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a b s t r a c t   

Bioelectronics explores the use of electronic devices for applications in signal transduction at their inter
faces with biological systems. The miniaturization of the bioelectronic systems has enabled seamless in
tegration at these interfaces and is providing new scientific and technological opportunities. In particular, 
nanowire-based devices can yield smaller sized and unique geometry detectors that are difficult to access 
with standard techniques, and thereby can provide advantages in sensitivity with reduced invasiveness. In 
this review, we focus on nanowire-enabled bioelectronics. First, we provide an overview of synthetic stu
dies for designed growth of semiconductor nanowires of which structure and composition are controlled to 
enable key elements for bioelectronic devices. Second, we review nanowire field-effect transistor sensors 
for highly sensitive detection of biomolecules, their applications in diagnosis and drug discovery, and 
methods for sensitivity enhancement. We then turn to recent progress in nanowire-enabled studies of 
electrogenic cells, including cardiomyocytes and neurons. Representative advances in electrical recording 
using nanowire electronic devices for single cell measurements, cell network mapping, and three-dimen
sional recordings of synthetic and natural tissues, and in vivo brain mapping are highlighted. Finally, we 
overview the key challenges and opportunities of nanowires for fundamental research and translational 
applications. 

© 2021 Elsevier Ltd. All rights reserved.    
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Introduction 

Ever since Luigi Galvani discovered ‘animal electricity’ in 1780s  
[1], electronic devices have made significant contributions to biology 
and healthcare. The communication of electronic elements with 
biomolecules, cells and/or tissues is now defined as ‘bioelectronics’ 
with major research activities focused on many areas, including 
biosensors that can transduce biomolecule recognition events into 
electronic signals, and implantable devices that can monitor and 
modulate electrical signals in tissues [2,3]. Bioelectronic devices are 
also widely used in healthcare from blood glucose sensors that can 
monitor blood sugar levels of diabetes [4] to cardiac pacemakers [5] 
that help control abnormal heart rhythms. 

Despite these healthcare successes, existing bioelectronic devices 
and tools remain limited in terms of sensitivity, spatial resolution, 
and biocompatibility, mostly due to mismatches in size and me
chanical properties with the biological elements being detected. For 
example, the basic elements central to neuronal communication and 
signal propagation (e.g., synapses and ion channels) show that the 
biological length scale relevant to intercellular communication is on 
the nanometer scale. In this regard, nano-electronic devices re
present the biological scale for building effective interfaces to 
communicate between cells, and thus could serve as the building 
units for a seamless interface of electronics with biological systems  
[2,3]. For many in-vivo tools and wearable/implantable healthcare 
applications, conventional devices are significantly more rigid than 
natural tissue, this mechanical mismatch has resulted in relative 
shear motion at the tissue-electronics interfaces, leading to dete
rioration of the recording and stimulation capabilities over time. In 
this regard, electronic tools that match structural, mechanical, bio
chemical and other key properties with the natural tissue could thus 
provide chronically-stable and seamless integration, and open up 
many new scientific and technological opportunities [6,7]. 

In this review, we focus extensively on inorganic nanowire (NW) 
bioelectronics, which have provided unique advantages for devel
oping tools and devices with enhanced or new capabilities for both 
fundamental science and healthcare. The diameters of NWs are 
comparable to the size scale of many biological species, including 
proteins, nucleic acids and cellular structures. Thus, NWs configured 
as field effect transistors (FETs) have been used as sensitive real-time 
electricity-based detectors of biological species and cell membrane 
potentials, where the signal amplitude does not depend significantly 
on probe size and resistance [3,8]. In this regard, the carbon-based 
nano-bioelectronics, including carbon nanotube [9], graphene  
[10,11], and organic [12,13] devices, have also shown promise as 
bioelectronics (see Table 1 for a summary of the typical electrical 
properties of nanomaterial transistor biosensors). Compared to these 
other materials, a unique advantage of inorganic NW devices stems 
from the possibility of designing and preparing complex NWs with 
structure, composition, and doping profiles controlled from the 

atomic scale [14–16]. One example is the synthesis of kinked or U- 
shaped NWs with point-like FET detectors at their tips, which has 
further enabled bioprobes capable of intracellular recordings in a 
minimally-invasive manner [17]. Taking advantage of standard top- 
down fabrication approaches, vertical NW electrode arrays have 
been developed as a scalable intracellular recording platform of 
electrogenic cells [18–20]. Last, arrays of NWs devices assembled 
and integrated on ultra-flexible, macroporous and biocompatible 
polymer mesh electronics have opened up measurements of cellular 
activity within synthetic and natural tissues [21–23]. In comparison, 
carbon nanotubes are synthesized as a mixture of semiconducting 
and metallic tubes. Such mixtures require purification for high- 
performance (semiconductor) devices, which may be challenging for 
scalable implementation [3]. 2D graphene-based devices, on the 
other hand, are more suitable for lower-resolution tissue-level in
terfacing, as their planar configuration can make difficult the for
mation of a tight seal with the cell membrane and significantly limits 
the signal amplitude [24]. Synthetic and natural polymer-based 
devices integrated onto flexible and stretchable substrates have 
shown good biocompatibility and reduced mechanical mismatch at 
the tissue-electronics interfaces, but their applications as nano- 
bioelectronics are still limited by the lack of synthetic control and 
patterning approaches at the nanometer scale [12,13]. 

Nanowire materials 

The basic NW has a uniform 1D structure with diameters typi
cally from 3 to 500 nm and lengths from several hundreds of nan
ometers to millimeters [14–16,25]. The first work in this area [26] 
showed that the vapor–liquid–solid (VLS) growth mechanism could 
be used to grow silicon (Si) and germanium (Ge) NWs where a metal 
nanocluster catalyst is used to direct the material growth along one 
direction. In the growth process, the metal nanocluster catalyst 
forms a liquid metal–semiconductor eutectic alloy by absorbing 
vapor phase reactant of the desired NW product, and when super
saturated, the nanocluster undergoes a nucleation event to form a 
crystallite of the semiconductor material. Continued absorption of 
reactant with the temperature above the liquidus temperature re
sults in rapid elongation of the NW with the diameter defined ap
proximately by the nanocluster catalyst (Fig. 1, top). The 
nanocluster-catalyzed VLS method has subsequently been extended 
to the growth of a broad range of NW materials, including group 
III–V (e.g., GaAs, GaP, GaN, InAs, InP, InSb) and II–VI compound 
materials (e.g., ZnS, ZnSe, CdS, CdSe) [16,27]. 

In addition, controlling dopant incorporation in NWs during 
growth is critical for making functional electronic devices [28]. For 
example, p- and n-type doping in Si and Ge NWs can be achieved by 
introducing gas precursors such as diborane and phosphine, re
spectively, where dopants may enter in the axial direction via the 
metal catalyst particle and liquid/solid interface or via radial 

Table 1 
Typical properties of nanomaterial transistor biosensors.       

SiNWs Carbon nanotubes Graphene  

Transconductance (µS V−1) 0.5–5 [179] 0.5–1 [212] 100–500 [213] 
Mobility (cm2 V−1 s−1) 100–1500 [68] 2000–100,000 [214,215] 3000–200,000 [216] 
Gate capacitance 0.2–0.5 nF/m [217] ~ 0.4 nF/m [218] ~ 10 μF/cm2 [219] 
Limit of detection (mol/L)a 3.3 × 10−17 [83,220] 9 × 10−15 [221] 1 × 10−15 [222]  

a Lowest limit of detection reported for prostate cancer biomarkers in buffer solution.  
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deposition. Quantitative measurements of radial distribution of do
pants has contributed substantially to understanding of device be
havior [29]. The gate capacitance of boron-doped SiNW transistors 
has revealed non-uniform radial dopant profiles with higher dopant 
concentrations at the surface [30]. Atom probe tomography has been 
used to further show that differences in precursor decomposition 
rates between the liquid catalyst and solid NW surface can give rise 
to a heavily doped shell surrounding an underdoped core [31]. 
Consistent with these results, the dopant location assessed by 
electrical transport measurements with controlled removal of ma
terial from NW surfaces showed a well-defined transition from bulk- 
like to surface doping states as the NW diameter is decreased <  
22–25 nm [32]. More uniform radial dopant profiles have been 
achieved by reducing dopant absorption on the radial NW surfaces 
and post-growth thermal annealing [33], as well as elevating the 
growth temperature [34]. 

The basic nanocluster-catalyzed VLS method for NW synthesis has 
been expanded significantly to controlled growth of NWs with 
modulated morphologies and structures, including axial hetero
structures, branched/tree-like structures, and radial heterostructures 
(Fig. 1), where the increased complexity in the NWs offers unique 
functional advantages in the field of bioelectronics. Early studies of 
NW heterostructures [35,36] demonstrated the synthesis of axially 
modulated heterostructures by switching between different vapor 
phase reactants/dopants during NW elongation (Fig. 1a). Similarly, 
switching between different dopant concentrations and/or types has 
been used to produce dopant modulated heterostructures [37,38]. The 
combination of doping modulation and selective wet-chemical 
etching has been demonstrated to form synthetically encoded 10-nm 
resolution diameter-modulated geometries along the NW growth axis  
[39]. Pressure-dependent formation of Au-atom patterns in NWs 
(from the Au-nanoparticle catalyst) have been used to yield periodic 
axial structures after wet-chemical etching, where gold serves as an 
etch stop [40,41]. In addition, Plateau–Rayleigh-type NW growth has 
been achieved, mimicking stream of fluid breaking into smaller 
packets, to demonstrate tunable features on NWs such as periodic 
diameter modulation and anisotropic cross sections [42]. These per
iodic axial structures have the potential for helping to form tighter 
seals with tissues or other soft biomaterials [40]. 

The VLS growth mechanism can be further extended to the 
synthesis of kinked NWs produced by perturbation during NW 
growth, such as modulation of the reactor pressure [43], NW dia
meter [44], and electrical field [45] (Fig. 1a). For example, studies 
have suggested that cycles of reducing and increasing the NW re
actants to stop and to restart nucleation and elongation will result in 
1-kink/cycle as a result of re-nucleation occurring to minimize en
ergy, and thus switching NW growth direction [43,46]. This tech
nique can be combined with in situ doping modulation by 
introducing different dopant precursors during NW growth, yielding 
p–n junctions or transistors [17,43] synthetically encoded at the tips 
of kinks, which has enabled three dimensional probes capable of 
intracellular recordings in a minimally-invasive manner [17]. Alter
natively, kinked NWs can be synthesized by ‘welding’ two crossed 
NWs to create heterostructure junctions with unlimited angle and 
potentially any composition and doping [47]. 

Control of junction sharpness in axial NW heterostructures is 
important to device function, and can be controlled with gradual to 
atomically abrupt interfaces that can synthetically define nanoscale 
sensing elements for interfacing with biomolecules or cells. Gradual 
transitions on the order of the NW diameter are due to a reservoir 
effect, i.e., slow depletion and re-equilibration of the liquid alloy 
catalyst with new materials [48]. To increase junction abruptness, 
several approaches have been demonstrated. A catalyst alloy, such as 
Ga–Au, that has a lower solubility of the target NW material can 
improve junction abruptness to ca. 0.2× diameter [49]. Alternatively, 
reduction of the growth temperature below the liquid solution point 
enables vapor–solid–solid (VSS) mechanism, where the low solid 
solubility of NW precursor has enabled the growth of atomically 
abrupt interfaces in Si/Ge and Si dopant-modulated NW hetero
structures [50],. Related to these methods, sharp interfaces in In
As–GaAs heterostructures can be achieved by purging the reactant of 
Ga (or In) before the next segment is grown [51], or in the case of 
III–V–V heterostructures, taking advantage of the very low group-V 
solubility in the Au–III alloy catalyst to achieve atomically-abrupt 
NW junctions [29,36,52]. The sharp heterostructure interfaces has 
been utilized to achieve ultrashort-channel NW transistors for point- 
like cellular signal detection and potentially ion channel activity 
measurement on the length scale of single ion channels [50]. 

Fig. 1. Structure-controlled synthesis of nanowires. Top, schematic illustration of VLS growth of NWs. Vapor phase reactants undergo nucleation and growth of crystals in the 
presence of metal nanoparticle catalyst. a, Axial heterostructures. Switching dopants and/or modulating reactor pressure during NW growth enables control of NW structure in 
the axial direction. b, Branched/tree-like structures. Sequential deposition of metal catalysts on synthesized NWs enables branched and tree-like heterostructures. c, Radial 
heterostructures. Uniform layer-by-layer deposition on NWs enables control of NW structure in the radial direction. 

A. Zhang, J.-H. Lee and C.M. Lieber Nano Today 38 (2021) 101135 

3 



Branched or tree-like NWs can be obtained by introducing new 
nanocluster catalysts onto the primary NW ‘trunk’ (Fig. 1b) followed 
by VLS growth of the ‘branches’. Repetitive nanocluster deposition 
and growth cycles then leads to hyperbranched NW structures, 
where each generation of NW branches can have a unique diameter 
and composition [53–55]. The branches on the NW trunk could be 
used as an ‘antenna’ to capture analytes for NW biosensors [56] or an 
ultra-sharp probe that can be inserted into electrogenic cells for 
intracellular electrophysiological recording [57]. Radial NW hetero
structures can be rationally-prepared by sequential deposition of 
shells on the surface of a NW core to create core/shell or core/multi- 
shell structures [58,59] (Fig. 1c). One application of radial NW het
erostructures in bioelectronics demonstrated the use of coaxial p- 
type/intrinsic/n-type SiNWs for modulating neuron excitability [60]. 

Nanowire-enabled biosensors 

Basics of nanowire biosensors 

The mechanism underlying NW FET biosensors is that the con
ductance at constant source–drain bias voltage will change in re
sponse to the binding of chemical and biological species at the NW 
surface, in a way similar to applying an external electric potential to 
gate electrode in a conventional FET device. For instance, in a p-type 
NW, binding of molecules with negative charges, similar to applying 
a negative gate voltage, leads to a corresponding increase in con
ductance. Specific detection is achieved by modifying the NW sur
face with receptor molecules selective to a specific chemical or 
biological species (Fig. 2a). A detailed mechanism, sensitivity and 
signal resolution of NW FET biosensors are summarized in Box 1. 

SiNWs are a widely studied NW material for FET biosensors with 
advantages, including (i) controlled variation of n- and p-type do
pants, (ii) capability to exploit well-developed surface chemistry to 
functionalize the surface silicon oxide layer, and (iii) potential of 
interfacing with standard silicon technology [3]. For SiNWs, a thin 
native oxide layer forms on the surface upon exposure to the air, 
which serves as a convenient substrate to conjugate functional 
groups (e.g., amine, thiol and aldehyde groups) with subsequent 
covalent immobilization via silane chemistry [64]. The amine mod
ified surface of NW is routinely used for modification with antigen- 
targeting molecules, such as antibodies, that allow the NW FETs to 
achieve selective detection. 

The earliest established example of this concept demonstrated 
pH and protein sensing [64]. In the case of pH sensing, NWs were 
functionalized using amino-silane molecules, where the surface 
charge state changes in response to hydrogen ion concentration 
from pH 2 to 9 [64]. SiNW FETs passivated with lipid bilayers con
taining ligand- and voltage-gated ion channels or proton-permeable 
carbon nanotube channels were employed to monitor the solution 
pH [65,66]. As an example of protein detection, SiNWs functiona
lized with biotin were used to detect streptavidin selectively at 
concentrations as low as 10 picomolar, although the strong and ir
reversible biotin–streptavidin interaction precluded monitoring un
binding of streptavidin [64]. Extending this concept to reversible 
protein binding interactions has allowed silicon and other NW FETs 
to demonstrate quantitative concentration-dependent monitoring 
and selective detection of a wide range of proteins [61,64,67–69] and 
sequence-specific nucleic acids [70–74] down to the femtomolar 
level, as well as even single-virus [75,76] and single-protein [77] 
detection. 

A typical reversible binding cycle for NW FET measurements 
consists of association and dissociation phases (Fig. 2b) where time 
scale and analyte concentration define the association and dis
sociation rate constants. Significantly, SiNW FETs have been used to 
determine the kinetics of protein–receptor binding pairs with both 
slow and fast association/dissociation rates [78], a capability useful 

for screening protein interactions. Similarly, real-time NW sensing 
measurements have also been utilized to extract DNA-hybridization 
kinetic parameters [72]. This association/dissociation rate constants 
can in turn be used to distinguish specific binding from nonspecific 
adsorption as the specific binding shows faster kinetics than non
specific adsorption. For example, the sensing curves of SiNW FETs 
functionalized by antibodies against TROY, a tumor necrosis factor 
receptor, were compared with those of bovine serum albumin (BSA) 
as the nonspecific adsorption control [79], which exhibits sig
nificantly longer times scales to reach the similar signal amplitudes 
as to that of TROY. 

Typically, the sensor response is measured after the value 
reaches a steady state. For ultralow-concentration detection where 
the analyte transport process becomes the limiting step, the dura
tion of the association phase is greatly extended and might require 
tens of minutes or even hours to perform one sensing task. Potential 
methods for circumventing such long measurement times include: i) 
selecting high binding affinity receptors that make contributions 
from the minimal unbinding rate, ii) modulating the charge state of 
the analytes to accelerate drift transport to the NW surface and iii) 
locally defining the surface functionalization only on the NW surface 
instead of the entire chip area to suppress competitive binding and 
further analyte depletion due to substrate binding [80]. 

Potential for disease detection and treatment 

Simultaneous detection of multiple proteins is especially im
portant for diagnosing complex diseases, and different biomarkers 
matched with different stages of diseases could allow for early di
agnosis [81]. In 2005, integrated NW sensor arrays was developed  
[61], in which ~ 100 individually addressable NW FETs were func
tionalized with different biomarker receptors (Fig. 2c, left) enabling 
parallel detection of the cancer marker proteins such as prostate 
specific antigen (PSA), carcinoembryonic antigen (CEA), and mucin- 
1. Conductance measurements recorded simultaneously from three 
such NWs showed signals with femtomolar sensitivity (Fig. 2c, 
right). In 2012, parallel detection of the cardiac biomarkers [82], 
troponin-T, creatine kinase MM, and creatine kinase MB, was 
achieved with femtomolar sensitivity in serum using an antibody- 
functionalized SiNW biosensor arrays. In another report, a two- 
channel microfluidic system integrated with SiNW FET arrays was 
used for ultrasensitive detection for two cancer biomarkers, cyto
keratin 19 fragment (CYFRA21-1) and PSA, in both buffer solution 
and undiluted human serums [83]. The parallel sensing capability 
has been extended to simultaneous detection of different species, 
such as the lung cancer biomarkers miRNA-126 and CEA [84]. Fur
ther increases in the scalability and decrease in sensor-to-sensor 
variations promise to bring NW sensor technology a step closer to 
commercial products for early diagnosis and monitoring of dis
eases [85]. 

The potential of NW arrays as cancer diagnostic tools has also been 
demonstrated by the detection of the activity of telomerase, which is 
widely expressed in most human cancers but is inactive in most 
normal somatic cells. The presence of the positively charged telo
merase was readily monitored by p-type NWs as a conductance de
crease, where the NW arrays are modified with the telomeric repeat 
sequence. Subsequent addition of deoxynucleotide triphosphates 
(dNTPs) further allowed for monitoring of telomerase activity through 
conductance increases due to the incorporation of negatively charged 
nucleotides near the NW surface [61] (Fig. 2d). The inhibition of tel
omerase elongation activity has also been investigated by adding a 
reverse transcriptase inhibitor (Fig. 2d, lower right) [61], together 
demonstrating the sensitivity and selectivity of NW sensors for telo
merase detection and activity, potentially applicable in cancer cell 
assays as well as screening of potential inhibitors. 
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In addition to cancer biomarkers, the detection of disseminated 
tumor cells in cancer patient lymph nodes is also an important 
prognostic indicator in many types of cancer [86]. Using keratin 

antigen as the marker of tumor-derived epithelial cells, SiNW FETs 
could detect the presence of a single tumor cell from the lysate of a 
whole lymph node. Furthermore, a small number of circulating 

Fig. 2. Nanowire biosensors. a, A NW FET biosensor for specific detection. Binding of charged analytes yields a change in the NW conductance. b, Conductance changes during 
association and dissociation phases of biomolecules on NWs. c, Parallel detection. Left, parallel detection by NW devices modified with different protein receptors. Right, 
conductance vs. time data for simultaneous detection of different proteins. d, Cancer detection. Left, telomerase detection and incorporation of activated nucleotides, dNTPs. 
Middle, conductance vs. time data for telomerase detection (point 1), and subsequent addition of dNTPs (point 2). Right, conductance vs. time data for telomerase detection (point 
1) and inhibition of telomerase elongation (point 2). e, Signal amplification. Top, biomarker detection with the help of exponential DNA amplification with polymerase chain 
reaction (PCR) process. The protein sensing is translated to pH measurement by NW FET sensors. Bottom, pH sensing response by NW FETs vs. IL-2 biomarker concentration with 
immuno-PCR on NWs. f, Detection in high ionic strength solutions. Top, PEG surface modification on NW devices. Bottom, conductance vs. time data from devices with and 
without PEG modification in high ionic strength solutions. 
Panel c and d are adapted with permission from Ref. [61], Macmillan Publishers Limited. Panel e is adapted with permission from Ref. [62], American Chemical Society. Panel f is 
adapted with permission from Ref. [63], American Chemical Society. 
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tumor cells (1–10 cells per 106 leukocytes) are released by tumors in 
peripheral blood early in their formation. The keratin-targeting 
SiNW FET platform was utilized for monitoring cancer metastasis, by 
the detection of circulating tumor cells in colorectal cancer patient’s 
blood, with a detection limitation of as low as 2.5 cells/mL of 
blood [87]. 

One alternative approach for cancer detection is based on volatile 
organic compounds (VOCs) produced by the cancer cells. At very 
early stages of cancer, VOCs are generated by cellular metabolic 
pathways during blood circulation and diffuse into exhaled breath, 
their isolation and detection could thus serve as a noninvasive 
pathway for early detection and prognostic monitoring of the cancer  
[88]. Specifically, molecularly modified SiNW FETs have enabled the 
detection and classification of several disease breathprints from lung 
cancer, gastric cancer, asthma, and chronic obstructive pulmonary 
disease patients, with a VOC detection limit at low parts-per-billion 
concentrations [89,90]. Combined with pattern-recognition methods 
and machine learning, these sensors were able to recognize complex 
mixtures of VOCs and discriminate between cancer patients and 
healthy individuals with >  85% accuracy, irrespective of confounding 
factors such as tobacco consumption and gender. 

Identification of small molecules that bind specifically to proteins 
is central to the discovery and development of new pharmaceuticals 
and to elucidating pathways in biological systems. Specific to dis
covery of drugs to treat disease is the identification of molecular in
hibitors of tyrosine kinases, which are central elements in signal 
transduction networks. The regulatory function of tyrosine kinases 
occurs through phosphorylation of a tyrosine residue of a substrate 
protein using adenosine triphosphate (ATP) [91]. To screen tyrosine 
kinase inhibitors, NW sensors modified with the Ab1 tyrosine kinase 
have been used to investigate the binding of ATP and the inhibition of 
ATP binding with organic molecules, such as the drug Gleevec [92]. In 
addition to Gleevec, which is a known tyrosine kinase inhibitor, 
measurements of competitive inhibition of ATP binding by three small 
molecules (A1, A2 and A3) using Ab1-modified NW devices showed 
structure-dependent inhibition in order Gleevec > A1  >  A2  >  A3 ≫ 
control [92], thus further highlighting the potential of NWs as a na
notechnology platform for drug discovery and screening. 

Sensitivity enhancement 

Intrinsic nanowire biosensor properties 
The sensitivity of NW FETs is critically dependent on the size of 

NWs [93]. The sensing sensitivity of NW sensors has been proved to 
be much higher than microwire devices. The increased sensitivity for 
smaller sizes is attributed to the larger surface/volume ratio for 
smaller wires exposing a larger volume percentage of the channel to 
control by the local environment. Along this line, creating nanoscale 
patterns on NW surface could also increase the surface area and thus 
enhance sensitivity [94,95]. In addition, lower NW doping densities 
results in higher device sensitivity, which may be attributed to the 
reduced effect of charge screening by mobile charge carriers in NWs  
[96]. For SiNW biosensors, the native oxide on the NW surface serves 
as the gate oxide. Outside of thicker gate oxide, the electric field 
generated by the charged analytes present smaller influence on the 
conductance of the channel. Therefore, the sensitivity increases with 
decreasing oxide thickness [97]. Furthermore, device sensitivity 
decreases with increasing number of NWs per channel [98]. For a 
multi-NW FET device in which several closely spaced NWs compete 
for the binding of free analyte molecules, the number of NW-analyte 
interactions per NW is expected to decrease as the number of NWs 
increases, resulting in a smaller response from each NW. 

Selective surface modification 
The surface of NW devices has been modified to enhance the 

selectivity and specificity for antigens. As discussed previously, the 
functionalization of NW surfaces starts with silane chemistry and 
followed by receptor modification to form covalent bonding. This 
modification step is non-selective, i.e., receptor molecules will be 
conjugated on both NWs and the surrounding substrate (typically 
with an oxide surface, such as silicon wafers and glasses). Thus, the 
probability of analyte molecules coming in contact with the NW 
surface is very low, especially for highly diluted analyte solutions. 
Several approaches of selective surface modification [99–104] have 
been developed, to modify only the NW surface. For example, an 
electrical bias was applied on the SiNWs to create a localized heating 

Box 1. Nanowire transistor sensors: sensitivity and signal detection. In a field-effect transistor (FET), the semiconductor material is connected to source (S) and drain (D) 
electrodes, which are used to inject and collect current, respectively. The conductance, G, is given by dIds/dVds, where Ids and Vds refer to source–drain current and bias voltage, 
respectively. A third electrode, the gate (G) electrode, which is capacitively coupled to the semiconductor channel by an insulating oxide layer, modulates the conductance 
between the source and drain electrodes [109]. The basic electronic properties of a NW sensor can be characterized in the FET configuration. G can be modulated by variations in 
the electric field at the NW FET surface resulting from binding of charged molecules or changes in cell membrane potential, analogous to varying the gate voltage in a solid-state 
FET (panel a). Characterization of individual NW FET devices in aqueous solution is performed by measuring G as a function of the water-gate potential, Vg, while applying a fixed 
Vds (panel b). The slope extrapolated from the linear region of the G–Vg plot is defined as sensitivity or transconductance gm = dG/dVg [109], which is typically on the scale of 
several microsiemens per volt [179]. Thus, the measured conductance change, ΔG, can be converted to an absolute voltage signal Vg using gm [63,134]. In addition, the resolvable 
signal in the linear response regime is ultimately defined by the noise level under the measurement conditions (e.g., panel c) [21,134]. In high ionic strength solutions, the charges 
of bound analytes can be screened by solution counter ions. This effect, referred to as the Debye screening effect [99,112], affects the signal amplitude of NW FET biochemical 

sensors. The Debye length λD is defined as =D
r kBT

NAe I
0
2 2

, where ε0 corresponds to the vacuum permittivity, εr is the relative permittivity of the medium, kB is the Boltzmann 

constant, T is the temperature, NA is the Avogadro number, e is the charge of an electron, and I is the ionic strength of the solution. A high ionic strength electrolyte solution leads 
to a short Debye length, and charges outside of the Debye length are electrically screened, and thus cannot affect G. 
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effect at the low doping sensing region, where the surface con
jugation reactions can be locally initiated [100,103]. 

In addition, the quality of the surface coating is important for 
achieving reproducible and highly sensitive detection [105,106]. For 
example, structural ordering of the surface-modified monolayer can 
be crucial for high sensitivity since a well-aligned molecular 
monolayer can collectively enhance charge polarization induced by 
molecular interactions. One approach to achieving homogeneous 
monolayer was to align surface molecules to an externally applied 
electrical field [105], which has yielded a significant enhancement of 
the detection sensitivity and reliability for DNA and alcohol sensors. 
Notably, another report suggested that the orientation of antibodies 
can greatly influence the sensing efficiency [107], since the randomly 
oriented receptors have only a fraction of them with the binding site 
exposed correctly to bind with their antigens. This problem was 
partially solved by aligning antibodies with an external electric field. 
For two different CEA-related cell adhesion molecules 5 (CEACAM5) 
& 1 (CEACAM1) detected with antibody-modified NW sensors, 
atomic force microscopy found that antibodies with optimal angles 
have the binding force reached its maximum where the signal be
comes more stable. 

Signal amplification 
In some cases where the direct sensing responses are too small, 

signal transduction approached have been developed, where the 
weak signal events can be translated to strong signal events. One 
example for improving DNA detection sensitivity utilizes a DNA am
plification technique called rolling circle amplification (RCA) [108]. 
The capture probe DNA was conjugated to SiNWs and hybridized with 
fully matched target DNA and another DNA sequence called RCA 
primer. Subsequently, DNA amplification reaction was carried out at 
the location of the RCA primer, which led to significantly enhanced 
signal recorded by the NWs, compared to direct DNA detection. 

Another example involves disease marker detection in serum 
with the help of exponential DNA amplification, where the protein 
sensing is translated to pH measurement by NW FET sensors (Fig. 2e)  
[62]. The antigens interleukin-2 (IL-2), the marker for immune re
sponse, were first captured by two antibodies with the sandwich- 
type assay, one of which immobilized on a substrate, and the other 
labeled by a DNA strand. The DNA strands were then exponentially 
amplified by polymerase chain reaction (PCR). The attachment of 
each nucleotide to the nucleic acid strand resulted in the release of a 
proton, changing the pH of the solution, which can then be detected 
by NW FETs, and used to quantify the antigens in the original serum 
samples, while the control group without DNA amplification showed 
no detectable response. The detectable concentration of interleukin- 
2 ranges from ca. 20 fM to 200 pM. The use of two antibodies can 
effectively decrease the nonspecific adsorption, and the pH mea
surement is immune to the limitations of direct protein sensing. 
Further improvement of this work can be made by incorporating PCR 
elements into the sensing setup and achieve real-time detection. 

Detection in the subthreshold regime 
Typically, NW FET sensors are operated above the threshold 

voltage, where the transconductance depends linearly on gate-vol
tage. However, in the subthreshold regime, the device conductance 
depends exponentially on gate voltage [109], which could in prin
ciple lead to much higher analyte binding sensitivity. Indeed, the 
detection sensitivity of SiNW FET sensors operating in the sub
threshold regime was significantly enhanced by ~ 500 times com
pared to those operating in the linear regime [94,110,111], suggesting 
that sensitivity enhancement can be achieved by optimization of the 
FET operating conditions and understanding the fundamental elec
trical gating property of NW FETs. One caveat to the success sub
threshold detection is that the device noise should be dominated by 
carrier–carrier scattering, such that the noise is also exponentially 

reduced in the subthreshold regime. If the noise is dominated by 
other scattering mechanisms, such as contact current injection and/ 
or interface trapping/detrapping, then it may not be possible to 
exploit the exponential dependence of conductance on gate voltage/ 
surface potential in the subthreshold regime. 

Towards point-of-care detection 

FET sensors detect the concentration of the target species by their 
intrinsic charge, however, these charges can be screened by counter 
ions in physiological solutions. The Debye length, which is inversely 
proportional to the square root of the ionic strength of an electrolyte, 
represents the screened electrostatic effect of charged species in 
ionic solution (Box 1). A high ionic strength electrolyte solution leads 
to a short Debye length, and charges outside of the Debye length are 
electrically screened. For instance, the Debye length of high ionic 
strength physiological solutions (i.e., 100 mM), <  1 nm, can screen 
most protein antigen charges when they bind to an antibody-mod
ified FET surface [112]. 

One commonly used method for detection in high ionic strength 
solutions involves an initial ‘desalting’ step prior to NW FET detec
tion [61,113,114]. For example, the use of a microfluidic chip was 
reported that can simultaneously capture multiple biomarkers from 
whole blood samples and release them into low-ionic strength 
buffer for sensing by SiNWs [113]. Other reported approaches for 
high-ionic strength detection have focused on smaller receptors, 
such as aptamers [115–117] and antibody fragments [118], to reduce 
the distance between the FET surface and biomolecule analytes. 
Additionally, conformational changes of highly charged aptamers 
upon protein binding can result in a significant change in electric 
field near the sensor surface, thereby enabling highly sensitive de
tection of both charged and electroneutral molecules [119,120]. An
other strategy is based on high-frequency measurements, where an 
alternating current field was applied to disrupt the electrical double 
layer (EDL), leading to deeper penetration of the electric potential of 
the target biomolecule, and therefore increasing the NW response to 
the fluctuating dipoles of the target molecule [121,122], although the 
more complex device geometry makes applications to cellular or in 
vivo sensing more challenging. 

Another general strategy developed to overcome this challenge 
for FET sensors involves incorporating a biomolecule-permeable 
polyethylene glycol (PEG) polymer layer on the FET sensor, where 
the polymer increases the effective screening length near the NW 
FET surface to allow for detection in high ionic strength solutions 
(Fig. 2f) [63]. PEG-modified devices were able to detect PSA directly 
at physiological ionic strengths. The effect of increased Debye length 
of the confined ions inside the polymer layer has been confirmed  
[123]. In addition, the PEG layer could contribute to enhanced sen
sitivity and selectivity in complex physiological environments due to 
its nonspecific adhesion suppressing capacity; conjugating anti
bodies on NWs using a PEG cross-linker has also been proved to 
enhance biosensing efficiency by decreasing steric hindrance for 
antigen binding [124]. These studies suggest a general device design 
strategy for the FET sensor applications in physiological environ
ments, which is important for in vitro and in vivo biological sensing. 

Other works in this field have explored indirect approaches to 
circumvent the Debye screening limitation in high ionic strength 
physiological solutions [62,125]. For example, the application of 
antigen-dissociation regime was demonstrated as an effective sen
sing mechanism in untreated serum and blood samples [125]. Spe
cifically, the biosamples were first introduced to antibody-modified 
NW FETs to allow the binding of antigens, after complete association 
of the target antigens, low ionic strength buffer was introduced to 
‘flush out’ the NW FETs to sequentially remove the unbound bio
molecules and specifically bound antigens in a manner that depends 
upon the strength of the interaction. The two-stage dissociation 
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curve measured by NWs, corresponding to the fast and slow dis
sociation steps, was extracted to calculate the antigen concentration. 
It is worth noting that the key to performing quantitative analysis is 
that the affinity strength of the antibody–antigen recognition pair 
which must be significantly higher than nonspecific binding of other 
proteins on antibodies. Ultimately, point-of-care diagnostics will 
require rapid analysis of clinically relevant samples such as blood, 
where a successful example is the personal glucose meter [4]. A 
small drop of blood is placed on a test strip, and the blood glucose 
concentration can be output using an electronic reader. Based on the 
studies discussed above, the concept of blood analysis can poten
tially be expanded to the detection of i) serum proteins and disease 
markers, ii) viruses and pathogens, and iii) genomic DNA sequence 
variations. The combination of parallel sensing, detection in phy
siological solutions and integration of NW sensor arrays into por
table devices has the potential to revolutionize disease diagnosis and 
patient monitoring. 

Nanowire probes for cellular activity 

Monitoring cell electrophysiology 

Electrophysiology is an important approach to investigate and 
understand the activity of electrogenic cells, such as neurons and 
cardiomyocytes. The glass micropipette-based electrode [126] is 
established as the standard for cell electrophysiology recording, al
though has limitations in terms of size needed to probe key sub
cellular elements such as synapses and ion channels, invasiveness 
and applicability to large-scale recording [3,8,18,20,127]. NW FETs, 
which can reach critical biological length scales, represent attractive 
candidates for next generation cell electrophysiology tools that en
able parallel and long-term detection of both intracellular and ex
tracellular activity with high spatial and temporal resolutions [3]. 
The underlying mechanisms by which devices can record electro
physiological changes due to ionic current flows across the cell 
membrane are highlighted in Box 2 and have been reviewed else
where [8,18,20,128]. 

Neurons transmit signals over long distances by propagating 
action potentials along their axons and dendrites. In 2006, NW FET 
arrays were first applied to extracellular recording of neuronal ac
tivity at the level of individual axons/dendrites [129]. Patterned 
growth of axons and dendrites over SiNW FET arrays yielded 

synapse-like junctions with highly-localized 0.01–0.02 µm2 contacts, 
thus enabling multisite recording with multiple SiNW FET devices 
from single neurons, in contrast to the typical one neuron per 
electrode achieved with micropipette recording (Fig. 3a, top). Similar 
protruding nanostructures have been demonstrated to generate in
timate membrane/nanostructure junctions than planar substrates  
[130–132] (Fig. 3a, lower left), which improves the seal resistance 
and thus the extracellular signal amplitude. Notably, the extra
cellular signal in this work resembles the intracellular action po
tentials, indicating the leak conductance dominates at the 
membrane/NW interface (Box 2) [133]. The potential of this ap
proach was further shown by recording action potential propagation 
with 50 independently addressable NW–axon elements from a 
single neuron. These results showed the potential of NW FET sensors 
for enabling new capabilities of recording sub-cellular signals and 
now recognized as critical to brain science initiatives. 

Cardiomyocytes represent another electrogenic cell type that 
have been extensively studied with bioelectronic devices  
[50,134–137]. Parallel measurements made with SiNW FET device 
arrays interfaced with cultured cardiomyocytes recorded action 
potential peaks of the beating cells [134]. Subsequent studies using 
SiNWs with axially encoded FET channel lengths of 50, 80, and 
150 nm showed that the recorded action potential width was found 
to be comparable to the reported time constant for individual so
dium ion channels, thus suggesting the possibility of single ion 
channel studies (Fig. 3a, lower middle) [50]. In addition, several 
groups [135–137] reported extracellular recording from cardiac cells 
using top-down fabricated SiNW devices. In these studies, the ex
tracellular signals resemble the first derivative of the intracellular 
action potentials, indicating the capacitive current dominates at the 
membrane/NW interface (Box 2) [133]. Future studies exploiting the 
chemical sensing capability of NW FETs to detect neurotransmitters 
such as dopamine (Fig. 3a, lower right) [115,119,138,139] could fur
ther increase the power of these studies by allowing simultaneous 
voltage and biochemical signals to be recorded in real-time. The 
electrical signals could be decoupled based on the different time 
scales, since action potentials are on the scale of 1-millisecond, while 
the biochemical signals such as dopamine release are on the scale of 
tens of milliseconds from a single synapse to several seconds from a 
brain region containing many cells [140]. 

Extracellular recording has advantages for long-term parallel 
measurements, although it is limited in capability to record 

Box 2. Nanowire transistors and metal electrodes as electrogenic cell sensors. FET electrical sensors can be used for intracellular and extracellular electrophysiological recording 
from electrogenic cells (figure above), including neurons and cardiomyocytes. For intracellular recording, the access resistance Ra is negligible when the nanoscale sensing region 
is inserted into the cytosol, and surface functionalization of the electrodes using lipids contributes to the formation of GΩ resistance seals at the membrane/NW junction 
(Rseal > 1 GΩ). Under these conditions, full amplitude action potential signals (~ 80–100 mV) can be recorded. For extracellular recording, the cleft between the cell membrane and 
the FET surface determines Rseal, and the voltage drop over Rseal directly modulates the recorded signal. Rseal for micro- and nano-engineered junctions can approach or exceed 
100 MΩ [8]. Two major models have been established for illustrating the possible shapes of the extracellular signals: [133] 1) when the leakage conductance of the attached 
membrane dominates, the signals retain the original action potential shape, but with smaller amplitude compared to true intracellular signals; and 2) when the capacitive current 
through the attached membrane dominates, the signals correspond to the first derivative of the intracellular action potential. The figure above shows the equivalent circuit of the 
interface between the metal electrode and the cell membrane. For intracellular recording, the access resistance Ra can be significantly reduced by membrane disruption methods 
such as electroporation [18]. The junction voltage VJ can be increased by reducing Ra and increasing Rseal. And the output voltage Vout can be increased by decreasing the electrode 
impedance, which can be achieved by using multiple NWs as a single electrode. We refer readers to other reviews [18,19,167] for more detailed analysis of this circuit model. 
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subthreshold events important to circuit activity [8,127,141]. In ad
dition, the ability to record extracellular voltage fluctuations is 
limited by the device noise in electrolytes and the seal resistance at 
the membrane/NW junction (Box 2). The stability of this seal de
termines the stability of long-term measurements. Intracellular re
cording using micropipette methods can record subthreshold 
signals, but are limited in terms of direct solution exchange with the 
cytosol and relatively large micron scale tip that could damage the 
membrane [3,8,18,20,127]. NWs are potentially ideal structures for 

intracellular probes because (i) their small size should allow for 
minimally-invasive insertion, (ii) as solid-state devices they will not 
leak into cells and (iii) NW FET devices can detect intracellular 
voltage nearly independent of interfacial impedance in contrast to 
passive electrode techniques. Despite these advantages, the size of 
the source and drain contacts of the conventional linear NW FETs 
precluded minimally-invasive insertion of a NW FETs into cells. 

The first work [17] that overcame this electrical contact size 
constraint was achieved by the synthesis of nonlinear kinked NWs, 

Fig. 3. Cell electrophysiology. a, Extracellular electrical recording and biosensing. Top, a neuronal axon aligned on an array of NW devices. Lower left, a tight seal formed between 
the NW and neuronal membrane. Lower middle, axial NW heterostructures with a sensing region on the same length scale with a single ion channel. Lower right, neuro
transmitter detection at a neuronal synapse. b, Intracellular electrical recording and biosensing. Top, intracellular recording using a patch pipette and a kinked NW probe 
penetrating cell membrane. Bottom, biochemical sensing with FET NWs intracellularly penetrated through membrane for detecting and monitoring in situ kinetics of biomo
lecules in live cells. 

A. Zhang, J.-H. Lee and C.M. Lieber Nano Today 38 (2021) 101135 

9 



with a point-like FET synthetically encoded at the tip (Fig. 3b, top). 
Modification of the surfaces of the kinked-NW FET probes with 
phospholipid bilayers yielded spontaneous insertion through the cell 
membrane of beating cardiomyocytes and subsequent intracellular 
action potential was recorded with an average peak amplitude of ~ 
80 mV and duration of ~ 200 ms as expected for these cells (see Box 
2) [17]. Subsequent works developing NW tools for cellular re
cording include branched nanotube–NWs fabricated based on 
branched NW structures described in Nanowire materials, which 
showed intracellular action potential recording from cardiomyocytes 
where electrolyte in the intracellular nanotube gated the extra
cellular NW FET [57]. To provide deterministic control over pro
be–cell interactions, kinked NW FETs have also been fabricated on 
the tip of free-standing probes that can be manipulated in 3D to 
target specific subcellular regions [142]. Significantly, simultaneous 
NW FET and micropipette recording from the same beating cardio
myocytes showed the kinked NW probes recorded the same in
tracellular signals as the standard of electrophysiology, opening up 
new capabilities in terms of spatial resolution and biomimetic cel
lular targeting. The progress in intracellular recording described 
above has been made possible by the rational synthesis of complex 
semiconductor NW building blocks with nanoscale precision. The 
intracellular access achieved by NW probes can be further in
vestigated to enable unique multi-functional bioprobes with the 
potential of sensing both intracellular electrical and chemical signals 
(Fig. 3b, bottom), in a way similar to what has been achieved using 
intracellular nanopipettes [143]. 

Vertical NW electrode arrays have recently been developed as a 
scalable intracellular recording platform of electrogenic cells  
[18–20]. These NWs typically have a height of a few micrometers, a 
diameter of tens to hundreds of nanometers. When cells are plated 
on top of NW arrays, the plasma membrane deforms and wraps 
around NWs, creating a tight seal at the interface [144,145]. In order 
to achieve intracellular access, the NWs need to come into direct 
contact with the cytosol [146]. Spontaneous perforation enabled 
intracellular recording has been reported [147,148], although the 
yield of spontaneous penetration of NWs into living cells has a low 
yield of only ~ 7% [149,150]. One recent work has shown that this 
yield may be increased by promoting tight adhesion and high local 
deformation of cell membrane in contact with NWs by increasing 
the edge sharpness [151]. On the other hand, controlled membrane 
disruption, such as electroporation [152–159], has been demon
strated to be a more reliable way of gaining intracellular access. 
Electroporation refers to the application of voltage/current pulses 
at the NW tips to transiently disrupt the local membrane patch. 
Typically, the action potential amplitude is significantly increased 
right after electroporation, and gradually reduces over time as 
membrane reseals. Another recent approach to achieving in
tracellular access in a more localized and less-invasive manner is 
plasmonic optoporation [160–163], where plasmonic NWs can be 
excited by short laser pulses to generate mechanical waves able to 
locally open transient nanopores in cell membrane. Alternatively, 
one approach that can avoid the use of physical triggers requires 
patterning nanoscale hydrophobic bands on otherwise hydrophilic 
nano-electrodes [164]. The lipid bilayer cell membranes are hy
drophobic in nature, and upon insertion of the nano-electrode, the 
membranes fuse with the hydrophobic bands and form a stable 
interface. Inspired by this early demonstration, a recent study re
ported arrays of 3D ring-shaped electrodes fabricated in a layer-by- 
layer manner [165]. The middle layer, made of gold and functio
nalized with hydrophobic alkanethiols, protrudes from the struc
ture to fuse with the cell membrane. As a result, these electrodes 
formed tight seal to the cultured neonatal rat cardiomyocytes, in a 
way similar to that of the patch pipettes. Signals recorded from up 
to 30% of the ring electrodes displayed the typical shape of in
tracellular action potentials. 

In the recent studies of vertical NW array enabled intracellular 
recording, NW electrodes have been combined with complementary 
metal-oxide–semiconductor (CMOS) integrated circuits for parallel 
recordings at the network level [156,166]. The CMOS array has 
thousands of recording/stimulation sites, and can simultaneously 
record intracellular potentials from hundreds or thousands of con
nected in vitro cardiomyocytes and neurons. The NWs arrays are less 
invasive to cells than the traditional glass micropipette recording 
due to the lack of solution exchange at the interface. Compared to 
the bottom-up fabricated NW devices that require post-synthesis 
assembly, these top-down fabricated NW electrodes can be pro
duced in a highly parallel manner to yield large-scale arrays. Such 
network-level intracellular recording capability can potentially be 
used for rapid sorting of cells according to their electrophysiology, as 
well as for monitoring and drug screening of cardiac and neuronal 
diseases [157]. Nevertheless, these studies also have limitations 
compared to NW FETs, including i) the signal-to-noise ratio depends 
on the electrochemical impedance of metal NWs (Box 2) [18,19,167], 
and ii) the signal amplitudes of intracellular potentials are still lower 
than those recorded by micropipettes. Additionally, the 2D sub
strate-based NW array platform is still not compatible with mini
mally invasive 3D in vivo recording. 

The capability of NWs has also been extended recently to pho
toelectrochemical and photothermal stimulation. For example, 
coaxial p-type/intrinsic/n-type SiNWs have been demonstrated to 
directly modulate the excitability of primary rat dorsal root ganglion 
(DRG) neurons and cardiomyocytes [60,168,169]. Specifically, light 
stimulation of a coaxial SiNW at the NW/neuron interface generated 
electron movement to the n-type shell, which injects charge that can 
locally depolarize a target neuron and induce action potentials. In 
another work, SiNWs were dispersed onto a coculture of DRG neu
rons and glial cells, and were mainly internalized by the glial cells  
[170,171]. Laser illumination on the intracellular NWs induced a 
photothermal effect that resulted in a fast calcium wave in the tar
geted glial cell, which could propagate to neighboring glial cells and 
DRG neurons. The ability to achieve optically-controlled modulation 
of neuron activity without the need for genetic modification [172] 
can potentially be applied to both fundamental single-cell and 
subcellular studies and clinical therapeutics [173]. Recently, retinal 
neuron stimulation has also been achieved using photocurrent 
produced by NW arrays [174]. Specifically, titanium dioxide (TiO2) 
NWs coated with Au nanoparticles were surgically introduced as 
subretinal implants to blind mice with degenerated photoreceptors. 
Upon exposure to green, blue and near UV light, TiO2 NWs can 
produce a photocurrent that stimulates the neighboring retinal 
neurons as artificial photoreceptors, and thus restore the light sen
sitivity and visual function in the implanted eyes. 

Monitoring cell metabolic activity 

The NW FET biosensing platform has also been exploited for real- 
time localized monitoring of the activity of living cells  
[115,116,175,176]. For example, SiNW FETs modified with DNA ap
tamers selective for dopamine binding were able to detect dopamine 
release from Pheochromocytoma 12 (PC12) cells when the en
vironmental O2 concentration (CO2) was decrease by 70%, although a 
less severe 35% CO2 reduction did not trigger release [115]. In addi
tion, measurements carried out with Ca2+ channels blocked by Cd2+ 

ions showed no dopamine release under hypoxic stimulation. 
The distinct and time-dependent concentration of simple ions, 

such as Na+ and K+, across the plasma membrane is an important 
physiological property of live cells. K+ flux from live chromaffin cells 
was measured using SiNW FETs coated with a polyvinyl chloride 
(PVC) membrane containing valinomycin (VAL) [175], where VAL has 
a high affinity for K+ relative to other alkali metal ions like Na+. More 
recently, SiNW FETs modified with K+-specific DNA aptamers have 
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been used for the real-time detection of the K+ efflux from cultured 
cortical neurons [116] following α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA) stimulation. In another report, SiNW 
FETs have measured the extracellular Zn2+ concentration and re
vealed its effect on the fibrilization of amyloid-β (Aβ), a pathogenic 
factor for Alzheimer’s disease. In glutamatergic neurons, the Zn2+ 

stored in the secretory vesicles is coreleased with glutamate upon 
stimulation, resulting in the elevation of extracellular Zn2+ con
centration. The Zn2+ concentration was quantified in real time using 
SiNW FETs with the Zn2+-sensitive fluorophore of FluoZin-3 upon 
stimulation with AMPA [177]. It was proved that NW FETs modified 
with Aβ could interact with Zn2+ and show response to the extra
cellular Zn2+ released from stimulated neurons, which confirmed 
that Aβ and the Zn2+ homeostasis can be one of the diagnostic 
strategies for early detection of neurodegeneration. 

An important indicator for cell viability is the extracellular and 
intracellular pH. To monitor cellular pH, SiNWs FETs were modified 
with a photoactive switchable molecular recognition layer, 8-hy
droxypyrene-1,3,6-trisulfonyl chloride (HPTS), that can be optically 
switched between two chemically different states [176]. These two 
states have different acid dissociation constants and as a con
sequence affect the device surface potential to different extents. 
During sensing measurement, the ratio of the electrical signals 
measured in the two states were used for ratiometric internal cali
bration, thus eliminated the need for electrical calibration of in
dividual devices. These NW FET devices were used for the 
monitoring cellular metabolic activity of Jurkat cells through the 
measurement of extracellular pH, which is determined by the ex
cretion of acidic metabolites, such as CO2, lactate and pyruvate. In 
addition, the growth kinetics and metabolic state of Escherichia coli 
(E. coli) cells in undiluted media was monitored by pH measurement 

using honeycomb-patterned SiNW FETs [178]. The time dependent 
profile of pH change for bacterial cultures were also used distinguish 
the effects of different types of antibiotics, which would allow as
sessment of antibiotic treatment durations by determining the 
needed time for a complete termination of the metabolic activity. 

Nanowire arrays for in-vitro and in-vivo tissue electrophysiology 

In-vitro tissue electrophysiology 

The NW bioelectronics tools described above have demonstrated 
robust biochemical sensing as well as electrical recording from 
cultured cells. Yet the ultimate goal of understanding 3D cellular 
networks comprising tissues of, for example, the brain and heart, 
requires other considerations in the design of ‘tissue-like’ electro
nics. First, the fabrication approach of the NW devices based on one- 
on-one fabrication must be significantly scaled up to interrogate the 
highly innervated cellular networks [179]. Second, the substantially 
higher stiffness of conventional implantable electronics compared 
with soft tissues leads to chronic tissue damage and immune re
sponse [180] that has limited stable integration of bioelectronics 
with tissues. Third, the inherently 3D cellular networks of tissues 
defines the topology of electronics – 3D and macroporous – im
portant for allowing interpenetration of cells and diffusion of bio
chemical species critical to tissue function [6]. The implementation 
of this paradigm has been achieved via seamless 3D integration of 
NW bioelectronics with synthetic tissues in vitro and live animals 
in vivo. 

To push the limit of scalability of the NW arrays while main
taining their capability of probing 3D tissue networks, a recent study 
has developed a scalable approach to U-shaped SiNW arrays that 
combined deterministic shape-controlled NW assembly [181] and 
spatially defined semiconductor-to-metal transformation [182] to 
realize scalable NWFET probe arrays with controllable tip geometry 
and sensor size [179]. Specifically, the flexible NWs, with length-to- 
width ratio of more than 3000, were bent and aligned into thou
sands of ‘U’ shapes by ‘combing’ over thousands of U-shaped 
polymer trenches [181]. The center of each U-shaped NW, which 
eventually points upward from the wafer surface to interface the 
cells, is defined as a small FET recorder by controlled semiconductor- 
to-metal transformation [182] of the NW arms. After coating the NW 
surface with biomimetic phospholipid bilayer, the tips of the U- 
shaped devices can be inserted into the networks of targeted neu
rons and cardiomyocytes for parallel intracellular recording of sig
nals up to or exceeding 100 mV which is comparable to the quality of 
those obtained by patch-clamp (Fig. 4a). 

Along with the advancement of scalable NW device fabrication, 
studies have addressed all the key points of tissue interfacing and 
demonstrated organizing NW FETs within a 3D macroporous mesh 
structure similar to a tissue scaffold but with addressable active 
nanoelectronic devices [21]. The mesh structures were fabricated on 
a 2D substrate using a biocompatible polymer as the mesh ribbons, 
leaving the active NW devices exposed. After releasing from the 
substrate, the free-standing mesh structures were self-organized 
(with built strain) or mechanically deformed into 3D macroporous 
structures. The number and locations of the active devices were 
precisely defined during fabrication and assembly steps, and the 
mechanical properties of the mesh nanoelectronics were controlled 
by the structures of the polymer ribbons. The meshes were seeded 
with cardiac, neuron or human smooth muscle cells and co-cultured 
to produce synthetic tissues innervated in 3D with the NW FETs. 
Electrical recording data from the NWs showed the capability to 
record 3D action potential propagation in cardiac and neuronal hy
brid tissues, as well as monitor pH changes in a vascular construct. 
More recently, a highly flexible and biocompatible macroporous 
mesh electronics have been designed for 3D cardiac cell culture [23]. 

Fig. 4. Tissue electrophysiology. a, Engineered tissues. NW probe arrays interfaced 
with biological tissue could enable network-level parallel and scalable recording for 
extended time periods. b, In vivo implants. Ultra-flexible tissue-like electronics em
bedded with multiple NW devices can be injected into a rodent brain with a syringe 
needle. The highly porous structure allows seamless interpenetration with neural 
networks and enables chronic recording of brain activity. 
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The cardiac cells were seeded on 3D innervated structures formed by 
folding mesh electronic scaffolds with recording and stimulating 
nanodevices. Real-time quantitative mapping of action potential 
propagation in these macroporous engineered cardiac tissues with 
64 channel NW FET recordings has been used to explore new di
rections, in situ tracing of 3D conducting pathways in developing 
cardiac tissues and probing the dynamics of action potential con
duction in a transient arrhythmia disease model [23]. In addition, the 
incorporation of both FET sensors and stimulator devices has en
abled precise control and rerouting of the action potential propa
gation directions. These results of high-temporal-resolution 3D 
electrophysiology mapping and manipulation in engineered cardiac 
tissues have the potential to impact cardiac research focused on 
drug-screening and the development of powerful cardiac ‘patches’ 
that can monitor and modulate the heart post-implantation [23]. 

In-vitro tissue electrophysiology 

Introducing electronic probes into live animal tissue has been 
well-studied but also faced long-standing limitations as introduced 
above and recently the focus of much work [6,180,183,184]. To 
overcome these long-standing limitations of implantable electrode 
probes, a new paradigm has been introduced that uses syringe in
jection to deliver 3D macroporous mesh nanoelectronic networks 
into biological tissues (Fig. 4b) [6,22,185–187]. The ultra-flexible 
mesh electronics, which has mechanical modulus comparable to 
neural tissue, are first loaded into a glass needle and then partially 
injected into specific brain regions, the input/output interface left 
outside of the brain is then connected to standard measurement 
electronics [185,188]. Alternatively, the ultra-flexible 3D macro
porous NW mesh probe can be frozen to temporarily enhance ri
gidity and rapidly inserted into the brain tissue [189]. In both cases, 
histology studies have shown that the brain implanted tissue-like 
mesh electronics probes do not elicit inflammatory immune re
sponse and show full tissue healing [6,185,186,189–191], in stark 
contrast to conventional probes. Consistent with the seamless im
mune-response-free tissue integration, implanted mesh electronics 
have demonstrated stable parallel tracking of single neuron and 
neural circuit activity for at least 8 months with stable monitoring 
and stimulation of the same groups of neurons, thus opening up new 
opportunities for understanding circuit plasticity, aging and neuro
degenerative diseases [186,191]. 

Long-term stability of nanowires 

Long-term applications in tissue electrophysiology, especially in 
vivo implants, require long-term stability of NW devices in physio
logical environments. For example, SiNWs have a native SiO2 layer 
due to oxidation in air [192], and this oxide layer can be dissolved by 
hydrolysis. Cycles of re-oxidation and hydrolysis in aqueous solutions, 
where the hydrolysis rate is proportional to ionic strength, can lead to 
SiNW dissolution especially in high ionic strength physiological so
lutions [193,194]. As a result, the dissolution of nanoscale Si materials 
under physiological conditions has been observed between 1 and 3 
weeks [21,129,195]. In addition, corrosion and degradation have also 
been reported for GaP NWs, which can not only cause failure of NW 
devices, but also leads to release of toxic Ga ions [196,197]. One 
commonly used method for enhancing NW stability involves in
troducing a stable conformal shell material [196,198–200]. For ex
ample, the long-term stability of 30 nm Si, Ge/Si and InAs NW devices 
in physiological environments can be improved from less than 10 days 
to over 100 days with a 10 nm thick conformal Al2O3 shell coating, 
without adversely affect the performance of NW FETs [198]. 

Another important consideration for chronic in vitro and in vivo 
interfaces is the biocompatibility of NWs incorporated onto sub
strates and free-standing NWs. For brain implants, the biggest 

challenge to be addressed is the chronic tissue damage and immune 
response [180]. Over time this damage and response can lead to 
reduced neuronal density and accumulation of glial cells near im
plants, thereby forming an insulating barrier at the electrode/neuron 
interface and causing unstable recording [180]. For vertical NW ar
rays on substrates, it was observed that they could promote neuronal 
growth and limit glial cell spreading [201]. Specifically, neurons 
cultured on NW arrays showed improved neurite outgrowth and 
long-term survival compared to neurons on standard culture sub
strates, presumably due to the improved adhesion of neurotrophic 
biomolecules on the NWs. The growth of glial cells, however, was 
suppressed by the presence of the NW arrays. Similarly, neurons 
cultured on carbon nanotubes on substrates also showed increased 
neurite growth [202,203]. In the case of free-standing NWs, only a 
few reports have addressed short-term inflammation [199,204]. 
Specifically, SiOx-coated GaP NWs injected into rat striatum at a dose 
of 2.8 × 105 NWs/rat elicited astrocyte and microglia activation 
during the first week, which then declined over time. The SiOx- 
coated NWs underwent partial degradation after 6 weeks and were 
engulfed by microglial cells by 12 weeks [199]. Another report 
compared the long-term brain tissue response to the degradable 
SiOx-coated GaP NWs and non-degradable HfOx-coated GaP NWs, 
and found that both types of NWs were engulfed by microglial cells  
[204]. No subacute or chronic toxicity was detected in these studies  
[199,204]. A potential complicating issue with the interpretation of 
these response is the fact that the time course of glial activation and 
engulfment is similar to that observed generically following brain 
tissue insult, either as a result of injection or implantation [205]. 
Last, in studies that compared long-term in vivo tissue response of 
both NWs and carbon nanotubes [206], NWs showed faster clear
ance rate by immune cells, and thus a shorter duration of in
flammation response than carbon nanotubes. Taken together, these 
results open up opportunities for in vivo implant applications, where 
substrate-bound NWs and carbon nanotubes could possibly promote 
neuronal adhesion, survival and growth, and reduce chronic immune 
response [207]. To realize such advantages of substrate-bound ma
terials, however, will require supporting probe structures that do not 
dominate the immune response in the brain [190]. 

Future perspectives 

NW-based bioelectronics represent a new paradigm for seamlessly 
interfacing electronics with biological systems. With regard to bio
sensors, future research efforts focused on analyses of clinically re
levant samples such as blood directly or with minimal sample 
preparation could have widespread impact from point-of-care diag
nostics, including low-cost applications in underdeveloped nations, to 
real-time monitoring of critical care within hospitals. Further devel
opment of the concept of parallel sensing with NW sensor arrays to 
enable parallel detection of broad spectrum targets, including disease 
marker proteins, viruses and pathogens as well as DNA sequence var
iations, could lead to rapid and high-fidelity diagnoses for personalized 
medicine. However, several advancements should be achieved for NW 
biosensors to be translated into clinically useful diagnostic devices. 
First, diagnostic devices require routine manufacture with very little 
variability, and current synthetic control and fabrication methods of 
NWs should be improved to achieve scalable wafer-scale manufacture 
of reliable and uniform sensors [85]. Second, parallel sensing studies to 
date have only demonstrated detection of up to three antigens, though 
clinical applications of cancer diagnosis would often require high- 
throughput detection of tens or hundreds of biomarkers. Highly scal
able fabrication and functionalization methods are required to sig
nificantly enhance the parallel detection capabilities, at the same time 
maintain high specificity to the targeted antigens. 

With regard to NW platforms for studies of electrogenic cells, 
there remain a number of key directions in NW-based bioelectronics 
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research that could lead to transformative research advances in the 
life sciences. First, precise control of novel design and fabrication of 
multifunctional NW devices could lead to new understanding and 
interrogation of biosystems at an unprecedented scale. Second, fur
ther development of NW devices embedded in 3D tissue scaffold 
could enable monitoring and modulation of tissue development and 
building the platform for pharmacological screening and pathology 
studies. Third, incorporating NW FETs into the platform of mesh 
electronics to form synapse-like junctions with neurites [129] could 
allow for in vivo local field potential recording [208] and modulation. 
Further functionalizing NW devices with biomimetic cell-penetrating 
peptides [209] or receptors [61] or lipid bilayers [179] could also open 
up in vivo intracellular recording and/or chemical and biological de
tection [6,210]. To this end, studies have demonstrated strategies for 
achieving long-term stability of NW devices in physiological en
vironments [198] and addressing the long-term tissue response  
[196,199] in the presence of NWs. Overall, the unique advantages of 
semiconductor NWs arrays and circuits will lead to artificial electronic 
networks that truly resemble the biological tissues, and thereby 
provide major opportunities in understanding complex biological 
systems in the near future and possibly drive high-resolution brain- 
machine interfaces in the more distant future [211]. 
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