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Flexible elastomer patch with vertical silicon
nanoneedles for intracellular and intratissue

nanoinjection of biomolecules

Hyungjun Kim'#, Hanmin Jang?*, Bongjoong Kim>*, Min Ku Kim', Dae Seung Wie?,

Heung Soo Leez, Dong Rip Kim”, Chi Hwan Lee'3*

Vertically ordered arrays of silicon nanoneedles (Si NNs), due to their nanoscale dimension and low cytotoxicity,
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could enable minimally invasive nanoinjection of biomolecules into living biological systems such as cells and tis-
sues. Although production of these Si NNs on a bulk Si wafer has been achieved through standard nanofabrication
technology, there exists a large mismatch at the interface between the rigid, flat, and opaque Si wafer and soft,
curvilinear, and optically transparent biological systems. Here, we report a unique methodology that is capable of
constructing vertically ordered Si NNs on a thin layer of elastomer patch to flexibly and transparently interface
with biological systems. The resulting outcome provides important capabilities to form a mechanically elastic in-
terface between Si NNs and biological systems, and simultaneously enables direct imaging of their real-time inter-
actions under the transparent condition. We demonstrate its utility in intracellular, intradermal, and intramuscular
nanoinjection of biomolecules into various kinds of biological cells and tissues at their length scales.

INTRODUCTION
The ability to introduce vertically ordered silicon nanoneedles (Si NNs)
into living biological systems such as cells and tissues enables the study
of biological functions and mechanisms, providing important clini-
cal implications (1-5). Examples include nanoscale delivery of nucleic
acids into cells and tissues (6-8), perturbation of cells with extracel-
lular factors (9, 10), and electrical stimulation and recording (11, 12).
However, these approaches remain challenging where the vertically
ordered Si NN are necessarily fabricated on a bulk Si wafer that can
withstand the condition of standard nanofabrication processes (that
is, high temperatures and corrosive chemicals) (13-15). The intrinsi-
cally rigid, flat, and opaque Si wafer yields a large mismatch to the soft,
curvilinear, and optically transparent biological systems, limiting con-
tact across the interface and direct observation through the substrate.
Here, we report a methodology that allows the heterogeneous in-
tegration of vertically ordered Si NNs with a thin layer of elastomer
patch (herein referred to as Si NN-patch), which can provide a certain
degree of mechanical flexibility, optical transparency, and cell and tis-
sue compatibility. Both experimental and computational studies pro-
vide insight into the underlying working principle of this methodology
and also suggest routes to achieving the required scalability, control-
lability, and reproducibility. Comprehensive demonstrations of effi-
cient delivery of biomolecules into various living biological cells and
tissues by the Si NN-patch prototype illustrate the utility of this concept.

RESULTS

Fabrication of Si NN-patch

The fabrication of the Si NN-patch begins by creating vertically or-
dered arrays of microscale Si pillars (initial diameter, ~3 um) on a bulk
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Si wafer using the standard photolithographic patterning and deep
reactive ion etching (DRIE) process (Fig. 1A, left). Subsequent steps,
which include octafluorocyclobutane (C4Fg) polymerization and DRIE
process, lead to the formation of a thin passivation layer on the sur-
face of the Si pillars in a selected manner (highlighted in yellow). A
biased isotropic etching step with sulfur hexafluoride [SF¢; 85 scem,
30 mtorr, 450-W radio frequency (RF) plasma power, 30-W platen
power, 15 s] allows the creation of undercuts in the unpassivated
areas of the Si pillars (Fig. 1A, middle), followed by a series of post-
cleaning treatments with oxygen (O,) plasma and piranha solution
to remove the passivation layer. Immersion of the entire structure
in a solution of potassium hydroxide (KOH) at 25°C leads to the
reduction of the overall size of the Si pillars down to the nanometer
scale (that is, Si NNs), which can simultaneously form a tapered
angle at the undercut areas (Fig. 1A, right). Details of the fabrication
procedures can be found in Materials and methods.

The next step is performed by using a transfer printing method
to physically liberate the as-prepared vertical Si NNs from the bulk
Si wafer and then to partly embed them into a silicone elastomer,
such as polydimethylsiloxane (PDMS). The transfer printing pro-
cess begins by placing a spin-casted, partly cured layer of PDMS at
the top portion of the as-prepared Si NNs, where an air gap can exist
between the PDMS layer and the Si wafer (Fig. 1B, left). A subse-
quent annealing step at 130°C for 10 min facilitates the completion
of the polymerization of the PDMS layer. Immersion of the entire
structure in a solvent solution such as hexane and dichloromethane
allows PDMS to swell and to expand its volume up to >230% within
~2 min (movie S1) (16). PDMS undergoes time-dependent non-
homogeneous morphological expansion, causing a traveling wave
of mechanical deformations such as bending and twisting to prop-
agate all around and entirely through the substrate (17). The expan-
sion of PDMS can generate cracks localized at the undercut areas of
Si NN, where the most substantial mechanical stress is concentrated.
This controlled cracking phenomenon results in the physical sepa-
ration of Si NNs from the bulk Si wafer (Fig. 1B, middle). Dehydra-
tion of the resulting structure in a convection oven at 70°C for
~1 hour allows the PDMS substrate to recover its original volume
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Fig. 1. Images and illustrations for the integration of vertically ordered Si NNs
onto an elastomer patch. (A) A series of scanning electron microscopy (SEM) im-
ages of vertically ordered Si pillars with selected passivation layer (left), with local-
ized undercut (middle), and after the size is reduced down to the nanoscale (right).
Scale bar, 1 um. (B) Schematic illustrations of the key steps to physically liberate Si
NNs from their native Si wafer via the swelling of PDMS. (C) Optical image of a
representative Si NN-patch. Scale bar, 1.5 cm. (D) Magnified SEM image of the partly
embedded Si NNs into PDMS. The inset highlights the needle-like sharp tips. Scale
bars, 20 um and 600 nm (inset). (E) Confocal laser scanning microscopy (CLSM)
image of Si NNs. Scale bar, 30 um.

(Fig. 1B, right). The thickness of the PDMS substrate can then be
reduced by floating it on the surface of a wet etchant such as tetra-
n-butylammonium fluoride (TBAF; Sigma-Aldrich), followed by
thorough washing with distilled (DI) water. Details of the transfer
printing process can be found in Materials and methods.

Figure 1C shows an optical image of a representative Si NN-patch
that includes an array (3 cm x 3 cm) of vertically ordered Si NNs on
a sheet of PDMS. The enlarged SEM image (Fig. 1D) confirms that
the original geometry, gap distance, and vertical arrangement of Si
NN are maintained with high fidelity after the transfer printing
process. The inset image highlights the needle-like sharp tip of Si
NN that can minimize the potential damage of living biological sys-
tems during nanoinjection (18). Figure 1E shows a representative
confocal CLSM image, indicating that the transferred Si NNs on the
PDMS substrate have a uniform height. It also appears that the frac-
tured planes on both the donor Si wafer and the receiver PDMS sub-
strate are uniform across the entire area (fig. S1). The overall size of
SiNNs can be varied to optimize the features required for the envi-
sioned intracellular and intratissue nanoinjections at various length
scales. Here, a specific range of tip diameter (80 nm to 3 um) and
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Fig. 2. Mechanism study and mechanical analysis for controlled cracking of Si
NNs. (A) FEA results of displacement of PDMS under swelling at 100, 170, and
230%. (B) Corresponding FEA results of maximum principal strain distributions
along a single Si NN during each swelling condition. (C) Computational data show-
ing the effect of peak strain (gpeak) on S (left), D/d ratio (middle), and H/h ratio
(right). Black dashed line denotes a theoretical fracture limit of the Si NN.

height (8 to 70 um) of Si NNs with approximate aspect ratios of 2:1
to 125:1, which can be used for different sizes of cells or tissues, was
demonstrated (fig. S2). It is noted that no substantial change in me-
chanical properties, such as Young’s modulus of the PDMS substrate
by the load of Si NN, exists.

Mechanism study and mechanical analysis for controlled
cracking of Si NNs

Understanding the underlying mechanism of the controlled crack-
ing of Si NN is essential to achieve the required scalability, control-
lability, and reproducibility of the transfer printing process. Figure 2A
provides finite element analysis (FEA) results of the displacement for
a simplified test bed structure that is composed of an array (3 cm x
3 cm) of Si NNs (white circular marks) built on a PDMS substrate
under swelling (S) at 100% (left), 170% (middle), and 230% (right)
relative to its original volume while assuming that the PDMS sub-
strate swells homogeneously with time (see movie S2 for the contin-
uously captured images). The deformation of Si NNs is modeled by
linear elastic behavior, with Young’s modulus (E) of 112.4 GPa, di-
ameter of Si NNs (D) of 3 um, diameter of undercut area (d) of 0.2 um,
height of Si NNs (H) of 20 pm, and protruding height of Si NNs out
of the PDMS substrate (h) of 6 um. A schematic illustration displaying
the modeling geometry and boundary conditions is shown in fig. S3A.
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Figure 2B shows the strain distribution (€) of a single Si NN under
each swelling condition, revealing that the peak principal strain (€peax)
exists in the undercut area, where the maximum magnitude, at S = 230%,
exceeds, by >12%, its fracture limit (~5%) (19, 20). The induced peak
strain can lead to the physical separation of Si NNs from the bulk Si
wafer, as also observed in the experimental results described above.

Figure 2C shows a summary of computational (FEA) result, which
reveals the effects of several important parameters such as S, D/d ratio,
and H/h ratio on the peak strain localized at the undercut area. The
theoretical curve (black dashed line) defines the fracture limit of the Si
NN, where any deviation above this curve implies potential fractures.
The results indicate that the peak strain increases linearly as the PDMS
substrate expands in volume (left graph), in which it rises rapidly at
small D/d and then gradually reaches steady state as the D/d ratio
becomes larger (middle graph). The increase of H/h ratio leads to the
elevation of the peak strain at the undercut area (right graph). For
comparison, the corresponding computational results (FEA) of the
strain distributions in variously controlled conditions are summa-
rized in fig. S3B. The effect of different solvent solutions, including etha-
nol (S=110%), hexane (S = 230%), and dichloromethane (S = 280%), on
the peak strains is shown in fig. S4. These results provide essential in-
formation not only to optimize the design of Si NNs but also to specify
operational parameters for achieving the controlled cracking process.

Cell compatibility and minimal invasiveness of Si NN-patch
Cell compatibility is a critical consideration for the implementation of
the Si NN-patch in many envisioned intracellular applications. Figure 3A
shows the result of a cell compatibility assay by using the Si NN-patch
that is seeded with human dermal fibroblast (HDF) cells in a culture me-
dium [Fibroblast Basal Medium, American Type Culture Collection
(ATCCQ)]. This setup (that is, Si NN at the bottom) allows the cells
to progressively enter into Si NNs within 1 hour (21). The result
obtained from a colorimetric kit [MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide), Sigma-Aldrich] indicates that
the proliferation rate of the cells is consistently increased through-
out the assay period (72 hours), providing no substantial difference
when compared with that of control Si NNs built on a Si wafer (red
bars) and a bare Si wafer without Si NN (yellow bars). Details of the
cell culture and associated experimental procedures can be found in
Materials and methods.

To determine post-nanoinjection damage to cells, we conducted
further tests by pressing the Si NN-patch onto HDF cells with a cen-
trifuge at 500 rpm for 1 min (ALC PM140 centrifuge, Thermo Fisher
Scientific). This setup (that is, Si NNs on top) allows Si NNs to be
immediately injected into the cell membrane (7). Figure 3B shows
the experimental results obtained from a lactate dehydrogenase (LDH)
assay (Abcam) by using the Si NN-patch (green bars), control Si NNs
built on a Si wafer (red bars), and a bare Si wafer without Si NNs
(yellow bars) at assay periods of 24 and 48 hours. As a positive control,
approximately 2.5 pl of Triton X-100 [0.25% (v/v); Sigma-Aldrich]
is introduced in the culture medium to the HDF cells (blue bars).
The results show that the concentration of LDH in the medium re-
mains well maintained for all of these cases, implying that no substan-
tial leakage of intracellular materials such as LDH occurs throughout
the immediate nanoinjection of the Si NN-patch.

Intracellular nanoinjection of Si NN-patch
The key benefit of the Si NN-patch, especially when coupled with
actively moving biological cells, arises from its ability to form a me-
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chanically elastic interface between Si NNs and biological cells. For
instance, the soft PDMS substrate (E =~ 2 MPa) deforms elastically to
accommodate the mechanical strains induced by cell behaviors such
as adhesion, spreading, migration, and proliferation, while the stiff
SiNNs (E = 112.4 GPa) undergo negligible deformation. Figure 3C
shows an example by using the Si NN-patch interfaced with MCF7
cells, displaying that the cells spread well to bridge over the gaps
between adjacent Si NNs and induce the elongation of filopodia. No-
tably, the PDMS substrate deforms elastically to accommodate the
strain induced by the cells, allowing Si NNs to lean toward cells with-
out any mechanical buckling or fracture (marked with red arrows).
These interactions are markedly distinct from those observed by
using conventional Si NNs built on a bulk Si wafer, in which Si NNs
are either buckled out of plane or fractured when deformed beyond
the fracture limit (22-24), as also experimentally reproduced in
fig. S5. Control experiments on dissimilar kinds of cells such as
SKOV3 and HDF by using different sizes of Si NNs produce consist-
ent results (fig. S6), confirming that the elastomer substrate is effec-
tive in preventing the mechanical buckling or fracture of Si NNs by
natural behaviors of the cells.
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Fig. 3. Basic characterizations of Si NN-patch. (A) Results of MTT assay in the
cytotoxicity tests of HDF cells interfaced with the Si NN-patch (green) and control
Si NNs on a Si wafer (red) and a bare Si wafer (yellow). Error bar represents the SD
of three replicates. (B) Results of LDH assay in the invasiveness tests of HDF cells
for 2 days. Triton X-100 is used as a positive control (blue). Error bar represents
the SD of three replicates. (C) SEM images of MCF7 cells on a representative Si
NN-patch at 24 hours after nanoinjection. Scale bar, 10 um. Arrows highlight the
deformed Si NNs by cell deformations. (D) Time-lapsed live differential interfer-
ence contrast (DIC) images of HDF cells that interacted with Si NNs at the bottom.
Scale bar, 10 um.
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Another unique feature of the Si NN-patch includes its optical
transparency (~90%), enabling the direct, real-time observation of
unstrained biological cells during/after nanoinjection. Figure 3D
shows an example of a DIC microscopy (A1Rsi confocal microscope,
Nikon) image of MCF?7 cells interfaced with Si NN, captured from
a continuously recorded movie for 36 hours (movie S3). This en-
hanced observation confirms the following details: (i) The induced
forces by the cells tend to bend Si NNs toward the cells (marked
with red arrows), (ii) the cellular protrusions such as lamellipodia
become focused near boundaries between the cells and Si NNs, and
(iii) the cells remain viable for the entire period of intracellular
nanoinjection of Si NNs, exhibiting continued cell adhesion, spread,
migration, and proliferation. Further investigations to understand
how various types of cells would respond to Si NNs that can be in-
corporated with drugs, genes, or proteins of particular interest would
be possible with this Si NN-patch platform. To demonstrate this
possibility, we showed several experimental demonstrations in the
following sections.

Nanoscale surface pores for improved loading

capacity of biomolecules

The formation of nanoscale pores on the surface of Si NNs leads to a
substantial increase of the surface area, thereby improving the loading
capacity of biomolecules (7). The formation process, which relies on
the conventional metal-assisted chemical etching (MACE) method
(25), occurs by immersing the as-prepared Si NNs on a bulk Si wafer
in a mixed solution of catalytic silver (Ag) nanoparticles and etchants
for a prescribed time period until the desired pore volume is achieved
(Fig. 4A). The measured diameter and porosity (surface fraction) of
the nanopores ranged from 8.5 nm to 19.4 nm and from 32.9% to
52.1%, respectively, when the processing time for MACE is varied
from 5 to 30 s. Details of the MACE procedures can be found in
Materials and methods. Figure 4B shows representative fluorescence
microscopy images of Si NNs with (left) and without (right) the
nanopores on the surface by using a green fluorescein isothiocya-
nate (FITC) dye (Sigma-Aldrich). For comparison, representative
SEM images of the control Si NNs without the nanopores appear in
fig. S7. The results show that the most substantial fluorescence in-
tensity appears at the nanoporous surfaces of Si NNs, whereas the
exact opposite occurs in the control Si NNs. Further tests using
model nucleic acids such as small interfering RNA (siRNA) labeled
with Cy3 (red color) produce consistent results (Fig. 4C). The nano-
scale pores on the surface of Si NNs contribute to a large loading
capacity of biomolecules.

To demonstrate its utility in intracellular delivery of biomolecules,
we introduced the nanoporous Si NNs loaded with Cy3-siRNAs into
model living cells, such as green fluorescent protein (GFP)-expressed
MCF?7 cells. The confocal microscopy images (fig. S8) present ex-
amples of the cells cultured by both seeding the cells on Si NN (that
is, Si NNs at the bottom) and pressing Si NNs on top at 500 rpm for
1 min (that is, Si NNs on top). The results show that multiple numbers
of Si NN are introduced into a single cell in a spatially distributed
manner without any substantial physical damage or cell rupture. It
is also observed that the siRNAs are evenly diffused within the cytosol
of the cells at 24 hours after nanoinjection, as evidenced in the con-
focal microscopy image (Fig. 4D), where yellow appears uniform by
combining GFP-MCF7 (green) and Cy3-siRNAs (red). Figure 4E
shows the results of a fluorescence-activated cell sorting (FACS)
analysis with SKOV?3 cells, indicating that the transfection efficacy of
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siRNAs was >95% within 24 hours after nanoinjection. The correspond-
ing efficacy in silencing housekeeping genes such as glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH) of the cells was >80% (P <
0.0001; Fig. 4F). It is also noted that no siRNA silencing effect oc-
curs in both the control nanoinjection of scrambled siRNAs and the
treatment of the cells in the siRNA solution (fig. S9).

Intratissue nanoinjection of Si NN-patch

The Si NN-patch, due to its thin and flexible properties, provides
the ability to intimately contact onto the curvilinear, actively mov-
ing surface of living biological tissues such as skins and muscles.
This feature is particularly important in the implementation of the
Si NN-patch in intradermal and intramuscular delivery of biomole-
cules. To demonstrate this, we performed a set of in vivo evalua-
tions by using a tailored size (1 cm by 1 cm) of the Si NN-patch for
an athymic nude mice model (# = 10, 6 weeks old, NCr-Fox1nu,
Charles River Laboratories). The Si NN-patch is composed of nano-
scale pores on the surface that are incorporated with a fluores-
cent dye (DyLight 800, Pierce Thermo Scientific) as a surrogate of
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Fig. 4. Formation of nanoscale surface pores and intracellular nanoinjection
of siRNA. (A) SEM images of nanopores formed on the surface of Si NNs at different
treatment times of MACE. Scale bar, 250 nm. (B) Confocal microscopy images of Si
NNs with (left) and without (right) nanopores on the surface by using a green fluo-
rescence dye. Scale bar, 15 um. (C) Confocal microscopy image of nanoporous Si
NNs loaded with Cy3-siRNAs (red). Scale bar, 15 um. (D) Confocal microscopy im-
age of GFP-MCF?7 cells at 24 hours after nanoinjection of Cy3-siRNAs. Scale bar, 15 um.
(E) Results of flow cytometry (FACS) analysis for SKOV3 cells at 48 hours after nano-
injection of Cy3-siRNAs by using the nanoporous Si NN-patch (green) and control
Si NNs on a bulk Si wafer with (red) and without (blue) nanopores on the surface
and a bare Si wafer (yellow). (F) Corresponding results of GAPDH analysis for the
SKOV3 cells. Error bar represents the SD of three replicates.
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small-molecule drugs. Figure 5A shows optical images of the Si NN-
patch that is placed on the skin (left image) and subcutaneous muscle
(middle image) of the mice for intradermal and intramuscular nano-
injections, respectively. For comparison, a control experiment (right
image), which exhibits a large morphological mismatch between the
curved parts (for example, spinal sections) of the body and the bulk
Si wafer, was performed by using conventional Si NNs built on a bulk
Si wafer. The results show that the flexible Si NN-patch is capable of
intimately interfacing with the skin in a manner that can minimize
mechanical constraints on natural body motions of the mice awake
(movie S4). The interfacial contact between the Si NN-patch and the
skin was durable for a long period of time (days) without any evi-
dence of delamination, unless the mice tear the Si NN-patch off by
themselves. In addition, the mice implanted with the flexible Si NN-
patch on the subcutaneous muscle showed normal behaviors (movie S5).
Figure 5B shows the corresponding IVIS images, highlighting that
the small-molecule dyes are uniformly distributed and diffused across
the curved spinal regions of the mice, followed by complete absorption
throughout the body. These results demonstrate its potential utility in
efficient intratissue nanoinjection of biomolecules into living animals.

In vivo tissue compatibility of Si NN-patch

In vivo tissue compatibility of the Si NN-patch in both skin-wearable
and implantable scenarios is evaluated. Figure 6A shows real-time
bioluminescence images of the mice interfaced with the Si NN-patch
(left) and conventional Si NNs on a bulk Si wafer (middle) and control

Control Si NNs
(Si wafer)

Intramuscular
injection

A Intradermal
injection

e e

1O 7.0

TONNE 120 0.5 N 2.0

Epifluorescence (x107) Epifluorescence (x108) Epifluorescence (x107)

Fig. 5. Intratissue nanoinjection of Si NN-patch. (A) Optical images of the mice
interfaced with the Si NN-patch for intradermal (left) and intramuscular (middle)
nanoinjection. Scale bar, 1 cm. Conventional Si NNs built on a bulk Si wafer are used
for control comparison (right). (B) Corresponding IVIS images of the mice for up to
48 hours after nanoinjection. Scale bar, 2 cm.
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treatment (right) of phorbol 12-myristate 13-acetate (PMA; 1 mM,
~20 pl; Sigma-Aldrich) at 5 hours following the implementation.
The results show that no inflammation occurs in the implemented
sites of the skin, subcutaneous muscle, and ear upon systemic ad-
ministration of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione),
whereas acute inflammation appears widespread in the PMA-treated
mice. Hematoxylin and eosin (H&E) histological cross-sectional views
of the treated tissue sections (Fig. 6B) produce substantial similarity
with intact tissues and no signs of epidermal, dermal, or capillary ves-
sel disruption. Together, these findings suggest that the Si NN-patch
can be considered as compatible for integration onto the skin and
subcutaneous muscle. It is noted that Si-based nanomaterials are dis-
solvable in physiological circumstances, following a complete harm-
less resorption in the body (26-29). Here, the measured dissolution
rates of representative nanoporous Si NNs were ~6 and ~68 nm/day
in phosphate-buffered saline (PBS) at 37°C with pH values of 7.4 and
10.0, respectively (fig. S10).

DISCUSSION

Development of a high-fidelity transfer printing method by using a
controlled cracking phenomenon enables the heterogeneous inte-
gration of vertically ordered Si NNs onto a thin sheet of elastomer

A Si NN-patch

Control Si NNs

Skin

Muscle
(sjunoo) aouaosaulwnT

Ear

B Si NN-patch Control Si NNs Intact tissue

Muscle

Ear

Fig. 6. In vivo tissue compatibility of Si NN-patch. (A) Real-time bioluminescence
images on the skin, muscle, and ear of the mice at 5 hours following the implemen-
tation of the Si NN-patch (left column) and control Si NNs (middle column) and with
control PMA treatment (right column). Scale bar, 10 mm. (B) Corresponding H&E
histological cross-sectional views of the treated tissue sections. Scale bar, 400 um.
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patch. Si NNs are made of monocrystalline grade Si at the nanoscale
by using an existing Si nanofabrication technology, creating tip
diameters of 80 nm to 3 um and surface pore sizes of 5 to 19 nm in
this study. Because of its mechanical flexibility, cell and tissue com-
patibility, and nanoscale controllability, the resulting outcome can
form an effective interface between Si NNs and various biological
systems, enabling high-efficacy nanoinjection of biomolecules. In
addition, the optical transparency of the Si NN-patch enables si-
multaneous, real-time observation of unstrained cells during their
interactions with Si NNs. We anticipate that this platform will affect
a broad range of efforts in intracellular and/or intratissue commu-
nications, with potential applications in the areas of cell and sys-
tems biology, drug discovery, and cellular detection and manipulation.
Further investigations to evaluate the therapeutic effects of the
drug/gene delivery would be important to confirm the utility of the
Si NN-patch.

MATERIALS AND METHODS

FEA method

To understand the underlying mechanics of PDMS and Si NNs under
mechanical deformations, we conducted this study using the ABAQUS/
standard package. The deformations of PDMS and Si NNs were
modeled by linear elastic behavior with Young’s modulus (E) of
2 MPa and 112.4 GPa, respectively (30, 31). The PDMS substrate
was modeled by C3D8T (coupled displacement-temperature 8 nodes
solid elements), while Si NNs were modeled by C3D8R (8 nodes
linear brick, reduced integration solid elements) with predefined
boundary conditions.

Fabrication of Si NNs with undercut on a bulk Si wafer

The fabrication of Si NNs began with the immersion of a bulk Si
wafer (p-type, 525 um thick, 0 to 100 ohm-cm) in a buffered oxide
etch (J. T. Baker Inc., USA) solution for 1 min to remove the native
oxide layer on the surface. Standard photolithographic patterning
and anisotropic DRIE allowed the creation of arrays of vertical Si
pillars with the predefined diameter and aspect ratio. A deposition
step was conducted to passivate the surface of the Si pillars with a
thin layer of the (C,F,), polymer using C4Fg gas with a flow rate of
130 sccm under an RF plasma power of 800 W, followed by an etching
step using SFg gas with a flow rate of 85 sccm under an RF plasma
power of 450 W and a platen power of 12 W. Following an additional
DRIE to expose the bottom areas of the Si pillars, a biased isotropic
etching step was conducted to form undercuts selectively at the ex-
posed areas using SF¢ gas with a flow rate of 85 sccm under an RF
plasma power of 450 W and a platen power of 30 W. The remaining
passivation layer was removed by using standard O, plasma treat-
ment (20 sccm, 150 W, 50 mtorr, 15 min) and piranha cleaning
(75% H,SO4 and 25% H,0,). The entire structure was immersed in
a solution of 13 weight % (wt %) KOH (Fisher Scientific, USA) at
25°C to reduce the overall size of the Si micropillars down to the
nanoscale (~80 nm in the minimum tip size). The as-prepared ver-
tical Si NNs were then physically separated from the fabrication of
a Si wafer and transferred to a thin layer of PDMS (details in the
following section). The control Si NNs were prepared separately on
a Si wafer using similar fabrication procedures but without the last
transfer step. A standard isotropic etching step was used to form the
sharp tip of Si NNs on a Si wafer under an RF plasma power of 450 W
and a platen power of 0 W.
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Transfer printing process

The process began with the preparation of a PDMS substrate
(Sylgard 184, E = 2 MPa, initial thickness =~ 250 um) by mixing the
base material and curing agent with a ratio of 10:1 by weight, fol-
lowed by spin-casting at 100 rpm for 10 min and complete polymer-
ization at 70°C for 2 hours. The PDMS substrate was then coated
with another thin layer of spin-casted (1000 to 2000 rpm for 10 min),
partly cured (at room temperature for 3 min) PDMS to serve as an
adhesive, where the as-prepared Si NNs with undercuts on a Si
wafer were placed upside down. At this stage, the thickness of the
adhesive layer was controlled during the spin-casting process to de-
termine the protruding height of Si NNs out of PDMS. A subsequent
thermal annealing was conducted at 130°C for 10 min to complete
the polymerization of the adhesive layer and secure the physical
bonding with the surrounding Si NN as well as the PDMS substrate
at the bottom. Immersion of the entire structure in a solvent, such
as hexane (20 ml; Fisher Scientific, USA), allowed the PDMS sub-
strate to expand its volume up to >200% within 2 min and to liber-
ate Si NN from the Si wafer via cracking at the undercut areas. The
resulting structure was thoroughly washed with DI water and dehy-
drated in a convection oven at 70°C for ~1 hour to remove the ab-
sorbed solvent, which allowed the PDMS substrate to shrink and
recover its original volume. The thickness of the PDMS layer can
then be reduced by floating it on a mixed etchant of 9 volume %
TBAF (75 wt % in H,0O; Sigma-Aldrich, USA) and 91 volume %
acetone at an etch rate of 10 um/min at room temperature. The
thickness of the resulting PDMS substrate used in this study ranged
from 80 to 280 pm.

Formation of nanoscale pores on the surface of Si NNs
MACE of Si NNs was conducted in a mixed solution of 20 mM silver
nitrate (AgNO3; Sigma-Aldrich, USA) and concentrated hydro-
fluoric acid (49%; J. T. Baker Inc., USA) to form nanoscale pores on
the surface. The porosity was tuned by adjusting the molarity of
solutions, doping concentration of Si NN, temperature, and etch-
ing time (25). The finished structure was then immersed in a solu-
tion of Ag etchant (TFS, KI-I; complex liquid, Transene Inc., USA)
for ~1 min to eliminate the Ag residues on the surface of Si NNs.
The nanoscale pores on the surface of Si NNs were inspected with a
high-resolution SEM (S-4800, Hitachi, Japan).

Intracellular nanoinjection and siRNA delivery

To evaluate the efficacy in intracellular nanoinjection and siRNA
delivery, the established Si NN-patch was tested on a range of bio-
logical cells including breast cancer cells (MCF7, ATCC, USA), human
dermal fibroblasts (HDF, ATCC, USA), and ovarian carcinoma
cells (SKOV3, ATCC, USA). For these tests, a test bed Si NN-patch
was sterilized in 70% (v/v) ethanol for 30 min, washed twice in
PBS (Gibco, USA), and dried under ultraviolet (UV) irradiation for
1 hour. The Si NN-patch was then immersed in a solution of 2%
3-aminopropyltriethoxysilane (Sigma-Aldrich, USA) for 2 hours
to functionalize the surface of Si NNs and capture nucleic acids
(Cy3-siRNA, Invitrogen, USA). The sequences for the siRNA used
in this study are as follows: 5-GGAGCAGUUUGAAUGUCCALt-3’
(sense) and 5'-UGGACAUUCAAACUGCUCCga-3' (antisense).
Following rinsing with PBS, the cells were interfaced with the Si
NN-patch either by seeding them over Si NN (that is, Si NNs at
the bottom) or by pressing the Si NN-patch over cells with centrif-
ugal force at 500 rpm for 1 min (that is, Si NNs on top).
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Analysis of cells after nanoinjection

For the MTT assay, approximately 5 x 10* cells were seeded on a
test bed Si NN-patch in a 24-well plate. At each measurement point,
200 ul of MTT solution was added to the wells and incubated for
4 hours. The cell medium was excavated, and 400 ul of dimethyl
sulfoxide (Sigma-Aldrich, USA) was added to dissolve precipitated
formazan. Approximately 100 ml of the solution was transferred to
a 96-well plate and measured with a microplate reader (SpectraMax
Plus 384 reader, Molecular Devices, USA) at 570 nm. For the LDH
assay, the cells were evaluated at 24 and 48 hours after treatment of
0.25% (v/v) Triton X-100 (Sigma-Aldrich, USA) as a positive con-
trol. After incubation, 100 ml of supernatant from each well was
removed and centrifuged at 1000 rpm for 5 min. Ten microliters of
aliquot was transferred to additional microplate, and 100 pl of LDH
assay buffer mix was added to the wells and incubated for 30 min.
The absorbance was measured with a microplate reader (SpectraMax
Plus 384 reader, Molecular Devices, USA) at 450 nm. For the confo-
cal microscopy analysis, the cells were fixed with 4% (v/v) parafor-
maldehyde (Sigma-Aldrich, USA) in PBS for 15 min, stained with
4',6-diamidino-2-phenylindole (500 nM, Fisher Scientific, USA) for
2 min, and then mounted with an antifade reagent (Gold Antifade
Mountant, Invitrogen, USA). For the flow cytometry (FACS) analy-
sis, the cells injected with GAPDH Cy3-siRNAs were trypsinized,
washed several times with PBS, and then fixed in 0.5% (v/v) para-
formaldehyde for 1 hour. To confirm the expression of GAPDH,
approximately 3 x 10* cells were seeded on a 12-well plate and incu-
bated for 24 hours. The efficacy in silencing GAPDH was evaluated
by analyzing fluorescent intensity at 450 nm with a standard GAPDH
assay kit (Abcam, USA).

Flow cytometry analysis

For flow cytometry (FACS) analysis, cells with Cy3-siRNA-GAPDH
were trypsinized, collected in a microcentrifuge tube (1 ml), centri-
fuged at 300 rpm, washed twice with PBS, and then fixed in 0.5%
(v/v) paraformaldehyde for 1 hour. Cell clumps were removed by
filtering through 40 um of a mesh (Falcon Cell Strainers, Thermo
Fisher Scientific, USA). The specimens were analyzed on the Fortessa
Flow Cytometer (GE Healthcare, USA) equipped with lasers (405,
488, 561 and 635 nm) and emission filters for phycoerythrin (long
pass, —; band pass, 582/15). At least 10,000 cells were analyzed per
specimen. All data were processed with Flow]Jo software (TreeStar
Inc., USA).

In vivo animal tests

All animal protocols and experiments were in accordance with
the Purdue Animal Care and Use Committee (protocol number:
1612001512) and conducted in compliance to applicable regula-
tions. As a model system, athymic nude mice (1 = 10, 6 weeks old,
NCr-Fox1nu, Charles River Laboratories, USA) were used in the in
vivo animal tests. The Si NN-patch was sterilized with 70% ethanol,
exposed to UV light for 30 min, and then immersed in a DyLight
800 dye (1 pl/ml; Thermo Fisher Scientific, USA) for 5 min. For the
transdermal nanoinjection, the Si NN-patch was gently placed on the
skin of mice awake with a medical-grade adhesive (Roll-On Adhesive,
JOBST, USA) and pressed firmly for ~10 s. The behavior of the mice
was monitored in real time and recorded with a high-resolution video
camera (EOS 700D, Canon Inc.). For the intramuscular nanoinjec-
tion, the mice were anesthetized with avertin (Sigma-Aldrich, USA)
by intraperitoneal nanoinjection at a dose of 250 mg/kg, followed by
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careful incision of the skin with surgical scissors to expose the glu-
teal and lumbar muscles. In these tests, the incision was made on
the upper back of the mice, where the Si NN-patch was inserted.
The incisional site was then sutured using surgical needle and thread.
To induce acute inflammation, PMA (100 uM, 40 pl; Sigma- Aldrich,
USA) as a positive control was rubbed on the skin, muscle, and ear.
After ~5 hours of implementations, 100 pl of luminol (body weight,
200 mg/kg; Sigma-Aldrich, USA) was administered by intraperito-
neal nanoinjection, and then the mice were imaged (exposure time,
3 min; binning, 4). For the histological examination, approximately
4 um of tissue section was cut, fixed in 10% formalin (Sigma-Aldrich,
USA) for 24 hours, and then stained with H&E (Sigma-Aldrich, USA)
using a light microscope (Eclipse 90i, Nikon Inc.).

IVIS imaging

For IVIS analysis, the Si NN-patch loaded with a DyLight 800 dye
was placed either on the top of the skin or under the skin of mice
and then gently pressed with thumb, with minimal movement of
the Si NN-patch for at least 1 min. The Si NN-patch was removed
and washed twice with PBS. Mice were anesthetized with inhaled
isoflurane anesthesia with a Classic T3 isoflurane vaporizer (Smith
Medical, Dublin, OH) and exposed to 2.5% isoflurane delivered in
O; (2 liters/min) within a 1-liter induction chamber. The fluores-
cence of injection site was measured with an IVIS Lumina II imag-
ing system (Caliper Life Sciences, USA) at 30 min, 24 hours, and
48 hours, with an exposure time of 1 s each with a 150-W quartz
halogen lamp, and was filtered using an indocyanine green (ICG)
excitation filter (wavelength, 710 to 760 nm) and an ICG emission
filter (wavelength, 810 to 875 nm). Data analysis was performed with
Living Image software (version 4.4, PerkinElmer Inc.).

Bioluminescence imaging

For bioluminescence imaging analysis, luminol sodium salt
(~200 mg/kg; Sigma-Aldrich, USA) was injected to the mice via an
intraperitoneal injection. Then, the mice were placed on a warmed
stage inside a light-tight camera box and anesthetized with com-
pressed air containing 2.5% isoflurane with a Classic T3 isoflurane
vaporizer (Smith Medical, Dublin, OH). Bioluminescence images
were acquired with an IVIS Lumina II imaging system (Caliper Life
Sciences, USA) for 3 min of the exposure time, with F/stop = 1 and
binning = 4.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaau6972/DC1

Fig. S1. SEM images (scale bar, 10 um) of the donor Si wafer and the receiver PDMS substrate
after the physical separation process, with their enlarged images (scale bar, 1 um).

Fig. S2. SEM images of Si NNs with varied tip size and height.

Fig. S3. Schematic illustration for modeling geometry and boundary conditions and
computational results (FEA) of strain distributions of a single Si NN under deformations at
varied D/d ratio, h,and S.

Fig. S4. Computational (FEA) data showing the effect of peak strain (epeak) on D/d ratio and H/h
ratio using dichloromethane (green), hexane (red), and ethanol (blue).

Fig. S5. SEM images (scale bars, 7, 5, and 3 um from the top) of cells interfaced with control Si
NNs built on a bulk Si wafer.

Fig. S6. SEM images (scale bars, 7 and 10 um from the left) of SKOV3 cells (left) and HDF cells
(right) interfaced with different sizes of Si NNs at the bottom.

Fig. S7. SEM images (scale bars, 5 and 1.5 um from the left) of control Si NNs without the
nanoscale pores on the surface.

Fig. S8. Confocal microscopy images (scale bar, 10 um) of the cultured MCF7 cells at 30 min
after nanoinjection by either pressing Si NNs on top (left) or seeding the cells on Si NNs
(right).
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Fig. S9. Measured GAPDH expression by a control nanoinjection of scrambled siRNAs (left) and
a control treatment in the siRNA solution (right).

Fig. S10. Dissolved diameter (D/Dy ratio) of nanoporous Si NNs in a PBS solution with pH values
of 7.4 (red) and 10 (blue) at 37.5°C.

Movie S1. An experimental demonstration (scale bar, 2.5 mm; 20x speed) showing the
expansion of PDMS when soaked in hexane.

Movie S2. FEA results of displacement for a simplified structure that includes an array (3 cm x 3 cm)
of Si NNs on a thin layer of PDMS under the expansion up to 230% in volume.

Movie S3. Continuously recorded live DIC image (scale bar, 15 um; 4000x speed) of MCF7 cells
for 36 hours.

Movie S4. A continuously recorded movie (scale bar, 2 cm; 1x speed) showing a mouse awake
with the attached Si NN-patch on the skin.

Movie S5. A continuously recorded movie (scale bar, 2 cm; 1x speed) showing a mouse awake
with the implanted Si NN-patch on the subcutaneous muscle.
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