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CONSPECTUS

One of the fundamental questions guiding research in the biological sciences is how cellular
systems process complex physical and environmental cues and communicate with each other
across multiple length scales. Importantly, aberrant signal processing in these systems can lead to
diseases that can have devastating impacts on human lives. Biophysical studies in the past several
decades have demonstrated that cells can respond to not only biochemical cues but also
mechanical and electrical ones. Thus, the development of new materials that can both sense and
modulate all of these pathways is necessary. Semiconducting nanostructures are an emerging class
of discovery platforms and tools that can push the limits of our ability to modulate and sense
biological behaviors for both fundamental research and clinical applications. These materials are
of particular interest for interfacing with cellular systems due to their matched dimension with
subcellular components (e.g., cytoskeletal filaments), and easily tunable properties in the
electrical, optical and mechanical regimes. Rational design via traditional or new approaches, such
as nanocasting and mesoscale chemical lithography, can allow us to control micro- and nanoscale
features in nanowires to achieve new biointerfaces. Both processes endogenous to the target cell
and properties of the material surface dictate the character of these interfaces.

In this Account, we focus on (1) approaches for the rational design of semiconducting nanowires
that exhibit unique structures for biointerfaces, (2) recent fundamental discoveries that yield robust
biointerfaces at the subcellular level, (3) intracellular electrical and mechanical sensing, and (4)
modulation of cellular behaviors through material topography and remote physical stimuli. In the
first section, we discuss new approaches for the synthetic control of micro- and nanoscale features
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of these materials. In the second section, we focus on achieving biointerfaces with these rationally
designed materials either intra- or extracellularly. We last delve into the use of these materials in
sensing mechanical forces and electrical signals in various cellular systems as well as in
instructing cellular behaviors. Future research in this area may shift the paradigm in fundamental
biophysical research and biomedical applications through (1) the design and synthesis of new
semiconductor-based materials and devices that interact specifically with targeted cells, (2) the
clarification of many developmental, physiological, and anatomical aspects of cellular
communications, (3) an understanding of how signaling between cells regulates synaptic
development (e.g., information like this would offer new insight into how the nervous system
works and provide new targets for the treatment of neurological diseases), (4) and the creation of
new cellular materials that have the potential to open up completely new areas of application, such
as in hybrid information processing systems.

Graphical Abstract

INTRODUCTION

Semiconductor nanostructures! are promising materials for use in both understanding
fundamental biological processes and developing novel clinical therapeutics due to their
tunable length scales and physical properties. Additionally, nanostructures are able to
operate either in interconnected configurations or as freestanding objects, forming multiple
functional biointerfaces.110 With appropriate compositions and structures, they can be both
biocompatible and biodegradable.3811.12 For instance, one can readily control the doping
profiles and morphologies in silicon (Si) nanowires via a vapor-liquid—solid (VLS) growth
process and specifically by modulating synthesis parameters such as pressure and
temperature.®13-20 These synthetic controls can effectively encode micro- and nanoscale
features, yielding a large toolbox of Si-based biomaterials.2122 Other semiconductor-based
nanostructured materials or devices can also serve as both sensors and modulators of cellular
behavior, including as probes for detecting cellular fluid dynamics?3 and intracellular

pressure,?4 transducers for biofuel production,2°26 and delivery vehicles for nucleic acids.
27,28
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APPROACHES FOR THE RATIONAL DESIGN OF SEMICONDUCTOR
NANOSTRUCTURES

Approaches
Functions

Approaches

for Synthetic Control of Micrometer or Sub-micrometer Scale Features and

VLS growth of nanowires is an example of the type of precise control that can be achieved
during nanomaterial synthesis. One study by Tian et al. demonstrated this concept by using
pressure modulations in a chemical vapor deposition (CVD) system to synthesize 2D
multiply kinked Si nanowires (SiNWs) (Figure 1A).8:14 Kinks confined to a single plane are
introduced, at defined positions along SiNWs during the growth process via an abrupt
modulation in growth pressure, yielding a nanostructure consisting of two straight single-
crystalline segments oriented 60° apart,6-14 as shown in Figure 1A. This approach is unique
in its ability to control the stereochemistry of adjacent kinks, paving the way for the
synthesis of complex SiNW structures. This kinked morphology permits intracellular entry
for electrical recordings of action potentials in excitable cells (vide infra).6:2°

Another example of enabling angular features in nanowires uses the concept of metal
diffusion along semiconductor surfaces that even in trace amounts can change the chemical
etching behaviors of semiconductors.13 It has been demonstrated that during VLS growth of
SiNWs, the gold (Au) catalyst can diffuse down the sidewalls of SiNWs30 under low silane
partial pressure conditions. Luo et al. exploited this phenomenon by inducing periodic
pressure modulations during SINW growth to generate facet-selective and potassium
hydroxide (KOH)-resistant bands of atomic Au on the surfaces of the SiNWs (Figure 1B).13
Both Au deposition and diffusion processes over SiNWSs were found to be facet dependent,
and thus Luo et al. were able to produce 3D graded Au/Si interfaces. KOH etching was then
used to remove Si in regions unprotected by the atomic Au, creating Si spicules with
skeleton-like morphologies, 3D tectonic motifs, and reduced symmetries (Figure 1B). These
3D nanowire sidewall features, similar to that of kinked nanowires, could potentially
enhance biointegration subcellularly.

for Synthetic Control of Nanoscale Features

In addition to controlling micrometer and sub-micrometer scale features in single nanowires,
synthetic control of secondary nanoscale features (the primary feature being the 1D
nanowire geometry) is possible, allowing for fabrication of materials with unconventional
geometries and unique structural properties. Jiang et al. employed a nanocasting approach to
synthesize 3D nanoporous Si particles (Figure 1C).8 In this work, silane was decomposed
using a CVD system inside the pores of an ordered mesoporous silica3! (SBA-15) template,
consisting of hexagonally arranged channels. Wet chemical etching of the SBA-15 was used
to generate unidirectionally aligned SiNW arrays interconnected by microbridges, as shown
in Figure 1C. This material represents an example of a heterogeneous Si material with an
amorphous atomic structure and ordered nanoscale framework. Approaches like this push
the limits of conventional fabrication methods and allow for rational design of materials with
novel capabilities.
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Most recently, Fang et al. demonstrated that liquid Au-Si alloys established in classical VLS
growth can deposit ordered 3D rings of isolated Au atoms over n-type phosphine-doped
SiNW sidewalls.32 This ordered deposition results from dynamic spontaneous instability of
the liquid alloy droplets, where droplet sidewall oscillations promote atomic Au deposition.
They performed ab /nitio molecular dynamics simulations and unveiled, surprisingly, single
atomic Au-catalyzed chemical etching of Si in a HF/H,O, mixture. They subsequently
verified this catalytic process in SINWs and produced massive, ordered 3D grooves with
spacings down to ~5 nm (Figure 1D). These nanoscale features can allow for unique optical
and mechanical interfaces with cellular structures, in addition to serving as delivery or
storage matrices. Additionally, these ordered nano-structures may provide uniform and
controllable geometrical cues for transport and biophysical dynamics of subcellular
components; however, this direction still requires many in-depth investigations.

Another important demonstration of rational material design with nanoscale features and
functions was the realization of coaxial p-i-n SINWs for photovoltaic applications.1:33
Here, introduction of dopant gases into VLS growth is used to create a nanoscale diode
heterojunction in single SINWSs. p-i-n SiINWSs, consisting of a p-type Si core with intrinsic
and n-type Si shells, allow for charge separation to occur radially, yielding high efficiency
carrier transport to the heterojunction, reducing bulk recombination.%:33 Further studies by
Parameswaran et al. demonstrated the presence of atomic Au on the surface of these
nanowires prepared with intentional Au diffusion.34 The atomic Au was shown to be integral
to the production of photoelectrochemical currents from these SINWSs even in a free-
standing configuration.

Open Questions

. Can we use block copolymers as lithographic masks to fabricate nanowires with
interesting meso- or nanoscale topographical features or heterogeneous surface
chemical properties (alternating hydrophobicity/hydrophilicity3°)?

. What are the key topographical cues in Si nanostructures that promote
intracellular targeting?

. Avre there new passivation or toxicity mitigation strategies for semiconductor
nanowires, so that material compositions can be expanded far beyond Si, GaP, or
InP?

ACHIEVING ROBUST BIOINTERFACES

Intracellular Biointerfaces

One method of achieving robust biointerfaces is making use of natural cellular processes,
such as phagocytosis.3 Certain cell types, including macrophages and endothelial cells, are
tasked with internalizing foreign materials and are thus able to uptake nanoscale materials
such as SINWSs. Zimmerman et al. harnessed the phagocytic capabilities of human umbilical
vein endothelial cells (HUVECS) to form robust interfaces between unlabeled SiNWs of
varying diameters and HUVEC cells, as shown in Figure 2A,B. Subsequently, an active
transport process allows for transport of nanowires to the peri-nuclear region inside the cell,
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where they cluster and are later packaged into lysosomes (Figure 2A).3 This work has paved
the way for the future usage of unlabeled high-aspect-ratio semiconductors for intracellular
modulation of cellular behavior.

Due to the inability of some cell types to phagocytose foreign materials, work has been done
to still allow for the creation of intracellular biointerfaces for those cell types. Shi Kam et al.
demonstrated that single-wall carbon nanotubes (SWNTSs) functionalized with folate
moieties could be selectively internalized into cancer cells expressing folate receptor tumor
markers, allowing for targeted killing of cancer cells.36 Another study by Lee et al.
demonstrated that SINWSs surface-functionalized with trans-activating transcriptional
activator cell-penetrating peptides can be internalized into both primary hippocampal and
dorsal root ganglion neurons.3” This study importantly demonstrates the ability of even
nonphagocytic cells to form robust intracellular biointerfaces with nanoscale materials.

One challenge specific to intracellular biointerfaces, especially in complex tissue
environments, is the ability to visualize individual nanostructures well. Adolfsson et al.
provided a solution by using fluorescently barcoded GaP-GalnP axial nanowire
heterostructures that could be identifiable in Drosgphila fly gut tissue in a proof of concept
experiment.38

Extracellular Biointerfaces

In addition to exploring intracellular biointerfaces, examining cell-material interfaces
extracellularly is of interest especially if the target component of the cell is the plasma
membrane and the interface must be quickly formed. Bianxiao Cui’s and Yi Cui’s
Laboratories have demonstrated that nanopillar arrays can minimally invasively pin
embryonic cortical neuronal cell bodies3® and, more recently, that plasma membranes of
HL-1 cardiomyocytes cultured on a quartz substrate with nanopillars can deform to wrap
around the pillars but will not readily deform outwardly around invaginating structures
(Figure 2C,D).%0 This differential membrane response to varying nanoscale topographical
features must be considered during design of materials to be implanted into biological
systems, as the tightness of the interface can vary significantly. At the membrane protein
level, it was found that positively curved membranes are clathrin-mediated endocytosis
(CME) hot spots. In particular, key CME proteins, such as clathrin and dynamin, are
preferential for positively curved membranes,*! in contrast with many other membrane-
associated proteins. Although these studies were performed primarily over quartz-based
nanopillars, this concept can be applied to other semiconductor systems, suggesting that
nanostructured semiconductor substrates can be used for investigating nanoscale
topography-dependent processes in live cells.

Extracellular biointerfaces can also be enhanced by tuning mechanical properties of
materials so that they match those of cellular components. Jiang et al. further explore this
idea with their aforementioned 3D nanoporous Si particles.8 These particles, when immersed
in agueous environments, exhibit a mechanical stiffness that is similar to that of components
of extracellular matrices (ECMs).8 The increased surface area and roughness of the
nanoporous particles, as well as decreased mechanical stiffness in aqueous environments,
allow these particles to achieve tight cellular interfaces with many mammalian cells.
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Extracellular biointerfaces can also be tuned by external stimuli such as light. Pauzauskie et
al. demonstrated a laser nanowire assembly method for locally manipulating and
transporting nanowires to place one end of a 60 nm diameter cylindrical GaN nanowire
against a HeLa cell membrane for several temporal durations.*2 The ability to precisely
arrange nanostructures with respect to their cellular targets can allow for meticulous control
of biointerfaces.

Tissue-Level Biointerfaces

Tissue-level material interfaces can also be optimized during material synthesis. For
example, Choi et al. demonstrated that soft materials like MoS,—graphene heterostructures
can form tight, conformal interfaces with retinal tissue 77 vivo.*3 We can also select for
materials that can form close contacts with the ECM. Luo et al. demonstrated this concept
with their anisotropic spicule SINWs, which, like a bee stinger, are harder to retract from
collagen matrices.13 This phenomenon was tested via atomic force microscopy (AFM)
experiments in which spicules were mounted onto AFM tips and were subsequently inserted
into and retracted from collagen matrices (Figure 2E). The detachment force measured for
these spicules and was found to be an order of magnitude higher than that of smooth
nanowires (4.16 nN compared to 0.455 nN, respectively) (Figure 2F).

Biodegradability without material fracturing is another important aspect of generating robust
tissue level interfaces. Kang et al. developed a completely bioresorbable Si nanomembrane
based device for intracranial pressure sensing.** The various components of the material
include thin layers of SiO, and a nanoporous Si membrane, which can degrade at rates of 8
nm/day and 23 nm/day, respectively, and can dissolve completely without fracture.*4

Open Questions

. Can we achieve precise control in directing nanostructures to specific subcellular
compartments using surface functionalization or light for phagocytic and non-
phagocytic cells?

. Can we achieve environmentally adaptable biointerfaces, for example, tight and
loose interfaces on-demand?

DETECTING CELLULAR BEHAVIORS

Electrical Signhaling Probes

Once robust biointerfaces are achieved, materials can be used to detect cellular behaviors.
These behaviors can include electrical and mechanical signaling in single cells or whole
tissues. Electrical signaling probes in cellular systems are of great interest due to limitations
in currently used technologies. While patch-clamp electrophysiology has revealed crucial
mechanisms of biophysical behaviors in excitable cells, it is mechanically invasive and is
limited in its capability to measure electrical signals for long time spans. Field effect
transistors (FETS) are an attractive alternative to this technology as they can be fabricated at
length scales more compatible with biological systems. Tian et al. took advantage of this and
fabricated nanowire-FETs (NW-FETS) using the aforementioned kinked nanowires,
consisting of two cis-linked kinked units with probe tip angles of 60°, with heavy n++ type
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doping for the source and drain arms (Figure 3A).6 These NW-FETs sense target biological
species by coupling interactions with those species with the surface potential of the channel
and thus the channel conductance. Here, kinked NW-FETs were used as 3D probes that
could be inserted into cells (Figure 3A).% These 3D probes are unique due to their nanoscale
size, free-standing nature, and spatially separated FET and bulky interconnects, allowing for
minimally invasive probing of electrical signaling in single cells. Electrical recordings,
similar in quality to that of patch-clamp electrophysiology recordings, were demonstrated
using these NW-FET probes in embryonic chicken cardiomyocytes (Figure 3B).8 Earlier
work from Dr. Lieber’s lab oriented olfactory cortex slices over NW-FET arrays and
produced extracellular recordings from various layers of cells.> The ability to tune the
spatial arrangement and density of the NW-FETs in the array allows for multiplexed
measurements across many length scales, which is especially relevant to teasing out neural
circuitry.®® These NW-FETs have now also been integrated into polymeric meshes and
function well after being injected through a syringe into mouse brains.46

Mechanical Force Probes

Mechanical forces experienced by cells and tissues can play crucial roles in tissue and organ
function, homeostasis, and development. The current most widely used techniques for
probing these forces quantitatively both extracellularly and intracellularly include traction-
force microscopy, optical tweezers, optical FRET sensors, and deformable material
substrates.#7-49 Many of these tools are invasive and have length scales that are incompatible
with probing components of single cells. However, recent work has demonstrated that more
precise, minimally invasive cellular force measurements can be achieved with nanoscale
material probes.250:51 Prinz’s group demonstrated the use of GaP nanowire arrays to detect
forces associated with neuronal growth cone lamelapodia dynamics down to 15 pN.%1 Forces
were measured by quantifying the displacement of fluorescently labeled nanowire tips
caused by growth and movement of neurons cultured atop the array.

Recent work by Zimmerman et al. uses a completely free-standing method to show that
kinked SiNWs can probe intracellular forces in both HUVECs and human aortic smooth
muscle cells (HASMCs).2 Both of these cell types are phagocytic and, using endogenous
pathways, can internalize singly kinked SiNWs.3 These singly kinked SiNWs were chosen
so that the kink could be anchored to a part of the cytoskeleton, limiting rotational and
translational movements of the nanowire (Figure 3C). Intracellular forces experienced by the
cells were then measured during live-cell imaging of kinked SiINW bending that occurred as
a result of both drug-induced contractions, as well as basal processes such as migration and
division (Figure 3C,D). Forces were quantified using Euler-Bernoulli beam theory.

Open Questions

. How can we achieve multiplexed sensing of intracellular signals in cellular
circuits to truly map the signals generated by many cells types in communication
with each other?

. Besides electrical and mechanical signals, can semiconductor nanowires be used
for intracellular temperature and chemical sensing from highly localized
compartments?
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INSTRUCTING CELLULAR BEHAVIOR

Topographical Cues to Instruct Behavior

In addition to detecting cellular behavior, semiconductor materials interfacing with
biological systems can instruct single or ensemble cell behavior. The naturally occurring
cues that inform cellular growth, excitability, and communication can be chemical,
mechanical, topographical, or even electrical in nature. Using biomaterials to mimic these
naturally occurring cues can be crucial in treating diseases characterized by aberrant cues.
Traditional methods for generating physical cues to instruct cellular behavior include
artificial substrates that have been patterned with chemical components of ECM or surface
topographies such as invaginations or pillars. Work by Prinz’s group showed that by
fabricating substrates with patterned GaP nanowire regions, CNS neurons and glial cells can
be spatially separated into distinct compartments (Figure 4A).# The same group also showed
that depending on the arrangement of the nanowires,*°52 retinal ganglion neuron processes
could be aligned along nanowire rows, suggesting the possibility of using nanowires to
promote contact guidance, a phenomenon by which substrate geometry can guide cellular
outgrowth or movement of CNS neuronal processes. Daria’s group also developed an
isotropic arrangement of high-aspect-ratio InP nanowires into scaffolds that can provide
strictly physical cues for neurite growth and interconnected neuronal networks, as shown in
Figure 4B.53 Neurite extension in hippocampal neurons can be guided by nanowire
topography in these scaffolds, and as seen by calcium imaging studies, neuronal activity on
the scaffold is highly coordinated (Figure 4C,D). These studies suggest new neural
engineering methods through topography control.

Electrical Cues to Instruct Behavior

The most widely used methods of modulating cellular electrical excitability include patch
clamp electrophysiology and optogenetics.>*5 Semiconducting meso- and nanoscale
materials are promising alternatives to these traditional methods given their minimally
invasive and nongenetic nature. Jiang et al. used mesoporous Si particles to induce
photothermal excitation of primary dorsal root ganglion neurons as shown in Figure 4E-G.8
After illuminating the plasma-membrane-supported Si particles, the fast photothermal effect
from the Si induced a local temperature elevation, which subsequently caused a transient
capacitance increase in the lipid bilayer and a depolarization of the bilayer due to capacitive
current injection into the cells. Finally, recent work by Parameswaran et al. demonstrated
photoelectrochemical modulation of primary dorsal root ganglion neuron activity with
coaxial p-i-n SiNWs.34 This work represents an alternative optical method for modulating
cellular excitability that does not produce large temperature increases.

Open Questions

. Can we adopt existing processes used in other fields, such as energy and
environmental sciences, to realize new pathways of biological modulation?

. What would be the best strategy to combine semiconductor-based detection and
modulation functionalities with internal feedback loops?
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OUTLOOK

. Can we modulate the bioelectric microenvironments for individual organelles
and, to that end, probe the intrinsic bioelectric behaviors and their frequency-
domain signatures?

Semiconductor nanostructures offer a promising direction for the synthesis of minimally
invasive probes and manipulators of cellular behavior. Here, we have presented multiple
approaches for the rational design of nanowire materials for the formation of robust
biointerfaces with an ability to detect and instruct behaviors in cellular- and tissue-level
systems. Some of the main challenges that remain include the design of materials that are
mechanically compliant with native tissue, targeting of materials to specific subcellular
organelles for intracellular studies, development of a platform that can sense and stimulate
via a logic-gated feedback loop, the ability to perform multiplexing to investigate
coordination between cells in complex circuits, and the ability to precisely control the
lifetime and fouling of materials in physiological environments. Studies that continue to
interface nanoscale materials with biological systems will deepen our understanding of how
biological systems work and pave the way for novel life-saving therapeutics.
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Figure 1.
New Si nanostructures can be explored for enhancing subcellular biointerfaces. (A) SEM

image of a multiply kinked SiNW, showing six kinks (yellow stars) with individual angles of
120°. (B) STEM tomography of a Si spicule, showing anisotropic features (left); 3-D
curvature map of one segment (right) shows convex and concave features in the spicule.
“TB” denotes twin plane. Adapted with permission from ref 13. Copyright 2015 American
Association for the Advancement of Science. (C) SEM (left) and 3D atom probe
tomography isosurface (right) images of mesoporous Si particles, revealing periodic
arrangements of Si nanowire assembly (left) and 3D structures interconnected by
microbridges (right). The isosurface is plotted at 60 wt % Si. Adapted with permission from
ref 8. Copyright 2016 Macmillan Publishers Ltd. (D) A schematic diagram (left) and a TEM
image (right) of a SINW with massively parallel sidewall grooves. Adapted with permission
from ref 32. Copyright 2017 The Authors.
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Figure 2.

Nanostructured Si can enable tight biointerfaces in different cellular environments. (A,B)
SiNWs can be internalized by mammalian cells. Adapted from ref 3. Copyright 2016 The
Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. Distributed under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-fnc/4.0/.
(A) TEM image of HUVEC thin section (~250 nm thick), with higher magnification insets,
illustrating the distribution of internalized wires, in both vesicles and the cytosol (scale bar 1
4m, inset scale bar 200 nm). (B) Confocal fluorescence micrograph of HUVECs (red, actin;
green, tubulin) demonstrating SINW internalization (blue, scattering). Maximum projection
in the x=y plane (left, scale bar 10 xm), interpolated projection in the J~zplane (middle,
height 3.5 xm), and thin confocal section taken along dashed line segment 7 (right, height
3.5 um, length 48.3 pm). (C,D) Surface topography affects cleft distance between cell
membrane and material surface. Adapted with permission from ref 40. Copyright 2017
American Chemical Society. SEM of plasticized HEK cells on nanopillar arrays (C) and
nanopore arrays (D). (E,F) Si spicules can enhance biointegration at the tissue level.
Adapted with permission from ref 13. Copyright 2015 American Association for the
Advancement of Science. (E) Representative force—distance (/D) curve collected by
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inserting and retracting an individual Si spicule mounted onto an AFM tip into and from a
collagen matrix. Insets display the spicule-based AFM probe at different magnifications. (F)
Box-and-whisker plots of forces required to detach Si spicules (black), unetched SiNWs
(red), diameter-modulated SiNWs containing alternating segments of larger and smaller
diameters axially down the wires as a result of alkaline etching (blue), and nanoporous
SiNWs with pores 8.5 + 4.4 nm in size resulting from Ag-assisted chemical etching (purple).
Half of the data points are within the box and 80% are within the whiskers. Solid and dashed
lines mark median and mean, respectively. Dots represent maximum and minimum values.
The means of detachment force are 4.16 nN (mesostructured spicule), 0.455 nN (unetched
nanowire), 1.03 nN (modulated nanowire), and 0.827 nN (nanoporous nanowire). AV =50,
and numbers above bars indicate the ~-value of the Mann—-Whitney test.
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Figure 3.
SiNWs can be used for intracellular sensing. (A,B) Intracellular electrical recording with a

field effect transistor. Adapted with permission from ref 6. Copyright 2010 American
Association for the Advancement of Science. (A) SEM image of a flexible NW-FET-based
recording device. Yellow arrow highlights a kinked nanowire, and the magenta star marks
part of a polymer backbone used to support metal interconnects. Inset displays kinked NW-
FET consisting of two cis-linked kinked units with a probe tip angle of 60°. (B)
Representative trace of intracellular electrical recording from a beating cardiomyocyte.
(C,D) Intracellular force sensing. (C) Optical micrographs of angiotensin 1l drug-induced
HASMC contraction, showing straight (upper) and bent (lower) states (cyan, cell
membranes; yellow, lamella boundary). Adapted with permission from ref 2. Copyright
2015 American Chemical Society. (D) Time-lapse force data (left) with coincident-load
position (right), showing a well-defined contraction peak (between dashed green lines).
Upon introduction of angiotensin |1, a force minimum was observed due to relaxation of
tension (arrow 1), followed by a contraction force peak (arrow 2), and a minimally strained
state (arrow 3).
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Figure 4.
Si nanostructures can instruct cellular functions. (A) Neuronal cells (s-tubulin 111, red) and

glial cells (GFAP, green) on 100 4m wide bands with dense arrays of GaP nanowires
(indicated by vertical lines and “nanowires”) separated by 100 4m wide bands with a flat
topography after 18 DIV. Adapted with permission from ref 4. Copyright 2015 American
Chemical Society. (B-D) Engineering highly interconnected neuronal networks on InP
nanowire scaffolds. Adapted with permission from ref 53. Copyright 2017 American
Chemical Society. (B) Neurite growth on an area of nanowires after 5 DIV showing
anchoring and secondary branching of neurites at the nanowires. (C) Hippocampal neurons
with correlated calcium signals. (D) AA Fvs time from numbered regions, suggesting high
spatial correlation of neural activities as induced by the nanowire array. Top to bottom traces
come from the regions of 1 to 10 in panel C. (E-G) Nanoporous Si particles for extracellular
neuromodulation. Adapted with permission from ref 8. Copyright 2016 Macmillan
Publishers Ltd. (E) Experimental setup used to elicit action potentials in DRG neurons by
illuminating a single Si particle attached to a cell. Neurons were patch-clamped in the
current-clamp, whole-cell mode. AOM, acousto-optic modulator; ND, neutral density filters;
DIC, dichroic mirror; OBJ, microscope objective; AMP, amplifier; LPF, low-pass filter;
ADC, analog-to-digital converter. Inset shows that a portion of the cell membrane functions
as a built-in device. (F) Representative intracellular potential recordings of a DRG neuron to
trains of laser pulses (5.32 (4) at different frequencies, with corresponding FFTs (right). 7
and £ are output and input frequencies, respectively. Green bars indicate when laser pulses
were delivered. (G) An area-based return map reveals an evolution of frequency-dependent
2D patterns. Data points are analyzed from 20 spikes per trial, 4 trials per frequency.
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