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Carbon dots (CDs), synthesized from biological sources, have attracted attention in bioimaging and
bioscience due to their low cytotoxicity, water-soluble nature, and biocompatibility. However, there are
a few reports on the absorption of elements and tracking the transporting systems in plants. Herein, we
report pollen-CDs synthesized by a hydrothermal method that emit blue light under excitation of UV
light, which can be used to track the absorption of nitrogen, phosphorus, and potassium, and mark the
biological transport systems in Brassica parachinensis L. The pollen-CDs were transported via the
vascular system of Brassica parachinensis L. confirmed by the confocal images. TEM results
demonstrated that the pollen-CDs were enriched in the periplasmic space, which helps to enhance the
absorption efficiency of potassium and inhibit the accumulation of nitrates in Brassica parachinensis L.
The hydroponic experiment results demonstrated that Brassica parachinensis L. had the highest yield of
42.90 mg when 3.5 mg L™* pollen-CDs were added to the nutrient solution. All the results demonstrated
that the pollen-CDs have potential for application in hydroponically grown vegetables and biocompatible
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Introduction

Exploring the interactions between nanoparticles (NPs) and
plant response is crucial in horticultural science because the
processes of nanoparticles' uptake, localization, and activity in
plants could revolutionize crop production.* CDs with the sizes
below 10 nm may be taken up easily by plants and transported
within plant tissues. It has been reported that carbon nano-
tubes (CNTs) can penetrate the thick seed coat and support
water uptake inside seeds, which can affect seed germination
rate and growth of tomato seedlings.” As an example, multi
walled carbon nanotubes (MWCNTS) (5-500 pg mL™ ') can up-
regulate the expression of the CycB (cell division) and N¢tLRX1
(cell wall extension) genes and enhance the growth of tobacco
cell culture.** Oxidized MWCNTSs can accelerate root growth
and increase wheat (cv. Triticum aestivum) biomass, but there is
no significant effect on seed germination or stem length.®
Treating gram (cv. Cicer arietinum) with 6.0 ug mL™" of water
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soluble CNTs showed an evident increase in the weight of the
roots and shoots. All these conclusions demonstrate that water
soluble CNTs can improve absorption and retention of water,
and therefore enhance the growth.* MWCNTs, Fe-filled CNTs,
and Fe-Co-filled CNTs significantly inhibit rice growth by
decreasing the concentrations of endogenous plant hormones
and change the ratio of C : N in the roots of rice.”

Bee pollen, a mass of pollen gathered by honeybees, has
been favorably consumed as diet supplementation due to its
good nutrition and therapeutic values, such as proximate
contents, amino acid composition, dietary fiber, mineral
elements, and fatty acid composition.® It has been reported
that CDs can be easily prepared from bee pollen via a highly
reproducible one-step hydrothermal carbonization process,
yielding pollen of relatively high content of nitrogen, good
water solubility, and small size of about 2 nm. As is known, the
transportation of molecules into plant cells is quite compli-
cated because of the plant cell wall and cell membrane.’
Molecule size is among the key factors for nanomaterials
utilized in plant. Compared with other semiconductor
quantum dots, pollens-CDs are superior due to their merits
including small size, non-toxicity, biocompatibility, and
tunable emissions upon varied excitation.' The flowering
Chinese cabbage (Brassica parachinensis L.) is an important
leafy vegetable of Southeast Asia. It is rich in flavones,
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anthocyanins, vitamins, glucosinolates, folic acid and so on"*
and has been abundantly exported to Europe, America, Aus-
tralia and other regions.”> However, to date, there are no
reports about the uptake of nanoparticles within the Brassica
parachinensis L.

As mentioned above, the agronomic application of nano-
technology in plants has the potential to enhance plant
production and use them as bioimaging probes. However,
some studies are not discussed in-depth. The application of
CNTs in agriculture can increase plant production and affect
seed germination rate, but there is no fluorescent probe for
tracking the transport system to explain the mechanisms that
affect crop absorption elements. Metallic oxides, such as nano-
TiO, and ZnO, can increase photophosphorylation activity,
and CdSe/ZnS quantum dots can be used as optical imaging
probes in vivo. However, they have great toxicity to the organ-
isms and also negatively impact the environment. In this
study, CDs derived from pollen with blue fluorescence were
first used in hydroponic Brassica parachinensis L. for studying
the mechanisms of increasing yield and promoting the
absorbance efficiency of nutrients. Moreover, this pollen-CDs
with fluorescence characteristics can also be used to track
the progress of nutrient uptake and transportation, and mark
the nutrient content in the nutrient solution via a visual
measurement technique.
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Results and discussion

To obtain structural information about the CDs, we performed
Fourier transform infrared (FT-IR) measurements (Fig. 1a). The
typical peaks at 1662 cm ™', 2976 cm ™" and 3405 cm ™' corre-
spond to the stretching vibrations of C=0, C-H, O-H and N-H,
respectively, while those at 1052 cm ™" and 1400 cm ™' can be
attributed to the bending vibrations of C-N-C and N-H,
respectively.”** These results demonstrate the presence of
carboxyl, hydroxyl and amino groups embedded in the CDs. The
powder X-ray diffraction (XRD) pattern shows a broad band
peak at 21°, which can be ascribed to the (002) plane of graphitic
interlayer spacing of 0.32 nm (Fig. 1b), indicating that the as-
synthesized CDs retain their amorphous nature.> The pollen-
CDs exhibit a broadband blue emission under different excita-
tion wavelengths (320 nm, 340 nm and 360 nm, Fig. 1c), dis-
played in the photograph inset in Fig. 1c. The individual X-ray
photoelectron spectroscopy (XPS) results showing C 1s, N 1s
and O 1s binding energies (Fig. 1d and S67) revealed that three
types of carbon (C-C, C-O/C-N, and C=O0), two types of
nitrogen (C-N-C and N-H) and two types of oxygen (C=0 and
C-0) existed in the CDs. The difference is that the emission
band shows a tiny red shift, attributed to the characteristic
photoluminescence properties of CDs that depend on the
excitation wavelengths. The excitation spectrum exhibits
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Fig. 1 FT-IR spectra (a) and XRD of CDs (b). Wavelength-dependent

(b) 1400~(c) —Ex
3 800 12004 A
i : ; 10004 e Em (360nM)
8 < s 500
S £ 2 600
=S 2 ] ]
£ 8 S 400
] B -
£ = £ 200
= 1400 3405 i 0]
1000 1500 2000 2500 3000 3500 10 20 30 40 50 60 70 80 200 300 400 500 600 700
Wavenumber (cm™1) 20() Wavelength (nm)
50
(d) (e) Average size=2.01nm
-~ ~40
3 g
K 2
2 30
@ S
g 520
c o
= ]
a 10
200 400 600 800 1000 14 16 18 20 22 24
Binding Energy (eV) Size (nm)
,19)
£ 1]
E
5
T 01

fluorescent emission spectra of CDs excited at 320, 340, and 360 nm,

respectively, and excitation spectrum of CDs monitored at 388 nm. Inset shows the digital photographs taken under daylight and UV (365 nm)
irradiation, respectively (c). XPS of CDs (d). Particle size distribution of CDs (e). TEM images of CDs in large scale and small scale (f). AFM of CDs (g).

2D AFM topography image (h). 3D AFM topography image (i).
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a broad band centered at 350 nm, demonstrating that pollen-
CDs can be effectively excited by UV light. The quantum effi-
ciency (QE) of pollen-CDs was determined to be 7.7% under
360 nm excitation, using quinine sulfate as the reference.** The
morphology and size of the pollens-CDs were also simulta-
neously determined by transmission electron microscopy (TEM)
and atomic force microscopy (AFM), respectively. The CDs were
uniform without precipitation, and the size distribution histo-
gram shows that the average diameter of the particles is 2.01 nm
(Fig. 1e). The AFM topography image (Fig. 1g) of the mica
substrate showing the particle heights further confirmed the
mean size of 2.00 nm, as presented in a spherical shape, which
is also consistent with a previous report.*

To study the phytotoxicity and physiological function of
pollen-CDs during the hydroponic growth of Brassica
parachinensis L., the biomass, chlorophyll content and element
absorption were investigated. The biomass of pollen-CDs
treated Brassica parachinensis L. was measured by fresh weight
(FW) and dry weight (DW). As shown in Fig. 2 and Table 1, the
T2 had the highest yield in the CDs cultivated plants and also
exhibited the highest fluorescence under UV-light. The fresh
weights of the shoots of the CDs treated Brassica
parachinensis L. were much higher than those of the ones
treated with CK (for which the added CDs concentration was
0 mg L"), the former exhibiting an increase of 17.37% (T1, the
added CDs concentration was 7 mg L™ "), 69.36% (T2, the added
CDs concentration was 3.5 mg L™ %), and 36.32% (T3, the added
CDs concentration was 1.75 mg L™ '). Moreover, the FW of roots
increased by 4.95%, 66.12%, and 29.50%. The DW of Brassica

T3 ' CK TI T2 T3

CK TI T2

Fig.2 The images of Brassica parachinensis L. under daylight and UV
light, respectively.
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parachinensis L. showed the same trend (Table 1). Among the
plants cultivated in the Hoagland nutrient treated by CDs, the
yield of T2 was higher than that of T1 and T3, which may be
attributed to its higher concentration of CDs (T1), which
inhibited the growth of Brassica parachinensis L. The concen-
tration of CDs in T3 was too low to effectively increase the yield.
Hence, from our study, it can be seen that the concentration of
pollen-CDs can significantly affect the yield of Brassica
parachinensis L. Nitrogen, the nutrient element analyzed in our
study, is the most highly absorbed nutrient that is taken up by
the plants from the soil.>* Its state (ionic charge and oxidation
state) has an effect on the metabolism and finally affects the
growth and competitive ability of the plant.”* Ammonium is the
predominant form in which nitrogen is absorbed and accu-
mulated in plants.”” As mentioned above, there are two types of
nitrogen (C-N-C and N-H) on the surfaces of CDs (Fig. 1a),
namely, CDs untaken into by plant stay in cytoplasmic space
(Fig. 4 and 5b) and the nitrogen of the nutrient solution
(Fig. S3a and bf¥). The decrease in the latter nitrogen indicates
that the absorption and accumulation of nitrogen has
improved, favoring the increased mass of Brassica
parachinensis L. The effect of CDs on the chlorophyll contents in
Brassica parachinensis L. was also determined (Fig. 3).
Compared with CK, there was a significant increase in the
content of chlorophyll a in T1, T2 and T3, showing an increase
of 32.35%, 26.47% and 13.24%, respectively. There was no
significant difference in the contents of chlorophyll b of T1 and
T2, which were 26.92% and 23.08% higher than those of CK,
respectively. The total chlorophyll content exhibits the same
change trend as that of chlorophyll b. There was no significant
difference in carotenoid contents of Brassica parachinensis L. In
previous studies of heterotrophic bacteria, electrons donated to
the environment were found to be derived from the oxidation of
organic molecules through respiratory metabolism.***
According to FT-IR spectra, the CDs have three types of carbon
(C-C, C-O/C-N, and C=0), two types of nitrogen (C-N-C and
N-H), and two types of oxygen (C=O and C-O) (Fig. 1a).
However, photosynthesis is a complex reaction in the plant
body, which has a variety of substrates and participates in
various metabolic pathways. Hence, we infer that these groups
can affect the chlorophyll contents, and might be derived from
photosynthetic electron transport. Carotenoids can provide
protection when plants are over-exposed to light through
dissipation of excess energy and free radical detoxification.****

Table 1 The fresh weight and dry weight of different supplementary CDs concentration on Brassica parachinensis L.

Fresh weight Dry weight
Treatment Shoot (g) Root (g) Shoot (g) Root (g)
CK 25.33 £ 1.21d 5.46 = 1.26 ¢ 1.83 £ 0.06 ¢ 0.53 + 0.06 a
T1 29.73 £0.51 ¢ 573 £0.11c 2.03 £ 0.12 ¢ 0.53 £+ 0.06 a
T2 42.90 + 2.53 a 9.07 £ 0.45 a 3.17+£0.12 a 0.63 £ 0.06 a
T3 34.53 £ 2.75b 7.20 £ 0.17 b 2.37 £0.31b 0.53 + 0.06 a

“ The values presented are the means + SE. Different letters indicate significant differences between treatments (a < 0.05).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The chlorophyll content of supplementary CDs concentration
on Brassica parachinensis L., the values presented are the means + SE.
Different letters indicate significant differences between treatments (a
< 0.05).

Our results showed that there was no significant difference in
carotenoid contents due to the lower phytotoxicity of pollen-
derived CDs in the photosynthesis of Brassica parachinensis L.

Another interesting result is that pollen-CDs can evidently
affect the efficiency of photosynthesis (Fig. 3) and the content of
soluble sugars (Fig. S1at) of Brassica parachinensis L. This result
can be explained by the fact that the pollen-CDs affected the
photosynthetic rate through an effect on RuBP regeneration
rather than RuBP case activity and changed the Calvin cycle
enzymes with three types of carbon, increasing the flow of
carbon to starch. The photosynthetic capacity of the leaves is
mainly related to the nitrogen content because the protein of
the Calvin cycle and thylakoids represents the majority of leaf
nitrogen.** Soluble sugars are the product of photosynthesis.*
T1 had the highest chlorophyll contents and the lowest content
of soluble protein (Fig. S1b?), while T2 had the highest content
of soluble sugars (Fig. Slat) and FW (Table 1), as well as the
lowest content of nitrate nitrogen (Fig. S1ct). The content of the
soluble protein of T2 was not significantly different compared
with that of CK (Fig. S1bt). These results of enhancing the
accumulation of nitrate nitrogen (T1, Fig. S1ct) and increasing
the soluble sugars content (T2) logically explains why pollen-
CDs can improve the photosynthetic rate, which indicates that
three types of carbon and two types of nitrogen components on
the surface of CDs can improve photosynthesis and affect the
accumulation of energy for plant growth.

The relationship between the application of pollen-CDs to
hydroponic Brassica parachinensis L. and the absorption of
nitrogen, phosphorus and potassium was analyzed and pre-
sented in the ESI (Fig. S2).T In plants, the uptake of one K" is
energized by the co-uptake of one proton.** Higher plant cells
show more evident discrimination of K' transports across the
cytoplasmic membrane of water via.** In this study, pollen-CDs
treated plants showed an increase in the contents of potassium,
with T2 having higher potassium content than the others
(Fig. S2ct), indicating that pollen-CDs affects cell plant
membrane permeability. As proven by the accumulation and
transport mechanism of K* in Brassica parachinensis L. because
K" transport via is equal to water via. Malondialdehyde (MDA) is
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widely used as a marker of oxidative lipid injury, as its
concentration varies in response to biotic and abiotic stress.*®
This stress derived from the unsaturated lipids of plant
membranes is one of the primary targets of such oxidative
reactions.”” From Fig. S1d,T CDs treatment resulted in signifi-
cantly higher contents of MDA compared to CK treatment. This
further supports the conclusion that the pollen-CDs can affect
the cytomembrane of Brassica parachinensis L., but exhibit no
effect on the absorption of the element (Fig. S2 and S31) and
physiological metabolism (Fig. 3 and S1t), which means that
pollen-CDs have lower phytotoxicity in plants.

From the above analysis, it is reasonable to conclude that the
addition of pollen-CDs is effective for hydroponic growth of
Brassica parachinensis L. Herein, we chose T2 as the example
due to the fact that it has significant difference compared to CK
in tracking the element transporting system in Brassica
parachinensis L. through the characteristic fluorescence of
pollen-CDs.  After 20 days' treatment, the Brassica
parachinensis L. grew rapidly. The nutrient solution was inves-
tigated about every three days by measuring ammonium
nitrogen, nitrate nitrogen, phosphorus, potassium and fluo-
rescence before harvesting the plants (Fig. S3t). The content of
nitrogen, phosphorus, and potassium in the nutrient solution
showed a decreasing tendency (Fig. S3t), which indicates that
they were absorbed and transformed to plant mass (as
confirmed in Table 1). Moreover, the PL intensity in the nutrient
solution exhibited the same trend, indicating that the pollen-
CDs were absorbed by Brassica parachinensis L. (Fig. S4t). It is
reported that plant cell surface is removed enzymatically
together with certain cell surface proteins.*® Therefore, from
Fig. 4 and 5b, it can be concluded that the pollen-CDs do not
penetrate into the cells. However, the surface function group of
the CDs can increase the absorption efficiency of potassium
because the level of accumulation of nitrate in the plants
decreases (Fig. S1 and S21). Moreover, the CDs can improve
ammonium nitrogen absorption (Fig. Sic, S3a and bt) and
finally increase the yield of the plant.

As shown in Fig. 4, the pollen-CDs show effective emission
under 340 nm excitation. Herein, we wanted to use the PL of
chlorophyll pigments to locate the CDs position. The pollen-
CDs, with high fluorescence, were selected as a better candi-
date and used as a probe for cell imaging using laser scanning
confocal microscopy. Slices in the organs of Brassica
parachinensis L. were made and checked (roots, stems, leaves),
and the results indicated that pollen-CDs were transported from
root to leaf by plant conduits (Fig. S51), which diffused via the
protoplast pathway. To ensure the located position of CDs, TEM
images of two biological samples (CK, T2) were measured and
(Fig. 5), the results indicate that the plant transported CDs
together with water, and CDs are enriched in the periplasmic
space (Fig. 5b). The observed particle size was consistent with
that revealed by TEM (Fig. 1d) and AFM (Fig. 1g). Pollen-CDs
were enriched in the cells protoplast space, producing higher
osmotic pressure and resulting in the plant cells transporting
more water into the cell. This was confirmed by the K' results
(Fig. S2c and S3ct), which justify why the CDs affect the content
of potassium in Brassica parachinensis L. This also explains the

This journal is © The Royal Society of Chemistry 2017
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340 nm excitation Bright field 663 nm excitation Overlay

Transection (CK)

Transection (T2)

Rip-cutting (CK)

Rip-cutting (T2)

Fig. 4 The images of laser scanning confocal microscope in the petiole of Brassica parachinensis L.

Fig.5 TEM images of the petiole of Brassica parachinensis L. in CK (a)
and CDs (b).

absorption of phosphorus and nitrogen in plants. The NPs that
enter the intercellular space of the plants by passage through
the vascular bundles are deposited on the cell wall of the sub-
stomatal cavity or neighboring cells;* thus, the CDs transported
by biomechanical and cell-to-cell translocation depend on the
size exclusion limit of plasmodesmata between the adjacent
cells. We also know the nutritional elements absorbed by plant
is a ion state, element through the cell membrane is the need
for zeta changes, but we also can't fund an effective method
detected the changes in cell membrane zeta. Not unexpectedly,
the TEM and confocal image showed that the presented CDs
were agglomerated as relatively larger clusters in the intercel-
lular space, so we infer because of the CDs reunited result in
water potential reduction, also the content soluble sugars and
potassium etc. in plant had significant difference from CK. This
result is attributed to the properties of the CDs. All these results
demonstrate that CDs are excellent materials that can be

This journal is © The Royal Society of Chemistry 2017

applied in hydroponic plants. We were not able to conclude
which physiological or metabolic pathway affected the yield of
Brassica parachinensis L. after CDs supplementation or whether
the CDs entered the cytoplasm or the cell nucleus. We will
therefore consider these issues in future studies.

Conclusion

In conclusion, pollen-CDs were synthesized from the bee pollen
via a one-step hydrothermal carbonization process. They
exhibited a blue emission under UV excitation with a quantum
yield of 7.7%. The average size of the pollen-CDs, based on TEM
and AFM, was approximately 2.01 nm. Such a small size is
beneficial for plant uptake and transport. The surface func-
tionalization and chemical compositions of the pollen-CDs
were confirmed by FT-IR and XRD. The addition of 3.5 mg L™"
pollen-CDs into the nutrient solution can increase the MDA
content of Brassica parachinensis L. and significantly increase
potassium absorption, which subsequently inhibits the accu-
mulation of nitrates. The biomass of Brassica parachinensis L.
treated with 3.5 mg L™" pollen-CDs was higher than that of the
others. The pollen-CDs, as a specific microelement, can be used
in hydroponic vegetables for improving the absorption effi-
ciency of potassium, inhibiting the accumulation of nitrates,
and increasing the yield of the vegetables. The fluorescence
characteristic of pollen-CDs can be used to track the elemental
contents of nutrient solutions, label the transport through the
plants, and monitor the uptake of active compounds from
nutrient solutions. All the results indicate that pollen-CDs are

ideal materials for the addition of microelements into

RSC Adv., 2017, 7, 33459-33465 | 33463
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hydroponic plants and for achieving biocompatibility in vitro/in
vivo imaging.

Experimental
Synthesis of carbon dots

Hydrothermal synthesis of pollens-CDs was previously re-
ported.*® Briefly, 0.75 g of pollens were dispersed into 30 mL
pure water for 15 min, with sonication. The resulting solution
was transferred to a 50 mL Teflon-lined stainless steel autoclave
and sealed, heated to 200 °C and maintained in an oven for
24 h, and afterwards naturally cooled to room temperature. The
obtained pollens-CDs suspension was separated via vacuum
filtration (pore size 0.22 um) and stored at 4 °C for further
characterization and application.

The cultivation of Brassica parachinensis L.

After one hour of soaking, the seeds were cultivated on perlite
(temperature 30/20 °C (day/night)), and sowed in sponge blocks
with water. After 10 days, the seedlings were transplanted in the
hydroponic system with 1/4 Hoagland nutrient solution (CaNO3
945 mg L', KNO; 607 mg L', NH,PO, 115 mg L', MgSO,
493 mg L', pH = 6.0) (temperature is 30/20 °C (day/night)). At
20 days after transplantation with random allocation, pollens-
CDs were applied (concentration 0 mg L™* (CK), 7 mg L'
(T1), 3.5 mg L™" (T2), 1.75 mg L™ " (T3), respectively) until the
plants were harvested. Three replicate treatments were per-
formed to ensure accuracy.

Characterization of CDs

The morphology of the pollens-CDs was characterized using
transmission electron microscopy (TEM) and atomic force
microscopy (AFM). An F-7000 Hitachi fluorescence spectroflu-
orometer was used for photoluminescence spectra. Bioimaging
was performed by confocal microscopy. Fourier transform
infrared (FTIR) spectroscopy was employed to demonstrate the
function of surface groups on pollens-CDs.

Measurement of plant physiology

Chlorophyll was extracted with 80% (v/v) acetone and measured
by UV-spectrophotometry.** The content of soluble sugars was
measured by the method of sulfuric acid anthrone by UV-
spectrophotometry,” and soluble proteins were measured by
the Coomassie brilliant blue method by UV-spectrophotom-
etry.® The free amino acids contents were measured by UV-
spectrophotometry,”” the nitrate content was measured by UV-
spectrophotometry,”® malondialdehyde (MDA) content was
assayed by the method of Gunderson,™ and the total nitrogen,
phosphorus  and  potassium  was  measured by
spectrophotometry.>

Data statistics

All the assays were performed in triplicates. Significant differ-
ences among the treatments were determined by analysis of
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variance (ANOVA) followed by Duncan multiple range tests
using a statistical analysis system (SPSS 17.0, Origin 9.3).
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