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wing to their extraordinary physi-

cal, chemical, and mechanical

properties, carbon nanotubes
(CNTs) have been proven to be a useful tool
in the field of biomolecular delivery. Single-
walled and multiwalled carbon nanotubes
(SWCNTs and MWCNTSs) have shown a
unique ability to host a wide variety of bio-
molecules and traffic through different cel-
lular barriers."”” An increasing number of
studies have reported the toxicological im-
pact and safety profile of carbon nanomate-
rials on both plant® and mammalian
cells,’~ "2 indicating that a high degree of
CNT functionalization leads to a dramatic
reduction in toxic effects.’® Recently,
SWCNTs have been shown to have a
marked ability to penetrate the cell wall
and cell membrane of plant cells while dis-
playing little toxicity. Alternatively, MWCNTs
have been found to penetrate tomato seeds
and to increase their germination and
growth rates with no signs of toxicity.'
However, to date the majority of CNT cell
uptake investigations have focused on
mammalian and bacterial cells. Whether
MWCNTSs can traffic through a plant cell
membrane has not been addressed nor has
their subcellular distribution.

The plant cell wall is a unique cellular
barrier that surrounds plant cells. The most
characteristic component of plant cell walls
is cellulose, which largely determines their
architecture. Together with hemicelluloses
and pectin, such thick cellulosic barriers im-
pede the passage of macromolecules into
the cell. Therefore plant protoplasts have
previously been used to study the internal-
ization of other nanomaterials such as me-
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ABSTRACT Major barriers to delivery of biomolecules are crossing the cellular membranes and achieving a
high cytoplasmic concentration by circumventing entrapment into endosomes and other lytic organelles.
Motivated by such aim, we have investigated the capability of multiwalled carbon nanotubes (MWCNTs) to
penetrate the cell membrane of plant protoplasts (plant cells made devoid of their cell walls via enzymatic
treatment) and studied their internalization mechanism via confocal imaging and TEM techniques. Our results
indentified an endosome-escaping uptake mode of MWCNTs by plant protoplasts. Moreover, short MWCNTs (<100
nm) were observed to target specific cellular substructures including the nucleus, plastids, and vacuoles. These
findings are expected to have a significant impact on plant cell biology and transformation technologies.

KEYWORDS: carbon nanotubes - functionalization - plant cell - catharanthus
protoplasts - endosome escaping - organelle targeting

soporous silica nanoparticles,'® quantum
dots, and polystyrene nanospheres.”

CNT uptake studies are essential for the
development of nanotransporters for plant
cells, which in turn has a particular impor-
tance for plant cell transformation. In addi-
tion, understanding the subcellular loca-
tions of CNTs is of utmost importance for a
possible use of CNTs in intracellular labeling
and imaging and for the development of in-
tracellular biosensors leading to the ad-
vancement of plant cell biology studies.
Herein, we evaluate the ability of function-
alized MWCNTSs to traffic through protoplast
membranes, elucidate their internalization
mechanism, and report our ultrastructural
observations of their subcellular
distribution. *Address correspondence to
a.bianco@ibmc-cnrs.unistra.fr,
RESULTS AND DISCUSSION magedserag@yahoo.com.

Uptake of CNTs by Plant Protoplasts. MWCNTSs
labeled with fluorescein isothiocynate (FITC)
(hereafter abbreviated MW-F) were pre-
pared and characterized as previously re-
ported.'® Briefly, MWCNTs were shortened
to a range of lengths mainly between
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seus protoplasts. To test whether MW-F
is internalized via the endosomal path-
way, the endosomal membrane was la-
beled using FM4-64 dye. FM4-64 is a
styryl dye with amphiphilic nature, so
it only fluoresces in the exoplasmic
face of the plasma membrane and
does not freely move from the exoplas-
mic to the cytoplasmic face. As a con-
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Figure 1. Uptake of MW-F by C. roseus protoplasts. (A) Confocal microscopy toplasmic background fluorescence of

images of C. roseus protoplasts incubated with MW-F (confocal aperture was FM4-64 (Figure 2A,B). Co-localization

opened to collect fluorescence from the entire depth of the cells; Z = 40 pm).
Scale bar: 20 pum. (B) Mean fluorescence intensity of protoplasts incubated

with different concentrations of MW-F.

50 and 500 nm, using strong acid conditions.'® Oxi-
dized MWCNTs underwent the 1,3-dipolar cycloaddi-
tion reaction. The ammonium groups introduced
around the surface of the nanotubes were subsequently
functionalized with FITC.'®

To prove that MW-F can penetrate the plant cell
membrane, we used Catharanthus roseus protoplasts
(an important medicinal species belonging to Apocyn-
aceae and a difficult-to-transform plant model)." C. ro-
seus protoplasts suspended in protoplast digest/wash
medium (D/W) were incubated for 3 h with MW-F. Af-
ter being washed with D/W, the cells were imaged by
confocal microscopy. Under our experimental condi-
tions, almost all of the cells showed a fluorescence sig-
nal attributed to MW-F uptake (Figure 1A). We then var-
ied the concentration of MW-F and observed an
increase in cellular fluorescence upon increasing MW-F
concentration (Figure 1B). Since cell wall removal ren-
ders protoplasts weak and fragile, we only analyzed
protoplasts with intact membranes, whereas collapsed
cells or cells of abnormal morphology (not exceeding
20% of total protoplast count) marked by an intense
fluorescence were excluded during the analysis. In our
experiments, the 3 h incubation period, followed by
three successive washings with D/W, was sufficient to
obtain detectable cell fluorescence while maintaining
viability of the protoplasts.

Confocal Investigation of CNT Uptake Mode. We then stud-
ied the mechanism of MW-F internalization by C. ro-
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studies of cell areas containing such
small structures revealed a poor colo-
calization between FITC and FM4-64
signals in many confocal 3D-reconstructed images (Fig-
ure 2B,Q). This suggested that MW-F internalization
was poorly associated with the endosmal route. More-
over, blocking the endosomal route via incubation of C.
roseus protoplasts at 4 °C?' did not have much impact
on fluorescence intensity of the protoplasts when com-
pared with the control (Figure S1 in Supporting Infor-
mation). This concludes that MW-F passively pass
through the cell membrane without entrapment into
the degrading endosomal organelles and hence be-
come ready to exert their action.

In previous studies, the uptake of FITC by plant pro-
toplasts has been reported to occur via both passive dif-
fusion and endosomal route within 20 min. However,
the uptake of dextran-FITC occurred exclusively follow-
ing endosomal route after 18 h of incubation. This delay
in dextran-FITC uptake was attributed to inhibition of
endocytosis by osmotic stress exerted by dextran.?>%
Inspired by these studies, we evaluated the internaliza-
tion of FM4-64 dyes in the presence of varying concen-
trations of MW-F. After a 2 h incubation period with
MW-F, FM4-64 marker was added and protoplasts were
further incubated for 1 h. Interestingly, a decrease in
the cytoplasmic FM4-64 fluorescence was observed
upon increasing the MW-F concentration (Figure 2D).
The phenomenon of endocytosis inhibition becomes
evident at MW-F concentration of 0.04 mg/mL (Figure
2D). This represents the starting concentration to ex-
ploit this phenomenon. In a control experiment and
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within 6 h, C. roseus cells actively accumulated FITC
about 2.5 times more than cells incubated in 0.04
mg/mL MW-F (Figure S2 in Supporting Information) in
a similar way as reported for FITC alone and
FITC—dextran conjugate.? Since increasing MW-F con-
centration should result in a concomitant increase in
medium tonicity, such results clearly demonstrated a
tonicity-dependent inhibition of endocytosis by MW-F.

TEM Investigation of CNT Uptake Mode. The confocal mi-
croscope only detects gross fluorescence that is emit-
ted from cells. Highly dispersed CNTs, such as single
nanotubes, might not be detectable by this technique.
Therefore, the cell uptake of single nanotubes should
be investigated by other methods, including TEM. Cells
incubated with MW-F for 3 h were then observed by
TEM. Many images were acquired for the protoplast
substructures, and some representative images are
shown in Figures 3 and 4 and Supporting Information
Figures S3—S12. The cell internalization of isolated
MW-F was observed by TEM. For example, Figure 3A
and Figure S3A show that a single MW-F was penetrat-
ing the cell membrane and tonoplast (vacuolar mem-
brane), respectively. Moreover, most of the examined
endosomes did not contain MW-F aggregates (Figure 3B)
consistent with confocal microscopy data. Therefore, we
observed the isolated MW-F inside cells (Figure 3C,D and
Figure S4) as a result of a direct penetration of the plasma
membrane, while bundles or aggregates were only ob-
served outside the cells (Figure S5).

Localization of CNT Outside the Endosomal Organelles. Com-
pared to animal systems, plant cell endocytosis is less
understood and the tools for studying the mechanisms
are limited to membrane-impermeable dyes.?* On the
basis of TEM investigations, endocytosis is believed to
start with the formation of endosomes in the endoplas-
mic face of cell membrane. Endosomes are highly dy-
namic organelles involved in sorting membrane pro-
teins and extracellular macromolecules through
delivery to multivesicular bodies (MVBs) and then to
the lytic vacuoles.?® In the plant cell, the vacuoles oc-
cupy most of the cell volume and one of their impor-
tant functions is molecular degradation and storage.
The acidic nature of plant cell vacuoles provides an ap-
propriate environment for carrying out the activities of
lysosomal acid hydrolases including nucleases, pro-
teases, and glycosidases.?® Additionally, in plant proto-
plasts, where the secretory activity is higher than in the
walled cells because of the intense regeneration of the
cell wall, endocytosis is directed toward recycling. The
endocytosed materials are transferred to the partially
coated reticulum (PCR), and then are delivered to the
Golgi apparatus which recycles them again toward the
plasma membrane.?® Under our experimental condi-
tions and after careful examination, we could not find
MW-F in any organelles associated with the endocyto-
sis cycle. Endosomes, MVBs, and PCR appeared intact
(Figure 3B,E and Supporting Information, Figure S6), oc-
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Figure 2. Endosomal uptake of FM4-64 marker by C. roseus protoplasts in
the presence of MW-F. (A) A protoplast showing accumulation of MW-F
(single focal plane; thickness, Z = 1 um). Protoplasts were incubated with
MW-F and FM4-64 for 1 h. The green arrow indicates the cell membrane; the
blue arrow indicates the vacuole. Long red arrows indicate the large endo-
somes. Short red arrows indicate the background fluorescence of the small
endosomal structures. Scale bars: 5 um. (B) Another protoplast showing
MW-F accumulation. Inset: Three-dimensional reconstructed image of the
cell area marked by the white square. The green arrow indicates the cell
membrane. The blue arrow indicates the background fluorescence of the
small endosomal structures. Scale bar: 5 pm. (C) Colocalization of FITC and
FM4-64 signals in the cell area between white arrows in inset of Figure 2B.
(D) Mean fluorescence intensity of FM4-64 challenged protoplasts in the
presence of different MW-F concentrations.

casionally contained isolated MW-F (Figure 3F,G), possi-
bly due to direct penetration from the cytoplasm, or
very rarely enclosed aggregates of MW-F inside the
large endosomes (Figure 2H and the confocal image in
Figure 2A). Taken together, our TEM results clearly dem-
onstrated an inhibition of the endocytosis cycle by
MW-F. It is important to underline that sometimes CNTs
have the tendency to aggregate in solution. On the ba-
sis of this phenomenon, our present findings, and find-
ings of previous studies,???* we propose that MW-F
nanoaggregates cannot penetrate the plasma mem-
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Figure 3. TEM characterization of cell uptake of MW-F. C.
roseus protoplasts were incubated with MW-F (0.06 mg/
mL) at 25 °C for 3 h. (A—D) Localization of MW-F in the cy-
toplasm. (E—H) Characterization of the organelles of the
endosomal pathway. The arrows indicate the cell struc-
tures or MW-F. Scale bar: 500 nm. A zoomed-in view of
the endosomal area of panel H is illustrated in Support-
ing Information, Figure S7.

brane and therefore increase the tonicity of the sur-
rounding protoplasts medium. Such tonicity should
preclude a fast rate of endocytosis. Meanwhile, MW-F
can miss the endosomal cycle and diffuse into the cyto-
plasm via direct penetration. The direct penetration
mode is indeed advantageous for biomolecular deliv-
ery because it avoids the drawbacks of endocytosis
such as endocytic degradation and targeting ineffi-
ciency. Of note, other investigations of nanomaterials
uptake by plant cells have identified endocytosis as the
main mechanism of entry. For example, quantum dots'”
and SWCNTs' were rapidly endocytosed into walled
plant cells within 2 h, while silica nanoparticles'® and
polystyrene nanospheres'” were endocytosed by
protoplasts.

Subcellular Distribution of (NTs. Because of the direct
penetration into cells, single MW-F were frequently ob-
served in the cytoplasm (Figure 3C—E and Supporting
Information, Figure S4). The accumulation of isolated
MW-F increased their chance to enter different subcel-
lular structures. Although single MW-F could be seen in-
side many organelles, three main compartments were
identified as target sites (i.e., cell vacuole, plastids, and
the nucleus). MW-F of different lengths have been iden-
tified inside the vacuoles with some of them appear-
ing in sectional views (Figure 4A, Figures S3B—D, S8).
The plastids, the sites for photosynthesis and starch ac-
cumulation, were also penetrated by MW-F (Figure 4B,
Figure S9). The cell nucleus consists of a double layered-
membrane that encloses important genetic informa-
tion about the cell. This membrane is impermeable to
most molecules except those that are able to penetrate
through nuclear pores.?”” TEM examination identified
MW-F inside the nucleus; some of them were observed
to have deeply penetrated the nucleus and to be local-
ized in the perinucleolar region (Figure 4C, Figures S10
and S11). These results documented the first direct ob-
servation of MWCNTs located in important organelles
such as the nucleus and plastids of plant cell.

Preferential Uptake and Distribution of (NTs. We next mea-
sured the lengths of individual nanotubes that were
taken up by cells after 3 h. Approximately 100 nano-
tubes with proper orientations were measured and the
histogram was generated (Figure 5A). The average
lengths of MW-F in cells were around 100 nm. We exam-
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Figure 4. TEM characterization of cellular distribution of MW-F. C. roseus protoplasts were incubated with MW-F (0.06 mg/
mL) at 25 °C for 3 h. A. Localization of MW-F inside the cell vacuole (black arrows). B. Localization of MW-F inside the plas-
tids. The rounded dark structures represent the starch granules. C. Localization of MW-F inside the cell nucleus. The arrows in-
dicate the cell structures or MW-F. Scale bar: 500 nm.
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Figure 5. Distribution of MW-F in C. roseus protoplasts. (A) Length distribution of MW-F inside protoplasts after 3 h incuba-
tion at 25 °C. The histogram was generated based on counting approximately 100 individual MW-F with proper orientations.
(B) A model for cell uptake and distribution of MW-F in C. roseus protoplasts. The presence of MW-F nanoaggregates in-
creases tonicity of the cell medium. The cell responds by delaying the endocytosis cycle giving a chance for individual nan-
otubes of varying lengths to penetrate the cell membrane and to miss the endosomal cycle. Individual tubes located in en-

dosomal structures are attributed to direct penetration of their

membranes. MW-F < 100 nm are localized predominantly in

the nucleus, plastids, and vacuoles while longer MW-F can be found in all cell organelles.

ined ~60 TEM micrographs from random transverse
sections of 3 independent protoplast cultures treated
with MW-F and then only counted those tubes with ap-
propriate orientations while oblique and rounded par-
ticles were excluded. The nanotube length distribution
therefore represented the best approximation on the
basis of our TEM results. The data demonstrated that
shorter MW-F had a stronger ability to penetrate proto-
plast plasma membranes. Through our careful examina-
tion of TEM micrographs, we noticed a size-dependent
distribution of short MW-F inside organelles. While, long
MW-F (>200 nm) were observed inside most subcellu-
lar structures, short MW-F (30—100 nm) were only ob-
served inside vacuoles, nucleus, and plastids. Other or-
ganelles such as endoplasmic reticulum and
mitochondria were observed either intact or penetrated
by longer MW-F (Supporting Information, Figure S12).
These findings indicated that tonoplast (vacuolar mem-
brane), nuclear membrane, and plastid membrane were
penetrable by MW-F within the aforementioned size
limit of about 30—100 nm, while the membranes of
other organelles seem to hamper the passage of short
MW-F. We thought that the physical insertion and diffu-
sion were the most plausible penetration mechanisms
of longer MW-F. This differential penetrability of short
MW-F offer us an essential strategy for targeting cyto-
plasm, plastids, and nuclei of plant cells using MWCNTs
as a delivery vehicle. Figure 5B illustrates the endoso-
mal cycle as well as the distribution of individual MW-F
of different lengths in various cell organelles. Although

EXPERIMENTAL SECTION

Carbon Nanotubes. >Purified multiwalled carbon nanotubes
(MWCNTs) were purchased from Nanostructured & Amor-
phous Materials Inc. (Houston, TX). Regular MWCNTSs used in
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MW-F occupied many subcelluar organelles, concentra-
tions as high as 0.06 mg/mL showed very little toxicity
(Supporting Information, Figure S13).

CONCLUSION

We have studied, for the first time, the capacity of
MWCNTSs to traverse across a plant cell membrane via
a direct penetration mechanism rather than endocyto-
sis. In plants, endosomal and recycling pathways often
result in degradation and a decrease of the cytoplasmic
concentration of the endocytosed materials. Accord-
ingly, missing the plant endocytosis cycle is of particu-
lar importance for delivery of biomolecules. The direct
penetration mode associated with the especially slow
endocytosis rate in a nanotube medium induces
MWCNT to escape from endosomes. This phenom-
enon holds a great promise in designing endosomes-
escaping nanotransporters for plant cells based on
MWCNTSs. Moreover, we observed a size dependent
translocation of MWCNTSs into important cellular struc-
tures including the nucleus and plastids. This can be
used effectively to deliver molecular cargos into spe-
cific compartments; this is a property that we expect to
have a significant impact on both plant cell biology
and transformation technologies. The study of the inter-
nalization and distribution mechanism of CNTs in plant
cells, and the exploration of further novel behaviors de-
serve further studies.

this study were 95% pure, stock no. 1240XH. Outer average
diameter was between 20 and 30 nm, and length between
0.5 and 2 wm before oxidative treatment. The oxidation and
functionalization of the nanotubes with the fluorescent
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probe (FITC) were performed as described by Gaillard
et al.'®

Plant Material. Catharanthus roseus cell suspension culture
was initiated in Murashig and Skoog medium with minimal or-
ganics (MSMO, Sigma, St. Louis, MO) supplemented with 1 uM
2,4-diphenoxy acetic acid and 1 pM kinetin. Culture flasks were
put in a shaker operated at 130 rpm and incubated at 25 °C in
dark. After 4 days of cultivation, the cells were used for proto-
plasts isolation.

Protoplast Isolation. All chemicals were purchased from Sigma
(St. Louis, MO). All steps were carried out under aseptic condi-
tions. Suspension cultured C. roseus cells were separated from
the growth medium by filtration and were washed twice in fresh
MSMO medium. Cells were resuspended in protoplast digest/
wash solution (D/W) containing 4% (W/V) Cellulase. A 50 mL por-
tion of the resuspended culture was poured in into 100 mL flask,
and the flask was placed in a shaker operated at 100 rpm at
room temperature for 4 h. Protoplasts were separated from in-
tact cells by passing them through a cell strainer (BD Falcon; 70
pm Nylon) and then centrifuged at 1000 rpm for 5 min. The pro-
toplast pellet was washed three times with D/W medium.

Incubation of Protoplasts with MW-F. A 0.5 mL portion of proto-
plast suspension (50000 cell/mL) in D/W medium was trans-
ferred to a 4-well LabTek chamber. A 100 p.L portion of MW-F
at different concentrations was added to the protoplast suspen-
sion, and then the cells were incubated in the dark at either 25
or 4 °C for 3 h. After incubation, the cells were washed three
times with D/W, and then resuspended in D/W for confocal im-
aging or TEM observations.

Confocal Microscopy Imaging of Plant Cells. A 300 p.L aliquot of pro-
toplast suspension was placed in glass bottom dishes (Matsu-
nami, JAPAN). Protoplasts live cell images were taken using 10X
and 40X objectives lenses on a laser scanning confocal micro-
scope (Olympus, FV1000) equipped with a multiline Ar laser (458,
488, 515 nm), a HeNe(G) laser (543 nm, 1T mW) and an AOTF la-
ser combiner plus a set of ion deposition and barrier filters. Im-
ages were acquired and analyzed using Fluoview software. To
calculate the mean fluorescence intensity, the fluorescence in-
tensities of cells (about 300 protoplasts) were averaged.

Protoplast Staining with FM4-64 Dye. FM4-64 dye (Invitrogen, Mo-
lecular Probe) was dissolved in cold phosphate buffer (pH = 7)
at a concentration of 5 pwg/mL; 10 pL of FM4-64 was added to
300 plL of protoplast suspension with MW-F and then incubated
for 1 h unless otherwise stated.

Protoplast Viability Testing. Protoplasts viability was evaluated
using plant cell viability assay kit (Sigma, St. Louis, MO) follow-
ing the accompanying protocol.

Transmission Electron Microscopy. C. roseus protoplasts were
treated with 0.4 mg/mL MW-F for 3 h. The protoplasts were
then fixed in 4% glutaraldehyde in D/W medium for 1 h at room
temperature and then in a refrigerator overnight. After rinsing
with 0.05 M potassium phosphate buffer (pH 7.0), the cells were
postfixed in 2% osmium tetroxide for 1 h. They were then dehy-
drated through a graded series of acetone and embedded in
Spurr’s resin. Ultrathin sections (approximately 90 nm in thick-
ness) were cut with a diamond knife on an ultramicrotome (Le-
ica ultracut S). After the sections were stained with uranyl acetate
and lead citrate, they were observed in a JEOL JEM 2100F TEM
at an accelerating voltage of 200 kV. Images were taken on a Ga-
tan 1k X 1k CCD Camera.
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