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Abstract

The effect of pure multi-walled carbon nanotubes (MWCNTs) was studied on the development and morphology of
the Basella alba plant. The plants were treated with varying sonicated concentrations of MWCNTs. The parameters
taken into consideration were germination percentage of seeds, protein content in the plant, estimation of chloro-
phyll concentration, and the effect on the soil microbial community after treatment with MWCNTSs. A boost in vigour
index was recorded with the 200 pg mi~' concentration of MWCNTSs. Increment in other parameters like protein
content, chlorophyll concentration, and microbial community in soil samples have also been observed. All parameters
showed higher efficiency in a concentration-dependent manner of MWCNTs compared to control by testing the
significance of results through statistical one-way ANOVA analysis. The uptake of MWCNTSs by plants was confirmed

by SEM-EDX analysis of treated and control leaf tissue sections. This study concludes that MWCNTs exhibit significant
growth effects with no toxicity to Basella alba.
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Introduction nanotubes (CNTs) in 1991 by Iijima et al. [2], it has

Nanomaterials find a vast application in agricul-
ture biotechnology. As the name suggests, the size
of a nanomaterial falls in a range of less than a few
nanometres, which helps deliver various pesticides,
fertilizers, and growth factors in a controlled and sus-
tainable manner. [1]. Since the discovery of the carbon

gained immense acceptance in terms of its application
in different fields due to its size and outstanding chemi-
cal, physical, and mechanical properties (lightweight,
stability, high conductivity, strength, and thermal prop-
erties). These extraordinary properties of CNTs have
found various applications in the electronics industry,
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biomedical research, agriculture, animal production,
healthcare, and anti-microbial activity [3-5]. These
carbon nanotubes are of two kinds—single-walled and
multiple-walled. Single-walled ones have a single sheet
of graphene rolled up to form a cylindrical shape, while
MWCNTs have multiple graphene layers rolled up to
form a concentric hexagonal shape when the transverse
section is viewed. In the near future, demand for food
is going to increase, and to meet the food productivity,
the application of CNTs into agriculture is very much
evident. It is a realistic alternative as we have a finite
supply of natural resources like land, water, and soil
fertility. The advancement of nanotechnology in agri-
culture helps increase food production through preci-
sion farming, which is principally a crop management
process and goes by the name of satellite farming or
specific crop management (SSCM) [6]. The available lit-
erature has made it evident that CNTs can fetch into
the plant cell through the cell wall smoothly as their
size ranges from 5 to 100 nm [7] [8]. Nanoparticles less
than 5 nm have a better chance of penetrating through
the cell wall efficiently [9]. This application paved a new
path for employing them in treatment along with the
pesticides or fertilizers at a particular time and location
as directed in precision farming. Nanoparticle applica-
tion in agricultural research has initiated and disclosed
some immense increment in plants’ growth. These
Nanotubes’ application in agriculture has shown a posi-
tive mark as crop growth regulators [10-14]. Nano-
particles treatment of crops has a history of being a
decent replacement for fertilizers to upturn plants’ pro-
ductivity [15]. The oxidized-multiwalled carbon nano-
tubes (O-MWCNTs) have enhanced the root length
and height of the wheat plants, while the untreated
MWCNTs promoted early germination and growth of
the wheat plant [16]. On the other hand, the original,
i.e. untreated MWCNTs have increased the growth
and productivity of the tomato plants [17]. It is docu-
mented that CNTs increase the root growth in onion
and cucumber [18]. Lin et al. have reported that carbon
nanomaterial is easily uptaken and translocated in rice
plants [19]. Another case of increased germination rate
has been stated in the spinach (Spinacia oleracea) seeds
when they were treated with a blend of nano-TiO, and
water [20]. A synthetic apatite prepared along with the
phosphorous nanoparticles has worked as an upgraded
fertilizer for soya bean (Glycine max) [10]. Iron oxide
nanoparticles also find an application as a fertilizer for
the peanut plant (Arachis hypogaea) [21]. MWCNTs
have a variable impact on different plant types and their
diverse parameters, and the most insensitive plant spe-
cies to this nanoparticle is Timothy grass [22]. On the
other hand, an increase in concentrations of MWCNTs
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has completely halted the growth of Phaseolus vulgaris
(commonly known as bush bean) [23]. Some func-
tionalized MWCNTs have even been documented as
being cytotoxic for selective microbial populations as
they can either lyse the bacterial cell wall or inhibit
protein synthesis by obstructing Nucleic acid synthe-
sis, thereby keeping the pathogenic microbes at bay
[24, 25]. The anti-bacterial efficacy of MWCNTs has a
limitation of being concentration and time-dependent
when adsorbed with AOT-surfactant [26]. Apart from
being anti-bacterial, anti-fungal properties were also
found in surface-modified MWCNTs as they have been
relatively active against the pathogenic fungus (Fusar-
ium graminearum) [27]. The possible benefit of plant
nano-biotechnology is to develop pest-resistant plants,
reduce chemical fertilizers use, increase production
yield, and reduce labour cost.

The lacunae with the reference studies mentioned
above are that they have tested the efficacy of function-
alized nanotube and on plant’s physiological parameter.
No study has offered an extensive study on the in vivo
state of non-functionalized MWCNTs, its effect on soil
microbiota, and the impact of varying concentrations of
MWCNTs for different parameters. In addition, func-
tionalized MWCNTs have been reported as being more
genotoxic than a pure form of MWCNTs [28]; hence
in our study, we have tried to fill the above-mentioned
research gaps by using the native form of MWCNTs
and looking into the overall plant yield.

MWCNTs do npt fit the template “One size fits all’,
each vegetation species has a widely divergent response
to the presence of MWCNTs, which needs to be looked
into dedicatedly. While being the chief source of antiox-
idants, minerals, and vitamins, vegetables have always
been the primary food item consumed in the daily
human diet. The parameters kept in mind while choos-
ing a vegetable plant for our study were easy seasonal
growth, less space requirement, and a short harvesting
period. A locally available seasonal plant, Basella alba,
had been chosen, as it cleared our requirement criteria
for the study. Basella alba of the Amaranthaceae fam-
ily is a seasonal winter plant, hence capable of thriving
in the month of January—February in the south-eastern
parts of India [29]. This dioecious plant proliferates
from mild to harsh winter climates.

This plant, which contains a high amount of protein
and iron, has not yet been the subject of any research.
Therefore, we studied how MWCNTs affect the growth
of Basella alba plants and its microbial population in
the rhizosphere. So, before treating the plants with the
MWCNTs, we have characterized the MWCNTs sample
with different analytical techniques like X-ray diffrac-
tion to determine the sample’s crystalline structure [30,
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31]. From our research, we are delivering evidence of
increased plant growth, protein content, and chlorophyll
concentration in the Basella alba plant after treatment
with MWCNTs at gradually increasing concentrations,
i.e. 50 pg ml™!, 100 pg ml %150 pg ml™', and 200 pg ml™*
supplemented along with the water. Soil microbiota being
the primary driving force in assisting the plants to absorb
essential nutrients and symbiotically, they get plant waste
products as their food source [32]. Keeping this in mind,
we have also checked how MWCNTSs’ presence affected
the soil microbial population after a long time of expo-
sure to this MWCNTs treatment.

Materials and methods

MWCNTs sample preparation

MWCNTs were synthesized by following the protocol
described by Couteau et al. As a carbon source, acetylene
was used, and the catalyst support used for this process
was Fe, Co/CaCO;. MWCNTs were synthesized using the
traditional catalytic chemical vapour deposition (CCVD)
method using a rotary oven for acetylene decomposition
at 700-730 °C with constant N, flow. For purification, the
final product was stirred with 10% HCI for 45 min, fol-
lowed by gradual washing in dilute HCI and subsequently
with double distiller water until it resulted in a neutral pH
[33]. The acid aids in removing both the catalyst support
as well as the metallic particles. This MWCNTs sample
was characterized to ensure that the synthesized MWC-
NTs sample is of pure, pristine form. For characterization,
MWCNTs sample was subjected to dynamic light scatter-
ing and zeta potential to define the diameter of the sample
and its stability in the solvent used, respectively. Scanning
electron microscopy (SEM) and field emission scanning
electron microscopy (FE-SEM) were performed to check
micromorphology of the MWCNTs [34] and UV-Vis
spectroscopy to check the absorption spectrum of MWC-
NTs sample [35]. After the successful characterization,
treatment was given to the plant sample.

X-ray diffraction

For X-ray diffraction (Ultima IV model Rigaku X-ray dif-
fractometer) of MWCNTs, the sample was taken up in
an appropriate quantity into the slide cavity and flattened
evenly to study the crystalline structure of MWCNTs
sample. The crystalline analysis was performed using
angle 20 value between 20° and 80° along with the step
size of 0.05 s and a scan rate of 5° per minute.

Field emission scanning electron microscopy (FE-SEM)
For FE-SEM analysis, the MWCNTs sample was pre-
pared in double-distilled water as a solvent, and this
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solution was sonicated with the help of Labconic® Sarto-
rius stedim probe sonicator for 5 min. The prepared FE-
SEM sample was then dropped on a small square-shaped
glass piece (size 1 mm*1 mm) and dried at room tem-
perature overnight in a sterile environment. This sample
glass plate was later coated with carbon for better con-
ductivity, and the sample was then visualized under FE-
SEM NOVA NANOSEMA450 at different magnifications
and locations for fine images of MWCNTs.

UV-Vis spectroscopy

The MWCNTs were dispersed in double-distilled water
and sonicated using Labsonic® Sartorius stedim probe
sonicator (Type: BBI-8535027) for 30 min for UV-Vis
spectrophotometer (Cary 100, Agilent technology, Singa-
pore) observation. The MWCNTs absorption was meas-
ured to lie between 200 and 500 nm wavelength [36].

Dynamic light scattering (DLS) and zeta potential

To determine the size and surface charge of the MWC-
NTs, the sample was sonicated in a double-distilled water
solvent using Labsonic® Sartorius stedim probe sonica-
tor for 10 min. As per the instruction manual of the zeta-
sizer, a concentration of 0.1 mg/ml was taken to perform
this protocol [37]. The same sonicated MWCN'Ts sample
was taken for the zeta and DLS (Malvern Zeta sizer Nano
2590) examination and repeated eight times to confirm
the size and surface charge. This analyzer can accurately
calculate the zeta potential after obtaining electropho-
retic mobility of the nanoparticle in the solvent using
Smoluchowski’s equation [38].

Procurement of plant seeds

To identify the in vivo effect of MWCNTs on the growth
of plants, Basella alba was chosen for this study as the
favourable climatic condition requirement of this plant
could be easily fulfilled at Rourkela (Odisha, India). These
plant seeds were purchased from a local vendor in the
Rourkela market. Plant seeds were soaked for 48 h with
double-distilled water before sowing in the soil. The
seeds were pre-soaked to receive all the seeds in sprouted
condition. Only the sprouted seeds were selected to sow
in the soil-filled pot so that when we treated these with
MWCNTs, all of the sample plants were at the same
growth stage.

Preparation of dispersed MWCNTs solution

The treatment solution was prepared by taking MWC-
NTs at different concentrations (50 ug ml™, 100 pug ml™,
150 pg ml~%, and 200 pg ml™!) in double-distilled water.
Each MWCNTs treatment solution was sonicated for
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10 min using a Sartorius Stedim probe sonicator (Type:
BBI-853502). The MWCNTs treatment sample with
50 pg ml~}, 100 pg ml™%, 150 pg ml™!, and 200 pg ml~*
of different concentrations was given to S1, S2, S3, and
S4 labelled pots, respectively, through the usual watering
process. Each plant was treated with 5 ml of MWCNTs
solution per week, and the treatment was continued for
four consecutive weeks before harvesting these plants
[36].

Phenotypical analysis

Basella alba seeds were soaked in double-distilled water
for 2 days with a regular change of double-distilled
water every 12 h. After the sprouting of seeds vigour
index and germination percentage were calculated for
all the samples, including control. These sprouted seeds
were later transferred into soil-filled pots and labelled
as control (treated with plain water), S1 (treated with
50 pg ml~! concentration of MWCNTSs), S2 (treated with
100 pg ml™! concentration of MWCNTs), S3 (treated
with 150 pg ml™! concentration of MWCNTs) and S4
(treated with 200 pg ml™' concentration of MWCNTSs).
These plant samples were exposed to 8 h of sunlight daily
and rest in the dark. After 6 days of sowing the sprouted
seeds, the plantlets emerged above the soil surface. The
treatment of MWCNTs was given with a time gap of
1 week. The control and other samples of plants were
duplicated to rule out any false positives for better repro-
ducible results. Before harvesting the plants from pots,
the number of leaves was counted from each sample pot
for the phenotypical assessment. After these plants were
harvested, each sample’s height and the number of leaves
were counted to the phenotypical growth and vigour
index [39, 40]:

Vigourindex = (root length + shoot length)

* seed germiantion percentage.

Protein content estimation

To estimate the changes in the protein concentration of
individual plant samples, the SDS-PAGE experiment was
performed six times. Five grammes of fresh plant leaves
were collected from each sample pot using the digital
weighing balance. These fresh leaves were wrapped with
transparent plastic and stored in an ice tray for the next
15 min. Leaves were ground with 1X PBS in mortar and
pestle. This sample paste was collected in 2 ml tubes
and centrifuged at 10,000 rpm (rotation per minute),
4 °C for 10 min. This process was repeated until a clear
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supernatant was obtained and later subjected to SDS-
PAGE analysis [41].

SDS-PAGE

All five samples of plant leaves were subjected to pro-
tein content analysis. For SDS-PAGE, the usual stand-
ard laboratory protocol was followed, 5% stacking and
10% resolving gel were prepared, and Gel electrophoresis
was carried out using GeNei® vertical mini dual gel sys-
tem-05-02 SDS-PAGE system.

Chlorophyll extraction and estimation

From each sample (C, S1, S2, S3, and S4), 500 pg of leaf
sample was collected and ground using 2 ml acetone in
mortar—pestle on an ice tray. After grinding, the sample
solution was later transferred to 25 ml acetone. Extracted
chlorophyll sample was taken for UV-Vis spectroscopy
analysis [35]. The chlorophyll extraction experiment and
its analysis were performed in 6 duplicates.

Leaf tissue fixation for SEM-EDX study

A small section of leaf part has been removed from each
plant sample (C, S1, S2, S3, and S4) using a sterile dis-
section blade. These plant sections were dehydrated and
formalin-fixed using the standard plant tissue fixation
protocol [42, 43]. After fixation, the leaves sections were
dehydrated in serially graded ethanol (30%—100%) and
left to dry at room temperature overnight. These sections
were then sputter-coated with platinum to be viewed
under SEM.

Impact of MWCNTSs on soil microbiota

Before harvesting plants from pots, 5 g of soil sample was
collected from the vicinity of each sample (C, S1, S2, S3, S4)
plant’s roots. The soil samples were serially diluted to 10~
before spreading on nutrient agar media. After plating, these
culture plates were incubated at 37 °C for 48 h, and the obser-
vation was recorded at 24 h. This experiment has facilitated
us to determine the effect of MWCNTs on the microbial
population present in the rhizosphere of each sample plant.
Soil microbiota was collected before the supplementation of
MWCNTs, and directly treated with nanotubes to study its
effect on microbial growth of soil samples. This experiment
was performed in duplicates and repeated four times.

Statistical analysis

The data are expressed as mean+SEM and examined
through the one-way analysis of variance (ANOVA) test
and Levene’s test for equality of variance, using statistical
software SPSS (IBM®, Version 24). The p <0.05 is consid-
ered significant for all the cases.
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Results

Structural characterization of MWCNTSs

Dynamic light scattering and zeta potential of MWCNTs

DLS scanning size distribution Fig. 1a of MWCNTs was
observed to be of diameter 37.84 nm which can be taken
up efficiently by the plant cells [7], and the surface charge
Fig. 1b was observed to be —55.5 mV which specified that
nanotubes were highly stable in double-distilled water
after sonication with noteworthy diameter for uptake by
plants.

X-ray diffraction (X-RD) analysis of MWCNTs

Usually, the XRD examination of MWCNTs reflects a
few extra peaks. “This peak family is generated because
of atomic planes declining where 3D structure with regu-
lar stacking nanotube layers has to be established” [44].
Figure 2 depicts the crystallinity of MWCNTs. The most
substantial diffraction peak was witnessed at the angle
(208) of 25.903°, which can be attributed to the C (002)
reflection of the hexagonal graphite structure of MWC-
NTs. The other characteristic diffraction peaks of graph-
ite were at 20 of about 43.23, 53.13, 77.92 in accordance
with C (002), C (004), and C (110), and all the peaks were
in reference to JCPDS file number 74—1602. This X-RD
graph was plotted with Xpert high score.

SEM and FE-SEM characterization analysis of MWCNTs
To understand the sample surface morphology, SEM
and FE-SEM analyses were performed. MWCNTs
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sample was dispersed in double-distilled water to vis-
ualize under the FE-SEM and SEM to observe carbon
nanotubes’ morphological structures and size distribu-
tion. Since most of the biological cell structures lie in
the range of nanometres, the size and structure of CNTs
must comply with them. Figure 3a is a SEM image
analysis after magnification up to 15000X. The SEM
image presented the micromorphology of MWCNTs
as long tubes and aggregated clusters. The same water-
dispersed MWCNTs sample was visualized under FE-
SEM, presenting better image resolution and focus than
the SEM. The photograph of FE-SEM Fig. 3b shows the
micromorphology of individual MWCNTs with high
resolution and focus at 100000X magnification.

UV-visible spectroscopy

The absorption range of pure MWCNTs falls between
250-260 nm [32]. From the UV-Vis spectroscopy char-
acterization, it has been shown that the characteristic
existence of absorption peak (Fig. 4) at 258 nm which
aligns with the characteristic absorption peak range of
pure MWCNTs.

Phenotypical analysis of Basella alba after MWCNT
treatment

The plant pots (Fig. 5b C (Control), S1, S2, S3, and S4
were treated with different concentrations 0 pg ml™!
(control), 50 pug ml™%, 100 pg ml~}, 150 pg ml™},
and 200 pg ml™' of MWCNTs treatment sample,
respectively.

Germination percentage
It was observed that out of 30 Basella alba plant seeds,
all seeds that were soaked in double-distilled water
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were germinated successfully, and the germination per-
centage was calculated to be 100%.

Vigour index calculation

Comparative analysis of root and stem was performed
after harvesting from pots. Figure 5a graph depicts
the highest mean length of the root system, which
was found to be 8.9 cm in the S3 sample treated with
150 pg ml™}, and the highest mean of the shoot length
was found to be 48 c¢cm in the S4 sample which was
treated with 200 pg ml™' concentration of MWCNTs.
Statistically significant difference was found between the
control group and S4 sample group; however, no such
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Fig. 5 a Comparative growth analysis of Basella alba plant after 47th day, data represented as mean & SEM, *p < 0.05 as compared to the control. b

Plants'height on 47th day before harvesting from the pots

kS




Singh et al. Chem. Biol. Technol. Agric. (2022) 9:71

significant difference was found between S1, S2 and S3
with a p>0.05. When the S1 sample was treated with
a concentration of 50 g ml™! MWCNTs, the root and
shoot lengths were seen to be shorter. Basella alba is an
annual crop with a short harvesting period and without a
long taproot system. In comparison to the control plant
sample, plant shoot length increased and root length
decreased as the MWCNTs treatment concentration
increased.

Vigour index

The highest vigour index was observed to be at 4390.2
in the S4 sample (treated with 200 pg ml~! concentra-
tion of MWCNTs) (Fig. 6), which was statistically sig-
nificant, giving p=0.001 while being compared to the
control, S1 and S2 sample, while no significant difference
was found between S3 and S4 as declared by p>0.05.
Treated plant samples showed substantial vigour index.
From this study, it can be inferred that the plant samples
supplemented with a higher concentration ranging from
150 pg ml™ to 200 pg ml™' of MWCNTs can grow in
sub-optimum conditions very well, in comparison to the
control.

Phenotypical analysis—leaf count
The phenotypical analysis offers statistical data regard-
ing morphological changes that occurred in the sample
plants. This study was done to determine the impact of
MWCNTs on the growth of Basella alba plant leaf sam-
ples after the treatment. Before harvesting, the number
of leaves was counted in all the sample plants, and their
average was considered for the study.

From the above data (Fig. 7), it was evident that the
plants treated with a higher concentration of MWCNTs
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Fig. 7 Basella alba plants treated with MWCNTSs of 150 pg/ml and
200 pg/ml concentration were showing significantly increased
number of leaves as compared to the control with **p <0.01

have shown good and healthy growth compared to the
control sample. The plants that were treated with the
50 pg ml~! showed low leaf count, and the plants treated
with 100 pg ml~! showed a similar number of leaves as
the control Basella alba plant sample. As compared
to the control, these two samples (S1 and S2) have not
shown statistically significant differences, hence raising
the p>0.05. While the plants treated with a higher con-
centration of MWCNTs of 150 pg ml™! and 200 pg ml™!
were shown to have the highest mean number of leaves in
comparison with the control Basella alba plant sample,
**p=0.00078. From the phenotypical analysis, a prom-
ising increment in the growth of the average number of
plant leaves has been seen in the treated samples with
high MWCNTs concentration. Both 150 pg ml~! and
200 pg ml™! concentrations of MWCNTs were found to
be effective for obtaining better output in leaf production.
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Phenotypical analysis—average height of the plants
Available statistical data on the height of the plant sam-
ple treated with a low concentration, i.e. 50 pg ml™* and
100 pug ml™' of MWCNTs sample, have shown a lower
mean height (Fig. 8). While the plant samples treated
with 150 pg ml~! and 200 ug ml~* have shown increased
plant height as compared to the control plant sample.
Hence, maximum plant growth has been observed in the
samples which were treated with a higher concentration
of 150 pg ml~! and 200 pg ml™* MWCNTs.

Upon comparison between S4, S3, and the control, the
p-value obtained was 0.013724, while the comparison
between the control group and S1 and S2 sample groups
did not show any statistically significant increment in
plant height. From the above study, it was affirmed that
Basella alba plant height observation is significant and
true to conclude that MWCNTs is showing its impact on
the height of S3 and S4 treated Basella alba plant sample.

SDS-PAGE analysis

Positive results have been achieved regarding protein
content in MWCNTs-treated Basella alba plant leaves.
In the SDS gel, each well was filled with different plant
protein samples (C, S1, S2, S3, and S4) of Basella alba
plants. The loaded protein samples confirmed that dark
and thick bands at molecular weights 42 kDa and 18 kDa
of plant protein samples were obtained in plants treated
with a high concentration of MWCNTs. From the SDS-
PAGE gel image (Fig. 9) it is evident that the sample
loaded in the S3 well showed bright and thick bands
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compared to the control plant protein sample. Here in
the S1 sample well, all protein bands are very light and
thin, indicating less protein content. This concludes that
plants treated with a lower concentration of MWCNTs
had lesser protein content than the treated plant sample.
150 pg ml™! concentration of MWCNTs has been proven
to increase the protein concentration in Basella alba
plants.

Chlorophyll content estimation analysis by UV-visible
spectroscopy

The chlorophyll extraction from Basella alba plant sam-
ples of C, S1, S2, S3, and S4 has been done using the
acetone method. Leaf extractions samples were taken
for UV-Vis spectroscopy analysis to identify chloro-
phyll concentration present in each plant sample. The
absorption spectroscopic scan was performed between
600 and 800 nm, expecting sharp peaks in the chlo-
rophyll absorption wavelength range. The absorption
spectroscopy results disclosed that all sharp peaks were
observed between 650 and 675 nm wavelength, which
is the absorption spectrum of chlorophyll pigment, and
it has been demonstrated in the above graph (Fig. 10)
obtained from UV-visible spectroscopy. Comparing the
Basella alba plants treated with 200 g ml™! MWCNTs
to the control, it was found that they exhibited the maxi-
mum absorption peaks. Hence it can be established that
treatment with a 200 pg ml~! concentration of MWC-
NTs resulted in an elevated chlorophyll pigment con-
centration. The biochemical pathway and the underlying

to other plants treated with varying MWCNTs concentration
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Fig. 10 Basella alba leaf samples analysed for chlorophyll absorbance

scan of UV-visible spectroscopy at nm. S4 have shown highest

amount of chlorophyll content

mechanism involved in increased chlorophyll content are
yet to be ventured.

SEM-EDX (scanning electron microscopy—-energy dispersive
X-ray diffraction)

Basella alba leaf was investigated for the presence of
MWCNTs, and certain other elements in the control
leaf sample and MWCNTs-treated leaf sample. EDX
has been used to examine the elemental composition
present in the samples. To ensure that MWCNTs were
uptaken by the plants, EDX spectra are considered. In
SEM analysis, the sample’s surface morphology has been
considered for further analysis. Basella alba plant leaf
samples were investigated with EDX analysis to obtain
the carbon weight percentage in control, and MWCNTs-
treated plant leaf samples. The elemental scan using EDX
declared clearly that the control carbon weight percent-
age is much less than treated Basella alba plant leaves
(Fig. 11). The observed carbon weight percentage in con-
trol Basella alba plant leaves is 49.85, and the treated
carbon weight percentage in Basella alba plant leaves
is 65.45. The SEM imaging disclosed that MWCNTs
are absorbed and accumulated in the form of clumps in
Basella alba leaves. The SEM-EDX spectra from con-
trol and treated Basella alba plant leaves have shown the
expected results for the absorption of MWCNTTs.

Study of soil microbiota after MWCNT supplementation
Impact of MWCNTSs on soil microbiota

For plants to absorb nutrients, they must first be pro-
cessed into their elemental form, predominantly by soil
bacteria. This symbiotic interaction between microor-
ganisms and plants must be strengthened for enhanced
growth parameter results. To determine the effect of

Page 10 of 14

MWCNTs on the microorganisms population in the
rhizosphere, we undertook a study through the plating
method.

The microbial growth was at a slow pace after incuba-
tion of 24 h. However, after 48 h of incubation, a con-
siderable boost in microbial growth was noticed as the
treatment concentration was increased. The highest
number of microbial colonies were observed in Basella
alba plant-soil S4, which was treated with 200 pg ml™
of MWCNTs, while the lowest number of colonies
were observed in the control soil sample (Fig. 12). This
response of the soil microbial culture plating revealed
that MWCNTs are boosting the microbial community
development in the soil microbiota surrounding the
rhizosphere. The additional carbon source provided by
MWCNTs for these microbial strains is responsible for
the enhanced soil microbiota population.

Discussion

MWCNTSs have many economically and physiologically
beneficial impacts on different plants; however, they have
not been extensively explored. In this study, the artifi-
cially synthesized MWCNTs have been characterized to
possess a small diameter size ranging from 5 to 100 nm,
which makes it easier for uptake by the plant [45]. While
other physical characterizations like zeta potential, XRD,
SEM analysis, and UV-visible spectrometric studies have
suggested that it is suitable for in vivo studies in agri-
cultural crops. The carbon nanotubes’ dispersion and
agglomeration can create nanomaterial toxicity in the
physiological system [46]; therefore, it becomes essential
to determine the surface charge to estimate the disper-
sion efficacy in a particular solvent and the size of the
MWCNTs in that physiological solution. The charac-
terization of the synthesized MWCNTs revealed that
the pure form of MWCNTs had a 37.84 nm diameter
and —55.5 mV surface charge and retained a hexagonal
crystalline structure. This hexagonal structure is a trans-
verse section that forms when graphene sheets fold up
to form long, tube-like structures [47]. According to the
image analysis performed using both the SEM and FE-
SEM techniques, the MWCNTs sample possessed the
morphology of a long tube-like structure with a diameter
within a few nm ranges, which is one of the distinctive
structural configurations of MWCNTs [48]. The struc-
tural analysis of MWCNTs was to certify the synthesized
sample’s purity by measuring its diameter, stability, crys-
tallinity, and micromorphology. The experiment’s find-
ings indicated that the MWCNTs were in their pure state
and easily absorbable by the plant root system when sup-
plemented with water.
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Fig. 11 SEM and EDX analysis confirms the presence of micro as well as macro nutrients in the samples and carbon has been found uniformly in a
control b S4 sample and ¢ magnified section of a MWCNT clump from image (b). As visible from SEM images of leaf sections, the control leaf has a
smooth morphology without any clump-like structure, while MWCNT treated leaf is showing the clumps and its EDX spectra are also demonstrate
increased weight percentage of carbon as the leaves have successfully uptaken the MWCNTs
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Since MWCNTs has previously shown its growth
regulation effect on various flora like broccoli [49], rice
[50], and periwinkle [51] to name a few; hence, for fur-
ther in vivo analysis, the Basella alba plant was chosen

to evaluate the effect of MWCNTs on plant growth and
overall yield. Our research has convincingly demon-
strated that MWCNTs have a substantial influence on
total plant growth and yield, as observed in the instance
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Fig. 12 After 48 h of incubation at 37 °C, the MWCNTs-treated
Basella alba plant soil microbial culture plates have shown positive
observation towards enhancement of soil microbial population.

All the treated samples have shown CFUs, but S3 and S4 samples
were observed to produce significantly higher native soil microbiota
population in vitro while untreated control had significantly low

(*p <0.05) colony forming units as compared to all the treated
samples

of the Basella alba plant. 150 pug ml~! and 200 pug ml™*
concentration of MWCNTs have improved overall plant
performance compared to the control. Here, we have
examined the effect of MWCNTs on different growth
parameters, the protein content of plants, and their soil
microbiota. It is crucial to ascertain whether the treat-
ment with MWCNTs had any effect vigour index as it
estimates overall plant yield at the ecophysiological level
[52]. The phenotypical study after treatment with MW C-
NTs suggested that the highest vigour index enables
these plants to grow in sub-optimum conditions with a
significant germination rate. The plant height and leaves’
count can offer insight on MWCNTSs’ impact only after
the plant is fully grown and ready to harvest. However,
the vigour index offers information on the germination
and viability of seeds in the field under sub-optimum
conditions long before the plant begins to grow. The
higher concentration of MWCNTs, i.e. 150 pg ml~! and
200 pg ml™' treatment, has produced a significantly
higher vigour index in plant samples than the control and
the other lower concentration (S1 and S2) counterparts.
SEM-EDX investigation of Basella alba leaf has provided
evidence to confirm the absorption and translocation of
MWCNTs from soil to Basella alba plant leaf.

As the edible part of this plant is its leaves, we have
focussed on its growth after MWCNTs treatment.
The plant samples’ average number of leaves and the
average height showed that the samples treated with
MWCNTs had better outcomes. The images from SEM—
EDX (Fig. 12) exhibited the elemental percentage and
absorbed MWCNTs clumps in the treated samples. The
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treated leaf sample conveyed the highest weight per-
centage of carbon source than the control plant leaf sec-
tion using EDX. Further zoomed-in images from SEM
have revealed the morphology of absorbed MWCNTs
in the form of aggregated clumps. The effect of MWC-
NTs being absorbed by plants and transported to leaves
has eventually been seen in the analysis of protein and
chlorophyll concentration. Looking at the increment in
chlorophyll and protein content, it can be inferred that
MWCNTs played a role at the morphological and molec-
ular levels. 200 pg ml~* concentration of MWCNTs was
effective for incrementing the protein concentration and
chlorophyll pigment content. UV-Vis spectroscopy data
indicate that the photosynthesis rate could be higher in
MWCNTs-treated plants, which led to an increase in
protein content. As we all know, microbes present in the
rhizosphere are responsible for cycling nutrients in the
soil, creating crucial mutualistic relationships, providing
energy in the absence of sunlight, and many more vital
roles in the ecological web [53]. Micro-organisms around
the plants’ roots utilize carbon as their food source while
decomposing organic matter and releasing an excess of
nutrients in the soil for plants to uptake. Therefore an
increased microbial population in the rhizosphere, in the
MWCNTs-treated plants is a positive indication of over-
all growth and long-term survival. All the above exami-
nations established that the plant parameters taken under
this study had responded consistently to the increased
concentrations of MWCNTs treatment. To summarize
our findings, we can safely say that MWCNTs have a
promising application as a growth regulator for Basella
alba, at both physiological and molecular levels.

Conclusion

In conclusion, we have demonstrated that adding MWC-
NTs impacted the phenotype of the Basella alba plant.
From our study, it can be established that a higher con-
centration of MWCNTs positively impacts plants’ mor-
phological and molecular level growth along with the
enhancement of the soil microbes present in the rhizos-
phere. Hence, we can conclude that even without func-
tionalization, MWCNT can act as an excellent carbon
source that directly correlates to plant growth. This find-
ing offers fresh insights into the technological potential
for using MWCNTs as growth regulators in the agricul-
ture sector. Accordingly, applying carbon nanotubes to
speed up plant development can open up new opportuni-
ties for various fields, from biofuel crops to plants culti-
vated in space. Among future applications of MWCNTs,
it can safely be used as an additional plant growth pro-
motor and growth regulator to curb the need for food
sustainability. It is suggested to conduct comprehensive
research on the effects and assessment of the toxicity of
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carbon nanotubes employed as plant growth regulators
at all ecosystem levels, including microorganisms, ani-
mals, and humans.
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