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Abstract

Measurements of the intracellular state of mammalian cells often require probes or molecules to
breach the tightly regulated cell membrane. Mammalian cells have been shown to grow well on
vertical nanoscale structures /n vitro, going out of their way to reach and tightly wrap the
structures. A great deal of research has taken advantage of this interaction to bring probes close to
the interface or deliver molecules with increased efficiency or ease. In turn, techniques have been
developed to characterize this interface. Here, we endeavor to survey this research with an
emphasis on the interface as driven by cellular mechanisms.
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In the pursuit of a complete understanding of the human body and its associated
pathophysiologies, biological scientists and engineers have focused on developing tools that
measure single cells. A portion of these tools seek to measure the state of the interior of cells
which immediately introduces significant difficulties. Mammalian cells are tightly regulated
systems delineated by a complex and active lipid bilayer membrane and measuring inside
cells usually requires the insertion of a probe (solvated, solid state, photonic, etc.) through
this membrane or placement of a probe very close to the membrane. However, due to the
selectivity of the membrane, many approaches are untenable whether due to impermeability
or toxicity or invasivity to the measurement of interest. Nanoscale vertical structures have
emerged in recent years as a new approach to ameliorating some of these problems. In this
review, we endeavor to show that the unique cell-structure interface has enabled significant
progress in making heretofore impossible measurements of mammalian cellular systems.

Fabrication.

Micro- and nanopatterning tools allow the fabrication of vertical micro and nanostructures in
a large variety of materials and geometries. When creating array of structures the main
limitation lies in the space between adjacent structures to avoid fabrication defects and
overlapping features. When vertical structures are fabricated with the final aim of coupling
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them with biological cells, biocompatibility is a fundamental requirement. Thus, the
fabrication process should not introduce any surface modification to the material which is
toxic to cells. Deposition of conductive materials (/.e. metals, conjugated polymers) is
commonly used to induce vertical growth through an aperture which is typically created
through a polymer, 7.e. resist and is a result of an antecedent lithography process (Ozel et al.
2017). Alternatively, assisted deposition can be used to construct the vertical feature from
the bottom-up (Martiradonna et al. 2012; C. Xie et al. 2012). Both techniquese allow for the
creation of create vertical structures with two different conductive layers (Nick, Thielemann,
and Schlaak 2014). In the case of electrodeposition, depending on the lithographic pattern, a
variety of geometries (Jahed et al. 2014) can be fabricated as shown in the work of
Weidleich et al., for instance, where solid and hollow-like structures were created by finely
controlling gold electrodeposition (Figure 1A) (Weidlich et al. 2017). Fabrication of
structures which protrude vertically from a support material can utilize imprinting and
etching processes. In the imprinting process, there is a mold which is first pressed into a
support material to mold it, and then released. (Figure 1B) (Miyauchi et al. 2016). For
polymers, a recent innovation uses a focused ion beam to locally and precisely polymerize a
certain resist (Figure 1C) (De Angelis et al. 2013). Over the years, many etching processes
have been proposed which generally use a masking material. This can be a sacrificial metal
previously patterned via lithography (Zhao et al. 2017) or a layer of nanoparticles (Figure
1D) (Cheung et al. 2006; Rey et al. 2016).

Physical interaction with cells.

In general cells are placed on vertical structures in a suspension, landing on the surface by
gravity. This leads to a spontaneous arrangement of the cell either directly on the top of the
structures or on the flat area first from which cells migrate and adhere to the structures.
Vertical structures can reach very high aspect ratios and some cases have suggested
spontaneous penetration into the cytosol (Robinson et al. 2012; Shalek et al. 2012), although
this is disputed (Prinz 2015; Hanson et al. 2012). Alternatively, cells can be directly printed
on vertical structures arrays via an inkjet printing process (D. Lee et al. 2016). Cells also can
be placed on vertical structures by applying an external force to induce the contact at the
interface. One approach is to centrifugate cells with the vertical structure devices and cells
can be forced into contact with the structures, even being penetrated intracellularly, as shown
for biodegradable silicon and diamond nanoneedles (Ciro Chiappini, Martinez, et al. 2015;
C. Chiappini et al. 2015; Wang et al. 2015). Other physical processes could potentially favor
a close interaction with an enforcing molecular mechanism at the cell-structure interface.
For instance, photoactive structures have been shown to interface with cells in the work of
Tang et al., where the generation of H,S was pobed by a nitrogen-doped nanodot/nanowire
(Tang et al. 2014). Magnetic force also has potential. A recent study shows that cells and
iron-coated vertical nanoneedles of different shapes are biocompatible (Kavaldzhiev et al.
2017). In order to narrow the subject matter, we have chosen to focus on only those
examples of a “passively”-constructed cell-structure interface where the cells forge the
interface without large external forces. For a survey of force-driven cell-structure interfaces,
we suggest the recent review by Chiappini (Ciro Chiappini 2017).
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The interface between cells and vertical structures has been the topic of recent reviews
emphasizing cell capture, molecular delivery, and semiconducting nanowires (Chang et al.
2016; Kwak et al. 2015; Ciro Chiappini 2017; Zhou, Dai, and Lieber 2017; Prinz 2015). In
this review, we focus on four aspects of the interaction between cells and vertical structures.
In particular, we will discuss two main applications of those structures presented in literature
as an alternative tool to traditional patch clamp for electrophysiology of cells. In fact, the
effective electrical coupling to electrogenic cells and vertical micro and nanoelectrodes will
be presented with a particular attention to the electrical modelling as key step for recording
and stimulation capabilities. Then, we will explore a variety of examples of intracellular
molecule delivery and its effect on cells in terms of morphological re-arrangement, gene
expression, and potential to use vertical structures for cellular assays. In the second part of
this review, we will discuss how cells interact with vertical structures at the nanoscale and
how far the field has gone to precisely determine the interaction of cellular compartments
with vertical structures by means of microscopy techniques.

1. Nanopillar electrophysiology

1.1. History and Motivation

Throughout the 20th century, genetic tools reached new heights of precision and robustness
for a wide variety of ends, from understanding the basis of disease to identifying the vast
diversity of cell types found in the human body. Of great intrigue in the latter pursuit was the
structuring of the brain. With the ability to distinguish cells on a genomic level came the
push to understand how brain structure gives rise to human behavior, development, and
disease. While genetics provides information on one level, the picture would benefit from
functional information.

Electrophysiology is one such functional aspect of the neurological picture. Scientists and
doctors have been measuring and manipulating neuronal electrophysiology since at least the
1930s (Davis 1939), but the depth of knowledge has increased periodically. Each era of
electrophysiology is roughly defined by the available technology for electronic measurement
and recording. Recently, the expansion in computer memory capacity and the
miniaturization of electronics has paralleled the desire to measure the network activity of
neurons (Alivisatos et al. 2013; van de Burgt et al. 2017). Thus, the multielectrode array
emerged as a method to monitor an area with dozens of recording sites reporting local field
potentials. These local field potentials give information about clusters of cells close to a
given electrode site such that experimental conditions could be correlated with changes in
electrical behavior across the network. This field has developed in parallel to that of
nanoelectrodes, driven by advances in CMOS technology which enable ever-higher
electrode dobienensity (Mdller et al. 2015; Obien et al. 2014; Berdondini et al. 2009;
Eversmann et al. 2003; Frey et al. 2010).

Bioelectrical activity is a result of concerted action by various ion channels present in the
cell membrane. Much of the channel-specific information encoded in the action potential
shape is lost in field potential measurements.
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The development of lithography techniques capable of constructing nanoscale electrodes has
advanced the available technology to a new era in which intracellular potentials can be
recorded using multielectrode array architecture. These devices were initially proven on
cardiac cell systems due to the robustness of these cells, and there are independent
applications of nanoelectrodes to cardiac disease and drug development (see section 1.4). In
the last couple of years, reports of nanoelectrode recordings from mammalian neurons have
become more common, fulfilling the promise of the technology (Robinson et al. 2012; R.
Liu et al. 2017; Dipalo et al. 2017; Ojovan et al. 2015).

1.2. Nanopillar electrode technologies for intracellular recording

To simplify matters, the term “nanopillar” as used in this review encompass the wide variety
of geometries and sizes, from sub-100 nm needle-like structures, to 1000 nm mushroom-like
structures. Individual groups utilize various terms to emphasize certain aspects of their
technology. We view all these geometries as related by the fact that the electrodes are a free-
standing vertical structures with features that are of a length-scale commensurate with
mammalian cellular dimensions. The nanopillar electrode technology and its various
iterations share the common objective to record intracellular action potentials and to do so in
a multiplexed, long term fashion--over the course of days. Toward this goal, the approaches
under development are diverse, carrying their distinct advantages and drawbacks.

Methods of intracellular signal access.—One approach is to gain and maintain
physical intracellular access for the duration of the experiment, thereby achieving a
continuous stream of high signal-to-noise ratio voltage data. A single mammalian cell
maintains homeostasis by employing a tight boundary, the cell membrane, which is
decorated with selective protein complexes that permit and detect entities on a chemical
basis. With knowledge of the chemical makeup of this boundary, scientists have had some
success chemically engineering molecular functionalization which dupes the cell into
allowing such entities as nanotubes and nanopillars to continuously penetrate the cell
membrane for prolonged periods (Qing et al. 2014; Almquist and Melosh 2010).

Researchers have also taken the tack of designing vertical electrodes with the idea that cells
will deploy native machinery that engulf vertical structures tightly (Hai, Kamber, et al. 2009;
Santoro, Dasgupta, et al. 2014). While these electrodes remain outside of the cell membrane
as shown by electron microscopy, the electrodes record intracellular-shaped potentials
(Figure 2A). Currently, this is explained by a reduced resistance of the membrane patch
proximal to the electrodes by means of a recruitment of ion channels to engulfment sites
(Rabieh et al. 2016; Shmoel et al.2016). While the achievement of an extracellular electrode
recording intracellular potentials with high integrity would greatly benefit long-term
measurements, there is some evidence that the persistence of the impedance at the cell
membrane-electrode junction distorts the recorded signal shape (Shmoel et al. 2016).

A third approach is to utilize an iteration of the now-ubiquitous biological method of
electroporation (Neumann et al. 1982) to repeatedly gain temporary low impedance
electrical access to the cytoplasm. The combination of large local electric field gradients and
intimate cell membrane-electrode contact particular to nanoelectrodes enables the use of
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small potentials (~1-5 V) to achieve poration and, thereby, minimize heat-induced
cytotoxicity (Rabieh et al. 2016; C. Xie et al. 2012; Fendyur and Spira 2012; Abbott et al.
2017; Lin et al. 2014, 2017). This method takes practical advantage of the presence of
stimulating electronics that often accompany the recording system, but has the cost of a
recording blind period immediately after electroporation as the amplifiers recover from the
influx of charge.

An alternative approach is plasmonic optoporation which has the same philosophy as
electroporation but avoids its recording blind time by separating the poration mechanism
(photonic) from the recording mechanism (electronic). Nanoelectrodes made of a plasmonic
material, 7.e. commonly gold, can transduce focused laser excitation into hot electrons which
in turn excite local water molecules inducing a shock wave. This shock wave acts to porate
the cell membrane, yielding electrical access (Messina et al. 2015; Dipalo et al. 2017).
Besides the method of intracellular access, the nanoelectrode toolbox is diversified by the
electrical properties of the probe.

Materials of nanoelectrodes.—A wide variety of materials have been used to construct
metallic nanoelectrodes, among them gold (Dipalo et al. 2017; Ojovan et al. 2015; Rabieh et
al. 2016; Shmoel et al. 2016; Hai, Shappir, and Spira 2010; Hai and Spira 2012), platinum
(Abbott et al. 2017; C. Xie et al. 2012; Lin et al. 2017), doped silicon (Robinson et al. 2012;
R. Liu et al. 2017), and iridium oxide (Lin et al. 2014). The criteria by which nanoelectrodes
are primarily judged are their biocompatibility, low electrochemical impedance at
electrophysiological frequencies, and stability in agueous solutions of neutral pH. Various
other features yield increased functionality such as the vast array of gold functionalization
chemistry or the advanced fabrication methods developed for silicon. Finally, a material may
be chosen based on its tunable geometry (Weidlich et al. 2017).

With the use of metallic electrodes come their limitations. First, the noise level of voltaic
measurements increases with decreasing electrode surface area (Equations 1 and 2)
(Gesteland et al. 1959) so, to this point, work has been done to augment the surface area of
electrodes increasing the porosity of the surface (Seker et al. 2010; Briiggemann et al. 2011,
Heim et al. 2012; Wesche et al. 2012; Chapman et al. 2015; Y. H. Kim et al. 2015). For
example, multiple nanoelectrodes are often connected to a single electric pad to increase the
surface area. Second, the fabrication of metallic electrodes mostly necessitates top-down
lithographic methods, limiting the creative chemical tricks that can be exploited for novel,
smaller, or heterogeneous geometries.

Vrms, noise — V4kTZAf (Eq 1)

z~-A""2  (Eq.2)
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where Vs noise 1S the root mean square noise voltage, & is Boltzmann’s constant, 7'is
theabsolute temperature, Zis the electrochemical impedance, Afis the frequency band and A
isthe surface area.

In contrast, semiconducting electrodes, typically used in a field-effect transistor (FET)
configuration for electrophysiology, experience great freedom in fabrication methods and
have starkly different limitations (Figure 2B) (Duan et al. 2011). These FET devices come in
a variety of forms, including those with graphene sheet and silicon nanowire channels
(Cohen-Karni et al. 2010; Patolsky et al. 2006) but in keeping with the theme of this review,
we will focus on 3D nanowire-like structures. For an expert review of this topic more
broadly defined, we recommend that recently written by Zhang and Lieber (Zhang and
Lieber 2016).

We posit that, on some level, the increased functionality of nanopillar electrodes derives
from their size. It is no coincidence, then, that some of the most powerful examples of
intracellular probes have been semiconducting nanowires due to the increased control over
device size and composition. Vapor-liquid-solid growth from nanoparticles provide much of
this control and allow for fabrication of FETs with device elements on the order of ion
channels in size. NanoFETSs are active devices and therefore currently require custom
electronics to maintain the potential of maximum transconductance for each electrode while
recording microvolt fluctuations. While transistors can achieve a lower noise floor with
increasing source-drain current up to a certain point, the drive current trades off with heating
of the device which can have cytotoxic effects (Harrison 2008; Abbott et al. 2017). Finally,
as they currently stand, the small dimensions of freestanding nanowires lead to increased
fragility from an engineering manufacturability perspective. Thus, at the current stage of
nanoelectrode development, one must weigh many factors before deciding precisely what
electrode is best for the task at hand.

1.3 Mechanistic understanding

Circuit models.—Given the enhanced signal-to-noise ratio of nanoelectrode
measurements over those of planar electrodes (C. Xie et al. 2012), the question remains:
what drives this enhancement? Various groups can produce the variety of electrodes just
described, but there is as yet no satisfactory mechanistic understanding of why the
nanopillar-cell interface begets such improved device performance. The first instinct in the
field has been to explicate the system in of an equivalent electronic circuit. Utilizing circuit
analogies for electrophysiological systems is not new; traditional sharp electrode
electrophysiologists have been using circuit element descriptions since at least the 1960s
(Strickholm 1961). The system in question is highly complex as deterministic, high
sensitivity electronics interface with a complex electrochemical cell which includes a
stochastic biological system. Circuit models simplify the picture and have been used for
chip-based electrophysiology devices since the first use of transistors to measure leech
neurons by Fromherz, et al. (Fromherz et al. 1991).

In the last few years, circuit models for nanoelectrodes have converged to a consensus
framework with three separate groups using the same circuit to explain their observed
phenomena (Figure 3A) (Abbott et al. 2017; Rabieh et al. 2016; Dipalo et al. 2017). The
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circuit is composed of four modules: (1) the cell, (2) the electrode, (3) the amplifier
electronics, and (4) the interface. The cell is represented as a voltage source surrounded by
the complex impedance of the membrane. This complex impedance is modeled as a resistor
(Rim) and capacitor (Cy,) in parallel, the resistor deriving from the ion channels which
mediate an ionic current, and the capacitor deriving from the lipid bilayer which maintains a
charge separation. Importantly, the membrane impedance is separated into a “junctional”
impedance (that portion of the membrane in close proximity to the electrode surface) and the
non-junctional impedance corresponds to the remaining membrane area. This separation is
supported by experimental evidence that the nanoelectrodes’ sensing is highly local to the
interface (C. Xie et al. 2012). The electrode is represented by a complex electrochemical
interface impedance with the charge transfer resistance in parallel with the double layer
capacitance. The amplifier circuitry commonly includes a parasitic feedline capacitance
(Cp), an input capacitance (Cj,), and a high input impedance, non-inverting operational
amplifier. Finally, the interface between the cell and electrode is characterized by a single
“seal” resistance (Rgeqy) Which is an analog of the physical cleft formed as the cell engulfs
the electrode and prevents current from passing from the junctional space to the grounded
bath solution.

In this milieu of resistors and capacitors, there are two focal points. The first, which has
been clear since the observation of nanoelectrodes’ unique efficacy, is the seal resistance,
Rseal- The cleft formed between cells and nanostructures is measurably smaller compared to
the cell-flat substrate cleft. (see section 3) And since Rgey can be considered as the
grounding resistor in a voltage divider in the model, the larger Rqeqy, the better the integrity
of the recorded signal amplitude (/.e. “coupling coefficient”). The second point addresses the
difference between recording intracellular-like signals versus extracellular signals. An action
potential as recorded by an intracellular electrode (e.g. sharp microelectrode or whole-cell
patch clamp) is monophasic and resolves the contributions of various ion channels. If the
action potential is recorded extracellularly by a planar electrode, the membrane impedance
acts as a differentiator, yielding a biphasic spike. Broadly, the relative magnitudes of Rjm,
Cim: Re, and C, determine whether a nanoelectrode records an intracellular-like signal
versus an extracellular signal. Recent work by groups using mushroom microelectrodes (Zhu
et al. 2016; Ojovan et al. 2015; Rabieh et al. 2016; Shmoel et al. 2016) and nanopillars
(Abbott et al. 2017; Lin et al. 2017; Dipalo et al. 2017; R. Liu et al. 2017) have attributed
their intracellular-like signals to different ways of manipulating these variables.

Both groups of researchers agree that Rseal should be as large as possible to record with the
best signal-to-noise ratio possible. Additionally, each group has suggested that Ry, is the
critical parameter in the Rjm/Cjm/Re/Ce interplay. In the case of micro-mushrooms, electrical
recordings from which have been pioneered by the group of Micha Spira, intracellular-like
action potentials are recorded while the electrode remains fully outside of the cell. They
posit that such a situation comes about because ion channels are recruited to the engulfment
site, reducing Rjy, by multiple orders of magnitude. They show in simulations that this can
lead to phase-preserving capacitive matching which in turn leads to intracellular-like signal
recording. In contrast, groups working with nanopillar-pillar induced poration posit that the
membrane pores electrically short Rjm and Cjm, leading to a purely resistive path to the
cytoplasm and intracellular action potential recording. The two proposed mechanisms of
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action lead to different paths for improvement. In the case of micro-mushrooms, schemes to
further recruit ion channels to the junctional membrane area would lead to improved signal,
although questions of physiological invasiveness accompany such initiatives. For
nanopillars, methods to increase Rseal would proportionally increase recorded amplitudes.
Development on these two fronts is ongoing.

1.4 Practical applications of nanoelectrodes

While understanding nanoelectrodes’ mechanism of action is important for establishing
future design rules, non-optimized electrodes have already made practical impact. In a 2014
study, Burridge, et al. utilized platinum nanopillars to measure induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) (Burridge et al. 2014). The nanopillars were used to
confirm patch clamp measurements of cardiomyocyte subtype--whether the cells were
nodal-, atrial-, or ventricular-like. The measurements found that over 60% were ventricular-
like at day 25-30 after differentiation. A total of 20 cells contributed to these statistics. The
electrodes thus showed promise to increase the functional monitoring throughput of stem
cell-to-cardiomyocyte differentiation.

Another study by Lin, et al. utilized the same platinum nanopillars for further measurements
of iPSC-CMs (Lin et al. 2017). First, nanopillar measurements were compared extensively
with patch clamp measurements to ensure that there were minimal perturbations caused by
the electrode. Next, a population of iPSC-CMs was monitored for nearly a month and the
subtype determined at two time points--days 25-32 and days 62—69 with 92 and 54 cells,
respectively. Significantly, the population changed from 61% ventricular and 13% nodal to
94% ventricular and 0% nodal over that time period. Last, the nanoelectrodes were used to
carry out drug testing and disease monitoring on patient-derived iPSC-CMs. Dose tests for
the cardioactive drugs nifedipine, cisapride, and terfenadine all displayed their characteristic
effects on a control cell line (Figure 3B). Then cells from patients with hypertrophic
cardiomyopathy and long-QT syndrome were measured on the nanoelectrodes and distinct
features characterized the difference between diseased cells and control cells (Figure 3C).
These results indicated that this platform could be utilized for therapeutic screening for
efficacy and safety.

A third study by Abbott, et al. is the most recent study to offer practical insights using
nanoelectrodes (Abbott et al. 2017). The study utilizes platinum-coated silicon oxide
nanopillars which have been fabricated on a 1024 CMOS electrode array. This number of
recording sites enables more powerful conclusions about the effect of therapies on cardiac
networks. While novel therapeutics effect single cells, they can also have consequences
across a network in ways that are indecipherable locally. With a dense culture of neonatal rat
ventricular cardiomyocytes covering the nanoelectrode array, ATX-Il, which is an Na+
channel toxin, was added to the culture. Other studies have shown that ATX-II can
recapitulate the phenotype caused by congenital long-QT syndrome type 3 (Shryock et al.
2013). The study goes on to show that intracellular recordings across the network indicate a
region-specific changes in action potential duration (Figure 3D,E). The overall arrhythmia in
the culture caused by ATX-II can then be traced to regional polarization dynamics and the
spatial arrangement of longer- and shorter-action potential duration regions. So much for the
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applications of nanopillars to cardiac electrophysiology, we mentioned at the outset that
much of the motivation for nanopillars was to measure neuronal behavior. While neuronal
studies are increasing in frequency, there is still a vast application space that is untapped in
neuronal studies, from network development, to disease, to in vivo monitoring. We will now
switch to a survey of non-electrical measurements of cells using nanopillars.

2. Molecular delivery and cellular assays

The impetus to interface nanopillars with mammalian cells did not originate in
electrophysiology, however, but in molecular delivery. A major portion of biological
research, from fundamental to clinical is mediated by modulating the preponderance of
intracellular biomolecules. This type of perturbation can modify a signalling cascade to
affect a specific cellular behavior or can initiate a cascade which affects protein production.
The DNA, RNA, proteins, and various other molecules to be delivered can vary from small
and robust to bulky and physicochemically delicate, adding complexity to the question of
how they should be delivered. Traditional methods, like parallel plate electroporation,
chemical transfection (e.g. lipofection, calcium phosphate), and viral transduction, can be
const-effective and robust in certain situations, but preclude a wide variety of desired
perturbations. Some of the complications that plague these methods include cell death,
cargo-dependent efficiency, and cell-type-dependent variability. Thus when nanopillars were
discovered to interface tightly with mammalian cells and potentially penetrate the membrane
(W. Kim et al. 2007), the first application was to delivery--to test whether the pillars could
overcome the aforementioned hurdles. Much of the impactful gains by nanopillars can be
found in this field (Shalek et al. 2012; C. Chiappini et al. 2015; Shalek et al. 2010; Ciro
Chiappini, Martinez, et al. 2015; Harding et al. 2016; Zhu et al. 2016; Matsumoto et al.
2016; Zu et al. 2016; Ciro Chiappini, Campagnolo, et al. 2015). And from the pillar motif,
nanostraw-based delivery emerged wherein microfludic access to the cytosol could enhance
experimental control (Caprettini et al. 2017; Messina et al. 2015; VanDersarl, Xu, and
Melosh 2012; X. Xie, Xu, Leal-Ortiz, et al. 2013; Xu et al. 2017).

Subsequently, when it was found that mammalian cells would maintain this tight membrane-
nanomaterial interface over a period of days, a variety of other cell-analytical technology
soon developed. This included, naturally, albeit more painstakingly, sampling molecules
from the intracellular space (Cao et al. 2017; S. Choi et al. 2016). Highly local fluorescence
and electrochemical sampling have also been shown in the vein of enhanced sensors
(Rawson et al. 2016; Shashaani et al. 2016; C. Xie et al. 2011). Finally, a new motif has
arisen in interrogating cellular mechanotransduction and curvature sensing pathways using
ordered arrays of nanopillars (Hanson et al. 2015; Zhao et al. 2017).

2.1 Nanopillar-mediated molecular delivery

Nanopillars for every application, but perhaps foremost for delivery exhibit different efficacy
dependent upon their design. In fabricating nanopillars there are generally six parameters
that are tuned: diameter, height, density, geometry, porosity and material. Optimizing these
parameters can depend on cell type or cell size, and part of the difficulty with reaching a
consensus on the mechanism of action of this technology may depend on this variability.
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Other parameter choices come from an application-specific standpoint; for example, an
ordered array of pillars of defined density can yield control over the maximum number of
delivery sites per cell (Shalek et al. 2012; Yosef et al. 2013). Similarly, porosity and surface
area can determine loading capacity (Ciro Chiappini, Martinez, et al. 2015; C. Chiappini et
al. 2015; Ciro Chiappini, Campagnolo, et al. 2015). Once the pillars are fabricated, cargo,
from small molecule dyes to siRNAs, are coated onto the pillars prior to cell seeding. Then,
after the cells adhere to the pillars, it takes a variable amount of time before the cargo is
delivered intracellularly, between 0.5 and 48 hours (depending on the system), with high
transfection efficiencies.

The nanopillar technology has been mainly promoted as having the ability to deliver a wide
variety of cargo with high efficiency, but an additional benefit is the ability to surreptitiously
bypass cellular machinery in the process. This reduces perturbations to the cell which have
confounded some areas of research. In the following section, we will examine two examples
of pillar-based delivery which exhibit both powerful applications of the technology as well
as the complicated picture surrounding their mechanism of action.

Applications of nanopillar-mediated delivery.

In one of the earliest examples of nanopillar technology impacting the broader biomedical
research community, Shalek, et a/. investigate how intracellular signaling in immune cells
contributes to chronic lymphocytic leukemia (CLL) (Shalek et al. 2012). Immune cells are a
member of the aforementioned class of cells perturbed by transfection methods. The authors
describe how all conventional methods have poor efficiency, cause inflammation (which can
be initiated by endocytic pathway upregulation), or outright kill the cells, thus preventing
some important genetic studies of immune cells. They first discuss their silicon nanopillar
design decisions--using various immune cell types with different nanopillar device
geometries, two trends emerged. For one, they posit that cells which typically grow in
suspension are best treated with longer, sharper pillars at higher density, whereas the trend is
the opposite for adherent cells. And second, they are able to establish the trend that the
density and diameter of nanopillars must be scaled to match size and the height to facilitate
adhesion and penetration. Later in the course of the study, the authors show via gene
expression analysis that successful delivery of genetic agents using nanopillars does not
activate those confounding endocytic or inflammatory pathways. Furthermore, immune
sensing mechanisms themselves were not activated compared to cells on planar silicon.
Thereafter, the authors are able to correlate wide variation in CLL patient outcomes,
including response to treatment, with their B-cell responses to gene silencing.

The study was not an isolated case for the utility of nanopillar-mediated delivery. Some of
the same authors used the technique again in a study which enabled the dissection of the
pathway which governs T-cell differentiation (Yosef et al. 2013). With the success of the
method and the evidence that the pillars gained direct access to the cytosol without
activating endocytic processes, a breaking and tight wrapping of the membrane about the
pillar sidewalls seemed most likely. Yet other studies have evidence that without forceful
insertion of the pillars into cells, intracellular penetration is inconsistent (Zhu et al. 2016).
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In one such study, Chiappini, et a/. interface HeLa cervical cancer cells in vitro with porous
Si nanopillars in two different situations and compare delivery efficacy (C. Chiappini et al.
2015). In one case, the cells are seeded on the nanopillars and monitored for molecular
delivery in a “passive” delivery (Figure 4A). In the other case, cells are seeded on a planar
substrate and subsequently sandwiched by an array of nanopillars from above and the
sandwich is centrifuged to force the pillars into the cell--an “active” delivery. The authors
find that delivery occurs after around four hours in the passive case and immediately in the
active case. Investigating this further, they attempt passive delivery at 4 °C (albeit in a no-
centrifugation, pillars-on-top configuration) compared to with-centrifugation delivery. This
low temperature inhibits encotycosis. They find that after four hours, no delivery has
occurred in the zero-force sample, indicating that temperature-dependent cellular processes
are responsible for the uptake of molecular cargo from nanopillars. This is in apparent
contrast to the immune cell study in which no immune or endocytic response was elicited
during the delivery process, suggesting that the picture of delivery is different across pillar or
cell types. Chiappini, et al. go on to demonstrate that, using force, they can deliver a plasmid
into rat superficial tissues (VEGF into skin and back muscle) in order to promote
neovascularization of those tissues. These results are seemingly consistent with those of
Hanson, et al. who utilized transmission electron microscopy to characterize the nanopillar-
cell interface utilizing quartz pillars and rat embryonic cortical neurons (Hanson et al. 2012).
They found that the cell membrane wrapped entirely around pillars less than 300 nm in
diameter and up to 2 um in height. Again, however, different cell and pillar types were used,
leaving questions open as to the generality of the conclusions.

2.2 Nanostraw-mediated molecular delivery

Agnostic of the precise mechanism by which nanopillars deliver their cargo, evidence has
accumulated that they have great utility for time-independent delivery. Yet a variety of
biological questions focus upon intracellular signaling dynamics and, for this, solid
nanopillar delivery does not suffice. The ability to fabricate hollow structures with
nanopillar-like dimensions enabled these dynamics studies. The hollow nanostraws are
hollow through their substrate which is mounted on a fluid reservoir (VanDersarl, Xu, and
Melosh 2012). This reservoir enables precise timing of delivery as well as concentration
control. Of interest to the broader issue under review--the cell-sensor interface--the first
demonstration of nanostraw delivery found that 100 nm outer diameter straws achieved
delivery while 750 nm diameter straws did not (after 24 h, using HeLa and Chinese hamster
ovary (CHO) cells) (VanDersarl, Xu, and Melosh 2012). While nanostraws are able to
deliver without additional active mechanisms, the efficiency is low. Recently, low voltage
electroporation (X. Xie, Xu, Leal-Ortiz, et al. 2013; Caprettini et al. 2017) and optoporation
(Messina et al. 2015) have been used to induce membrane permeability and increase delivery
efficiency.

Application of nanostraw-mediated delivery.—One example of nanostraws
facilitating broader research progress was published recently by Xu, et al. on delivering
probes of protein glycosylation (Figure 4B,C) (Xu et al. 2017). In studying metabolic
activity, the impermeability of some otherwise desirable probes, such as negatively charged,
phosphate-modified sugars, narrows the available toolbox. Xu, et a/. demonstrate that
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nanostraws with 100 nm outer diameter and 2 um height enable direct intracellular delivery
of cell-impermeable cargo after 24 h using CHO cells. They show that nanostraw-mediated
delivery efficiencies are comparable to those for cell permeable molecules. With this
capability, researchers can then direct their chemical probes to a particular metabolic step,
rather than playing complex, high attrition tricks like feeding a permeable probe precursor
several metabolic steps before the step of interest. Again, nanopillar-like geometries are
shown to surmount barriers to intracellular measurement and perturbation.

Quantification and modeling of nanostraw penetration.—Given the variation in
results from various groups and systems there still is room for debate over whether
penetration events depend on the time-scale, the pillar geometry, the cell type, or all of the
above and more. One important contribution to this discussion has come from the temporal
resolution afforded by nanostraws. By exploiting metal-ion quenching of enhanced green
fluorescent protein (eGFP), Xu, et al. were able to measure the timeframe for penetration
and the frequency with which penetration events occur (Xu et al. 2014). CHO cells
constitutively expressing eGFP were seeded on nanostraws (100 nm in diameter and 1 to 2
um tall) at which point Co2+ ions were delivered via the straws, causing quenching of
cytosolic eGFP. In this way, penetration events could be monitored with high temporal
resolution which eliminates confounding possibilities such as endocytic uptake. The study
found that the percent of cell-nanostraw interfaces which lead to a penetration event is 6—
12% and that this penetration is sustained (>30 min.) Furthermore, the authors found that
enhancing cell-substrate adhesion by coating the nanostraws with polyornithine or
fibronectin increased the percentage of penetration events and shortened the timescale on
which they occurred. They conclude that while spontaneous penetration may be infrequent,
with enough delivery sites per cell, the technology is robust for its intended ends.

Subsequent mechanical modeling from the same group, using Co%* quenching and electron
microscopy data, indicates that the energetic barrier to penetrating the cell membrane is
sufficiently high to explain the infrequent penetration measured (X. Xie et al. 2015). The
modeling also enables the broader conclusion that the nanopillar/nanostraw penetration
depends on both the adhesive force and the cell membrane stiffness such that soft or stiff
cells with low adhesive forces are less likely to allow penetration. And in another study, they
demonstrate that both the cell membrane and basal cytoskeleton work in concert to resist
penetration, leading to the idea that there could be chemical means to facilitate penetration
(Aalipour et al. 2014). Thus as nanopillar geometries and use cases evolve, nanostraws will
continue to be a means of determining their mechanism of action.

2.3 Intracellular analysis

Nanotechnology has borne plentiful fruit partially because the technology is of the order of
size of cells’ native machinery and salient environmental features. This point is emphatically
made by the techniques enumerated in this section which are impressively diverse, and
which each enable novel biological studies of unmatched precision or cellular access.

Sampling concentrations of molecules from the intracellular space is powerful in identifying
cell type, phase, and activation state. Many routinely-used methods for such studies require
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cell lysis, precluding the opportunity to study a given cell or population longitudinally. More
recent methods use fluorescent tags to avoid lysis, but these are subject to constraints on
multiplexing due to spectral overlap and concerns over invasiveness. Nanopillar-based
platforms represent a solid-state solution which negligibly perturbs many signaling pathways
and can therefore be used for sampling intracellular contents.

Nanostraws, which were previously discussed in regard to molecular delivery (Section 2.2),
were shown by Cao, et al. to sample ~10% of mobile intracellular contents on each of a
series of days (Figure 5A,B) (Cao et al. 2017). Before each sampling event, electroporation
pulses were applied between an electrode in the liquid reservoir under the cells and a counter
electrode in solution above the cells. This guarantees that each nanostraw has access to the
cytosol of an engulfing cell. The study shows that sampling does not significantly affect cell
viability (for CHO cells, astrocytes, and hiPSC-CMs) and can resolve concentration
fluctuations of 41 of 48 mMRNAs in hiPSC-CMs with high integrity (compared to a lysis-
based method) over the course of three days. The technology thus has the potential to
facilitate studies of stem cell differentiation or general intracellular dynamics.

In contrast to the indiscriminate, longitudinal sampling by nanostraws, nanopillars have been
used to interrogate particular protein-protein interactions in pull-down assays using a
heterogeneous material-based approach which does not necessitate a separation step (S.
Choi et al. 2016). Nanopillars can be further used to enhance extant techniques because of
they passively promote a uniquely tight interface between the probe and cell membrane.
Electrochemical measurements have been demonstrated using nanoelectrodes (Rawson et al.
2016) which could lead to intracellular monitoring of the electrochemical driving force that
affects cellular activity. Additionally, sub-wavelength diameter pillars were shown to enable
confinement of interrogating light to evanescent wave excitation, thus allowing highly local
fluorescent imaging (C. Xie et al. 2011).

Nanopillar-induced cell perturbation.—Finally, a new motif has arisen in biological
study using nanopillars as a result of cells’ affinity to wrap nanopillars and engulf them at
sufficiently low density. Membrane curvature has been suggested to initiate intracellular
signaling (McMahon and Gallop 2005; J. Liu et al. 2009) while the mechanical properties of
various cellular components are critical to biological properties such as migration.
Nanopillars enable highly regular perturbations of these parameters--cell membrane
curvature, cytoskeletal structure, and cellular mechanics--and thereby can provide increased
measurement accuracy and reduced inter-measurement variation compared to prior methods.
In one study, nanopillars in conjunction with electron microscopy were shown to induce
nuclear deformation thereby allowing the modeling of cytoskeletal contributions to
nanopillar-induced deformation and mechanotransduction (Figure 5C) (Hanson et al. 2015).
A second study utilizes nanopillars and nanobars to induce precisely defined curvature,
demonstrate curvature-dependence of clathrin-mediated endocytosis, and identify which
proteins involved in the endocytic pathway sense curvature (Figure 5D,E) (Zhao et al. 2017).

Efforts that have been made to understand the interface which is critical to all these advances
(Xu et al. 2014; Santoro, Dasgupta, et al. 2014; Buch-Manson et al. 2015; X. Xie et al. 2015;
X. Xie, Xu, Angle, et al. 2013). The shared conclusion across studies using various
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biological systems, materials, and geometries, is that the interface is a function of many
parameters: cell type, and pillar geometry, and density. Entire fields of research have
spawned to take advantage of and characterize these complexities, so we will move on from
nanopillar applications to cover those fields.

3. Interaction mechanisms of cells and vertical structures at different
scales

Surface interaction of cells with nanopillars.

In parallel to the models deployed to explain device performance, experimental studies have
highlighted how cells interact generally at the macroscale with vertical structures. When
cells are placed on such structures, their interactions depend on the geometry, dimensions,
and spacing between adjacent structures. When cells interact with vertical structures, they
initiate a bending conformation surrounding the structure and stabilize contact points along
the structures via membrane curvature, focal adhesion complex, and accumulation of actin
and endocytic vesicles (Hanson et al. 2015; Zhao et al. 2017; X. Liu et al. 2017; Viela et al.
2016; Seo et al. 2017). In general, it is clear that cells wraps around the structures very
tightly (Santoro, Dasgupta, et al. 2014; Persson et al. 2013; Ojovan et al. 2015; Buch-
Manson et al. 2017), similar to the way in which cells phagocytose macromolecules in their
surroundings (Hai, Dormann, et al. 2009). Cells effectively adapt to the vertical structures
and the wrapping process results in membrane ruffling around the structures’ surfaces such
that the plasma membrane is only separated 10-50 nm from the structures’ edges. This is
very similar to an engulfment phenomenon and probably happens both at the moment of
seeding as well as during cellular migration processes. Besides this biomechanical re-
arrangement of the cell in response to diverse vertical structures, we will now explore a
variety of effects and variations that vertical structures induce in cells in terms of migration,
proliferation, differentiation, and more general morphological changes as they have been
presented in the literature.

Migration and proliferation of cells on pillars.

Diverse types of cells adhere and proliferate (C.-H. Choi et al. 2007; Nomura et al. 2005; Hu
et al. 2010) on pillar substrates and spread on high aspect ratio vertical nanostructures while
maintaining their physiological activity (S. Lee et al.2015). However, when vertical
structures are involved, the perturbation of cells has to be minimized (Persson et al. 2013). In
the work of Persson et al. (Persson et al. 2015), the effect on metabolism of vertical
nanowire length vs. nanowire density has been explored. Surprisingly, few nanowires are
capable of immobilizing mouse fibroblasts while a ‘bed of nails’ configuration allows cells
to freely move. In addition, the rate of cell proliferation decreases with the increase of
nanowire density.

Morphology.

Cells sense protruding structures as topographical cues which induce different responses, /.e.
polarity (Bucaro et al. 2012), stretching (Oh et al. 2009; Zou et al. 2017; Santoro et al.
2013), with the response depending upon the cells’ type and structures’ material and
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geometry. A macroscale cellular rearrangement happens and concerns primarily
cytoskeleton and plasma membrane. This macroscale response affects the overall behavior
of cells in networks and pillars can be used to tune certain properties of complex cell
assemblies. In fact, it has been shown that for glioma cells, a collective behavior which leads
to tumor-like aggregate formation is typically shown when cells are in contact with large
pillars (>2 um) where hypothetically cells tend to grow on the upper surface of the pillars
rather than gain an intimate contact at the interface between the pillar and the flat support
from which they are protruding (Jahed et al. 2016).

Pillars can be advantageous when in contact with neuronal cells to pin individual cells in a
sort of nanofabricated trap (C. Xie et al. 2010) and, moreover, those cues induce multiple
synaptic connections at network level as has been shown for InP nanowires arrays (Gautam
et al. 2017). In light of this clear guidance effect on neuronal cells, a well-defined pillars
array with a certain number of nodes can be employed to create a network of neurons with a
limited number of connections which simplifies the investigation of signal propagation
within the network (Santoro, Panaitov, and Offenhdusser 2014).

Differentiation.

In some cases, the topographical cues can have a reprogramming effect and induce specific
cell differentiation and reorganization (Dalby et al. 2007; Brammer et al. 2011; Wilkinson et
al. 2002). Vertical silicon nanocolumn arrays have been used for creating spheroid-like
architectures from mouse induced pluripotent cells (H. Kim et al. 2016). In the work of Wei
et al. (Wei et al. 2017), mesenchymal cells (MSC) have been coupled to polypyrrole
nanotubes. Polypyrrole is a conjugated polymer and is sensitive to potential changes. In fact,
by applying a negative potential nanotubes become much sharper like nanotips. This
geometrical change of the vertical structures interestingly determines the differentiation of
MSC into osteoblasts. Thus, it is possible to dynamically tune cell fate and use vertical
structures to reprogram cellular functionalities.

With all the evidence of significant cellular response to vertical structures, the question
becomes what does the interface look like under different conditions. In the next section we
will survey the relevant techniques and some of their findings.

4. Resolution of the cell-vertical structure interface

4.1 Optical methods

When cells are examined on planar surfaces, optical microscopy can be a suitable tool for
understanding various parameters and can determined precisely how cells interact with the
material surface. Understanding which process take place at the interface remains a main
challenge in the biointerface community, particularly attempting to analyze mechanisms at
the nanoscale via microscopy. A first example was given by Lambacher and Fromherz who
used FLIC-microscopy to determine the adhesion properties of a labelled plasma membrane
on structure silicon oxide. In fact, considering the reflective properties of this material, it is
possible to investigate the fluorescent dye intensity as a function of the oxide thickness and
distance of the plasma membrane from the material surface (Lambacher and Fromherz
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1996). Similarly this could be calculated for a giant vesicle (Fromherz et al. 1999) and for
supported lipid bilayers with immobilized proteins (Kiessling and Tamm 2003). Another
approach is to use surface plasmon resonance to precisely determined the gap distance
between a surface of a material and cells. As presented in the work for Toma et al.,
depending on the surface functionalization of the material, cells adhere differently and the
gap distance depends also on the effective dimension of the functionalization molecule (K.
Toma, Kano, and Offenhdusser 2014). In the case of vertical structures, the system geometry
does not allow the use of optical microscopy most of the times for reflection limitations.
However, successful attempts have been performed. Berthing et al. have demonstrated that
confocal z-stack imaging can resolve the plasma membrane domain in contact with high
aspect ratio (2-11 um) nanowires functionalized with aminosilane and polyethyleneimine.
The plasma membrane was labelled with a SNAP-tag in the outer layer of the membrane.
This optimal fluorescence labelling revealed that independent of structure dimensions and
functionalization, the nanowire remains encapsulated in the extracellular domain of the cell
(Figure 6A) (Berthing et al. 2012). Recently, nanowire aperture probes (NAP) have been
used for photonic excitation. In this way, The nanowire acts as an aperture, which focuses
the incoming excitation photon flux and can guide the fluorophore emission properties. In
perspective, this approach allows the visualization of small molecules acting at the interface
between cells and vertical structures (Figure 6B) (Frederiksen et al. 2016).

4.2 Scanning electron microscopy - SEM

While optical microscopy relies on the labelling of specific molecules to understand how
vertical nanostructures interact with cells, scanning electron microscopy allows an overview
of the cell/structure interaction particularly focusing on adhesion properties. For SEM
investigations, cells are chemically fixed and processed in order to preserve the integrity of
the cells and vertical structures. These investigations are crucial in understanding how cells
adhere and spread over time on vertical structures. Together with optical microscopy, SEM
studies allow the visualization of cell bodies and their protrusions approaching vertical
structures (Figure 7A) (Santoro et al. 2017; Berthing et al. 2012) and, in the case of flexible
materials, the deformation force applied by the cells can be calculated (Viela et al. 2016).
Furthermore, in the case of solid inflexible vertical structures coupled to cells with long
protrusions, 7.e. neuronal cells, a clear directionality effect has been shown as these cells
grow on large pillar arrays made of gold (Panaitov et al. 2011; Santoro, Panaitov, and
Offenhdusser 2014), platinum (Martiradonna et al. 2012; Sileo et al. 2013), and indium
phosphide (Gautam et al. 2017). In particular, it has been shown that neuronal cells can grow
on vertical structures and form tight junctions at the nanopillar surface. Depending on pillar
surface roughness, an SEM investigation has shown that neuronal cells have preferential
attachment points along superhydrophobic pillar bodies. Smooth pillars result in attachment
at the base while nanostructured pillars induce attachment points at the top of the pillar body
(Limongi et al. 2013). In general, SEM gives a very detailed macroscopic visualization of
the cell morphology on diverse surfaces. The spreading of cells can be investigated as shown
for fibroblasts grown on vertical nanostructures vs. planar material (Figure 7B) (S. Lee et al.
2015). Moreover, cells’ morphology can be monitored and by changing the vertical
structures’ density (Figure 7C). In fact, Persson et al., show the cellular response to a
transition from a flat surface to sparse structures to a very high density of nanostructures.

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2019 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McGuire et al. Page 17

Elongated cell processes develop dramatically in the presence of a bed-of-nails configuration
which highlights how cells effectively form protrusions as final contact points to high aspect
ratio nanostructured surfaces (Persson et al. 2015).

4.3 Transmission electron microscopy - TEM

To investigate the interface of cells and vertical structures with nanometer resolution, it is
necessary to use electron microscopy-based techniques. In this way, it is possible to resolve
the plasma membrane and its attachment points on the structures and the response of
intracellular compartments, ie. nuclei and vesicles, to the presence of vertical structures
(Hanson et al. 2015; Zhao et al. 2017). When TEM is involved, typically thin lamellae are
prepared via mechanical sectioning, 7.e. microtomes. This must be done after the removal of
the vertical structures which can be done by chemical or physical etching. TEM allows the
visualization of areas of interest with resolution of a few nanometers. First attempts to
characterize the cell-substrate interface have been carried out on planar devices, as shown in
the work of Wrobel et al. (Wrobel et al. 2008). More recent approaches have involved
dissociated cells adhering to vertical structures. It has been shown that the average distance
between cells and vertical nanostructures is reduced compared to flat surfaces (Hanson et al.
2012). This close interaction proven by the accurate measurement of the interstitial space
between cells and nanopillars give an important insight into the nanopillars’ capabilities of
trap cells and limit to some extent cell mobility as discussed in section 3.1. In particular for
electrophysiology applications, the determination of the interstitial space becomes essential
as it is directly connected to the electrical coupling and quality of the recording/stimulation
capabilities of the nanostructured electrode. Gold mushroom-shaped vertical structures,
vertically aligned carbon nanotubes and silicon-based nanowires exhibited high coupling to
neuronal cells at both somas and branching extensions (Fendyur et al. 2011; Hai, Kamber, et
al. 2009; Spira et al. 2007; Shmoel et al. 2016; R. Liu et al. 2017; Jeong et al. 2017). Similar
observations were found for cardiomyocyte cells (Lin et al. 2014) and their more complex
architectures in myotubes (Rabieh et al. 2016).

4.4 Scanning electron microscopy and focused ion beam - SEM/FIB

While TEM has the fundamental advantage of high resolution and contrast which allows the
visualization of intracellular structures as well as the plasma membrane, it has major
interface-preservation limitations. In order to prepare a section from the specimen, a
mechanical knife is used to cut through the cell-resin matrix but it is not capable of cutting
the substrate material. To overcome this, support materials are etched away and this process
can introduce artifacts at the interface. For this reason, alternative sectioning procedures
have been explored. Among them, a high energy ion beam represents an optimal tool to
selectively etch an area of interest and, most importantly, through a large variety of materials
(Munroe 2009). In this way, cross sections can be created which simultaneously preserve the
position of the cell and the support material. Most ion beams are equipped in a dual beam
configuration with an electron beam such that sectioning and imaging can be performed /n
Situin a short time window (Narayan and Subramaniam 2015). The preparation of biological
samples can be mainly carried out in two ways. The first consists in resin embedding similar
to that for TEM specimens. In this case, the embedding includes the support material which
is not removed. The ion beam penetrates through the resin-cell matrix and the support to
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yield a cross section (Figure 8A). It has been shown that this approach is suitable for
imaging supports with vertical structures of diverse aspect ratios and to map their interaction
with cells (Wierzbicki et al. 2013; Persson et al. 2013). Alternatively, a thin lamella can be
prepared and moved to a TEM system for further image acquisition (R. Liu et al. 2017).
However, to locate an area of interest is very difficult because of the presence of a large resin
matrix (mm thickness). The second approach is to perform a dehydration process by
exchanging the water with other liquid components first and then use a hard drying
procedure, 7.e. vialiquid CO2 in critical point drying. The drying procedure allows a direct
visualization of whole cells on the support material under SEM such that an area of interest
can be located and a cross section can be created by FIB (Ha et al. 2014; Santoro, Panaitov,
and Offenhausser 2014; M. Toma et al.2017). Even though many attempts have been made
to limit typical curtaining effects at the interface of cells and vertical structures (Santoro,
Neumann, et al. 2014; Friedmann et al. 2011), intracellular structures are unlikely to be
preserved and multiple cavities are visible in correspondence to intracellular structures.
Furthermore, the space between the plasma membrane and vertical structures is difficult to
resolve (Figure 8B) (Panaitov et al. 2011; Braeken et al. 2009; Santoro, Dasgupta, et al.
2014; Sileo et al. 2013; Harding et al. 2016; Seyock et al. 2017; Van Meerbergen et al.
2008). To overcome this limitation, a new specimen preparation, named “ultra-thin
plasticization”, has been developed to combine the structural support of resin and the
possibility to identify an area of interest by SEM for further FIB sectioning (Belu et al.
2016). While in the first approach mentioned earlier the resin polymerization is carried out
to ensure that a large matrix surrounds both cells and support, in this new approach excess
resin is removed before polymerization by a solvent wash. In this way, both cells and
structures are clearly distinguishable and small cellular features, /.e. filopodia and
lamellipodia, are preserved on the structures. While this new approach represents an
appropriate alternative to hard drying procedure for visualization of whole-cell morphology
in SEM, further FIB processing necessitates the use of heavy metal staining for intracellular
structure resolution (C. Chiappini et al. 2015). In the work of Santoro et al., an advanced
ultra-thin plasticization method has been developed to resolve intracellular compartments
and, moreover, to establish a procedure to create cross sections of dissociated cells on
diverse nanostructured materials. In fact, it has been shown that the interface can be
investigated by SEM/FIB for quartz nanostructures (pillars, nanoletters, nanotubes), silicon-
based nanostructures, and polymers (PEDOT:PSS) (Figure 8C). Furthermore, this method
allows three-dimensional representation of a volume of interest via sequential cross
sectioning and automated segmented reconstruction of the nanostructured support (Santoro
et al. 2017).

5. Conclusion & Outlook

Since the first experiments interfacing cells with high aspect ratio vertical structures roughly
a decade ago, the field of nano-biosensors has only gained momentum, using new
geometries and materials to probe a wide variety of cellular processes /n vitro. The field has
stimulated growth in other areas, too, as the cell-material interface begs characterization. We
hope to have shown that this interface is unique in yielding such unparalleled performance in
a variety of assays while being driven directly by cells.
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We believe that the applications of the cell-material interface will continue to grow, but also
look to recent results /n vivo which suggest that nanotechnology will make a claim to
increased performance there, too. From brain-implanted flexible electrode meshes (C. Xie et
al. 2015; Xiang, Liu, and Lee 2016; Luan et al. 2017; Gonzales et al. 2017), to nanostraw
devices packaged for ingestion (Fox et al. 2016), there is a vast application space for tissue-
material interfaces. It is uncertain whether the same interfacial dynamics will hold at the
tissue level and new tools will be required to answer this question as well.
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Figure 1.
Overview of fabrication methods for vertical structures. A) Deposition of material through a

resist aperture via electrodeposition (Weidlich et al. 2017). B) Nanoimprinting utilizes a
mold-based pressing process(Miyauchi et al. 2016). C) Polymerization via focused gallium
ion beam (De Angelis et al. 2013). D) Etching process through particle templating (Rey et
al. 2016).
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Figure 2.
Vertical structures for electrophysiology. A) Doped silicon nanoelectrodes record

intracellular action potentials from primary and stem cell-derived neurons. Scale bar: 4 um.
(R. Liu et al. 2017) B) Nanotube channels increase field effect transistor performance. Left:
germanium branch on silicon nanowire. Inset gold nanodot on nanowire. Middle: structure
after coating with aluminum oxide. Right: Hollow nanotube forms the transistor channel
after etching of germanium core. Scale bars: 200 nm for all but left inset (100 nm). (Duan et
al. 2011)
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A) General circuit model of the cell-electrode interface. B) Drug test using nanoelectrodes
and human embryonic stem cell-derived cardiomyocytes. C) Nanoelectrodes enable
measurement of arrhythmia in patient-derived cardiomyocyte culture. (Lin et al. 2017) D)
Parallel recordings of rat ventricular cardiomyocytes before (Ieft) and after (right)
administration of a Na+ ion channel blocker. E) The ability to record with high spatial
resolution across a tissue-scale area allows for conclusions about regional arrhythmia in
response to drugs. 54 pixels recorded by the CMOS array labeled
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Figure 4.
Strategies for enhanced molecular delivery. A) Nanostraw device schematic. B) Azidosugar

delivery schematic. (Xu et al. 2017) C) Electron micrograph and cross section of HeLa cells
on porous silicon nanoneedles. Scale bars: left, 5 um, right, 2 um. (C. Chiappini et al. 2015)
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Figure5.
Cellular assays. A) Schematic of nanostraw sampling of intracellular molecular contents.

(Cao et al. 2017) B) SEM of alumina nanostraws. (Cao et al. 2017) C) Confocal z-stack of
images depicting nanopillar-induced nuclear deformation. The nuclear envelope is labeled
with GFP-Sun2. Scale bars 3 um. (Hanson et al. 2015) D) Schematic of Nanopillar-induced
curvature for studies of endocytosis. E) Collocalized immunostaining for clathrin and
dynamin2 allows correlation between degree of curvature and protein accumulation. (Zhao
et al. 2017)
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Figure6:
Fluorescence microscopy of cells and vertical structures. A) SNAP labelled cell membrane

tightly wraps around nanowires. (Berthing et al. 2012) B) NAP for molecular detection of
cells and nanostructures. (Frederiksen et al. 2016)
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Figure 7.
SEM of cells vertical structures. A) Cardiomyocytes on quartz nanopillars with protrusions

approach the pillar surface. (Santoro et al. 2017) B) Comparison of fibroblast on vertical
structures vs. flat surface. (S. Lee et al. 2015)(Lee, et al. 2015) C) cells spreading on vertical
structures at different densities. (Persson et al. 2015)
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Figure8.
Various interface preparation protocols. A) Traditional resin embedding method. (Wierzbicki

et al., 2013) B) Critical point drying (Van Meerbergen et al., 2008) C) Ultra-thin resin
plasticization. (Santoro et al., 2017)
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