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argo delivery into living cells pres-

ents considerable challenge in bio-

logical and medical research. Traditional
delivery strategies' such as viral vectors and
electroporation are random in nature, poten-
tially toxic or traumatic to cells, and do not allow
continuous or repeated delivery of molecules to
the same cells in a culture. Microinjection, albeit
being specific, suffers from low throughput®®
due to its serial nature, requires skilled person-
nel, and is often traumatic to cells. None of these
methods hence facilitates safe, repeated admin-
istration of molecules to the same cells in a
culture.

Recent advances in nanotechnology en-
able new strategies that meet this goal.
They facilitate cargo delivery into living
cells* "% as well as probing of the cell res-
ponse to these cargoes.”> 7 Some promis-
ing techniques use either hollow®'®2! or
solid> 7 10121316.17.22224 515 geometries.
Atomic force microscope (AFM) equipped
with a sharp tip has been used by several
groups to puncture single cells and insert sub-
stances directly into the cytoplasm.'®?*%—3°
Others have attempted to integrate standard
microinjection tools with microfluidic systems,’
or to load cargo into hollow nanostructures,”
and use these structures to later penetrate cells
and release the cargo in the cytoplasm. Simul-
taneous administration of substances to multi-
ple cells in a culture has been addressed
by nanopillar arrays>®*'%'? on which cells were
grown. Solid and hollow carbon nanofibers
have been shown to penetrate cells, """
and silicon nanowires have been used by
several groups>'? to penetrate cells and deliver
cargo.

The techniques listed above were all
"single-shot”, namely, facilitated one-time
administration of preloaded molecules to
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ABSTRACT

We present a novel hollow nanoneedle array (NNA) device capable of simultaneously

delivering diverse cargo into a group of cells in a culture over prolonged periods. The silica

needles are fed by a common reservoir whose content can be replenished and modified in real

time while maintaining contact with the same cells. The NNA, albeit its submicrometer

features, is fabricated in a silicon-on-insulator wafer using conventional, large scale, silicon

technology. 3T3-NIH fibroblast cells and HEK293 human embryonic kidney cells are shown to

grow and proliferate successfully on the NNAs. Cargo delivery from the reservoir through the

needles to a group of HEK293 cells in the culture is demonstrated by repeated administration

of fluorescently labeled dextran to the same cells and transfection with DNA coding for red

fluorescent protein. The capabilities demonstrated by the NNA device open the door to large

scale studies of the effect of selected cells on their environment as encountered, for instance,

in the study of cell-fate decisions, the role of cell-autonomous versus nonautonomous

mechanisms in developmental biology, and in the study of excitable cell-networks.

KEYWORDS: nanoneedles - plasma etching - fabrication - self aligned - hollow -
saponin - NIH3T3 - HEK293 - transfection - administration

cells in a culture. Consecutive administra-
tion of different molecules to the same
group of cells, or even repeated administra-
tion of the same molecules, is cumbersome
with the AFM and microinjection techni-
ques and becomes practically impossible
with the various hollow or solid pillar array
configurations. Two barriers impede the
development of such a capability along
the lines taken in the above studies: Injector
reloading and a method for repeated injec-
tion to the same cells while maintaining
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Figure 1. Nanoneedle array. (a) Schematics of the fabrica-
tion process. (1) Thin silicon membranes were realized in an
SOl wafer using optical lithography and selective etching.
(2) The membranes were perforated where needles were
desired. (3) The perforated membranes were oxidized. (4)
The front oxide layer was removed, exposing the underlying
silicon. (5) The exposed silicon membrane was partially
etched, leaving hollow oxide needles connected to the back
reservoir. (b) Overview of a ca. 100 um x 100 um field of
nanoneedles defined on the silicon membrane. (c) Magni-
fied view of the array presented in panel a reveals the 5 yum
spacing between needles and their height (5 um). (d) Details
of a single silica nanoneedle. (e) Square and triangular
nanoneedles fabricated by a corresponding e-beam pat-
terning and the same fabrication process. Needles of var-
ious cross sections can be mixed on the same die. Scale bars:
(b) 20 um, (c) 3 um, (d) 2 um, (e) 2 um.

their integrity and vitality. The first gap can be miti-
gated by utilizing nanoneedles fed by a reservoir,3%33
but the second challenge requires either repeated
puncturing of multiple cells or fusion of the nanone-
edles with the cell's membrane for prolonged times.
Repeated puncturing is technically complex in the case
of multiple cells treated by an extensive nanoneedle
array while fusion of nanoneedles with the cells might
affect the cells wellbeing over extended periods, not to
mention difficulties in keeping the needles' lumen
clear of clogging by actin and other macromolecules.

In the present manuscript, we offer solution to these
challenges. In the first part, we present a novel fabrica-
tion technique that yields hollow nanoneedle arrays
(NNA) of desired shape, size, and position, all fed by a
common reservoir. The NNA are fabricated by conven-
tional silicon technology, rendering them amenable to
volume production. In the second part, we employ
these arrays to demonstrate repeated administration
of DNA and other biomolecules to the same group of
HEK293 cells in a culture, while maintaining the cells
integrity and viability over prolonged periods. Biomo-
lecules are administered to cells growing on the NNA
by mixing them with the membrane permeation
promoter saponin and applying the solution to the
common reservoir, from which the molecules diffuse
through the needles and reach the cells' cytoplasm.
The needles in our system play several roles: they
serve to improve the membrane permeability in the
presence of saponin, to maintain a concentration
gradient of saponin and target molecules between
the needle's lumen and the bulk solution, and to
direct the target molecules to specific locations in
the culture.
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RESULTS

Nanoneedles Fabrication. The five-step fabrication pro-
cess is outlined in Figure 1a. Details can be found in the
Supporting Information, section S1. First, 10 um thick
silicon membranes are realized in a silicon-on-insulator
(SQI) substrate using optical lithography and wet etch-
ing of the back side of the substrate (Figure 1a-1).
The membranes are then perforated at desired
places (Figure 1a-2) using e-beam lithography and
deep reactive ion etching (DRIE). The perforated mem-
branes are thermally oxidized (Figure 1a-3) to coat the
pores created in the previous stage with silicon diox-
ide. Subsequently, the top oxide layer is removed by
directional plasma etching, exposing the top surface of
the silicon membrane (Figure 1a-4). Finally, the exposed
silicon membrane is thinned down from 10 um to
ca. 5 um using selective ion etching tuned to remove
silicon considerably faster than silica (Figure 1a-5). As the
top surface of the silicon membrane etches away, the
once buried silica coating of the pores turns into hollow
needles extending from the front surface of the thinned
silicon membrane. By construction, the nanoneedles are
connected to a common reservoir at the back. The
process is self-aligned, depending solely on selective
etching of silicon relative to silica. In terms of robustness,
versatility, and control over the nanoneedles geometry
and distribution, it offers some advantages over the
GaAs-based technique reported in ref 32.

The resulting nanoneedle arrays, fabricated by the
aforementioned process ona 13 mm x 13 mm SOl die,
are depicted in Figure 1b—e. The nanoneedles, spaced
by 5 um, form a 300 um x 300 um array (Figure 1b,c).
Each needleis 5 um tall and 0.5 um wide (Figure 1d). Its
250 nm diameter lumen traverses the 5 um thick
supporting silicon membrane. Additionally to the hol-
low nanoneedle array defined on top of the 300 um x
300 um membrane, the die (device) contains, for test-
ing purposes, a domain of needles fabricated using the
same process on top of the solid wafer. These needles
are therefore disconnected from the common reser-
voir. Each NNA die hence displays to the cells three
domains: hollow needles array, blocked needles array
presenting the same topography as the hollow ne-
edles, and flat, natively oxidized silicon.

Passing Molecules through the Needles. Molecule trans-
fer through the nanoneedles was evaluated using
fluorescin (Sigma-Aldrich), 3kD Texas-Red labeled dex-
tran (Sigma-Aldrich), and double-stranded DNA plas-
mid (5.2 kbp plsRes2-DsRed-Express plasmid, Clontech).
A NNA die was placed in a sample holder built in-house
(see Figure 2a and Supporting Information S2 for de-
tailed description) with its front side immersed in 50 uL
phosphate buffer saline (PBS). The sample holder was
placed on an inverted microscope (Zeiss Axiovert200)
with the needles facing down, and 200 uL solution
containing target molecules in PBS was added to the
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Figure 2. Molecule passage through nanoneedles. (a) Sche-
matic cross-section of a NNA device assembled in the home-
designed sample holder. The NNA chip (blue) is placed with
the needles and preincubated cells (green) facing down to
the observation window (gray). The device is sealed by “O"-
rings (black) which are pressed against a mechanical sup-
port (purple). The reservoir is accessible through a hole in
the mechanical support (visible on the top of the panel). (b)
Gel electrophoresis confirming passage of the 5.2 kbp
plasmid plsMSCVPuro through the NNA. Lane 1: ssDNA
probe molecules. Lane 2: source solution containing the
plasmid. Lanes 3, 5: solution collected from the reservoirs of
two duplicates after 2 h incubation. Lanes 4, 6: solution
collected from the front side of two duplicate NNA dies after
2 h incubation. (c—h) Fluorescin passage through the NNA
as imaged by fluorescence microscopy. (c—e) Image of the
bulk solution above the needles, before fluorescin addition
to the reservoir (c), immediately after fluorescin addition to
the reservoir (d), and 15 min after fluorescin addition to the
reservoir (e). (f—h) Confocal microscope image of a plane (z-
section) along the needles' body, before addition of fluor-
escin to the reservoir (f), immediately after addition of
fluorescin to the reservoir (g), and 30 s after addition of
fluorescin to the reservoir (h). Scale bars: (c) 50, (d) 50, (e) 50,
(f 15, (g) 15, (h) 15 um.

back reservoir. The sample holder allowed an easy
access to the reservoir while the device was mounted
on the inverted microscope stage. The transfer of mole-
cules through the needles was driven by diffusion alone,
with no external pressure (see Supporting Information-
section S3). When passing DNA plasmid, the solution at
the front side of the die was collected after 120 min and
run in 1% agarose gel. As depicted in Figure 2b, a clear
band corresponding to the injected DNA appeared,
proving DNA transport from the reservoir through the
needles to the solution at the front side of the die.

When passing fluorophores, an easily detectable
fluorescence signal appeared within minutes in the
needles' openings, spreading into the solution at the
front side of the NNA (Figure2c—h and Supporting
Information, movie S4).

Cell Culturing on NNA Dies. HEK293 human embryonic
kidney cells and NIH3T3 mouse fibroblast cells expres-
sing eGFP were cultured on the NNA dies. Twenty-four
hours after seeding, both cell types spread and formed
a viable culture. Cell growth, 24 to 48 h after seeding,
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was evaluated by time-lapse microscopy (Supporting
Information, movie S4). As seen in S4, the cells were
able to move and proliferate on the NNA dies, with no
apparent preference to a specific domain on the die.
We next performed quantitative analysis of the ability
of cells to grow and proliferate when cultured on NNA
dies containing either open or closed nanoneedles, flat
silicon domains, and control tissue-culture plates. The
resulting cell growth curves (Figure 3a) revealed com-
parable increase in the number of cells over time in all
cases.

As seen in Figure 3b—d and in Supporting Informa-
tion, Figure S5, the cells grew around the needles and
not merely above them. This fact was verified using
both confocal microscopy (Zeiss LSM510) and SEM
imaging of cells fixated on the NNA dies (using the
electron beam of a dual beam Strata400S FIB). The
confocal image presented in Figure 3b clearly shows
that the nuclei of HEK293 cells were localized within
the volume between and around the nanoneedles.
Moreover, the nanoneedles did not seem to interfere
with the cells' well-being and division (circled cell in
Figure 3b, and Supporting Information, movie S6).

SEM images of NIH3T3 cells fixated on the NNA die
(Figure 3¢,d) indicated that cells tend to spread on the
upper section of the NNA without reaching down to
the substrate. This result is evident in Figure 3c, where
cells at the border of the NNA seem to “climb” the
needles, and in Figure 3d showing a hovering cell body
wrapped around the top of a nanoneedle. The needles
were thus found to form close contact with the cell
membrane but we were unable to judge whether they
physically punctured the membrane and penetrated
into the cell cytoplasm.

Administration of Fluorescently Tagged Dextran to Cells.
HEK293 cells were grown on the NNA dies for 48 h.
Growth medium supplemented with a mixture of
fluorescently tagged dextran and different concentra-
tions of saponin was applied to the reservoir. After 10 min
of incubation, the culture was washed three times in
high glucose Dulbecco's modified eagle medium
(DMEM) and imaged fluorescently. The above proce-
dure was repeated on four duplicates. No fluorescence
signal was observed in a saponin concentration of
2 ug/mL or lower (Figure 4a). When the concentration
of saponin in the mixture was increased to 3 ug/mL
(Figure 4b) we could identify a fluorescence signal
confined to 70% =+ 15% of the cells in direct contact
with the NNA domain (nanoneedles open to the re-
servoir), indicating successful delivery of dextran
through the nanoneedles into the cells. At a higher
saponin level, 4 ug/mL, fluorescence appeared on 92% +
7% of the cells in direct contact with the NNA, but also
spread beyond the NNA to some cells growing on
nearby blocked needles (Figure 4c). Remote cells
growing on blocked needles (not shown) did not show
any fluorescence, nor did cells growing on flat silicon.
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Figure 3. Cells growth on the nanoneedles. (a) HEK293 cell growth curves on normal tissue culture—plate (control) and on the
NNA dies, 16—48 h after seeding at a density of 150,000 cells/mL. The number of cells in a 600 um x 600 um area as a function
of time is shown for control cell culture dishes, NNA dies containing open and closed nanoneedles, and flat silicon domains.
The cell population grows steadily. No difference in the growth rate is observed between cells grown on the dies and those
that grew on standard cell culture plates. (b) Confocal image of HEK293 cells expressing nuclear eGFP. The figure depicts a
z-section midlength along the needles. The cells span the entire length of the nanoneedles, with their nuclei engulfing some
needles. The cell at the bottom of the figure, marked by a red circle, undergoes division. The side views show z-section
reconstruction of the cells shown in the main figure. (c) SEM image of NIH3T3 cells fixated at the edge of the array. The cells
localize themselves above the base of the needles. (d) Magnified SEM image of an NIH3T3 cell engulfing a nanoneedle. Scale

bars: (b) 25, (c) 50, (d) 2 um.

Saponin concentrations of 5 ug/mL and higher in-
duced cell death during the hour that followed the
reagent introduction. No fluorescence was observed in
control cells cultured on standard cell culture plates, or
in cells grown on flat perforated membranes. Finally,
saponin levels below 5 ug/mL did not affect cell
proliferation, vitality, and wellbeing on the NNA dies.

To determine the potential of the developed tech-
nique for repeated intracellular cargo administration
we evaluated repeated delivery of dextran conjugated
to different dyes to the same cells. As seen in Figure 5,
after successfully passing Cascade Blue conjugated
dextran we were also successful in transferring dextran
conjugated with Texas Red dye to the same cells.

Cell Transfection. The NNA described above has pro-
ven an effective transfection tool. A plasmid encoding
for Red Fluorescent Protein (RFP) has been delivered to
cultured HEK293 cells. Two days after delivery, the
cultured cells were imaged fluorescently on the NNA
dies. As seen in Figure 6, most of the cells that grew on
the NNA domain exhibited red fluorescence, indicating
successful intracellular transfer of the plasmid and
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subsequent expression of the encoded RFP protein
by the cells. Red fluorescence was also observed in
some cells in the vicinity of the NNA domain. This
finding may either indicate some plasmid delivery also
to adjacent cells or, alternatively, migration of cells
transfected in the NNA domain to adjacent areas.
Importantly, cells in more distant domains of the die
did not exhibit any detectable red fluorescence signal.

DISCUSSION

The fabrication technique described in this report is
generic and robust. All etching steps rely on the
selectivity of the various dry and wet etch processes
with respect to silicon, silicon dioxide, and silicon
nitride, leading to reproducible results at the nanoscale
using conventional microfabrication technology. Mix-
ing submicrometer high aspect ratio structures of
different shapes on the same die is straightforward.
The method is extendable, in principle, to any pair of
materials to which selective etch processes exist. The
new technique enables easy fabrication of the large
number of hollow structures needed for a sizable cell
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Figure 4. Dextran administration to cells. HEK293 cells
expressing nuclear eGFP were grown on NNA dies. 3kD
dextran conjugated with Texas Red dye mixed with differ-
ent concentrations of saponin was applied to the reservoir
at the back of the NNA domain (appearing yellow in the
image). Ten minutes later, cells that grew on that domain
exhibited cytoplasmatic red fluorescence, indicating suc-
cessful dextran penetration to the cells: (a) 2 xg/mL saponin
concentration, no internalization of dextran is observed; (b)
3 ug/mL saponin concentration, internalization of dextran is
confined to cells in the NNA domain; (c) 4 ug/mL saponin
concentration, internalization of dextran extends also to
cells growing on blocked nanoneedles in the vicinity of the
nanoneedles fed by the back reservoir, but not to distant
cells; (d) 5 ug/mL saponin concentration, nonspecific ad-
ministration of dextran is observed and cell vitality is
compromised (see text). Scale bars: 70 um.

culture. Up-scaling to even larger areas is limited only
by e-beam lithography of the etch mask. This gap can
be mitigated by alternatives such as stamping and
masking by colloids.

Selective administration of molecules to specific
cells using the developed technique requires both
saponin and nanoneedles. Saponin is known to pro-
mote pore formation in biological membranes. We
hypothesize that the presence of saponin in the solu-
tion eases the penetration of target molecules into the
cell by creating pores that are fine enough to maintain
cell vitality. The concentration of saponin and target
molecules decays rapidly with distance, reaching a
negligible value outside the hollow NNA. The optimal
saponin concentration, 3 ug/mL, is high enough to
induce pores in nearby cells but too low to affect
remote cells. Interestingly, a higher saponin concen-
tration of 4 ug/mL enabled penetration of dextran and
double-stranded DNA also into adjacent cells growing
on blocked needles but not to cells growing on flat
solid or perforated silicon. This result indicates that the
interaction with needles enhances cell susceptibility to
saponin and eventually, intracellular cargo delivery
with no apparent effect on cell vitality and proliferation
capacity. Since cargo delivery into cells was not ob-
served on the flat perforated membranes of the device
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Figure 5. Repeated administration of dextran to HEK293
cells. (a) HEK293 cells expressing GFP in their nuclei. (b) The
same cells after administration of dextran labeled with
Cascade-Blue. (c) The same cells after subsequent adminis-
tration of dextran labeled with Texas-Red. (d) Composite
image of panels a—c. Cells at the lower part of the image
grew on nanoneedles disconnected from the reservoir and
hence fluoresced only in green. Cells in the rest of the image
grew on needles open to the reservoir and hence fluoresced
in all three colors. Scale bars: 50 um.

Figure 6. RFP expression in HEK293 cells, 48 h after successful
delivery of the pIRES2 plasmid mixed with 3 xg/mL saponin.
Expression of RFP is confined mostly to cells on the NNA fed by
the back reservoir with some leakage to cells resting on nearby
blocked needles (see text). Scale bar: 50 um.

we hypothesize that the interaction with the nanone-
edles has some mechanical effect on the cells, rendering
them more susceptible to saponin.

CONCLUSION

A new high throughput method enabling the fabri-
cation of hollow nanostructures was employed to
produce large arrays of high-aspect-ratio nanoneedles
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fed by a common reservoir. By combining the mechan-
ical effects of these nanoneedles on the cells' mem-
brane with localized concentrations of the reagent
saponin we were able to demonstrate repeated ad-
ministration of different biomolecules and efficient
transfection to the same cells in a culture, with no
effect on their long-term well being.

The developed method may bring a unique value to
basic and translational cell biology by filling an im-
portant methodological gap. Specifically, the estab-
lished delivery system facilitates repeated molecular

METHODS

The fabrication of nanoneedle arrays is detailed in the
Supporting Information, S1.

Cleaning and Sterilization of NNA Dies. The NNA dies were
cleaned and sterilized by dipping them in a freshly made hot
(upon preparation, the mixture heats spontaneously to approxi-
mately 120 °C) “piranha” solution; a mixture of 2:1 H,SO,4:H,0,.
Piranha treatment ensured sterilization of the dies, rendered the
surface hydrophilic, and eliminated needle clogging. After 10
min in piranha the samples were rinsed for 15 min in flowing
doubly distilled water. Samples were used immediately after
cleaning.

Passing Substances through the NNA. The NNA die was placed in
a sample holder (see Supporting Information section S2 for
detailed description) with its front side immersed in 50 uL of
PBS. The holder was placed on the stage of an inverted
microscope (Zeiss Axiovert 200) and 200 L of solution contain-
ing either fluorescin or DNA in PBS was added to the reservoir.
The passage of target molecules through the hollow nanonee-
dles to the solution in the front side of the die was evaluated
several minutes after application (Figure 2).

Running DNA in Agarose Gel. Aliquots of 20 uL of DNA solution
collected from the back reservoir, as well as samples collected
near the front surface of the NNA, were run under 160 V in 1%
agarose gel for 20 min. The resulting bands are depicted in
Figure 2b.

Cell Culturing on NNA Dies. Dies were immersed in standard 12-
well plates, and each well was filled with 1 mL of 4.5g/L DMEM
supplemented with glutamine (2 mM), fetal calf serum (0.1 mL),
penicillin (100 U), and G418 antibiotics (2 mg/mL). There were
250000 cells added to each well. The plates were incubated at
37 °C, 5% CO, for 48 h.

Fixation for SEM Imaging. Specimens were washed twice in
PBS, and then fixated with 2% glutaldehide solution for 30 min
followed by three washes in cacodylate buffer at pH 7.4. To
improve contrast, the cells were then labeled with osmium
tetroxide, gradually transferred to ethanol, and critically point
dried. Finally, the specimens were sputter-coated with chro-
mium and imaged in a SEM (electron beam of a dual beam FEI
Strata400S FIB machine). All reagents were purchased from Bar-
Naor, Israel.

Administration of Fluorescently Tagged Dextran to Cells. HEK293
cells were cultured on the NNA dies to 80% confluence, reached
after 48 h. A die was placed in the sample holder with its front
side immersed in 50 uL DMEM solution. A 150 uL portion of
DMEM supplemented with a mixture of 3kD Dextran-Texas Red
conjugate (Sigma, Israel) and saponin (Sigma, Israel) were
applied to the reservoir. The assembled sample holder was
placed inside an incubator (37 °C, 7% CO,) for 10 min. After
10 min the die was disassembled from the holder, washed three
times to eliminate all remains of saponin and dye, reassembled,
and imaged by an inverted ZEISS Axiovert 200 M microscope.
For repeated administration, the same process was repeated
with 3kD Dextran-Cascade Blue conjugate (Sigma, Israel).

Cell Transfection with DNA. plsRes2-RFP-dsExpress plasmid (5.2
kbp) (Clontech), encoding for Red Fluorescent Protein (RFP),
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interventions and allows targeting of specific intracel-
lular processes in selected cells in a predetermined
spatiotemporal manner. This ability may turn particu-
larly useful for studies attempting to modify a subpo-
pulation of cells within a larger population; e.g., for
studying cell-fate decisions and the role of cell-auton-
omous versus nonautonomous mechanisms in devel-
opmental biology. Similarly, the effects of altering the
functional properties of specific cells (such as electrical
properties) within a larger cellular network on the
overall tissue activity may now be studied.

was added at a concentration of 5 ng/mL to the cell growth
medium together with saponin (3 ug/mL). The solution was
applied to the reservoir and the cells were allowed to incubate
with it for 60 min. The sample holder was then disassembled
and the die was transferred to cell growth plates, where the cells
were left to grow for additional 48 h.
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