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Carbon dots (CDs), a novel member of the renowned carbon-based nanomaterials family, have gained
tremendous attention in various fields. Their extraordinary properties, including facile synthesis procedure,
photoluminescence, biocompatibility, tunable surface functionalities, water solubility and low toxicity, have
introduced them extensively in biological applications, such as bioimaging, biosensing, photocatalysis and
molecule delivery. Recently, CDs have attracted significant interest in agriculture to improve the growth
and production of plants and great progress has been achieved in this area. Here, we will review the
interactions of CDs with plant systems for the first time, including symptomatic plant growth, internal
physiological processes and other external factors involved in plant growth. Furthermore, the current
challenges and future perspective of CDs in the field of agriculture are discussed. Looking forward, it
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1. Introduction

Cultivation of plants for food is one of the most critical human
endeavors that has taken place in the history of human
civilization. Due to the advances in agricultural production
technology, the number of undernourished people has roughly
halved in the past 20 years." However, there are almost a billion
people still suffering from insufficient nutrition." In order to
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indicates that CDs might play an important role in the future of agriculture.

feed the continuously increasing population and supply industry,
the amount of resources consumed by agriculture is staggering. It
has been roughly calculated that over 3 billion metric tons of
crops are produced annually in the world, requiring 187 million
metric tons of fertilizer, nearly 4 million tons of pesticides, and
2.7 trillion cubic meters of water (about 70% of all global
freshwater consumption).> Ubiquitous and inefficient use of
pesticides and herbicides pose a severe threat to biodiversity
and the ecosystem and have caused serious resistance to these
substances.>" Furthermore, climate change, such as extreme
weather and epidemics involving pests and diseases, is bound
to put increasing stress on food production and distribution.’
In this context, the agricultural industry urgently requires the
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development of new environmentally-friendly technologies to
face the challenge of increasing food production.
Nanomaterials are believed to play a key role in addressing
these challenges faced by agriculture in the future. Over the past
few decades, abundant nanomaterials have been developed and
applied in agriculture to monitor crop health,® promote the
growth of crops,”® improve the efficiency of fertilizer and
pesticides,'”"" and manage diseases,' pests,'® and environmental
stresses."” Compared to other metal-based nanomaterials,
carbon-based nanomaterials show much lower environmental
toxicity and higher biocompatibility due to their non-toxic
carbon backbone.®™” Thus, carbon-based nanomaterials have
been widely applied in agriculture."®° As a novel member of the
carbon nanomaterial family, carbon dots (CDs) possess a size of
less than 10 nm and have inherent photoluminescence (PL)
properties. In recent years, CDs have been the focal point of
interest for many researchers, since they have superior and
universal properties, including excellent photostability, small
size, biocompatibility, water solubility, highly tunable PL prop-
erties, easy functionalization with biomolecules and chemical
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inertness.>"** Although it is not very long since the discovery of
CDs in 2004, carbon quantum dots (CQDs) have been the
subject of numerous optical research studies, for use in areas
such as biomonitoring, sensing, photocatalysis, drug and gene
delivery, solar energy conversion and LEDs.** What is more,
CDs have been considered as alternatives to conventional
semiconductor quantum dots in order to overcome their toxicity
and environmental concerns.>*

Since the biocompatibility of CDs with bean sprouts was
revealed by Qu et al.,>® the potential effects that CDs have on
various crop plant growth have attracted more and more
attention from researchers worldwide. Up to now, superior
performance of CDs in several physiological processes of plants
has been demonstrated, including growth, photosynthesis, and
resistance to abiotic/biotic stress.’*>® Additionally, CD treat-
ments has also shown enhanced effects of the biological
nitrogen fixation by azotobacter.>® Furthermore, CDs play a
role in the delivering of siRNA in a model plant and the in situ
imaging of environmental pollutants.*®*" Nevertheless, there is
no review that focuses on the biological functions of CDs in the
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Fig. 1 Different applications of CDs in agriculture.2869-5974 Reprinted with permission from the American Chemical Society, Copyright 2018 (ref. 28);
the Royal Society of Chemistry, Copyright 2014 (ref. 60 and 69); Elsevier, Copyright 2019 (ref. 74).

growth and development of crops. In this review we will first
focus on the effects that CDs have on the growth of plants in
agriculture. Next, we will summarize the underlying mechanism
of CDs in promoting or inhibiting plant growth. Following that,
the functions of CDs in the resistance of plants against abiotic/
biotic stresses will be surveyed (Fig. 1). Lastly, some perspectives
regarding the challenges and opportunities for CD studies will
be discussed. Generally, CDs mainly include graphene quantum
dots (GQDs), carbon nanodots (CNDs) and polymer dots (PDs),*?
all of them are consistently referred to as CDs in this review.

2. Uptake, translocation and
accumulation of CDs in plants

The stable and unique fluorescence signal of CDs provides a
promising approach by which to trace them in plants. Several
studies have revealed the uptake of CDs by plants through
fluorescence imaging, transmission electron microscopy (TEM)
observations or Raman spectroscopic measurements,>¢28-33736
For example, Loukanov et al. used tobacco bright yellow-2 (BY-2)
plant cells to investigate the real time monitoring and quantifi-
cation of CD uptake by fluorescence and confocal microscopy.®”
In our previous study, the mung bean was adopted as a model
plant to investigate the uptake, and translocation of CDs in
plants.** Hydroponics guarantee that the CDs are readily avail-
able for adsorption and uptake by the roots of the mung bean
plants. After 5 days of cultivation at 25 °C, the germination of the
seeds and growth of the mung bean seedlings were promoted.
The clear concentration-dependent reddish-orange fluorescence

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

under 365 nm UV light provided evidence for the increased
absorption of CDs by the mung bean plant (Fig. 2A). A confocal
laser scanning microscope was employed to image the root,
stem, cotyledon and leaves to locate the CDs in the mung bean
seedlings after 5 days of incubation. As can be seen from the
cross and longitudinal sections of the mung bean sprouts in
Fig. 2B and C, the fluorescence signals of the CDs were found to
be mainly located in the vascular system in the parts of the root,
stem and leaves. TEM images of the cross sections of mung bean
seedlings from the control and CD treatments showed the
presence of CDs that were agglomerated and formed relatively
larger clusters in the intercellular space (Fig. 2D). It can be
concluded that the CDs penetrate the seed coating via the
intercellular space and accumulate in the cotyledons to accelerate
seed germination. After the root emerged, the CDs were adsorbed
on the root surface and penetrated into the root vascular bundles.
Then, the CDs were transferred from the roots to the stems and
leaves through the vascular system and were found to be finally
located in the veins of the leaves rather than the mesophyll system
(Fig. 2E). A similar upward transport of CDs from the root of mung
beans to the stem and leaves was reported by Kang et al.”*>® 1t
should be noted that the distribution pattern of CDs in plants
depends on their surface modification.*®

3. Effects of CDs on plant growth and
development

Crop plants play a key role in maintaining ecological balance
and as food for human survival and feedstocks for industrial

Mater. Chem. Front, 2020, 4, 437-448 | 439
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Fig. 2 Uptake and translocation of CDs in mung bean plants. (A) Digital photos of mung bean sprouts under daylight and 365 nm UV light; LSM images of

transverse sections from root, stem, cotyledon, leaf (B) and longitudinal sections from root, stem (C) of mung beans cultured with CDs (1.0 mg mL™

Y for

5 d; (D) TEM image of mung bean roots cultured with pure water and CDs (1.0 mg mL™?) after 5 d; (E) schematic illustration of uptake, transport, and

accumulation of CDs by a mung bean plant.>

production, which are facing the challenge of an increase in
production in the wake of the increasing world population.’
Qu et al. first reported the biocompatibility of CDs using the
bean sprout as a model.”® In their study, CDs prepared from
citric acid and urea showed nontoxicity to the bean sprout plant,
which were used as a new type of biocompatible fluorescent ink.
Subsequently, Ma et al. conducted parallel comparative studies
on the toxic effects of unmodified CdTe quantum dots, gold
nanoparticles, and carbon nanodots on live cells as well as green
gram sprouts.*® The CDs were found to exert no obvious toxicity
on both live cells and the growth of green gram sprouts, showing
the best biocompatibility compared to CdTe quantum dots and
gold nanoparticles. And then, the potential effect of CDs on the
growth of various crop plants was sequentially reported.

3.1. Enhancement effect

Mung bean is the most commonly used plant model in studies
due to its fast growing rate.'®>%*33%%° Among these studies,
CDs played a role in the elongation of root and stem, biomass

440 | Mater. Chem. Front, 2020, 4, 437-448

Adapted with permission from the American Chemical Society, Copyright 2016 (ref. 33).

accumulation, and enhanced the carbohydrates content and
photosynthesis (mentioned below) of the mung bean sprouts.
For example, Kang et al. exposed mung bean sprouts to CDs, in
which CDs at 0.02 mg mL~" were found to improve the root
length, stem length, root vigor and single plant fresh weight
by 29.9%, 18.3%, 36.1% and 14.9%, respectively (Fig. 3A).”°
Similar results were obtained with CDs prepared from
p-phenylenediamine in our previous study, where the optimal
concentration of CDs was 0.4 mg mL™.'® Simultaneously,
Kang’s group further prepared a chiral CD sample via a one-
pot hydrothermal method from chiral molecules of cysteine
and citric acid. These chiral CDs were further used to investi-
gate the systemic effects on the growth of the mung bean plant.
The results indicated that the D-CDs showed better enhance-
ment effect on the growth of the mung bean plant than L-CDs,
especially in the root vigor and the activity of the Rubisco enzyme,
and carbohydrate accumulation.®® Furthermore, Li et al. prepared
nitrogen-rich (20%) CDs using a solid-state method from citric acid
and thiourea, which were applied as a nanofertilizer.*’ They found

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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that 17.45% more bean sprouts were yielded by the same
amount of mung bean seeds when cultured in an aqueous
solution (0.2 mg mL™') of the CDs than in the pure water
control. The fertilizing effects of the CDs were much more
efficient than those of urea, which has a much higher N content
(46%). They determined that the fabricated N-CDs demonstrate
great potential as a luminescent nanofertilizer.

Besides the mung bean, various other species of crop plants
have been employed to investigate the potential effect of CDs on
their growth. Late et al. fabricated graphene quantum dots (GQDs)
from graphite powder as a plant growth regulator, which enhanced
the growth rate of coriander and garlic plants, including leaves,
roots, shoots, flowers and fruits (Fig. 3B and C).*" Tripathi et al.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

compared the influence of the morphology of carbon nano-
structures on the stimulated growth of a gram plant. In their
study, the CDs showed significant enhancement of the growth of
the gram plant, although to a lesser extent than the performance
of single-walled carbon nanotubes and carbon nanowhiskers.*>
In our previous studies, CDs that were prepared from pollen
exhibited significant promoting effects on the growth of Brassica
parachinensis L. and Romaine lettuce (Lactuca sativa) (Fig. 3D
and E).**** Furthermore, the enhancement effects of CDs on the
two main grain crops of wheat and rice were reported.”®*> In a
seed germination experiment on wheat, CDs were found to
enhance the growth of the roots more than the shoot both under
light and dark conditions (Fig. 3F).”® Kang’s group conducted a

Mater. Chem. Front, 2020, 4, 437-448 | 441
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systematic investigation on how CDs affect the growth of rice plants
over a whole growth season.?® They found that CDs (0.56 mg mL )
were capable of entering the cells of the plants, reaching the nuclei
and then promoting plant growth, through the expression
of disease-resistant genes, leading to a 14.8% enhancement
in the total rice yield (mentioned in detail below) (Fig. 3G).
Simultaneously, the same CDs significantly improved the yield
of 8 different dicotyledons (soybean, tomato, eggplant, capsicum,
watermelon, radish, celery and cabbage) by 20% in another of their
studies.®”

3.2. Inhibition effect

Despite the promoting functions of CDs on the growths of
various crop plants mentioned above, inhibition of the growth
of crops was also observed. After exposure to maize plants in a
sand matrix for 4 weeks, CDs at 1000 and 2000 mg L*
significantly reduced the fresh weights of the roots (57% and
68%) and shoots (38% and 72%) of the plants (Fig. 4A).**
Meanwhile, CDs at such high concentrations caused oxidative
damage (higher H,0, content and lipid peroxidation) in the
maize plants. In response, the antioxidant defense systems
(catalase, ascorbate peroxidase, guaiacol peroxidase and super-
oxide dismutase) of the maize plants were enhanced to alleviate
the CD-mediated oxidant damage. Similarly, Wang et al. integrated
transcriptomic, physiological and metabolomic techniques
to systematically investigate the fate and phytotoxicity of CDs
using Arabidopsis thaliana (L.) as a plant model.*® CDs at over
125 mg L™ significantly reduced the root elongation of Arabidopsis
thaliana (L.) compared with that of the control groups, while
62.5 mg L' of CDs had no influence (Fig. 4B). In further
RNA-seq analyses of the treated Arabidopsis thaliana (L.) with
CDs at 1000 mg L', 715 and 636 genes in roots and shoots
were up-regulated, which were involved in stimulus response,
UDP-glycosyltransferase activity and cellular response to phos-
phate starvation. Meanwhile, 552 and 707 down-regulated
genes in roots and shoots, respectively, were mainly involved in
chloroplast structure and function. Similarly, the physiological
results indicated that the antioxidant response (activities of
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glutathione reductase) of Arabidopsis thaliana (L.) was activated
and the photosynthesis enzymes (Rubisco, FBP and FDA) were
reduced.

Summarized from the studies mentioned above, the
potential effects of CDs on the growth of crop plants were found
to be concentration-dependent, ie., CDs at a relatively lower
dose contribute to crop growth, while a higher dose inhibits it.
Generally, several internal and external factors are responsible
for the growth of the plant. These internal factors include
photosynthesis, nutrient assimilation and plant resistance,*”>°
and the external factors involve biological nitrogen fixation,>"
pest infection, environmental stress injury, etc. Therefore, in the
following section, we will focus on the interaction between CDs
and these physiological processes in plants, as well as the
external factors involved in plant growth.

4. Effects of CDs on photosynthesis in
plants

Photosynthesis plays a key role in plant growth and biomass
accumulation. As is well known, two energy conversion processes are
involved in the photosynthesis of plants, including conversion from
optical to electric energy and then to chemical energy. Chromo-
phores such as chlorophylls and xanthophylls on the thylakoid
membrane of the chloroplasts act as antennae to harvest light
during photosynthesis.” Then, the energy absorbed by the chromo-
phores is transported to photosystems I and II through a series of
electron transfer chains, accompanied by the production of oxygen
and adenosine triphosphate (ATP) as a result of water spitting and
the reduction of nicotinamide adenine dinucleotide phosphate
(NADP) to NADPH.>’ Finally, the ATP and NADPH are involved
in CO, assimilation, in which CO, is fixed and transformed to
carbohydrate, catalyzed by photosynthetic enzymes.>® Therefore,
the intermediate process of electron transfer and the immobili-
zation of CO, play key roles in the rate of photosynthesis.

CDs, as a good electron donor as well as acceptor,”*> have
been employed in light energy conversion applications.’®””
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Fig. 4 Inhibition of CDs on the growth of (A) maize®* and (B) Arabidopsis thaliana (L.).*® Reprinted with permission from Taylor & Francis, Copyright 2016

(ref. 34); the Royal Society of Chemistry, Copyright 2018 (ref. 46).
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The doping modification of CDs can increase the transfer of
charges to form more electronic holes under light irradiation,
which increases the photoelectric conversion efficiency.”®°
Chandra et al. first proposed CD-based light stimulated electron
transfer processes in photosynthetic system/light harvesting
complexes (Fig. 5A).°° In their study, the amine functionalized
CDs were found to strongly conjugate over the surface of the
chloroplast and transfer electrons towards the chloroplast via
the assistance of absorbed light or photons, which directly
accelerates the whole chain electron transfer pathway in the
light reaction of photosynthesis. As a result, photosynthesis
is promoted by CDs. Subsequently, this property of CDs of
accelerating the transfer of electrons was further demonstrated
in further studies.”>*'

Besides the light reaction of photosynthesis, CO, assimilation
is mainly responsible for the conversion of electrical energy
to chemical energy in photosynthesis. Ribulose bisphosphate
carboxylase oxygenase (Rubisco) is a key enzyme in the Calvin
cycle that fixes CO, in photosynthesis.>® The activity of Rubisco
directly affects the photosynthetic rate and the accumulation
of carbohydrates. Kang et al first determined the enhancing
effect of CDs on Rubisco activity using mung bean as a model.*®

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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They found that CD-treated mung bean seedlings showed 30.9%
higher Rubisco activity than those in the control group. Sub-
sequently, they reported a similar enhancing effect of CDs on the
Rubisco activity of rice, Trifolium repens L. and Arabidopsis
thaliana plants.”®*®> Additionally, the CDs were degraded by
horseradish peroxidase (HRP) and H,O, in plants to form
plant-hormone analogues and CO,. And then, the hormone
analogues promoted plant growth, while the CO, was converted
into carbohydrates through the Calvin cycle in photosynthesis
(Fig. 5B). Finally, the CD-treated plants showed a 14.8-20%
increase in yield.”®*** This result was consistent with the degra-
dation of graphene to CO, in rice plants reported by Huang et al.
using "*C-labeled graphene.®* The same enhancing effect of CDs
on photosynthesis was also demonstrated in Chlorella vulgaris.®®
Furthermore, the fluorescence of CDs means that they can serve
as a UV-to-blue light conversion material in a plant to accelerate
its rate of photosynthesis.**

5. Effects of CDs on nutrition
assimilation by plants

Besides photosynthesis, nutrition assimilation is another
key factor that affects plant growth. The hydrophilic groups
(hydroxyl and carboxyl groups) on the surface of CDs provide
abundant binding sites for water molecules, which enter the
plant along with the CDs. Finally, adequate moisture in plant
seeds can promote their germination and accelerate the growth
of plant seedlings.”®*> In a seed germination test, CD-treated
mung bean seeds showed 34.9% higher moisture levels than
those in the control group, indicating that CDs can promote the
water uptake capacity of seeds.*® Water uptake by plants is
accompanied by the uptake of nutrition. The hydroxyl and
carboxyl groups on their surface endows CDs with adsorbent
capability for various metal ions (K', Ca**, Mg>*, Cu®", Zn*",
Mn”" and Fe*"), which are important nutrients for plant growth.
The higher metal nutrient content in CD-treated plants than in
the controls indicates that CDs are able to deliver them into
plants (Fig. 5B).*>

6. Effects of CDs on the resistance
of plants toward abiotic/biotic stress
6.1. Abiotic stress

According to a report by the Food and Agriculture Organization
of the United Nations (FAO) in 2007, more than 96% of global
rural land area is affected by various abiotic stresses (drought,
cold, salt, strong solar radiation, abuse of pesticides, etc.) that
annually lead to about half of the crop yield lost worldwide.®®
Elevation in the generation of reactive oxygen species (ROS) is
the main pathway for abiotic stresses that affect plant growth.
Accumulation of ROS in cells usually leads to oxidative damage
to proteins, lipids, carbohydrates and DNA.®*%” In recent years,
CDs with radical scavenging properties due to the electron
donor and acceptor carboxyl and amino groups on their surface
have been reported.®®®® Through a hydrogen atom transfer

Mater. Chem. Front, 2020, 4, 437-448 | 443
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mechanism, DPPH?* radicals can be converted to stable DPPH-H
by CDs (Fig. 6A). Additionally, Su et al. studied the effects of CDs
on peanut growth under PEG simulated drought conditions.>” It
was found that drought severely inhibits the growth of peanuts,
which was relieved by the CDs. The antioxidant enzyme activities
in the CD-treated peanuts were further investigated and the
results showed that CDs increased the activities of superoxide
dismutase (SOD), peroxidase (POD) and catalase (CAT) in pea-
nuts and reduced their malondialdehyde (MDA) content. There-
fore, they concluded that CDs increased the stress resistance of
peanuts, thereby alleviating the drought stress they experienced
(Fig. 6C).>” With the combination of radical scavenging proper-
ties and the promotion of antioxidant enzyme activities, CDs can
protect plants from abiotic stress (Fig. 6B).>*”°”"? This function
of CDs was further demonstrated using Chlorella vulgaris, in
which CDs acting as an antioxidant can protect the plants
against UV radiation damage and enhance their growth rate and
biomass.®® Furthermore, Li et al treated wheat and citrus seed-
lings with CDs under their exposure to heavy metal Cd>" ions. It
was found that CDs can bind with freely dissolved Cd** ions and
then inhibit their absorption into the plants. Meanwhile, CDs

444 | Mater. Chem. Front, 2020, 4, 437-448

prevented the Cd*-mediated inhibition of plant growth by rein-
stating the anthocyanin content, promoting the activity of the
antioxidant enzymes and alleviating cell membrane peroxidation
damage (Fig. 6B).”>”* Therefore, CDs can alleviate abiotic stress in
plants, which lays the foundation for their application in environ-
mental protection and agricultural production.

6.2. Biotic stress

Infection with phytopathogens is a typical biotic stress, which
annually leads to severe reduction in crop production. In an
in vivo inoculation of sheath blight, CD pre-cultured rice leaves
showed high resistance to infection with the disease, since the
length of the scabs on the leaves decreased by about 60%
in comparison to that in the control, in seedlings aged 60 to
120 days (Fig. 7A).%® A series of experimental results confirmed
that CDs enter the nucleus and bond to DNA. Among the
expressions of genes up-regulated by CDs, three genes were
found to be related to plant-pathogen interactions, which may
strongly account for the plant disease resistance though only one
gene, 0s06g32600 (predicted as the thionin gene), confirmed by
real-time polymerase chain reaction (PCR) (Fig. 7B-D). All of
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these results suggest that CD treatment may have an important
function in enhancing the disease resistance of crops through
inducing the over-expression of related genes.

7. Effects of CDs on nitrogen fixation
by azotobacter chroococcum

Nitrogen is the most important nutrient for plant growth and
the soil loses a lot of nitrogen every year.”> The atmosphere
contains an abundance of nitrogen gas (N,), which is not
directly available to plants. Interestingly, specific nitrogen-fixing
bacteria are able to convert N, to ammonia (NH;) in the
presence of nitrogenase, which is then available for the plant
to absorb. Nitrogen fixation by nitrogen-fixing bacteria is a key
stage in the nitrogen cycle.”®”” Kang et al. conducted an
investigation to study the impact of CDs on biological nitrogen
fixation using azotobacter chroococcum as a model nitrogen-
fixing bacterium.>® In azotobacter chroococcum, they found
that CDs can improve the activity of nitrogenase by affecting the
secondary structure of nitrogenase and improving the electron
transfer in the biocatalytic process (Fig. 8). Finally, the activity
of azotobacter treated with 4 ug mL™" of CDs was increased
by 158% compared to that of the control group. CDs provide
an economical and environmentally friendly approach to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 8 Schematic representation illustrating the function of CDs in the
nitrogen fixation of azotobacter chroococcum.?® Adapted with permission
from the American Chemical Society, Copyright 2018 (ref. 29).

improving biological nitrogen fixation by nitrogen-fixing bacteria
when there is insufficient nitrogen fertilizer available in agriculture.

8. Antibacterial activity of CDs

In order to control the infection of phytopathogens into crops,
bactericides/fungicides have been widely applied in agriculture.
Ubiquitous and inefficient use of pesticides severely threatens
biodiversity and ecosystem functions.>*
materials have been applied in the control of plant disease.
Although there is no related application of CDs in agriculture for the
control of crop diseases, the broad-spectrum antibacterial/antifungal

Up to now, various nano-
12,78
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activity of CDs has been reported, which lays the foundation
for their application in the control and management of
crop diseases. Yang et al. prepared CDs using metronidazole
(a selective anaerobic microbicide), which exhibited selective
antibacterial activity against obligate anaerobic microorganisms
for the first time.”® Subsequently, Kang’s group fabricated low-
toxic and degradable CDs from vitamin C and demonstrated
their broad-spectrum antibacterial/antifungal activity against
Gram-positive (S. aureus and B. subtilis) and Gram-negative
(Bacillus sp. WL-6 and E. coli) bacteria, as well as a pathogenic
fungus (R. solani and P. grisea).®® Their antibacterial and anti-
fungal mechanisms indicate that CDs can destroy bacterial walls
and the secondary structures of DNA/RNA in bacteria and fungi,
and finally kill them (Fig. 9). These CDs were then used as a
secure and economical additive to prepare protective coatings
with robust antibiofilm and anticorrosion properties.®* Although
these studies have laid the foundation for the applications in the
control and management of crop diseases, further investigations
are required on the feasibility of the antibacterial/antifungal
activity of CDs prepared from different precursors as well as
on phytopathogens.

9. Summary and outlook

Applications of CDs on crops have been an emerging theme in
recent years. In this article, we reviewed the recent developments
made towards the applications of CDs in agriculture, focusing on
the interactions between crops and CDs in great detail. The CDs
in most of the studies showed a positive effect on crop plants,
including their growth and resistance against abiotic and biotic
stresses, unless they were applied at higher concentrations. CDs
at an optimal dose can promote the growth of crop plants
through accelerating the photosynthesis and nutrition assimila-
tion in plants as well as the nitrogen fixation of azotobacter. Due
to their intrinsic free radical scavenging properties and influence
on the antioxidant defense system and expression of disease-
resistance genes, CDs can enhance the resistance of crops to

446 | Mater. Chem. Front., 2020, 4, 437-448

abiotic/biotic stresses. Besides this, CDs show broad-spectrum
antibacterial activity against bacteria and fungi.

Although important progress has been achieved in this field
with CDs, more efforts are still required for the applications of CDs
in agriculture. (1) As demonstrated by an ever-increasing number of
studies, abundant cheap and easily available starting materials and
versatile easy synthesis methods have been developed for the
preparation of CDs. However, their low yield is the main limitation
for the application of CDs in agriculture. Besides this, due to the
abundant hydrophilic groups on their surface, it is difficult to
obtain CDs as a solid powder, limiting their storage and long-
distance transportation prospects. Therefore, there is great demand
for the preparation of solid-state CDs in a higher yield. (2) Most
studies on the effects of CDs on plant focus on the growth or
resistance of plants, while few efforts have been devoted to the
quality of crops. In addition, studies on the systematic effect of CDs
on different biological species (microorganisms, aquatic organ-
isms, insects, etc.) and their fate in the environment would greatly
improve our knowledge about the biological effects of CDs and
their applications in agriculture. (3) The excellent photolumines-
cence of CDs, which is mainly employed to detect and degrade
contaminants in the environment,**®* is rarely involved in their
applications in plants, except for photosynthesis, whereas, it is
unknown whether the function of CDs on plants depends on their
photoluminescence, in terms of quantum yield, emission wave-
length, etc. (4) The easy surface functionalization of CDs suggests
that they can act as a promising deliverer of specific molecules into
plants, such as pesticides, nutrients, plant growth regulators, etc.
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