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Abstract O

Tunable ally aligned nanostructures, usually fabricated using inorganic materials, are

powerful nanos@le tools for advanced cellular manipulation. But nanoscale precision

Us

typically ﬁ advanced nanofabrication machinery and involves high manufacturing
1

costs. By polymeric nanoneedles (NNs) of precise geometry can be produced by
replica or nanoimprint lithography—both rapid, simple, and cost-effective.
Polymegi ve the additional benefits of flexibility and optical transparency. Here, we
engineer cyt atible polymeric arrays of NNs with identical topographies but differing

stiffness, using polystyrene (PS), SU8, and polydimethylsiloxane (PDMS). By interfacing the
polymericﬁﬁ arrays with adherent and suspension mammalian cells, and comparing the

cellular rﬁ@ of each of the three polymeric substrates, we decouple the influence of
st1

substrate s from topography on cell behavior. Notably, we demonstrate the ability of
PS, SUSiQd PDMS NNs to facilitate mRNA delivery to GPE86 cells with 26.8+3.5%,
33.2i7;H 30.1+4.1% average transfection efficiencies respectively. Electron

microscopy revegls the intricacy of the cell-NN interactions; and immunofluorescence

Gl

imaging de ates that enhanced endocytosis is one of the mechanisms of PS NN-

mediate llular delivery, involving the endocytic proteins caveolin-1 and clathrin

A

heavy chain. Our results provide insights into the interfacial interactions between cells and

polymeric NNs, and their related intracellular delivery mechanisms.
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1. Introduction

(2]

There has tiiigniﬁcant progress in the field of engineered nano—bio cellular interfaces.!"

In partic

-F

nanostraw and nanotubes,'! and their electroactive analogues”—have been interfaced

igally aligned NNs—such as porous and non-porous nanowires,

with biological mystems to partially control and probe cell function, behavior, and fate.!® The
advantagegs include their capacity for: (i) tight interface with cells, negotiating local
biologicalw with minimal invasiveness and perturbation;'”! (ii) geometric/architectural
ﬂexibility@able physical properties;® and (iii) simultaneous interactions with a large
number of in culture, or at the surface of a tissue.””! Such diverse and tunable NNs are

ﬁted for increasingly complex cellular manipulation, such as intracellular

now bein

delivery,“@o and ex vivo gene editing,”” '** " biomolecular extraction/sampling,'?

intrace ing of action potentials,[l3] immunomodulation,m] biosensing,[ls] and
mechanotra ion, 2 16]

Despite NN implementation in advanced cellular/tissue applications, mechanisms
behind th&ical responses to engineered cell-NN interfaces remain elusive.!'>'>!”]

Through manufacturing approaches, NNs can differ greatly in their fabrication

(18]

complexit atterning, - and their physico-chemical properties such as chemical
compo ) graphy, rigidity, porosity, and opacity[lg]. All of these factors further
complicat ts to understand their interfacial interactions with biological systems. For
instance, eness of silicon (Si) substrates can restrict characterization and evaluation
of dynasui llular processes using optical microscopy, and their rigidity makes them
incompatible mechanical sectioning for transmission electron microscopy (TEM)

characterization.””! Furthermore, the high precision offered by inorganic NNs comes at the

expense of increased fabrication complexity, cost of manufacturing, and throughput.*'’ NN
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transfer or replication methods are therefore urgently needed to increase fabrication
efficiency and flexibility, while simultaneously accommodating requirements for optical

tunable physico-chemical properties.

Recent developments in nanofabrication techniques offer the potential to transfer or
H
replicate \M and horizontally configured nanostructures from one substrate to another,
through (# nanotBansplantation printing;*? (ii) transfer techniques into recipient substrates
such as Pm glass;'*¥ and (iii) replication routes (casting, imprinting, molding).** But
substrate transfe€t processes can be labor-intensive, offer only limited reproducibility, and
come with the rigk of compromising the integrity of the original nanostructures. By contrast,

nanostruc lication approaches are rapid, cost-effective, highly reproducible, and

versatile, allowing production of multiple copies of the same nanostructured array from a

wide rang erials with just one master mold. Polymers are an particularly useful class
of mat or such replication approaches, combining cost-effectiveness with high optical
transp , blocompatibility, and flexibility in chemical modifications. These features have

made polymeric NNs a functional and versatile platform for a variety of cellular

manipulath interrogations.*™ So far, polymeric NNs have been used in intracellular

signaling 6] anti-bacterial and anti-biofouling applications,”*” biomedical sensing and

cellularprﬁ] and neuron and stem cell research.!*’!

Wy we fabricated polymeric NNs using PS, SUS, and PDMS to achieve

dynamic contact with both adherent cells (GPE86 mouse embryonic fibroblasts) and

non-adherent cells (L1.2 mouse immune B cells). Our cytocompatible polymeric NNs were

used to ‘Qa ell behavior, including cell morphology, focal adhesion complex development,

viability, apoptosis, proliferation, and migration. Importantly, our PS, SU8, and PDMS NN5s

all delivered mRNAs into both GPE86 and L1.2 cells. Transfection efficiencies of
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49.4%+11% and 12+7% was achieved for GPE86 cells and L1.2 cells, respectively. We

showed that enhanced endocytosis involving caveolin-1 (CAV-1) and clathrin heavy chain

(CHCO)is a faﬂism of PS NN-mediated intracellular delivery.

2. Resultshcussions

2.1. Desig brication of polymeric NNs

In our eaWk we developed conical Si NN arrays as a platform to induce cellular
deformation anE;cilitate gene delivery for both adherent and nonadherent cells.*” But this
Si NN plaE:fers from several drawbacks: a lack of optical transparency; complex and

costly fab lemprocess and equipment; and limited scalability. By replicating Si NNs into

polymeriame can harness the advantages of polymeric materials while retaining the

precise aphy of the Si NN master template.
2.1.1. 1ve mold fabrication

We first dsigned and fabricated tunable Si NN arrays with a conical profile (height 3.5 um;

pitch 3 uDiiameter 100 nm) (Figure 1a 1), which acted as a master template for

producing
with an gnti-adhesive, trichloro(1H,1H,2H,2H-perfluoro-octyl)silane, to minimize the

adhesiWsted PDMS (Figure 1a ii). Upon curing and template removal, a negatively

replicated mo the master Si NN arrays (an array of holes) was generated (Figure S1).
The mold was silanized prior to polymeric NN fabrication to facilitate detachment of the
replica meric NNs from the mold.

2.1.2. Replication of polymeric NNs

This article is protected by copyright. All rights reserved.

85UB017 SUOWIWIOD 8A1ERID) 3|qedl|dde au Aq peusenob a1e s YO ‘SN Jo S|t 104 ArIqIT8UIUQ AB|IM UO (SUONIPUOD-PUR-SWUBH W0 A3 1M ATelq | Bul|uO//SANY) SUORIPUCD PUe SWB | 8y} 88S *[£202/20/6T] Uo A%iqiTauljuo A8|IM ‘suinogpiN JO AiseAluN 8y L Aq 82870TZ0Z WPe/Z00T OT/I0p/W0d A8 | 1M Afelq 1 jputjuo//sdny wol pepeojumoqd ‘¢ ‘220 ‘8Z0E9TIT



We chose nanoimprint lithography (NIL) over other polymer fabrication techniques for

producing PS and SU8 NNs because of its cost-effectiveness, and its ability to pattern a

variety 0; eric materials and to precisely control geometrical features over a large

scale.?!! sting method was used to fabricate PDMS NNs. Thermoplastic PS NNs
H I . . ,

were fabrlgted using thermal NIL, by pressing the pre-fabricated PDMS negative mold onto

the preparws substrate (Figure 1b i) under constant pressure (Figure 1b ii). A Si wafer

backing ma ed the flatness of the PS substrate and ensured efficient heat transfer. During
the moldiwve heated the PS substrate above its glass transition temperature (Figure 1b
ii1). Constant pressure was maintained until PS NNs were cooled to set. The mold was
removed to in the replicated PS NNs (Figure 1b iv). Similarly, SU8 NNs were fabricated
using UVﬁere SU8 was first coated on the glass substrate (Figure 1lc i), and then
pressed b@e-fabricated PDMS negative mold (Figure 1c ii). During UV-NIL we
maintaj gative mold at constant pressure by the NIL air cushion to press over the
SU8-coated substrate during UV curing (Figure 1c iii). SU8 NNs were obtained upon
mold removal (Figure 1c iv). The same mold was used to fabricate PDMS NNs. PDMS was
coated onmglass substrate (Figure 1d 1) and pressed by the silanized, pre-fabricated
PDMS ne old (Figure 1d 11). The PDMS NNs were placed in vacuum to degas and
left for pol zation (Figure 1d ii1). PDMS NNs were obtained upon mold removal (Figure
1d iv). Taken together, these processes enabled the fabrication of three types of polymeric
NNs— Wand PDMS—that exhibit the same average geometry: height 3.5 um, tip

diameter 250 n5 and pitch 3 pm, as confirmed by scanning electron microscopy (SEM)

(Figure 2a— laser scanning confocal microscopy imaging (Figure 2d).
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Negative mold fabrication

Anti-adhesive
Silanization

Template
Removal

PDMS casting

Polymeric nanoneedle replication

Mold
Thermal-NIL | Removal
—
. . SUBNN
| 1 v
& Mold
A |\ e
UV-NIL 4 emoval
i ||| |V PDMS NN
Mold
Polymerization Removal

Si. §PDMS(Negative Mold)p @Glasshp @Psh dsush ¢POMSH

Figure 1. Polymeric NN fabrication workflows. (a) Negative mold fabrication. (i) The Si
NNs mast was first silanized and (ii) casted with PDMS, which was left to cure. (iii)
The Si emplate was removed after curing to obtain the negative PDMS mold. The
negative HaMS 'lold was silanized prior to polymeric NN replication. (b—d) Polymeric NN
replicatio NN fabrication. (i) The PS substrate was prepared and (ii) pressed by the

PDMS m ing (iii) thermal NIL, where the PS was heated above its glass transition

temper --i@ hile in contact with the negative mold. (iv) PS NNs were obtained upon
negative mold removal. (c) SU8 NN fabrication. (i) SU8 was coated on a glass slide. (ii) The
prepared PDMS mold was pressed onto the SU8-coated glass slide. (iii) This was followed by
UV-NIL. (iv) SU8 NNs were obtained upon mold removal. (d) PDMS NN fabrication. (i)
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PDMS was coated on a glass slide. (ii) The prepared PDMS mold was pressed onto the

PDMS-coated glass slide and left in a vacuum to degas for 1 h, followed by (iii) curing

removal.

(polyrnerizﬁ' : in an oven at 65 °C for 2 h. (iv) PDMS NNs were obtained upon mold

 EE—
Figure 2. Mrpes of polymeric NNs. SEM images of (a) PS, (b) SU8 and (c) PDMS NN

arrays rep‘cated "om a Si NNs master mold with magnification of (i) 1500X (ii) 5000X and

(111) 30000mop (1) and (ii, 111) 3D view of laser scanning confocal microscopy images of

SU8 NNs.

2.1.3. Stif;polymeric NNs

Different :ic NNs have different chemical compositions and stiffness, which can

affect theml interface. For example, the surface energy and wettability of a polymer

can in | attachment and spreading,®? and polymer mechanical stiffness can
influence ivation of mechanotransductory signaling pathways and affect cell
phenotype,'“">>*! stem-cell differentiation,”” adhesion and traction-force generation,””

migrationwiferaﬁon’[%] and gene expressi on,1368:37]

W situ SEM nanoindentation to calculate the Young’s modulus value® to
measurgess of our polymeric NNs and compare it with that of the Si master. NNs

were b Y an ip situ nanoindentation tip using various indentation forces of 500-5000 uN
(Figure S ie S1). We identified three stiffness regions: high-stiffness Si NNs (~140
GPa, conﬁith reported values®”), medium-stiffness PS and SU8 NNs (~1.5 and ~2.5
GPare ly), and low-stiffness PDMS NNs (~0.014 GPa) (Figure S2b). Fabricating the
same geometry s with varied stiffness allows us to decouple the two parameters and

examine solely the effect NN stiffness has on cell behavior (discussed further below).

Furthermore, by using different types of polymeric materials with the same surface
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modification, a wider stiffness range with exact topography and functional surface can be
fabricated. For example, the PDMS stiffness can be controlled between 800 kPa to 10 MPa,
the inclusig PS can expand the range of stiffnesses into GPa region.'*”) The Young’s
modulus i1 the range of 0.1 — 100 kPa,"" hence interfacing cells with medium to
low stiffngss polymeric NNs, as compared to high stiffness Si NNs, can minimize the

mismatch stiffness and increase the interface compatibility.

Q

2.2. Cellpel ic NN interfaces

S

Cell morp , cytoskeletal arrangement and formation of focal adhesion complexes are

essential to maindaining an intimate and functional cell-NN interface—crucial especially for

3

[2a,10a,29b] [6€,262,42]

cell mani via mechanotransduction, intracellular probing, and cargo

;ﬁ

delivery.” ifferent types of cells can perceive and respond differently to mechano-
instructlvmcluding topographical and mechanical stimuli.'*™ A central challenge at
engine cll= interfaces is to understand how to decouple substrate topography and
stiffnesggsiC each on its own or in combination can influence cell behavior and function.!*!

To decipher what impact, if any, substrate stiffness has on cell topography-induced responses

to NN int& we probed the morphology and focal adhesion complex formation of both

adherent dherent cells interfaced with arrays of PS, SUS, and PDMS NN:ss.
2.2.1. CelEorphology on polymeric NNs

We ﬁrSWalized polymeric NNs using poly-D-lysine (PDL)—a positively charged
molecule that i;roves cell attachment by interacting with the negatively charged lipid
bilayer of ma membrane.[*! We then seeded GPE86 and L1.2 cells on PS, SUS, and
PDMS > pplied centrifugal force (250 g, 32 °C, 15 minutes) to assist the interfacing.
After 6 h incubation, cell-NN samples were processed for SEM imaging to observe the

morphology of cells attached to the NNs—an initial indicator of cytocompatibility. Selected
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tilted SEM images showed that GPE86 cells on PS (Figure 3a i) had two morphologies:
flattened and elongated, and round with less spreading. Closer observation of the interface
revealed t! ttened, elongated GPE86 cells spread over multiple PS NNs with extended
lamellipo hich protruded filopodia (Figure 3a ii); but that rounder GPE86 cells
_ N ‘
interacted gwith fewer NNs. PS NNs were deflected by the GPES86 cells, which were absent on
the stiff Si 3% GPE86 cells on SU8 NNs showed mainly flattened and elongated
long filopodia protrusions (Figure 3b i). This effective cell spreading

morpholog

resulted iinN indenting the bottom of the cells (Figure 3b ii). We observed similar

deflections o NN to those we saw for the PS NNs. By contrast, GPE86 cells on PDMS
NNs sho:v&nly round morphology with minimal spreading (Figure 3c 1). Filopodial
protrusio he cells interacted with multiple PDMS NNs, pulling them toward the cell

body (FiglireW3c\i). Aside from NN deflection, most of the PDMS NNs—which have the
lowest gsti f all NNs——collapsed after forceful interfacing with GPE86 cells. To
determine w ntributed to this collapse, we centrifuged PDMS NNs without seeding cells
on them and processed the samples in the same way we prepared samples for cell-NN
interface i% PDMS NNs showed no significant difference before (Figure S3a) and after
(Figure S rocessing. We further investigated if the height of PDMS NN contributed
to collapse, interfacing shorter PDMS NNs (3 um height, similar to NN pitch) with
GPES86_c observing no collapse after forceful interfacing (Figure S4a,b). These results

showedH6 cells collapse the PDMS NNs, especially when NN height is larger than

NN pitch. i

GPES6 cells, L1.2 cells mostly retained their globular shape on all polymeric
NN, and interd®®d with fewer NNs per cell (Figure 3d—f). Unsurprisingly, deflection of NNs
occurred across all samples for L1.2. There was also deflection of PS, SUS, and PDMS NNs

interacting with the edges of L1.2 cells (Figure 3d ii, 3e ii, 3f ii). Collapse of PDMS NNs was
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much less when interfaced with L1.2 cells than with GPE86 cells. Very few cells were
attached on PDMS NNs compared with PS and SU8 NNs. This agrees with cell counts
measured !ﬁ /dead cell staining, where L1.2 cell counts attached to PDMS NNs (87 cells

mm %) we tly lower than for PS (2643 cells mm ) and SU8 NNs (1465 cells mm™

o . H E— . _
) (Figureg®5). Difference in cell counts between cells attached to PS and SU8 NNs did not
reach signg Studies showed that substrate stiffness can impact cellular behaviors in

different es, where it can influence the cell’s adhesion and traction-force

> W mj B3] our result suggests that L1.2 cells do not attach

generatio ration and proliferation,

well on so NNs (~0.014 GPa) compared with the stiffer PS and SU8 NNs (~1.5 and

Us

~2.5 GPa, ively). Due to profoundly low number of L1.2 cells attached on PDMS
NNs, we ﬁd all following PDMS NNs experiments with only GPE86 cells but not

L1.2 cells

d

Author M
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2.2.2. jon of focal adhesion complexes on polymeric NNs

The formdion and maturation of focal adhesion complexes are critical for cell migration and
regulation anical and biochemical signaling pathways.*"! To understand cell adhesion
status at I-NN interface, we employed immunofluorescence to determine the
distributi! of three focal adhesion complex-associated proteins: F-actin (a cytoskeletal
ﬁlamenM, vinculin (a membrane-cytoskeletal protein and a key component of focal
adhesion C()Ees), and B-integrin (a transmembrane receptor)—all of which can influence

focal adhesio ation and thus cell attachment to polymeric NNs.

Figur displays GPE86 cells grown on PS NNs; dark spots—appearing
periodically, in the same pattern as the NNs—were observed in the nuclei stained with

Hoechst 33342 (Hoechst, blue), suggesting a possible nuclear deformation by the PS NNs.
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GPES6 cells on PS NNs formed ring-shaped F-actin (red) around the NNs (Figure 3g, Figure

S6a, Movie S2); this suggests that PS NNs stimulated actin polymerization, possibly due to

interacted

membrane ture induced by the NNs.H%! Vinculin (green) and B-integrin (purple)

QS NNs at the cell peripheries, showing colocalization at the edges of
filopodial srotruswns. As B-integrin is known to recruit vinculin toward the cell membrane to
form foca@ns,[m their colocalization indicates formation of focal adhesion complexes
around PS , consistent with what has been reported with polymeric NNs of similar
Young’s W(I.Z GPa)."®! GPE86 cells on SU8 NNs had similar F-actin rings around
the NNs (Figuré§S7a) to those seen on PS NNs, which were absent on the flat SUS control

(Figure Sﬁculin and B-integrin were observed at the cell periphery on SU8 NNs,

similar to . GPES86 cells formed ring-shaped F-actin around PDMS NNs, which were
less ordergd for SU8 and PS NNs (Figure S7c¢); most likely since PDMS NNs were
easily y GPES86 cells as mentioned earlier. The distribution of vinculin and -
integrin on cells—interfaced with PDMS NNs—were similar to those observed for
PS and SU8 NNs. There was no difference in F-actin, vinculin, or B-integrin distribution on
flat PDMS§§and PDMS NN (Figure S7d). Taken together, these results suggest that formation

of focal complexes by GPE86 interfaced with polymeric NNs is likely to be

stiffness-in dent.

;ells on PS NNs, we found that F-actin aggregates along the short filopodial

=

protrusio:ﬁong the cell membrane, while vinculin and B-integrin were distributed

througho oplasm (Figure 3h, Figure S6b, Movie S3). L1.2 cells on SUS8 substrates
also s o accumulation of F-actin, vinculin, or B-integrin on either NNs or the flat

control (Figure"S¥e,f). So neither PS nor SU8 NNs induced focal adhesion formation in L.1.2

cells.
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Figure 3. l-polymeric NN interface. Tilted SEM images (45°) of (a—c) GPE86 and
(d-1) mterfaced on (a,d) PS, (b,e) SUS, and (c,f) PDMS NNs, with (i) overview
and (ii) erarged views of the regions marked by red squares. Maximum-intensity projection

of z stacks usingyconfocal microscopy of (g) GPE86 and (h) L1.2 cells on PS NNs. Cells

were fixe ained with phalloidin (red), Hoechst 33342 (blue), anti-vinculin (green), and
anti-pB-integ rple) to reveal F-actin, nucleus, and distribution of vinculin and B-integrin,
respectively.

2.3. Cell health and growth on polymeric NNs
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To demonstrate the cytocompatibility of the PS, SU8, and PDMS NNs, we investigated cell
health and basic cell functions by performing viability, apoptosis, proliferation, and migration

assays; this :ielp to determine whether interfacing with PS, SU8, and PDMS NNs induce

undesirab rbation and/or damage, and more importantly whether cells maintain

. H | ——— , . )
their proliderative capacity after detachment from the NNs, important for later evaluating

intracellul@ry efficacy.
2.3.1. Via%d apoptosis

Given tha:bility is required for a functional and biocompatible cell-NN interface,**"
We assess 1ability of GPE86 and L1.2 cells on both polymeric NNs, using fluorescein

diacetate sDA)/propidium iodide (PI) (live/dead) staining, with flat substrates as a control.

Confocal mpy revealed the live (green) and dead (red) GPE86 and L1.2 cells on a

representative substrate (Figure S8a,b). Both GPE86 and L1.2 cells displayed a high
viability o n both PS and SU8 NNs, similar to that on flat control (Figure S8c,d).
GPES ignificantly lower viability of 96% on PDMS NNs than PS and SU8 NNs,

and 97% i the flat PDMS control (Figure S8c).

evaluates the onset of programmed cell death.'*** To determine whether

[50]

interfacing with polymeric NN induces apoptosis, we used the Caspase-Glo 3/7

lumine@y to probe apoptosis after 2, 6, and 24 h interfacing with each of PS, SUS,

and PDM Untreated and propranolol-treated cells served as negative and positive

controls, respect%iely.[5 ! Using a plate-reading luminometer we measured the luminescence
of each sa roportionate to caspase-3/7 activity (caspase 3 and 7 are both activated in
apoptosis,{e caspase-3/7 activity is an indicator of cell apoptosis). Between 2 h and 24
h, GPES86 cells on PS, SUS, and PDMS NN, and their corresponding flat substrates, showed

similar luminescence intensity to that of untreated cells, indicating no increase in caspase-3/7
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activity or apoptosis (Figure 4a, left). This finding is in accordance with previous reports that
GPES6 cells on Si NNs of similar geometry do not produce increased caspase-3/7 activity or

apoptosis 1 e cells during this time frame.*”!

For L1.2 cells, the luminescence intensity of PS and SU8 NN samples was not
H

signiﬁcanmmnt from those of flat and negative control samples at 2 h and 6 h (Figure
4a, right);fthis inflicated no apoptosis-associated caspase-3/7 activity up to 6 h. However, at
24 h we ma significantly stronger luminescence signal in L1.2 cells on SU8 NN,
indicating cfthafiCed caspase-3/7 activity; this suggests that prolonged (up to 24 h) culture of
L1.2 cells on SUSNNSs can ultimately lead to apoptosis. This elevated caspase activity at 24 h
was not oﬂfor L1.2 cells on PS NNs. So for the following studies we chose 6 h as the

NN interfacing time, which has proven to be sufficient for intracellular deliverypb] while

minimizi gative impacts on cell viability.
2.3.2. Proli

Cell proliferation is another key factor for evaluating the impact of NNs on cell health and

growth.[zsﬂ ﬁs can affect cell proliferation by influencing the reorganization of the nucleus

(22.19] 4 it is important to assess cell proliferation post NN-

during mitosis,
interfacing. The maintenance of cell proliferation capability is also essential for NN-mediated
intrace iyery, since it can influence delivery efficacy especially for nucleic acids,?!
and NNMd cells need to be viable and proliferative for subsequent in vitro or in vivo
functional@[g] We performed a proliferation assay to detect the impact of NNs on the
frequency mitosis. GPE86 and L1.2 cells were first labeled with a division-tracking
dye, Cell iolet (CTV), before seeding onto PS, SU8, and PDMS NNs. After 6 h

incubation, cells were detached from NNs by either trypsinization (GPE86 cells) or gentle

pipetting (L1.2 cells). One set of harvested cells were immediately analyzed by flow

This article is protected by copyright. All rights reserved.

85UB017 SUOWIWIOD 8A1ERID) 3|qedl|dde au Aq peusenob a1e s YO ‘SN Jo S|t 104 ArIqIT8UIUQ AB|IM UO (SUONIPUOD-PUR-SWUBH W0 A3 1M ATelq | Bul|uO//SANY) SUORIPUCD PUe SWB | 8y} 88S *[£202/20/6T] Uo A%iqiTauljuo A8|IM ‘suinogpiN JO AiseAluN 8y L Aq 82870TZ0Z WPe/Z00T OT/I0p/W0d A8 | 1M Afelq 1 jputjuo//sdny wol pepeojumoqd ‘¢ ‘220 ‘8Z0E9TIT



cytometry (6 h), and the rest were cultured in fresh media and analyzed after 24 h and 48 h.
CTV covalently binds to intracellular proteins in the cytoplasm and nucleus, and halves in
fluorescencegdatensity with each round of cell division; so, the continuous reduction of CTV
signal in m and L1.2 cells from 6 h to 24 h to 48 h indicates that cells from both
types h!v@gone proliferation after NN detachment (Figure 4b). For both GPE86 and
L1.2 cells gheregwas no significant difference in the normalized CTV signal between each
polyrnericge (Figure 4b). To further examine the division numbers of each cell type,
we used itM T (a flow cytometry histogram modeling software) to analyze the CTV-
dilution pz@r GPES86 and L1.2 cells over eight generations. By 48 h, a major peak at
generation enta) showed that most GPE86 cells had undergone > three divisions, and a
major pe eration 5 (yellow) showed that most L1.2 cells had undergone > five
divisions m%). Both cell types maintain proliferation capacity post NN-interfacing,
especi 86 cells, for which we observed stiffness-independent proliferation profile

for PS, SUS8 ft PDMS NNs (~1.5, ~2.5 and ~0.014 GPa, respectively).

2.3.3. Cell migration

L

To investi 11 migration on polymeric NNs in real-time, we performed live-cell imaging

using con icroscopy. The optical properties of polymeric NNs offer an alternate

imaging itform to opaque vertically aligned NNs such as Si NNs, requiring no fluorescence

stainingmNNs for visualization by means of an inverted live-cell imaging

microscog

We GPES86 cells (expressing mCherry fluorescence protein) onto PS, SUS, and
PDMS p ollowed their migration over 12 h. Live-cell imaging showed that GPE86
cells spread with extended membrane protrusions, interacted with their surrounding cells, and

migrated over the PS NNs (Movie S4, Hoechst/mCherry/transmission channel).
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Lamellipodium extension was generated by GPE86 cells on PS NNs, driven by the

[55

combination of actin polymerization and adhesive complex formation.'””! The trajectory was

recorded ovﬁ h and the total migration length statistically analyzed for individual GPE86

cells; the E86 migration length was ~111, ~92, and ~115 um on PS, SUS, and

N . _ o
PDMS NE, respectively (Figure S9a). Substrate stiffness can have a negative impact on
fibroblast Qration,[5 %1 but we observed no significant differences in migration length
between st S and SU8 NNs compared to softer PDMS NNs. The median migration

length fonwbstrates were ~153, ~115, and ~95 um on PS, SU8, and PDMS NN:s,

respectively re S9a); flat PS showed significantly increased median GPE86 cell
migration 1 ompared to PS NNs, but median migration length was significantly less on
flat PDM r PDMS NNs. There was no significant difference in median migration

length betm three polymeric NNs.

g 86 cells, L1.2 cells on PS NNs showed little to no morphological change
during pai on (Movie S5, Hoechst/transmission channel). The median migration length for
L1.2 cells on PS NNs (~151 um) was significantly higher than those on SU8 NNs (~100 pm)

(Figure Shobserved no significant difference in migration length between PS NNs and

flat PS; b.2 cells on flat SU8 had a significantly increased migration length of ~125
um conrre SUS8 NNs.

=
<
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Figure 4. ptosis and proliferation. (a) Luminescence intensity of (left) GPE86 and

(right) L1.2 cells on PS, SU8, and PDMS NNs and their corresponding flat (“F’’) substrate
control&, and 24 h, with untreated and propranolol-treated cells as negative and
positivm respectively. RLU, relative light unit. ****P < (0.0001 (one-way ANOVA),
n=3. (b) Flow c@tometry analysis showing quantification of CTV GMFI within detached
GPES6 ce erfaced with PS, SU8, and PDMS NNs, and their corresponding flat
substrate) a cells (interfaced with PS and SUS, and their corresponding flat substrates)

at 6, 24, and 48 h. Cells before NN interfacing (0 h) were the parent control, and unstained
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cells were the negative control. n = 3. (¢) ModFit LT analysis of the CTV-dilution pattern of

GPES86 and L.1.2 cells over eight generations at 6, 24, and 48 h after interfacing with PS NNs.

A

Q.

2.4. PolynifeFi@™NINs for intracellular delivery

NN, espegitlly88i NNs, can facilitate intracellular delivery (nanoinjection) of diverse cargos

2b,10d] [4,10d] [4,57] 43,58] -

such as nuclere acids,’ gene-editing tools, proteins, and nanoparticles,’ into

mammali 1lggand tissues. Nanoinjection has enabled advanced in vitro and in vivo cellular
manipulationj negligible impact on cell viability and function.'°**" But vertically
aligned p ic NNs have rarely been used for nanoinjection. As a nonintegrating
‘footprint ute for inducing protein expression, mRNA delivery has become

increasinant for regulating transcription factor expression and signaling cascades,

with r% of mutagenesis compared to pDNA and off-target effects owing to the

natural decaE of mRNA during the cell cycle.

We delivered Cy5-tagged mRNAs encoding a GFP reporter (Cy5-GFP-mRNA) into

[10d,59]

GPES86 ahcells. The loading of mRNAs on NNs was first verified. PS NNs were

functional @ positively charged PDL, required for loading the negatively charged Cy5-

GFP-mR _ hout PDL, mRNAs were unable to be loaded onto the NNs (Figure S10a).
Confoc confirmed that mRNAs were evenly loaded on individual PS NNs across
the entire e (Figure S10b—d). We then seeded GPE86 and L1.2 cells onto mRNA-
loaded pojl\ls, followed by centrifugation. The cultured GPE86 cells were harvested
by trypss n whereas L1.2 cells were dislodged from the NNs by gentle pipetting after 6

h incubation.
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Flow cytometry was used to determine the transfection efficiency of both cells.
Transfection efficiencies were indicated by gating the population that was both Cy5 and GFP
positive(ﬁ 5a). Cy5 positivity indicated successful intracellular delivery, and GFP
positivity auccessful transfection. For GPE86 cells, 26.8+3.5%, 33.2+7.4%, and
30.1ﬂ:4.-1°/?rage transfection efficiencies were achieved by PS, SU8, and PDMS NN,
respectivelys (Figure 5b). There was no significant difference between each polymeric NN;
the efﬁcieuere significantly higher than those of their flat counterparts (4.4+1.9%,
7.4i1.3%w2.5%, respectively). For L1.2 cells, 9.5£1.8% and 12.5+£6.5% transfection
efficiencies weréyecorded for cells harvested from PS and SU8 NNs (Figure S11a, b); PS and
SU8 flat co both showed ~1% transfection efficiency. These data strongly suggest that
transfectiﬁe achieved using polymeric NNs, despite their much lower stiffness than
their Si c@ﬂ.m] For GPES86 cells in particular, transfection mediated by polymeric
NNs i iffness-dependent, given that similar efficiencies were achieved by the low-
stiffness PD s, and the stiffer PS and SU8 NNs. The lower transfection efficiency seen

for L1.2 cells might result from the reduced cell-NN interaction due to their rounded

morpholo% compared to GPE86 cells, and the sophisticated regulatory network of immune

cells, inv@cytoskeletal reorganization,®” activation of immune pathways,®" and
i

enhanced e responses ) activated upon mechanical stimulation.

Auth
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Figure 5. NN-mediated intracellular delivery of Cy5-GFP-mRNA into GPE86 cells. (a) Flow
cytometry; of Cy5" GFP" population with GPE86 cells detached from mRNA-coated
PS, SUS, @nd PDMS NN, along with their flat counterpart (“F”), after 6 h incubation. Non-

transfecte rved as the negative control. (b) Quantification of Cy5" GFP" population

within tranSfe GPES6 cells. ****P < (0.0001 (one-way ANOVA),n25.

2.5. Cellular deformation and endocytosis induced by polymeric NNs

To better hnd how polymeric NNs facilitate the delivery of mRNA, it is important to

probe the ng mechanisms that govern intracellular delivery. Three proposed delivery

mechanis involved in nanoinjection: spontaneous penetration by NNs,****! membrane
permeag 463 and NN-induced endocytosis.m”3 %' The mechanism by which
nanoinjec urs is still subject to intense debate.'"*'™'") Since vertically aligned
polymericﬁd rarely been used for nanoinjection, the mechanism at play here needed to
be invesis . High-resolution electron microscopy techniques such as FIB-SEM and TEM
can reveal, to sOMe extent, cell responses to membrane-associated physical stimuli, enabling

insights into underlying NN-mediated cargo delivery mechanisms.?****! This is essential for

designing more effective nanoinjection platforms. We employed FIB-SEM and TEM
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combined with immunofluorescence, to characterize the interface between GPE86 and L1.2
cells and polymeric NNs, and to identify parameters that might contribute to the different

transfectio iencies between the two cell types.

2.5.1. FIB- characterization
H

We first %-SEM for cross-sectional imaging of the cell-polymeric NN interface via
iterative ding. GPES6 cells showed plasma membrane deformation (Figure 6a 1) and
ruffling (m i1) around the PS NNs, which did not pierce the plasma membrane but
remained within the cell body. Deformed cellular membranes may temporarily lose
integrity 3 bioactive cargo to enter the cell. 54 In addition, the curvature of the
deformed @ne on NNs is known to trigger localized endocytic protein accumulation
via curva itive proteins. *>* Similar plasma membrane deformation and ruffling

were also d on SUS (Figure S12a i,ii) and PDMS NNs (Figure S13a i) where some of

the NNs flected during the interfacing, while others interacted with the cell by

slightl the nucleus (Figure S13a i) and the plasma membrane (Figure S13a ii).

Fo%:ells interacting with PS NN, the plasma membrane deformed around the
NNs (Fi i) but just like for GPE86 was not pierced by the NNs (Figure 6b ii).
Remodeling of the nuclear membrane was also observed in L1.2 cells interfaced with PS NNs
(FigureEUS NNs gave rise to similar plasma membrane deformation and nuclear

membrMeling (Figure S12b 1,i1). Just like for GPE86 cells, membrane penetration

was not evident. s

her enhance high-resolution characterization of nanoinjection delivery
mechanism and €ell-NN interfacial interaction, we use TEM and immunofluorescence as

complementary methods to the FIB-SEM analysis.
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2.5.2. TEM characterization

TEM istective approach for imaging cell-material interfaces at the nanoscale.[*=®¥

It can rev, -resolution structural information about cells that is inaccessible by FIB-

SEM. We generated lamellae of the cell-NN interface with minimal artefacts for efficient
[ h

TEM iderMn and characterization of interfacial interactions. The new method allowed

us to sim@lltancolisly screen NN interactions within single and multiple cells with greater

C

resolution trast, and to investigate if endocytic vesicles (e.g., caveolae and clathrin-
coated vesiClesy were induced at the periphery of the NNs, as reported earlier for Si

NNs. 2> Only BS and PDMS NNs were selected for TEM characterization because SUS

I

NNs wer d to a hard glass substrate, limiting the direct sectioning option (PS NNs

were not attached to any substrate, and PDMS NN can be detached from the glass substrate

for direct 2).
Nan -resolution TEM imaging of the lamellae revealed the tight interfacial
interac n both GPE86 and L1.2 cells with PS NN arrays, and GPE86 cells with

PDMS N iarrays. The black dot arrays are the PS NN elements that have been sectioned by
ultramicrot, igure 6¢ 1). Closer examination revealed the presence of endocytic pits and
vesicles (1 by yellow arrows) at the GPE86 cell-PS NN interface (Figure 6c¢ ii,iii
suspectedoﬂaveolae or clathrin-coated pits due to their size (<100 nm in diameter).*”]
For PDWe found similar black dot arrays indicating the NN elements (Figure S13b
1) and mupdocytic pits indicated by yellow arrows, formed at the periphery of NNs
(Figure S 11-u41). Interestingly, TEM imaging of L1.2 cells demonstrated in contrast a

smoot tion with the PS NNs, without the presence of vesicles around the PS NNs

(Figure 6d i—iii).
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On the basis of both FIB-SEM and TEM imaging, the distinctive membrane
invaginations of the endocytic pits were manifested at the periphery of PS and PDMS NNs in
the caseo*% cells. This suggests the activation of endocytic pathways induced by
NNS,[Zb’3O’&

in turn might have contributed to the higher mRNA transfection

 E—
efﬁciencyschieved in GPES86 cells compared with that seen for L1.2 cells.

2.5.3. Im@escence characterization by means of confocal microscopy

We charagtegized the cell-NN interface using immunofluorescence staining and confocal

S

microscopayss

& to investigate the role of the distribution of endocytic components in NN-
mediated . In particular, two endocytosis-associated proteins were investigated:

CAV-1, e!scaffolding protein typically required to generate membrane curvatures such

as caveolmHC, a basic component required for clathrin-coated pits and vesicles. Cav-

1 and CH itate caveolae- and clathrin-mediated endocytosis, respectively. Confocal
microscopy s showed that both CAV-1 (green) and CHC (magenta) accumulated
around GPES86 cells (Figure 6¢), with stronger CAV-1 accumulation than CHC

around thﬂNs; both were distributed throughout the cells on flat PS control (Figure
S15a). GP lIs on SU8, and PDMS NNs revealed similar accumulation of CAV-1 and
CHC (Fig ,C), but the aggregation pattern on PDMS NNs were less ordered than for
SUS8 or P§ NNs, due to the major deflection of low stiffness PDMS NNs as shown earlier.

Both CM CHC distributed throughout the cells on flat SUS, and PDMS (Figure

S16b,d). mnd CHC aggregation around NNs was reported in recent studies using Si
and quartz 2030421 Oyr results indicate that polymeric NN-mediated endocytosis in
GPE84VCS both CAV-1 and CHC, but is primarily governed by CAV-1.

There was no significant aggregation of CAV-1 and CHC in L1.2 cells on PS NN,

flat PS, SU8 NNs or flat SU8 control (Figure 6f, S15b, S16e, and S16f, respectively). The
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lack of CAV-1 and CHC accumulation in L1.2 cells on polymeric NNs, in particular PS NN,

concurred with our FIB-SEM and TEM imaging, which showed less membrane deformation

than for Gt ells without invaginations.

Ey combining FIB-SEM, TEM and confocal microscopy, our results show that

Fi

polymeric in particular PS and PDMS NNs, can induce membrane curvatures,

especiallyfiin GPRE86 cells. This, in turn, facilitates formation of endocytic pits such as

G

clathrin-cms and caveolae that are recruited to focal adhesion complex sites!®—
t

formation s also been reported in other NN studies.?>**** Enhanced activation of

J

endocytic pathways plays a key role in the increased uptake of biomolecules, in particular the

mRNA d to GPE86 cells. But a lack of endocytic pits and endocytosis-associated

f

proteins ( and CHC) might reduce the efficiency of intracellular delivery efficiency in
L1.2 cellm adhesions are active sites for actin polymerization, with reports that
endoc 1S Tikely initiated by the recruitment of its components to these adhesive sites.[**

71 we esize that the absence of focal adhesion formation may be a key reason that

M

endocytic pits and endocytosis component accumulation is not observed in L1.2 cells.

Author
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a GPE86 b L1.2

Figure W @W#f: deformation and endocytosis induced by PS NNs. SEM images after
vertical FIB millihg, showing (a) GPE86 cells and (b) L1.2 cells interacting with PS NNs
with (i) ove@@® and (ii) selected enlarged view of the cell-NN interface after 6 h culture.

TEM ima wing longitudinally cut views of interfacial interactions of (c) GPE&6 cells

green insets. Yellow arrows indicate endocytic pits and vesicles formed in proximity to NNs.
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(e—f) Confocal microscopy images of (¢) GPE86 cells cultured 6 h on PS NN, and (f) L1.2
cells cultured 6 h on PS NNs. Cells were fixed and stained with Hoechst 33342 (blue),
phalloidin“ anti-clathrin heavy chain (CHC, magenta), and anti-caveolin 1 (CAV-1,
green) to leus, F-actin, and distribution of endocytosis-associated clathrin and

H
caveolae, ggspectively.

O
3. Conclum
The stud ertically aligned polymeric PS, SU8, and PDMS NNs to probe cell-NN
interfacial tions of adherent (GPE86) and suspension (L1.2) cells, and to achieve
intracellul@r delivery with minimum cell perturbation. These polymeric NNs, replicated from
one Si m eplica molding and NIL, have the same geometry but different stiffnesses;
this allowmecouple the two parameters to focus on the effect of NNs’ stiffness on cell
behavior. platforms, made of low-stiffness PDMS or medium-stiffness PS and SUS,
demon ompatibility and the capability to mediate intracellular delivery. All the
three typeﬂs had no short-term impact on viability, apoptosis, and migration of GPE86
and L1.2 celdssqmand both cell types maintained the ability to proliferate, without significant
difference@

n each polymeric NN type, despite the variance in stiffness. We

demonstrgfe the capacity for polymeric NN-mediated intracellular delivery by transfecting

g

GPE86wells with Cy5-GFP-mRNA; this yielded similar transfection efficiencies of

26.8i3.5°/§7.4%, and 30.1+4.1% on GPES6 cells by PS, SUS8, and PDMS NN,
respectively, indigating the independence on NN stiffness. We also explored the mechanisms
behind{c NN-mediated intracellular delivery, using FIB-SEM, TEM, and
immunofluorescence imaging; the combined results revealed that enhanced endocytosis

(mediated by caveolae and clathrin) is one of the likely delivery mechanisms, especially in
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GPES6 cells. There was no prominent accumulation of endocytosis-associated elements or
pits at the L1.2 cell-NN interface, resulting lower transfection efficiency compared to GPE86
cells. Our ! s demonstrate that polymeric NNs are ideal for decoupling the influences of

stiffness raphy on cellular behavior, and for precisely manipulating cellular

H ) S
processes guch as intracellular delivery. This significantly broadens the range of controlled

cellular "wion for which relatively low-cost, easy-to-fabricate, and high-throughput
ic

polymer an be used, presenting opportunities for novel integration of nanostructures

into traditWymeric cell cultureware.

4. Experi!ental Section/Methods

Prmn of Si NN arrays: Flat silicon (Si) wafers (3”, p-type, 3 — 6 Qcm, <100>,
a

Siltronix, were cleaned by Piranha solution for 15 minutes to remove any organic
contaminantS™wsed with deionized water and dried under nitrogen jet. A close-packed
monol anospheres (Polybead microspheres solutions, 3 pm in diameter, 2.5% w/v

in water) was deposited over the silicon wafer by convective assembly. The sample was then
inserted in smalab 100 ICP380 deep reactive ion etcher (Oxford Instruments) for
etching. ﬁe of the nanospheres by oxygen plasma etching was performed using an
inducti\£0upled plasma (ICP) power of 500 W and bias power of 50 W over 15 minutes.
The sthtyrene nanospheres served as a mask for the subsequent silicon etching in
two cons@teps: 1. Bosch process, including an alternative cycle of passivation and
etching steps to_gbtain cylindrically shaped Si NNs. During the passivation step (8 s), 150
sccm 43 sccm of SFg was used with 1500 W ICP power and 5 W bias power. As
for the etching step (8 s), 150 sccm of C4Fg and 3 scem of SFg was used with 2000 W ICP

power and 20 W bias power. 25 loops of the Bosch process were used to create Si NNs of 3.5
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pum height. PS nanospheres were then removed by sonicating samples in acetone for 30 s,
rinsed by deionized water and dried under a nitrogen gas jet. 2. Pseudo-Bosch process
involve#[he sample in an environment with 100 sccm of SF¢ and 40 scem C4Fg at

&1, 1500 W ICP power and 50 W bias power for 110 s to obtain a

pressure

.
conically ghaped Si NN profile.

Pr@n of negative mold: The Si NN master was rinsed with acetone, followed

by isopromnd then dried under a nitrogen gas jet. The master was placed in an air

plasma cledficr ¥or 5 minutes before 0.5 h vapor phase deposition of an anti-adhesive layer of
trichloro(lH: 1H:s—l,2H—perﬂu0ro—octyl)silane (Sigma Aldrich) under vacuum to assist the

release of g negative mold. Hard PDMS solution consisting of 0.9 g of VDT, 6.2 uL of
0

SIP, 12.5 pn IT and 350 pL of HMMS (Gelest) was mixed and spin coated onto the Si
NN templ 500 rpm for 3 s then 3000 rpm for 1 minutes. The sample was placed under
vacuu minutes before being partially cured at 65 °C in an oven for 30 minutes. The
sample emoved from the oven and a layer of PDMS (Sylgard 184, Sigma Aldrich)

backing with 1:10 ratio was coated on top of the hard PDMS layer and further cured at 60 °C

in an OVCh‘L The PDMS negative mold was released from the Si NN template upon

curing a with the same anti-adhesive layer for 2 h before the preparation of

Wrz of polymeric NN: Nanonex NX-B200 was used to fabricate both PS and
SU8 Nng fabrication: Untreated cell cultureware PS (Corning) was prepared by
rinsing with 1sopgopanol and deionized water. The substrate was then dried with nitrogen gas.
The P ative mold was pressed on the PS substrate (with a Si wafer support backing)
and placed in between two Si films on a sample holder. 1 minutes of pump time with 40 PSI

pressure at 250 °C were set as the pre-imprint parameters. The PS substrate was then
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imprinted with 85 PSI at 220 °C for 5 minutes. The mold was held at a constant pressure until
the sample temperature dropped below 70 °C. The PDMS mold was removed to obtain PS
NNE. Shabrication: A glass slide was first rinsed by acetone, isopropanol and
deionizedmwed by drying under a stream of nitrogen gas. The glass substrate was
then cle-argTaplasma cleaner for 5 minutes prior to NIL. Next, 5 pL of SU8 (class 2002,
MicroChe placed on the glass substrate and pressed by the negative mold. 5 minutes
of pumpirm with 75 PSI at 85 °C were set as the pre-imprint parameters. The sample
was impri a75 PSI with 85 °C for 5 minutes under vacuum, followed by 2 minutes of
UV curing. DMS mold was removed to obtain SU8 NNs. PDMS NN fabrication: A
st rinsed by acetone, isopropanol and deionized water, followed by drying

glass slide

under a st

NUS

itrogen gas. The glass substrate was then cleaned in a plasma cleaner for 5

minutes o in-coated with PDMS (Sylgard 184, Sigma Aldrich) of 1:10 ratio. The

a

negatiy, then placed onto the PDMS coated glass substrate and degas in vacuum

under room t rature (RT) for 1 h. The sample was then further cured at 65 °C in an oven

\1;

for 2 h. The PDMS mold was removed to obtain PDMS NNis.

r

In nanoindentation: Nanoindentation on the flat substrates was performed

with a H I 950 TriboIlndenter equipped with a Berkovich tip, while indentation of

NNs was d with a Hysitron PI 85 Picoindenter equipped with a 10 um diameter flat

Uith

punch tp" ion with the PI 85 was performed alongside in situ SEM imaging. 500 pN
— 5000 p ation force was applied to the substrates and their Young’s moduli were

calculated, e plotted stress strain curves.

functionalization of polymeric NNs.: Substrates were rinsed with isopropanol

A

and dried by nitrogen gas. Following this, substrates were coated with 10 uL of PDL (Sigma-

Aldrich) at a concentration of 167 pg mL™' in deionized water under vacuum for 5 minutes.
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The substrates were then transferred and incubated at 4 °C overnight. Excessive PDL solution
was aspirated and the substrate placed under UV sterilization in a laminar flow cabinet for 30

minutes be ucleic acid loading.

goa ing of mRNA onto polymeric NNs: 12 pL of Cy5-GFP-mRNA (200 pg puL ™,
Trilink BiWogies) was placed on the PDL-coated substrates and allowed to stand 1 h
before conifactingdwith cells. Excess mRNA was removed from the substrates before seeding

cells.

SC

C e: Two types of cell lines were used in the experiments: GPE86 (ATCC,

U

mouse em fibroblasts) and L1.2 (ATCC, mouse B cells). GPE86 cells were grown and

maintaine@ in complete Dulbecco’s modified Eagle’s medium (DMEM (Gibco),

[

suppleme 10% fetal bovine serum (FBS, Gibco), 1 X 10~ M sodium pyruvate, 2 X

d

10° M L-glut@fine, 100 U mL ' penicillin, and 100 pg mL™" streptomycin (Gibco). L1.2
cells were nd maintained in complete RPMI (RPMI-1640 (Gibco), consisting of 10%
FBS, @EM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 x nonessential
amino aciﬂu‘[ion (Gibco), 1 x 107 M sodium pyruvate, 2 x 10> M L-glutamine, 100 U
mL " penicilliis 100 pg mL ™' streptomycin, and 55 x 10°° M 2-mercaptoethanol (Gibco)).
Cell densi@.l and 0.2 million cells mL ™' were used for seeding GPE86 and L1.2 cells,

respectivi. All cells were seeded with centrifugal force of 250 g at 32 °C for 15 minutes,

and wew at 37 °C with 5% CO,.

Cell ﬁxatim and fluorescence staining: Cells grown on the substrates were washed
with Dulb phosphate buffered saline (DPBS) and then fixed in a solution of 4%
paraforma (Electron Microscopy Sciences) for 10 minutes, followed by
permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) in DPBS for 5 minutes at RT and

washing three times with DPBS. Cells were blocked with 1% w/v bovine serum albumin
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(BSA, Sigma-Aldrich) solution for 1 h at RT and washed three times with DPBS. For
primary antibody staining, cells were stained with Hoechst (Hoechst 33342, Sigma-Aldrich),
Alexa Fluo Phalloidin (Life Technologies), anti-vinculin monoclonal antibody (rabbit,
Sigma-Al i-B-integrin monoclonal antibody (mouse, Invitrogen), anti-caveolin-1
H ) . ) . .
polyclonalpantibody (rabbit, Abcam), and anti-clathrin heavy chain monoclonal antibody
(mouse, LQ\nologies), for 45 minutes at RT. After washing three times with DPBS,
cells were rther stained with secondary antibodies, Alexa Fluor 488 chicken anti-rabbit

IgG (Lifewogies) and Alexa Fluor 647 goat anti-mouse IgG (Life Technologies), for

30 minutes, 55 Cells were washed three times with DPBS and left in DPBS for laser

scanning (& microscopy imaging.

Laser scanning confocal microscopy: A Nikon AlR confocal laser scanning

microsco and Leica Stellaris 5 were used for fluorescence imaging. Hoechst, FDA,
PI, C , mCherry, Alexa Fluor 488 chicken anti-rabbit IgG, Alexa Fluor 568
Phalloidi Alexa Fluor 647 goat anti-mouse IgG were excited at 340, 450, 493, 650,

488, 587, 488, 578, and 647 nm, with emission at 510, 515, 636, 670, 509, 610, 520, 600, and

670 nm, rhely. A 20 X dry objective lens, 60 X water immersed objective lens and 60

X oil imjective lens were used for observation and more than 3 different locations

were seleﬁ? sample. Images were analyzed using the Nikon NIS-Elements Advanced
Resear and Leica Application Suite X provided by the manufacturers.
Li \nicroscopy for migration study: mCherry GPE86 cells (cell density 0.1

million cells mLg) and L1.2 cells (0.2 million cells mL™") were seeded onto substrates in a
24-wel ‘@ ollowed by centrifugation at 250 g, 32 °C, 15 minutes and incubated at 37 °C

and 5% CO, for 1 h. After incubation, cells were stained using Hoechst for 10 minutes and

transferred to a Nunc glass bottom dish (Thermo Fisher Scientific) with fresh complete
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DMEM (for GPE86) and RPMI (for L1.2). The sample was then placed in the portable

incubation chamber provided by the manufacturer, at 37 °C and 5% CO,. mCherry was

excited usi e 587 nm laser with low intensity, to avoid phototoxicity that might induce

cell death d at 610 nm. This was observed at magnification of 20X objective lens.
N . : :

Confocal gmages were taken every 10 minutes over 12 h. Live cell images were analyzed

using Leic@'caﬁon Suite X Tracking Module.

Sangplegmgeparation for SEM imaging: Cells interfaced with polymeric NNs and flat
substrates Were finsed with 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences)
and fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M sodium
cacodylat r 1 h. Following this, substrates were washed (3 x 5 minutes) with chilled
0.1 M sodium cacodylate buffer and gradually dehydrated with increasing concentrations of
ethanol: m/o, 90% (1 x 10 minutes), and 100% (2 x 10 minutes) at RT, and were
finally al point dried (CPD 030 Critical Point Dryer, BAL-TEC). Substrates were then
mount M stubs and sputter-coated with a 10 nm layer of gold in order to increase

their conductivity for SEM imaging.

L

Intr, lar compartments staining and FIB-SEM sample preparation: Heavy metal
staining a embedding were used as the sample preparation method. Samples were
rinsed wi! 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences) and fixed with

2.5% Wde (Electron Microscopy Sciences) in the same buffer at 4 °C for 1 h.

Followinwe samples were washed (3 x 5 minutes) with chilled 0.1 M sodium
cacodylate buffegand quenched with chilled 20 x 10~ M glycine solution (Sigma-Aldrich) in
the san@ 20 minutes. After repeating the washing step, samples were post fixed by
combining equal volumes of 4% aqueous osmium tetroxide with 2% potassium ferrocyanide

(UNIVAR) in 0.2 M sodium cacodylate buffer on ice for 1 h. Samples were re-washed (3 x 5
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minutes) with chilled buffer and incubated with 1% tannic acid (BDH) in deionized water at
RT for 20 minutes. After rinsing with sodium cacodylate buffer (2 x 5 minutes), samples
were furthegdncubated with 2% aqueous osmium tetroxide at RT for 30 minutes. Samples
were was&minutes) with deionized water and incubated with syringe-filtered 4%
aqueou:usmaate (UNIVAR) at 4 °C overnight. Samples were washed (3 x 5 minutes)
with chilleg déignized water and gradually dehydrated with increasing concentrations of
ethanol: lu, 50%, 70%, 90%, and 100% (1 x 7 minutes) at RT. An Epon 812 resin 20
mL solutiWrepared by initially mixing 12.2 g of DDSA (dodecenyl succinic anhydride
specially dist1 Electron Microscopy Sciences), 4.4 g of Araldite (GY 502, Electron

Microscoﬁes), and 6.2 g of Procure 812 (EMBED 812 RESIN) using a mechanical

stirrer. O lution was uniformly mixed, 0.8 mL of N-benzyldimethylamine (BDMA,

Electron py Sciences) was added while stirring. Samples were infiltrated with
increasj rations of the freshly prepared resin solution in 100% ethanol at RT and in
a sealed con using the following ratios: 1:3 (3 h), 1:2 (3 h), 1:1 (overnight), 2:1 (3 h),
3:1 (3 h). Following this, samples were finally infiltrated with 100% resin solution overnight.
The excei resin was drained away by mounting the samples vertically for 1 h and samples
were left erization at 60 °C in an oven for 48 h. The sample were sputtered coated

with 10 nm rior sectioning and imaging.

le preparation: Step 1: PDL coating. 10 pL of PDL solution (167 ng pL™")

(Sigma Aldri as drop casted onto PS NNs and placed in a desiccator for 10 minutes.
Followinggth mples were left at 4 °C overnight. Step 2: Cell Seeding. GPE86 and L1.2
cells w, ed at a density of 0.1 and 0.2 million cells mL™', respectively, onto the PS

substrates folloW&d by centrifugation at 250 g, 32 °C, 15 minutes. Substrates carrying cells
were incubated at 37 °C with 5% CO, for 6 h. Step 3: Fixation, Heavy Metal Staining,

Dehydration and Resin Embedding. Samples were rinsed with 0.1 M sodium cacodylate
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buffer (Electron Microscopy Sciences) and fixed with 2.5% glutaraldehyde (Electron
Microscopy Sciences) in the same buffer at 4 °C overnight. Following this, samples were

washed (3 Xﬁinutes) with chilled 0.1 M sodium cacodylate buffer (Electron Microscopy

Sciences) ed with chilled 20 mM glycine solution (Sigma-Aldrich) in the same
N . .
buffer fo!20 minutes. After repeating the washing step, samples were post-fixed by
combininggequalyvolumes of 4% aqueous osmium tetroxide with 2% potassium ferrocyanide
(UNIVAR 2 M sodium cacodylate buffer on ice for 1 h. Samples were then washed
again (3 wutes) with chilled buffer and incubated with 1% tannic acid (BDH) in
deionized water gt RT for 20 minutes. After rinsing with buffer (2 x 5 minutes) samples were
further inﬁwith 2% aqueous osmium tetroxide at RT for 30 minutes. Following this,

samples hed (2 x 5 minutes) with deionized water and incubated with syringe-

filtered ls uranyl acetate (UNIVAR) at 4 °C overnight. Samples were then washed

(3 x with chilled deionized water and gradually dehydrated with increasing

concentratio thanol; 10%, 30%, 50%, 70%, 90% and 100% (1 x 7 minutes) at RT. An
mL solution was prepared by initially mixing 12.2 g of DDSA (Dodecenyl
Succinic &nhydride Specially Distilled 13710, Electron Microscopy Sciences), 4.4 g of
Araldite m10900, Electron Microscopy Sciences) and 6.2 g of Procure 8§12 (EMBED
812 RES 0) using a mechanical stirrer. Once the solution was uniformly mixed, 0.8
mL of B Electron Microscopy Sciences) was added to it while stirring. Samples were

then in h increasing concentrations of the freshly prepared resin solution in 100%

th

ethanol at RT anf in a sealed container using the following ratios: 1:3 (3 h), 1:2 (3 h), 1:1

Gl

(overnight), 2 h), 3:1 (3 h). Following this, samples were finally infiltrated with 100%

resin so

A

vernight. The excess resin was drained away by mounting the samples
vertically for 1 h. Samples were then placed face down on resin-filled micromolds

(ProSciTech) and left for polymerization at 60 °C for 48 h. After polymerization was
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completed, substrates were detached using tweezers and resin blocks were released from the
micromolds. Step 4: Resin Block Trimming and Microtome Sectioning. Each resin block was
fixed in a pecimen holder for ultramicrotomes and inspected under the microscope for
the locali region of interest (ROI). Following this, the resin block was manually
. N ‘ . .
trimmed a!the sides using a double-edged razor blade so that a pyramid with 45° angled sides
and squarme (0.5 mm x 0.5 mm) containing the ROI is formed. Thin (70 nm) serial
sections o rimmed resin block were then acquired using an ultra-microtome (Leica

Ultracut Wuipped with a diamond knife. Sections were collected on TEM grids

(ProSciTeTvar/carbon coated, square 100 mesh).

Sﬂing: A Nova NanoSEM 430 (FEI) was used to image all polymeric NN

samples including flat polymeric substrate as well as flat Si and Si NNs. The images were
taken at top.v r tilted 45° with electron beam acceleration voltage of 5, 10, 15 and 20 kV,
with ¢ 0 nA, while using a secondary electron detector. High resolution images

were t immersion mode with acceleration voltage of 20 kV and current of 92 nA.

Flg sectioning and imaging: FIB sectioning was performed using a Thermo Fischer

Helios Na 600. Prior to FIB sectioning, ion-beam facilitated Pt deposition of ~0.5 um
thickness ormed to protect the area of interest at 30 kV and with 3-5 pA pum * current
density. gugh milling was performed at an acceleration voltage of 30 kV voltage and

currentmtween 2.8 — 4.6 nA, and the surface was polished with 30 kV voltage and

0.46 — 2.8A" ges were taken using an electron beam acceleration voltage of 5 and 10 kV
and current o nA using free field and immersion mode with through-the-lens detector
(TLD) g under secondary electron collection mode, at dwell time of 5 us and 6144 x

4096 pixel” resolution. Original images are black-white inverted.
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TEM imaging: TEM was performed using a JEOL 1400 Flash operated at 80 kV and

images were acquired at different magnifications.

C@assay: All cells were seeded with centrifugal force of 250 g at 32°C for

15 minutes, and were incubated at 37 °C with 5% CO; over 6 h. A live-dead staining assay
H

was used Wine the viability of cells on substrates with final concentration of 15 pg

mL ™ FDA(Signl-Aldrich) and 5 pg mL™" PI (Sigma-Aldrich) in media for 5 minutes at 37

G

°C. Sampm rinsed with DPBS after staining and observed using a Stellaris 5 laser
scanning cofito¢dl microscope (Leica). Three different locations were observed on the surface

of each sample atithe magnification of 20X objective lens with 3 duplicates for each sample.

J

F lg cytometry: An LSRIIb flow cytometer (BD) was used to investigate the insertion

and transfmﬁciency, proliferation, and apoptosis of cells harvested from the substrates.

etry insertion and transfection efficiency: To detect the insertion of
mRNA and Expression, GPES6 and L12 cells were harvested from the substrates loaded
with mRNA after 6 h incubation. The excitation/emission wavelengths for Cy5 and GFP on
LSRIIb v&h 678/694, and 488/540 nm, respectively. Proper negative and positive controls
were used @ flow cytometry analysis. Compensation was done to avoid fluorescence
leakage between different channels.

% ssay: A Caspase- Glo 3/7 kit (Promega) was used for apoptosis detection.
Target ce ity was 0.1 million cells mL™" of GPE86 and 0.2 million cells mL™" of L1.2
cells in 9 ate. Cells were seeded to the polymeric substrates and centrifugated at 250
g, 32 °¢nutes. A 1:1 ratio of caspase-Glo 3/7 reagent volume to sample volume was
used. At time poifits of 2, 6, 24 h, the reagent is added to the cell culture and incubated at RT
for 2 h on a shaker at 55 rpm, isolated from light. The positive control was cells treated with

200 pg mL™ propranolol, the negative control was cell culture without reagent, and blank
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sample was media with reagent. Luminescence reading was performed on a plate reader
(Synergy H4, BioTek) and the result was normalized to a blank sample (cell culture medium

without ce

Fli tomet liferati - 0.1 million cells mL™ f GPE86, and 0.2 million
L ow cz ometry proliferation assay illion ¢ 0 a 0

cells mL 2 cells were stained with 5 x 10°® M CellTrace Violet (CTV) reagent

3

(Invitrogefl), seeded onto substrates in a 24-well plate and centrifugated at 250 g, 32 °C, 15

o

minutes. Sms carrying cells were then transferred to a new plate with fresh media after
1 h and further fcubated at 37 °C with 5 % CO, for a total of 6 h. Cells were then harvested

from the substratd as described above and placed back in fresh media culture. At time points

9

of 0, 6,2 h, cells were resuspended in FACS buffer (1 x DPBS containing 1 % BSA,

ain

2 x 107 ethylenediaminetetraacetic acid (EDTA), and 0.1 % sodium azide) and cell
proliferati determined by measuring the fluorescence intensity of CTV using the

LSRIIb¢ nm cxcitation and a 460 nm bandpass emission filter was used. Unstained cell

and C ned cells fixed in FACS buffer after 6 h incubation served as negative and

¥

positive controls, respectively.

18

NN-mediated cell transfection: 0.1 million cells mL™' of GPE86, 0.2

)

1

million ¢ of L1.2 were seeded onto PDL-coated and cargo-loaded substrates

described @bove in a 24-well plate, in 500 L Opti-MEM (Gibco), followed by centrifugation

g

at 250 °@ 15 minutes. The samples were then incubated for 6 h at 37 °C in a

t

humidifie 0 @0, atmosphere (samples were transferred to new wells with fresh media 2 h

U

after centrifugatign). The transfected cells were then detached from the substrates using

0.25% EDTA (Gibco) for adherent cells, or by gently pipetting for suspension cells.

A

The cells were resuspended in FACs media for flow cytometry analysis.
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Data processing and statistical analysis: Fluorescence microscopy and SEM images
were processed and analyzed by Leica Application Suite X (Leica), NIS-Element (Nikon)
and FIJL ometry data were analyzed with FlowJo. Prism GraphPad 7 were used for
all statisti s. One way/two-way ANOVA were used for the analyses. Values are

 E— o
representes as mean and mean =+ standard deviation.

Supporting Infogmation
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Supportin ation is available from the Wiley Online Library or from the author.
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Figure 1:fIntegration of arrays of polymeric nanoneedles onto cell-culture Petri dish for
effective ble intracellular gene delivery

Polymeriedle arrays of precise geometry, were fabricated using commercially

s—polystyrene, SU8, and polydimethylsiloxane—to facilitate mRNA

delivery into adherent and suspension mammalian cells. By comparing nanoneedle

identical topography but varying stiffness, this study decoupled the effects on

cell behavSr of substrate stiffness and topography.
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