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Nanoscale devices show their great potential as a measurement technology with a high spatial resolution for nanoscale]
biological experiments. In particular, vertically aligned nanowire devices have enabled numerous biological experiments,
including intracellular nanowire penetration, DNA/molecule transfer, optical imaging, and nanoscale transistor penetration
into a cell. To form nanodevices with a higher aspect ratio, millimeter length semiconducting nanowires and carbon
nanotubes have been synthesized (e.g., silicon nanowires by vapor-liquid—solid (VLS) growth and carbon nanotubes by a|
water-assisted synthesis). However, the deep penetration of such nanowires/tubes within a thick biological sample has not
been demonstrated because nanowires/tubes bend or break with a penetration depth of several tens of microns, preventing the
nanowires/tubes from reaching the target tissue or cells. Thus, an obstacle for nanoscale device applications in biological
experiments is deep wire penetration, which will enable three-dimensional (3D), multi-site, nanoscale measurements in thick
biological samples. To realize a penetrating nanodevice array, we have proposed employing a vertically aligned VLS grown
silicon microwire scaffold array as a mechanical support. In this approach, chemical etching of silicon wires sharpens the tip|
section on the nanoscale (<100 nm- in diameter at the tip). The fabrication process developed in this paper facilitates
nanoscale tipped microwire electrode array devices, and the results suggest that the nanowire array has applications for both|
particle trapping and particle depth injections, also DNA transfer to the cultured cells and brain tissue. Advantages of the
fabrication process include low-voltage electrical trapping over a wide area and batch particle manipulation with a constant]
wire interval. -

We start with a silicon (111) substrate consisting of silicon microwire arrays assembled by a selective VLS growth. The
diameters of the as-grown silicon wires were 2—4 pm, and all of the wires had a constant length of 30 pm. The proposed
nanotip formation process is as follows. First, the wires are spray-coated conformally with a photoresist. Second, the tips of
ithe wires are selectively exposed from the photoresist by plasma etching with O, + CF,. Third, the tips are wet etched with aj
HF + HNO; solution at a constant temperature of 40°C (etching time = 1-3 min). Finally, the photoresist is removed with|
acetone. Silicon microwire arrays can be formed to create sharpened nanotips with a tip diameter of less than 100 nm by
utilizing the batch-processed silicon chemical etching, and also the tip angles are achieved ranging from 11° to 38°. The
chemical etching based nanoscale sharpening process is repeatable, fast, batch-processable and IC-compatible. In addition,
‘|the sharpening process using photoresist spray-coating and plasma etching without additional masking is theoretically a
height-independent process. In principle, it could be used for samples with even higher aspect ratios, such as silicon
microwires more than 100 um long, promising simple fabrication of a variety of 3D micro-or nano-devices.

To demonstrate nanoinjector by nanotip wires, herein 3D nanoscale tipped electrodes with various lengths were
fabricated, based on the sharpening process for VLS grown silicon microwires. After coating the nanotip silicon-wire with
gold, the wire was encapsulated with a parylene layer, and only the nanotip section can be exposed from the parylene by
photoresist spray coating and subsequent photoresist etchings. As a promising device application, we demonstrate the
trapping of polystyrene nanoparticles in a solution using a fabricated gold-nanotip wire array. The nanotip wire with a 150
nm curvature radius and a 4.2 um’ electrode area exhibited a locally enhanced trapping performance with a low trapping
voltage of 20 mV. Moreover, these trapped nanoparticles can be injected into a soft material (gelatin), demonstrating
multi-site wide-area batch depth injection and an assembly of nanoparticles. Such nanotip wire arrays should be applicable t
trap numerous particles, including DNA/molecules attached to gold particles, and may realize injection into biological tissues
and individual cells/neurons. '

For a new class of the gene transfers, multipoint local DNA transfers into individual cell were demonstrated by
nanotip wire array. Gene transfer techniques including gene gun and AFM wire are very powerful tools in physiological
sciences, however, further technical requirements such as multipoint/batch and deep area transfer techniques are still
problematic. Here, we showed multipoint/batch and localized DNA transfers into individual human embryonic kidney cells
(HEK293) with plasmid containing yellow fluorescent protein (YFP). After pressing the nanotip wire array into the cells,
individually DNA transferred cells were observed. Such nanotip wire-based DNA transfers are very simple process, but this
promises fast and reproducible DNA transfers. Additionally, deep area DNA transfers into thick samples such as brain slices
can be possible by using the nanotip wire arrays, promising a powerful experimental tool for numerous biological
experiments.




