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he rapid development of nano-

materials has led to a growing need

for investigating their potential im-
pacts on human health and environment.!
Up to now, most nanotoxicity studies have
been focused on mammalian cells, bacteria,
and animals.2~* Studies of the effect of nano-
materials on plants, an important and fun-
damental ecological component, are
rare.>"8 Limited reports on the phytotoxic-
ity of nanomaterials proposed both nega-
tive and positive effects on plant develop-
ment. For example, Al and ZnO
nanoparticles were found to retard the
growth of plant roots,>® while carbon nano-
tubes were reported to promote the seed
germination and growth.”® The phytotoxic-
ity mechanisms of those nanoparticles are
still largely unknown. Apart from the pas-
sive exposure of plants to nanomaterials,
there is an increasing interest in exploring
the application of nanoparticles as delivery
systems and imaging agents for plant cells
and plants.’~ ' Therefore, more studies with
different nanomaterials and different plant
species are required, especially the studies
at the cellular level, for the understanding of
the phytotoxicity mechanisms, which has
been rarely investigated in previous reports.

Fullerene is one of the most popular nano-

materials and has wide applications in dif-
ferent fields such as optics, electronics, cos-
metics, and biomedicine,' yet its
phytotoxicity has not been reported. In this
work, we intended to investigate the effect
of the water-soluble fullerene malonic acid
derivative (FMAD), C;o(C(COOH),)4—_g, on the
growth of a model plant, Arabidopsis
thaliana. A new strategy of using trans-
genic lines which were stably transformed
with green fluorescent protein (GFP) tagged
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ABSTRACT The effect of water-soluble fullerene C;o(C(COOH),),—s on plant growth was investigated, using

the transgenic seedling lines expressing fluorescent makers. The retarded roots with shortened length and loss

of root gravitropism were observed for seedlings grown in the fullerene-containing medium. Fluorescence imaging

revealed the abnormalities of root tips in hormone distribution, cell division, microtubule organization, and

mitochondrial activity. The study of the inhibitory effects at the cellular level provides new information on the

phytotoxicity mechanism of fullerene.
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markers was applied. This technique not
only enabled the observation of the mor-
phological changes of the plant seedlings
in the presence of fullerene, but also real-
ized the real-time imaging of certain cellu-
lar events by fluorescence microscopy for
phytotoxicity mechanism study.

RESULTS AND DISCUSSION

FMAD Repressed the Growth of Arabidopsis.
Water-soluble C;o(C(COOH),);—g (FMAD)
was first prepared by the established proce-
dure, which generates 4 to 8 carboxyl
groups on the fullerene cage.'® FMAD
tended to form monodisperse aggregates
with sizes ranging from 100 to 200 nm, as
characterized by atomic force microscopy
and dynamic light scattering (Figure S1,
Supporting Information).

The sterile Arabidopsis thaliana seeds
were placed on agar with half-strength of
standard Murashige and Skoog medium
(half-strength MS medium) supplemented
by different concentrations of FMAD (from
0.005 to 0.2 mg/mL). The half-strength MS
medium without FMAD was used for con-
trol experiments. As shown in Figure 1A,
after 5-day growth under FMAD treatment,
the seedling roots were retarded with
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Figure 1. Effect of FMAD on seedling growth. 5-day old seedlings grown in the normal medium (A, left of the white bar)
and the medium containing 0.01 mg/mL FMAD (A, right of the white bar) were imaged. The effect of FMAD on seedling
root and hypocotyl elongation is concentration dependent (B, C). Lateral roots were formed and illustrated in the micros-

copy image (D). The scale bar is 500 pm for panel D.

obviously shorter length than the control and the re-
pression became more serious with increasing concen-
tration of FMAD (Figure 1B,C). In addition, new lateral
roots were formed when the FMAD concentration was
higher than 0.02 mg/mL (Figure 1D). Hypocotyls were
shorter in length under the treatment of FMAD but the
change was not as significant as that of roots. In our
study, the seed germination rate was not affected by
FMAD (data not shown).

It is expected that the selectively permeable seed
coat provides the protection of seed from FMAD dur-
ing the germination.” As radicle (the embryonic root)
could contact with FMAD directly after penetrating the
seed coat, root was the major organ to confront FMAD
during the seedling growth. Therefore, the toxic symp-
toms were more significant in root than in other parts of
seedlings. This was further confirmed by the evidence
that the root growth of the seedlings, which had been
cultured in the normal conditions for 5 days, was also
retarded in root elongation after they were transferred
to the medium containing FMAD (Figure S2, Supporting
Information). Besides the shortened length, we ob-
served the swollen root tips and the loss of gravitro-
pism, the typical characteristics of root, for the seed-
lings treated by FMAD (Figure S3, Supporting
Information).

As root is the most sensitive organ in response to
FMAD in plant seedlings, we further investigated the
growth of the seedling roots at the cellular level by fluo-
rescence imaging to understand the inhibitory mecha-
nisms. After the 5-day old seedlings were removed from
the agar plate, the seedling roots were directly imaged
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under the confocal fluorescence microscope. Different
locations in each root tip from its tip end to above were
checked respectively to examine the transport of plant
growth hormone at the root cap, the cell division in the
root meristematic zone, and the microtubule array in
epidermal cells in the root elongation zone.

FMAD Disrupted the Auxin Distribution in the Root Cap. To in-
vestigate the transport of plant growth hormone at the
root cap, Arabidopsis seedlings transformed by
proDR5::GFP, a fluorescent reporter expressing GFP in
the presence of plant hormone auxin (indole-3-acetic

Figure 2. Optical and fluorescence images of proDR5::GFP
transformed Arabidopsis grown in the medium without (A,
B) and with (C, D) 0.01 mg/mL FMAD. Arrows indicate S1 to
S3 layers in the columella root cap. The scale bar is 20 um.
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Figure 3. Fluorescence images of cortical microtubule during root cell division.
The spindle of cells in the normal (A, D) and FMAD-treated (B, E) seedlings was

-- - dicular to the growth axis, with only

FMAD-repressed seedlings. The mi-
crotubules displayed either oblique
or discrete orientation. In contrast, un-
der the same conditions except no
FMAD treatment, the cortical microtu-
bules in the root cells aligned perpen-

a few oblique.

FMAD Decreased the Activity of Cell in the
Root Tip. After observing the character-
istic changes of root features at the
cellular level in different root zones,
we examined the two main physi-
ological features of the whole root

shown, and the newly formed daughter cells were asymmetrically divided in the  tip, the cellular reactive oxygen spe-
repressed condition (C, F). Panels D—F display the overlay of optical and fluo- cies (ROS) and the mitochondrial ac-

rescence images in panels A—C. The scale bar is 2 um for A, B, D, E, and 4 pm

for panels C and F.

acid), were used.”® Auxin is an important regulator of
root growth and development and is involved in cell di-
vision, elongation, and morphology determination,
etc."® The distribution of auxin in the root cap was visu-
alized by the fluorescence signal from GFP.

As shown in Figure 2, in the normal root, there is a
cone-shaped auxin distribution from layer S1 to layer
S3 cells in the columella root cap. The swollen root tip
of the seedling treated by FMAD showed obvious auxin
accumulation in layer S1 cells, indicating that the auxin
transportation was hindered in the roots.

FMAD Disrupted the Cell Division in the Meristematic Zone.
Cell division is a very important event in root growth.
We thus checked the meristematic zone, which is just
behind the root cap. This zone is the region of cell divi-
sion that supports root elongation. The mitotic cells in
this region were imaged using the seedlings expressing
GFP tagged B-tublin, a component of spindle formed
during cell division.

As shown in Figure 3, the cell division was abnor-
mal in the roots grown in the FMAD-containing me-
dium. The spindle was oblique and asymmetric, in con-
trast to the control, which was symmetrically arrayed
at right angles to the cell long axis. The misoriented and
aberrant spindle arrays would be deleterious for the
completion of cytokinesis during the cell division. As a
result, the newly formed daughter cells were unequally
divided. The aberrant cell division was consistent with
the observation of disrupted auxin distribution.

FMAD Disrupted the Microtubule Arrangement in the
Elongation Zone. With the seedlings expressing B-tubulin-
GFP, we further checked the structure of the micro-
tubule cytoskeleton in the epidermal cells in the root
elongation zone, the region next to the meristematic
zone. Microtubule is not only intimately involved in
many aspects of cell differentiation and plant develop-
ment, but also plays an active role in modulating the re-
sponse of plants to environmental change.?

As shown in Figure 4, the disorganization of the cor-
tical microtubule in the root cells was evident in the

www.acsnano.org

tivity. In plants, reactive oxygen spe-
cies are generated in the electron
transport processes, such as photosynthesis and respi-
ration.2! They play a crucial role in many cellular re-
sponses and signaling pathways.?? Mitochondria consti-
tute a major source of reactive oxygen species and
have been proposed to integrate the cellular responses
to stress.?

To know whether FMAD disrupts the ROS in the
seedling root, 5-day old seedlings grown with 0.01
mg/mL FMAD or without FMAD were stained with 2’,7’'-
dichlorofluorescein diacetate, which would become
fluorescent dichlorofluorescein (DCF) after reacting
with ROS. The root tips were imaged and the mean fluo-
rescence intensities were calculated. A decrease in fluo-
rescence intensity was observed in the root cells treated
with FMAD, suggesting that FMAD caused the reduc-
tion of intracellular ROS (Figure 5). As these seedlings

Figure 4. Images of the elongation zone in the root of the
seedlings grown in the medium without (A, B) and with (C,
D) 0.01 mg/mL FMAD. Both optical (A, C) and fluorescence (B,
D) images are shown. The scale bar is 20 pum for panels A
and C, and 10 pm for panels B and D.
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Figure 5. Mean fluorescence intensity of the seedlings root
tips grown in medium with (gray) and without (black) 0.01
mg/mL FMAD. The roots were stained with 2,7'-
dichlorofluorescein diacetate and Rhodamine 123 (Rh123),
respectively. Seedling roots without dye-staining were used
as controls.

Control

did not manifest any signs of damage and were viable
when placed back onto agar plates after fluorescence
imaging (data not shown), the ROS decrease was the
consequence of FMAD treatment rather than cytotoxic
response to sample manipulations, such as taking out
the seedlings and washing their roots. The effect of
FMAD is different from that of multiwalled carbon nano-
tubes which, in contrast, could increase the ROS con-
tent in suspension rice cells.?* Furthermore, we ana-
lyzed the activity of the mitochondria by
Rhodamine123.2° Rhodamine 123 is a cell-permeant,
cationic, fluorescent dye that is readily sequestered by
active mitochondria without inducing cytotoxic effects.
As shown in Figure 5, a decrease in fluorescence inten-
sity in the roots of repressed seedlings was obvious, in-
dicating the decreased activity of mitochondria.

FMAD Adhered to the Normal Seedling Roots but Internalized
into the Repressed Roots. According to previous studies, nano-
particles exert their effects on plant growth either by
their internalization to the plant cells or by just adher-
ence to the cell walls.>72?% We therefore investigated
whether FMAD could enter the root cells. FMAD labeled
with fluorescein cadaverine dye was used to visualize
the location of fullerene in the root cells under a fluores-
cence microscope.

Figure 6. Overlay of the fluorescence and optical images of
root cells in the 5-day old seedlings incubated with fluores-
cent FMAD. The seedlings grown in normal medium (A) or
the medium containing 0.01 mg/mL FMAD (B) were used.
The scale bar is 5 pm.
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As demonstrated in Figure 6, when the fluorescent
FMAD was incubated with 5-day old seedlings that
had been grown in the normal medium, no fluores-
cence signal was found inside the root cells, whereas
the fullerenes were found to be only adherent to the
cell walls. However, if the 5-day old seedlings grown in
the medium containing 0.01 mg/mL FMAD were used,
several fluorescent spots inside the root cells of seed-
lings were observed (Figure 6B). We also stained these
cells with Propidium lodide (PI), a dye used to identify
the integrity of cell membrane (Pl enters into nucleus
and fluoresces if passing through the cell membrane).
The result showed that Pl was excluded outside the
cells, indicating that the root cortical cell membrane
was not damaged by FMAD supplemented in culture
medium (Figure S4, Supporting Information). Therefore,
the internalization of FMAD was not due to the defi-
cient cell wall or membrane of the root cells.

There have been reports on the internalization of nano-
particles (MWNT and ZnO) in seeds and roots, indicating
nanomaterials can enter into the root of seedlings by in-
creasing the permeability of plant cell walls and possibly
creating “holes” or “pores” on the walls.%” In this study, we
have demonstrated the water-soluble fullerene FMADs
have a negative effect on plant development, especially
the root growth. It is expected that both the adherent and
internalized FMAD contributed to the observed inhibi-
tory effect. FMAD were adherent to the seedling root sur-
face in the beginning, then it could enter into the root
cells of the repressed seedlings. It is likely that the adher-
ence of FMAD changed the structure or permeability of
cell walls to facilitate FMAD internalization.%” This implies
that the cytotoxicity derived from the increased perme-
ability of root cells to FMAD.

It is important to find that the adherence and inter-
nalization of FMAD resulted in the aberrant micro-
tubule arrangement and cell division of root cells. Nor-
mal plant growth requires highly dynamic
polymerization and depolymerization of micro-
tubules.?” When the dynamics of depolymerization
and polymerization were interrupted in the abnormal
microtubule arrangement, cell development would be
repressed. Moreover, the plant cytoskeleton is directly
involved in the intracellular transport of a wide variety
of macromolecules, vesicles, and organelles, which are
essential to plant growth and development.?’ It is also
noteworthy that the internalization of FM4-64 dye
through endocytosis was inhibited after FMAD treat-
ment (Figure S5, Supporting Information), which is
mostly due to the abnormal microtubule arrange-
ment.2® Therefore, the disrupted auxin gradient in the
root cap would be associated with the distorted micro-
tubules and the repression of endocytosis.?’ The abnor-
mal auxin accumulation, together with disrupted micro-
tubule arrangement led to the aberrant spindle during
cell division. Furthermore, the disrupted cell division
also hindered the root growth. On the other hand, the
disorganized cortical microtubule in the FMAD re-
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pressed plant could not efficiently direct the orienta-
tion of mitochondria in the root cells,*® thus making the
mitochondria less active. Of course, the detailed mech-
anism of how FMAD affects the microtubule alignment
as well as root growth needs further investigation.

CONCLUSION

In conclusion, we have found, for the first time, that
water-soluble fullerene has exerted an inhibitory effect
on plant growth, particularly in seedling roots with

MATERIALS AND METHODS

Preparation and Characterization of the Water-Soluble Fullerene.
Fullerene malonic acid derivative (FMAD), C;o(C(COOH),)4—s, was
prepared according to the previously reported method with mi-
nor modifications.'® Briefly, Cy, fullerene (synthesized in our lab
and purified by HPLC with the purity above 98%) was converted
into fullerene ester following treatment with diethyl bromoma-
lonate (Sigma-Aldrich) and 1, 8-diazobicyclo[5,40]undec-7-ene
(Alfa-Aesar) in dry toluene under nitrogen. MALDI-TOF mass
spectrum (AutoFlex Ill, Bruker, Germany) showed the product
had 4 to 8 ester groups on the fullerene cage. The fullerene es-
ter was then converted into water-soluble fullerene acid by hy-
drolysis. The attachment of the carboxyl group was confirmed by
Fourier transform infrared spectroscopy (FTIR, Tensor 27, Bruker,
Germany). The size of the synthesized C;o(C(COOH),)4-g was
characterized by dynamic light scattering (Nano-ZS ZEN3600,
Malvern Instruments, Germany) and atomic force microscopy
(NanoScope llla, Veeco, US) operating in the tapping mode on
mica substrates.

Plant Material and Fullerene Treatment. Arabidopsis thaliana
ecotype Columbia (Columbia [Col-0] ecotype) seeds were
surface-sterilized by 8% NaClO solution (in 95% alcohol), washed
four times with 95% alcohol to remove extra NaClO, and dried
before use.! The seeds were sown on half-strength MS agar
plates (Sigma-Aldrich, St. Louis, MO). The agar was formed in
the medium supplemented with or without FMADs. Seeds were
grown under the following conditions: 16 h/8 h light/dark; light
intensity 280 wmol m~2 s~; temperature 25 °C/20 °C; and 70%
humidity. The 5-day old seedlings were used in this study unless
specified as the radicles usually started to appear in the second
day and the repressed symptoms were shown clearly on the fifth
day. Seedling length was measured from the digital images us-
ing the Image J software. The seeds of GFP tagged B-tubulin
were kindly provided by Prof. Ming Yuan at Chinese Agricul-
tural University (Beijing, China). The proDR5::GFP transformed Ar-
abidopsis was made according to the method described by
Friml.32

Assay for Root Gravitropism. Seeds were sterilized and vernalized
in the dark at 4 °C for 24 h and then germinated on the plates
in the medium under culture condition with or without 0.01
mg/mL FMAD. The plates were maintained vertically and the
seedlings were allowed to grow vertically for the first 5 days.
Then, the plates were turned through 90° and the seedlings grew
for another 3 days before examining the reorientation of root
growth.3

Fluorescence Imaging and Analysis. Seedlings were taken out of
the agar plate, washed, and placed onto a glass coverslip for
microscopic imaging with a drop of culture medium to keep the
seedlings alive. For fluorescence and light microscopic images,
cells in different sections of the root tips were imaged by a FV
1000-1X81 Confocal Laser Scanning Microscope (Olympus, Ja-
pan). A 10X objective (NA 0.3, UPlanF1, Olympus, Japan) was
used for low magnification images and a 100X objective (NA
1.40, oil immersion, UPlanSpo, Olympus, Japan) was used for
high magnification images.
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shortened length and loss of gravitropism. By in vivo
fluorescence imaging of the root cells in the transgenic
plants, new phytotoxic effects have been revealed at
the cellular level, such as auxin disruption, abnormal cell
division, and microtubule disorganization. It is pro-
posed that these phytotoxic effects would cause the
lower ROS content and reduced mitochondrial activity
in roots for plant development, as well as the retarded
root growth in morphology. This work provides new in-
sights to advance our understanding of the phytotoxic-
ity mechanism of nanomaterials.

For fluorescence intensity calculations, confocal images were
first obtained with an inverted fluorescence microscope (Olym-
pus IX71, Japan), which was equipped with a CSU10 spinning
disk confocal laser-scanner unit (Yokogawa Electronic, Tokyo).
The cells were excited at 488 nm from an argon ion laser (Melles
Griot, CA) and the fluorescence signals were directed to an elec-
tron multiplying charge-coupled device (EMCCD) (Andor, BT).
Then the image analysis and fluorescence intensity calculation
was processed by 1Q live cell imaging software (Andor, BT) and
Image-Pro Plus 6.0 software.

Detection of ROS and Mitochondria Activity of Root Cells. The seedling
roots were stained by 2',7'-dichlorofluorescin diacetate (DCFH-
DA, Sigma-Aldrich) to detect ROS production and by
Rhodamine123 (Sigma-Aldrich) to detect mitochondria activity
according to the previous reports.?>** The normal or FMAD-
repressed seedlings were incubated in the half-strength MS me-
dium with 5 uM DCFH-DA or 8 uM Rhodamine123 in the dark
for 1 h. Then the seedlings were immediately washed three times
with liquid media. The root tips were imaged under the confo-
cal microscope at room temperature, with an excitation wave-
length of 488 nm. The mean fluorescence intensity was calcu-
lated by averaging the fluorescence intensities of root tips (about
20 root tips) from the images of each sample using Image-Pro
Plus 6.0 software. The results were reported as mean values of
triplicates.

Labeling the Fullerene with Fluorescein Cadaverine. To visualize the
location of FMADs, FMADs were labeled with a fluorescent dye,
fluorescein cadaverine, by a two-step method.* In the first step,
0.2 mL of FMAD (about 0.5 mg/mL) was mixed with 2.0 mL of
pure water and sonicated for a short period of time. Then, 0.5
mL of MES buffer solution (pH 5.8, 0.5 M), 1 mL of EDC solution
(freshly prepared, 7 mg/mL), and T mL of Sulfo-NHS solution
(freshly prepared, 13 mg/mL) were added into the solution un-
der stirring. The mixture was continually stirred for 30 min at
room temperature. After that, the estered fullerenes were col-
lected by centrifugation in the centrifugal filter (10 KD, Millipore)
and washed with 50 mM MES buffer (pH 5.8) to remove excess
EDC, Sulfo-NHS, and the byproducts. In the second step, the es-
tered fullerenes were redispersed in 5 mL of 50 mM MES buffer
(pH 5.8), and then 10 pL of fluorescein cadaverine solution (1
mg/mL, Invitrogen) was added. The mixture was kept stirring for
3.0 h at room temperature. The final product was collected and
dialyzed (MW cut off 3500) against water for 3 days, during which
water was changed five times every day to remove extra
reactants.

Internalization of the Labeled Fullerene into the Root Cells. To exam-
ine whether the fluorescein cadaverine labeled fullerene was in-
ternalized into the root cells, 5-day old seedlings grown on the
agar plate with the normal medium or the medium containing
0.01 mg/mL FMAD were used. After carefully being removed
from the plate, the seedlings were placed in the half-strength
MS medium supplemented with the fluorescent fullerene and
the roots were immersed in the medium. The seedlings were
kept in the medium under the culture condition without light
for 3 h and the roots were washed thoroughly before fluores-
cence imaging.
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