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CONSPECTUS:

Intracellular cargo delivery is an essential step in many biomedical applications including gene
editing and biologics therapy. Examples of cargo include nucleic acids (RNA and DNA),
proteins, small biomolecules, and drugs, which can vary substantially in terms of their sizes,
charges, solubility, and stability. Viruses have been used traditionally to deliver nucleic acids
into cells, but the method suffers from limitations such as small cargo size, safety concerns,

and viral genome integration into host cells, all of which complicate therapeutic applications.
Commercially available techniques using biochemicals and bulk electroporation are, in general,
poorly compatible with primary cells such as human induced pluripotent stem cells and immune
cells, which are increasingly important candidates for adoptive cell therapy.

Nanostructures, with dimensions ranging from tens of nanometers to a few micrometers, may play
a critical role in overcoming cellular manipulation and delivery challenges and provide a powerful
alternative to conventional techniques. A critical feature that differentiates nanostructures from
viral, biochemical, and bulk electroporation techniques is that they interface with cells at a scale
measuring ten to hundreds of nanometers in size. This highly local interaction enables application
of stronger and more direct stimuli such as mechanical force, heat, or electric fields than would

be possible in a bulk treatment. Compared to popular viral, biochemical, and bulk electroporation
methods, nanostructures were found to minimally perturb cells with cells remaining in good health
during postdelivery culture. These advantages have enabled nanostructures such as nanowires and
nanotubes to successfully interface with a wide variety of cells, including primary immune cells
and cardiomyocytes, for /in vitroand in vivo applications.

This Account is focused on using nanostructures for cargo delivery into biological cells. In this
Account, we will first outline the historical developments using nanostructures for interfacing with
cells. We will highlight how mechanistic understanding of nano-bio interactions has evolved over
the last decade and how this improved knowledge has motivated coupling of electric and magnetic
fields to nanostructures to improve delivery outcomes. There will also be an in-depth discussion on
the merits of nanostructures in comparison to conventional methods using viruses, biochemicals,
and bulk electroporation.
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Finally, motivated by our observations on the lack of consistency in reporting key metrics such

as efficiency in literature, we suggest a set of metrics for documenting experimental results with
the aim to promote standardization in reporting and ease in comparing. We suggest the use of
more sophisticated tools such as RNA transcriptomics for thorough assessment of cell perturbation
attributed to intracellular delivery. We hope that this Account can effectively capture the progress
of nanostructure-mediated cargo delivery and encourage new innovations.

Graphical Abstract

Nanostructure Cellular Delivery '

1. HISTORICAL DEVELOPMENTS OF NANOSTRUCTURES FOR
CELLULAR DELIVERY

Intracellular cargo delivery with nucleic acids, proteins, and small molecule sensors is

a critical step to influence and monitor cellular functions and fates. The rapid advances

in biological therapies and gene editing methods, such as clustered regularly interspaced
short palindromic repeats (CRISPR) and chimeric antigen receptor T cell (CAR-T) therapy,
require delivery of biomolecular cargo across the cell membrane and potentially to different
subcellular locations, such as the nuclei and mitochondria. Manipulation of complex
biological phenomena in a rigorous and reproducible manner requires techniques that
easily and efficiently deliver cargo into targeted intracellular spaces with significantly less
cell perturbation than conventional viral, biochemical, and bulk electroporation techniques.
Recent delivery methods have facilitated development of innovative biomedical technologies
including treatments like immunotherapy! and personalized disease modeling.2

The first case of intracellular delivery was arguably reported in 1911 when cargo was
injected into an individual cell using fire-polished glass micropipettes.2 Motivated by

the low throughput and labor-intensive nature of microinjection, researchers subsequently
developed a plethora of other transfection techniques, which can be classified into three
major classes according to their mechanisms: viral, biochemical, and physical methods.
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Viral methods capitalize on evolutionarily directed protein machinery to encapsulate and
deliver nucleic acids into cells.* Biochemical methods utilize polymers, proteins, or lipid
vesicles to deliver biochemical complexes, while physical methods exploit high intensity
energies or forces created with electrical, magnetic, or optical fields to generate transient
pores in the cell membrane for cargo transport.®

Although a variety of delivery methods exists, current techniques have limitations that
prevent them from achieving high delivery efficiency without compromising cell health.
For instance, viral multiplicity of infection (i.e., the number of viral particles to cells),
biochemical concentrations, or voltages during bulk electroporation have to be high to attain
high efficiency, yet these have a trade-off of greater cytotoxicity. Unique limitations also
exist for each specific technique.> For instance, viruses have a maximum cargo packing
capacity of ~15 kilobase-pairs (kpb) and their protein machinery may only allow them to
efficiently deliver to a specific class of cells. Biochemicals are generally unable to deliver
to primary cells, and conjugating a high density of cargo to chemical polymers can also
result in aggregation and protein misfolding.® The most common physical technique is
electroporation, yet it is common to have >80% total cell death and difficulty delivering
into more sensitive cell types. Electroporation can also lead to Joule heating and bubble
formation, which adversely affect the homogeneity of electric fields and delivery outcomes.

Over the past ten years, a rapidly expanding effort has been made to develop nanostructures
for cellular delivery. A wide variety of nanomaterials have been developed for this purpose,
including nanowires, nanostraws, nanospears, and nanopores. These new devices have
become possible by progress in nanofabrication techniques like vapor-liquid—solid nanowire
synthesis, chemical vapor deposition, and atomic layer deposition. An important feature that
distinguishes nanostructures from existing techniques is that they interface with cells highly
locally, with size scales measuring tens of nanometers. By limiting the nano-bio interface to
such a small scale, cell health may be improved by limiting the extent of the perturbation.
At the same time, the magnitude of the physical effect, such as electric field strength or
mechanical pressure, may be extremely high in that local region, allowing for more effective
cargo delivery. In Figure 1, we outline the chronological developments of nanostructures and
how mechanistic understanding has evolved in the past decade.

The most common nanomaterial methods have relied on either high mechanical stresses
or electric fields at the nanomaterial—cell interface to cause local membrane rupture.
These small pores allow exogenous cargo materials to enter the cell, through diffusion’
or electrophoresis.8 Since these mechanisms are largely agnostic to the molecular cargo,
nanostructures enable delivery or co-delivery of a wide variety of materials that have not
been traditionally possible or require laborious redesign. This is a key advantage, as there
is an increasing interest to deliver mixed cargo such as mRNA and proteins of the cas9
enzyme together with guide RNA for CRISPR applications.1? More details on the merits
of nanostructures with direct comparisons to viral, biochemical, and bulk electroporation
methods will be discussed in section 2.

Figure 1 outlines the historical development of nanostructures for cellular delivery. In 2005,
Cai et al. first showed that magnetic carbon nanotubes could be magnetically guided to
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puncture cell membrane to transfect primary neurons and ex vivo B cells with DNA
plasmids.20 Shortly afterward, Kim et al. found that cells could be cultured on top of
nanowire arrays, although little cargo delivery was detected.? Following that, Shalek et

al. demonstrated the use of aligned vertical silicon nanowires for delivering biomolecular
cargo into cells.” The team coated nucleic acids and peptides onto nanowires followed by
growing cells onto those surface-modified nanowires. Nanowires were believed to readily
penetrate cells, enabling intracellular delivery through passive diffusion of biomolecules
from nanowires to intracellular spaces. Using the same nanowire technology, the same team
later transfected diverse primary immune cells including T cells, B cells, natural killer cells,
and macrophages.2? At the same time, Na and colleagues adapted silicon nanowires to
sandwich cells for monitoring intracellular enzymatic activity of protease, phosphatase, and
protein kinase.11 Following this, there was rapid development in creating nanostructures
with different dimensions, materials (such as carbon?3 and alumina?4), and shapes (like
needles® and straws24). Most of these technologies purported that enhanced delivery
efficiency was attributed to the mechanism of physical penetration by nanostructures
followed by intracellular cargo diffusion.

However, in 2012, Hanson et al. showed with electron microscopy that neurons were not
easily penetrated by nanopillars (50-500 nm in diameter) and that cells either rest on pillars
or wrap their cell membranes around them (Figure 2a),12 while other groups reported that
neurons could be penetrated by nanowires (Figure 2b).2> Many of these early observations
appeared to be at odds with each other, yet if the probability of penetration was low,
microscopy methods could miss some penetration events. However, Lin et al. found that
electroporation was needed for intracellular access for measuring electrical action potentials
from cardiomyocytes, corroborating the TEM measurements.28 Most recently, Dipalo et

al. fabricated a variety of nanostructures with diameters ranging from 80 to 800 nm and
found through electron microscopic images that cell membranes were highly deformable
and cardiomyocytes were able to conform tightly to the shapes of all nanostructures.13
Theoreticall# and computational models2’ both suggest that penetration is possible yet
requires active application of forces on the order of 100 pN. Recent studies suggest that
nanostructures could also modulate local endocytosis to influence intracellular delivery.28

To resolve these seemingly conflicting results, our group developed a method to directly
test whether the membrane was penetrated at the location of the nanostructures over a
large number of cells simultaneously, eliminating selection bias and providing quantifiable
statistics.29 This assay delivered Co2* ions, which are cell-impermeant, through a 100 nm
hollow nanostraw to GFP-expressing cells. If the nanostraw penetrated the membrane, a
dark spot formed as the Co?* quenched the GFP fluorescence, and each “spot” could be
counted and compared to the number of nanostraws under the cells to get a quantitative
penetration efficiency. These tests found that spontaneous penetration can occur but is

a very low frequency event, with occurrence around 7%, in agreement with mechanical
calculations.1429 This effect was dependent on nanostraw size and cell adhesiveness, as
slightly larger nanostraws (200 nm) had 0% efficiency. These measurements resolved many
of the observations, highlighting that it was quite difficult, yet possible, for nanostructures
on planar substrates to spontaneously penetrate the cell wall.
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Lately, there is emerging evidence suggesting that physical deformations of the nuclear
envelope could increase the porosity of nuclear pore complexes. For example, transient
disruption of plasma and nuclear membrane might have enhanced transfection efficiency
during microfluidic dielectrophoresis.3° It has also been found that nanopillars can

impose dramatic nuclear deformations and that nuclear morphology can be influenced by
nanopillar geometry.3! In the future, advanced microscopic techniques can be combined
with various tools for mechanobiology32 to visualize possible changes in plasma and nuclear
membranes in the presence of magnetomechanical forces and whether mechanical forces can
preferentially enhance the entry of cargo into the nuclei.

Capitalizing on emerging evidence that nanostructure penetration through a cell membrane
is a low probability event, the community soon began to couple additional modalities such
as electrical fields and magnetic forces. Our group developed the nanostraw electroporation
system, using applied voltages to create very high local electric fields through nanostraws,
generating transient membrane pores as well as electrophoretically injecting charged cargo
species like DNA directly into cells.8 Because of the physical nature of the delivery, this
platform can be used for precise dosage control by varying reagent concentrations, electrical
pulse time duration, and voltages.® Interestingly, by reversing the sign of the applied voltage,
the same platform could be used for nondestructive sampling of intracellular DNA or

RNA (Figure 2c).16 Other members in the field have integrated electrical control with
nanostructures for better intracellular access,333% including nanochannel electroporation3®
and dielectrophoretic nanoelectroporation3® for transfecting immune cells. This has been
extended to a high throughput array version of the nanochannel electroporator to transfect
primary cardiomyocytes (Figure 2d).1%:37 Besides electrical fields, magnetic forces have
also been coupled to nanostructures to aid cargo delivery. For example, Xu et al. fabricated
magnetic nickel nanospears (Figure 2e), which can be guided by a benchtop magnet for
single cell targeting and co-delivery of biomolecules with high efficiency and cell viability.1”

Another major area of development is use of nanostructures for /n vivo applications (Figure
3). Chiappini et al. first described the design of biodegradable nanoneedles to deliver
quantum dots!® and DNA plasmids'8 jn vivo. They demonstrated the ability of nanoneedles
to deliver the VEGF-165 plasmid DNA to induce sustained neovascularization, leading to a
localized six-fold increase in blood perfusion to a targeted muscle region.18 Gallego-Perez
et al. also integrated nanostructures with electrical control to deliver cargo to promote
vascularization of necrotic tissues.38 Most recently, Tang et al. demonstrated the use of
nanoneedles for therapeutic heart regeneration after acute myocardial infarction Jn vivo.3

Microneedles have also been integrated with nanoparticles to deliver anti-PD-1 antibody
to boost the efficacy of immunotherapy against melanoma (Figure 3a).40 Recently,

Kim and colleagues developed a vertically ordered silicon-based nanoneedle patch to
deliver biomolecules to tissues (Figure 3b).41 A key innovation is the use of elastomer
poly(dimethyl siloxane) (PDMS) for coating nanoneedles to provide mechanical flexibility
and optical transparency. Tang et al. also creatively designed a microneedle patch with
cultured cardiac stromal cells for therapeutic heart regeneration after acute myocardial
infarction /n vivo (Figure 3c).3 The microneedles act as channels for paracrine
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secretions from therapeutic cardiac stromal cells to diffuse to myocardium to promote
angiomyogenesis, reduce scar formation, and augment cardiac functions.

2. BENEFITS OF NANOSTRUCTURES FOR INTRACELLULAR CARGO

DELIVERY

Cell transfection technigues aim to achieve high cargo delivery efficiency with minimal
cell perturbation. In this section, we examine the benefits of nanoscale mechanism for
transfection, focusing on cell perturbation and applicability to diverse cell types and
environment.

Cells can experience perturbation during delivery owing to cytotoxicity of cargo and the
mechanism of transfection. Viral vectors such as adeno-associated viruses (AAVS) and
lentiviruses are known to induce host immune stresses as they integrate viral genetic
materials into the host genome and hijack the host’s protein machinery for intensive

viral protein production.42 The problem of cytotoxicity is not limited to viral vectors. For
instance, the ratio of biochemical agents such as lipid vesicles to biomolecules must be
carefully optimized to minimize cytotoxicity after intracellular unpacking, which can lead
to a sudden spike in the local concentrations of biochemical complexes.#3 Conventional
physical methods, such as bulk electroporation, employ high intensity electric fields up to a
few thousand volts, creating a broad distribution of hole sizes in the cell membrane. Cells
with larger holes die, while those with very small holes may not have any delivery, giving
very inhomogeneous results. When membrane pores remain open, it can lead to significant
cell stress as cells can no longer maintain homeostasis, especially ionic balance.*

On the other hand, when cells interface with nanostructures, they either experience highly
localized mechanical penetration, such as through nanowires or magnetic nanospears®’

or local electric fields such as through nanostraws.16 Particularly, nanoelectroporation
techniques restrict voltages within small nanochannels, thus minimizing cell perturbation
compared to bulk electric fields.3® Due to these factors, the cell viability postdelivery is
uniformly very high, often >90%.°

Existing viral, biochemical, and bulk electroporation techniques are not easily adaptable to
diverse cell types, requiring development of new vectors or protocols for each respective
cell type. For example, viral vectors exhibit tropism, which enables viruses to efficiently
transfect specific cell types but not others depending on the expressed cell receptors and

cell cycle progression.#> Biochemical agents such as Lipofectamine are useful for delivering
cargo to cell lines but have limited utility for primary cells.> Physical methods such as
optotransfection and bulk electroporation are amenable to different cell types; however, cells
can exhibit dramatically different sensitivities to high intensity fields or forces, and there

is often a need for careful optimization of transfection conditions.** For instance, although
bulk electroporation is known to work relatively well for cell lines, it typically provides
<20% net transfection efficiency in primary T-cells. This limitation has motivated recent
integration of bulk electroporation with double-stranded DNA to minimize aggregation of
ribonucleoproteins for CRISPR-mediated genetic engineering of primary T-cells. Even with
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this, only 22% net efficiency was achieved, highlighting the challenges of transfecting
primary immune cells.46

Nanostructures can be an effective tool to interface with diverse cell types as they do

not rely on biological machineries, such as membrane receptors or lipid composition

and charges that can be highly cell specific. For instance, it is known that cells at

different stages of cell cycle have different membrane envelope permeability and they
express varying density of membrane receptors.#’ These biological variations can greatly
influence reproducibility with viruses and biochemical agents. On the other hand, delivery
mechanisms using nanostructures can take advantage of physical perturbation, such as
electrical fields and mechanical forces, which are less affected by these types of variations.
For example, nanostraw delivery have been successfully applied diverse primary cells
including human induced pluripotent stem cells (hiPSC), human embryonic stem cells,
hiPSC-cardiomyocytes, and mouse primary neurons and astrocytes with efficiency as

high as 85% (Figure 4a).% Using nanowires, Shalek et al. also demonstrated delivery

of nucleic acids to a variety of primary immune cells including T cells, natural killer

cells, and dendritic cells, which are currently being used or tested under clinical trials

for cancer immunotherapy (Figure 4b,c).22 These examples show that by varying the
physical dimensions of nanostructures and strengths of external modalities such as intensity
and duration of nanoelectrical stimulations, nanostructures can effectively interface with a
variety of cell types with significantly different lipid compositions, surface adherence, and
shapes, which would not be possible with other transfection methods such as those using
viruses.

3. ENHANCED DELIVERY ASSESSMENTS

The field of transfection science started in the 1900s, and despite being a mature field, many
key metrics are not consistently reported, often making it difficult to assess comparative
performance between techniques. Publications sometimes describe transfection efficiency
only considering the fraction of live cells that express the particular gene, ignoring the

large fraction of initial cells that die, while others report a small subset of cells from
microscopy or only a select fraction report flow cytometry data. In addition, very few studies
examine the functional health of the cells post-transfection or analyze the cell expression
perturbation. In Table 1, we suggest several key metrics to help standardize reporting and
assess overall cell health. While tools such as live/dead assays and propidium iodide are
routinely used to evaluate newly developed transfection technologies, adoption of more
sophisticated tools such as RNA transcriptomics would provide a dramatically improved
view of the downstream effects of delivery method.

3.1. Intracellular Calcium Level Indicators

Calcium is an important second messenger implicated in numerous signaling events related
to cell stress and apoptosis.*8 Calcium levels in the cytosol are typically maintained at
around 100 nM, which is significantly lower than that in organelles (endoplasmic reticulum,
mitochondria) and in the extracellular environment, which have calcium levels in the
micromolar and millimolar range, respectively. During transfection, calcium levels can
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increase due to viral entry into cells, endocytosis of biochemical complexes, and pore
opening due to physical penetration or electroporation.#® The larger the membrane pores and
the longer they remain open, the greater the influx of calcium. Intracellular calcium level is
thus a good indication of the magnitude of cell perturbation soon after delivery, when the
cell has not yet re-equilibrated.4°

There are a few ways to measure intracellular calcium concentrations. The most convenient
way is using synthetic fluorescent indicators of calcium, with Fura-2 and fluo-4 being
popular options.>% These are synthetic dye molecules that bind to calcium and, upon
binding, become fluorescent. They are suitable for measuring acute calcium levels as they
diffuse rapidly into cells and can be used in virtually any cell type. The other option is to use
genetically encoded calcium indicators, such as GCaMP. GCaMP is created from the fusion
of GFP and calmodulin, a protein that binds to calcium. Through directed evolution, several
versions of GCaMP with different kinetics and photobleaching exist for different purposes.>!
GCaMP is particularly suitable for studying intracellular calcium levels on the same cell
populations longitudinally as they are continually being replenished by cells. A drawback

of the GCaMP technique is, however, that the protein complex must first be expressed

in cells and cell sorting is necessary to select for successfully transfected cells for good
signal-to-noise ratio to assess calcium stress signals.

3.2. RNA Transcriptomics

Assessment of MRNA expressions after transfection are just beginning to be performed
using micro-RNA chips, which highlight a powerful way to assess both short-term and
long-term perturbation effects.*2 While an exciting first step, the limits of fixed species
detected on the chip could introduce biases and omit critical mMRNAs. With the advent

of next-generation sequencing, RNA transcriptomics can now be performed at a lower
price and faster rate and with more accurate output. More importantly, the library of
mRNA is much more comprehensive, potentially revealing unknown complex biological
relations between transfection technique and cell state perturbation. For instance, Cromer
et al. showed that viral and bulk electroporation transfection greatly affected the metabolic
genes of cells.42 In particular, they found that ribonucleoproteins used in CRISPR genetic
engineering applications can elicit a strong DNA damage response transcriptionally. Most
recently, DiTommaso et al. showed that human primary T-cells experienced significant
transcriptional dysregulation after transfection with bulk electroporation, though the effects
of gene misexpressions started to subside after 24 h.52 This is particularly insightful as it is
known that immunotherapy using T-cells can elicit deadly side effects due to impaired gene
and cytokine regulation.?3 RNA transcriptomics is therefore an important tool to monitor
perturbation to cell states after cargo delivery and help optimize the post-transfection media
cocktail to improve cell viability.

4. CONCLUSIONS AND OUTLOOK

Nonperturbative and efficient biomolecular delivery into cells has evolved from a niche
technique to a critical step in modern molecular biology and cellular therapies, including
CRISPR/Cas-9 and CAR-T therapy. Nanostructures are increasingly being developed to
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overcome limitations in efficiency, cell types, and cargo types associated with using
conventional viral, biochemical, and bulk electroporation transfection techniques. While
the field is rapidly evolving, challenges for the field still remain. Foremost is to transition
from simply reporting successful delivery of materials to focusing on cell functionality after
transformation. For therapeutic purposes, the end goal is healthy and effective cells, which
may mean using smaller quantities of genetic material and milder delivery conditions. This
is becoming apparent in areas like T-cells for CAR-T, where the delivery method may be
at least partially responsible for the high degree of cellular exhaustion observed. Transport
of DNA from the cytoplasm to the nucleus is another significant unresolved hurdle. By
improving our understanding in this area, we can dramatically reduce the quantities of
delivery material needed while enhancing transfection efficiency.

Another challenge is the number of cells that can be transformed at once using
nanostructures. Planar nanostructure arrays only transform the monolayer of cells in direct
contact with them, thus the number of cells transformed is proportional to the device area.
While easily capable of transforming millions of cells at once, reaching billions of cells
becomes logistically complex. However, these extremely large numbers needed may be
reduced as the fraction of fully healthy cells increases. New innovations for nanostructures
that do not rely on monolayer contact could also greatly increase the number of transformed
cells.

The field of nanostructure-meditated delivery into cells is witnessing a dramatic increase

in effort and importance for both research and clinical applications. As the impact grows,
we hope to see new innovations emerge to address some of the current issues. Effortless
delivery and sampling of materials through the cell wall could lead to a golden age of
cellular transformations, increasing their functionality, safety, and effectiveness. We hope
that this Account captures the progress of nanostructure-mediated intracellular delivery and
sampling to encourage greater innovations within the field.
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Figure 1.
Historical development of nanostructures for intracellular delivery and sampling. Nanowires

were described for cargo delivery’ and enzymatic monitoring®® by direct physical
penetration through cell membrane. Throughout the past decade, nanostructures of different
shapes and materials have been fabricated to deliver diverse cargo including nucleic

acids, proteins, and small molecules to cell lines and primary cells. The use of electron
microscopy!213 and computational modeling4 demonstrated that although nanostructures
could penetrate cell membrane, the frequency is low. This motivated coupling of electrical
fields1516 and magnetic forces!’ to nanostructures to enhance delivery outcomes. In 2015,
the first two /n vivo applications using biodegradable nanoneedles for delivering DNA18
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and quantum dots!® were reported, paving the route for future technologies such as
nanostructures coupled with electrical control for /n vivo transfection. Images adapted with
permission from the following: ref 7, Copyright 2010 Proceedings of the National Academy
of Sciences; ref 11, Copyright 2013 American Chemical Society; ref 12, Copyright 2012
American Chemical Society; ref 14, Copyright 2013 American Chemical Society; ref 15,
Copyright 2016 Royal Society of Chemistry; ref 16, Copyright 2017 Proceedings of the
National Academy of Sciences; ref 17, Copyright 2018 American Chemical Society; ref

22, Copyright 2012 American Chemical Society; ref 18, Copyright 2015 Nature Publishing
Group; ref 31, Copyright 2015 Nature Publishing Group; ref 38, Copyright 2017 Nature
Publishing Group.
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Figure 2.
Modes of intracellular cargo delivery using nanostructures. (a) Electron microscopic image

showing penetration of neuron by nanowires?® (scale bar, 1 zm) in contrast to the images

in panel b where neurons were found wrapping their membrane around nanopillars.12 (c)
The nanostraw electroporation platform where cultured cells on the platform are exposed

to local electric fields for controlled nanoelectroporation for delivery and extraction of
materials such as MRNA and proteins into and out of the cells.1® Electron microscopic
image shows nanostraws of about 1.5 4m in height and 150 nm in diameter. (d) Nanochannel
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electroporator capable of high throughput (40[IPS] 000 cells/cm?) delivery of cargo into
cells.15 (e) Magnetic nanospears functionalized with plasmid encoding for green fluorescent
protein (GFP). A benchtop magnet can be used to guide the nanospears for targeted

single cell transfection.1? (f) Proposed mechanisms of intracellular cargo delivery using
nanostructures. Cargo delivery is likely to occur through both physical penetrations followed
by passive diffusion and cargo diffusion followed by endocytosis. By coupling of active
fields, intracellular cargo delivery can also occur through nanoelectroporation and magnetic
actuation. Note that the illustration is for nonadherent or suspension cells. Adherent cells
typically conform to the shapes of the nanostructures after an hour of culture. Images
adapted with permission from the following: ref 12, Copyright 2012 American Chemical
Society; ref 15, Copyright 2016 Royal Society of Chemistry; ref 16, Copyright 2017
Proceedings of the National Academy of Sciences; ref 17, Copyright 2018 American
Chemical Society; ref 25, Copyright 2007 American Chemical Society.
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Figure 3.
Examples of micro- and nanostructure for /n vivo cargo delivery. (a) Biocompatible

hyaluronic acid microneedle patch integrated with pH-sensitive dextran nanoparticles
encapsulating anti-PD1 antibody and glucose oxidase (GOx). GOx generates an acidic
environment by converting blood glucose to gluconic acid, which promotes dissociation of
nanoparticles and release of anti-PD1 for immunotherapy. The microneedle patch can be
applied under the skin to target skin cancer cells.4? (b) Silicon nanoneedles were coated with
poly(dimethyl siloxane) (PDMS), enabling them to become flexible and conform to irregular
surfaces of tissues.*! (c) Microneedle patch to deliver paracrine secretions from cardiac
stromal cells to injured cardiomyocytes to promote angiomyogenesis.3® Images adapted with
permission from the following: ref 40, Copyright 2016 American Chemical Society; ref 41,
Copyright 2018 American Association for the Advancement of Science; ref 39, Copyright
2018 American Association for the Advancement of Science.
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Figure 4.
Nanostructures deliver cargo with high efficiency to a variety of clinically useful, primary

cells including neurons and immune cells. (a) Nanostraw electroporation platform delivered
mMRNA encoding for green fluorescent protein (GFP) into human induced pluripotent

stem cells differentiated into cardiomyocytes (hiPSC-CMs), human embryonic stem cells
(HSCs), human fibroblasts (HFs), mouse primary glial cells (MGs), and mouse primary
neurons (MNs) with efficiency ranging between 60% and 85%.° (b) Electron microscopy
image showing B cells seeded onto nanowires.22 (c) Confocal images show delivery of
apoptosis-inducing siRNA (far right) led to higher cell death compared to control (far left).22
Images reproduced with permission from the following: ref 9, Copyright 2018 American
Association for the Advancement of Science; ref 22, Copyright 2012 American Chemical
Society.
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