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Red-emissive carbon dots (RCDs) were fabricated using a simple solvothermal method with Nile blue A

sulphate and malic acid. The obtained RCDs exhibited good water solubility, excellent stability and a high

luminescent quantum yield. The effect of RCDs on the growth of cotton sprouts was further explored,

and it was found that the RCDs could effectively promote growth by enhancing root vitality.

Furthermore, it was found that adding lanthanum to the RCD solutions could achieve better promotion,

with the optimum concentration measured to be 0.02 mg mL™* of RCDs for mixed solutions, which was
much lower than that of the RCD solution alone (0.03 mg mL™Y). Further analysis results showed that
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adding lanthanum could enhance the absorption of RCDs by the cotton sprouts, which might be

induced by the enhancement of endocytosis in root cells triggered by lanthanum. This work not only
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1. Introduction

Due to their versatile surface modification, excellent photo
stability and unique fluorescence characteristics, quantum dots
have garnered widespread attention in biological studies, such
as fluorescence imaging, ion detection and DNA delivery."” In
the past decade, quantum dots have become a powerful tool in
botanical research.* For example, Parrish et al. fabricated novel
light conversion films based on CulnS,/ZnS quantum dots to
improve photosynthetic efficiency in lettuce.® Yin et al. synthe-
sized novel selenium carbon quantum dots and investigated
their effect on the growth and fruit quality of tomatoes.®
Carbon dots (CDs), which possess good aqueous solubility
and excellent fluorescent properties, have become a fascinating
rising star in the quantum dot family.” Their high biocompati-
bility provides the possibility for CDs to replace semiconductor
quantum dots. However, most of the reported CDs exhibit
intense short-wavelength luminescence (blue and green) under
excitation or possess relatively low quantum yield (QY) for long-
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provides novel long-wavelength emissive carbon dots with excellent biological activity but also holds
positive significance for plant physiology and agricultural production.

wavelength emissions (orange and red). These drawbacks limit
them in biological field applications to a certain degree.
Therefore, there is still a strong desire to develop simple and
efficient methods for synthesizing highly luminescent red-
emitting CDs.® On the other hand, CDs have been found to
possess a positive influence on plant growth in recent years,’
providing a new option for growth regulators beyond traditional
hormone substances, such as indoleacetic acid and naphthyl-
acetic acid. However, it remains a great challenge to develop
effective strategies to enhance plant physiological activity using
CDs, while the mechanism of CDs in promoting growth still
needs further exploration.'” Moreover, as an emerging artificial
nanomaterial, the high cost of CDs limits their potential for
commercial applications.™** Improving the utilization effi-
ciency of CDs for organisms has become one of the urgent
problems to be solved in commercialization. It is worth
mentioning that the research by Huang et al. showed that
lanthanum could promote endocytosis in root cells, thereby
contributing to the uptake of nutrients by the plant roots.*
However, the effect of rare earth elements on the uptake of
nanoparticles by plants is still rarely reported.****

In this research, novel red-emissive carbon dots (RCDs) were
fabricated using a simple solvothermal method with Nile blue A
sulphate and malic acid. The obtained CDs exhibited good
water solubility, excellent stability and a highly luminescent
quantum yield (53.8%). The effect of CDs on the growth of plant
sprouts was further explored, and it was found that the RCDs
could effectively promote growth by enhancing root vitality. It is
worth mentioning that cotton was chosen as the model plant, as
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it is an important cash crop with a short germination time.
Furthermore, it was found that adding lanthanum to the culti-
vation system with RCDs could more significantly promote
growth, which might be induced by the enhancement of
endocytosis in root cells triggered by lanthanum. This work not
only provides a novel strategy to obtain biologically applicable
CDs with long-wavelength emissions but also is considered to
possess considerable potential in agricultural nano-fertilizers.

2. Experimental
2.1 Chemicals and materials

Malic acid, Nile blue A sulphate, and ethanol were purchased
from Aladdin Reagent Co., Ltd (Shanghai, China). Lanthanum
chloride (analytical grade) and 2,3,5-triphenyltetrazolium chlo-
ride (TTC) were obtained from Nanjing Chemical Reagent Co.,
Ltd (Jiangsu, China). Cotton seeds were obtained from Handan
Academy of Agricultural Sciences (Handan, China). Deionized
water (DI water) was obtained using a leading micro super-pure
water machine (Shanghai, China) and was applied throughout
all the experiments.

2.2 Measurements

Transmission electron microscopy (TEM) and high-resolution
TEM were performed for observing the morphology of the
CDs samples using a Tecnai G2-20 TEM instrument (Nether-
lands, 200 kV). Fourier transform infrared (FTIR) spectroscopy
was performed to analyse the surface functional groups of the
CDs using a Shimadzu IR Tracer-100 spectrometer (Japan). X-
ray photoelectron spectroscopy (XPS) was further applied for
the surface observations using a Shimadzu AXIS SUPRA+ spec-
trometer (Japan, AlKa radiation, 1486.6 eV). The optical char-
acteristics of the CDs solutions were observed by UV-vis
absorption (PerkinElmer Lambda 850, USA) and fluorescence
spectroscopy (Hitachi F-7000 fluorescence spectrophotometer,
Japan). The fluorescence quantum yield (QY) of the CDs was
recorded using a Horiba FluoroMax-4 fluorescence spectrom-
eter (Japan).'® Confocal microscopy images were obtained using
a Leica DM2500 confocal fluorescence microscope (Germany).

2.3 Fabrication of RCDs

RCDs were fabricated by the solvothermal method. Briefly,
malic acid (1.2 g) and Nile blue A sulfate (10 mg) were dissolved
in 20.0 mL of ethanol. Then, the mixed solution was treated at
180 °C for 6 h in a Teflon-lined autoclave (50 mL). After ultra-
filtration, the obtained brown-red solution was treated by
evaporating ethanol, dissolving in ultrapure water, and then
dialyzing (MWCO: 3500D) overnight. The dry RCD samples were
finally collected by the freeze-drying method (yield: ca. 21.6%).
Afterward, aqueous solutions with various concentrations were
obtained by redispersing the RCDs in DI water.

2.4 Plant growth

After depilating and sterilizing cotton seeds using concentrated
sulfuric acid, the cotton seeds with similar plumpness and sizes
were randomly allocated to six groups and arranged by a sandy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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culture method. Briefly, the divided cotton seeds were sown in
six culture basins filled with fine sand (0.3-1.0 mm), and
watered by the same amount of deionized water or RCDs solu-
tions with different concentrations (0.01, 0.02, 0.03, 0.04,
0.05 mg mL "), respectively. The basins were further transferred
into a growth chamber and cultured at 30 °C. After five days,
cotton sprouts were harvested. The root length, stem length and
wet weight of the sprouts were recorded. The culture experi-
ments were repeated five times. Experimental data were
analyzed by statistical methods as previously.”” Furthermore,
the root vitality of the cotton seedlings was determined by the
tetrazolium trichloride (TTC) reduction method as per the
previous literature.'® Cotton germination tests were performed
with treatment with mixed solutions (Crcps : Craci, = 5 : 1) with
different concentrations (0.01 mg mL ™' + 0.002 mg mL %,
0.02 mg mL~" + 0.004 mg mL™", 0.03 mg mL~ " + 0.006 mg
mL ", 0.04 mg mL ™" + 0.008 mg mL™, and 0.05 mg mL ™" +
0.01 mg mL ") and analyzed similarly to the above experiments.
For comparison, cultivation experiments with different
concentrations of LaCl, (0.002 mg mL™"', 0.004 mg mL %,
0.006 mg mL ', 0.008 mg mL™ ', 0.01 mg mL ') were also
performed.

3. Results and discussion
3.1 Physicochemical characterization of the RCDs

RCDs were fabricated by a simple solvothermal method as
described before. The formation of RCDs was considered to
involve chelation, dehydration and carbonization of the raw
materials, similar to the previous studies.” As shown in Fig. 1,
the TEM image showed that the obtained RCDs comprised
uniformly dispersed and spherical nanoparticles, with the
particles sizes measured to be 3-5 nm. Further from the
HRTEM image (inset of Fig. 1), it could be observed that the
obtained RCDs had an obvious lattice structure with a crystal
plane spacing of 0.206 nm, which was attributed to the (101)
crystal plane of graphitic carbon.?® The FTIR spectrum of RCDs

Fig.1 TEM image of the obtained RCD samples (inset: HRTEM image).
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Fig. 2 Surface analysis of the obtained nanomaterials: (a) FTIR and (b)
XPS full scan spectra.
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Fig. 3 UV-vis absorption spectrum (a) and luminescence spectra at
different excitations (b) of the RCDs.

is shown in Fig. 2a, showing that the surface of the RCDs held
a large amount of -OH and -NH,, corresponding to the broad
and strong absorption bands at 3700-3100 cm ™ '.>' The spec-
trum also displayed a typical absorption peak at 1680 cm ™',
corresponding to C=O0 vibration. The absorption peaks from
C=C and N-H bending were considered to be indicated by the

peaks at 1420 and 1570 cm ™', respectively. The peak detected at
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1055 cm™ ' represented the stretching of C-O-C bonds. XPS
characterization was further performed to gain more informa-
tion on the elemental composition and surface groups of the
RCDs. As shown in Fig. 2b, the full-scan analysis of XPS revealed
the presence of three major peaks at 284.8, 398.9, and 531.8 eV,
which corresponded to C 1s (80.5%), N 1s (3.8%) and O 1s
(15.7%). Furthermore, the C 1s high-resolution spectrum
(Fig. S1t) indicated the presence of four types of C element: C-C
(284.4 eV), C-O/C-N (285.7 eV), C=0 (286.7 eV), respectively,
verifying the presence of water soluble polar functional groups,
such as hydroxyl, carbonyl and carboxylic acid groups on the
surface of the RCDs.?

3.2 Optical properties of the RCDs

The optical properties of the RCDs were evaluated by UV-vis
absorption and fluorescence spectroscopy. The absorption
spectrum of RCDs is displayed in Fig. 3a. The significant
absorption peak at 276 nm could likely be assigned to the —-m*
transition of aromatic groups on the surface.” In addition, the
broad absorption band at 565 nm might be attributed to the n
— m* transition of the C=0/C-N bonds. The fluorescence
spectrum indicated that 621 nm was the maximum emission
wavelength of the RCDs (red line in Fig. 3b, when excited at 520
nm). With the increase in excitation wavelength from 460 to
560 nm (measured every 20 nm), the fluorescence emission
peak was gradually redshifted, which could be considered an
excitation-dependent phenomenon. The QY of the RCDs was
measured and calculated to be 52.6%, using rhodamine B as the
reference. Additionally, the RCDs showed excellent photo-
bleaching resistance, whereby their PL intensity did not
decrease significantly after 6 h of excitation with a Xe lamp

(365 nm, Fig. S2af). It was also found that the
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Fig. 4 Effect of dose—response on the growth of cotton sprouts treated with RCDs: (a) fresh weight, (b) root elongation, (c) stem elongation of
a single plant; and effect of dose-response on the growth of cotton sprouts treated with mixed solutions: (d) fresh weight, (e) root elongation, (f)

stem elongation of a single plant.
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Fig. 5 Effect of RCD treatment on the root vigour of cotton seedlings
determined by the TTC method.

photoluminescence of the RCDs did not change significantly
even in high ionic strength solutions (NaCl, 1.0 mol L,
Fig. S2bf). The PL quenching effect of La** ions on the RCDs
was further investigated. Notably, it was found that the presence
of La** led to only slight changes in the PL intensity, even at
0.2 mol L™ " (Fig. S2¢t). The MTT colorimetric assay was further
used to evaluate the cytotoxicity of the RCDs. As shown in
Fig. S3,7 the RCDs exhibited low toxicity against HeLa cells,
even at a high concentration of 300 ug mL ™" with 36 h of
incubation. Therefore, the RCDs are considered to possess good
compatibility for biological applications.*

3.3 Effects of the RCDs on the growth of cotton

In order to study the effect of the RCDs on the growth and
development of cotton, different concentrations of RCDs and

View Article Online
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pure water were used to culture the plants. After five days of
incubation, the cotton sprouts were harvested, and the elon-
gations of the root and stem, as well as the fresh weight, were
further determined. As shown in Fig. 4a—c, it could be observed
that the growth indices depended on the concentration of
RCDs. When the concentration was lower than 0.03 mg mL ™,
an increase in concentration showed a positive effect on growth.
Beyond the optimal concentration, the growth indices showed
a decreasing trend. When the concentration was 0.05 mg mL ™},
the RCDs no longer stimulated the growth of cotton.

In order to explore the synergistic effect of lanthanum ions
and carbon dots on plants, an RCD solution mixed with
lanthanum ions was used to cultivate the cotton seedlings,
while the lanthanum ion solution was used for the control
experiments. It could be seen that lanthanum ions alone had no
significant effect on plant growth, as shown in Fig. S4(a—c).t
Interestingly, the mixed solutions of lanthanum ions and
carbon dots showed excellent positive effects on plant growth,
as shown in Fig. 4d-f. The optimal concentration of RCDs was
determined to be 0.02 mg mL ", which was much lower than
that of the RCD solution without lanthanum addition.

4. Discussion

Root dehydrogenase is an important enzyme in plant roots,
playing a crucial role in the aerobic respiration process of
plants. In general, the stronger the activity of root dehydroge-
nase, the more vigorous aerobic respiration is, and the stronger
the root vitality.” On the other hand, root vitality is considered
to be one of the key factors that can promote the absorption of
water and nutrients, and thus promote plant growth. In order to

Fig. 6 Confocal images of the roots of cotton sprouts exposed to (a) DI water, (b) RCD solution, (c) mixed solution in bright field; and confocal
images of the roots of cotton sprouts exposed to (d) DI water, (e) RCD solution, (f) mixed solution; EX centred at 535 nm, measured under the

same shooting parameters.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigate the reasons for the positive effect of RCDs on the
growth of cotton, the activity of root dehydrogenase was
measured in the cotton seedlings using the TTC method. It can
be seen from Fig. 5 that the RCDs can effectively enhance the
activity of dehydrogenase, with the optimal concentration of
RCDs being 0.03 mg mL ", which corresponds to the statistical
results from the growth promotion investigations. Thus, it is
possible that the positive impacts of the RCDs on the growth of
cotton are caused by root vitality, more precisely, the activity of
root dehydrogenase.

The enhancement of the growth-promoting activity of RCDs
by the addition of lanthanum was further explored. As we know,
lanthanum, at proper concentrations, can promote endocytosis
in root cells, thereby contributing to the uptake of nutrients by
the plant roots. So, we assumed that lanthanum could induce
plant roots to take up more RCDs, which would be beneficial for
plant growth. Finally, the RCD solution mixed with lanthanum
could promote plant growth at a much lower concentration
than that of the RCD solution alone. In order to verify the above
conjecture, cotton sprouts were cultured at the same RCD
concentration in both RCD solutions (Creps = 0.02 mg mL™")
and mixed solutions (Crcps = 0.02 mg mL ™, Craci, = 0.004 mg
mL ") for the same duration (48 h), and the fluorescent
photographs of the roots were taken for comparison. It was
found that the fluorescence of the cotton roots cultured with the
mixed solution was significantly stronger than that of those
cultured with RCDs alone (Fig. 6). Considering that lanthanum
ions had little effect on the fluorescence of RCDs, it was
assumed that more RCDs were taken up by the roots of cotton,
which were stimulated by lanthanum in the mixed solutions. To
further verify the promoting effect of lanthanum on plant cell
endocytosis, the cotton seeds were cultivated with FITC-dextran
40 kDa solution, with and without the addition of lanthanum.
FITC-dextran 40 kDa is a fluorescein derivative labeled with
pectin, with an average molecular weight of about 40 kDa. Due
to its large molecular weight, it can only penetrate the cell
membranes via endocytosis. The fluorescence staining effect on
the roots was compared after cultivation (Fig. S5f), which
showed that the staining effect was much stronger for the mixed
solution. This proved that more fluorescent molecules were
absorbed by the cotton roots cultivated in the mixed solution,
thus proving that lanthanum could promote endocytosis in
plant root cells.

5. Conclusion

RCDs were fabricated by a simple one-step solvothermal
method, which exhibited good water solubility, excellent
stability and strong fluorescence. The obtained RCDs could
effectively promote cotton growth by enhancing root vitality.
Furthermore, it was found that the addition of lanthanum to
the RCD solutions could more significantly promote growth,
with the optimum concentration measured to be 0.02 mg mL "
of RCDs for the mixed solutions, much lower than that of the
RCD solution alone (0.03 mg mL™"). Further analysis showed
that more RCDs were absorbed by the cotton roots for the mixed
solutions, which might be induced by the enhancement of

10168 | RSC Adv, 2025, 15, 10164-10169
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endocytosis in the root cells triggered by lanthanum. This work
presents a novel carbon nanomaterial with excellent physio-
logical activities and reveals that lanthanum might be an
effective factor in improving the bioavailability of nano fertil-
izers for plants, thus providing a new perspective for agricul-
tural chemistry and plant physiology.
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