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Research on nanoscale semiconductor devices will elicit a novel understanding of biological systems.

First, we discuss why it is necessary to build interfaces between cells and semiconductor nanoelectronics.

Second, we describe some recent molecular biophysics studies with nanowire field effect transistor
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1. Introduction

Biological systems are rich in electrical activity. Alongside the
well known pathways of biochemical regulation, there exist
additional pathways of biological communication governed
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sensors. Third, we present the use of nanowire transistors as electrical recording devices that can be inte-
grated into synthetic tissues and targeted intra- or extracellularly to study single cells. Lastly, we discuss
future directions and challenges in further developing this area of research, which will advance biology

not by chemical reagents, but by electrical signals."” Recent
in vitro experiments have shown that electromagnetic fields
(EMFs) can act as epigenetic signals, controlling important
cell behaviors'™ such as the direction of cell migration and
the orientation of cell division. Besides being able to be
affected by EMFs, biological systems can also serve as the
source of EMFs at several levels.>** For example, mitochon-
dria® are a source of strong static electric fields - in the range
of 10°~10” V m™". Similarly, microtubules (MTs), composed of
electrically polar tubulin heterodimer subunits, have also been
suggested as the source of cellular EMFs.” In this regard, bio-
electric signals form an epigenetic pathway that can potentially
be another network for understanding and controlling single
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Fig. 1 Bioelectric networks inside single cells are epigenetic, and could
be the next target for studying and controlling cellular signaling. The top
panel depicts how bioelectric, and chemical and transcriptional
modules form networks inside cells. Shown in the lower panel are single
mitochondrion and microtubule bundles containing these modules,
both of which can be used as intracellular electrical interfaces with
nanoscale semiconductor devices shown in green.

cell behavior® (Fig. 1). While other methods, such as glass
microelectrodes”® and voltage sensitive dyes,”'® can be used
to study these systems, this review will focus on advances in
nanoscale semiconductor devices''™® and how they offer a
promising new approach to both studying and altering the
behavior of electrical activity in a biological context.
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1.1. ‘Nano’ is the natural length-scale for electronic
interfaces with biological systems

Before continuing to examine how semiconducting materials
can address bioelectric activity, let us briefly pause to consider
why nanoscale devices are the ‘natural’ length scale for addres-
sing biological electrical signals (Fig. 1). Biological systems are
organized hierarchically, with unique characteristics and func-
tionalities spanning multiple length scales; some examples
include collagen fibers, metabolic networks, and even chromo-
some organization. Therefore, it is important to select the
right organizational length scale for device and biointerface
design. In the case of sub-cellular organization, this length
scale is designated by the size of individual organelles which
are on the order of tens to hundreds of nanometers.'® A probe
must be able to distinguish between individual organelles,
either for sensing or stimulation, providing a ‘natural length
scale’ at which a sensor must operate, requiring a design
capable of extreme spatial resolution (Fig. 1). In this regard,
semiconductor nanomaterials are a good fit as they have
proven detection capabilities, and have device designs down to
the ~10 nm regime.”®

1.2. New tools and opportunities, from biophysics to
healthcare

The ability to interact electrically within a single cell or
throughout the entire 3D volume of a tissue in a targeted
fashion has many important implications for electrophysiology
and biomedical sciences; however, very few studies to date
have experimentally examined the electrophysiology of sub-
cellular organelles in complete cellular settings,”* such as the
endoplasmic reticulum or mitochondrion. While fluorescent
dyes can act as point like voltage sensitive probes,'® such
markers tend to be confined to the plasma membrane, and
can interfere with natural cell functionality, limiting their
range of applications. The patch clamp technique, in which a
pulled glass micropipette filled with electrolyte is inserted into
a cell, offers intracellular electrical measurements with high
signal-to-noise ratio (S/N) and single ion channel recording
capability.’* Ideally, the micropipette should be as small as
possible to increase the spatial resolution and reduce the in-
vasiveness of the measurement. However, the overall perform-
ance of the technique also depends on the impedance of the
interface between the micropipette and the cell interior (i.e.,
the smaller the probe tip size, the larger the junction impe-
dance), which sets limits on the temporal resolution and S/N
of the micropipette-based electrical probes."® Advanced tech-
niques that involve inserting metal or carbon microelectrodes
or nanoelectrodes into cells or tissues could be subject to a
similar dilemma, because all these tools are single terminal
devices and electrochemical thermodynamics and kinetics
must be considered for device operation.'® Therefore a new set
of tools is required for exploring electrical dynamics in this
regime, with nanoscale semiconductors appearing as a promis-
ing candidate.

This journal is © The Royal Society of Chemistry 2014
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2. Nanoscale semiconductor devices

Semiconductor devices have a rich set of physical properties
that make them desirable targets for the design of next
generation biomedical devices. In addition to a small intrinsic
size which gives rise to both high spatial resolution and
minimal invasiveness, nanoscale semiconductor devices
show extreme chemical and electrical sensitivity, bio-marker
selectivity, multiplexed signal detection, and flexible device
configuration.'>"**?

2.1. Sensitivity and selectivity

Nanoscale semiconductor devices, particularly nanowire field
effect transistors (NWFETs), are a highly sensitive and selective
platform for detecting minute changes in chemical concen-
trations and electrochemical potentials. A FET device uses
electrons or holes as the carriers, which exhibits a conduc-
tance change in response to variations in the charge or poten-
tial at the surface of the channel region. A FET device’s
sensitivity is related to its transconductance, which is inversely
scaled to the detectors dimensions, suggesting that nano-
scopic devices can yield better sensitivities that are appropriate
for resolving minute cellular signals."> The state-of-the-art
NWEFETs show detection sensitivities down to femto-molar
concentrations®>>?* (i.e. parts per quadrillion (ppq) detection)
and switching speeds as fast as 2 THz,>>*® allowing for
responses on the picosecond timescale. For instance, intra-
cellular calcium concentrations, an important secondary mes-
senger, are on the order of 100 nM for resting cells, a
concentration well above the detection limit of NW devices.
Additionally, NWFETs are also capable of operating under
physiological conditions in a non-invasive manner.'*'*> This
unique capability makes them a particularly promising candi-
date for in vivo studies.

2.2. Multiplex sensing

Multiple bio-marker detection, such as nucleic acids, proteins
and ions, is a vital tool in the life sciences, with techniques
such as the enzyme-linked immunosorbent assay (ELISA).”
Semiconducting nanomaterials offer a promising analog to
these types of assays, as multiplexed devices can monitor for a
variety of signals within a single sample with high sensitivity
and in a reusable fashion.*® Multiplexing, the use of multiple
semiconductor devices for the simultaneous measurement of
a single sample, is an important step in achieving this goal, as
correlated detection can cut down on electrical cross-talk and/
or false-positives, while individual nanoscale detectors can be
configured through surface modification to monitor for dis-
tinct targets.”>***®*° This allows for the simultaneous
measurement of multiple biomarkers and can give insight into
how chemical systems dynamically evolve in real-time.*®>°
While there are certain practical challenges in device
implementation preventing the current commercialization of
these devices, recent advancements in fabrication techniques
such as patterned positioning®' present promising opportu-
nities for future implementations.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Flexible and three dimensional nanoelectronic devices. (A) Scanning
electron microscopy image of a single kinked nanowire probe used for
intracellular potential recording. The yellow star highlights the position
of a field effect transistor. Scale bar, 5 pm. (B) Confocal fluorescence
microscopy image of a macroporous nanoelectronic scaffold used for
sensing from engineered tissues. Magenta boxes demarcate two field
effect transistor devices. Scale bar, 20 pm.

2.3. Flexible electronics

Nanoscopic devices are capable of extreme flexibility when
compared to bulk materials allowing for the construction of
uniquely pliable electronic devices'"'***7 (Fig. 2). This
enables the design of free-standing three dimensional device
configurations and allows for the dynamic response to
changes in tissue positioning and conformation. In an analo-
gous fashion to existing engineered active components in
tissue culture, flexible nanoelectronics allows for the obser-
vation and modulation of tissue behavior in a three dimen-
sional volume."*

2.4. A new library of bio-orthogonal tools

One of the most important properties of semiconductor
materials is the diverse range of configurations, allowing for
interrogation with biological systems in a bio-orthogonal
fashion.>?® During the past several decades, many such
materials have been designed and realized, including colloidal
nanoparticles,*® semiconductor nanowires (NWs) and carbon
nanotubes,’®*? with scale dependent properties distinct from
the bulk. Among all semiconductor nanosystems, silicon
based materials and devices are particularly important given
that they are biocompatible and biodegradable.’***** Never-
theless, other semiconductor components can be chemically
engineered to reduce their cytotoxicities under physiological
conditions.”>*® This diverse set of materials provides a wide
range of nanoscopic “building blocks” that can be applied in a
biological context leading to a host of possible applications,
with some examples including nanoscale biosensors,>****®
drug delivery systems,*®**”*° intracellular pressure sensors™’
and engineered tissue scaffolds."*

In regard to diverse functionality through synthetic control,
silicon nanowires (SiNWs) have been one of the most success-
ful nanoscopic platforms. SINW structures can be designed
and synthetically realized with complex, yet controlled, modu-
lations in composition, doping, defects, and even topogra-
phy"*** (Fig. 3A). Recent progress has also been observed in
the synthesis of other meso- or nanostructured silicon
materials, such as silicon ‘diatoms’" (Fig. 3B) and nanoporous
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Fig. 3 Complex silicon-based nanostructured materials. (A) Scanning
electron microscopy image of a kinked nanowire; yellow arrow
highlights the gold catalyst used for VLS growth. (B) A silicon ‘diatom’
synthesized by magnesium reduction. (C) A nanoporous silicon membrane
used for molecular separation. B and C are adapted from ref. 51 and 52,
respectively, with the permission from Nature Publishing Group.

silicon membranes® (Fig. 3C). This high degree of synthetic
control enables the creation of building blocks with predict-
able physical properties and the assembly of hybrid or multi-
component functional materials in novel layouts and
configurations, in turn allowing for the rational exploration of
the silicon-biology interface,*® creating new opportunities and
technologies for a library of bio-orthogonal tools.

3. Silicon nanowire sensors for
molecular biophysics studies
3.1. Study of molecule kinetics and activities

Nanowire field effect transistor based devices can be designed
to examine protein dynamics with high precision at both an
ensemble and a single protein level.>*° Selective protein dis-
crimination can be achieved by the modification of a detec-
tor’s surface, in an analogous fashion to biomarker
detection.”**%?° When multiple binding domains are present
on a single detector, this approach yields an ensemble
measurement and can be used to examine kinetics infor-
mation; however, this approach can also be adapted to the
single protein level, reporting on processes such as folding
and unfolding.>® To study single protein dynamics, only a
single protein may be present on an individual detector.
Achieving this can pose a significant challenge, but could be
addressed through point defect methods as demonstrated in
carbon nanotube based sensors.’*> Single protein dynamics
can offer insight into the different stages of the enzymatic
process, such as protein specific turnover rates, and the cause

4 | Biomater. Sci., 2014, 00, 1-8
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of enzymatic deactivation at the single molecule level, infor-
mation not readily available from ensemble measurements.

3.2. DNA detection with NWFET pores

As the demand for DNA sequencing increases, new high-
throughput methods are needed to reduce consumer prices
and achieve faster sequencing rates. To meet this challenge, a
variety of methods have been explored, including translocation
through nanotube devices®® and solid state nanopore
devices.>’° Nanopore based platform is one of the most
promising techniques, sequencing DNA by measuring the con-
ductance through nanoscopic pores as DNA transports
between two aqueous compartments.®®>® However, the mem-
brane translocation speed, ~1 ps per base, can be too fast for
signal amplification in small ion currents and can result in
the detection 1ag.°® One proposed solution is the use of
NWEFETs which can detect DNA in an analogous fashion to
proteins and pathogens, but with faster temporal resolution.
In 2011 the Lieber group demonstrated that NWFETs could
potentially be configured as DNA sequencing devices when
used in conjunction with a nanoscopic membrane pore,*
combining the advantages of both techniques.

4. Silicon nanowire sensors for
cellular biophysics studies
4.1. Extracellular electrical recordings

Monitoring extracellular electrical processes is important in
understanding both intra- and intercellular signaling, or how
cells communicate across large networks. To study these pro-
cesses, multiplexed NW arrays have been used both on the
single cell level and as detectors for clustered groups of cells,
allowing for the spatially resolved detection, stimulation and
inhibition of extracellular signal propagation.'>'* NW biosen-
sors can interface with single cells extracellularly, which sense
changes in electric field potential as ionic species transverse
the cell membrane (Fig. 4A). Multiple NWFETs can also be
arranged along different points in the culture allowing for
measurement of signal transduction speeds."” Moreover,
because these nanowires can be placed within a confined
region without apparent cross-talk, differences between long
distance and short distance signaling can be discerned.'™"* So
far, NWFETs have already been used to explore electrical
signal propagation in neuronal cells and cardiomyocytes,'"?
although we note that they also hold potential in the study of
several other cell types that use electrical signals as an acti-
vation mechanism.

4.2. Intracellular electrical recordings

Lipid membranes serve as electrical barriers which attenuate
transmembrane signal amplitude and produce signal distor-
tions'® (Fig. 4A). As a result, extracellular sensors are limited
in their capacity to detect intracellular signals. Recent progress
has shown that NWFETs can be brought into contact with
intracellular domains in order to directly record intracellular

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Intracellular electrical recording with field effect transistors.

(A) Plot comparing the amplitude of intracellular (lower) vs. extracellular
(upper) FET recordings, with shape ‘distortions’ due to the resistor—
capacitor (RC) components from plasma membrane (middle). (B) Several
FET configurations for intracellular recording. The black arrows indicate
the sensing domains. (C) Electrical recording traces from a kinked nano-
wire probe as it transitions (I) from an extracellular (magenta stars) to
intracellular (green stars) space, and (ll) reaches an intracellular steady
state.

activities in a localized and tunable fashion, with three
examples depicted in Fig. 4B: kinked NWFET,"" branched
intracellular nanotube NWFET' and active nanotube
NWFET.'® The representative electrical recordings from a
spontaneously beating cardiomyocyte using a kinked NWFET
are shown in Fig. 4C.""

This process is relatively non-invasive when compared to
traditional intracellular recording probes such as voltage-sensi-
tive optical dyes and single-terminal glass or carbon microelec-
trodes.” Such electrodes are limited as intracellular species
are exposed to the probe’s electrolyte solution (Fig. 5A) and
current is passed directly through the cytosol (Fig. 5B), both of
which may induce irreversible changes to the cells, calling into
question the physiological relevance of these recordings and
preventing long-term non-invasive studies. Semiconductor
devices are able to circumvent this by using a fundamentally
different circuit configuration (Fig. 5C); processing cellular
information without the need for direct communication with
cellular ions thus minimizing junction impedance and cellular
invasiveness issues."™

4.3. Electrical recordings from synthetic tissues

The use of semiconductors for recording electrical information
can be further extended towards the development of synthetic
tissues with embedded nanoelectronic sensory capabilities. In
2012, the Lieber and Kohane groups designed vascular nano-
electronic scaffold (nanoES) constructs for use in tissue-engi-
neering blood vessels."* Hybrid human aortic smooth muscle
cell (HASMC) nanokES sheets were fabricated by culturing the
cells on a 2D mesh nanoES with an agent that promotes
natural ECM deposition on the mesh (Fig. 6A). The hybrids
were then rolled into 3D tubular structures and allowed to

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 A comparison between conventional intracellular electrical
recording tools and a kinked nanoscale field effect transistor (nanoFET)
probe. (A) Four intracellular recordings are depicted: glass micropipette,
metal or carbon micro/nanoelectrode, glass micropipette, and nanoFET
(from left to right). The green arrows indicate the current flows. (B) and
(C) are the equivalent circuits of the intracellular junctions established
through conventional devices and nanoFET, respectively. Abbreviations:
Cj, junction capacitance; Cr,, membrane capacitance; Rs, series resist-
ance; R;, junction resistance; R,,, membrane resistance; V,, intracellular
potential.

mature (Fig. 6B). Micro-computed tomography (micro-CT) was
used to visualize the distribution of the nanoES mesh in the
tubular structure and it was shown that metal interconnects
were regularly spaced (Fig. 6C, I) with at least four revolutions
(Fig. 6C, 11)."* The hybrid tissues were subsequently stained
with hematoxylin—-eosin and Masson-trichome stains revealing
healthy 200 micron thick smooth muscle with embedded
polymer (SU-8) ribbons from the nanoES confirming the 3D
integration of the NWFET with the smooth muscle tissue
(Fig. 6D). The ability to successfully integrate NW sensors into
3D tissues represents a new direction for merging nanoelectro-
nics with biological systems including incorporating nanoscale
stimulatory elements into the tissue-nanoES hybrids.”® With
future engineering approaches, sensing capabilities could be
broadened to address various disease states, in vitro (lab-on-a-
chip, 3D tissue-based therapeutic assays) or in vivo. Cell or
tissue interactions with nanokES could be fine-tuned by modifi-
cation with cell growth determinants.*” The elements in
nanoES could be expanded to incorporate nanoscale stimu-
lators and stretchable designs® to provide electrical and mecha-
nical stimulation to enhance cell culture; in vivo these
properties could provide functionalities such as pacing, and
moduli that match those of host tissues.

5. Outlook

As minimally invasive and highly sensitive detectors, nano-
scale semiconductor devices offer a promising new approach
to studying the behavior of electrical activity in a biological
context. Notably, there are emerging challenges and opportu-
nities in FET based electrical sensing of biological systems.
For example, although pH sensing is readily achievable, the
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Fig. 6 Nanoelectronics integrated into synthetic tissue. (A) (I) Photograph of a single HASMC sheet cultured with sodium L-ascorbate on a nanoES.
() Zoomed-in view of the dashed area in (I), showing metallic interconnects macroscopically integrated with cellular sheet. (B) Photograph of the
vascular construct after rolling into a tube and maturation in a culture chamber for 3 weeks. (C) (I) Micro-computed tomograph of a tubular
construct segment. (Il) Zoomed-in view of (l). Yellow arrows mark the individual nanowire FET-containing layers of the rolled construct. Scale bar,
1 mm. (D) () Hematoxylin & eosin and (ll) Masson trichrome (collagen is blue) stained sections of nanoelectronic-HASMC hybrid (~6 pm thick) cut
perpendicular to the tube axis; lumen regions are labeled. Black arrows mark the positions of SU-8 ribbons of the nanoES. Scale bars, 50 pm.

sensitivity for proteins and other macromolecules under physio-
logical conditions need to be improved significantly with
new operation schemes®! or surface chemistry.> Additionally,
FET is currently limited to the detection of potential variations
and charges, and there is still a significant need for ionic
current sensing in order to understand more quantitatively the
signaling of biological systems.®**

This mini-review has highlighted some of the key aspects
that make semiconductors good detectors; however, there are
many unexplored opportunities for also influencing the behav-
ior of cells via electrical or optoelectronic stimulation. The
mechanisms by which proteins sense voltage changes are
diverse.®® Ton channels, for example, have a conserved, posi-
tively charged transmembrane region that moves in response
to changes in membrane potential.®> Additionally, some
G-protein coupled receptors possess a specific voltage-sensing
motif while some membrane pumps and transporters use the
ions that they transport across membranes to sense membrane
voltage.®® The charged groups of proteins, their arrangements,
local field strength, disposition and movements of the charges
or dipoles can be variable; however, the final result is that
changes in the electric field are transduced into a confor-
mational change that alters the protein’s function, thereby
ultimately controlling a single cell’s behavior.®® This important
feature of proteins not only strongly indicates that the
intracellular bioelectric networks may be very important in
cell signaling (Fig. 1), but also that such protein responses
can be controlled using localized electrical or optoelectronic

6 | Biomater. Sci., 2014, 00, 1-8

stimulations through nanostructured semiconductor devices.
This gives rise to the possibility of ‘Cyborg Cells’ and a technique
based on the semiconductor analog of ‘optogenetics’,**°® cells
with internalized semiconducting materials capable of tunable
behavior, controlled using external optical and electrical

stimuli (Fig. 1).
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