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Recent developments in nanowires for bio-
applications from molecular to cellular levels

Sakon Rahong,*@® Takao Yasui,*®*° Noritada Kaji**® and Yoshinobu Baba*?"®

This review highlights the most promising applications of nanowires for bioanalytical chemistry and medical

diagnostics. The materials discussed here are metal oxide and Si semiconductors, which are integrated with

various microfluidic systems. Nanowire structures offer desirable advantages such as a very small diameter

size with a high aspect ratio and a high surface-to-volume ratio without grain boundaries; consequently,

nanowires are promising tools to study biological systems. This review starts with the integration of nano-

wire structures into microfluidic systems, followed by the discussion of the advantages of nanowire struc-
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tures in the separation, manipulation and purification of biomolecules (DNA, RNA and proteins). Next, some
representative nanowire devices are introduced for biosensors from molecular to cellular levels based on
electrical and optical approaches. Finally, we conclude the review by highlighting some bio-applications for

nanowires and presenting the next challenges that must be overcome to improve the capabilities of nano-

www.rsc.org/loc

1. Introduction

Over the past ten years, nanotechnology has emerged as one
of the newest essential technologies, with applications in a
wide range of fields, such as physics, chemistry, and biology.
Nanotechnology produces an enormous number of nanostruc-
tures with different unique structural and functional features
for various applications. Among the nanostructures, nano-
wires have a one-dimensional nanostructure, with a diameter
on the order of 10™° m, and they can be synthesized by differ-
ent methods.""® Nanowires have been synthesized through
bottom-up self-assembly processes such as metal catalyst-
assisted laser ablation synthesis,* solution phase synthesis®>”’
and template-based methods.*® Other ways to prepare nano-
wire structures by top-down approaches have been demon-
strated such as metal-assisted chemical etching'®™* and
electron beam lithography.'*™'® Two features of nanowires are
that they can be highly sensitive sensors due to their large
surface-to-volume ratio,"®™® and they can be short response-
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wire structures for biological and medical systems.

time sensors due to their well-defined geometry.**° To date,
numerous applications of nanowires have been reported in
semiconductor electronics,”* > biochemistry,>*° environ-
mental science®’>* and medical diagnostics.**>’

In this review, we focus on the recent applications of
nanowires in analytical biochemistry applications, especially
separation, filtration, and manipulation of biomolecules
which are possible due to the diameter dimension of the
nanowires being similar to the size of biomolecules, includ-
ing DNA, RNA, and proteins. And, we also focus on the sens-
ing ability of nanowires to cells because the diameter dimen-
sion of the nanowires is small enough to have a stealth effect
against cells. Therefore, we discuss bio-applications of nano-
wires on the order of molecular to cellular levels (107°-107°
m). In brief, this review is organized as follows: discussion of
the integration between nanowires and microfluidic systems
for biomolecule analysis such as mechanical cell lysis, DNA
manipulation, biomolecule separation and filtration; descrip-
tion of nanowires for a specific medical diagnostic use such
as capturing circular tumor cells (CTCs); and descriptions of
biosensors based on nanowires, nanowire structure interfaces
with cells, and nanowires for synthesized tissues, including
some future challenges for nanowire structures.

2. Bio-applications: biomolecule
analysis
2.1 Mechanical cell lysis

Cell lysis is an initial and critical process in analysis of intra-
cellular components. Several approaches have been

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c5lc01306b&domain=pdf&date_stamp=2016-03-21
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5lc01306b
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC016007

Open Access Article. Published on 17 February 2016. Downloaded on 2/5/2026 5:42:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

established and developed such as chemical, electrical and
mechanical methods. However, chemical cell lysis requires
many steps and consumes many reagents to purify the bio-
molecule samples and the potential for occurrence of harm-
ful effects on microorganisms is high.**>° Electrical cell lysis
is less harmful than chemical cell lysis but it is still expensive
and has a low throughput.*®*' As mentioned above, the dia-
metric size of the nanowires is smaller than that of cells, and
therefore the nanowire tip can penetrate and disrupt the cel-
lular membrane function.*” This has allowed researchers to
extract microorganisms in cells faster than in previous
methods. As a demonstration of mechanical cell lysis using
nanowires, Kim et al.** prepared ZnO nanowires (diameter:
-100 nm) on the surface of a pillar array in a microchannel
by a low temperature hydrothermal reaction method. They
combined the nanowires with a microfluidic system for me-
chanical cell lysis when HaCaT cells were flowing around the
nanowires in the poly(dimethylsiloxane) (PDMS) micro-
channel, and the combined device also allows observation of
the deformation of HaCaT cells. This method has a higher ex-
traction efficiency for nucleic acids and proteins than using
chemical cell lysis methods.

For easy and rapid mechanical cell lysis, So et al.** fabri-
cated a porous Si membrane (average pore diameter, 75 nm)
by utilizing a photolithography process and photo-
electrochemical etching, then ZnO nanowires (ZnO NWs)
were synthesized on the Si membrane by a low temperature
hydrothermal reaction method (Fig. 1). After that, SiO, was
grown on the backside of the membrane by plasma-
enhanced chemical vapor deposition to form a selective ad-
sorption layer of DNA molecules. The nanowire membrane
was attached with a commercial handheld syringe filter

Membrane filter

2\

Silicone gasket

Syringe filter holder
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holder as illustrated in Fig. 1. After the HepG2 cells were
injected by the syringe and approached the nanowires, the
tips of the nanowires penetrated into the cells, and then the
biomolecules spilled out and passed through the Si mem-
brane, while the cell membrane is still in contact with the
nanowire structures. Only the DNA molecules were adsorbed
at the SiO, layer by the formation of hydrogen bonds and
intermolecular electrostatic force. Lastly, a buffer solution
was injected to wash out any debris and remaining proteins
before collecting the isolated DNA molecules. The total pro-
cessing time for mechanical cell lysis by the nanowire mem-
brane took only 5 min with higher extraction efficiency for
proteins and nucleic acids than that obtained for commer-
cially available kits. Future work should focus on the purifica-
tion of biomolecules such as DNA, RNA and proteins after ex-
traction of cells.

2.2 Biomolecule separation and filtration

Biomolecule separation and analysis are essential processes
for analytical and biological development. Conventional gel
electrophoresis has a limitation for separation of long DNA
molecules and it requires several hours to analyze biomole-
cules. Integrations between nanostructures by top-down ap-
proaches and microfluidic systems, such as nanopillar array
structures,* ™ nanowalls,’® and nanofence structures,*® have

been proposed to overcome the problems, however, difficulty
in fabricating them using an electron beam lithography pro-
cess with the high investment in a sophisticated system has
slowed down their development. On the other hand, self-
assembly bottom-up approaches, such as magnetic colloidal
nanoparticles

50-52 53

and core-shell nanoballs,” offer ease of

(a) Cell Infusing

(d) DNA Elution

Fig. 1 Schematic of the direct assembly of the nanowire-decorated multifunctional membrane with a commercial handheld syringe filter holder
for mechanical cell lysis and DNA purification. The overall sequential process is shown in (a)-(d). Reprinted with permission.** Copyright 2014

American Chemical Society.

This journal is © The Royal Society of Chemistry 2016
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fabrication and separations of biomolecules have been
reported for them; however, low reusability of the materials
for these approaches still has a size limitation, hampering
their development. To overcome the bottom-up related issue,
self-assembled nanowire structures of metal oxides have been
used as sieving materials and their rigidity offers high
reusability.

We have integrated SnO, nanowires into fused silica
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vapor liquid solid technique (VLS) as shown in Fig. 2a.”* The
special feature of the nanowire structure is the controllability
of pore size (20-400 nm) by varying the number of nanowire
growth times as a cycle; consequently, we obtained a hyper-
branched nanowire network structure as illustrated in
Fig. 2b-e. Then we measured and calculated the dependence
of the electrophoretic mobility of DNA molecules in the nano-
wire networks as shown in Fig. 2f. Based on the mobility dif-

microchannels by using the photolithography process and  ference, we could separate . DNA digested by the Hind III

ljind nanowire growth
P ES K L

g 2.0& 2.3 kbp
4.4 kbp

6.6 kbp
9.4 kbp

=0~ 1-cycle growth

Q- 3-cycle growth

Fluorescence
intensity (a.u.)
—

«Q 5-cycle growth

Mobility (x10 em*V-'s™)

5-cycle growth

o - 0 5 10 15
10 .
Time (s)

10*
DNA size (bp)
Fig. 2 3D nanowire network structure. (a) Schematic illustrations showing the nanowire structure after: (I) 1-cycle growth; (ll) 3-cycle growth, and
(1) 5- cycle growth; and (lower row) the overall fabrication procedure. The microchannel and nanowire network structure are formed on a fused
silica substrate. (b) SEM images (scale bar, 1 um) of the nanowire network structure showing: (l) 1-cycle growth; (ll) 3-cycle growth; and (Ill) 5-cycle
growth. The insets show vertical cross-sectional SEM images; scale bar, 1 um. (c) Photograph of the fabricated device; scale bar, 1 cm. (d) SEM im-
age of the nanowire network structure embedded in the microchannel; scale bar, 10 um. (e) TEM images of the nanowire network structure; scale
bars, 100 nm (left) and 50 nm (right). Black arrows highlight branched positions. (f) Dependence of electrophoretic mobility on DNA size in the
nanowire network structure with 1-cycle growth nanowires (red circles), 3-cycle growth nanowires (blue circles), and 5-cycle growth nanowires
(green circles). Error bars show the standard deviation for a series of measurements (N = 3). (g) Separation of lambda DNA digested by Hind Il in
the nanowire network structure with 5-cycle growth nanowires. The electropherogram was obtained at 3 mm from the entrance of the micro-
channel with the nanowire network structure. The applied DC electric field in the separation channel was 500 V cm™. Modified and reprinted with
permission.>* Copyright 2014 Nature Publishing Group.
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enzyme within 13 s under an applied DC electric field of 500
V em™ as illustrated in Fig. 2g. In addition, the hyper-
branched nanowire structure has also been employed as a
sieving material to separate small DNA molecules (0.05-1
kbp), proteins (20-340 kDa) and RNA ladders (0.1-1 kb) as
shown in Fig. 3.°> Moreover, we demonstrated that highly
dense nanowires, serving as a molecular filter, could provide
high throughput filtration of DNA molecules from a mixture
of A DNA and T4 DNA within 1 s.>® The surprising biomole-
cule separations and filtrations described above highlight the
outstanding properties of the nanowire structures integrated
with the microfluidic channel. These findings are promising,
and in future, they should lead to separation and analysis of
other biomolecules.

2.3 DNA manipulation

A number of research studies in recent years have focused
on the next next-generation genome sequencer using nano-
pore structures. In the next next-generation genome se-
quencer, tunneling or ionic-blocking currents for each nu-
cleotide were measured when DNA molecules translocated
into nanopore devices;>’ ®* however, elongation and manipu-
lation of long DNA molecules before translocation into

d
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nanopore devices is still a challenging issue.®>®> Re-
searchers have reported calculation models or manipulation
experiments for long DNA molecules, such as the rope-over-
pulley model and biased reptation.®®®” Bustamante et al.®®
proposed that the radius of a thinned post should corre-
spond with the Kuhn length of DNA (/;, = 106 nm). We veri-
fied this proposal by an experiment in which spot arrayed
SnO, nanowires in fuse silica microchannels elongated T4
DNA (166 kbp) molecules under an applied DC electric
field.* Fig. 4a and b show that the T4 DNA molecules could
be elongated to more than 80% of their fully elongated
length. We found that the “M”-shaped conformation, which
is uniquely seen for DNA migration only in spot arrayed
nanowires, plays an important role in manipulating long
DNA molecules as illustrated in Fig. 4c-f. Recently, next
generation nanopore DNA sequencing devices still have lim-
itation in terms of reading the length and it is still difficult
for them to control the translocation speed. These finding
points are promising to improve the efficiency of nanopore
DNA sequencing devices for single strand DNA elongation
and controlling the DNA translocation velocity through
nanopore devices.®"®® However, preparation methods of
nanowire structures still need to be developed and the di-
ameter of nanowire structures needs to be reduced to
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(a) SEM image of the 3D nanowire structures; scale bar 100 nm. (b) Pore size distribution in the 3D nanowire structures. (c) Separation of

50 bp (40 ng uL™Y), 100 bp (30 ng uL™), 200 bp (30 ng uL™), 300 bp (30 ng pL™?), 500 bp (30 ng uL™) and 1000 bp (30 ng uL™) molecules in the 3D
nanowire structures. The electropherograms were obtained at 500 um from the entrance of the 3D nanowire structures. The applied electric field
in the separation channel was 100 V cm™. (d) Separation of (1) trypsin inhibitor (20.1 kDa), (2) protein A (45 kDa), (3) streptavidin (52.8 kDa), (4)
B-galactosidase (116 kDa) and (5) fibrinogen (340 kDa). The electropherograms were obtained at 2000 um from the entrance of the 3D nanowire
structures. The applied electric field in the separation channel was 500 V cm™. (e) Separation of 0.1-1 kb RNA molecules in the 3D nanowire struc-
tures. The electropherogram was obtained at 250 um from the entrance of the 3D nanowire structures. The applied electric field in the separation
channel was 300 V cm™. Modified and reprinted with permission.>® Copyright 2015 Nature Publishing Group.
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“M” conformation

Fig. 4 (a) Time-course observations of a T4-DNA molecule in spot arrayed nanowires under an applied electric field of 10 V cm™; scale bar, 10
um. (b) Time-course observations of a T4-DNA molecule in the spot arrayed nanowires under an applied electric field of 10 V cm™; scale bar, 10
um. The T4-DNA molecule shows the characteristic “M”-shaped conformation from 0.8 to 2.0 s. (c) “M”-shaped conformation in the spot arrayed
nanowires; scale bar, 10 pm. The outline of the DNA molecule is highlighted as the yellow line. The image is the magnified image at 1.6 s in (b). (d-f)
Schematic illustrations showing the formation of the “M”-shaped conformation in the nanowire spot array structure: (d) a DNA molecule migrates
through gaps between the nanowires and the cover plate; (e) the migrating DNA molecule settles into the nanowire array structure by Brownian
motion; (f) the DNA molecule, now with the “M”-shaped conformation (presented as a top view inside the dotted oval), is entangled with the nano-
wire array structure. Reprinted with permission.®® Copyright 2013 American Chemical Society.

elongate single strand DNA molecules, which have a Kuhn
length of approximately 10 nm.

2.4 Nanowires for detection of circulating tumor cells (CTCs)

CTCs play an important role in cancer metastasis, and their
presence in blood samples of cancer patients provides infor-
mation about the type of cancer. For example, Hosokawa
et al.”® proposed an array of microcavities to perform size-
selective capture of CTCs. Soper' group demonstrated the
preconcentration of CTCs from blood cells by electrokinetic
enrichment devices with CTC selection efficiency more than
90%.”" And, Toner's group reported a herringbone chip (HB
chip) to capture and isolate clusters of CTCs from the blood
of patients, which has a capture efficiency of more than
80%.”> However, these techniques could not control the re-
lease of CTCs for further analysis. To overcome the above is-
sue, Tseng and his research team developed Si nanowires,
which they called a NanoVelcro chip, to capture and release
CTCs from blood samples with high selectivity.”>””® Si nano-
wires were fabricated on substrates by a standard photoli-
thography and chemical wet etching process, and then they
were bonded on chaotic mixer microfluidic channels to fabri-
cate the NanoVelcro chip. Surface modification with cell sur-
face markers of anti-EpCAM enhanced the capturing effi-
ciency of CTCs or of anti-CD45 depleted white blood cells on
the nanowires. Whole-blood samples collected from cancer
patients were injected into the device as shown in Fig. 5. The
NanoVelcro chip could capture CTCs on the surface with an

1130 | Lab Chip, 2016, 16, 1126-1138

efficiency of 40-70%. The NanoVelcro chip based on Si nano-
wires has been developed for single-CTC isolation by depositing
thermoresponsive polymer brushes, poly(N-isopropylacrylamide
(PIPAAm), on Si nanowires.”* This thermoresponsive Nano-
Velcro chip could capture and release CTCs at 37 °C and
4 °C, respectively. In addition, in the same study, biotin
groups were introduced for conjugation of polymer
brushes and anti-EpCAM to enhance the specific capture of
CTCs. The efficiency of CTC release was nearly 90%.
NanoVelcro chips are promising tools to capture and pu-
rify CTCs rapidly before CTC molecular analysis.”

3. Bio-applications: biosensors

Nanowire biosensor devices are opening doors to new ap-
proaches for identifying and quantifying biomolecules
through nanosensors and nanoprobes. Since nanowires have
a high surface-to-volume ratio and well-defined geometry, they
have high sensitivity and short response time. These
features are suited for uses in biological systems or
chemical detection systems, especially at extremely low con-
centrations. Nanowires for bio-applications can be catego-
rized into two major methodologies: electrical detection and
optical detection.””"”®

3.1 Electrical biosensors based on nanowires

The field effect transistor (FET) is an essential electronic
component, which allows researchers to detect electrical sig-
nals related to chemical or biological actions. Mao et al.”®

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Thermoresponsive NanoVelcro system for purification of CTCs (labeled in the drawings as NSCLC CTC). (a) A chip holder is employed to
assemble a lithographically patterned thermoresponsive NanoVelcro substrate with an overlaid PDMS chaotic mixer. A Peltier cooling/heating pad
(integrated with a thermocouple sensor) is located underneath the lower piece of the chip holder, enabling instant and precise temperature
control of the system. (b) At 37 °C, the thermoresponsive NanoVelcro substrate is programmed to its “cellphilic” state. The chaotic mixer is
capable of enhancing the contact frequency between the flowing-through CTCs and the substrate, leading to an improved CTC-capture perfor-
mance. The substrate can effectively release CTCs at its “cellphobic” state (4 °C). Multiple heating/cooling cycles can further increase the effi-
ciency of CTC release. (c) At 37 °C, variable cell-capture efficiencies were observed for three anti-EpCAM surface coverages (2.5, 5, and 10%) at
different flow rates. The 0.5 mL h™* flow rate gave the best cell-capture performance. (d) Cell-capture and release performances were observed
for different anti-EpCAM coverages at 37 and 4 °C, respectively. (e) At 2.5% of anti-EpCAM coverage, differential cell-release performances were
observed for different flow rates at 4 °C. The 0.5 mL h™* flow rate gave the best cell-release performance. (f) Under the optimal cell release condi-
tions, improved performances were observed with increased heating/cooling cycles. At least three heating/cooling cycles were required to effec-
tively release the substrate-immobilized cells. (g) Heating/cooling cycles affected the viability and purity of recovered cells. (h) Performance ob-
served for capturing and releasing EpCAM-positive cell lines (i.e., H1975, H2228, and A549) and EpCAM-negative cells (i.e., Hela, Jurkat, and
WBCs). Modified and reprinted with permission.”* Copyright 2014 American Chemical Society.

proposed the detection of protein binding (immunoglobulin  transistor (TRGO FET), and the detection limit of TRGO FET
G/IgG and anti-immunoglobulin/anti-IgG) conjugated with Au  was 0.2 ng mL™. Sarkar et al.* also reported the highly sensi-
nanoparticles by a thermal-reduced graphene oxide field effect  tive label-free MoS, FET structures. In these experiments, they

This journal is © The Royal Society of Chemistry 2016 Lab Chip, 2016, 16, 1126-1138 | 1131
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could detect the interaction between biotin and streptavidin
molecules in 0.01x PBS buffer solutions by measuring the
pH value change at very low concentrations (-100 fM). How-
ever, 2D nanostructure devices are still difficult to use as
sensing probes for intracellular detection like nanowire
structure devices. In addition, Chen et al.®' have compared
the DNA detection capability of a GaN thin film (GaNTF)

View Article Online
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with that of a GaN nanowire (GaNNW) FET structure.
According to their results, GaNNW has 3 orders of magni-
tude higher sensitivity than the GaNTF device with a wider
detection range (10'°-107® M) due to the large surface area
of nanowires. Consequently, nanowire structures are prom-
ising for highly sensitive biological sensors. Semiconductor
nanowires have been widely used as chemical and biological

(1]

FET
conductance (nS) lonic current (nA)

3,000 4,000 5,000 4,230 4,240 4,250

Time (ms)

1,000 2,000
Fig. 6 Nanowire-nanopore transistor. (a) Schematic of the nanowire-nanopore measurement set-up. Inset: zoom-in view around the nanopore.
NW-NP, nanowire-nanopore. (b) High-resolution TEM image of a silicon nanowire with the nanopore off-axis at the nanowire edge. Scale bar, 10
nm. Inset: larger-scale TEM image of the nanowire-nanopore FET device showing the central silicon nanowire connected to darker NiSi contacts,
which are indicated by the white dashed line. The region where the high-resolution TEM image was recorded is indicated by the yellow dashed
square. Scale bar (inset), 50 nm. (c) Schematic of the sensing circuit. (d) Equivalent circuit diagram for (c). SINW, silicon nanowire. (e) Simulta-
neously recorded ionic current and FET conductance FET signals with a trans chamber KCl buffer concentration of 10 mM, a cis chamber KCl
buffer concentration of 1 M, and 1.4 nM pUC19 DNA. Right panels: zoom-in views of single ionic current and FET conductance events at the time
indicated by black arrows in the ionic current traces of the corresponding left panels. Modified and reprinted with permission.®® Copyright 2012
Nature Publishing Group.
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sensors which offer highly sensitive detection and analysis in
real time through detection of a reaction on the nanowire
surfaces. Top-down approaches, such as photolithography
and electron beam lithography processes, are optimized to
fabricate nanowire FET structures. Cui et al.>® reported the
first silicon nanowire FET (SINW FET) as a nanosensor for
PH sensing and they modified specific receptors on the sur-
faces of SINW to allow biological sensing. In addition, the
SINW FET was developed as a sensor array device for multi-
ple detections such as viruses, cancer markers and DNA,
through the covalent bond formation of a specific receptor
on the surface of the SINW.%*

Recently, Xie et al.®* proposed a new detection mechanism
of charge-based sensing of DNA using nanowires with the
FET. A short channel p-type SINW FET was fabricated onto a
SiN, membrane and a nanopore was drilled from one side to
the other, as shown in Fig. 6a, to detect the change in con-
ductance, instead of tunneling current, during DNA translo-
cation through the nanopore. In this experiment, the buffer
concentrations at the trans (nanopore and SiNW FET) cham-
ber and cis (back side) chamber were optimized to obtain the
translocation signals. The difference in the ratio of buffer salt
concentrations between the cis and trans chambers could
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enhance the translocation signals of long single strand DNA
molecules. The proportion between the ionic current signal
and the order of magnitude of the FET signal was constant.
This concept is likely to allow researchers to integrate the
SiNW FET with a nanopore for multiplexed DNA sequencing
at a higher throughput.

Nanowire structures with the FET have been used as a
probe to study microorganisms in living cells. Duan et al.®*
introduced a branched intracellular nanotube FET (BIT-FET)
to measure the potential in cardiomyocytes (heart cells). The
nanowires were grown as branches on a p-SiNW FET struc-
ture, and then a SiO, passivation layer was deposited on the
nanowires. After that, chemical etching of the nanowires
formed the silica nanotubes (diameter: 50-150 nm) on the
SiNW FET as depicted in Fig. 7a. The phospholipid was mod-
ified on nanotubes to improve the interaction with the cell
membrane and prevent leakage of the cytosol during record-
ing of the signal. Fig. 7b shows that the BIT FET could detect
and measure the beating of cardiomyocytes. In another study,
Robinson et al.®® reported a vertical electrode nanowire array
(VNEA), which was used to stimulate and record extracellular
electrical signals intracellularly in the nerve cells. Si nanowire
arrays had metal deposited at the nanowire tips as illustrated
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(a) Schematic diagrams showing (left) a cell coupled to a BIT-FET and the variation in device conductance G (right) with time t for an action

potential V,,. S and D indicate the source and drain electrodes. The SiO, nanotube connects the cytosol (orange) to the p-type silicon nanowire
FET and, together with the SiO, passivation layer (green), excludes the extracellular medium (light blue) from the active device channel. The struc-
tures on the membrane represent different ion channels, and are not scaled to the true size of the BIT-FET. (b) Representative trace (conductance
versus time) reflecting the transition from extracellular to intracellular recording. Modified and reprinted with permission.4 Copyright 2012 Nature
Publishing Group. (c) Scanning electron microscopy (SEM) image of the 9 silicon nanowires that constitute the active region of the VNEA fabricated
by Robinson et al.®> Dimensions of the nanowire electrodes were designed to facilitate single-cell intracellular electrical coupling. False coloring
shows metal-coated tips (gray) and insulating silicon oxide (blue). Scale bar, 1 um. (d) SEM image of a rat cortical cell (3 days in vitro (DIV), false col-
ored yellow) on top of a VNEA pad (false colored blue), showing nanowires interfaced with the cellular membrane (inset). (e) In both capacitive
and Faradaic modes, the voltage response of the cell due to pipette current injection (/) (red) was recorded simultaneously using a patch pipette
(Vp, blue) and a VNEA pad (Vyw, magenta). Similarly, the cell membrane potential could be controlled (as verified by patch pipette recording) by
injecting current through the nanowires (Iyw) (orange). Note that the capacitive and Faradaic measurements were performed on different cells
since switching between recording modes required swapping amplifier electronics. Reprinted with permission.®® Copyright 2012 Nature Publishing
Group.
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in Fig. 7c and d. In Fig. 7e, the seal resistance between the
VNEA and the cell membrane (0.1-0.5 G€) was about 10
times smaller than the seal resistance of the standard pipette
and the cell membrane (2 GQ); consequently the signal-to-
ratio of the VNEA was higher than that of the standard
pipette.

Recently, C. M. Lieber's group established a new para-
digm shift and trend for bio-applications of nanowires as
reported by Jiang et al;*® they proposed a kinked

®
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nanowire structure, which was used as an active FET chan-
nel, for intracellular recording. A double-kinked tip was
fabricated and wired to SU8 microelectrodes as a free-
standing nanowire FET (nanoFET) probe inserted into a
cell. The nanoFET probe could be bent by the stress re-
lease of the metal interconnection. The active area p-n
junction of the nanoFET was modified by phospholipid
treatment before use as the probe for cardiomyocytes that
were cultured on the PDMS substrate. The results showed
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(a) 3D reconstructed confocal fluorescence micrographs of reticular nanoES viewed along the y (I) and x (Il) axes. The scaffold was labelled

with rhodamine 6G. The overall size of the structure, x -y - z = 300 - 400 - 200 um. Solid and dashed open magenta squares indicate two nanowire
FET devices located on different planes along the x axis. Scale bars, 20 um. (b) SEM image of a single-kinked-nanowire FET within a reticular scaffold,
showing (1) the kinked nanowire, (2) metallic interconnects (dashed magenta lines) and (3) the SU-8 backbone. Scale bar, 2 um. (c, d) 3D reconstructed
confocal images of rat hippocampal neurons after a two-week culture in Matrigel on reticular nanoES. Red (Alexa Fluor 546): neuronal B-tubulin;
yellow (rhodamine 6G): epoxy ribbons. The metal interconnects are false-colored in blue, and are imaged in the reflected light mode. The white ar-
row highlights a neurite passing through a ring-like structure supporting a nanowire FET. Dimensions in (c), x: 317 um; y: 317 um; z: 100 um; in (d), x:
127 um; y: 127 um; z: 68 um. (e) Conductance versus time traces recorded from a single-nanowire FET before (black) and after (blue) applying nor-
adrenaline. (f) Multiplex electrical recording of extracellular field potentials from four nanowire FETs in a mesh nanoES. Data are conductance versus
time traces of a single spike recorded at each nanowire FET. Modified and reprinted with permission.®® Copyright 2012 Nature Publishing Group.
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that the point-like nanoFET could record the extra- and intra-
cellular signals simultaneously.®”

Lieber's group also used the combination of nanowires
and an FET integrated with biomaterials and synthetic tis-
sues to fabricate a flexible and free-standing nanowire nano-
electronic scaffold (nanoES) as shown in Fig. 8a-d.*® In this
work, they seamlessly merged nanowires and FET devices
with metal interconnects as networks using artificial tissues
of high porosity from the nanoscale to macroscale to produce
three-dimensional nanoelectronic-tissue hybrids. The nanoES
was used in experiments for formation of innervated tissues
with cardiomyocytes, neurons and muscle cells. As one exam-
ple, embryonic rat hippocampal neurons were cultured and
merged with the nanoES and a conventional scaffold for 2
weeks. Fig. 8c and d show the 3D confocal images of the neu-
rons as they passed through the ring-like structure of the
nanowires and FET. Thus, the nanoES has a capability for
long term monitoring during in vitro studies. In addition, the
nanoES has been used to study drug effects by measuring
intracellular signals from cardiomyocytes during injection of
noradrenaline to stimulate cardiac contraction as illustrated
in Fig. 8e-f. The next expectations of nanowires for biosen-
sors are medical applications such as less invasive detection
of nanoscale materials and implantable devices to stimulate
and measure physiological quantities. These applications
present some big research challenges for nanowires to
overcome.

3.2 Optical biosensors based on nanowires

Highly ordered one-dimensional structures of nanowires as
arrays have been used for enhanced optical detection. For ex-
ample, Huang et al.® reported that an ordered Ag/SiNW array
could detect the impact surface-enhanced Raman scattering
(SERS) signal of various small molecules and salmon sperm
dsDNA molecules. In this work, the finite-difference time-do-
main (FDTD) method was employed to simulate the near-
field electric field distribution along the Ag surface on the
SiNW array and the results were compared to the experimen-
tal values. The Ag/SINW array detected SERS signals with a
relative standard deviation of more than 14% for 4000 spots
over a 200 x 200 um? array. The visualization of nanowires is
essential for understanding the behaviors and mechanism of
biological samples. Adolfsson et al.°® have demonstrated fluo-
rescent semiconductor III-V heterostructure nanowires for
biological and nanotoxicological studies. GaP-GaInP hetero-
structure nanowires were synthesized by a metal catalyst-
assisted metal organic vapor phase epitaxy technique, and re-
searchers could tune the emission wavelength from 925-560
nm. The nanowires were grown as barcode segments with dif-
ferent diameters and surface treatments. L929 fibroblasts
were cultured on a substrate with nanowires and the fluores-
cence was observed using laser scanning confocal fluores-
cence microscopy. Individual nanowires were clearly observed
as red dots which distinguished them from the living cells
and tissues.

This journal is © The Royal Society of Chemistry 2016
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Recently, P. D. Yang's group introduced nanowire-based
single cell endoscopy to study molecular events with a high
accuracy optical imaging system.”’ A SnO, nanowire was at-
tached with a tapered single mode optical fiber and used as a
waveguide to excite a transparent single living HeLa cell with
a laser beam as shown in Fig. 9. The nanowire tip has high
flexibility, and its small diameter with a high aspect ratio did
not damage the cell, or rupture the membrane. Even though
the cell was excited by the blue light through the nanowire
tip, the light did not harm the cell due to the small illumina-
tion volume of picoliter scale. Moreover, the SnO, nanowire
was used to deliver a payload into the cell at the spatial area
(Fig. 9b and c). Quantum dots (QDs) were conjugated to the
SnO, nanowire tip by photocleavable (PC) linkers and acti-
vated by low power radiation of UV wavelength, and then the
QDs were released into the target sites within 60 s. The nano-
wire endoscope is a promising tool for high-resolution imag-
ing and cargo delivery. In the future, the nanowire endoscope
might be applicable to stimulate living cells by electrical and
optical approaches.

4. Conclusions and perspectives

Researchers have successfully used various technical ap-
proaches to develop nanowires for bio-applications in mo-
lecular to cellular levels. In this review, we summarized
the critical results, obtained using nanowire structures as
a platform, for detection and analysis in bioanalytical
chemistry and medical diagnostics. Nanowires have been
integrated with microchannels, providing a pathway from
the macroscale to nanoscale that allows researchers to ob-
serve and analyze target molecules such as DNA, RNA,
proteins and CTCs. Semiconductor nanowires, which serve
as critical sensing elements due to their high sensi-
tivity and short response time, have been integrated with
as FET by utilizing top-down fabrication techniques.
These advantages allowed a SiNW-FET to be coupled with
nanopores for DNA detection, which is a promising ap-
proach for high throughput DNA sequencing. Another
benefit of nanowires is their very small diameter size with
a high aspect ratio; this enabled researchers to use nano-
wires as a probe tip to stimulate and record changes of
electrical signals in living cells. Moreover, the SiNW-FET
can be merged with a synthesized tissue to fabricate a
flexible nanowire nanoelectronic scaffold (nanoES). The
NanoES is a paradigm shift for nanodevices and holds the
promise to create a cyborg skin, which would sense chem-
ical and electrical changes. Nanowires were also used as
biological optical sensors; nanowire fluorescence optical
imaging was done within cells for identification and
within a nanowire structure array for SERS detection.
SnO, nanowires were demonstrated to be applicable as an
optical waveguide and as a tool to deliver a cargo of quan-
tum dots into a cell without damaging the cell. These dra-
matic improvements of nanowire structures allow the de-
velopment of a new level of bioanalytical chemistry and
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Fig. 9 (a) Schematic illustration of the nanowire-based cell endoscope system. The nanowire endoscope, consisting of a hanowire waveguide
fixed on the tapered tip of an optical fiber, can be inserted into a single living cell at designated positions using a three-axis micromanipulating sys-
tem for spot delivery of payloads. The nanowire endoscope can be optically coupled to either an excitation laser to function as a local light source
for molecular imaging or a spectrometer to collect local optical signals. CCD, charge-coupled device. (b) Schematic of the spatiotemporal delivery
of quantum dots (QDs) into a living cell using a photoactivatable nanowire endoscope. Inset: QDs were conjugated to the nanowire by photo-
cleavable (PC) linkers. (c) Photoluminescence spectrum of a QD (emission, 655 nm)-conjugated SnO, nanowire endoscope excited with a focused
HeCd laser (325 nm). Inset: transmission electron microscopy (TEM) image of the QD-conjugated SnO, nanoprobe. Nanowires with smaller sizes
than the average nanowire endoscopes had better contrast and were selected for TEM imaging. (d) Dark-field (left) and fluorescence (right) images
of the QD-conjugated SnO, nanowire endoscope. (e, f) Dark-field images showing a nanowire endoscope inserted into a cell nucleus (e, left) and
cytoplasm (f, left), and fluorescence images taken after UV irradiation (325 nm, 1 min) was focused on the nanoprobe tip, showing QD fluorescence
in the cell nucleus region (e, right) and in the cell cytoplasm (f, right) under 442 nm laser excitation. Dark-field illumination was left on when the
fluorescence image was captured to show the cell outline. Insets in (e) and (f): dark-field images of the two cells when the 442 nm excitation laser
was turned off. A 532 nm long-pass filter was used to screen the excitation laser for fluorescence imaging. Magnifications for (e) and (f) are the
same. (g) Fluorescence confocal image of a Hela cell, showing that the nanoprobe has delivered the QDs (red dot in the cytoplasm) within the cell
membrane (green), which were labelled with an Alexa Fluor 488 conjugate of wheat germ agglutinin. A 488 nm laser was used to excite both the
cell membrane stain and the QDs. Inset: dark-field image of the cell during QD delivery with a nanowire endoscope. Scale bars in (d), (f), and (g),
20 um. Modified and reprinted with permission.* Copyright 2012 Nature Publishing Group.
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