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ABSTRACT: An efficient nonviral platform for high-
throughput and subcellular precision targeted intracellular
delivery of nucleic acids in cell culture based on magnetic
nanospears is reported. These magnetic nanospears are
made of Au/Ni/Si (~5 pm in length with tip diameters <50
nm) and fabricated by nanosphere lithography and metal
deposition. A magnet is used to direct the mechanical
motion of a single nanospear, enabling precise control of
position and three-dimensional rotation. These nanospears e ——y Transfection rate: >80%
were further functionalized with enhanced green fluorescent S 4 Magnetic

protein (eGFP)-expression plasmids via a layer-by-layer . \ Nanospear 50 ym
approach before release from the underlying silicon  Plasmids —
substrate. Plasmid functionalized nanospears are guided
magnetically to approach target adherent U87 glioblastoma cells, penetrating the cell membrane to enable intracellular
delivery of the plasmid cargo. After 24 h, the target cell expresses green fluorescence indicating successful transfection. This
nanospear-mediated transfection is readily scalable for the simultaneous manipulation of multiple cells using a rotating
magnet. Cell viability >90% and transfection rates >80% were achieved, which exceed conventional nonviral intracellular
methods. This approach is compatible with good manufacturing practices, circumventing barriers to the translation and
clinical deployment of emerging cellular therapies.
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ery™ of biomolecules is critical for applications in cell methods remains a long-standing challenge.” Currently,
and molecular biology and emerging clinical applica-

H igh—throughput1_3 and targeted intracellular deliv- speed, cost effectiveness, and efficiency of intracellular delivery

? membrane-disruption-based approaches are attractive as
tions that make use of gene-editing systems.” Existing

approaches that use viruses, external electric fields, or harsh Received: January 29, 2018
chemical reagents are either costly, apply undesirable cellular Accepted: February 26, 2018
stresses or toxicities, or are inefficient. Improving the safety,
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Figure 1. (a) Schematic illustrating the fabrication of magnetic nanospear arrays. Polystyrene (PS) nanospheres are first assembled on a
silicon (Si) wafer followed by size reduction via oxygen plasma etching. Dry etching is then applied to etch the Si and nanospheres
simultaneously to generate Si nanospear arrays. Next, layers of nickel (Ni, 40 nm) and gold (Au, 10 nm) are evaporated on the Si nanospear
arrays. (b, c) Scanning electron microscopy (SEM) images of ordered nanospear arrays. Insets: individual Si and Si/Ni/Au nanospears. (d)
Surface modification and release procedure of the Si/Ni/Au nanospears. 11-Mercaptoundecanoic acid (MUA) is first coated on the Si/Au/Ni
nanospears; next, polyethylenimine (PEI) is electrostatically adsorbed as the second layer; negatively charged gene-modification cargo (e.g.,
DNA plasmid) is loaded onto the nanospear via physisorption. The functionalized Si/Ni/Au nanospears are finally released mechanically from

the substrate and redispersed in deionized water.

universal delivery systems in vitro and ex vivo, including
electroporation,8 squeezing,z’g’lo fluid shear,” direct micro-
injection,"""> photothermal,"*~"* sharp nanostructures,”'" and
combinations.”® In particular, configurations of needle-like
nanostructures can physically penetrate flexible cell membranes
to deliver biomolecules to cells efficiently and in parallel'®"”
with minimal impact on viability and metabolism due to their
nanoscale sharp tips. Most reported nanoneedle platforms are
comprised of arrays grown on planar substrates that support the
growth of adherent cells and that can pierce cellular membranes
to enable transfection.'”"? However, difficulties with releasing
the modified cells from these nanostructured substrates and
collecting them for further study have precluded wider
application.'®*°

Recently, substantial progress has been made in the
development of nano-/micromotor systems, which can be
internally or externally powered to move in liquid environ-
ments.””'~** These functional nanomaterials have been applied
in biosensing,39 biomolecule delivery,4'23'28’30’32’40_42 and
nanosurgery applications.’”® The capability for guidance and
versatile cargo integration of the nano-/micromotors has
enabled the active transport and delivery of therapeutic
payloads.**° These nanosystems have limited precision in
terms of their guidance and biocompatibility due to byproducts
from catalytic reactions that propel the nano-/micromotor
structures to their targets.39

In this work, we report the rational design and fabrication of
magnetic nanospears that can be configured readily for single-

cell modification and that can also be scaled progressively for
direct and highly efficient intracellular delivery. These
biocompatible nanomaterials can be guided precisely to target
cells without the need for chemical propellants via manipu-
lation of local magnetic fields. This technique offers several
advantages over conventional nonviral transfection approaches
and is suitable for both molecular cell biology studies and
translational medicine.

RESULTS AND DISCUSSION

The nanospears were designed and fabricated by nanosphere
lithography using assembled polystyrene (PS) particles as etch
templates. Nanosphere lithography is an affordable and scalable
approach to generate large area periodic nanostructures such as
holes, pillars, cones, needles, and wires on planar or curved
substrates,”*~* which have been broadly applied in elec-
tronics,49 optics,50 energy conversion/storage,so_52 and bio-
medical studies.”®> The fabrication scheme of magnetic
nanospears is shown in Figure la: polystyrene (PS) spheres
(2 pm in size) self-organize into close-packed monolayers at the
water/air interface then upon transfer to a silicon (Si) substrate
via drop casting. The array of PS particles is then exposed to
oxygen plasma to reduce the size of the spheres to ~1.4 um.
Subsequently, reactive ion etching (RIE) is applied to etch the
Si substrates vertically with the PS spheres serving as a
template. In this process, the PS spheres were also slowly
etched while their sizes were reduced progressively to <50 nm.
Silicon nanospear arrays are formed once the PS nanospheres
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Figure 2. Schemes and experimental results of manipulation of nanospear mechanical motions using magnet a magnet including (a)
movement, (b) orientation control in horizontal plane, and (c) orientation control in vertical plane.

are removed completely during the Si etching process (Figure
1b). Subsequently, nickel (Ni) and gold (Au) thin films were
evaporated onto the nanospear arrays at tilted angles to
preserve the sharpness of the final Au/Ni/Si nanospears as
shown in Figure lc (see methods for details). The Ni thin film
is ferromasgnetic, endowing the nanospears with magnetic
properties,”* while the Au layer is both biocompatible and can
be tailored readily for loading biomolecules, such as loading
DNA, RNA, and proteins.

Here, we use a layer-by-layer approach®® to place
encapsulated nucleic acid molecules on Au/Ni/Si nanospears.
Alkanethiol molecules can form structurally well-defined self-
assembled monolayers (SAMs) on Au to enable the
conjugation of biomolecules to nanomaterials and engineered
interfaces.””~*° We used 11-mercaptoundecanoic acid (MUA)
to form SAMs on the Au/Ni/Si nanospears to make the surface
negatively charged. Next, a second positively charged
polyethylenimine (PEI) anchoring layer is deposited onto the
nanospears due to the electrostatic attractions. Negatively
charged cargo molecules (e.g, DNA) can be tethered to this
interface. We selected enhanced green fluorescent protein
(eGFP)-expression plasmids for demonstration purposes.
Finally, the MUA/PEI/eGFP-expression plasmids encapsulated
nanospears were released from the Si substrate via gentle
mechanical scraping and redispersed in deionized water or
desirable media.

These magnetic nanospears dispersed in liquid can be
manipulated by a nearby small neodymium—iron—boron disk
magnet. Note that it is important to control the magnetic
nanospear to have their sharp tips facing the target cell. The
physical orientation of each nanospear can be aligned to the
orientation of the magnet to match their magnetization
directions, due to the induced torque applied on the nanospear
by the field of the magnet. One can magnetize the nanospears
to align their tips (eg, to the south pole of a magnet) via
controlled magnetization prior to removal from the silicon
substrate (see Supporting Information Figure S3 for details).
This phenomenon is similar to a macroscopic effect where the
direction of a compass aligns to the earth’s magnetic field.

Nanospears can be directed to move toward the magnet if the
magnetic field gradient is large enough; ie., they are in close
proximity. As a result, we can remotely manipulate the
nanospears to accomplish different tasks in fluid. Our control
of the direction, position, and rotation of a nanospear in three-
dimensional space is illustrated in Figure 2. The magnetic-field-
induced movement of nanospears is influenced by the
magnetization of individual nanospears, which is defined by
the mass of Ni, the magnetization of the external magnet, and
their separation. Typically, the position, orientation, and speed
of a nanospear can be manipulated remotely via the applied
external magnetic field gradient. (1) When the magnet is
positioned near to the magnetic nanospears (e.g, 2—S cm), the
nanostructures align to the field of the magnet, enabling the
direction of the nanospears to be controlled in three
dimensions. (2) When the magnet is moved closer to the
magnetic nanospears (eg, 1—2 cm), the nanospears move
toward the magnet. The speed of the nanospears can be
adjusted by carefully controlling the distance between the
control magnet and the nanospears dispersed in solution; i.e.,
nanospears move faster as the control magnet is brought closer
(~S um/s). (3) When the control magnet is moved along a
desired path while kept close to the nanospears (e.g, 1—2 cm),
the nanostructures follow the control magnet, enabling precise
directional control. Single or multiple magnetic nanospears can
be manipulated remotely and simultaneously in this way using a
single control magnet. If the external magnet is rotated
horizontally or vertically, the nanospears rotate exactly the
same way, as shown in Figure 2b.

The eGFP-expression plasmid functionalized magnetic Au/
Ni/Si nanospears can be manipulated to move toward a target
cell and to penetrate its cell membrane, as illustrated in Figure
3a. A typical experiment is recorded as seen in video S1 and the
overlaid optical images provided in Figure 3b. After 24 h,
fluorescence microscopy images indicate that the targeted cell
produces green fluorescence due to the successful transfection
and expression of eGFP, while the nontarget cells remain
unchanged. It appears from scanning electron microscopy
(SEM) images that the tip of the nanospear pierces the cell
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Figure 3. (a) A schematic illustration of enhanced green fluorescent protein (GFP)-expression plasmids modified Si/Ni/Au nanospear was
transported and inserted into the target cell by a magnet to deliver the GFP-expression plasmid intracellularly. (b) Overlaid optical images of
the process of targeted intracellular delivery and control of trajectory of a single nanospear (video provided in the Supporting Information).
(c) Fluorescence microscopy image demonstrating the expression of GFP by a target U87 cell 24 h after transfection. (d) Scanning electron
microscope (SEM) image illustrating a nanospear docking with its target cell. (e) At higher magnification, the nanospear is observed to insert
at the plasma membrane. The SEM image is false colored to visualize the nanospear (yellow) and the cell (green). Unless noted, scale bars are

10 pm.

membrane in a manner akin to a splinter or an acupuncture
needle (Figure 3d, e). This result agrees with previous findings
that needle structures can physically penetrate the cytoplasmic
membrane.'” The nanospears are comprised of biocompatible
materials, which are biodegraded by the target cells over time.'”
It is also possible that some nanospears are taken up by
endocytosis (SEM images occasionally appear to show
encapsulated nanospears, but that could also be the result of
morphological changes to the cells after transfection, during
sample preparation for the microscope).

Multiple magnetic nanospears can work cooperatively within
a cell culture environment simultaneously to achieve robust
transfection on a massive number of cells, as shown in the
scheme and fluorescence microscopy images in Figure 4a—c. In
a typical experiment, ~1 million nanospears dispersed in
deionized water are added into a single well containing
~200,000 model U87 glioblastoma cells. A magnet is
positioned concurrently along the backside of the cell culture
dish and moved slowly in either a clockwise or counter-
clockwise direction to guide the nanospears as they travel and
engage nearby cells, as shown in the bright-field optical image

in Figure S2. The control of these volleys of nanospears can
also be accomplished effectively by using a common magnetic
stirring plate. Scanning electron micrographs of the target cells
after exposure to the nanospears (Figure 4d,e) confirm that
multiple nanospears are able to dock at individual cells via this
approach. Taking advantage of this capability, ~80% of the
target cell population is transfected with bright eGFP
expression. Cell viability was quantified after transfection via
acridine orange/ethidium bromide staining assays as reported
elsewhere.”” Viability tests of cells transfected by the nano-
spears show >90% survival with favorable proliferation potential
relative to conventional methods.

Multiple nanospears may also be applied for localized
transfection/delivery, which is especially important for targeting
specific populations of cells in heterogeneous cultures or in vivo.
Due to the availability of a variety of permanent magnets and
reconfigurable electric magnets, one can tailor the effective size
and strength of the external magnetic field applied at specific
locations in order to manipulate multiple nanospears for
targeted transfection. We can extend this concept further to
guide the trajectory of multiple nanospears to treat cells at
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Figure 4. (a) Schematic illustrating the manipulation of multiple nanospears to achieve high-throughput transfection. (b, c) Fluorescence
microscopy images of target U87 cells 24 h post transfection by green fluorescent protein (GFP)-expression plasmid containing
supramolecular nanoparticles tethered to nanospears. Green: GFP. Blue: 4’,6-diamidino-2-phenylindole (DAPI). (d, e) False colored
scanning electron microscopy (SEM) images illustrating multiple nanospears inserting into a target cell. (f) The transfection efficiency of
based on GFP intensity versus incubation time. After 24 h, the GFP transfection efficiency is >80%. (g) Cell viability test results show the
initial viability post-transfection is >80%, and over time is noted to rise as a result of cell proliferation.

different locations on the same cell culture dish. We
experimentally tested this strategy by guiding nanospears
carrying different expression plasmids sequentially to neighbor-
ing cells as illustrated schematically in Figure Sa. We designated
specific U87 cells located at the lefthand portion of a cell
culture well and selectively guided nanospears carrying eGFP-
expression plasmid cargo to this area. After ~20 min, most of
the nanospears dock with their targets and are fixed at the cell
membrane. The magnet is then repositioned under the
righthand portion of the cell culture dish to deliver a red
fluorescent protein (RFP)-expression plasmid to cells within
this area. After 24 h, fluorescence microscopy images show cells
on the lefthand side of the dish express green fluorescence
while cells located on the right are red. A 4',6-diamidino-2-
phenylindole (DAPI) stain was used to highlight the nucleus of
the cells. These experimental results demonstrate highly
localized transfection as shown in Figure 5b, c. Note that the
targeted positions are in close proximity in order to fit within
the same field of view, which led to an observed transition
region of fluorescence where cells expressed both green and red
fluorescence (Figure Sd).

CONCLUSIONS AND PROSPECTS

Advances in molecular biology in the form of gene-editing tools
are rapidly being used in immunology and stem cell biology.
These tools will be important for the translation of emerging
therapeutic strategies in immunotherapy and regenerative
medicine. However, the current nonviral vector-based methods
primarily used to manufacture these extraordinary gene and

cellular therapies fall short at clinically relevant scales due, in
part, to problematic toxicities and technical limitations resulting
in low transfection efficiencies. Innovative solutions to address
these challenges are approaching as nanotechnologies begin to
close these gaps, enabling rapid, safe, and efficient delivery of
biomolecular cargo to target cells and accelerating deployment
of new medical interventions to the clinic.

Nanomotor and nanorobotics platforms possess a tantalizing
versatility, which make these tools particularly well suited for
applications in either the in vitro or in vivo manipulation of cell
populations. Magnetically guided nanospears offer a simple,
versatile, and effective platform for targeted intracellular gene
delivery over large areas. A key feature is that the spears do not
require a propellant for movement and positional control,
avoiding potential toxicities that preclude their clinical use.
While we focus on the delivery of plasmid DNA, a variety of
biomolecular payloads are possible, enabling potential nano-
medicine applications spanning from molecular biology to
human patients. For example, this nanorobotics approach is
compatible with good manufacturing practices and can be
scaled easily for batch processing of large populations of cells,
offering an elegant nanostructure-based solution to processing
ex vivo harvested cells and tissues for gene-modified trans-
plantation applications. Further optimization of autonomous
guidance capabilities will provide greater precision and open
potential applications for in vivo cell modification and gene
marking. In an era where industries envision fleets of drones
delivering packages to homes in the macroscopic world, guided
nanostructures, such as nanospears, enable analogous solutions
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Figure S. (a) Targeted large area cell transfection by manipulation
of multiple nanospears carrying green fluorescent protein (GFP)
and red fluorescent protein (RFP) respectively. (b,c) Fluorescence
microscopy images after 24 h at different magnifications showing
most cells have turned green. (d) Overlaid image of (b) and (c).
Note that 4',6-diamidino-2-2phenylindole (DAPI) is used to stain
the nucleus of all the living and dead cells. Green: GFP. Blue:
DAPI. Red: RFP. Scale bars: 50 gm.

at the cellular level. These precision manufactured nanostruc-
tures offer an effective solution to circumvent existing barriers
to gene modification at large scales for the generation of cell
products for gene therapy.

Fabrication of Nanospears. Nanosphere lithography employs
periodic arrays of self-assembled close-packed monolayer nanospheres
as templates to pattern underlying substrate materials."*** Polystyrene
nanospheres (2 pm in diameter, Product No. 42024, Thermo Fisher
Scientific, MA, USA) were assembled into close-packed monolayers on
a2 cm X 2 cm or larger Si substrate as reported elsewhere.**® Oxygen
plasma (Oxford Plasmalab 80 Plus, Oxford Instruments, Abingdon,
UK) with 35 sccm of O, and 10 scem of Ar at a pressure of 60 mTorr
and radio frequency (RF) power of 60 W for 10 min was applied to
reduce the size of PS nanospheres to ~1.4 ym. To achieve sharp Si
needles with high aspect ratios, single-step RIE of Si was completed in
a simultaneous flow of 20 sccm C,Fg, 27 sccm SFg, and S scem Ar with
the inductively coupled plasma (ICP) power of 650 W for 7 min (STS
AOE Advanced Oxide Etcher). The SFs was used to etch the
unprotected areas, and the C,Fg was used to deposit fluorinated
polymer to protect the side walls of the etched structures.

Fabrication of Magnetic Au/Ni/Si Nanospears. The nano-
needle substrates were loaded into the vacuum chamber of an electron
beam metal evaporator (Kurt J. Lesker Company, Jefferson Hills, PA)
and held at a base pressure of ~1 X 1077 Torr. The substrates were
mounted with fixed positions and orientations within the chamber
such that their surface normal was inclined at an angle of 20° away
from the metal source. A film of 100 nm Ni was deposited at a rate of
~1 A/s. Then, 40 nm Au films were deposited at an angle of 20° and
—20° at a rate of ~0.5 A/s.

Surface Modification of the Magnetic Au/Ni/Si Nanospears.
A three-step layer-by-layer approach through electrostatic interaction is
used to coat the Au/Ni/Si nanospears with desired cargo. Step 1: The
Au/Ni/Si nanospear substrate is immersed into a 1l-mercapto-
undecanoic acid solution (MUA, 1 mM in ethanol) for ~30 min to
form MUA SAMs on Au/Ni/Si nanospears via gold—thiolate bonds,
then rinsed with ethanol, and blow-dried with N, gas several times to
remove excessive thiol molecules. Step 2: the substrate is immersed in
1 wt % poly(ethylenimine) (PEI, Sigma-Aldrich) solution for ~30 min
and then washed with water. Step 3, the substrate is immersed in ~2
mL water with 2.0 g of the desired expression plasmid and incubated
overnight. Then, the substrate is rinsed in deionized water and dried.
The plasmid-coated Au/Ni/Si nanospears (~10 million) are carefully
released from the Si substrate (0.5 cm?®) via mechanical scraping with a
razor blade and then redispersed in ~2 mL water to reach a nanospear
density of ~5 X 10° mL™". Finally, ultrasound is used to reduce
aggregation of the magnetic nanospears.

Targeted Single Cell Intracellular Gene Delivery. For gene
delivery to individual cells, the stock nanospear solution is further
diluted at least ~20X. U87 cells are precultured on a glass slide, which
is mounted on the stage of an inverted optical microscope. In a typical
experiment, 10 uL of diluted nanospear solution are added to the cell
culture medium. After ~1—2 min, nanospears precipitate to the
bottom of the cell culture medium. A cylindrical neodymium—iron—
boron magnet (diameter, 10 mm; length, 9 mm) with a magnetic field
intensity of ~0.5 T measured from its surface is used to direct the
mechanical motion of the nanospheres within the cell culture
environment. The motion of individual nanospears can be observed
with an optical microscope (40X) as the magnet is moved into
proximity with the nanospears. When the magnet—nanospear
separation is ~5 cm, the nanospears align in the direction of the
magnetic field. When the magnet is moved closer (<2 cm), the
increased magnetic field gradient attracts the nanospears to move
toward the magnet, enabling control of both the direction and speed of
motion of each nanospear. After docking a nanospear to its target cell,
the magnet is held in position for ~S min to ensure that the nanospear
is securely tethered to the cell. Expression of reporter fluorescent
proteins from nanospear-treated cells was monitored by fluorescence
microscopy.

High-Throughput Intracellular Gene Delivery. A suspension
containing ~1 million nanospears carrying eGFP expression-plasmid
cargo was added into a well of a 6-well disposable tissue culture plate
containing ~200,000 U87 cells. A small magnet was next positioned
under the culture plate and moved back-and-forth for ~10 min to
distribute the nanospears throughout the entire cell culture area and to
ensure that the nanospears engage stably with the target cell
population. Cells treated with eGFP-nanospears were monitored for
fluorescence expression after 24 h.

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.8b00763.

Figures S1, S2, S3: scanning electron micrographs of self-
assembled nanospheres; bright field and fluorescence
optical micrographs of transfection of large numbers of
cells by multiple nanospears; magnetization of the
nanospears and identification of the direction/orienta-
tion of nanospears’ tips by optical microscopy (PDF)

DOI: 10.1021/acsnano.8b00763
ACS Nano XXXX, XXX, XXX—-XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.8b00763
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b00763/suppl_file/nn8b00763_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b00763

ACS Nano

Video S1: Magnetic manipulation of a single nanospear
for targeted single-cell transfection (AVI)
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