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Abstract

Key message PLGA NPs’ cell uptake involves different
endocytic pathways. Clathrin-independent endocytosis
is the main internalization route. The cell wall plays a
more prominent role than the plasma membrane in
NPs’ size selection.

Abstract In the last years, many studies on absorption and
cell uptake of nanoparticles by plants have been conducted,
but the understanding of the internalization mechanisms is
still largely unknown. In this study, polydispersed and
monodispersed poly(lactic-co-glycolic) acid nanoparticles
(PLGA NPs) were synthesized, and a strategy combining
the use of transmission electron microscopy (TEM), con-
focal analysis, fluorescently labeled PLGA NPs, a probe for
endocytic vesicles (FM4-64), and endocytosis inhibitors
(i.e., wortmannin, ikarugamycin, and salicylic acid) was
employed to shed light on PLGA NP cell uptake in
grapevine cultured cells and to assess the role of the cell
wall and plasma membrane in size selection of PLGA NPs.
The ability of PLGA NPs to cross the cell wall and
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membrane was confirmed by TEM and fluorescence
microscopy. A strong adhesion of PLGA NPs to the outer
side of the cell wall was observed, presumably due to
electrostatic interactions. Confocal microscopy and treat-
ment with endocytosis inhibitors suggested the involve-
ment of both clathrin-dependent and clathrin-independent
endocytosis in cell uptake of PLGA NPs and the latter
appeared to be the main internalization pathway. Experi-
ments on grapevine protoplasts revealed that the cell wall
plays a more prominent role than the plasma membrane in
size selection of PLGA NPs. While the cell wall prevents
the uptake of PLGA NPs with diameters over 50 nm, the
plasma membrane can be crossed by PLGA NPs with a
diameter of 500-600 nm.

Keywords Microfluidics - Polymeric nanoparticles - Cell
cultures - Endocytosis - Vitis vinifera

Abbreviations

PLGA Poly(lactic-co-glycolic) acid nanoparticles

NPs

TEM Transmission electron microscope

FM4-64  N-(3-triethylammoniumpropyl) -4-(6-(4-
(diethylamino) phenyl)hexatrienyl)pyridinium
dibromide

ACN Acetonitrile

HPLC High-performance liquid chromatography

Cu6 Coumarin 6

CFM Continuous flow microfluidic

OBM Osmosis-based methodology

DLS Dynamic light scattering

Pdl Polydispersity index

SEM Scanning electron microscopy

DMSO Dimethylsulfoxide

NAA a-Naphthaleneacetic acid
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KIN Kinetin
PI3K Phosphatidylinositol 3-kinase
Background

In the last decades, many studies have been carried out on
the ability of nanomaterials to interact with eukaryotic
cells. Currently, this ability is mainly exploited for nano-
medicine applications, to deliver bioactive molecules to
animal cells (Couvreur 2013 and references cited therein
Chronopoulou et al. 2015), and only recently researchers
have begun to explore the potential of nanocarriers in the
field of plant biology (Wang et al. 2016). In the near future,
the development of nanoparticles (NPs) to use in agricul-
ture and plant research will most likely allow several new
applications, ranging from treatments with pesticides and
fertilizers to the delivery of nucleic acids for genetic
transformations (Gonzalez-Melendi et al. 2008). The abil-
ity to specifically deliver selected bioactive molecules to
plant cells could play an important role in developing new
products and strategies for agro-food applications (Mura
et al. 2013).

The cell uptake of NPs has been mainly studied in
animal systems (for a review, see Kettler et al. 2014).
Different endocytic pathways seem to be responsible for
the internalization of NPs in animal cells, including
phagocytosis, macropinocytosis, clathrin-mediated, and
cavaeole-mediated endocytosis. However, these results
cannot be used to model the internalization in plant cells,
due to the presence of the cell wall, an additional barrier
outside the plasma membrane.

Several mechanisms have been proposed for the uptake
of NPs in plant cells (e.g., by binding to carrier proteins,
through aquaporins, ion channels, creating new pores, or by
binding to organic chemicals in the environmental media)
(Rico et al. 2011). TEM analyses carried out on grapevine
cells in our previous work (Valletta et al. 2014) suggest
that poly(lactic-co-glycolic) acid nanoparticles (PLGA
NPs) are internalized by endocytic vesicles.

Endocytosis in plants has been neglected until the early
2000s because of the erroneous belief that the turgor
pressure generated by the vacuole could prevent the for-
mation of endocytic vesicles (Aniento and Robinson 2005;
Robinson et al. 2008). Endocytosis in plants has been
definitively demonstrated using amphiphilic styryl dyes,
primarily FM4-64, which inserts into the plasma membrane
and then moves to the tonoplast (Bolte et al. 2004; Meckel
et al. 2004).

As well known, in plant cells, endocytosis plays a cru-
cial role in several vital processes, such as protein transport
(Lam et al. 2005), membrane recycling (Geldner and Jur-
gens 2006), cell signaling (Holstein 2002), as well as
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internalization of cell wall (gamaj et al. 2005) and external
soluble components (Botha et al. 2008; Onelli et al. 2008).
However, the vast majority of the studies performed to date
have focused on clathrin-dependent endocytosis, and very
limited evidence on clathrin-independent pathways is
available (Moscatelli et al. 2007; Etxeberria et al. 2009;
Sandvig et al. 2008; Bandmann and Homann 2012).

In particular, in the studies on endocytosis in plant cells,
FM4-64 has often been used as a general endocytic tracer
(Leborgne-Castel et al. 2008). Nevertheless, several
authors have observed that this probe has a high specificity
for the clathrin-coated vesicles (Dhonukshe et al. 2007,
Pérez-Gomez and Moore 2007; Leborgne-Castel et al.
2008; Bandmann and Homann 2012), and it has conse-
quently been used as a marker of clathrin-dependent
endocytosis (Bandmann and Homann 2012). To the best of
our knowledge, specific markers for non-clathrinic endo-
cytic vesicles are not currently available. A strategy
employed in a recent study makes use of the clathrin-de-
pendent endocytosis inhibitors wortmannin and ikar-
ugamycin for the monitoring of the non-clathrin uptake of
fluorescent-labeled polystyrene nanobeads into tobacco
BY2 cells (Bandmann and Homann 2012).

It has been shown that the ability of NPs to penetrate the
plant cells and tissues depends on both the plant species
and NP composition (Valletta et al. 2014 and literature
therein cited). The cellular uptake also depends on NP size,
in relation with the diameter of cell wall pores and endo-
cytic vesicles. Several studies show that cell wall and
plasma membrane are selective barriers that allow the entry
into the plant cell only to NPs within a specific size range
(for reviews, see Ma et al. 2010; Schwab et al. 2016; Tri-
pathi et al. 2017). Bandmann and Homann (2012)
demonstrated that the cell wall prevents the uptake of
nanobeads with a diameter greater than 100 nm in BY-2
tobacco cells, while protoplasts (cells whose walls have
been removed via enzymatic digestion) are able to inter-
nalize nanobeads with a diameter of up to 1000 nm. Serag
et al. (2010) investigated the uptake of multiwalled carbon
nanotubes (MWCNTSs) in Catharanthus roseus protoplasts
and observed that while MWCNTs with dimensions up to
600 nm could cross the plasma membrane, only MWCNTs
smaller than 100 nm could enter plastids, vacuole, and
nucleus. Studies like these point out the differences in the
selectivity of cell wall and biological membranes. In a
recent review, the size exclusion limits of barriers for the
uptake and transport of NPs, resulting from the studies
currently available, are reported (Wang et al. 2016). A
deeper knowledge of these limits is of great interest, both
for basic and applied research. Regarding the delivery of
bioactive substances in plants, such knowledge would
make it possible to design NPs according to the type of
cargo and the cell target. NPs with dimensions below the
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size exclusion limit imposed by cell wall and/or plasma
membrane would be suitable for the delivery of molecules,
such as elicitors, targeted to plant cells. Conversely, NPs
with dimensions above the size exclusion limit would be
preferable for substances, such as antimicrobial agents, that
should be released outside plant cells.

In a previous work on grapevine cells (Valletta et al.
2014), we demonstrated the ability of PLGA NPs to pen-
etrate into grapevine cells. In the present study, we
employed microfluidic and bulk nanoprecipitation
methodologies to fabricate fluorescent-labeled PLGA NPs
in the size range from 30 nm to 1 pm. We investigated in
depth the ability of PLGA NPs of different sizes to cross
the cell wall and membrane. We conducted several uptake
experiments on Vitis vinifera L. cv. Italia cultured cells,
combining the use of transmission electron microscopy
(TEM), confocal analysis, fluorescent PLGA NPs, a
specific probe for endocytic vesicles (FM4-64), and endo-
cytosis inhibitors (i.e., wortmannin, ikarugamycin and
salicylic acid) to investigate the mechanism involved in
cell internalization and to assess the role of plant cell wall
and plasma membrane in the size selection of PLGA NPs.

Materials and methods
Materials

Poly(D,L)-lactic-co-glycolic acid (PLGA, lactide: glycol-
ide 50:50, MW 50 kDa), acetonitrile (ACN) for HPLC,
ultrapure water for HPLC, cellulose dialysis membranes
(MW cutoff 14 kDa), coumarin 6 (Cu6) (98%), and all
other chemicals were purchased from Sigma-Aldrich (Mi-
lan, Italy) and used as received. Zero-Dead Volume Valco
Internal cross stainless steel Union bore, stainless steel
capillary Tubings, and PEEK Tubings were purchased
from Restek (Bellefonte, PA, USA) and used to assemble a
microfluidic device, as reported previously (Bramosanti
et al. 2017).

Synthesis of fluorescent PLGA NPs

For the preparation of empty and Cu6-loaded PLGA NPs
(Cu6-PLGA NPs) smaller than 200 nm, we used a
microfluidic approach. PLGA (1 mg mL_l) and Cu6 (ratio
1/50 w:w) were dissolved in the ACN organic phase and
injected in the microfluidic device (Fig. 1), in which water
was chosen as the continuous phase. No precipitates were
formed in the microchannels during flow-focusing experi-
ments. The organic solvent was finally removed by evap-
oration under reduced pressure. Cu6-PLGA NPs and blank
PLGA NPs bigger than 200 nm were prepared using a
patented osmosis-based methodology (OBM)

Fig. 1 Schematic diagram of the continuous flow microfluidic (CFM)
reactor system used for the synthesis of PLGA NPs. The system
consists of three inlets and one outlet (¢) connected by a cross
junction (d), creating a hydrodynamic flow-focusing with a central
stream of dispersed phase (b) and two side streams of continuous
phase (a, a’). The width of the focused central stream (R) can be
varied by altering the volumetric flow rates of the three inlets or the
internal dimensions of the mixing channel

(Chronopoulou et al. 2009). Briefly, PLGA (5 or
10 mg mL™") and Cu6 (ratio 1/50 w:w) were dissolved in
DMSO. The obtained solution was transferred in a dialysis
bag and immersed in H,O. According to preliminary
investigations, the osmotic equilibrium was reached after
approximately 72 h. For both methodologies, the nanos-
tructured polymer was recovered by centrifugation
(14,000 rpm for 20 min), washed several times with non-
solvent solution, centrifuged, and freeze-dried.

Chemico-physical characterization of PLGA NPs

Dynamic light scattering (DLS) using a Malvern Nano ZS
instrument was employed to evaluate size, polydispersity
index (PdI), and C-potential of the obtained NPs. Two mL
of the produced PLGA NPs, suspensions were collected
and used for microscopy analysis and size characterization.
Measurements were performed in triplicate. Particle mor-
phology was observed by scanning electron microscopy
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(SEM) in both the secondary and the backscattered electron
modes, using an LEO 1450VP SEM microscope.

Evaluation of Cu6 loading in PLGA NPs

Cu6 content of PLGA NPs was measured using a spec-
trophotometric method. Cu6-loaded PLGA NPs were dis-
solved in dimethylsulfoxide (DMSO), and then, the Cu6
content was determined by measuring the absorbance of
the solution at A = 467 nm and comparing it with a cali-
bration curve.

Cell cultures and protoplast isolation

Cell suspension cultures of V. vinifera cv. Italia were
obtained as reported by Santamaria et al. (2012) with slight
modifications. Briefly, 3 g fresh weight (FW) of callus
were inoculated in a 100 mL flasks containing 20 mL
liquid B5 medium supplemented with 0.2 mg L™' a-
naphthaleneacetic acid (NAA), 1 mg L~! kinetin (KIN),
and 2% (w/v) sucrose, adjusted to pH 5.7 with NaOH 1 M.
Subculturing was done every 20 days by transferring 3 g
FW of suspended cells into 20 mL of fresh medium. Cell
suspension cultures were maintained on a rotary shaker at
100 rpm under continuous darkness. Protoplasts were iso-
lated as described by Fan et al. (2001) and stored in wash
solution at 5 °C until use.

Endocytosis inhibitor treatment

Grapevine cells were inoculated in a sucrose-free culture
medium (3 g FW in 20 mL). After 48 h of sucrose star-
vation, the cells were transferred in a fresh medium con-
taining 2% (w/v) sucrose. The three specific endocytosis
inhibitors wortmannin, ikarugamycin, and salicylic acid
(all purchased from Sigma-Aldrich, Milan, Italy) were
added to cell suspensions to a final concentration of 30, 10,
and 100 puM, respectively. Cells were incubated with
endocytosis inhibitors for 30, 60, 120, and 240 min,
480 min and 24 h before being subjected to microscopic
analysis.

Administration of PLGA NPs

PLGA NPs were administered to cell cultures as reported
by Valletta et al. (2014) with slight modifications. Briefly,
freeze-dried Cu6-PLGA NPs were cold suspended by
sonication in distilled water for 2 h. In all the experiments,
Cu6-PLGA NPs were added to the liquid culture media at a
final concentration of 15 mg L™'. The observations were
carried out 20-30 min after PLGA NPs’ administration.
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Fluorescence analysis

The localization of Cu6-PLGA NPs into V. vinifera sus-
pended cells and protoplasts was visualized with an epi-
fluorescence microscope apparatus described elsewhere
(Valletta et al. 2014), fitted with a blue filter (Aexcitation
386 nm; Aemission 490 nm). To label the plasma membrane
and to monitoring the endocytic vesicle formation, cells
and protoplasts were incubated at room temperature in
10 uM FM4-64 (Invitrogen, Dermstadt, Germany) for at
least 10 min. Confocal analyses were carried out using a
BD Carv II confocal microscope (BD Biosciences, San
Jose, CA, USA) mounted on a Nikon Eclipse TE2000-U
microscope with the MetaMorph 7.6 software (Universal
Imaging, West Chester, PA). Excitation of FM4-64 was
achieved with the 568 nm excitation line, with the resulting
fluorescence observed using a 664—696 nm bandpass filter.
Excitation of Cu6 was achieved with the 459 nm excitation
line, with the resulting fluorescence observed using a
496-528 nm bandpass filter. Images were imported into
BiolmageXD 1.0 (r1799) (Kankaanpiid et al. 2012) and
fluorescent signals for FM4-64 and Cu6 thresholded.
Subsequently, the amount of co-localization coefficients
was calculated using the BiolmageXD co-localization tool.
Statistical significance of the results from four independent
experiments was evaluated by paired Student’s 7 test,
considering significant difference with P values <0.05.

Transmission electron microscopy analysis

To confirm the involvement of endocytosis in cell uptake
of PLGA NPs, to verify their accumulation into the cells,
and to visualize their subcellular localization, V. vinifera
cells were subjected to TEM analysis. Briefly, 20-30 min
after the administration of monodisperse (30 nm @) or
polydisperse (30-220 nm @) PLGA NPs, cells were col-
lected by centrifugation (100xg for 10 min at 4 °C) and
fixed for 24 h in 0.1 M cacodylate buffer containing 3%
glutaraldehyde at 4 °C. The cells were post-fixed with 1%
of osmium tetroxide in 0.1 cacodylate buffer for 2 h at
4 °C, dehydrated through an ethanol series (25, 50, 75, and
100%), and then embedded in araldite resin. An ultrami-
crotome was used to prepare thin sections, which were
stained with uranyl acetate and lead citrate and observed
with an FEI TECNAI operating at 120 kV. For each
sample, 30 micrographs coming from sections of three
different resin blocks were examined.
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Results and discussion
Synthesis of fluorescent PLGA NPs

The microfluidic reactor employed for NP preparation is an
efficient and versatile reactor recently assembled in our
laboratory. According to previously reported results (Bra-
mosanti et al. 2017), by reducing the diameter of the
mixing channel in which nanoprecipitation occurs and by
modulating some physico-chemical parameters (i.e., flow
of the dispersed and continuous phases), NP diameter can
be modulated. Using this microfluidic approach, we pre-
pared three sets of monodisperse NPs with the following
sizes: 30, 80, and 150 nm (Table 1).

PLGA NPs were loaded with Cu6 to make them fluo-
rescent. The amount of Cu6 entrapped within PLGA NPs
was 20 pg mg~'. The very low probe solubility in aqueous
systems as well as the adsorption on PLGA NPs are
responsible of the high amount of Cu6 entrapped within the
polymeric matrix (almost 100%). SEM investigations
showed a spherical morphology for PLGA NPs, as shown
in Fig. 2.

DLS measurements carried out on PLGA NPs, synthe-
sized with or without the fluorescent probe under the same
experimental conditions, and showed that the presence of
Cu6 did not modify significantly the dimensions and size
distribution of NPs (see supplementary material Fig. S1).
PLGA NPs obtained by OBM methodology (Chronopoulou
et al. 2009) had a broad size distribution, as evidenced by
DLS and SEM measurements (Fig. 2d).

To obtain materials with lower polydispersity and
appropriate diameters, samples obtained with OBM
methodology were filtered using nitrocellulose filters (0.8,
0.45, and 0.22 pm). PLGA NPs were recovered from the
filter, washed, and redispersed in distilled water by soni-
cation. This downstream procedure has allowed to obtain
PLGA NPs with mean diameters of 300, 540, and 1000 nm
(Table 2 and supplementary material Fig. S2). The {-po-
tential for all samples fell within the range between —25
and —35 mV, indicating a good stability of the colloidal
systems.

Table 1 Operational parameters of CFM

Internalization of PLGA NPs in V. vinifera cells
and protoplasts

Cu6-PLGA NPs of different sizes were administered to
grapevine cell suspension cultures. To stimulate endocy-
tosis, the cells were previously subjected to a period of
starvation and then supplied with sucrose. Cell starvation
has been used in several studies to stimulate endocytosis in
the plant cell (Yamada et al. 2005; Etxeberria et al. 2005).

In this study, grapevine cells were incubated with dif-
ferent suspensions of Cu6-PLGA NPs and then examined
by fluorescence microscopy. The green Cu6 signal was
observed only into the cells incubated with polydisperse
suspension of Cu6-PLGA NPs with diameter ranging from
30 to 220 nm or with monodisperse suspensions of Cu6-
PLGA NPs with a diameter of 30 nm. This results are in
agreement with a previous study, in which we observed
that only PLGA NPs with a diameter <50 nm are able to
penetrate into grapevine cells (Valletta et al. 2014).

The ability of small PLGA NPs to cross the cell wall and
membrane was confirmed by TEM analysis: administered
NPs first sticked to the outer surface of the cell wall
(Fig. 3a), before crossing the wall (Fig. 3b), localizing in
the space between cell wall and plasma membrane
(Fig. 3c), being then internalized by membrane vesicles
(Fig. 3d). These observations suggest that internalized
PLGA NPs are able to creep into the matrix spaces of the
cell wall. The width of the cell wall pores has never been
determined in grapevine cultured cells; however, in other
plant species, their diameter appears to range between 5
and 20 nm (Fleischer et al. 1999; Nair et al. 2010). This
observation suggests that the diameter of cell wall pores in
grapevine cultured cells is greater than that observed in
other species although of the same order of magnitude.
This difference is not surprising, as the size dynamics of
cell wall pores can vary depending on many factors,
including the plant species, cell type, degree of develop-
ment, and physiological state of the cell. Moreover, cell
wall texture in cultured cells is less dense and less struc-
turally organized, contributing to increase the space size in
walls. In addition, it has been hypothesized that certain NPs
may interact with the cell wall, inducing an enlargement of

NPs size (nm) PdI (polydispersity Index)

Microchannel i.d. (mm)

Flow ratio R = (Yore/Vwater) Mixing time

(s) (Bramosanti et al.

2017)
30+ 11 0.088 0.130 0.05 0.005
80 & 32 0.102 0.254 0.05 0.021
150 £ 56 0.091 0.254 0.2 0.255

Mean diameters and PdI values of the obtained NPs. All data were calculated from the mean values obtained for at least three samples. The
statistical error was reported as the standard deviation obtained from DLS measurements
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Fig. 2 SEM micrographs of
Cu6-PLGA NPs prepared by the
microfluidic flow-focusing
methodology (a—c). a Capillary
i.d. 0.130 mm, R = 0.05, scale
bar = 200 nm; b capillary i.d.
0.254 mm, R = 0.05, scale

bar = 300 nm; c¢ capillary i.d.
0.254 mm, R = 0.2, scale

bar = 100 nm; and d SEM
micrograph of Cu6-PLGA NPs
synthesized by OBM, scale
bar = 2 pm

Table 2 Size and polydispersity of NPs obtained by OBM

NPs size (nm) (before filtration)  PdI (before filtration)

NPs size (nm) (after filtration)

PdI (after filtration) PLGA Conc (mg mL™Y)

372 £ 86 0.533 300 £+ 53 0.113
418 + 117 0.629 540 £ 72 0.096
841 £ 308 0.786 1000 + 168 0.109 10

All data were calculated from the mean values obtained for at least three samples. The statistical error was reported as the standard deviation

obtained from DLS measurements

the existing pores or the formation of new pores (Navarro
et al. 2008; Ma et al. 2010).

In accordance with Bandmann and Homann (2012) and
Valletta et al. (2014), in grapevine, cells PLGA NP-con-
taining vesicles were observed exclusively in the cytoplasm.
It was not possible to detect PLGA NPs inside the vacuole,
neither with fluorescence microscopy nor with TEM and this
suggests that NPs are not able to cross the tonoplast. Several
studies have shown that the intracellular fate of NPs not only
depends on the plant species, but also on the features of NPs,
such as shape and size or chemical composition (Etxeberria
et al. 2006; Liu et al. 2009; Ma et al. 2010; Bandmann and
Homann 2012; Valletta et al. 2014). An individual plant cell
may contain functionally distinct types of vacuoles, includ-
ing lytic vacuoles that perform a general degradation
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function. In the perspective to use PLGA NPs as nanocar-
riers for the delivery of bioactive compounds in plants, it
would be preferable if they were not directed to the lytic
vacuole, where their cargo could be degraded before having
exerted its biological activity.

In plant cells, the cargo internalized into the clathrin-
coated vesicles is often destined to the lytic vacuole, via the
trans-Golgi network, early endosomes and multivesicular
bodies (daSilva et al. 2005; Robinson and Pimpl 2014; Fan
et al. 2015). Probes such as FM4-64 are able to specifically
label the clathrin-coated vesicles (Dhonukshe et al. 2007;
Pérez-Gomez and Moore 2007; Leborgne-Castel et al.
2008; Bandmann and Homann 2012). By means of con-
focal microscopy, we have separately acquired the red
fluorescence emitted by FM4-64 (corresponding to
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Fig. 3 TEM micrographs of
grapevine cells incubated with a
monodisperse PLGA NPs
population (30-50 nm).

a PLGA NPs adherent to the
outer side of the cell wall;

b PLGA NPs crossing the cell
wall (white arrows); ¢ PLGA
NPs accumulated within the
space between cell wall and
plasma membrane; d an NP-
containing vesicle. Scale bars in
a—c represent 200 nm and in

d 100 nm

clathrin-coated endocytic vesicles) and the green fluores-
cence emitted by Cu6 (corresponding to PLGA NP-con-
taining vesicles) and we have evaluated the degree of co-
localization (Fig. 4). In grapevine cells incubated with
Cu6-PLGA NPs and simultaneously treated with FM4-64,
vesicle bodies were frequently observed, in which the
green and the red signals did not overlap. In these cells, it
was recorded a highly variable co-localization rate from
one cell to another, from 5 to 30% with a mean rate of 17%
and a variance of 5.59 x 107>. This result suggests that
PLGA NP uptake in grapevine cells largely follows the
clathrin-independent endocytic route, and only secondarily
the clathrin-dependent endocytic route. This agrees with
the results obtained by Bandmann and Homann (2012) with
polystyrene nanobeads and tobacco-cultured cells.

To further confirm the involvement of the clathrin-in-
dependent endocytic pathway in PLGA NP uptake, another
set of experiments was carried out on grapevine in vitro-
grown cells treated with the endocytosis inhibitors wort-
mannin, ikarugamycin, and salicylic acid. Wortmannin is a
steroid compound of fungal origin, which has been widely
used in plant cell biology to inhibit endocytosis. It is a very
potent, specific, and irreversible phosphatidylinositol
3-kinase (PI3K) inhibitor in both animal and plant cells
(Aniento and Robinson 2005). It has been recently

demonstrated that wortmannin interfere with the distribu-
tion and dynamics of clathrin-coated pits on the plasma
membrane (Ito et al. 2012 and literature therein cited), and
consequently, it has been used as specific clathrin-depen-
dent endocytosis inhibitor (Bandmann and Homann 2012).
Ikarugamycin is an antibiotic isolated from Streptomyces
sp., which has been shown to have antiprotozoal activity
(Elkin et al. 2016). It is a selective, potent and acute
inhibitor of clathrin-mediated endocytosis on plant cells
(Moscatelli et al. 2007; Onelli et al. 2008; Elkin et al. 2016;
Bandmann and Homann 2012). Salicylic acid is a phenolic
compound involved in a broad range of biotic and abiotic
stress responses, including immunity, defense-related cell
death, and systemic acquired resistance (Vlot et al. 2009).
Recently, it has observed that salicylic acid inhibits cla-
thrin-mediated endocytosis in Arabidopsis thaliana (Du
et al. 2013). The impact of this compound on clathrin-
dependent endocytosis is not connected to the traditional
signaling transduction pathway for transcription regulation,
but instead involves its effect on the recruitment of clathrin
on the plasma membrane: salicylic acid significantly
reduces the incidence of clathrin light and heavy chain on
the plasma membrane, suggesting that it affects endocy-
tosis through clathrin (Du et al. 2013; Fan et al. 2015).
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Fig. 4 Endocytic uptake of

30 nm Cu6-PLGA NPs into ZE TN
grapevine cells 20 min after the . AN
addition of PLGA NPs and "
FM4-64. Fluorescent images of

grapevine cells observed in f Sl

bright field (a) and under blue f s 'Y
light (b—d), and quantitative
analysis of co-localization of
Cu6 (PLGANPs) and FM4-64 \
(clathrin-coated vesicles) as a N
scatter diagram (BiolmageXD
1.0 software) (e). NPs
accumulate in round spots in the
cytosol (b) which partly co-
localize with endocytic vesicles
labeled by FM4-64 (b—e). All
scale bars represent 20 pm

0182

In the present study, grapevine cells pre-treated with
such inhibitors for variable times, from 30 min to 24 h,
were incubated with Cu6-PLGA NPs and then subjected to
fluorescence analysis. None of the treatment suppressed the
uptake of PLGA NPs. In Fig. 5, control cells are compared
with the cells subjected to treatment with inhibitors for
60 min; similar fluorescence patterns were observed in
cells treated for different times (data not shown). This
observation represents a further evidence that clathrin-in-
dependent endocytic route is involved in PLGA NP cellular
uptake in V. vinifera cells, as previously observed for
polystyrene nanobead cellular uptake in BY-2 tobacco cells
(Bandmann and Homann 2012).

In a previous study (Valletta et al. 2014), we observed
that only PLGA NPs smaller than 50 nm were able to
penetrate into grapevine cells. We hypothesized that the
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NP size-selection may be due to the cell wall. To verify this
hypothesis, the FM4-64/Cu6 co-localization experiments
were repeated on grapevine protoplasts incubated with
monodispersed PLGA NPs of different sizes (Fig. 6). In the
absence of the cell wall, PLGA NPs smaller than 540 nm
could penetrate into the protoplasts. In the study by
Bandmann and Homann (2012), tobacco protoplasts could
internalize polystyrene nanobeads of higher sizes, up to
1000 nm. This could be explained with the different sizes
of endocytic vesicles in different species or in different
culture conditions. However, both studies indicate that the
cell wall shows a higher selectivity than the cell membrane.

In the absence of the cell wall, PLGA NPs smaller than
540 nm were able to penetrate into the protoplasts. This
clearly demonstrates that the cell wall is the main barrier
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Fig. 5 Treatment for 60 min

with three clathrin-dependent a

endocytosis inhibitors did not

suppress the cellular uptake of

Cu6-PLGA NPs. Control cells —

(a, b) and cells treated with 8

100 pM salicylic acid (c, d), =

10 pM ikarugamycin (e, f), and 8

30 uM wortmannin (g, h). Cells

observed under bright field (a, c,

e, g) and under blue light (b, d,

f, h). All scale bars represent

50 pm
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that acts selectively on NP uptake as a function of particle
dimensions.

Conclusions

In this study, we experimentally confirmed that the uptake
of PLGA NPs in plant cells follows mainly the clathrin-
independent endocytic pathway, suggesting that they are
not directed to the lytic compartment. The absence of
PLGA NPs into the vacuole was confirmed by fluorescence

and electron microscopy. This finding is particularly
interesting for the application of PLGA NPs as carriers for
the delivery of bioactive compounds into the plants.
Moreover, we highlighted the role of the cell wall and
membrane in NP size selection. PLGA NPs which do not
enter into the cell adhere quite strongly to the cell wall,
probably because of attractive electrostatic interactions.
The knowledge of this size exclusion limit exerted by the
cell wall may allow to modulate NP uptake in agrochem-
ical applications. In fact, NP penetration could be useful for
the delivery of signaling molecules, including plant
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FM4-64

PLGA-NPs

«Fig. 6 Cell wall and the cell membrane are involved in the selection

of sizes of PLGA NPs which can penetrate into the cytoplasm.
Grapevine cells (a) and protoplast (b) observed under bright field. The
treatment with FM4-64 shows that clathrin-dependent endocytosis is
active both in cells (¢) and in protoplasts (d). PLGA NPs with
diameter of 30 nm can penetrate the cells (e), while PLGA NPs bigger
than 30 nm cannot cross the cell wall (g, i, m). PLGA NPs with
diameter up to 540 nm can penetrate into the protoplasts (f, h, 1),
while PLGA NPs bigger than 540 nm cannot cross the cell membrane
(m). All scale bars represent 20 pm

hormones, growth factors, and elicitors. Conversely, NP
permanence on the outer side of the cell wall would be
preferable for the delivery of drugs against pests and
herbivores.
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