
rophotometer, readings were taken from 280 to 600 nm depending on
the excitation wavelength — which varies from sample to sample — again
using a 1 cm glass cuvette.

The fluorescence Quantum Yield (QY) of the nanoparticles was
determined based on a procedure described previously in literature
[16-18] and a solution of quinine sulfate in H,SO4 0.1 mol Lt (QYyesof
54 % at 360 nm, n = 1.33) was used as standard. The QY of the CNP and
CNP-UAC were calculated using equation (1):
Is Aref nref2

Qr=Qqy,

@
Iref As nxz

where I, A and n are the integrated emission intensity, the absorbance
and the refractive index, respectively. The s subscript is related to the
sample and ref is indicated to the reference. The Stockes shift was
determined by the difference between the wavelength of absorbed light
(excitation) and the wavelength of emitted light (fluorescence), from
their respective spectra. This property corresponds to the energy band
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Fig. 1. Results of the molecular absorption spectroscopic analysis in the ultraviolet and visible (UV-Vis) region for the synthesized CNP: (a) UV-Vis spectra; (b) CNP
and CNP-UAC samples before and after exposure to ultraviolet light; (c) Fluorescence spectra recorded in different excitation wavelengths (285 to 345 nm); (d)

Normalized fluorescence spectra.
gap existing between the ground and excited states of the nanoparticles.
2.6. Fourier transform infrared absorption spectroscopy (FTIR)

The FT-IR vibrational spectra of the freeze-dried samples were ob-
tained using a PerkinElmer FTIR/NIR Frontier spectrometer in attenu-
ated total reflection (ATR) mode with a ZnSe crystal surface in the 4000
to 550 cm ™! range, running 32 scans per reading.

2.7. High-resolution transmission electron microscopy (HRTEM)

The morphology, size and distribution of the carbon nanoparticles
were analysed by High-resolution transmission electron microscopy
(HRTEM) using a JEOL JEM-2100 LaB6 microscope operating at an
accelerating voltage of 200 kV. To prepare the samples, one drop of the
diluted nanoparticle suspension was deposited on a carbon-coated
copper grid and allowed to dry. The HRTEM images were obtained
from different areas of the grid to ensure the representativeness of the
sample.

3. Applying the nanoparticles in the maize and sorghum
3.1. Preparation of the CNP solutions

Solutions were prepared using the lyophilised CNP and distilled and
deionised water at concentrations of 0, 10, 50, 100 and 150 ppm, with
0.03% v/v Tween®80 to reduce the surface tension to values close to 40
mN/m. These solutions were used for foliar application in the test plants.

3.2. Plant material

Seeds of the BRS-Gorutuba variety of maize and the 2502 variety of
sorghum were used, provided by Embrapa Maize & Sorghum and
Embrapa Tablelands [19,20]. Sixty rigid black plastic pots (30 for each
species) were filled with approximately 2 kg of a mixture of three parts
sifted soil (2 mm) collected from the surface layer (0-20 cm) at the
Experimental Area in Pacajus, classified as a Red-Yellow Argisol [21],

and one part coconut husk powder. The pots were lined with 1 mm
polyethylene mesh to allow excess water to drain and placed on indi-
vidual plastic saucers.

Four seeds were planted directly into the substrate. One week after
germination, the plants were thinned leaving only the most vigorous
plant in each pot. The pots were irrigated every other day with tap water
until the water began to drain, receiving no additional fertiliser.

Three weeks after germination, five plants of each species were
randomly selected and separated into shoots and roots. The shoots were
further separated into leaves (limb to ligule) and stems, and a rectan-
gular section, 6 cm in length, was removed from the middle of the third
mature leaf. The length of the two cut edges was measured and the
pieces placed in a small envelope to later estimate the ratio of weight to
total leaf area. The roots were washed under running water. Both the
roots and shoots were placed in separate paper bags and dried in a
forced-air oven at 65 °C for 72 h. These values represent the biomass
values considered at the start of treatment application.

On the day the samples were collected, the chlorophyll content in the
third leaf of each plant was measured using a digital chlorophyll meter
(FALKER clorofiLOG CFL 2060). The CNP solutions were then sprayed
onto the leaves by means of an airbrush at a dose of 3 mL per plant.
During application, the soil surface in the pots was protected by a layer
of absorbent paper to prevent any liquid migrating to the roots. Five
plants per species and dose were used (a total of 25 pots). The leaves
were sprayed twice more at weekly intervals. One week after the third
application, biomass was collected from both species, separating the
shoots and roots of each plant and processing them as described above
for the plants at the start of treatment application.

3.3. Growth analysis

Data on leaf dry weight after 42 days growth were used to estimate
the total leaf area employing area factors. These data, together with the
total plant dry weight, were used to calculate the relative growth rate
(RGR) and net assimilation rate (NAR), as per equations (2) and (3) [22].
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where:

Wy = total biomass at the start of treatment application (tp).
W; = total biomass after 15 days (t;).

So = total leaf area at the start of treatment application (tg).
S1 = total leaf area after 15 days (t).

In = Neperian logarithm.

3.4. Determining Root Volume (RV)

The total root volume was measured using the water displacement
method. Before drying, the washed roots were placed in a 250-mL
measuring cylinder containing 200 mL of water. Water was then
added to a level of 250 mL using a burette. The root volume was then
calculated as the difference between 250 mL and the volume of water
added by burette. This procedure was repeated for each sample, and the
volumes recorded for later analysis.

3.5. Statistical analysis

The experiment followed a completely randomised design (CRD)
with five treatments: one control and four doses of nanomaterials (10,
50, 100, and 150 ppm). Each treatment included four replications.

Analysis of variance (ANOVA) was used to identify differences be-
tween the treatments, supplemented with multiple comparison tests
(Tables 18, 2S, 3S).

4. Results and discussion
4.1. Mineral analysis of the agai seed powder

The results of the analyses are shown in Table 1. It can be seen that
the biomass of acaf seeds contains all the nutrients that are essential for
plants, albeit with a significant iron content, possibly due to the richness
of this element in the water used for irrigation together with the iron
added during fertigation. The acai palm (E. oleracea) is not considered an
iron-accumulating (hyper-accumulating) species in the strict sense used
in the literature on plant physiology or bioremediation [23,24], despite
the species growing in floodplain environments of the Amazon River
Estuary, often in alluvial soils rich in iron and organic matter [25,26].

Various studies report a moderate iron content in the fruit and seeds,
ranging from 50 to 200 mg kg ™! dry weight, which is not high enough to
classify the plant as an iron hyperaccumulator [27]. However, it is likely
that the roots of the acai palm can tolerate and absorb more iron due to
their original habitat in the daily flooded alluvial zones of the Amazon
River Delta [28,29], where Fe" is more bioavailable. There is, however,
no consistent evidence in the literature of excessive iron storage in the
shoots (leaves, stem and fruit), the results being more concentrated on
the analysis of commercial pulp [30].

From a scientific point of view, the acai palm can be considered
tolerant to iron or efficient in absorbing iron under flooded conditions; it
is, however, not recognised in the scientific literature as a specialist or
hyper-accumulator of Fe.
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Seeds typically accumulate many nutrients in the endosperm. Table 1
shows that the biomass used to synthesise the nanoparticles in this study
is rich in the macro- and micronutrients necessary for plant growth and
development.

Studies on the biochemical composition of this biomass also reveal a
variety and abundance of lignocellulosic compounds, tannins and
organic acidic sugars with more or less complex structures [31-34],
which, as shown in earlier studies, can be recombined in various ways
during hydrothermal synthesis and may even result in substances that
stimulate plant growth [33].

Table 1 shows that the biomass used in the experiment contains
significant amounts of the metals zinc (Zn), manganese (Mn) and,
particularly, iron (Fe). These micronutrients, in addition to being
essential for plant growth and development, are highly desirable for
biofortifying fruits, tubers and forages that are grown in chemically poor
tropical soils [35].

The use of biomass-derived CNP has proved effective in stimulating
crop growth by stimulating photosynthesis [36,37] and in affording a
greater supply of macro- and micronutrients [38,39]. As such, the use of
acai seed powder (ASP) as the basis for a nanofertiliser is quite prom-
ising, especially if applied to the production of acai seedlings or even
when included in the fertigation of commercial plantations as a way of
replenishing part of the nutrients lost during commercial harvesting.

4.2. Optical and microstructural characterisation

Fig. 1A shows the spectra obtained from the synthesized samples. For
the CNP sample, there is a band around 235 nm that can be attributed to
the n—n* electronic transitions typical of -C—=C bonds. A second band,
ranging between 270 and 290 nm, is related to the n—x* transitions of
—C—0 bonds [40-42]. For the CNP-UAC sample, which was function-
alised using urea and citric acid, a new absorption band can be seen at
347 nm. This band is characteristic of the n—z* transitions of bonds that
involve functional groups on the surface of the particles, such as -NH
and -NH,. Fig. 1 (b) shows an image of the solutions containing the CNP
and CNP-UAC samples under visible and UV light. The image reveals
that the CNP sample does not exhibit fluorescence under UV light,
whereas CNP-UAC shows blue fluorescence. This result, together with
the band at 235 nm, suggests that acai seed powder can be used to
produce carbon nanoparticles. However, this structure lacks chromo-
phoric groups, being mainly composed of polyaromatic structures [43,
44] The observed blue fluorescence can be attributed to the presence of
chromophore groups formed mainly from citric acid and urea. Thus, it
should be noted that the band at 347 nm is primarily responsible for the
blue fluorescence of the sample [45-47].

Carbon nanoparticles exhibited an emission band centred at 405 nm
(Fig. 1C). However, a shift in the emission band towards higher wave-
length regions is clearly observed in Fig. 1D. This characteristic is called
bathochromic shift, since there is a tendency for light emission in the red
region by the nanoparticles. This is consistent with heterogeneity of
functional groups on the surface of the nanomaterials, in addition to
signalling a significant variation in particle size [42,48].

The QY values for the CNP and CNP-UAC samples were 0.04% and
14.41%, respectively. The higher value for the second sample is due to
the functionalization of the nanoparticle surface with amine groups,
originating from urea, used as a precursor in the synthetic process. The
observed Stokes shift was 154 nm and 58 nm for CNP and CNP-UAC,

Table 1
— Average values of the mineral nutrients in the acai seed powder.
N P K Ca Mg S Na Cu Fe Zn Mn B
g/kg mg/kg
Avg 6.5 0.9 5.0 0.9 0.6 0.6 0.2 5.0 240.6 24.5 11.0 14.2
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Table 2
Comparison of fluorescence quantum yield (QY) values reported in the literature
for carbon dots synthesized from different biomass precursors.

Biomass precursor Synthesis method QY (%) Reference
Sugarcane bagasse Hydrothermal 17.98 [52]

Biomass tar Hydrothermal 11.3-27.3 [53]

Natural honey Hydrothermal 4.19 [54]

Guava leaf extract Green synthesis 34.0 [55]

Eggshell membrane Hydrothermal 9.6 [56]
Hemicellulose + DES DES-assisted synthesis 23.45 [57]

Molasses + DES DES-assisted synthesis 50.0 [57]

Acai Hydrothermal 14.41 Present work

Note: Only studies that explicitly reported fluorescence quantum yield (QY)
values were included in this comparison. DES = deep eutectic solvent.

respectively. In this case, the functionalization of nanoparticles led to a
smaller Stokes shift. This suggests reduced energy loss between excita-
tion and emission, likely associated with a lower density of non-
radiative recombination pathways. This light-converting property is
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crucial, as carbon dots can absorb high-energy radiation, such as UV
light, and re-emit it as photosynthetically active radiation (PAR),
thereby enhancing the light available for the plant's photochemical
processes. Studies have shown that the quantum yield of carbon dots is a
key factor in augmenting photosynthetic efficiency, with moderate
yields often providing optimal enhancement of plant growth [36]. In
addition, it is observed that the presence of mineral nutrients in the
biomass did not significantly induce fluorescence quenching of
CNP-UAC. This may be attributed to the low concentration of these
nutrients during the synthesis process. The average value of 14.41% for
the CNP-UAC can be considered satisfactory for nanomaterials obtained
from plant biomass [49-51]. This result is attributed to synthesis pa-
rameters such as reaction time, the amount of ASP used, and the addi-
tion of a high-purity carbon source (citric acid) and a nitrogen source
(urea), which collectively may have influenced the observed increase in
QY. Given this QY, the material was considered suitable for application
studies, for which a UV-Vis calibration curve was developed as a func-
tion of different concentrations (Fig. 1S).
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Fig. 2. (a) High-resolution transmission electron microscopy (HRTEM) image of the CNP-UAC and (b) the corresponding particle size distribution histogram,
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Fig. 4. Chlorophyll a, chlorophyll b and total chlorophyll in the leaf tissue of maize (a) and sorghum (b) plants after three weekly applications of nanofertiliser

produced from acaf seed powder.

The roles of these substances are defined based on their chemical
nature. Citric acid acts as a carbon source, necessary for the formation of
the nanoparticle core, while urea corresponds to the nitrogen source,
which will functionalize the surface and ensure a higher QY value.

The fluorescence quantum yield (QY) values reported for biomass-
derived carbon dots are summarized in Table 2, in order to compare
the optical performance of materials obtained from different precursor
sources and synthesis routes. This comparison provides a useful frame-
work for contextualizing the results obtained in the present study with
respect to previously reported biomass-based carbon dots, highlighting
the influence of both the precursor and the synthetic strategy on the
photoluminescent properties of the nanomaterials.

To investigate the chemical structure of the samples, FTIR mea-
surements were taken (Fig. 2S). The absorption bands in the spectra of
both samples provide information about the functional groups present
and the modifications induced by functionalization. The intense, broad
band between 3500 and 2880 cm™! is attributed to the stretching vi-
brations of O-H, N-H and C-H bonds. In the ACF-UAC spectrum, this
band shifts and reaches its maximum around 3190 cm ™}, indicating the
introduction of new N-H and O-H groups due to incorporation of the
urea and citric acid [18,42,58]. In the CNP sample, the range between
1660 and 1600 cm™! corresponds to the stretching vibrations of C=0
and C=C bonds, as well as bending of the N-H bond [45]. Furthermore,
in the CNP-UAC sample, the band around 1600 cm™" is shifted to 1560
em ™! and shows a relative increase in intensity associated with the 1660
cm ! band when compared to the CNP sample. This increase can be
correlated with the presence of graphitic domains, a result of the in-
crease in C—=C stretching vibrations indicating the presence of graphitic
domains in the synthesized material. This characteristic is indicative of
the formation of carbon quantum dots [59]. The intensification of a band
around 1390 cm ™! in the CNP-UAC sample can be attributed to the
presence of -C-N. In both samples, the band at 670 cm ™! corresponds to
the out-of-plane folding of -C—C bonds, corroborating the existence of
graphitic structures [60].

The morphology and size of the carbon nanoparticles are crucial
factors that directly influence their optical properties (Fig. 2). HRTEM
analysis allowed the particle size to be measured; fitting the distribution
histogram with a Gaussian curve revealed an average size of 3.9 nm. The
width of the curve indicates a relatively narrow distribution, suggesting
the formation of nanoparticles of uniform size during synthesis.
Although the histogram shows a narrow distribution, the slight variation
in size, as indicated by the distribution curve and the presence of
different functional groups on the surface of the CNP-UAC, explains the
‘red-shift” phenomenon seen in the fluorescence spectrum. Combining
these results therefore affords a comprehensive view of how the physical
and chemical structure of the nanomaterial impacts its optical charac-
teristics, confirming the effectiveness of the synthesis in the production
of fluorescent nanofertilisers [60].

4.3. Effects on the growth of the maize and sorghum

Fig. 3 shows the effects of the foliar application of nanofertiliser
solutions prepared in a 0.03% v/v solution of Tween®80 at concentra-
tions of 0, 10, 50, 100 and 150 ppm on young maize and sorghum plants.
The relative growth rate (RGR) indicates how the treatments affect total
biomass accumulation in the plants, while the net assimilation rate
(NAR) shows this effect on integrated net photosynthetic assimilation
over a given period [61]. It can be seen that, in both species, the
nanofertiliser achieved its maximum effect at the lowest dose (10 ppm),
although the effect was greater in the sorghum. Despite there being no
clear hormetic effect [62,63], there was a slight tendency for the effect
of the nanofertiliser on the maize plants to decline as the concentration
of the solution applied via the leaves increased, whereas in the sorghum
all the treatments were superior to the control. These results show that
the application of carbon quantum dots affords a consistent increase in
RGR, with the effect being more evident in maize than in sorghum.

NAR values in the sorghum showed a consistent increase compared
to the control with the application of carbon quantum dots. In the maize,
however, the effects of the treatment were less pronounced, with the
NAR remaining relatively stable at each of the concentrations under test.
The stimulating effect of quantum dots is seen mainly in sorghum, while
for maize, the net assimilation rate remains consistent regardless of the
concentration.

Growth significantly increased in both species with only three
weekly applications of the 10-ppm solution. In maize, the values for RGR
and NAR were 24.36% and 13.03% higher, respectively, than the con-
trol, while in sorghum, the effects were even more noticeable, with
164.6% and 80.2%, respectively. These increases reflect the stimulation
of photosynthesis, despite both species exhibiting a C4 photosynthetic
pathway. The more pronounced effect observed in sorghum compared to
maize may be attributed to species-specific physiological and structural
differences. Sorghum has been reported to maintain higher photosyn-
thetic stability, electron transport efficiency, and water-use efficiency
under environmental stress conditions, whereas maize is more suscep-
tible to photochemical limitations [64] Additionally, structural features
such as enhanced intercellular space development and optimized gas
exchange contribute to improved CO, diffusion and carbon assimilation
in sorghum [69] TEM images showed that CNP-UAC nanopigment has
an average diameter of 3.9 nm, which may facilitate the penetration into
the leaf structure through stomata, cuticular cracks, or trichomes [65]
Cheng et al. investigated the influence of carbon dots synthesized from
biomass and observed a significant increase in photosynthesis efficiency,
which was attributed to strong interaction with chloroplasts, improving
light absorption and conversion [37] Thus, these characteristics suggest
that sorghum can more efficiently utilize the light-converting properties
of CNP-UAGC, particularly under high irradiance conditions.

In contrast, there were no significant increases in the values of
chlorophyll A, chlorophyll B or total chlorophyll in the leaves of either
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Fig. 5. Appearance of maize (a) and sorghum (b) plants treated with three
applications of nanofertiliser produced from acai seed powder.

species (Fig. 4). As such, the increases in net assimilation rate must have
been due to increased photosynthetic efficiency, but not to any increase
in the levels of photosynthetic pigments.

Indeed, CNP-UAC did not affect chlorophyll content but may interact
with the surface of chloroplasts due to the presence of carboxylic and
amine functional groups [25,26,66]. Previous studies have shown that
carbon dots can strongly associate with chloroplasts and promote elec-
tron transfer within the photosynthetic apparatus, directly influencing
the light reactions of photosynthesis [67]. In addition, carbon dots can
convert ultraviolet radiation into photosynthetically active radiation
within chloroplasts, enhancing electron transport and photochemical
efficiency without necessarily increasing chlorophyll content [36].
Thus, the observed increases in relative growth rate and net assimilation
rate, in the absence of changes in chlorophyll content, indicate that the
primary mechanism is not related to pigment biosynthesis but rather to
enhanced photochemical efficiency. This suggests that the nanoparticles
act as photophysical mediators, improving light utilization at the leaf
level, a behavior often attributed to their role as nanoantennas that
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expand light harvesting and facilitate energy transfer processes [68].
Additionally, surface functional groups play a key role in modulating
their interaction with biological systems and their optical properties
[36]. Therefore, the biological responses observed in maize and sor-
ghum can be attributed to light-driven interactions governed by nano-
particle structure and surface chemistry.

As shown in Fig. 5a and b, there was no great difference in height
growth, especially in the maize plants; there was, however, an increase
in vigour (stem thickness and leaf area) in both species, even at the
lowest dose (10 ppm).

There was a significant increase in root volume in the plants treated
with the nanofertiliser (Fig. 6). The results showed a significant effect
from the level of nanofertiliser (p = 0.002), with no difference between
the species and no interaction effects. It can be concluded that applying
nanofertiliser significantly increased root growth in both species, even at
low doses.

The application of nanofertiliser, even at the lowest dose (10 ppm),
stimulated root production in both species, but especially in the sor-
ghum. Each species is an important source of plant protein and the basis
of animal feed in the tropics. The response obtained from the application
of nanofertiliser in stimulating greater root production will definitely
contribute to sustained food production in the semi-arid tropical region
of both Brazil and Africa, particularly as these responses were obtained
using the BRS-Gorutuba and 2502 varieties that are recommended for
cultivating in these regions. It is recommended that further trials of the
application of this nanofertiliser be carried out both in the field and on
other types of mono- and dicotyledonous C4 and C3 crops.

5. Conclusion

Agro-industrial residues from acai palm (Euterpe oleracea Mart.)
seeds were successfully converted into a carbon-based nanopigment
through a hydrothermal process. The synthesized nanopigment exhibi-
ted typical optical features of carbonaceous pigments, including strong
ultraviolet-visible ~absorption and excitation-dependent photo-
luminescence, together with surface functional groups rich in oxygen-
and nitrogen-containing moieties, which contribute to its colloidal sta-
bility and biointeraction.
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Fig. 6. Total root-system volume (mL) and representative root systems in maize (a and b) and sorghum (c and d) plants treated with three foliar applications of

nanofertiliser produced from acai seed powder.
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Elemental analysis revealed significant contents of iron (Fe), man-
ganese (Mn), and zinc (Zn), elements of agronomic relevance, particu-
larly for crops grown in nutrient-poor tropical soils. When applied
foliarly to young maize and sorghum plants, the nanopigment displayed
nanofertiliser-like biofunctional activity at low concentration (10 mg
L7Y). After three weekly applications, relative growth rate increased by
24.36% in maize and 164.6% in sorghum, while net assimilation rate
increased by 13.03% and 80.2%, respectively. Root volume also
increased by 23.11% in maize and 59.92% in sorghum, indicating
enhanced early root system development.

These results demonstrate that acai seed residues can be valorized
into a multifunctional nanopigment combining well-defined optical
properties with measurable biological effects. The material shows po-
tential for applications beyond conventional colouring systems,
including biointerfaces and agro-related technologies where pigment
chemistry and biofunctional performance can be synergistically
explored.
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