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Increase in the active ingredients of traditional
Chinese medicine Isatis indigotica through iron
nanoparticles supplementation versus carbon
nanotubes: a comparative studyf
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The low yield and active ingredient content of medicinal plants is always a challenge. However,
nanotechnology offers new tools for enhancing the biomass and metabolism of medicinal plants. In the
present study, the effects of two nanomaterials (NMs) on the growth, photosynthesis, antioxidant system,
mineral homeostasis, C/N accumulation, and content of active ingredients of Isatis indigotica (BLG) were
investigated. BLG was grown in soil supplemented with 10-250 mg kg™ of multi-walled carbon nanotubes
(CNTs) or iron oxide nanoparticles (Fe,Oz NPs) for 60 days in a greenhouse. The results showed that a low
concentration (10 mg kg™ of Fe,Os NPs promoted the growth of BLG, while the opposite trend was
observed in the CNT treatment. Fe,Os NPs at 10 mg kg™ effectively increased the shoot length and
biomass by 21% and 14%, respectively. Notably, the Fe,Oz NPs could also effectively enhance the officinal
ingredient content of BLG by regulating the antioxidant system, mineral element homeostasis, and carbon
and nitrogen synthesis. Fe,Os NPs at 10 mg kg increased the flavonoids, soluble sugars, and total protein
content of BLG roots by 55%, 124%, and 59%, respectively. In conclusion, our results suggest that the
Fe,Osz NPs can be used as a bio-fortifier to enhance the yield and officinal quality of BLG.

The low yield and active ingredient content of medicinal plants is a widespread and unresolved problem. For the first time, this study reports the effects of

CNTs and Fe,O; NPs on the plant growth and medicinal active ingredients of Isatis indigotica (BLG), and reveals the mechanism of nanomaterials as
biofortification agents to promote the medicinal active ingredients. Furthermore, this study also demonstrated that Fe,O; NPs at 10 mg kg " are considered
to be a more effective biological enhancer than CNTs to promote the plant yield and medicinal active contents.

1 Introduction

leaves, named “Banlangen (BLG)” and “Dagingye (DQY)” in
Chinese,” respectively, have been used in treating diseases

Isatis indigotica Fort. (Cruciferae family, abbreviated as BLG),
a biennial herbaceous plant, is widely distributed and
cultivated in Southeast Asian countries." The dried roots and
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for hundreds of years in China, especially for the treatment
of influenza, colds, fever, and infection.® Various compounds
isolated from BLG have been identified as effective
components, mainly as polysaccharides, phenols, amino
acids, alkaloids, and flavonoids,*™® which have high contents
and low side effects. Moreover, the compound preparation of
BLG and DQY or its monomer extract has attracted extensive
research and has application value, for Coronavirus disease
2019, COVID-19.” Cheng et al (2021) reported that the
Chinese patented medicine Fufang Banlangen Keli (CBLGG,
containing BLG and DQY) is effective in the treatment of
symptoms caused by COVID-19.® Despite the importance of
BLG as a medicine, the contents of the active ingredients in
the plant (and yield) are usually low; therefore, methods that

This journal is © The Royal Society of Chemistry 2022
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can increase their active ingredient levels also can increase
their medical values and effectiveness.

Nanomaterials (NMs) have recently shown the potential to
improve the nutritional quality, growth, and yield of plants.’
Using NMs as inducers for increasing plant metabolite
production is becoming an emerging approach.’® The
application of NMs may lead to a direct increase in plant
production or an indirect increase in the synthesis and
accumulation of secondary metabolites by stimulating the
stress system of the plant.'""> Among the various NMs
studied, multi-walled carbon nanotubes (CNTs) and iron
oxide nanoparticles (Fe,O; NPs) are considered as potential
candidates for enhancing plant growth, defense systems, and
metabolic acceleration with less toxicity."*™'® For example,
foliar applications of 3 mg L™ Fe,O; NPs enhanced the
antioxidant enzyme activity as well as anthocyanins and
flavonoids levels in Hibiscus sabdariffa plants.** In addition,
an approximately 4-fold increase in rosmarinic acid (RA) in
the leaves of Salvia verticillata plants sprayed with 50 mg L™"
CNTs was observed compared to the control, which may have
been due to the enhanced RA synthase activity and gene
expression.”” However, high concentrations of treatment
might cause toxicity to plants.”

So far, the effects of CNTs and Fe,O; NPs on the growth
and the content of medicinal ingredients of BLG have not
been studied. Since the biological effects of NMs on plants
are highly related to the physicochemical properties of the
NMs,'® the effects of CNTs and Fe,O; NPs on BLG growth
might be different due to their distinct compositions, i.e.,
Fe,O; is metal based while CNTs are carbon based. Also,
CNTs are more stable in the soil environment, while Fe,O;
NPs are susceptible to dissolution and release Fe ions."**°

In this study, we investigated the effects of different
concentrations of CNTs and Fe,O; NPs on the growth of BLG
by measuring phenotypic and physiological parameters,
including biomass, plant length, photosynthetic pigments,
and organic and inorganic nutrient contents. The stress
status and plant tolerance to stress were assessed by
measuring the level of antioxidant enzyme activity in the
plants. Finally, the contents of flavonoids, total amino acids,
soluble sugars, and total phenols in BLG were also
determined and correlated with the observed biological
effects.

2 Materials and methods

2.1 Characterization of nanomaterials

The powders of a-Fe,O; NPs (99.99% purity) and CNTs
(99.99% purity) were purchased from Shanghai P.T Nano
Powder Co. Ltd. The morphology of the NMs

characterized by transmission electron microscopy (TEM
(ESIt Fig. S1). The £ potential and hydrodynamic sizes of the
NMs in deionized water were analyzed with a Zetasizer Nano
ZS90 system (Malvern, UK) (Table S11). TEM analysis showed
some agglomeration of the MWCNTs with cross-sectional
diameters of about 25.1 + 3.7 nm; while the Fe,O; NPs were

was
)21,22
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spherical with an average size of 29.4 + 2.6 nm. The zeta
potentials of CNTs and Fe,O; NPs in deionized water were
10.4 + 2.6 mV and 4.3 + 0.5 mV, respectively.

2.2 Pot experiment design

The plant exposure experiments were conducted at the
greenhouse in China Agricultural University (Beijing, China)
under controlled environmental conditions. Surface soil was
collected from the Shang Zhuang Research Center of China
Agricultural ~ University, Beijing  (Detailed location:
N40.137312, E116.185430). Detailed properties of the soil are
presented in Table S3.f After air-drying and sieving with a 2
mm mesh, the soil was mixed with CNTs or Fe,O; NPs to
achieve final NM concentrations of 10, 50, and 250 mg kg ™.
Each pot was filled with 2.0 kg of soil. A pot without the
addition of NMs was used as the control. Seeds of Isatis
indigotica (hereinafter referred to as BLG) were purchased
from the Chinese Academy of Agricultural Sciences, Beijing.
The seeds were sterilized with 5% H,0, for 30 min and
rinsed with deionized water thoroughly before germination.
One filter paper was placed in a 15 cm X 10 cm tray and
immersed in 15 mL deionized water. The BLG seeds were
arrayed in the tray, with another filter paper covering on top
to reduce direct sun exposure during the germination. The
tray was then sealed tightly with parafilm to avoid water loss
and placed in a climate incubator allowing germination for 7
days (22/18 °C, 16/8 h light and dark cycle). Seedlings with
equal sizes were planted into the pot soil and allowed to grow
for 60 days before harvest. All the seedlings were rinsed
thoroughly with tap water and then with deionized water to
remove the surface adsorbed soil and NMs. The plant height
was measured with a ruler. Fresh seedlings were dried in an
oven at 65 °C. The dry weight of seedlings was recorded with
an electronic balance. Fresh root and shoots from another
set of samples were frozen immediately by liquid nitrogen
and stored at —80 °C for further biochemical analysis.

2.3 Biochemical analysis and chlorophyll content

The malondialdehyde (MDA) content and the activities of the
antioxidant enzymes, including catalase (CAT), superoxide
dismutase (SOD), and peroxidase (POD), were determined
using commercial assay kits (Nanjing Jiancheng
Biotechnology Co., Ltd.). Briefly, 0.2 g of fresh shoot and root
tissues were ground into powder by ball milling in liquid
nitrogen and the samples were then suspended in 0.8 ml PBS
(pH 7.4, 50 mM). The suspensions were centrifuged at 5000
rpm and 4 °C for 10 min and the supernatants were collected
for measurement following the manufacturer's instructions.
To ensure accuracy and linearity, standard SOD, PDO, CAT,
and MDA solutions of known concentrations (6
concentrations) were prepared and analyzed according to the
same procedure described in the sample analysis kit. Six
duplicate samples were tested at each data point and the
experiment was repeated four times.
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To measure the chlorophyll content, fresh shoots with
large veins removed (0.5 g) were placed in 10 ml 95% (V/V)
ethanol solution and extracted in the dark for 1 week. The
contents of chlorophyll a (Cha), chlorophyll b (Chb),
carotenoid (Cc), and total chlorophyll (Ct) were determined
by UV spectrophotometry (TU-1900, China) at 665 nm and
649 nm. The contents of C,, Cp,, and C; were calculated
according to a previously described method as per the
following formulas:**

Ca = 13'95A665 - 6.88A649

Cb = 24.96A649 - 7'32A665

Ctotal = Ca + Cb

Ce = (1000A47 — 2.05C, - 114.8Cy)

2.4 Determination of carbon, nitrogen, and mineral elements

Following the method of Shakoor et al (2022),**> samples
were dried at 105 °C for 30 min and further dried at 65 °C
for 24 h. The total C and total N in the dry powders of the
roots and shoots were determined wusing an organic
elemental analyzer (Vario EL, Elementar, Germany). The dry
samples (0.25 g) were transferred to digest tubes containing
10 mL nitric acid overnight and then digested by a microwave
digestion system (MARS 6, CEM, UK). The microwave
digestion program was set to 120 °C for 5 min, 160 °C for 10
min, and 180 °C for 10 min. The solutions were evaporated
to 1 mL using an electric plate (VB20, LabTech, China) at 210
°C. Then the residual solutions were filtered through a 0.25
pm PTFE membrane and diluted to 25 mL with deionized
water. Finally, the concentrations of the elements in the
digestion solutions were measured by ICP-MS (Elan DRC-e,
Perkin Elmer, USA). Spiking recovery experiments and the
analysis of certified reference materials (GBW 07603) were
performed for analytical method validation. The QA/QC data
for the assay are described in Table S4.f

2.5 Determination of the medicinal active components

The contents of amino acids, total phenols, soluble sugars,
and flavonoids in the BLG roots and shoots were determined
using Nanjing Jiancheng Bioreagent assay kits. First, 0.1 g of
fresh shoot and root tissues were ground into powder by ball
milling in liquid nitrogen. The powder samples were then
suspended in 0.8 ml of PBS (pH 7.4, 50 mM). The
suspensions were centrifuged at 3000 rpm and 4 °C for 10
min and the supernatants were collected for measurement
following the manufacturer's instructions. Briefly, the
mechanism is that the copper ions can complex with amino
acids to produce blue complexes, which show absorbance at
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650 nm. The OD values were converted to obtain the total
amino acid contents. Phenols can be reduced by tungsten-
molybdic acid to produce blue compounds, which are then
calculated after measuring the absorbance at 760 nm.
Concentrated sulfuric acid dehydrates sugars and condenses
them with anthrone to produce a blue compound, which
shows absorbance at 620 nm. In alkaline nitrite solutions,
flavonoids can form red complexes with aluminum ions,
which were calculated after measuring the absorbance value
at 502 nm.

2.6 Data analysis

Statistical analyses were performed with SPSS 25.0.
Significances of the difference between groups were analyzed
using one-way ANOVA. The mean values for each treatment
were compared using the Duncan test at a p < 0.05
confidence level. Data are expressed as the mean + SD (n =
4). The different lowercase letters indicate significant
differences at p < 0.05.

3 Results and discussion
3.1 Impacts of the nanomaterials on the phenotypes

After 60 days of exposure, all the BLG plants were harvested
(Fig. 1). Overall, the CNTs exhibited stronger negative effects
on BLG than Fe,O; NPs. In the Fe,O; NPs treatment, only
250 mg kg™ could significantly reduce the root length of BLG
by 18% (Fig. 1C). The CNT treatment did not promote the
growth of BLG, while Fe,O; NPs at the concentration of 10
mg kg™ significantly enhanced the shoot height and dry
weight by 21% and 14%, respectively (Fig. 1A and B). With
the high concentration (250 mg kg™') of the CNT treatment,
the plant height, shoot dry weight, root length, and root dry
weight were reduced by 20%, 21%, 19%, and 23%,
respectively, as compared to the control.

Compared with other plants (e.g., rice, wheat, and other
food crops) reported in previous studies, medicinal plants
seem more sensitive to NMs in terms of both the positive
and negative effects®*>® (Table S2t). The reason for this
might be due to that crop having stronger stress resistance
after long-term cultivation than medicinal plants.*”*® In
addition, the crop seeds used in some previous research work
were transgenic varieties. For example, a previous study
reported that CuO NPs were more toxic to non-transgenic
cotton than to transgenic cotton.>’

The different effects between CNTs and Fe,O; are highly
related to their physicochemical distinctions. Fe,O; is made
of Fe, which can provide nutrient value to support plant
growth. CNTs had a higher zeta potential than Fe,O; NPs in
this study (Table S1t), and thus are more likely to be
adsorbed on the negatively charged root surface.*® The larger
size of CNTs and their agglomerations mean they may adhere
to the root surface and block water channels, thus preventing
the normal uptake of nutrients and water by BLG.*"

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Length (A and C) and dry weight (B and D) of BLG exposed to nanomaterials for 60 days. Images of BLG morphology: the upper row is the
CNTs group (E), and the lower row is the Fe,Oz NPs group (F). Data represent the mean t+ SD of 4 replicates. Different lowercase letters indicate

significant differences at p < 0.05.

3.2 Impacts of the nanomaterials on the photosynthetic
system

Since the biomasses were affected by the NM treatments, we
further examined the photosynthesis system, which produces
the NM
treatments showed no significant negative effects on the
content of photosynthesis pigments (Fig. 2). At the low
concentration (10 mg kg '), both Fe,O; NPs and CNTs could
effectively enhance the photosynthetic pigments. Specifically,
Fe,0; NPs and CNTs at 10 mg kg ™' significantly increased
and 15-43%,
respectively. At 50 mg kg ', the CNT treatment showed no
significant effects; while Fe,O; NPs at 50 mg kg™ ' enhanced
the levels of Cha, Chb, carotenoids, and total photosynthetic

carbohydrates for biomass accumulation. All

the photosynthetic pigments by 16-36%

pigments by 49%, 28%, 60%, and 43%, respectively. These
results suggest that the enhanced photosynthesis contributed
to the increase in BLG biomass and length. The increase in

This journal is © The Royal Society of Chemistry 2022

photosynthetic pigments indirectly led to an increase in
photosynthetic rate, thus enabling BLG to accumulate more
organic matter.

Previous studies demonstrated that the foliar application
of 20 mg L™ Fe,0; NPs increased chlorophyll a, b, and
carotenoid concentrations by 70%, 139%, and 119% in wheat
leaves, respectively.’> The beneficial effects of Fe-based
nanomaterials can be attributed to the fact that Fe is an
essential metal element involved in the electron transfer and
various enzymatic reactions in the photosynthesis process.
For carbon-based materials, previous studies showed that
carbon dots could significantly enhance photosynthesis in
maize by boosting photosynthetic system activity.>*> However,
although 10 mg kg ' CNTs enhanced the photosynthetic
pigments they did not
accumulation of BLG. Therefore, we next investigated the
mineral homeostasis and antioxidant systems in BLG to
further explore the reasons for these results.

levels, increase the biomass

Environ. Sci.: Nano, 2022, 9, 2966-2978 | 2969
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Fig. 2 Chlorophyll a (Cha) (A), chlorophyl b (Chb) (B), carotenoids (C), and total chlorophyll (D) contents in BLG leaves after 60 days of treatment
with nanomaterials. The FW in the unit means fresh weight. Data represent the mean * SD of 4 replicates. Different lowercase letters between

treatments indicate significant differences (p < 0.05).

3.3 Impacts of the nanomaterials on mineral nutrient
homeostasis

The highest concentration (250 mg kg™) of NMs induced
significant changes in the mineral homeostasis of BLG (Fig. 3).
Fe,0; NPs induced more significant changes in six elements
(Ca, Cu, Fe, Mn, Na, Zn) in the root system compared to CNTs
(Cu, Fe, Mn, Zn). However, the effects of Fe,O; NPs were not
significant in the shoots. In contrast, four mineral elements
(Cu, Fe, Na, P) in the shoots were significantly altered by the
treatment with 250 mg kg™ CNTs, which may explain the fact
that CNTs are more toxic than Fe,O; NPs.

At concentration of 10 mg kg’l, the Fe,O; NPs treatment
increased the Cu content in the shoots by 0.848-fold, whereas
the CNT treatment significantly downregulated it by 0.305-
fold (Fig. 3B). Similarly, 10 mg kg™ CNT treatment resulted
in a 0.106-0.127-fold downregulation of Fe, K, and P in the
shoots, but this difference was not statistically significant.
High concentrations of Fe,O; NPs resulted in a significant
0.778-fold increase in Fe content in the root system due to Fe
supplementation. Interestingly, high concentrations of CNTs
also resulted in a significant increase of 0.556- and 0.509-fold
in the Fe content in the roots and shoots, respectively.
Similarly, Zhang et al. (2020) observed that carbon-based
NMs induced Fe overload in rice, resulting in plant growth
inhibition.”* The mechanism, however, is still unclear and
needs further studies.

Plant growth and development cannot be achieved without
various mineral nutrient supply.®* A deficiency or excess of even
one of these elements can lead to growth and developmental
limitations.*> Our results showed that the effect of low-

2970 | Environ. Sci.: Nano, 2022, 9, 2966-2978

concentration NMs on altering mineral element homeostasis
was not significant, except for Zn in the roots and Cu in the
shoots. Compared with the CNT treatment, low-concentration
Fe,O; NPs led to higher contents of Cu, Fe, K, and P in BLG. K
and P are essential macro elements for plant growth,*® and the
difference between them can explain the ability of Fe,O; NPs to
effectively promote the growth of the plant. In addition, Fe is an
essential component of iron redox proteins in plants and is
involved in various processes, such as plant respiration,
chlorophyll biosynthesis and photosynthesis, and biological
nitrogen fixation.*” Cu also plays a key role in processes such as
chlorophyll synthesis, photosynthesis and respiratory electron-
transport chain, and is also an important component of
antioxidant enzymes (e.g., SOD).*® Therefore, enhancement of
the Fe and Cu contents induced by Fe,O; NPs treatment could
effectively promote photosynthesis. However, the Zn content
was reduced in both BLG cases, which may be because the NMs
may affect the Zn transporter protein as reported previously.*
Alteration of inorganic mineral homeostasis by NPs treatment
has been reported in many previous studies;'®** however, the
exact mechanism remains unclear. Part of the reason may be
that plants absorb metal ions as chemical equivalents and there
is competitive adsorption between ions.***' Therefore, the
variation of one mineral nutrient element may affect the uptake
of other elements.

3.4 Impacts of the nanomaterials on the antioxidant system

The content of secondary metabolites in plants is closely related
to environmental stresses, as secondary metabolites are involved
in plant defense against environmental stresses.*” Previous

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Heatmap showing the homeostasis of inorganic nutrients in the roots (A) and shoots (B) regulated by nanomaterials. Numbers indicate the
fold change of the elemental content compared with the control. A minus sign indicates that the content was decreased while a positive value
indicates that the content was increased. * indicates a significant difference at p < 0.05 (n = 4) compared with the control evaluated by one-way

ANOVA analysis.

reports suggested that NMs triggered oxidative responses and
regulated the expression of secondary metabolites synthesis
proteins,'® which may effectively enhance the medicinal active
ingredients of BLG. Therefore, we further examined the
antioxidant system of BLG in response to the degree of plant
stress (Fig. 4). Excessive reactive oxygen species (ROS) affect the
structure and function of proteins and lipid membranes, causing
damage to cells.*® The oxidative damage was assessed here by
examining the level of MDA, an end product of lipid
peroxidation caused by ROS. Both CNTs and Fe,O; NPs did not
induce MDA overaccumulation in the shoots (Fig. 4A). However,
CNTs induced significant MDA accumulation in the roots at all
exposure concentrations, suggesting oxidative stress (Fig. 4E).
Again, Fe,O; NPs also did not affect MDA levels in the roots.
This suggest that overall Fe,O; NPs did not cause significant
oxidative damage in the BLG plants.

The oxidative responses were further examined by
measuring the antioxidant enzyme activities. CNT treatments
did not cause any change in SOD, PDO, and CAT activities in
the shoots (Fig. 4B-D), except for the POD activity being
reduced by 25% at 50 mg kg~ (Fig. 4C). However, in the
roots, all the enzyme activities were reduced by 17-25% at 10
and 50 mg kg ' concentrations of CNTs (Fig. 4F-H). This
suggest an overall reduced antioxidative capacity of the plants

This journal is © The Royal Society of Chemistry 2022

after CNT treatments. In contrast, Fe,O; NPs at 10 mg kg™
markedly increased SOD activity by 97% in the shoots
(Fig. 4B). However, the SOD activities of the roots were
reduced by 37% and 79% upon 10 and 250 mg kg™ Fe,Os
treatments (Fig. 4F). Overall, the POD and CAT activities were
not affected or reduced by the Fe,O; NPs treatments in the
roots and shoots, with the most significant reduction
observed for the highest concentrations.

The detailed mechanism of the oxidative responses in
plants are complicated. The same enzyme might be
upregulated or downregulated as a response to stress or a
growth enhancer, which needs to be interpreted together
with other data. For example, the enhanced SOD activity in
the shoots by the addition of 10 mg kg™ Fe,0; NPs suggested
an enhanced antioxidative capacity because the other data
showed the overall promotive effects at this concentration;
whereas the reduced SOD activities by a high concentration
of Fe,O; NPs suggested oxidative stress considering the
overall negative impacts under this treatment.

3.5 Impacts of the nanomaterials on N and C accumulation

The carbon-based secondary metabolites in plants (such as
phenols, terpenoids, and other compounds with only C, H,

Environ. Sci.: Nano, 2022, 9, 2966-2978 | 2971
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Fig. 4 MDA content (A and E), and activity of SOD (B and F), POD (C and G) and CAT (D and H) in BLG shoots (A-D) and roots (E-H) after 60 days
of treatment with the nanomaterials. Data represent the mean t SD of 4 replicates. Values of different letters indicate significant differences (p <

0.05).

and O as their main structures) are positively correlated with
the C/N (carbon/nutrient) ratio in plants.** Therefore, the
addition of NMs may also affect the carbon and nitrogen
accumulation patterns of plants and influence the synthesis
of secondary metabolites.*” For example, CNTs and Fe,O,
NPs at 250 mg kg™ significantly decreased the total N
content by 43% and 36%, respectively (Fig. 5A). However, the
effect of 10 mg kg™ NMs on the total N content in the shoots
was not significant. The opposite trend was observed in the
roots, where the total N content was significantly increased
by 24% and 31% after exposure to 10 mg kg™ CNTs and
Fe,O; NPs, respectively, indicating increased N assimilation

2972 | Environ. Sci.: Nano, 2022, 9, 2966-2978

in the roots (Fig. 5D). The accumulation pattern of total C
was similar to total N. The total C content of the roots was
significantly increased by 10% and 9% after exposure to 10
mg kg™ CNTs and Fe,O; NPs, respectively (Fig. 5E). Since
secondary metabolites are mainly composed of C, the
increase in total C content may be related to the
accumulation of secondary metabolites.*®

The C/N ratio was affected by the change in the
accumulation mode of total C and N. The C/N ratio of plants
is often regarded as a convenient indicator of growth and
quality, as well as a reliable indicator of C allocation to
defense-related metabolites.”” Here, the C/N ratio in the plant

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Total N content (A and D), and total C content (B and E), and C/N ratio (C and F) in BLG shoots (A-C) and roots (D-F) after 60 days of
treatment with nanomaterials. Data represent the mean * SD of 4 replicates. Values of different letters indicate significant differences (p < 0.05).

shoots increased significantly after treatment with 250 mg
kg™ of NMs (Fig. 5C), indicating that BLG regulated the C/N
ratio in response to the high level of the NM stress. In the
roots part, the CNTs and Fe,O; NPs at 10 mg kg™
significantly decreased the C/N ratio by 10% and 17%
(Fig. 5F), indicating an overall stimulation of C/N metabolism
in the roots. In agreement with our results, Hu et al. (2021)
also found that 100 mg kg™ of CNTs significantly promoted
N accumulation in maize roots and downregulated the C/N
ratio."® Similarly, Deng et al. (2017) also demonstrated that
CNTs could improve the N-utilization efficiency of collard
greens.”® These results suggest that 10 mg kg™* CNTs and
Fe,O; NPs could improve the C and N assimilation by BLG
roots to synthesize more secondary metabolites.

3.6 Impacts of the nanomaterials on the medicinal active
components

The primary and secondary metabolites associated with the
medicinal active ingredients, including flavonoids, amino
acids, soluble sugar, and total phenol, were determined to
further confirm our hypothesis, Modern pharmacological
studies have demonstrated that BLG has various
pharmacological effects, such as antibacterial, antiviral,
antitumor, and the scavenging of oxygen free radicals.”
Among them, flavonoids have been shown to have potent
antiviral and antibacterial effects.* Here, the flavonoid
content in the shoots was not significantly changed under
the action of the two NMs (Fig. 6A). As for the roots, the
content in the Fe,O; NPs treatment showed a decreasing

This journal is © The Royal Society of Chemistry 2022

trend with the increase in NM concentration, while the
opposite was observed for CNT treatment (Fig. 6E). Fe,O;
NPs at 10 mg kg™ caused the highest increase in flavonoids
content in the roots with a 55% increase, indicating that a
low concentration of Fe,O; NPs could effectively stimulate
the production of flavonoids in the roots. Amino acids are
essential primary metabolites and are closely related to the
synthesis of secondary metabolites, such as antibodies,
enzymes, and hormones.’® The changes in amino acid
content in the shoots and roots showed significant
differences, with low concentrations (10 mg kg') of CNTs
and Fe,O; NPs elevating the total amino acid content in the
shoots by 47% and 51%, respectively (Fig. 6B). However, the
roots showed 30% and 52% decreases in the total amino acid
content with 10 and 50 mg kg™ CNT treatments, respectively
(Fig. 6F), which was consistent with the results for the
antioxidant enzyme activity (SOD, POD, and CAT) in the
roots.

Soluble sugars are the main product of photosynthesis
and are associated with plant stress tolerance.”’ Here, the
soluble sugar content was significantly elevated with 10 mg
kg™ of Fe,O; NPs treatment compared to the control.
Specifically, at 10 mg kg ' Fe,O; NPs concentration, the
soluble sugars in the shoots and roots were significantly
increased by 328% and 124%, respectively (Fig. 6C and G).
For the CNT treatment, the soluble sugars in the roots were
significantly increased by 101% at 250 mg kg™' treatment
only, indicating that a low concentration of Fe,O; NPs could
enhance plant stress tolerance more effectively. Similarly, the
total phenolics have strong antioxidant effects, as well as

Environ. Sci.: Nano, 2022, 9, 2966-2978 | 2973
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Fig. 6 Flavonoid content (A and E), and total amino acids content (B and F), soluble sugar content (C and G), and total phenol content (D and H)
in BLG shoots (A-D) and roots (E-H) after 60 days of treatment with nanomaterials. The DW in the unit means dry weight. Data represent the mean
+ SD of 4 replicates. Values of different letters indicate significant differences (p < 0.05).

antiviral, antibacterial, and therapeutic effects on
cardiovascular diseases. A significant increase in total
phenols in the shoots was observed only for the 50 and 250
mg kg ' Fe,0; NPs treatments, with 227% and 232%
increases, respectively (Fig. 6D). It was noteworthy that all
concentrations of Fe,O; NPs significantly elevated the total
phenols in the roots, compared to only 250 mg kg™ of CNTs
which significantly elevated total phenols in the roots by 93%
(Fig. 6H). Once again, the results demonstrated that low
concentrations of Fe,O; NPs could enhance plant stress
tolerance more effectively than the CNT treatment.

The total amino acids is another important indicator for
evaluating the plant nutritional quality. The total amino acids
in the shoots were significantly upregulated by both NMs at

2974 | Environ. Sci.: Nano, 2022, 9, 2966-2978

low concentrations, while low and medium concentrations of
CNTs resulted in a significant downregulation of the total
amino acids in the roots. These results were consistent with
the phenotypic trends of the roots, which were more
significantly inhibited by CNTs compared to Fe,O; NPs
treatment. The contents of soluble sugar and total phenolics
were closely related to the plant stress tolerance. The higher
the soluble sugar content, the less likely the plant can lose
water from plant cells and thus the more likely it is to survive
under stress.”® Similarly, total phenols can effectively
scavenge ROS and thus enhance the resistance to stress.”
Fe,O; NPs at 10 mg kg™ significantly increased the soluble
sugar content and total phenolic, which was consistent with
the physiological phenotypic results. The soluble sugar

This journal is © The Royal Society of Chemistry 2022
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content showed a decreasing trend with increasing NM
concentration, which was consistent with the results for
chlorophyll. Plant photosynthesis may be impaired by the
stress of high NM concentrations, and thus the amount of
organic matter produced is reduced as a result. In addition,
an increase in total phenol content implies that more ROS
are scavenged, ie., there will be less damage to the cell
membrane structure.

The results showed that a small amount of Fe,O; NPs
could effectively increase the content of flavonoids, soluble
sugars, and total phenol in the roots of BLG. In contrast, only
high concentrations of CNTs could increase the contents of
these compounds in the roots, which may be related to the
difference in the nature of the NMs. CNTs are more likely to
adhere to the root or cell surface and affect water and
nutrient element uptake due to their higher zeta potential
and larger agglomeration size than Fe,O; NPs.>® Compared
with CNT treatment, BLG shoots treated with a low
concentration of Fe,O; NPs had higher contents of Cu, Fe, K,
and P. As a result, there were differences in the availability of
the two massive elements of P and K, resulting in differences
in plant growth. Furthermore, various physiological and
biochemical reactions that depend on the availability of
mineral elements are likely to be affected, including the
synthesis of photosynthetic pigments, the intensity of
photosynthesis, and the enzymatic activity of the antioxidant
system.”®> The synthesis of organic matter, such as sugars,
is promoted by the enhanced photosynthetic system and
leads to an increase in carbon and nitrogen accumulation in
plants. Finally, the enhancement of the antioxidant system
and the C/N ratio contribute to an increase in the synthesis
of secondary metabolites.***>

It is worth noting that the magnitude of stress is likely
one of the key factors affecting the content of secondary
metabolites.’® Some previous reports claimed that the
synthesis of plant secondary metabolites was reduced when
environmental stress severely threatened plant survival.>®®’
In the present study, treatment with 250 mg kg™ of Fe,Os
NPs resulted in a decrease in the activities of antioxidant
enzymes in the shoots, including SOD, POD, and CAT, which
caused a decrease in the content of the corresponding
medicinal active substances (flavonoid content, amino acids,
soluble sugar, and total phenol). In addition, the response of
the medicinal active ingredients to NMs was more sensitive
in the roots than in the shoots. The reason was that the root
system was the direct site of NM exposure; even 10 mg kg™
of CNTs resulted in a significant increase in MDA content in
the roots, which could inhibit the levels of the medicinal
active components. The synthesis of secondary metabolites is
a dynamic and complex process that is regulated by a
combination of factors.”” In addition to some of the
mechanisms explored in this study, a previous report
suggested that Fe,O; NPs could also indirectly promote
phenolic synthesis by enhancing the PAL enzyme activity.”®
Further studies are required to explore the complex
underlying mechanisms.

This journal is © The Royal Society of Chemistry 2022
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In summary, this study for the first time reported the
effects of CNTs and Fe,O; NPs on plant growth, the
antioxidant system, mineral element homeostasis, C/N
accumulation, and levels of medicinal active ingredients in
BLG (Isatis indigotica). Overall, a small amount of Fe,O; NPs
or high dose of CNTs could increase the flavonoid content in
the roots and improve the medicinal efficacy of BLG. Notably,
the impacts of CNTs and Fe,O; NPs on medical plants can be
made complex by the soil conditions and different
agricultural management. Future studies in different
conditions are thus needed. Considering the dose used and
the total active ingredient content in BLG, Fe,O; NPs at 10
mg kg ' are considered to be a more effective biological
enhancer than CNTs to promote the plant yield and
medicinal active contents.
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