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The biointerface is the region of interaction between a 
biological entity and a material. Proper design of a bio-
interface enables cells to be directed, manipulated and 
interrogated through local biophysical and biochemical 
interactions, from either inside or outside the cell.

From outside the cell, biointerfaces regulate or probe 
mechanotransducive cellular events that influence gene 
expression and signalling pathways critical to deter-
mining cell function and behaviour; this behaviour 
includes spreading, differentiation, migration, prolif-
eration, maturation and traction- force generation1,2. 
The signals transduced from the biointerface combine 
with other microenvironmental cues, such as those pro-
vided through soluble factors, to regulate cell fate. In 
this context, substrate patterning can provide cues for 
differentiation, migration and pathfinding3,4; interfaces 
can squeeze cells to form pores for intracellular deliv-
ery or deform the nucleus5,6; and microbead and pillar 
interfaces can track local cellular forces with resolutions 
down to nanometres, microseconds and nanonewtons7,8.

Biointerfaces also provide access to the cell interior 
to probe and stimulate cellular activity, deliver drugs or 
sample cell content. Intracellular access is typically estab-
lished through membrane disruption or penetration by 
mechanical9,10, electrical11, thermal12, optical13, acoustic14 
or chemical15 processes, or a combination of them16–19. 
Nanoscale biointerfaces can surpass the performance 
of conventional macro- and microscale biointerfaces 
by establishing rapid, adaptable and controlled molec-
ular and subcellular interactions20. Nanoscale control 

over composition, topography and surface chemistry 
with high spatial and temporal resolution is crucial to  
designing the biointerface at spatial scales relevant  
to cells. For instance, fine- tuning nanotopography affects 
differentiation of stem cells21, and nanoscale bioelectron-
ics interfaces produce higher- quality signals than their 
macroscopic counterparts22.

Among nanoscale biointerfaces, vertical nanoprobes —  
arrays of high- aspect- ratio nanostructures — are emerg-
ing as versatile tools to access the cell23. In this Review, 
we discuss the unique characteristics of the nanoprobes 
that grant minimally invasive access to the intracellular 
space, enabling biophysical and biochemical interactions 
beyond the cell membrane; and we dissect how this bio-
interface design enables individual modalities of inter-
actions, explaining how it can be harnessed for cellular 
manipulation.

Biointerface design for vertical nanoprobes
The term ‘vertical nanoprobe’ defines all high- aspect- ratio  
nanostructures used as tools for cellular interrogation 
and manipulation (Table 1). Vertical nanoprobes include 
nanowires24, nanotubes25, nanopillars26, nanostraws27 
and nanoneedles28.

All vertical nanoprobes feature a high aspect ratio and 
a nanoscale diameter, and these common characteristics 
make it possible for nanoprobes to interact intimately 
with the plasma membrane and access the intracellu-
lar space (Fig. 1). This tailorable biointerface underpins 
the use of vertical nanoprobes as tools for controllable 
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biophysical stimulation of specific cell compartments29, 
intracellular analyte detection30–32, induction and record-
ing of electrical activity33,34, and intracellular delivery35–37. 
Nonetheless, the performance of vertical nanoprobes in 
individual applications relies on the accurate design of 
their cellular biointerface.

The cell–nanoprobe interface is remarkably complex. 
When stimulated by nanoprobes, cells activate multi
ple levels of biophysical and biochemical responses, 
initiating interactions at the plasma membrane (PM), 
cytoskeleton, nucleus and other cellular elements. The 
high aspect ratio of nanoprobes and their ability to regu-
late the number, arrangement and area of contact sites 
ensure tight interfaces with cell membranes and activate 
cellular processes that aid transmembrane sampling 
and delivery. Yet these concurrent dynamic interactions 
complicate the relationship between the nanoprobes 
and biological systems. The underlying mechanisms 
of interaction are subtle and multifaceted38,39. To gen-
erate effective biointerfaces for specific applications, the 
parameters of the interface must be designed to optimize 
cellular access and functionality (Fig. 2).

Topography
Topography includes probe diameter, height, tip shape 
and density40, which affect the degree of invasiveness and 
effectiveness of the interface (Fig. 2a). Sharper tips more 
readily interact with the intracellular space and reduce 
toxicity. For silicon nanowires, a diameter of 30–90 nm 
guarantees cell survival, whereas a larger diameter 
(~400 nm) causes cell death within a day41.

Diameter. Deforming the plasma membrane is key to 
establishing intracellular access. Theoretical tools, such 
as the cell interface with nanostructure arrays (CINA) 

model, predict that the likelihood of a nanoprobe 
deforming the membrane decreases when its diameter 
is >50 nm and length is >10 µm (reF.42). These predictions 
describe the behaviour of HEK293 cells interfaced with 
ordered vertical arrays of indium arsenide (InAs) nano-
probes. On nanoprobes with 100 nm diameter and 11 µm 
length, the cells tend to remain on top of the nanoprobe 
array. Shorter (5 µm) nanoprobes instead favour mem-
brane deformation and tight cell interfacing42. When 
nanoprobes generate sufficient tension across the PM, 
they can breach this barrier. Modelling suggests that 
sharper vertical nanoprobes enhance the likelihood of 
penetration, and that tip diameters <10 nm require a 
penetration force in the same range as cellular gravity 
(10–100 pN), favouring access to the intracellular space 
without the application of external forces43. Modelling of 
the interfacial forces — supported by delivery efficiency 
analysis and direct interface visualization — indicates 
that diameters greater than 100 nm need external forces 
for reliable penetration44.

Tip shape. Nanoprobe tip shape influences the inter-
face: mushroom- shaped tips reduce the interface cleft 
to enhance electrical sensing, whereas hollow, straw- 
like tips induce the membrane to invade the hollow 
cavity, allowing a stable interface for controllable 
electroporation45,46.

Length. Experimental data indicate that long nano-
probes also favour penetration, but excessive length 
prevents contact between the cells and the substrate 
supporting the nanoprobes, increasing toxicity. Long 
vertical gallium phosphide nanowires (6.7 µm) reduce 
cell motility and cell division in mouse fibroblasts, lead-
ing to the formation of multinuclear cells and reactive 
oxygen species (ROS)44–47.

Density. Nanoprobe density also regulates the interface 
with the cell membrane. Very dense structures generate 
a bed- of- nails effect that encourages cells to adhere to 
the top of the array, precluding establishment of the nec-
essary interface. Lowering nanoprobe density increases 
the propensity of cells to descend within the nanoprobe 
layer, maximizing contact with the PM. However, when 
nanoprobes are at very low densities, cells can avoid 
interfacing with them, negating meaningful interac-
tion. The CINA model provides guidelines to evaluate 
the effect of nanoprobe density on the settling position 
of cells42. Murine fibroblasts seeded on gallium phos-
phide nanowire arrays of densities ranging from 0.1 μm−2 
to 4 μm−2 show increasing cell motility with increasing 
array density, as a consequence of their decreased degree 
of pinning48.

Composition
Mechanical properties. Composition determines the 
mechanical properties and stiffness of the probes, which 
in turn influences its response to cellular and external 
forces at the interface (Fig. 2b). Stiffer materials are more 
likely to breach the membrane as force is applied, lead-
ing to a more effective interface49. Silicon nanoneedles 
(20 µm length and 200 nm diameter) deliver functional 
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Table 1 | interface parameters and applications of various nanostructures

Nanostructure interface parameters applications

topographya Composition surface 
chemistry

Modality of 
interface

Nanocones 20 µm × 200 nm × 
(1.1 × 103 mm–2)

Si Antibodies Adhesion, 
fishing

Biosensing49 Cell sorting

4.5–5 μm × 
200–300 nm × 
(6.6 × 104 mm–2)

Diamond Native, 
aptamers,  
p19 protein

Centrifugation Biosensing92,183 Molecular fishing, 
microRNA profiling

Delivery58 EthD-1, dextran IgG 
antibodies, quantum 
dots, polystyrene 
beads

3–7 μm × 50–100 nm × 
(1.5 × 105 mm–2)

Porous Si Native, APTES, 
oxidation, 
peptide

Unassisted, 
centrifugation

Biophysical29,104 Nucleus, cytoskeleton, 
PM, endocytosis

Biosensing28,30 pH, cathepsin B

Delivery28,37,104 Quantum dots, 
transferrin, albumin, 
cholera toxin, dextran, 
GAPDH- siRNA, GFP, 
VEGF and pDNA

8–70 μm × 80–150 nm 
× 104 mm–2

Porous Si on 
polymers

APTES Unassisted, 
centrifugation, 
compression

Delivery51,239 siRNA, doxorubicin

Nanostraws 1.5–4 μm × 
400–1,000 nm × 
106 mm−2

Pt, Au, PEDOT, 
hybrid Pt/
PEDOT

Poly- l- lysine Electroporation Biosensing46 Caspase-3 detection

Delivery46 Propidium iodide

1–2 µm × 400 nm × 
(2 × 106 mm–2)

ZnO/Al2O3 Strepavidin, 
anti- EpCAM

Electroporation Biosensing54 Caspase-3 detection, 
CTC capture

Delivery54 Propidium iodide,  
GFP plasmid

1–3 µm × 80–150 nm × 
104–107 mm−2

Al2O3 Polylysine, 
polyornithine

Unassisted, 
electroporation, 
shear stress, 
mechanical 
stimulation

Biophysical240 PM

Biosensing27 Intracellular fluid 
sampling

Delivery226,236,239–242 Ca2+ ions, insulin, 
dextran, azidosugars, 
plasmid, NTP, siRNA, 
antibodies, hydrazide 
dyes, nanodiamond

Nanowires 0.4–6.3 µm × 
330–600 nm × 
((6 × 105)–(4 × 106) mm–2)

Porous Si Poly- d- lysine Unassisted Delivery74 GFP plasmid

2–20 µm × 50 nm ZnO Anti- CD31 Unassisted Biophysical136 T cell activation

3–5 µm × 10–80 nm SiO2 and 
metals

Fibronectin, 
lipids

Unassisted, 
electroporation

Electrical155,168 Intracellular 
membrane potential, 
single- cell recording 
and stimulation

3–10 µm × 50–100 nm 
× ((3 × 104)–
(7 × 106) mm–2)

Si Branched 
polyethylenimine

Unassisted, 
optogenetics

Biophysical42 Settling, motility, 
cytoskeleton

Electrical157 Long- term intracellular 
recordings

Delivery234 pDNA

2.5–5 µm × 40–80 nm 
× (5 × 104–106 mm–2)

GaP Laminin Unassisted Biophysical243,244 Focal adhesions, 
neuronal guidance

Biosensing204,245 Cell- traction force,  
cell tracking

2–11 µm × 50–150 nm 
× (1.3–5 × 104 mm–2)

GaAs/InAs Peptides, 
proteins

Unassisted Biophysical42,68 Cell settling

NATURE REVIEWS | Materials

R e v i e w s



0123456789();: 

biomolecules into thousands of cells simultaneously; 
the silicon composition of the nanoneedles improves 
their mechanical strength and assists efficient nego-
tiation of the membrane49. But hard, brittle materials 
such as monocrystalline semiconductors are prone to 
shattering50. Instead, polymeric nanoprobes can be 
flexible and more seamlessly interface with non- planar 
biological systems such as tissues51. Their geometry and 
stiffness can be precisely controlled, and they provide 
the additional benefits of transparency and easy scale- 
up52. By interfacing cells with polymeric nanoprobes 
with identical topographies but differing stiffnesses, it 
is possible to decouple the contributions of stiffness and 
topography on cellular behaviour. In this context, both 
low- stiffness nanoprobes made from polydimethylsilox-
ane (PDMS) and medium- stiffness polystyrene (PS) and 
SU-8 (epoxy- based) exhibit efficient mRNA delivery to 
both adherent and non- adherent cells53.

Electrical and optical properties. Composition also 
influences the probe’s conductivity and transparency. 
Conducting and semiconducting nanoprobes such as 
zinc oxide nanostraws coated with aluminium oxide 
are suitable as electroactive devices that can sense, 
stimulate and record excitable cells, and perform nano-
electroporation to mediate intracellular delivery and 
sampling54. Insulators can make transparent nanoprobes 
for straightforward optical interrogation of events at the 
biointerface55. Tailoring the refractive index of nanopro-
bes in step with their geometry and density can modu-
late light through tip- field enhancement and evanescent 
waves56,57, which enhance the signal- to- noise ratio for 
optical interrogation of single molecules at the interface.

Surface chemistry
Chemical functionalization strategies such as physical 
adsorption, covalent and non- covalent bonding can 
promote cell adhesion to the probe, increase cellular 

traction force and assist PM fusion (Fig. 2c). Biomolecules 
can be temporarily physisorbed on a nanoprobe and 
subsequently released within cells. Physisorption on 
porous nanoprobes allows controlled release, which 
can enhance delivery efficiency37. Physisorbed pos-
itively charged polymers such as polylysine and poly-
ornithine improve interaction with the negatively 
charged PM58,59. Immobilized biochemical cues work 
alongside nanoprobe topography, enabling develop-
ment of nanoprobes for neuronal guidance60. Native 
extracellular matrix proteins such as fibronectin61 or 
extracellular- matrix- inspired RGD (arginine–glycine–
aspartate) peptides62 can reduce the distance (cleft) at the 
nanoprobe–cell interface, promoting formation of focal 
adhesions for strengthened interfacing29.

Covalent bonding can modulate the polarity and 
charge of nanoprobes, whether to aid the physisorp-
tion of biomolecules or to instruct the biointerface63,64. 
Because a large proportion of nanoprobes are made from 
silicon and metal oxides, silane chemistry is a popular 
first step in covalent bonding. Modifying nanoprobe 
surfaces with phospholipids helps cellular internaliza-
tion without needing to apply external forces65. Chemical 
modification that emulates the hydrophilic–hydrophobic– 
hydrophilic architecture of the cell membrane promotes 
spontaneous insertion into lipid bilayer cores and for-
mation of bilayer–probe interfaces66, and promotes 
long- term membrane integration67. Alternatively, cova-
lent bonding in the form of bioconjugation can provide 
targeted interface functionality. Bioconjugation to nano-
probes has relied extensively on amide bonds and thio-
succinimide linkages31, bioorthogonal click chemistry68, 
reversible disulfide bonds69, and a vast array of cleavable 
and stimulus- responsive units70–72. Bioconjugation is a 
key way to attach the sensing elements for biosensing 
approaches based on either intracellular detection of 
probes or fishing of intracellular molecules and cells. 
Similarly, conjugating cargo to nanoprobes through 

Nanostructure interface parameters applications

topographya Composition surface 
chemistry

Modality of 
interface

Nanopillars 0.5–2 µm × 
100–750 nm 
× ((4.5 × 103)–
(2 × 106) mm–2)

Polymers Fibronectin, 
gelatin

Unassisted, 
light- driven 
reshaping

Biophysical52,84,115,129 Actin, cell guidance, 
PM, stem- cell 
differentiation

Biosensing208 Cell- traction force

0.7–2 µm × 
50–1,500 nm × 
(2 × 104–106 mm–2)

Quartz Gelatin, 
poly- l- lysine

Unassisted, 
electroporation

Biophysical81,82,89,111–113,246 Curvature sensing, 
nucleus, endocytosis, 
actin

1.8 µm × 150 nm Au Poly- dl- ornithine Unassisted Biophysical60 Neuronal guidance

1.5 µm × 150 nm Pt Fibronectin, 
gelatin

Electroporation Electrical166,247 Intracellular action 
potential recordings

2 µm × 150 nm × 
(2 × 106 mm–2)

InGaN/GaN Poly- l- lysine Unassisted Biosensing207 Cell- traction force

Nanotubes 2 µm × 300 nm × 
105 mm−2

Si Oxidation Centrifugation Delivery106 Antibodies, ssDNA, 
siRNA and Cas9 
ribonucleoproteins

APTES, (3- aminopropyl)triethoxysilane; CTC, circulating tumour cell; EpCAM, epithelial cell adhesion molecule; EthD-1, ethidium homodimer; GFP, green 
fluorescent protein; IgG, immunoglobulin G; NTP, nucleoside triphosphate; pDNA, plasmid DNA; PEDOT, poly(3,4- ethylenedioxythiophene); PM, plasma membrane; 
siRNA, short interfering RNA; ssDNA, single- stranded DNA; VEGF, vascular endothelial growth factor. aTopography is height × tip diameter × density.

Table 1 (cont.) | interface parameters and applications of various nanostructures
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reversible, cleavable and stimulus- responsive bonds can 
enhance their intracellular delivery and enable specific 
cells to be targeted.

Modality of interfacing
The type of interfacing determines the strength and 
kinetics of the interaction between cells and nanopro-
bes (Fig. 2d). Unassisted interfacing, which relies on cell 
seeding over nanoprobe arrays, is the simplest form 
of interaction73. In unassisted interfacing, the forces of  
interaction are largely governed by the cell, which can 
introduce considerable variability in the interface. 
Indeed, the efficiency of unassisted interfacing depends 
on cell type: unassisted transfection efficiency for silicon 
nanowires ranges from 85% for human dental- pulp stem 
cells and 61% for human foreskin fibroblasts to only 7% 
for HeLa cells74.

Using external forces to assist interfacing improves 
control and strengthens interaction with the cell, aiding 
breaching of the PM and in turn granting direct intra-
cellular access38,75,76. Applying mechanical forces to the 
biointerface — either manually through micromanipula-
tors or by centrifugation — is a widespread approach for 
assisted interfacing. Centrifugation conveniently applies 
a well- controlled, predictable and reproducible force58. 
Forces between nanonewtons and tens of millinewtons 
can promote interfacing and enhance delivery efficiency. 
For instance, porous silicon nanoneedles centrifuged 
with 68 mN of force offer 90% transfection efficiency of 

HeLa cells37 and efficiently deliver quantum dots into 
cells28. However, increased force also affects cell viabil-
ity: increasing centrifugation speed for diamond nano-
needles above 300 rpm raises toxicity in fibroblast to 
above 10%58. By fine- tuning the external ‘fishing’ force 
applied, silicon nanoneedle arrays (~25 µm long and 
~200 nm wide) functionalized with antibodies effi-
ciently separate differentiated neural stem cells from 
a large pool of human induced pluripotent stem cells 
(hiPSC), targeting intracellular markers instead of the 
surface markers commonly used with the fluorescently 
activated cell sorting technique77.

Electroporation with nanoprobes (nanoelectropo-
ration) accesses a higher proportion of cells than the 
analogous unassisted nanoprobes and reduces cell tox-
icity compared with conventional electroporation78. 
Low- voltage nanoelectroporation enables plasmid deliv-
ery to Chinese hamster ovary (CHO) cells that is otherwise 
unattainable through nanostraws, without affecting cell 
viability36. Laser- assisted optoporation with nanoprobes  
enables targeted, transient PM disruption, achieving 
single- cell resolution79. Compared with electroporation, 
optoporation provides more controlled and localized 
poration, for example through the ejection of hot electrons 
through 3D nanoantennae at the nanostructure tip80.

The impact of a nanoprobe’s features on its interaction 
with cells highlights the importance of designing this bio-
interface to achieve cell interrogation and manipulation  
beyond what is traditionally possible in vitro.

Biophysical interactions
Cells react to both biochemical signals and biophysical 
stimuli. Because the geometry of nanoprobes can be con-
trolled across the molecular to subcellular scale, they are a 
particularly precise and powerful platform to biophysically 
interrogate cells at targeted depths, from the PM through 
the cytosol to the nucleus. Mechanical and topographi-
cal stimuli from nanoprobes influence cellular behav-
iour, including cell adhesion, endocytosis and nuclear 
mechanics41,81,82, and affect cell migration, proliferation, 
differentiation and pathological development83–86.

Biophysical stimulation at the plasma membrane
Nanoprobes can mediate three types of biophysical 
stimuli at the PM: they can attenuate membrane integ-
rity, organize protein clustering and define membrane 
topography.

Membrane integrity. The integrity of the PM helps 
to determine the cytotoxicity of nanoprobe interfac-
ing37,41,87, delivery efficiency of genes and drugs, and 
sensitivity of detecting intracellular signals (Fig. 3a). Since 
nanoprobes are generally tall with sharp tips and made of 
hard materials (such as metal, silicon, glass or diamond), 
PM integrity was thought to be compromised when a 
cell wraps closely around a nanoprobe. Nevertheless, 
intact PMs are regularly observed on nanoprobes using 
techniques such as fluorescence microscopy, electrical 
recording, focused- ion- beam (FIB) scanning electron 
microscopy (SEM) and transmission electron micros-
copy (TEM)59,88,89; spontaneous cell poration is sel-
dom detected. The force generated by cell adhesion to 

Biophysical interactions Electrical recording and stimulation

Biosensing Intracellular delivery

Membrane
remodelling

Membrane
breaching Endocytosis

Vertical nanoprobes

Fig. 1 | Modes of cell–nanoprobe interaction. Nanoprobes stimulate and access the 
intracellular space thanks to their high aspect ratio and nanoscale dimensions. Accurate 
design of their biointerface is necessary to regulate the plasma membrane remodelling, 
breaching and stimulated endocytosis required for intracellular access. Nanoprobes can 
interact with cells by providing biophysical stimuli individually targeted to several 
subcellular elements, recording and stimulating intracellular electrical activity, sensing 
the intracellular state and delivering bioactive payloads, all with minimal undesired 
impact on cell function.
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a nanoprobe, which contracts actomyosin networks, 
affects the PM tension and permeability90. Surface chem-
istry91, external forces92, and electro-93 and optoporation94 
provide additional mechanisms to regulate PM integrity 
by modulating cell adhesion and local PM tension.

Protein clustering. The clustering of proteins on the 
PM, another biophysical factor critical to many cellular 
functions, is also affected by interaction with nanopro-
bes (Fig. 3a). A well- studied example is the nanopattern- 
guided clustering of integrins95,96: when the distance 
between integrins is less than 70 nm, integrin aggre-
gation and activation occurs, inducing formation of 
focal adhesions97 and promoting cell adhesion and 
differentiation98. This clustering threshold is critical for 
tightly packed nanoprobe arrays, where cells only come 
into partial contact with nanostructures. Self- aligned 
TiO2 nanotubes with 15–30 nm inner diameters allow 
for sufficient integrin clustering, supporting cell adhe-
sion, migration, proliferation and differentiation. When 
the inner diameter of the nanotubes exceeds 100 nm, 
integrin clustering and downstream recruitment of 
paxillin is substantially reduced86. Nanoprobes can also 
enhance PM clustering of other surface- bound proteins, 
including oncogenic RAS99–101.

Membrane topography. The ability of nanoprobes 
to tune PM curvature is increasingly recognized as a 
hallmark of their function. Cells constantly generate 
nanoscale- curved membrane structures on the PM, 
such as endocytic vesicles and filopodia102,103. But the fact 
that nanoprobes influence such dynamic PM reshaping 

processes has only recently been revealed. Endocytic 
proteins — including clathrin, dynamin, amphiphysin, 
epsin and others — preferentially accumulate at cell 
membrane interfaces curved by nanoprobe diameters 
less than 400 nm (reFs.81,102). Clathrin- coated vesicles and 
caveolae assemble along the curved PM sites104, display-
ing different curvature preferences (Fig. 3a). TEM and 
FIB- SEM reconstruction can reveal high- resolution 
structural information on the system, such as the distri-
bution of these endocytic vesicles and their preferential 
accumulation near nanoprobes105. This accumulation 
can increase cellular uptake of multiple pathway- specific 
biomolecules, strongly enhancing drug delivery and 
gene transfection35,53,106,107.

Curvature- sensing proteins play an essential role in the 
cell’s response to nanoprobe- induced deformation of PMs 
— especially BAR domain proteins, which are the classic 
sensors of PM curvature108 (Fig. 3a). Nanocones used to 
deform PMs inward show that N- BAR domains gather 
at curvature sites109. The F- BAR protein FBP17 enhances 
its sensitivity to nanobar- generated curvature through an 
internally disordered region110; mapping FBP17 accumu-
lation across nanobars as a function of curvature shows 
that they preferentially sense PM curvature with a diam-
eter smaller than 400 nm (reF.111). Using nanobars to pat-
tern PM curvature allows scrutiny of the role of different 
splice isoforms of the PM- curvature- sensitive protein 
BIN1 in cardiac T- tubule morphogenesis112.

Not all nanostructures are equally effective at induc-
ing PM curvature. FIB- SEM evidence indicates that it is 
easier to invaginate PMs at nanopillars than to deform 
them outward into nanoholes89.

a  Topography b  Composition

c  Surface chemistry d  Interfacing

Diameter and height Density Tip shape Stiffness Conductivity Transparency

Ligand
modification

Hydrophobicity
and hydrophilicity Charge Mechanical

force Electroporation Optoporation

+
+

+
+

–
–

– –

F

Unassisted

SR

SR
RS

Fig. 2 | Biointerface design parameters for vertical nanoprobes. Nanoprobe design determines the nature of the 
interaction with the cell, which in turn determines the modalities of cellular interrogation and manipulation. a | Topography, 
which includes nanoprobe diameter and height, density, and tip shape, helps to establish a stable and tight nanoprobe–
plasma membrane (PM) interface as a precondition to cellular interrogation. b | Composition determines functionality: 
stiffness regulates interactions with cell- traction forces, which affect PM penetration and mechanosensory response; 
conductivity determines suitability for electronic interfacing; and transparency aids optical monitoring and coupling.  
c | Surface chemistry regulates nanoprobe–PM interactions, cargo loading and release, and interaction with biological 
fluids. Ligand functionalization regulates cell adhesion for tighter interfaces; surface wettability regulates interactions with 
the amphiphilic PM; surface charge influences electrostatic interactions with cell and cargo. RS/SR represents a generic 
reactive group. d | Although nanoprobes spontaneously establish a biointerface with most cell types, assisted interfacing 
improves the efficacy of intracellular interrogation. Mechanical and electrical forces can enhance PM penetration, and 
coupling plasmonic nanoprobes with light generates local conditions for penetration.
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Biophysical stimulation beyond the plasma 
membrane
Nanoprobes also affect various processes inside cells, 
such as cytoskeleton reorganization, nucleus deforma-
tion and mechanotransduction. Nanoprobe- initiated 
mechanotransduction involves complex signalling path-
ways. For example, as a function of their morphology and 
material stiffness, nanoprobes can regulate the activity 
of the yes- associated protein (YAP)29 and integrin endo-
cytosis113. Because mechanosensitive biointerface inter-
actions have recently been reviewed75, we focus on how 
nanoprobes influence local cytoskeleton reorganization 
and nuclear deformation.

Cytoskeletal reorganization. Nanoprobes stimulate the 
actin cytoskeleton of many cell types to accumulate 
and reorganize around them82,114. In addition to nano-
clustering of integrins and focal adhesion- related actin 
recruitment through mechanotransduction, nanoprobes 

can trigger formation of F- actin by recruiting curvature- 
sensitive proteins such as FBP17, which then activate the 
nucleators required for actin polymerization. The key 
signalling proteins downstream of FBP17 — including  
N- WASP, cortactin and the ARP2/3 complex — all 
respond strongly to curved sites at the nanobar tips 
(Fig. 3b). Nanopillars and nanobars with curved ends thus 
act as hotspots for actin polymerization in live cells111. The 
effect of curvature- triggered actin polymerization can 
be dynamically changed by elongating or widening the 
nanoprobe, as in the case of azobenzene- based nanopil-
lars that isomerize and deform with light115. Nanoprobe- 
guided actin network formation and dynamics help to 
determine adhesion, migration, morphogenesis and PM 
integrity on nanoprobe arrays95,116–118.

Nuclear deformation. Nanoprobes longer than 1.4 µm 
can deform the nuclear envelope (Fig. 3b). Deforming the 
envelope provides insight into the mechanical properties 
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Fig. 3 | Nanoprobe-induced biophysical stimulation at or beyond the plasma membrane. a | Biophysical stimulation  
at the plasma membrane (PM). Nanoprobes control the integrity of the PM by modulating cell adhesion and localized  
PM tension. The specific geometries of integrins and RAS proteins facilitate their aggregation and activation on curved PM. 
Nanoprobes promote endocytosis by recruiting endocytic proteins. Curvature- sensing proteins, especially BAR domain 
proteins, accumulate at PM curvature induced by nanoprobes. b | Biophysical stimulation beyond the PM. Nanoprobes act 
as hotspots for curvature- dependent actin by recruiting FBP17 downstream proteins including ARP2/3 and N- WASP. 
Nuclear deformation, caused by nanoprobes, reveals altered nuclear mechanics. Lamin A proteins localize around nano-
probes to respond to nuclear stimulation. Nanoprobes reduce the activity of transcription yes- associated protein (YAP) 
cofactors, weakening the correlation between YAP activation and cell spreading.
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of the nucleus, which control cell stiffness and regulate 
chromatin organization for genetic and epigenetic con-
trol of gene expression82,119,120. For example, the deforma-
tion depth of quartz nanopillars accurately reflects the 
nuclear stiffness of live cells with different expression 
levels of lamin A, a major structural protein compo-
nent of the nuclear envelope82 (Fig. 3b). Decreasing the 
radius (from 700 to 150 nm) of the nanopillars, increas-
ing their height (from 1.4 to 2 μm) and, more signifi-
cantly, increasing their separation (from 2 to 6 μm) 
induces greater nuclear deformation82. With clustered 
nanoprobes, nuclear deformation occurs only if there is 
sufficient spacing between clusters117; tip diameters sub-
stantially affect the depth and shape of deformed nuclear 
membranes119.

Nanoprobe- induced nuclear deformation correlates 
with molecular events occurring both inside and out-
side the nucleus. The two main structural proteins of 
the nuclear envelope (lamin A and B) respond differ-
ently to deformation: lamin A accumulates at nanoprobe 
tips, whereas lamin B is less sensitive to stimulus and 
remains uniformly distributed29. Outside the nucleus, 
cytoskeletal elements coordinate at the interface in 
different ways to cause nuclear deformation by both 
pushing from the top and pulling from the bottom  
of the nucleus82. Intermediate filaments accumulate around  
the nucleus and are likely to counteract the actin forces 
and prevent the nucleus from engulfing the nanopro-
bes. Microtubules have little influence on nuclear defor-
mation and are likely to be less involved in interactions 
with nanoprobes. Beyond the cytoskeleton, nuclear 
deformation is closely intertwined with mechanotrans-
ductive signalling pathways and formation of adhesions 
on the PM. Nanoprobes inhibit maturation of adhesions, 
reducing cytoskeletal tension and remodelling nuclear 
membranes29. Concurrently, nanoprobes reduce the 
activity of transcriptional cofactors such as YAP, weak-
ening the correlation between YAP activation and cell 
spreading29 and promoting aggregation of lamin A.  
This behaviour highlights a non- canonical correlation 
between key mechanosensory cellular responses and 
nanoprobe interactions (Fig. 3b). Furthermore, nano-
probe diameter is inversely correlated with lamin A and 
YAP activation: sharper nanoprobe tips increase lamin A  
expression while reducing expression of lamin B and 
YAP targeted genes119.

Impact on cell behaviour
Mechanical and topographical cues have profound 
effects on the fate of different cell types, including stem, 
neuronal, immune and cancer cells75,121–123. Vertical nano-
probes provide a customizable extracellular environ-
ment, regulating the clustering of signalling molecules 
and enhancing ligand display. These features point to 
new avenues for investigating and directing cellular 
behaviour towards the development of cell- instructive 
materials.

Stem cells. Nanoprobe topography is a key design factor 
for stem- cell differentiation. TiO2 nanorod arrays pro-
mote osteogenic differentiation of mesenchymal stem 
cells (MSCs), whereas a well- polished and smooth TiO2 

ceramic surface suppresses differentiation and promotes 
self- renewal of cells124. Changing the diameters of sili-
con nanoprobes alters the morphology, F- actin align-
ment and expression of several human MSC (hMSC) 
differentiation markers (SOX2, NANOG, AP2, OCN, 
RUNX2)119. In addition, hMSCs interfaced with long 
silicon nanowires (~4.5 µm) have lower growth capacity 
and neurite- like extensions, suggesting neuronal dif-
ferentiation; four neural- lineage specific marker genes 
— NEGR1, NEUROD, NES and β- III tubulin — show 
higher expression levels on long wires than on short or 
flat substrates125.

The topography of vertical silicon nanowires regu-
lates hMSC commitment and differentiation126. Shorter, 
stiffer nanowires promote osteogenic differentiation of 
hMSCs; by contrast, longer, softer wires promote adi-
pogenic differentiation126,127. The geometry and stiffness 
of nanoprobes can regulate epithelial–mesenchymal 
transition, where cells acquire increased invasiveness 
and motility. Irregularly arranged gold nanowire arrays 
downregulate E- cadherin (epithelial marker) and upreg-
ulate vimentin (mesenchymal marker), triggering the 
transition for the epithelial- like MCF10A breast- cancer 
cells and enhancing mesenchymal invasiveness for 
mesenchymal- like MDA- MB231s128.

The stiffness of nanoprobes regulates spreading, 
adhesion and phenotype transitions. After 8 days, soft 
(34.6 kPa), intermediate (242 kPa) and stiff (2,800 kPa) 
polycarbonate nanopillars diverge in how they regu-
late the differentiation of human embryonic stem cells 
towards definitive endoderm and pancreatic endo-
derm cells; embryonic stem cells on soft nanopillars 
show almost 100% of SOX17 (definitive endoderm 
marker)- positive cells compared with intermediate and 
stiff nanopillars (<75%), whereas pancreatic endoderm 
differentiation is impaired129. Many brain- cell types can 
be differentiated from hiPSCs, and nanoprobe inter-
facing can promote their maturation. Silicon nitride 
nanowire arrays with controlled spacing, when inter-
faced with hiPSC culture, have no impact on electro-
physiological characteristics or cellular functionalities 
throughout neuronal differentiation130. These nanopro-
bes shorten the culture period for mature firing of action 
potentials from 28–30 days to 14–16 days. Intracellular 
electrical stimulation with nanoprobes, such as Si nano-
columns, further enhances neuronal differentiation and 
maturation131. The nanocolumns spontaneously pene-
trate the cell PM, creating an avenue to apply voltage 
into cells with high temporal and spatial confinement.

Neuronal cells. The topography of a nanoprobe arranges 
chemical and physical cues for guiding axonal develop-
ment and synaptic formation, aimed to replicate ordered 
neuronal assembly. Nanopillars functionalized with 
poly- dl- ornithine can precisely pattern arrays of hippo-
campal neurons. Even though the entire substrate is 
coated with polyornithine, neuronal axons attach and 
grow exclusively on the nanopillars60. Neurons have high 
affinity for indium phosphide nanowires, which physi-
cally guide neurite extension along a periodic nanow-
ire array to form interconnected functional circuits132. 
Similarly, ordered gallium phosphide nanowires align 
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neuronal axons with high spatial resolution over long 
distances133.

Immune cells. As a tool to regulate the immune system 
in clinical contexts, nanoprobes can directly modulate 
cellular immune response without additional biochem-
ical stimulation134. Nanoprobes that induce changes in 
cell morphology can promote polarization of macro-
phages from a pro- inflammatory M1 phenotype into an 
anti- inflammatory and pro- healing M2 phenotype135. 
Nanoprobes can deform cytotoxic T lymphocyte PMs,  
prompting formation of actin- rich protrusions. This pro-
cess occurs mainly through two nucleation- promoting 
factors — WASP and WAVE2 — that facilitate synaptic- 
force exertion and lymphocyte death136. Vertical nano-
probes displayed on TiO2 microparticles (‘spiky 
particles’) mechanically induce immune activation 
in vivo137. The nanoprobes apply mechanical stress on the  
PM, mediated by the contractile motor protein myosin IIa  
during phagocytosis and engulfment. This stress acti-
vates mechanosensitive potassium channels, increasing 
efflux of potassium ions on both bone- marrow- derived 
macrophages and dendritic cells and provoking the 
inflammasome pathway that stimulates downstream 
release of IL-1β in a caspase 1- and NLRP3- dependent  
mechanism.

When coated with anti- CD3 or anti- CD28 antibod-
ies, nanoprobes augment site- specific endocytosis that 
enhances CD4+ T cell activation. Nanoprobes with suf-
ficient stiffness delay transport of the centrosome- and 
microtubule- organizing centre towards the biointerface 
— an essential step in forming the immunological syn-
apse and activating T cells. Combined with enhanced 
cytokine secretion, this process increases IFNγ expression  
by CD4+ T cells136.

In addition to the ability of nanoprobe interfaces to 
stimulate cell immunity, nanoprobes functionalized with 
antigens can further strengthen immune activation by 
coupling biochemical and biophysical cues. For exam-
ple, ZnO nanowire arrays conjugated with ligands of the 
major histocompatibility complex class I- related chain A  
effectively target the surface receptor NKG2D on nat-
ural killer (NK) cells. These nanoprobes activate NK 
immune response significantly more than nanotopo-
graphy alone. Such signalling- pathway activation plays 
a role in engineering primary NK cells and cell lines to 
express chimeric antigen receptors (CARs)138.

Bacterial cells. Besides its effect on mammalian cells, 
nanoscale surface topography contributes antibacterial 
properties, as seen in the wings of dragonflies. Inspired 
by such examples, polymeric, metal, or semiconduc-
tor nanoprobes with ~100 nm height and nanoscale 
spacing kill gram- negative, gram- positive and even 
drug- resistant bacteria139–141. Such broad- spectrum anti-
microbial effects arise from biophysical mechanisms at 
the nanoprobe–bacteria biointerface. Electron micros-
copy indicates that nanoprobes penetrate bacterial enve-
lopes, where contact- induced mechanical stresses and 
strains cause cell death142,143. Reducing the tip radius to 
less than 40 nm or increasing the density of nanoprobes 
can enhance bacterial toxicity144.

Electrical recording and stimulation
Recording high- fidelity bioelectric signals from electro-
genic cells deepens our understanding of cell behavi-
our from single- cell to cell- network scales. Accurate, 
information- rich neural recordings will lay the founda-
tion for neuroscience- related disciplines, including the 
neuron–machine interface and brain- circuitry mapping. 
Such recording needs electronic probes or electrodes 
with access to intracellular signals from multiple neu-
rons within the neuronal circuit145. Conventional meth-
odologies using electrode arrays outside the PM result 
in poor signal quality and are blind to subthreshold 
events146. The whole- cell patch- clamp technique is still 
the gold standard for intracellular electrophysiological 
recording, although it is invasive and difficult to use in 
large- scale parallel recordings.

Pseudo-3D vertical probes have substantially reduced 
the interface cleft and improved electrical recordings. By 
reconsidering the design of patch- clamp electrodes, it is 
possible to use these probes to mimic the micrometre- 
and nanometre- scale topographical features natu-
rally found in cell environments147. ‘Intracellular- like’ 
recordings of action potentials and subthreshold signals 
from Aplysia buccal neurons are possible using extra-
cellular micrometre- sized mushroom- shaped gold 
electrodes146,148,149. However, the same microelectrodes 
can achieve only a loose juxtacellular configuration 
when recording from much smaller mammalian hippo-
campal neurons, resulting in attenuated and shorter  
synaptic action potentials146,150,151.

The development of nanoprobe arrays — including  
nanowire field- effect transistor (FET) probes and verti-
cally aligned nanoelectrode arrays — has enabled 
high- quality intracellular recordings145. Such probes can 
be designed to penetrate the PM with minimal invasive-
ness, gaining much more intimate contact with cells and 
in turn considerably reducing interface cleft and access 
resistance152,153 (Fig. 4). Despite the signal loss caused 
by high electrode impedance (Re), vertically aligned 
nanoelectrode arrays with proper geometrical and 
circuit design and optimized cell–electrode interfaces 
can still record high- quality intracellular signals from  
both cardiomyocytes and neurons. Moreover, nano-
wire FET probes can detect intracellular voltages almost 
independently of electrode impedance107.

Nanowire FET probes
The first nanoprobe- enabled intracellular recordings 
achieved an average peak amplitude of ~80 mV and dura-
tion of ~200 ms from cultured beating cardiomyocytes, 
using phospholipid- modified, kinked nanowires with a 
point- like FET at the probe tip154. Such high- resolution 
recording is possible because the acute- angle geometry 
and surface phospholipid bilayers allow the probe to 
penetrate the PM and form gigaohm seal resistance, and 
the nanoscale FET can insert into the cytosol, resulting 
in negligible access resistance (Ra) (Fig. 4a).

Sub-10- nm intracellular probes from nanowire– 
nanotube heterostructures can address small subcellu-
lar struc tures and record fast, submillisecond electro-
physiological signals155. Integrating a kinked nanowire 
FET on a freestanding intracellular probe that can be 

NATURE REVIEWS | Materials

R e v i e w s



0123456789();: 

operated through a micromanipulator gives 3D deter-
ministic control over nanoprobe–cell interactions156. 
Nonetheless, such nanowire FET probes can only be fab-
ricated one- by- one with limited scalability and can record 
intracellularly only from cardiomyocytes but not neurons.

Ultrasmall U- shaped nanowire FET probe arrays, 
produced by combining shape- controlled nanowire 
transfer and spatially defined solid- state transforma-
tion, have successfully tackled the issues of scalability 
and neural recording (Fig. 4a). High- amplitude neural 
intracellular recordings are possible with a wire diam-
eter ~15 nm, FET channel length ~50 nm and curvature 
radius of 0.75 μm (Fig. 4b). The probe’s tunable curva-
ture is central to its ability to penetrate cells and record 
high- amplitude signals from both primary neurons 
and cardiomyocytes33,154–156. Unlike in cardiomyocytes, 
neuronal probe internalization and high- amplitude 
electrical recordings are possible only with probes of 

smaller curvature radius, suggesting that PM poration 
and internalization in neurons needs more local PM 
stretching and bending. Importantly, all of these nano-
wire FET- based nanoprobes rely on surface chemical 
functionalization with biomimetic phospholipid bilay-
ers to gain intracellular access through cell membrane 
fusion to form high- resistance seals.

Nanoelectrode arrays
Vertically aligned nanoelectrode arrays can record 
intracellular signals through spontaneous and assisted 
cell penetration (Fig. 4c). Nanoprobe interfaces pro-
vide spontaneous and stable access to intracellular 
environments without application of external forces, 
enabling high- amplitude recordings from HEK293T 
optogenetically modified cells (50–80 mV) and from 
both rodent primary neurons and hiPSC- derived neu-
rons (<99 mV)157,158 (Fig. 4c). The high aspect ratio of 
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nanoprobes longer than 6.5 μm increases the surface 
interaction area with neurons, substantially improving 
signal- to- noise ratio and allowing subthreshold activity 
to be recorded158. Spontaneous cell penetration can occur 
through activation of focal adhesion complexes as the 
cell actively adheres and spreads on the nanoprobe sub-
strate. In this instance, intracellular access and sealing 
of the cell–probe interfaces involve recruitment of focal 
adhesion complexes and stabilization of the electrode 
from the actin cytoskeleton. This setup enables en masse 
recordings of electrochemical intracellular potentials, 
stable over the course of days159.

Nevertheless, spontaneous and long- lasting intra-
cellular recording mediated by adhesion forces is rare, 
and the activation of PM repair mechanisms more often 
leads to probe exclusion and PM resealing59. Using 
hydrophilic–hydrophobic–hydrophilic architecture to 
mimic the PM is essential to forming a tight gigaohm 
seal at the electrode–PM interface160.

Although electrical recording and stimulation 
using nanoprobe arrays has primarily been in vitro, 
in  vivo nanoprobes have considerable promise in 
neuroscience, cardiology and related pharmacology 
research. The arrays’ ability to form a tight, mini-
mally invasive interface with cells makes them ideal 
candidates for in vivo biointerfacing, as demonstrated 
by carbon- nanotube- functionalized microelectrodes 
that recorded and stimulated action potentials from 
the motor cortex of anaesthetized rats and the visual 
cortex of a monkey161. Nanoprobe arrays can be inte-
grated into 3D macroporous mesh networks162,163 
and polymer- based flexible substrates164 to conduct 
large- scale chronic studies of neuronal and cardiac cir-
cuit dynamics in vivo, and to achieve precision electronic 
medicine and accurate prosthetic control. Intracellular 
nanowire probes and nanoprobe arrays have been incor-
porated into a macroscopic freestanding substrate and 
micromanipulator for multiplex in vivo recording165, 
providing a similar configuration to the patch clamp, 
but with minimal invasiveness and high scalability.

Assisted interfacing
Electroporation can assist nanoprobe penetration and 
enhance intracellular recordings. In primary cardiomyo-
cytes and HL-1 cells, electroporation has increased the 
peak amplitude of recorded signals by ∼100 times25,166–168 
(Fig. 4c). The first electroporation- assisted nanoprobes 
recorded intracellular action potentials from rat corti-
cal primary neurons34. Since then, intracellular signals 
from mouse primary neurons have been accessible with 
a high- density vertical nanoelectrode array that gener-
ates simultaneous intracellular electrical recordings from 
thousands of electrodes; this device can resolve subthresh-
old post- synaptic potentials down to a unit quantum, at 
resolutions previously possible only by patch- clamping169.

However, intracellular access gained through electro-
poration is often transient: shortly after penetration, the 
amplitude of recorded intracellular potentials drastically 
decreases before returning to the amplitudes and shapes of 
extracellular signals after several minutes153,170. Because the 
extent of PM electroporation depends on local coupling 
and the amplitude of the electric field, it remains difficult 
to control the stimulated area of the cell–probe interface; 
often, electrical stimulation damages cells, forming a 
wide region around the nanoprobe where intracellular  
organelles are absent or damaged94 (Fig. 4d–f).

Optoporation is less damaging to the PM, enabling 
non- invasive and controlled insertion of the nanoprobe 
(Fig. 4g). The strong intracellular coupling increases the 
amplitude of the action potential and the signal- to- noise 
ratio compared with electroporation, and allows for 
more stable and longer recordings, lasting up to 80 min-
utes for each poration event94,171 (Fig. 4c). An electrode 
inserted through optoporation is also able to observe the 
transition from extracellular to intracellular recordings, 
which is not detectable by electroporation owing to the 
overcharge that accumulates at the nanoprobe tips172.

Integrated devices
The high spatial resolution of nanoprobes can address 
specific cells within a network. This phenomenon is parti-
cularly relevant because electrical or photovoltaic stimu-
lation can regulate cell activity and fate172–175. Combining 
topographical cues from nanoprobes with probe- mediated 
intracellular stimulation can guide cell behaviour at the 
interface, serving as a cell- culture platform for stem- cell 
neurogenesis131. For instance, nanoelectrode arrays com-
bined with complementary metal–oxide–semiconductor 
integrated circuits simultaneously record intracellular 
signals and electrically stimulate hundreds of connected 
mammalian neurons167. Photoelectric and photothermal 
stimulation using semiconductor nanowire probes can 
also regulate the electrical activity of cells176,177. Coaxial Si 
nanowires with p- type, intrinsic and n- type regions gen-
erate faradaic current at the cell–material interface upon 
light stimulation, inducing action potentials in neurons 
through PM depolarization164,178.

Biosensing
Sensing the intracellular environment
Monitoring the intracellular dynamics of biomole-
cules furthers our understanding of signalling cas-
cades and networks in live cells at the molecular level.  

Fig. 4 | Nanoprobe-enabled intracellular recordings. a | Intracellular access by an ultra-
small U- shaped nanowire field- effect transistor (FET) probe modified with phospholipids: 
p- type FET region (red); conducting nickel silicide (blue). b | Recorded action potentials 
from six different neurons obtained with the ultrasmall U- shaped nanowire FET probe.  
c | Approaches to PM piercing for intracellular recording, and the equivalent circuit of the 
interface between the nanoelectrode and the cell membrane. Left to right: electrophysio-
logical recordings obtained extracellularly, after spontaneous PM poration, after electro-
poration and after optoporation. d | Cross- sectional scanning electron microscopy (SEM) 
image of the cell–nanoprobe interface. The PM tightly wraps around the vertical probe  
but maintains structural integrity. e | False- coloured TEM images showing a nanowire–cell 
interface after spontaneous PM penetration. The neuron (orange) tightly wraps around the 
Si probe (magenta). A SiO2 passivation layer (cyan) is visible around the lower portion of  
the Si nanowire. Ni is used for silicidation bonding and as a current conduction layer (blue).  
f | Cross- sectional SEM image of a cell–nanoprobe interface after electroporation. The yel-
low arrows indicate regions where electroporation has damaged the cell interior. g | Cross- 
sectional SEM image of an optoporation event. The blue arrow indicates regions where 
disruption of the cellular and nuclear membranes occurs near the nanoprobe tip. The 
green arrow shows the intact nuclear membrane in contact with the walls of the probe.  
Ce, electrode capacitance; Cg, gate capacitance; Cm, membrane capacitance; Ra, access 
resistance; Re, electrode resistance; Rseal, seal resistance; Vg, gate voltage; Vm, membrane 
potential; Vs, source voltage. Panel a and b adapted from reF.33, Springer Nature Limited. 
Panels c, d, f and g adapted with permission from reF.94, Wiley. Panels c (after spontaneous 
poration) and e adapted with permission from reF.158, American Chemical Society.
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Detecting intracellular biochemical information requires 
highly specific and sensitive probing techniques that 
can recognize targets in a complex matrix. As an early 
demonstration, vertical nanoprobes have measured pH 
inside individual cells179. Comprehensive approaches for 
probing intracellular signals (RNAs, proteins, chemicals) 
typically involve direct cell lysis180,181, which destroys the 
cells and allows only single time points to be measured; 
therefore, those approaches are ill- suited to capturing 
temporal and spatial dynamics in living cells, especially 
during high- throughput single- cell analysis. Sensing in 
living cells depends on reliable access to the cytoplasm 
without perturbing regular cellular activity. Because 
nanoprobes reach the intracellular region with minimal 
invasiveness, they can interrogate the spatiotemporal 
evolution of complex signalling networks in structured 
cellular systems (Fig. 5a,b).

For cellular interfacing, the first step is to intro-
duce sensing nanoprobes into mammalian cells. In 
the simplest case, suspended cells can interface with 
nanoprobes by gravity. This has been demonstrated in 
peptide- functionalized nanowires that interrogate intra-
cellular enzymatic activity by characterizing the cleavage 
of fluorophore- labelled peptides in living cells73 (Fig. 5c). 
Sandwiching cells between two nanoprobe substrates 
improves penetration of the nanoprobe sensor, enhancing  
the detection of enzymatic activity in living cells31.

Reversible biointerfacing and longitudinal analysis
‘Molecular fishing’, in which functionalized nano-
probes directly pull targeted molecules from the intra-
cellular domain, offers more delicate control over PM  
penetration92,182,183 (Fig. 5d). In this approach, a nano-
probe array is brought into contact with cells adherently 
cultured on a regular substrate. Centrifugation assists 
nanoprobe penetration, with the speed determining the 
puncture force of individual nanoprobes on the PM58. 

Specific molecular targets can be captured using appro-
priate fishing ligands. The targets can be extracted and 
isolated from the cell cytosol upon retrieval of the array. 
For example, a fishing aptamer attached to a nanoprobe 
can isolate the NF- κB protein repeatedly from A549 
cells to analyse the temporal profiles of cellular innate 
immune response to exogenously introduced DNAs92.

An extension of the molecular fishing concept ena-
bles a multiplexed quasi- single- cell system for pro-
filing non- coding microRNAs (miRNAs) in living 
cells182,183. The p19 protein- fishing molecule can isolate 
all double- stranded RNAs of 19–23 base pairs. During 
nanoprobe puncture, multiple short RNA capture mole-
cules are inserted alongside the fishing molecule on the 
nanoprobe. These molecules bind to the miRNA targets,  
forming double- stranded RNAs that are fished by the 
p19- functionalized nanoprobes. In offline on- chip 
analysis, each nanoprobe operates as a separate reaction 
chamber for parallel in situ amplification, visualization 
and quantification of targeted miRNAs (Fig. 5d), and 
computational approaches can be directly applied to 
analyse nanoarray gene chips. Because most mamma-
lian cells tolerate being reversibly punctured by nano-
probes, the same batch of living cells can be interrogated 
for longitudinal analysis by repeated molecular fishing 
operations (Fig. 5a). This approach can track the tempo-
ral evolution of the miRNA transcriptome over the dif-
ferentiation of embryonic stem cells182. The nanoprobe 
interface makes it possible to directly sample molecular 
targets from the concentrated environment of individual 
cells; this simplifies experimental operations and, more  
importantly, bypasses the dilution of analytes that is inevi-
table in cell- lysis- based methods, improving analytical  
sensitivity.

Hollow nanoprobes offer the unique opportunity to 
sample cytosol contents multiple times without discon-
necting from the cell and to extract them through micro-
fluidic systems for downstream analysis27,54 (Fig. 5e). This 
technique is especially advantageous because different 
types of biomarkers, including protein and mRNA, can 
be simultaneously sampled without specific function-
alization of the nanoprobes. Hollow nanoprobes can 
collect ~10% of mobile intracellular contents for several 
days without damaging the cells. Downstream molecu-
lar analysis can resolve fluctuations of mRNA expres-
sion in hiPSC- derived cardiomyocytes over 3 days27.  
Thus, the interface provided by hollow nanoprobes 
enables the monitoring of stem- cell differentiation 
and intracellular dynamics, while maintaining a sam-
ple integrity unachievable using existing gold- standard 
methods based on cell lysis.

Molecular imaging and spatial transcriptomics
Nanoprobes enable analysis of spatial heterogeneity 
in large cell populations, especially in tissue samples 
(Fig. 5b). Owing to their geometric arrangement, the 
arrayed nanoprobes sample the targeted cells with a 
spatial resolution down to a few hundred nanometres. 
Thus, the distribution of the large numbers of nano-
probes preserves the cellular spatial information in 
the coordinates of associated biomarkers — directly30 
or indirectly183. Peptide- functionalized nanoprobes, 

Fig. 5 | Nanoprobes for biosensing. a | Nanoprobes sample cells longitudinally, provid-
ing a temporal assessment of intracellular state. Left: most nanoprobes repeatedly inter-
faced with the same cells sample their content at specific time points (t1, t2, t3), with 
minimal impact on cell state. Right: alternatively, nanostraws remain interfaced with cells 
and sample their content at specific time points (t1, t2, t3) by modulating plasma mem-
brane permeability. b | Spatial mapping of intracellular state relies on nanoprobes’ ability 
to locally sample and retain intracellular content at nanoscale resolution. The blue and 
red tips indicate the sampling of heterogeneously expressed molecules, such as micro-
RNAs (miRNAs) or proteins, in spatially adjacent cells. c | Nanoprobes detect analytes 
intracellularly while interfaced. By using cleavable peptides, it is possible to monitor 
intracellular enzymatic activity. With molecular beacons, it is possible to detect mRNA 
in situ. Environmentally sensitive fluorophores are used to monitor intracellular state in 
real time. d | Nanoprobes capture and extract biomolecules from the cell interior for 
downstream analysis. Enzymatic post- translational modification activity is monitored by 
mass spectrometry offline; antibodies capture target ligands for ex situ analysis by sand-
wich immunoassay; p19 captures miRNA for multiplexed profiling. e | Nanostraws sample 
cell content and collect it through microfluidic handling to perform offline downstream 
analysis. f | Vertical nanoprobes enhance optical interrogation of species in their vicinity, 
either by acting as subwavelength optical apertures, inducing formation of an evanes-
cent field; or through tip- field enhancement to improve detection of biomolecules at the 
interface over those in the background. g | Nanoprobes can be applied to the measure-
ment of cellular traction forces (F) by quantifying pillar displacements (dx) imposed by 
cells cultured in contact with nanoprobes. Force is calculated with knowledge of the 
material’s mechanical properties (spring constant, k) to produce heat maps of traction 
forces and force vectors. Owing to the probes’ small size, uncoupled nature and tunable 
geometry, traction forces can be resolved with high spatial and temporal resolution.
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carrying a fluorescent label that is released in response to 
cytosolic cathepsin B (CTSB) activity (Fig. 5c), can map the 
activity of cysteine protease CTSB30. With near single- cell 
resolution, this approach maps cell- specific enzymatic 
distribution across tumour margins, highlighting sharp 
differences in CTSB expression between adjacent regions; 
it can effectively discriminate CTSB positive and negative 
cells in mixed cultures and bioptic tissues.

When adapted for tissue sections, molecular fishing- 
 based miRNA profiling provides the relative spa-
tial dynamics of particular miRNAs in associated cell 
populations183. Although the miRNA expressional data 
on each nanoprobe is not mapped back to individual cells, 
bioinformatic analysis of the ensemble of needle–needle 
spatial information reveals cell–cell spatial dynamics, 
given uniform interfacing between the many nanoprobes 
and targeted cells. Such a processing principle also allows 
quasi- single- cell analysis to decipher the tissue- wide  
spatial heterogeneity of the molecular targets183 (Fig. 5b,d).

Enhancing optical detection
Characterizing the spatial distribution of intracel-
lular molecules is one of the most important tasks in 
cell biology. Limited by light diffraction, traditional 
fluorescence microscopy cannot resolve individual 
molecules. Vertical nanoprobes solve this problem by 
either locally confining the excitation light or enhanc-
ing emission intensity, effectively acting as nanoscale, 
sub- diffraction- limit optical apertures. Transparent 
nanopillars with diameters below the wavelength of 
visible light (80–400 nm) allow no light through, but 
generate exponentially decaying evanescent waves at 
nanopillar sites (Fig. 5f). By exploiting this confined 3D 
light excitation around the nanopillars, it is possible to 
detect signals with sensitivity and low excitation back-
ground similar to total internal reflection fluorescence 
microscopy. Thus, when engulfed by cells, fluorescent 
signals in the vicinity of a nanopillar can be detected 
with high sensitivity, even in the presence of high cyto-
solic background184. Adding gold nanodisks to the top 
of silicon dioxide nanopillars decreases optical loss and 
further increases the signal- to- noise ratio, providing an 
avenue to 3D super- resolution imaging56.

Semiconductor nanoprobes can serve as waveguides 
to concentrate excitation light and enhance emission sig-
nals of species near their surface, enabling high- sensitivity 
detection57 (Fig. 5f). III−V nanowires such as GaP are 
known for their biocompatibility, relatively wide band-
gap and negligible absorption of visible light185. Through 
field enhancement effects and near- field interactions, they 
enhance the signals of conjugated fluorophores on their 
surface186,187. By optimizing nanowire diameter and light 
wavelength, the light emitted by the fluorophores can be 
restricted to nanowire tips188. The signal- to- noise ratio 
for individual fluorophores and PM proteins in live cells 
increases 20- fold when interrogated with GaAs nanowires, 
owing to the proximal detection57.

Cellular traction forces
Cells impose forces on their surrounding environ-
ment, and the mechanical feedback that they receive 
activates mechanosensitive signalling pathways that 

regulate diverse cellular functions, including prolifera-
tion, migration and differentiation189,190. The amount and 
directionality of a cell’s exerted force depends on the type 
of cell and whether it exists in a diseased and/or altered 
state191–193. This allows for identification and character-
ization of cells based purely on mechanical readouts. 
Although there are numerous methods to measure 
cellular- level forces, traction- force microscopy (TFM) is 
a label- free, highly sensitive approach to passively quan-
tify them, that is, without the need to apply an external 
force. Most commonly, TFM is performed by tracking 
the displacement of flexible micropillars or microbeads 
embedded within compliant substrates; ultimately these 
displacement values are used in combination with the 
knowledge of material properties to quantify cellular 
forces with spatial precision194–197 (Fig. 5g).

TFM produces cellular force maps within the nano-
newton regime and has shown that the properties of 
substrates themselves (compliance and adhesion area) 
influence the traction forces generated by cells through 
alteration of adhesion complexes and cell shape198,199.

Although conventional microscale TFM still dom-
inates the force measurement landscape, nanoprobes 
have several advantages in measuring traction forces: 
extremely high force sensitivity, enhanced spatial reso-
lution relevant to submicrometre cellular features, the 
ability to decouple material deformations from adjoin-
ing sites, and versatile topography design. Adhesion, and 
thus forces exerted by cells, are vastly different between 
scales200. Depending on the probe geometry, nanoprobes 
are able to measure the forces generated from subcellular 
features at micrometre to submicrometre scales, such as 
integrin clustering201 and filopodia extension202. They can 
also avoid force- field interference between neighbouring 
regions that occur in closely packed elasto meric sub-
strates of pillars or embedded particles in continuous 
substrates197,203. Owing to their high aspect ratio, nano-
probes have a lower spring constant than conventional 
PDMS micropillars, enabling force measurements with 
piconewton sensitivity204.

Nanoprobe- based traction- force measurements have 
uncovered highly sensitive cell- specific behaviours. 
Cancer cells show greater contractility than their healthy 
counterparts, which can be perturbed by chemothera-
peutic drug treatment205,206. The small size and tunable 
geometry of nanoprobes allow dynamic cellular forces of 
actively contractile cells like cardiomyocytes to be meas-
ured with better spatial and temporal resolution than 
established TFM methods. Using a piezo- phototronic 
light nano- antenna, traction forces can be visualized 
with 800 nm spatial and 333 ms temporal resolution207. 
These results point to the potential of nanoprobes 
in enhanced biomarker assays and drug- screening 
applications.

The small size of nanoprobes makes them ideal for 
probing submicrometre cellular features, including neu-
ronal axonal projections204, myosin contractile units200 
and integrin- based adhesion complexes26. Nanoprobes 
can quantify neuronal growth cone dynamics and force 
generation at 15 pN force resolution204. Cells sense the 
rigidity of their surrounding environment by producing 
local contractions at nascent focal adhesions of the order 
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of ~60 nm (reF.200). The high spatial and temporal reso-
lution accessible with nanoprobe measurements reveals 
that contractile units simultaneously move opposing 
pillars ~2.5 nm, independent of rigidity208. Nanoprobes 
have also uncovered the dominant role of perinuclear 
forces in mediating YAP mechanotransduction in fibro-
blasts; lower- resolution microprobe measurements had 
previously attributed this role to the cell periphery26. 
Nanoprobes applied to single- cell bacteria of ~500 nm 
diameter reliably measure nanometre displacements 
above ~25 nm with high spatial force resolution along 
the cell body71,209.

The precise control over topography afforded by 
nanofabrication methods allows nanoprobe platforms 
to be tailored to specific traction- force measurements. 
Inverted conical nanoprobes can measure the migra-
tion forces of Dictyostelium discoideum cells without 
the optical distortions inherent in standard TFM8. 
Unlike most arrays, where cells sit on top of nanopro-
bes, the inverted geometry allows the amoeba to move 
freely within the array. Traction force is calculated from 
the nanowire heads above the cells, excluding the error 
from cell- induced refraction that can result in false 
displacements of over 100 nm (reF.8).

Intracellular delivery
Cell interiors are crowded, dynamic environments where 
intracellular access is tightly restricted to ensure healthy 
cell function and behaviour. Vertical nanoprobes can 
be designed to negotiate the PM and nuclear envelope 
of many cell types — including primary immune107,210, 
neural58,73 and stem cells211,212 — with minimal perturba-
tion, high efficiency and high throughput. Nanoprobes 
can transfect unstimulated T cells using a short inter-
fering RNA (siRNA) library with over 95% efficiency 
and without inducing activation, enabling identification  
of 39 regulatory factors controlling the differentiation of  
T helper 17 (TH17) cells213. Nanostraws interfaced to 
human hematopoietic stem cells using nanoelectropo-
ration induce green fluorescent protein (GFP) expres-
sion in over 75% of cells212. The nanoelectroporation 
does not affect the ability of stem cells to expand or form 
colonies, and induces differential expression for only  
75 genes, compared with 2,155 for conventional electro-
poration. Nanoprobes can improve delivery of many labile  
cargo agents, including gene- editing tools (CRISPR–
Cas9)106,214, nucleic acids (DNA, mRNA, siRNA)104,213,215, 
proteins58,73 and other bioactive molecules, with little 
or no damage to those agents216,217. The design of the  
nanoprobe–cell interface, tailored to the application and 
the cargo and cell type, governs the efficacy and modality  
of drug delivery.

Delivery modalities
Nanoprobe topography and composition largely deter-
mine delivery modality (Fig. 6a). Solid, porous and hol-
low nanoprobes leverage different mechanisms to load 
cargo and can access different release profiles218.

Rapid delivery. Solid nanoprobes are designed for rapid 
cargo delivery: typically the cargo is physisorbed onto  
the nanoprobe to form a thin adsorbate219 or dried onto the  

probe for a thick coating220. Upon interfacing with cells, 
cargo loaded by either approach is rapidly released to 
access the intracellular space221. Thus rapid intracellu-
lar delivery of siRNA, plasmid DNA and proteins can 
achieve an efficiency above 95%73. By loading multiple 
molecules simultaneously, co- delivery is also possible73. 
Polymeric nanoprobes made from low- stiffness PDMS 
(~0.014 GPa) or medium- stiffness PS (~1.5 GPa) or SU-8 
(~2.5 GPa) can transfect GPE86 cells with Cy5- GFP- 
mRNA, yielding comparable transfection efficiencies of 
26.8 ± 3.5%, 33.2 ± 7.4% and 30.1 ± 4.1% for PS, SU-8 and 
PDMS, respectively53.

Sustained delivery. Porous nanoprobes are designed for 
sustained delivery. The mesoporous structure of porous 
silicon provides a much larger surface area for cargo 
physisorption and thus drug- loading capacity than solid 
nanoprobes222, and porosity at the nanoscale modulates 
drug solubility, regulating release kinetics223. This tun-
able capacity enables controlled drug delivery in both 
in vivo and in vitro applications74,224. Porous nanoprobes 
deliver plasmid DNA and siRNA to cells with greater 
than 90% efficiency by either unassisted interfacing or 
centrifugation37 and can mediate topical in situ gene 
therapy, as shown by delivery of the angiogenic regulator 
gene VEGF165 to a target exposed area to trigger forma-
tion of new blood vessels37. When integrated on a flexible 
patch, porous silicon nanoprobes provide a soft, com-
pliant and transparent platform with controlled surface 
porosity and tip morphology. They load more cargo than 
their solid counterpart, and deliver Cy3- labelled siRNA 
into GFP- MCF7 cells with >95% efficacy and up to 80% 
efficacy in silencing target GAPDH genes51. Crucially for 
in vivo clinical translation, this drug- delivery device can 
be implanted in subcutaneous murine muscle, enabling 
effective drug diffusion over 2 days and inducing only 
negligible inflammation in situ.

Nanotubes are also designed for sustained release106. 
Exploiting their inner cavity as a reservoir, they can 
co- load multiple bioactive cargoes without surface 
functionalization225. Nanotube- mediated siRNA deliv-
ery can silence F- actin binding protein (Triobp), alter-
ing the morphology of mouse fibroblasts106. Nanotubes 
have a much lower applied voltage threshold for nano-
electroporation than bulk electroporation (2,000 V 
versus tens of V), minimizing damage to both cells and 
cargo and overcoming many limitations of the con-
ventional technique. Plasmonic Au- coated nanotubes 
support optoporation- mediated delivery. Ultrashort 
near- infrared laser pulses couple optically with plas-
monic nanotubes to deliver a wide range of cargoes, 
including genetic materials, nanoparticles and complex 
solutions, to individual cells in desired patterns53,79.

Sustained and repeated delivery. Nanostraws are 
designed for sustained and repeated delivery during 
long- term interfacing226. As hollow conduits connected 
to a reservoir, they enable cargo to flow into the intra-
cellular environment by diffusion or the application 
of pressure. They allow time- resolved, sequential, and 
patterned delivery without needing to continuously 
penetrate the cell87. Cells cultured on small- diameter 

NATURE REVIEWS | Materials

R e v i e w s



0123456789();: 

nanostraws (less than 100 nm) are spontaneously pene-
trated, creating stable access to the intracellular com-
partment over days. Nanostraws with larger diameters, 
meanwhile, need assisted interfacing to deliver a broad 
range of cargoes efficiently87,227,228. Nanoelectroporation  
with nanostraws induces transient, local PM disruption with  
minimal cell toxicity; the porated cells maintain viability 
up to 98% for 3 days36. With 95% viability this approach 
can quantitatively deliver nanoparticles and charged bio-
active cargoes — including mRNAs, proteins and Cas9 
ribonucleoprotein — to primary cells and cell lines229. 
Optoporation is possible using plasmonic nanostraws. 
These structures locally enhance near- field intensity up 
to 100- fold at the interface, producing plasma- mediated 
bubbles that can access the inside of cells for cargo 
delivery230.

Broad- spectrum delivery. Non- ordered nanoprobe 
arrays fabricated by chemical vapour deposition or 
metal- assisted chemical etching offer high- throughput, 
robust, low- cost and rapid fabrication routes, to deliver 

a broad range of biological effectors (DNAs, RNAs, 
peptides, proteins and small molecules) into a range of 
cells; they even demonstrate cellular reprogramming, 
although with reduced spatiotemporal precision and 
control over delivery efficiency73,231.

Cargoes
Interface design needs to account for cargo delivery 
(Fig. 6b). Many cargo types with diverse chemical identity, 
size, shape, surface area, bioreactivity and effective net 
surface charge can be delivered. These factors affect their 
interaction with nanoprobes and ability to negotiate PM 
barriers. Surface functionalization is critical to designing 
interactions between cargo, nanoprobes and cells to aid 
delivery70,232.

Electrostatic interactions and other non- covalent 
immobilization strategies, such as adsorption by solvent 
evaporation218, are particularly suitable for delivering 
nucleic acids. Nanoprobes functionalized with positively 
charged polyelectrolytes — such as polyethyleneimine63 
and poly- d/l- lysine233 — electrostatically bind negatively 

b  Cargo types

PlasmidDNAProtein Small molecule NanoparticleAntibody

Rapid delivery Rapid or sustained
delivery

Sustained deliverySustained and
repeated delivery

Broad-spectrum but
low-precision delivery

Non-porousNanostraw Porous Polymer Chemically modifiedHollow Non-ordered

Adherent cells Non-adherent cells

Dendritic cell Microphage T cell B cellNeural cell Cancer cell Stem cell Epithelial cell

c  Cell types

a  Delivery and nanoprobe types

Fig. 6 | intracellular delivery with nanoprobes. a | The type of nanoprobe determines the optimal modality of delivery. 
Nanostraws are optimal for sustained or repeated delivery during a single or a repeated and prolonged interfacing event. 
Non- porous nanoprobes are optimal for rapid, instantaneous delivery, whereas porous, hollow and polymeric nanoprobes 
are designed for sustained delivery. Chemical functionalization can improve delivery modalities by regulating the interac-
tion between desirable cargo and targeted cell. Disordered nanoprobes can deliver with similar efficiency to a broader 
range of cells without achieving optimal delivery efficiency owing to their heterogeneous topography. b | Nanoprobes can 
be optimized to load and release a wide range of cargoes with biomedical relevance. c | Delivery optimization depends  
on cell type. Adherent and non- adherent cells have different interface requirements. Excitable cells tolerate only limited 
disruption of plasma membrane integrity, whereas stem cells and many immune cells tolerate only limited perturbation  
to maintain optimized functionality.
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charged nucleic acids. For example, coating nanoprobes 
with large- molecular- weight (25 kDa), branched poly-
ethyleneimine significantly enhances the transfection 
efficiency of plasmid DNA encoding Renilla luciferase as 
a reporter gene. This generates luciferase activity greater 
than 1,900 relative light unit (RLU) mg−1 protein (com-
pared with 933 RLU mg−1 protein for unfunctionalized 
probes), efficiently delivering DNA and reducing cyto-
toxicity caused by the aggregation of free polymers234. 
Similarly, functionalization with short aminosilanes 
yields positively charged nanoprobes that electrostati-
cally bind negatively charged DNA. These nanoprobes 
spontaneously penetrate the PM of HeLa cells, slowly 
releasing DNA235.

Covalent bonding is ideal for affixing peptides and 
enzymes because it immobilizes the biomolecules at 
the probe site. Fluorescein- labelled peptides covalently 
attached with cysteine–maleimide bonds remain firmly 
anchored to the nanoprobes, whereas the same peptides 
electrostatically bound to nanoprobes promptly release 
into HeLa cells31. Functionalizing Si nanoprobes with 
amine-, aldehyde- or epoxide- terminated silanes is a 
common route for immobilizing peptides, which cova-
lently bond with the silane functional groups through 
conventional bioconjugation strategies64. Click chemis-
try allows biologically orthogonal tethering of peptides 
and proteins to nanoprobes68.

Studying metabolic pathways, and identifying intra-
cellular intermediate metabolites, is currently limited 
by the difficulty of getting metabolic- labelled substrates 
into the intracellular space, requiring cytotoxic adjuvants 
and permeabilizing agents used to improve delivery 
efficacy. The time window required for studying met-
abolic kinetics (over several days) is another difficulty. 
Nanostraws can efficiently deliver modified metabolic 
substrates, such as N- azidoacetylmannosamine and 
UDP- N- azidoacetylgalactosamine, through sustained 
and repeated delivery into mammalian cells, addressing 
these limitations for metabolite delivery236.

Nanoprobe- mediated transfection
Advanced cell therapies such as gene editing, cellular 
reprogramming and CAR T cells rely on genetic engi-
neering of primary neural, immune and stem cells, but 
these cell types are notoriously hard to transfect39,75,210. 
Nanoprobes can efficiently interface with and transfect 
these and many other types of primary, adherent and 
non- adherent mammalian cells (Fig. 6c).

For primary immune cells — in particular, T lympho-
cytes — the nanoprobe design is crucial to avoiding their 
activation or apoptosis while effectively delivering bio-
molecules. Smaller immune cells (for example, mouse  
B and T cells) need longer, sharper and denser nanoprobes  
(length 2–3 μm, diameter <150 nm, 0.3−1.0 nanopro-
bes per μm2) to both prevent activation of the immune 
response and achieve over 80% transfection efficiency; 
conversely, larger adherent immune cells (dendritic 
cells and macrophages) need shorter and sparser nan-
oprobes (length 1−2 μm, density of 0.15−0.2 per μm2) 
to access the intracellular space237. In conventional viral 
and non- viral T cell transfection a pre- activation step 
is required, often impairing the half- life and repertoire 

of T cells. Nanoprobes coated with Cy3- gWiz- GFP 
plasmids determine 32.8 ± 0.4% of Cy3+ T cells after 6 h 
interfacing, compared with less than 1% of Cy3+ T cells 
from flat control. Importantly, 6 h interfacing does not 
alter the expression level of key surface activation mark-
ers and major inflammatory cytokines within T cells 
harvested from the nanoprobe surfaces107.

hiPSCs hold great promise for regenerative medicine, 
but their clinical application has been hindered by the 
extremely low reprogramming efficiency of somatic 
cells. Nanoprobes can transiently deliver mini- intronic 
plasmid vectors, enabling long- term expression over 
several days and conversion of human neonatal dermal 
fibroblast cells to both primed and naive hiPSCs — each 
fundamentally different states of pluripotency — with 
reprogramming efficiency of 1.17 ± 0.28%231. This is two 
orders of magnitude greater than current reprogram-
ming approaches involving plasmid delivery. Such effi-
cacy arises from higher transfection rates, improved cell 
viability and reduced cell perturbation. Nanoprobe deliv-
ery of GFP- encoding mRNA into human hematopoietic 
stem and progenitor cells results in efficient GFP expres-
sion in more than 75% of treated cells212. No detectable 
effects are observed on the functionality or gene expres-
sion of hematopoietic stem and progenitor cells, making 
nanoprobes an attractive alternative to more disruptive 
transfection methods212. Similarly, nanoinjection of the 
fluorescently labelled Cy3- siRNA- GAPDH into hMSCs 
enhances Cy3- siRNA uptake to 60%, compared with 
10% in the absence of nanoprobes104.

Neural (postmitotic) cells are especially hard to 
transfect, with transfection efficiencies ~1–5% for many 
vector- based techniques238. Assisted interfacing of nano-
probes with neural cells delivers a broad range of mole-
cules and materials, including antibodies, quantum dots, 
nanoparticles and DNA. Plasmid DNA delivery with 
nanoprobes yields at least an eightfold improvement in 
transfection efficiency over lipofection (~45% versus 
1–5%)58. Nanoprobe- assisted delivery of siRNA into 
rat hippocampal neurons occurs by targeting inward 
sodium ion channels; when the neurons are transfected 
with nanoprobes, the current is less than that of cells 
transfected with a control gene73.

Outlook
Nanoprobes excel at establishing a minimally invasive 
means of communication and exchange between the 
intracellular and extracellular space. Conventional bio-
interfaces, which usually interact solely at the PM level, 
are currently unable to replicate the versatile biophysical 
interactions between nanoprobes and key cellular com-
ponents. These interactions unlock cellular responses 
that improve our ability to regulate cell fate, benefit-
ing the quality and reliability of cell manufacturing. 
Nanoprobes are emerging as a competitive technology 
to address many barriers to the widespread adoption of 
molecular diagnostics, bioelectronics, and advanced cell 
and gene therapies. Yet the current understanding of the 
biointerface, ability to design it and cell manipulation 
finesse do not realize the full potential of the technology.

The plethora of nanoprobes available has contrib-
uted to elucidating universal design guidelines that 
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govern the biointerface. The next step is to accelerate the 
high- throughput combinatorial screening approaches 
necessary to validate these guidelines in the preclinical 
and clinical settings. In parallel, there is a need to develop 
scalable manufacturing approaches for commercial 
exploitation.

As several aspects of the cell response to nanoprobes 
come to light, a unified model of biophysical interaction at 
the cellular and molecular level remains beyond the hori-
zon. The multilayered biophysical stimuli beyond the cell  
membrane and the reconciliation of non- canonical 
responses from structural and functional mechanosen-
sory reporters still require substantial combined effort in 
biointerface design and molecular biology.

Nanoprobes for bioelectronics are at a mature stage, 
starting to demonstrate practical utility in clinical appli-
cations. The performance of this first generation of bio-
electronic devices will benefit from the understanding 
of biointerface design that has arisen since their initial 

conception, to improve sensitivity, reduce invasiveness 
and prolong their lifespan.

The emerging field of space- and time- resolved molec-
ular diagnostics can benefit from the non- destructive 
approach to cellular sampling that nanoprobes offer. 
Improving the understanding and design of the nanoprobe 
biointerface is necessary to provide the reproducible, 
long- term monitoring of spatial molecular arrangement 
required to address key questions in development, disease 
and regeneration.

Nanoprobes can provide the kind of efficient, highly 
reproducible, zero- footprint gene editing required by 
advanced cell and gene therapies. Designing the bioint-
erface to retain the reproducibility observed with cell lines 
when using CRISPR- based editing strategies, using pri-
mary, patient- derived cells or using nanoprobes topically 
is the key to the clinical success of the technology.
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