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Since the world's population is expanding, mankind may be faced with a huge dilemma in the future, which
is food scarcity. The situation can be mitigated by employing sustainable cutting-edge agricultural methods
to maintain the food supply chain. In recent years, carbon quantum dots (CQD), a member of the well-
known carbon-based nanomaterials family, have given rise to a new generation of technologies that
have the potential to revolutionise horticulture and agriculture research. CQD has drawn much attention
from the research community in agriculture owing to their remarkable properties such as good
photoluminescence behaviour, high biocompatibility, photo-induced electron transfer, low cost, and low
toxicity. These unique properties have led CQD to become a promising material to increase plant growth

and yield in the agriculture field. This review paper highlights the recent advances of CQD application in
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translocation, as well as electron transfer mechanism. The toxicity and biocompatibility studies of CQD,

DOI: 10.1038/d3ra01217d as well as industrial scale applications of CQD for agriculture are discussed. Finally, the current
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1. Introduction

The population of the world is approximately 7.9 billion people
in 2022 and it will most likely be near to 9.73 billion in 2064.*
The World Factbook estimates that the global population is
growing at a rate of 1.06% yearly. As a result, there will be
a considerable increase in demand for survival food, which will
become an essential requirement. Planting crops has been one
of the most evolved civilizations in human history. It is a field
that has been studied and practised for thousands of years.
Agriculture is progressing every decade as our planet's age
increases. The future viability of sustainable agriculture, on the
other hand, is still up for debate. The term “sustainable” refers
to how long agriculture can be long-lasting and advanced
enough to produce high yield end production as the world's
population grows.> Crop production needs to be advanced in
order to supply enough food in the future. To maintain
a continuous food chain, a strategic approach in the agriculture
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challenges of the present and future perspectives in this agriculture research are presented.

field should be planned properly to accelerate the yield of food
production in a shorter period.

Nanomaterials (NM) are one of the most cutting-edge human
achievements and are expected to be a solution for future food
supply concerns. Numerous discoveries have been made about
various NM by researchers. Due to their diverse abilities to react
differently in the environment, various types have been
employed in a variety of applications, including pharmaceuti-
cals, semiconductors, electronic devices, paints, catalysts, and
solar cells.>> Some NM research work with regards to agricul-
ture revolve around plant stress reduction, disease prevention,
plant growth increment, and fertilizer.**> Metal and metal oxide
NM are among the materials that have recently captured the
attention of researchers in the agriculture field. For example,
TiO,, ZnO, Mg, Ag, Cu, Al, and Zn NM have been used to
enhance plant growth."*">* However, metal and metal oxide NM
have a number of drawbacks, one of which is their toxicity.”***
Although these NM may show improved plant growth and yield,
the majority of metal and metal oxide NM are hazardous to
plants at high doses and are believed to pose a concern to the
environment.”® The toxicity of these metal and metal oxide NM
is not only harmful to the environment but will also cause huge
side effects to the consumers who ingest them for long
periods.””*® For example, it has been reported in 182 studies
that zinc oxide NM has adverse effects on the cardiovascular,
neurological system, alimentary canal, reproductive system,
and respiratory systems of the human body system.*® Several
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chemical approaches to produce metal oxide NM have also been
reported to include harmful substances such as H,S, toxic
material, and metallic precursors.?**** Other than that, the cost
of the precursor is very expensive and has limitations in scaling
up,®* which would not make it a sustainable approach for future
agriculture.

Besides metals and metal oxides, non-metallics are also
another class of NM. Non-metallic nanomaterials (NM), such as
silicon (Si), sulphur (S), selenium (Se), and carbon-based NM,
have been extensively studied. They positively regulate plant
growth and development when applied to the plants. It has been
found that Si, S, and Se nanomaterials (NM) have improved
disease resistance and plant stress tolerance against both
abiotic and biotic stressors.**>*° The main limitations of Siand S
NM is higher manufacturing costs, which restrict scalability for
increased productivity.”’** S NM has constraints due to its
incapacity to synthesize hydrophilic and stable aqueous solu-
tions.*® Due to the abundance of carbon in nature, carbon-based
nanomaterials are more accessible and frequently more
affordable** than other non-metallic NM.

The most commonly investigated carbon-based NM is zero-
dimensional (0D) carbon quantum dots (CQD, CD, or C-dot),
which typically have a particle size of less than 10 nm.*™*
CQD has been one of the most widely studied NM since their
discovery in 2004 because it is more biocompatible with plants
and environmentally friendly.**** CQD also has a number of
remarkable properties that make it one of the most promising
materials to emerge in the agricultural area in the last century.
Biocompatibility, low toxicity, antioxidant activity, UV protec-
tion, antimicrobial activity, and sustainability are the properties
of CQD that make it more special than the rest.**** These
characteristics enhance their environmental friendliness and
capacity to lessen reliance on finite resources. The chemically
inert features of CQD mean it is particularly unreactive and safe
to use in the environment, and these special properties of CQD
could provide an eco-friendly material with the lowest risk to
the environment. It also means that CQD applied in agriculture
is a sustainable approach particularly in terms of improving
crops photosynthesis rate and plant growth, and enabling the
production of sufficient food for future generations.

Recently, the impact of CQD application in plant systems have
been reviewed.> Fig. 1 illustrates the properties of CQD and their
effects on plants. However, the field is rapidly expanding and
there is a need for a review that covers recent developments. Since
most reports are related to lab scale trials, the more practical
aspects of CQD applications on plants at the industrial scale
become important to consider. This article firstly describes the
uptake and translocation of CQD in plants utilizing apoplastic or
symplastic strategies. Then it covers a review on the application
methods of CQD on plants, and the effects of CQD on plant
growth and photosynthesis rate. This is followed by the electron
transfer mechanism of CQD assisted photosynthesis. The toxicity
and biocompatibility studies of CQD from different carbon
precursors are reviewed and summarized. The feasibility of
industrial scale applications of CQD for agriculture, in terms of
practicality, scalability, safety, and cost compared to conventional
fertilizers are discussed. Finally, the limitations in the current
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Fig. 1 Properties of CQD and their effects on plants.
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literature and highlighted topics worthy of future investigation
are also assessed, which hopefully will provide important elici-
tation for future researchers in this field.

2. Uptake and translocation of carbon
quantum dot (CQD) in plants

Uptake refers to the uptake of particles from the environment
into the plant via root hair or foliar.>>>” Translocation is defined
as the movement of particles from one region of the plant to
another such as from the root section to the shoot and vice
versa.***® CQD enters the plant by penetrating via the plant cell
wall, cell membrane, epidermis cells, mesophyll cells and cell
nucleus.®* The rigid and tough structure of the cell wall is
made up of two layers; primary cell wall and secondary cell
wall.*** The primary cell wall is made up of pectin, hemi-
cellulose, and cellulose, while the secondary cell wall is
a complex structure rich in lignin, which acts as a wall rein-
forcer.®*® Cell wall pores are less than 10 nm in diameter,
sometimes could have maximum diameter of 20 nm.* When
the pectin layer between two cells are degraded and cellulose-
microfibrils are revealed, the diameters of cell wall pores are
less than 30-40 nm with a maximum value of 60 nm.*> Mean-
while, the cell membrane is the second outermost layer of the

Apoplastic

_ Leaf tissue

Fig. 2 The penetration pathway of CQD via the leaf tissue.
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plant, situated between the cell wall and the cytoplasm.” This
thin and fragile layer has a thickness of 5 to 10 nm, depending
on the type of cell.” The smaller pore distribution of the plant
cell wall permits nano-sized CQD to penetrate both the plant
and the cell membrane. The CQD enter the plant cytoplasm
after passing through the cell membrane. Plant epidermis and
mesophyll cells have also been discovered to be penetrated by
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CQD.*»”* Epidermis is the outermost layer of protoderm derived
cells that covers sections of plants such as leaf, root, stem, fruit,
flower and seed.” The epidermis, in conjunction with the waxy
cuticle, serves as a protective layer for the plants, shielding it
from mechanical damage, water loss, and infection.”™

In general, there are two epidermis layers on the leaf: the
upper epidermis and the lower epidermis.” Mesophyll cells can

Overlay

Overlay

() The laser scanning microscopy (LSM) images of CQD uptake into the mung bean root, stem, cotyledon, and leaf. (ii) Laser scanning

microscopy (LSM) images of longitudinal sections from root and stem treated with CQD. (Reproduced from ref. 67 with permission from the

American Chemical Society, Copyright © 2016).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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be found in the leaf's two epidermal intercellular spaces, which
are made up of chlorenchyma cells and irregularly shaped
spongy parenchyma cells.”®”” Since chlorenchyma cells are
densely packed with chloroplast, this mesophyll cell is
frequently alluded as specialized photosynthetic tissue.”®”®
Therefore, after reaching the mesophyll cell, the CQD is ex-
pected to enter the chloroplast, a green photosynthetic pigment
rich in chlorophyll. According to Li et all, CQD can also pene-
trate the plant cell nucleus.® Cell nucleus is one of the highly
specialized organelles that is located in the cytoplasm fluid.** It
plays a key role in plants by storing hereditary material, such as
deoxyribonucleic acid (DNA) and coordinating cell activities
such as secondary metabolism, reproduction, protein synthesis
and growth.** After the CQD has successfully penetrated the
plant, it will hold together with the plant cell wall with the aid of
covalent and ionic bonds. The CQD attach either to the lignin
which is one part of the cell wall via the carbon covalent bond or
to the cellulose through a hydroxyl bond.**** The CQD trans-
location of various plants regions performs a particular pathway
that can be apoplastic or symplastic which are entirely influ-
enced by transpiration pull and diffusion coefficient.** The
translocation of CQD occurs via the intercellular space and the
cell wall of the plants which is referred to as the apoplastic
pathway.**®* The symplastic pathway involves CQD moving
through the cytosol via plasmodesmata channels that extend
across neighbouring cells.?>* CQD penetrates the leaf tissue via
apoplastic and symplastic pathway as summarized in Fig. 2.
There are few methods that can be carried out to determine
the presence of the CQD. Confocal laser scanning microscopy is
the most common method for assessing the uptake of NMs by
plant, as evidenced by several research articles. As shown in
Fig. 3(i), CQD uptake by mung bean was detected in the vascular
bundle with red fluorescence after a 160 min incubation time in
the solution.”” Furthermore, green colour fluorescence was
detected on each section of the CQD treated wheat plant,
although no green fluorescence was observed in the control,
indicating that the CQD was able to penetrate the plant cell and
be excited under a certain wavelength.** The red and green
fluorescence is the emission of the light exhibited by the CQD
under a wavelength. Confocal imaging clearly show that the

Table 1 Various methods of CQD application to plants
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CQD luminescence signals were primarily localized in the
vascular system in the longitudinal sections of root and stem,
which is supported by Fig. 3(ii).”

3. Methods of applying CQD on
plants

CQD can be applied to plants in two ways: by seed and root
soaking or foliar spraying method. The seed soaking approach
involves soaking the seeds in the CQD solution for a few days
before transplanting them to the soil or transferring them to
hydroponics systems.*>*° This seed soaking method can also be
known as seed primitive.”* Sometimes, the young seedling's
roots are soaked in the CQD solution to allow the uptake of the
CQD into the vascular bundle of the roots which later eventually
translocate via the apoplastic or symplastic process.*** The root
soaking method allows the plants to choose the uptake of CQD
via the root entry pathway such as via lateral roots, root hairs,
and root tips.* Foliar spraying, on the other hand, is a tech-
nique of application that involves spraying the CQD solution
directly into the plant leaves.®* This approach was employed
starting from the seedling stage. Foliar spraying allows CQD to
enter the plant via foliar entry points such as stomata, cuticles,
wounds, and hydathodes.** Most recent papers have introduced
the CQD using the foliar spraying method to the plant
leaves.?™'* Both approaches, however, can reach the respective
organelle for further electron transfer exchange. In addition,
a recent publication has taken a new approach apart from these
two methods, focusing on soil application.®* The method
involves mixing CQD with soil before the seeds germinated.
The soaking approach enters through the root, making it
slower than the other procedure. The CQD can be delivered
directly to the leaf part, which is in charge of plant photosyn-
thesis, making the spraying approach a direct and quick
process. The spraying method is more effective than the soaking
method in terms of effectiveness. Soaking is effective for tasks
that require the liquid to penetrate deeply into the leaf section.
When compared to spraying, it may not give as exact or
controlled liquid dispersion. A more equal and controlled
application of the liquid is possible with spraying. Coating or

Type of Plant Methods of Exposure

No plants section application duration (days) Observation References

1 Melon & wheat Seed Soaking 2,6 &9 Increased root & shoot length 89

2 Arabidopsis thaliana Roots Soaking 5&13 Increased plant biomass & root length 63

3 Morus alba Roots Soaking 15 & 35 Increased root number & length 93

4 Rice & maize Leaves Foliar spraying 2 Increased photosynthesis rate 95

5 Arabidopsis thaliana Leaves Foliar spraying 1 Increased antioxidant responses 96

6 Maize Leaves Foliar spraying 7 Increased plant growth and 97
photosynthesis rate

7 Soybean Leaves Foliar spraying 7 Increased yield, nitrogen content and 98
protein content

8 Maize Leaves Foliar spraying 7 Increased root exudates 99

9 Maize Leaves Foliar spraying 8 Increased plant growth and 100
photosynthesis rate

10 Soybean Root Soil application — Increased root exudates 101
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dispersing substances over the leaf's surface enables greater
precision and can be changed to obtain the appropriate
coverage. When comparing the two approaches, spraying is the
most appropriate approach for applying CQD to plants. Table 1
lists the various methods of CQD applications to plants. Based
on Table 1, CQD is applied to different plant sections such as
seed, root and leaves. The duration of CQD exposed varied
depending on the researchers; some exposed the plant to the
CQD for a longer period while some exposed it for a shorter
period. In CQD-exposed plants, root length, shoot length, plant

View Article Online
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biomass,
increased.

photosynthesis rate, and gene expression all

4. Effects of CQD on plant growth
and photosynthesis rate

The physical traits of the plant are a common indicator of
treatment efficacy. Plant height, root length, shoot length, fresh
biomass and dry biomass are some of the commonly measured
and collected physical data since the start of agriculture

(ii)

Control

Fig. 4

(i) The effect of CQD on the yield and morphology of lettuce plant (reproduced from ref. 92 with permission from the American Chemical

Society, Copyright © 2017). (ii) The CQD effect on the yield and morphology of mung bean (a) (Reproduced from ref. 62 with permission from the
American Chemical Society, Copyright © 2016). (b and c) (Reproduced from ref. 81 with permission from the Shweta Tripathi et al., Copyright ©

2014).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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research. The number of leaves, surface area, root fresh weight
and shoot fresh weight are only a few examples. The fact that
treated plants have a higher physical characteristic than control
plants shows that the CQD is effective in promoting the plant
growth. Each data can be collected using different methods.
Plant height, root and shoot length are measured with a simple
measuring method that involves using a ruler, while plant
biomass is measured with a weighting balance. The fresh
biomass is the weight of the plant obtained directly after
harvest, in which the plant weight and moisture content are
determined. The plant dry biomass is the weight of the plant
after it has been dried and there is no more water content left
within the plant's cell.

There are few examples of CQD impact on plants’ physical
traits. Fig. 4(i) shows that the CQD treated Rome lettuce plants
yielded more, with biomass increasing by 48.09% compared to
the control plant.'” When CQD is sprayed, maize plant height
and grain weight both increase by 20.9% and 39.6%, respec-
tively.”® A study by Swift et al. revealed that the wheat treated
CQD enhanced shoot biomass, grain yield and seed production
by 17%, 18% and 12%, respectively.'® Mung beans treated with
CQD have been shown to promote root length by 29.9%, root
vigour by 36.1%, stem length by 18.3%, fresh biomass by 14.9%
and moisture content by 54.5%.'** When mung beans are
treated with CQD, their root length, shoot length, fresh
biomass, root vigour and moisture content all increase, as
illustrated in Fig. 4(ii).”>'**'* Other than that, spirulina-based
CQD increases the seedling biomass, seedling length and root
length by about 48.1%, 120.2% and 105.3%, respectively.'*®
Because of its higher fluorescence quantum yield, nitrogen-
doped CQD or amine terminated CQD (N-CQD) have lately
been exploited in various studies.****'*” The 5 valence electrons
of the nitrogen atom are balanced by covalently bonding with
carbon atoms to form N-CQD.'**'*® N-CQD appears to have
a favourable effect on plant growth and development, according
to some N-CQD studies.”>"" In terms of effectively stimulating
plant growth, it has the same potential as CQD nanomaterial.

After being treated with N-CQD, the relative yield of all the
soybean, tomato, eggplant, capsicums, watermelon, radish,
celery and cabbage plants increases by 20%."*° Furthermore, it
has been demonstrated that maize plants treated with N-CQD
increase the fresh biomass of shoot and root by 24.03% and
34.56%, respectively. In a similar paper, it was demonstrated
that N-CQD increased the dry biomass of the shoot and root of
maize plants by 72.30% and 55.75%, respectively.’* Another
study found that maize plants yielded more, with fresh biomass
increasing by 50.6% in the roots and 62.1% in the shoots.
Additionally, it also showed that maize plants’ dry biomass
increased by 37.5% in the roots and 29.2% in the shoots.”
Wang and his group similarly treated N-CQD on maize seed-
lings. After treatment, the fresh and dry biomass levels are
similarly much greater. This investigation was conducted under
drought-stress conditions. As a result, the fresh biomass of the
maize plant has increased by 360% in the shoots and by 224.5%
in the roots. In addition, the dry biomass increased by 63.3% in
the shoots and 230.8% in the roots compared to the control
plant.’® Cerium doped CQD was tested on wheat at various
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View Article Online

Review

concentrations, and reported that the 25 ppm increases the root
number by 45%, root length by 57%, leaf length by 28% and
plant height by 46%."*>

In addition to assessing the plant's physical properties, plant
photosynthesis parameters are also important indicators to
prove that CQD treatment is effective. The photosynthesis
parameters measurement, in general, are used for expressing
the plant photosynthesis rate. Examples of the photosynthesis
parameters measurements are net photosynthesis rate,
stomatal conductance, rubisco activity, carbohydrate content,
and chlorophyll content.”!*>'*!* The impact of CQD on plant
development have been evaluated and compared to that of
control plants, with the majority of the research focusing on
photosynthetic enhancement. Stomatal conductance (gj) is
a measurement of the amount of stomatal opening in plants
and is used to determine the amount of water in the plant.*®
The rate of CO, penetrating or water vapour departing via
stomata is evaluated with a porometer. CQD treated plants, for
example, had higher stomatal conductance than control
plants.’® When rice and maize plants were treated with CQD,
their stomatal conductance increased by up to 56% and 18%,
respectively.”®

Photosynthesis is also determined by rubisco activity.
Rubisco activase is a component of the rubisco activity, which is
responsible for the CO, assimilation of the plant.**® The higher
the rubisco activity of the plant, the higher the photosynthesis
rate.””'® The rice plant treated with CQD shows a significantly
increased in rubisco activity of about 42%.% According to
a research, the CQD increased rubisco activity by 30.9%.'** In
a study, CQD exposure increased the rubisco enzyme by
approximately 20.5% as compared to control."® The photosyn-
thetic rate is also determined by measuring carbohydrate and
chlorophyll content. Carbohydrate is a glucose compound that
is formed at the end of the photosynthesis process; the faster
photosynthesis rate leads to higher carbohydrate produc-
tion.?»"*° Based on the research papers, CQD could enhance the
carbohydrate content of mung bean by up to 22% when
compared to untreated plants.'®*'*® Meanwhile, chlorophyll
concentration is the pigment that captures light photons; the
higher the chlorophyll content, the greater the electron trans-
port which consequently increases photosynthesis rate.”>"* It
has been reported that mung bean chlorophyll content
increased by 14.8% as compared to the control.'* It is also re-
ported that CQD can increase the resistance to disease.®® CQD
has the ability to penetrate the plant nucleus and loosen its DNA
structure. This improves the thionin expression gene which will
eventually increase the plant's resistance to disease.®

Other indicators of plant photosynthesis parameters include
net assimilation, transpiration rate, Hill Reaction, 2,6-Dichlor-
ophenolindophenol (DCPIP) reduction, hydrogen peroxide
(H,0,) content, oxygen evolution, ferricyanide reduction, nico-
tinamide-adenine dinucleotide phosphate (NAPDH) formation,
adenosine triphosphate (ATP) formation, photosystem I (PSI)
rate, photosystem II (PSII) rate, electron transfer rate of PSI
(ETRI) and electron transfer rate of PSII (ETRII).>'e106111118
Many researches have indicated that CQD treatment on plants
has a positive effect in terms of improved photosynthesis when

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dismutase activity (26.7%)

e Reduced

malondialdehyde enzyme

activity (18.9%)

e Increased psbA gene
expression (81.7-fold)
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compared to the control. For instance, Li group mixed CQD with
extracted spinach chloroplast and discovered that CQD/
chloroplast reduces DCPIP by 28% and generates 2.8 times
more ATP than control. When compared to chloroplasts that
were not treated with CQD, CQD treated chloroplasts demon-
strated a maximum increase of 25% in electron transport rate at
7 ppm.** It has been claimed that the CQD increases carbohy-
drate content by 21.9%, PSI rate by 10.4%, and ETRI by 8.8%.'**
In a study, N-CQD exposure increased the carbohydrate content
by approximately 35.4% in shoot and 113.6% in root compared
to control plant.”” Recent research showed that CQD has
improved the soybean plant's nitrogen content by 13.2% in
shoots and 30.5% in roots.”® It also has been reported that
nitrogen content improved in the shoots and roots of soybean
plants by 18.5% and 14.8%, respectively.'**

N-CQD-treated maize plant had improved its nitrogen
content by 33.5%.% Apart from the protein, fatty, and amino
acid contents were studied. According to a study, it has been
claimed that protein, fatty, and amino acid contents increased
by 3.4%, 6.9%, and 17.3%, respectively.'** Furthermore, another
study has claimed that protein content improved by 3.7% while
amino acid content increased by 257.5% in the shoot and 57.5%
in the root, respectively.”® Lipid peroxidation of the treated
maize plant's root section had noteworthy higher values than
control by 1.65 times, while the H,0, content is 6.5 times higher
than control.”” In comparison to the control at the optimal
CQD concentration of 54.2 ppm, N-CQD treated mung bean
showed a maximum of 26% higher reduction of DCPIP.'**
According to a study, the N-CQD increased the net photosyn-
thesis rate of maize plants by 21.51%.%” In a study, N-CQD
exposure improved the net photosynthesis rate by approxi-
mately 206.8% as compared to the control.'*® It also has been
reported that the maize plant photosynthesis rate increased by
122.9% as compared to the control.”® The rate of photosynthesis
was reported to be 28.6% higher in another study.'® The CQD
effects on plant growth and photosynthesis parameters are
summarized in Table 2.

According to Table 2, most of the research work confirmed
that CQD is able to boost up the plant growth and photosyn-
thesis parameters when compared to the control. Mung bean is
one of the most commonly employed plants in research because
of its quick-growing phase, which takes about a week to fully
develop. Other plants studied included maize, rice, wheat,
Rome lettuce, pumpkin, Arabidopsis thaliana, Trifolium
repens L., soybean, tomato, eggplant, capsicums, watermelon,
radish, celery, and cabbage. Different concentrations of
synthesized CQD were tested on various plants. The concen-
trations applied on the plants range from 10 to 2000 ppm. The
most common CQD concentration tested on plants is 100 ppm
and less research work are considered at a larger CQD
concentration of more than 800 ppm. The range of concentra-
tions that were chosen by researchers varies; some use a large
range from 10 ppm to 1000 ppm while others use a smaller
range from 3 ppm to 9 ppm. The treatment which resulted in
significant growth in plant height, shoot length fresh biomass
and dry biomass is considered as the optimum concentration.
In the studies, higher than optimum CQD concentration tends
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to inhibit plant growth. As a result, the optimum concentration
level of CQD applied on plants is one of the most important
factors to be considered. This is because higher concentrations
of CQD has the potential to be toxic which will affect the plant
growth.’

On white clover and thale cress, for example, five different
concentrations of CQD were tested: 280, 560, 1120, 2240 ppm.
The optimum concentration for this experiment was 560 ppm,
however, plant growth is inhibited at 1120 ppm and 2240 ppm,
indicating that a higher concentration is not always the best
treatment for excellent plant development.”’® Zhang and his
group have placed mung bean seeds in Petri dishes containing
various CQD concentrations. The obtained data indicated that
the mung bean growth increases from 10 to 100 ppm, con-
firming that 100 ppm is the most optimum concentration while
1000 ppm is an inhibitor.'* Nevertheless, the optimal concen-
tration varies depending on the type of plant. According to the
Li group, among the other treatments (100, 400, 700, and 1000
ppm) that induce higher mung bean plant growth, 400 ppm is
the optimal concentration.”” Another paper that conducted the
same research work on the mung bean reported that 20 ppm is
the optimum concentration meanwhile 120 ppm is the mung
bean inhibitor.'* A lot of studies of CQD treatment were con-
ducted on mung beans, however, the optimum concentration is
varied. There might be few reasons for the differences. The first
is the precursor that is used to produce CQD are different and
different synthetic approaches such as pyrolysis, microwave-
assisted, laser ablation, pyrolysis, wet oxidation, ultrasound,
arc discharge, hydrothermal synthesis, etc. are applied.*”**
Different synthetic approaches and different starting materials
have been published in a review study on CQD which results in
different properties of the CQD."™***” Furthermore, the
surrounding temperature, humidity level, location, light inten-
sity, and the section of plant chosen to expose the CQD all affect
the plant's ability to grow.

5. Electron transfer mechanism of
CQD assisted photosynthesis

Electron transfer is a major aspect of the plant mechanism that
demonstrates the flow of electrons from the sunlight to the end
product of the plant photosynthesis. The photosynthetic
mechanism in plants is commonly thought to work in two non-
exclusive modes: linear and cyclic electron flows.”® During
photosynthesis, electrons from water will be exchanged to
NADP’, resulting in a photoinduced linear electron flow
(LEF)."* The adenosine triphosphate (ATP) synthase utilizes the
proton through process constrain delivered by electron-coupled
proton translocation to make ATP over the thylakoid layer.**
Cyclic electron transfer involves two protons transported into
the thylakoid lumen when electrons from PSI are returned to
the Cyt b6/f complex. PSI requires roughly four photons to make
an additional two ATP."** Two types of reactions are involved in
photosynthesis which includes light reaction and dark reac-
tion.™* The light reaction takes place in the thylakoid, while the
dark reaction takes place in the stroma.'*>*** The light reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Division of two reaction compartments within the chloroplast.

requires light, whereas the dark reaction does not. Photons
from the sunlight react with water to form ATP, NADPH, and
oxygen (O,) in the light reaction.”* The Calvin-Benson-Bas-
sham cycle, also known as the dark reaction utilizes photo-
produced adenosine triphosphate (ATP) and nicotinamide-
adenine dinucleotide phosphate (NADPH) for CO, fixation."*"'**
The equation of light reaction, dark reaction and overall reac-
tion are summarized below."*! Fig. 5 depicts both the light and
dark reaction pathways.
Light reactions:

2H,0 + light — O, + 4H" + 4e™ (1)
Dark reactions:
CO, + 4H" + 4¢e- — CH,O + H,0O (2)
Overall:
H,O + light + CO, — CH,0 + O, (3)

Due to the photoluminescent properties of CQD, this
photosynthesis process allows for photon absorption and
emission. The plant's real antenna pigment which is chloro-
phyll can only harvest photons from visible sunlight with
a short wavelength range and pass the captured energy to the
reaction centre."®**® The photons that are absorbed instantly by
the artificial antennae enable the electron to be transferred
quickly within the PSI and PSII, allowing the electron to have
energies that are higher than average speed. When the amount
of photon absorption is greater, the electron transport process
within the PSI and PSII will be faster, affecting the photosyn-
thesis rate.""” It has been reported that artificial antennae,
CQD, efficiently pass photon energies to the plant's reaction
centre after harvesting a large number of photons from the UV,
visible, and near infrared spectra.™*

The reaction centre has its own harvesting system. When
CQD cooperates with the reaction centre, massive energy is
absorbed, and the CQD will easily conquer the reaction centre if

RSC Adv, 2023, 13, 25093-25117 | 25105
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Fig. 6 The schematic pathway of electron transfer (reproduced from ref. 111 with permission from the Royal Society of Chemistry, Copyright ©

2014).

the right design is produced.**® Asides from its ability to absorb
light energy, the CQD also tends to play a role as an electron
donor, enhancing plant photosynthesis. The overall pathway of
the CQD that transfers electrons to the chloroplast has been
reported.’® Because CQD and chloroplast both absorbed light
in the same wavelength range, a single wavelength might excite
both; accelerating electron transfer from carbon dots to chlo-
roplast and chloroplast to the photosystem.'* The massive
electron transferred from CQD to chloroplast could be
explained by the near relation of the donor and acceptor, which
occurs during CQD adsorption on the high area of the chloro-
plast that generates a light-harvesting complex. The electrons
are then transmitting to PSII and PSI, boosting the total electron
transport chain (ETC) in photosynthesis, as shown in Fig. 6. As
a result, by increasing water splitting to O,, NADP reduction,
and ATP production, the complete light cycle pathway in PSI
and PSII is prolonged.®>***

The fluorescence intensity measurement is utilised to
demonstrate that the electron transfer mechanism of the plant
is enhanced by the application of CQD. PSI produces a fluores-
cence peak at a wavelength more than 700 nm. However, PSII

produces a fluorescence peak in the region of far-red to the
near-infrared at range of 650-780 nm."*>**° The CQD, extracted
chloroplast from the plant, and the mixture of CQD/chloroplast
fluorescence intensity were measured at various excitation
wavelengths. It was found that the CQD peak was detected at
440-450 nm, the chloroplast peak was detected at 650-780 nm,
and the CQD/chloroplast peak was detected in both ranges, as
shown in Fig. 7."* It can be stated that the CQD tends to emit
electrons at higher state at the wavelength of 400-450 nm while
noticeably, the chloroplast tends to emit electrons at higher
state at the wavelength of 650-780 nm at the same level of
PSIL**"* At 400-450 nm, the combined CQD/chloroplast peak
is lower than the CQD peak, while at 650-780 nm, the peak is
higher than the chloroplast peak. This demonstrates that the
CQD is hypothesized to have a resonant energy transfer with
chloroplast as electron donors, causing its fluorescence prop-
erty to be lower than the pure CQD. Since the electron are
transferred to the chloroplast, it has a higher energy, causing it
to produce a higher fluorescence intensity peak compared to the
pure chloroplast itself.*>'"*

300 500 800
At 390 nm excitation At 420 nm excitation At 442 nm excitation
2504 w—CQ0
CcLPCQD 400+ 6004
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2 200 2 —— Chioroplast = —— Chioroplast
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Fig. 7 PL spectrum of CQD, chloroplast and CQD conjugated CLP at 390, 420, 442 nm excitation wavelength. (Reproduced from ref. 111 with

permission from the Royal Society of Chemistry, Copyright © 2014).
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reduction
lifetime

The 2,6-dichlorophenolindophenol (DCPIP)
method, ferricyanide reduction assay and PL
measurement are also other ways for proving electron transfer
between CQD and chloroplast. For DCPIP reduction method,
the Hill reaction was used to examine the photosynthetic
performance of CQD/chloroplast complexes by measuring the
reduction rate of DCPIP. The DCPIP reduction test can be used
to assess the PSII activity of the chloroplast due to the high-
lighted property of the DCPIP, which has a high electronega-
tivity that is transferred from PSII to PSI throughout the
chloroplast reaction mechanism.'* It has been reported that
the DCPIP reduction of CQD/chloroplast was higher than the
chloroplast which indicates that the amount of oxygen evolved
is also higher. Therefore, the electron transfer mechanism of
CQD/chloroplast is higher too."*"'*> Moreover, the rate of elec-
tron transfer within the CQD/chloroplast can be demonstrated
by conducting the ferricyanide reduction assay which necessi-
tates the photophosphorylation activity. Extracted chloroplast
releases oxygen in the existence of ferricyanide. Electron that
transfer from PSII are utilizes for the ferricyanide reduction.'¢
As a result, the CQD/chloroplast tends to have a higher ferri-
cyanide reduction when compared with the pure chloroplast
itself. Besides that, the PL lifetime measurement is another
method to measure electron transfer. The electron transfer
between the CQD and the chloroplast occurs quickly at the time
scale of a nanosecond. It is not surprising that the CQD has
a substantially longer lifetime than the CQD/chloroplast
complex. After the mixing, the CQD/chloroplast lifetime
decreased significantly to 0.08 ns, whereas the CQD lifetime was
previously measured at 4.16 ns."™ When the excitation energy
approaches the PSII centre, the transfer of excitation energy
proceeds at a nanosecond to a femtosecond.”

6. Toxicity and biocompatibility
studies of CQD

Nanomaterials safety is a highly important consideration if it is
to be used in agriculture and is highly material specific and
dose dependent. As a growing number of researchers discov-
ered eco-friendly ways to develop biocompatible CQD, the usage
of CQD for agriculture has increased. Other types of earlier
carbon nanoparticles, such as graphene quantum dots for
example, were previously prepared via traditional chemical
oxidation procedures, which make use of harsh acids and
chemicals. These substances were not considered to be
biocompatible and could only be used for applications that did
not involve direct contact with living organisms. Since methods
of production will affect the purity of the end product, not all
CQD are created equally and precautions need to be taken to
assess biocompatibility. Even trace substances from any
chemicals used during the production process can influence
cytotoxicity tests, and it will be difficult and expensive to
completely remove any harsh chemicals from the finished
product.

CQD is known for its excellent biocompatibility because
there are fewer chances of negative reactions occurring by
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interacting with cells since CQDs' carbon-based nature is
comparable similar to the organic elements found in biological
systems. The most useful test to determine whether a CQD is
biocompatible and has low toxicity in the environment as well
as for consumers is by conducting cytotoxicity testing. It is
a biological assessment and screening test that uses tissue cells
in vitro to determine how CQD affects cell growth, reproduction,
and morphology.*” Since CQD is applied in agriculture, where
crops are used as a food source for humans, it is critical to
conduct a vitro cytotoxicity test, which is commonly done using
the MTT assay.'”” MTT assay is also known as cell viability
assay.'® The MTT assay is a colorimetric test that is used to
determine the vitality of all cells.**

The toxicity level of the CQD can be determined by per-
forming an in vivo embryo toxicity test on either zebrafish
embryos or larvae embryos. Zebrafish are an important model
organism for toxicity evaluations since they share more than 10
000 genes with humans, which accounts for around 70% of the
human genome.™° This similarity in genetic makeup enables
zebrafish to exhibit comparable physiological responses to
many human drugs, further supporting their utility in studying
potential toxic effects.”* A group conducted a zebrafish toxicity
test on CQD at the concentration of 1000 ppm and reported that
the CQD concentration used for plants is non-toxic and
biocompatible.” Kang et al. used fluorescence-based tech-
niques to analyse the absorption, distribution, metabolism, and
excretion of CQD in zebrafish embryos. The results of their
investigation showed that CQD did not accumulate within
zebrafish embryos and had no negative consequences on their
developmental processes, indicating that CQD interference was
not present in this particular model organism." Few other
papers also mentioned the non-toxic and biocompatibility of
CQD."™* "> Fig. 8 shows the toxicological study of CQD in
developing zebrafish embryos.

Other than cytotoxicity tests, the genotoxicity test is used to
determine whether the CQD causes damage to the DNA or
chromosome.'*® A research team conducted a genotoxicity test
on their CQD, and reported that no damage to the DNA was
found after being tested with CQD at a concentration of
200 ppm after 24 hours of exposure.” Researchers that con-
ducted cytotoxicity and genotoxicity tests as part of their work
are also listed in Table 2. Furthermore, some researchers have
also studied CQD toxicity using the cellular toxicity method by
exposing the CQD to tobacco plant cells.®”** Studies have
shown that CQD in different cell lines had only minor negative
impacts on cell viability, proliferation, and general cellular
functioning. Animal models used in vivo research, such as mice
or zebrafish, have demonstrated that CQD can be well tolerated
with little toxic or negative side effects.''*'>*

In recent years, scientists have started to report the wide-
spread presence of naturally occurring carbon nanoparticles
like CQD in food. According to a previous report as early as
2012, amorphous carbon nanoparticles have been found in
a variety of carbohydrate-based food caramels that have been
heated during preparation.*” All heating, roasting and grilling
have the tendency to create food-bourne nanoparticles. In
a particular study, CQD were isolated from grilled pike eels,
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Fig. 8 Toxicological study of (a) different concentrations of CQD on zebrafish larvae at 120 hpe; (b) effects of exposure to 2000 ppm CQD in
developing zebrafish embryos. (Reproduced from ref. 95 Copyright © 2016 with permission from the Elsevier Masson SAS. All right reserved.)

which have been eaten for thousands of years.”® The isolated
CQD were scarcely toxic to MC3T3-E1 cells in contrast to the
control group. The report also highlighted other work which
extracted or synthesized CQD from various foods barely showed
any toxicity in vitro. Most of these traditional foods have been
consumed by people for thousands of years and thus not
considered harmful. Nevertheless, the extraction of carbon
nanoparticles from food, however, may potentially result in the
introduction of some toxicity. For instance, a previous study
found that human mesenchymal stem cells experience meta-
bolic stress when exposed to carbon nanostructures extracted
from bread products are extracted.” On closer inspection, the
extraction method utilizes chemicals such as dichloromethane
and it is believed that even traces of this chemical can affect
cytotoxicity tests.

Note that oral toxicity testing is very much less reported in
literature by scientists that work in the area of CQD applications
for plants possibly due to the need for certain expertise and
dedicated external lab services. In the future, oral toxicity could
be another necessary test as CQD for plants and agriculture
transitions from the lab to real field applications. Nonetheless,
the therapeutic potential of CQD for humans have been thor-
oughly studied and reviewed.'® Excretion is considered
a prerequisite for viable nanotherapeutics and it is generally
known that CQD, when below 6 nm, can be rapidly excreted
through urine, implying that it does not bioaccumulate in the
body. In summary, although CQD are generally considered
biocompatible and non-toxic at the concentrations used for
applications onto plants, not all CQD are created equal. Only
CQD obtained from processing which is green, scalable and
economical will have the potential to be applied at the indus-
trial scale, and considered safe for human consumption.

25108 | RSC Adv, 2023, 13, 25093-25117

7. Industrial scale applications of
CQD for agriculture

Traditional chemical fertilizers typically involve industrial
processes that produce specific compounds namely nitrogen in
the form of ammonia, phosphorus in the form of phosphoric
acid and potassium in the form of potassium chloride.
Ammonia is produced via the Haber-Bosch process, whilst
phosphorus and potassium are usually mined from natural
deposits. The capacity of these chemical plants lie on average of
10 million metric tons per year. The Haber-Bosch process for
example involves industrial scale air separation unit, sour gas
unit, acid gas removal unit and ammonia synthesis unit. It
involves catalysed reactions at temperatures of 400° to 650° and
pressures from 200 to 400 atmosphere. Despite the use of
expensive heavy machinery in the processing of fertilizers, the
cost of conventional fertilizers is relatively low due to economies
of scale.

Meanwhile, the preparation of CQD can be performed using
either top-down (electrochemical, laser ablation, arch discharge
and hydrothermal/solvothermal extraction) or bottom-up
methods (thermal breakdown, microwave synthesis, pyrolysis/
carbonization, and hydrothermal/solvothermal processes).****
Some of these processes especially hydrothermal and sol-
vothermal processes have high potential to be scalable and
economical. Although most reports still revolve around lab scale
production capacities, it is not difficult to imagine the relative
simplicity and scalability of most hydrothermal and sol-
vothermal extraction or synthesis processes for CQD produc-
tion. Depending on the production methods and economies of
scale, it can be foreseen that CQD prices should be within the
price range of typical agriculture inputs such as fertilizers and
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pesticides. Although CQD is not a replacement for fertilizers
and pesticides, the potential benefits of using CQD photosyn-
thesis enhancers towards increasing crop yields would make it
a worthwhile investment for farmers.

In some circumstances, the result of over-fertilization may be
detrimental to crops,'* not to mention harmful for the envi-
ronment. A potential advantage of CQD as a photosynthesis
enhancer could lead to healthier crops which are able to opti-
mize the uptake of nutrients. To avoid over-fertilization, the
correlation between CQD as photosynthesis enhancer and
fertilizer consumption on plant development must be investi-
gated. A modest amount of fertilizer might sometimes be
sufficient to help the plant grow healthier and provide a higher
yield. As a result, the fertilization cost in agriculture can be
reduced. It might be possible to reduce costs even further if the
CQD's precursors were derived from various food and agricul-
ture waste such as onion peel, papaya waste, peanut shell,
lychee seed, green tea, empty fruit bunch (EFB), and palm
kernel shell (PKS).'***** Companies that can generate biocom-
patible CQD using environmentally friendly, scalable, and cost-
effective technologies will have a huge advantage when trying to
penetrate into the agrichemicals market.

At the industrial level, the application of CQD as a foliar
spray is simply accomplished by employing standard spraying
techniques, either spraying manually or using tractors or crop
dusters. The viability of employing CQD in farming is dose
dependent and material specific. CQD is frequently used in
agriculture to increase photosynthesis at relatively low
concentrations, usually in the low hundred ppm range, and is
generally regarded as non-toxic. Although no long-term impacts
of CQD towards the environment have been documented in the
literature, it is likely that they will become part of the biome. It
is unlikely for CQD to survive pristinely in the environment;
they will agglomerate and lose photostability and become inert
compounds of the earth and water bodies. To assess the
viability, effectiveness, and potential difficulties related to large-
scale CQD deployment in the agricultural sector, extensive
studies and field testing are required. CQD are considered to be
environmentally benign if natural carbon sources are used as
the precursor material.'”® The green pathway for the synthesis of
carbon dots is a highly favoured strategy because it will also
reduce environmental pollution in the form of solid waste and
be inert to the environment.*”*

When it comes to large-scale implementation of CQD onto
crops, one of the most significant challenges that most farmers
confront is the struggle to achieve precision farming. The
importance of precision farming is to optimize agricultural
production with quality by precisely measuring the biological
and physical data of crops."””> However, monitoring vegetation
indicators that show plant growth, detecting disease, or evalu-
ating fruit maturity is a crucial aspect in obtaining good quality
fruit or vegetables. Technological breakthroughs are trans-
forming agriculture, with future scenarios including the possi-
bility for farmers to remotely control their fields. Hyperspectral
imaging is a non-destructive remote sensing technology that
collect data precisely via satellite.” It can determine the crop's
physiology and condition as it grows; as well as providing useful
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information such as crop yield, disease, drought stress, and
nutrient status."””* By measuring their reflecting characteristics
throughout a variety of narrow spectral bands, hyperspectral
imaging can be used to capture real-time images and as a rapid
analytic tool for crop monitoring in real-time.'”>'’® Therefore,
suitable vegetation indices can be determined from hyper-
spectral imaging to represent growth and yield of CQD treated
crop. As a result, adopting remote sensing to help farmers
overcome their challenges would pave the way for future
sustainable agriculture.

Plant nutrition is also a key factor in growth and yield.
However, there are still gaps in our understanding of the
nutrition of CQD-treated plants. Plants treated with CQD might
have different nutrition than plants that have not been treated.
The quality of plant nutrition is not only determined by their
total sugar, total protein, and ascorbic acid levels. The pres-
ences of various vitamins (vitamins A, B, D, and E), minerals
and fibre all play an important role in the nutritional value of
vegetables.”” Due to enhanced photosynthesis afforded by
CQD, it is very likely for CQD-treated crops to have higher
nutritional values. Therefore, it is necessary to evaluate the
nutritional composition, minerals and vitamins contents, as
well as antioxidant contents and activity of CQD treated crops.

8. Limitations and future demand

The advantages of using CQD, one of the most biocompatible
among NM and environmentally friendly in the agriculture field
have been established through many studies. The varying levels
of optimum CQD concentrations in different studies indicate
that the CQD can have different properties due to different
synthetic approaches and precursors. Thus, every type of CQD
has to be tested accordingly to determine the optimum
concentration that allows for the best plant growth and yield.
According to some research, relatively high concentrations of
CQD are good for plant growth and photosynthesis. Therefore,
it is imperative to ensure that studies on the cytotoxicity and
genotoxicity of the optimum CQD concentration is carried out
to ensure safe produce for consumers. It is also important to
continue toxicity studies using oral tests in order to better
understand CQD's mechanism of action on the living organism.
It is worth noting that the FDA has reviewed and approved some
nanotechnology based products in the food industry.'® As
a result, the lower toxicity of NM application on food makes it
potentially safe to be consumed.

To date, there is still a lack of knowledge concerning the
electron transfer mechanisms of CQD/chloroplast on different
types of crops. At the moment it is assumed that the mechanism
is similar for all C3 plants and C4 plants respectively. CQD has
only been tested on a relatively few plants so far, and the elec-
tron transfer rate may vary depending on the plant types. As
a result, the electron transfer mechanism in different types of
plants should be investigated. Aside from that, no research has
been done on how long CQD will stay active in the leaves
following application. Few researchers validated the presence of
CQD in leaves using a variety of methods after it had been
applied, but there is no information on CQD longevity.
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Furthermore, most of the reported research on the effect of CQD
as a photosynthesis enhancer is limited towards physiological
effects like height, length and weight of plants. There is still gap
in the literature to correlate physiological effects to photosyn-
thesis effects like net assimilation rate, stomatal conductance,
transpiration rate and intrinsic water use efficiency. Studies on
the effects of CQD towards photosynthesis enhancement and
the actual light assimilation mechanism in terms of chlorophyll
fluorescence parameter (Fv/FM) and the quantum yield of PSII
(PhiPSII) have also yet to be addressed. Increasing our under-
standing of how CQD affects both plant physiology and
photosynthesis enhancement will help us to design optimum
application schedules for different crops according to crop
types, crop cycles.

In terms of indoor farming which is considered in some
cities the farming of the future, the effect of CQD as a photo-
synthesis enhancer under different light spectra is worth to be
investigated. The impact of different light wavelengths, light
intensities and photo-duration periods have huge implications
for indoor farming. This is because the largest contributor to
the operational cost of indoor farms is the energy required for
lighting. The grow light for indoor plants is available at
a different wavelength. Each wavelength of light has a different
effect on plant development. Red light, for example, is used
specifically for fruiting and flowering plants, whereas blue light
is utilised for vegetable plant.'”*'*® Moreover, light intensity can
be categorized into low light (LL) and high light (HL).*** Certain
types of plants require HL for optimal plant growth, whereas for
some plant types, LL is sufficient for them to grow well. When
compared to HL, LL uses less electricity. If the CQD treated
plant can collect the same number of photons from the LL as
the HL, it is more energy-efficient to use LL instead of the HL,
which consumes more power.'** More energy can also be saved
if CQD-treated plants require less photo-duration period to
grow just as well as untreated plants. Therefore, more research
on CQD-treated plants at different light wavelengths, light
intensities and photo-duration periods is required in order to
increase output and profitability of indoor farms, while still
being at an acceptable cost for consumers.

9. Conclusion

In conclusion, CQD is the most promising nanomaterial in this
new era, which has potential to disrupt the agriculture industry.
CQD aids the plant by providing artificial photosynthesis
support, which increases the photosynthesis rate, leading to
increased plant growth and yield. The rate of photosynthesis is
linked to the physical characteristics of the plant. Plant height,
biomass, moisture content, leaf area, seed number, and leaf
number are all improved by CQD. CQD also contributes to
increased photosynthetic rates by raising the stomatal
conductance, Rubisco activity, Hill Reaction, DCIPC, H,O,
content, oxygen evolution, DCPIP reduction, ferricyanide
reduction, oxygen uptake, NAPDH formation, ATP formation,
PSI rate, PSII rate, ETRI and ETRII and so on. CQD helps plants
receive photons from light and increase the electron transfer
chain, which allows them to photosynthesize at a faster rate. As
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a result, the plant's glucose level rises, which promotes plant
growth and yield.

Although CQD is generally regarded as biocompatible and
non-toxic, the correct dosage and how the CQD was produced is
paramount in determining the safety for agriculture application
and the environment. The production of CQD has the potential
to be scaled up to the same industrial levels as fertilizers, with
costs comparable to normal agriculture inputs such as fertil-
izers and pesticides. There are still more studies to be done
especially in terms of correlating plant physiology with photo-
synthesis parameters such as net assimilation rate, stomatal
conductance, transpiration rate and intrinsic water use effi-
ciency. Studies on the effects of CQD towards photosynthesis
enhancement and the actual light assimilation mechanism in
terms of chlorophyll fluorescence parameter (Fv/FM) and the
quantum yield of PSII (PhiPSII) have also yet to be addressed.
Increasing our understanding of how CQD affects both plant
physiology and photosynthesis enhancement will help us to
design optimum application schedules for different crops
according to crop types, crop cycles. In terms of indoor farming,
which is considered in some cities the farming of the future,
more research on CQD-treated plants at different light wave-
lengths, light intensities and photo-duration periods is required
in order to increase output and profitability of indoor farms,
while still being at an acceptable cost for consumers. All of this
knowledge will be a game changer for the application of CQD as
a photosynthesis enhancer in agriculture.
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