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notable weaknesses of viral vectors include 
expensive and time-consuming protocols, 
risk of immunogenicity, undesirable inser-
tional genotoxicity, and restricted packaging 
capacity.[4] Nonviral carriers such as cationic 
lipids and polymers can condense nucleic 
acids into compact nanoparticles down to 
tens of nanometers,[5] which significantly 
enhances the efficiency of cargo delivery 
and confers protection against degradation 
by DNAases.[5a,6] But the potential disad-
vantages of complexation include delayed 
unpacking and lack of integration of exoge-
nous DNA into the host genome, rendering 
gene expression inaccessible,[7] as well as 
excessive toxicity induced by the carriers.[8]

By contrast, membrane disruption-
mediated methods are near-universal, 
capable of delivering almost any cargo 
into cells through direct penetration and/
or indirect permeabilization.[2a] Mul-
tiple routes have been used to induce 
local membrane disruption, including 

mechanical (solid contact, fluid shear forces, and hydrostatic 
or osmotic pressure changes), electrical (electroporation), 
optical (optoporation), thermal, and chemical.[2b,c,9] Recently, 
diverse and tunable vertically configured nanostructures, 
including nanowire (NW) arrays,[10] nanotubes,[11] nanopil-
lars,[12] nanoneedles,[13] nanocones,[14] and nanostraws,[15] have 
featured as mechanical platform, enabling powerful manipu-
lation of cell functions and processes in vitro. McKnight et al. 
first produced vertically aligned carbon nanofibers that allowed 

Engineered cell–nanostructured interfaces generated by vertically aligned 
silicon nanowire (SiNW) arrays have become a promising platform for 
orchestrating cell behavior, function, and fate. However,  the underlying 
mechanism in SiNW-mediated intracellular access and delivery is still poorly 
understood. This study demonstrates the development of a gene delivery 
platform based on conical SiNW arrays for mechanical cell transfection, 
assisted by centrifugal force, for both adherent and nonadherent cells in 
vitro. Cells form focal adhesions on SiNWs within 6 h, and maintain high 
viability and motility. Such a functional and dynamic cell–SiNW interface 
features conformational changes in the plasma membrane and in some 
cases the nucleus, promoting both direct penetration and endocytosis; 
this synergistically facilitates SiNW-mediated delivery of nucleic acids into 
immortalized cell lines, and into difficult-to-transfect primary immune T cells 
without pre-activation. Moreover, transfected cells retrieved from SiNWs retain 
the capacity to proliferate—crucial to future biomedical applications. The 
results indicate that SiNW-mediated intracellular delivery holds great promise 
for developing increasingly sophisticated investigative and therapeutic tools.
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1. Introduction

Effective intracellular delivery of bioactive molecules into live cells 
is a powerful molecular tool for facilitating a plethora of progres-
sive therapeutics, biosensing, and other biomedical applications.[1] 
Broadly, exogenous biomolecules can be delivered into cells via 
carrier-mediated transportation or cell membrane disruption.[2] For 
instance, viral vectors are one major type of carrier used for nucleic 
acid transfection.[3] Despite their high transfection efficiency, 
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efficient DNA (green fluorescence protein (GFP) plasmid) 
transfection into live cells in 2004.[16] Other biomolecules—
siRNA,[17] proteins,[17a,c,18] molecular beacons,[19] DNA nanoc-
ages,[20] impermeable drugs,[17a] and quantum dots,[21]—have 
since been delivered through NW arrays into a large variety 
of cell types, including difficult-to-transfect primary immune 
cells. A key study by Shalek et  al. showed that an array of 
SiNWs can deliver siRNAs to silence LEF1 expression in pri-
mary B cells without activating immune response, enabling 
study of the Wnt signaling pathway involved in chronic lym-
phocytic leukemia.[17b] Yosef et  al. used NW arrays to inject 
siRNA into naïve mouse T helper 17 (Th17) and identified  
39 (12 novel) regulatory genes for the differentiation of Th17 
and other CD4+ T cell subsets.[22] Other NW configurations 
have demonstrated the intracellular delivery of Cre recombinase 
protein,[18b] and antibodies against cytoskeletal proteins.[18a]

Despite successful delivery of a broad variety of biomolecules 
into diverse cell types, the exact mechanism of whether and how 
the NW arrays can mechanically pierce cellular membranes and/
or the nucleus is still not well understood, and has been the sub-
ject of an ongoing debate for almost a decade.[23] Various reports 
have demonstrated that NW-mediated intracellular delivery often 
relies on mechanical penetration, which can be maximized by 
manipulating a combination of key parameters, such as applica-
tion of external force,[24] interfacing approaches,[13f,25] cellular adhe-
sion force,[9a,26] NW geometry (density, length, and diameter),[17b,27] 
surface functionalization,[28] and interfacing time.[29] For example, 
effective delivery of biomolecules (plasmid DNAs, siRNAs, and 
proteins) into smaller immune cells that grow in suspension 
requires the use of longer (2−3 µm), sharper (diameter < 150 nm), 
and denser (0.3−1.0 NWs µm−2) NWs, whereas slightly shorter 
and less dense NWs are more suitable for larger adherent cells.[17b] 
Arguing against NW-mediated direct penetration, some work 
has posited that the majority of NWs fail to gain a stable access 
to the cell interior spontaneously,[10a,29,30] and others have sug-
gested that endocytosis could be one of the prevalent mechanisms 

behind NW-mediated intracellular delivery.[23a] In particular, 
recent studies have shown evidence that vertical nanostructures 
induce well-defined membrane curvatures, stimulating clathrin-
mediated endocytosis (CME) and caveolae-mediated endocytosis 
(CavME).[23a,31] Indeed, the endocytic process may occur when the 
NW diameter perceived by the cell is 50–100 nm, which is within 
the right size range for receptor-mediated endocytosis.[32]

Here, we used conical SiNW arrays (NW average dimensions 
of length 3.2 µm, diameter 100 nm, and density 0.3 NWs µm−2; 
Figure S1a, Supporting Information) to achieve nucleic acid 
transfection into nonadherent cell lines (L1.2, mouse immune 
B; Jurkat, human CD4+ T) and adherent cell lines (GPE86, 
mouse embryonic fibroblast), as well as primary mouse immune 
T cells. Using flow cytometry, we examined the transfection effi-
ciency by tracking the fluorescence-tagged plasmids and expres-
sion of reporter GFP within the cells detached from SiNWs; 
up to 25.4 ± 5.3% of L1.2 cells began to express GFP within 
48 h. Relatively high transfection efficiency (30.7 ± 2.2%) was 
also achieved into difficult-to-transfect primary mouse T cells 
via SiNWs, especially in the absence of T cell receptor (TCR) 
stimulation. By combining confocal microscopy and focused 
ion beam scanning electron microscopy (FIB-SEM) imaging, 
we demonstrated that conical SiNWs induce direct penetration 
and enhanced CavME, facilitating uptake of plasmids.

2. Results and Discussion

2.1. Cell–SiNW Interface

The interplay between substrate topography and cellular behavior 
is complex and not fully described. A better characterization and 
understanding of the cell–SiNW interface is pivotal in maximizing 
SiNW-mediated delivery efficacy, via mechanical transfection. To 
study the interfacial interactions of cells with ordered SiNWs, we 
examined three cell types: GPE86, L1.2, and Jurkat cells (Figure 1 
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Figure 1.  Cell–SiNW interface. a–c) Confocal imaging of fluorescence-stained a) GPE86, b) L1.2, and c) Jurkat cells after centrifugation and 6 h incu-
bation on SiNWs. Cells were fixed and stained with phalloidin to reveal the F-actin (red), and Hoechst to reveal the nuclei (blue). White circles in the 
merged images indicate the positions of SiNWs inside the cells. Inset (merge column, a) is an enlargement (× 3) of the area outlined in the main image. 
Scale bars, a) 10 µm and b,c) 5 µm. d) SEM imaging showing zoom-out and zoom-in tilted (45°) views of i,ii) GPE86, iii,iv) L1.2, and v,vi) Jurkat cells 
on SiNWs after 6 h incubation. Scale bars, i,iii,v) 50 µm, ii,iv,vi) 5 µm, and 1 µm for the insets.
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and Figure S1b–d, Supporting Information). Substrates were 
coated with positively charged poly-D-lysine (PDL). Such adhesion-
mediating molecule coating serves a twofold purpose: to promote 
cell adhesion and to bind plasmid DNA (Figure S2, Supporting 
Information). All three cell types were seeded onto PDL-treated 
substrates. We applied controlled external force via centrifugation-
induced gravity (200 g, ≈3.92 nN, 32 °C, 15 min), to facilitate intra-
cellular interaction and efficient cytosolic delivery across the cell 
membrane barrier.[13b,25] After 6 h incubation, all three cell types 
were fixed and stained with fluorescence markers (phalloidin for 
F-actin, cytoskeletal filamentous actin; and Hoechst for the nuclei) 
to assess the cell–SiNW interface via confocal florescence micro
scopy (Figure 1a–c) and SEM (Figure 1d).

Cellular adhesion is considered a crucial process for devel-
opment and maintenance of a functional cell–SiNW inter-
face, which has been reported to promote cell penetration.[32a] 
Figure  1a–c is representative fluorescence confocal images 
demonstrating the forcible interfacing achieved between SiNWs 
and a) GPE86, b) L1.2, and c) Jurkat cells. The individual SiNW 
elements appear as black dots within all three cell types (marked 
as white circles in merged channel), indirectly suggesting the 
assisted impalement of SiNWs into the cell body (nucleus and 
cytoplasm) by applied centrifugal force. Multiple SiNWs were 
noted to interact with each cell type (Figure  1a–c, merged 
channel). In parallel, selected tilt-view SEM images illustrate 
the cellular morphology and adhesion of the plated cells on 
the conical SiNWs (Figure 1d). Adherent GPE86 cells displayed 
mainly a flattened and more elongated morphology, generating 
long lamellipodia with filopodial protrusions anchored on the 
tips of SiNWs (Figure 1d-ii). Short lamellipodia with filopodial 
protrusions were also observed on suspension-type Jurkat cells 
(Figure 1d-vi), whereas L1.2 cells largely maintained their glob-
ular shape (Figure 1d-iv). These findings are in agreement with 
previous study showing that cellular morphology and adhesion 
on NWs vary across different cell types.[17b]

The number of parameters in play at the cell–SiNW interface, 
and their complex and dynamic interactions, present a key chal-
lenge in delineating how decisions of cell behavior such as cell 
morphology, cytoskeleton arrangement, focal adhesion forma-
tion, motility, and other cellular processes are orchestrated. For 
example, focal adhesions have long been speculated to play a 
central role in cellular migration and regulation of both mechan-
ical[33] and biochemical signaling pathways.[34] To better under-
stand the cell proteins and complexes that participate in focal 
adhesion on SiNWs, we examined the distribution of F-actin, 
β-integrin (transmembrane receptor), and vinculin (membrane-
cytoskeletal protein), which are reported to play important 
roles in mediating cell adhesion to the extracellular matrix.[35] 
Figure  2a–c displays the fluorescence staining of GPE86, L1.2, 
and Jurkat cells cultured on SiNWs. Interestingly, GPE86 cells 
on SiNWs formed ring-shaped adhesion complexes, assembled 
mainly by vinculins rather than F-actin or β-integrin (Figure 2a), 
which were absent in cells on flat Si (Figure S3, Supporting Infor-
mation). Increased vinculin clustering indicates the potential for 
creating strong focal adhesion of GPE86 cells on the SiNWs sub-
strate. Our observation of long lamellipodia with filopodial pro-
trusions along SiNWs in SEM (Figure 1d-ii) supports this view. 
For L1.2 cells, vinculins were observed to be colocalized with the 
multilobed nucleus. While F-actin was found across the whole 

cell, it was mainly the transmembrane receptor β-integrin that 
accumulated along the short filopodial protrusions (Figure  2b), 
facilitating the adhesion of L1.2 cells on SiNWs. Similar small 
“feet” made by β-integrins were also found on the cell surface 
of Jurkat cells, whereas vinculins were mainly distributed in the 
perinuclear region and F-actin accumulated at the membrane site 
(Figure  2c). Formation of small β-integrin protrusions on L1.2 
and Jurkat cell surfaces, instead of ring-shaped vinculin com-
plexes around the SiNWs, at least partially explains why suspen-
sion cells largely maintain globular shape and are less embedded 
onto SiNWs compared with their adherent counterparts.

To further investigate the alterations of cell focal adhesions over 
an extended period and their influence on cell motility on SiNWs, 
we performed confocal live cell imaging to record the migration 
trajectory of all three cell types on SiNW substrates (Figure 2d–f 
and Videos S1–S3, Supporting Information) over 30 h. The mean 
migration lengths of GPE86, L1.2, and Jurkat cells on SiNWs 
were 117.7, 62.4, and 79.0 µm, respectively; but no significant dif-
ference in cell mobility was observed compared with their coun-
terparts on flat Si (Figure  2g). The longer migration lengths of 
GPE86 cells compared with L1.2 and Jurkat cells, are highly likely 
to be associated with their strong adhesion on SiNWs, which is 
mediated by focal adhesion molecules, especially vinculins. By 
binding to F-actin and modulating other focal adhesion mole-
cules, such as integrins and talins, vinculins are involved in mul-
tiple steps during cell migration, including generation of traction 
forces and directional migration of cells.[36] Interestingly, though 
some nuclei of GPE86 cells moved little, their cell membrane dis-
played high levels of fluidity and plasticity, as evidenced by the 
creation of long and diverse protrusions at different orientations 
along the SiNWs (Video S4, Supporting Information).

The results show the development of a functional cell–SiNW 
interface, where the cells can form focal adhesions on SiNWs 
within 6 h after plating and exhibit cell motility over 30 h. 
This functional and sustainable interface sets the stage for the 
SiNW-mediated intracellular delivery.

2.2. Cellular Deformations Induced by SiNWs Promote Direct 
Penetration and Endocytosis

Direct intracellular delivery of biomolecules into the cells offers 
the advantage of bypassing inherent physical barriers including 
the cell membrane, actin cytoskeleton, endo-lysosomal entrap-
ment, and cytosolic sequestration, as well as metabolic deg-
radation, all of which normally reduce the efficiency of the 
exogenous cargo delivery.[37] As highlighted earlier, the ques-
tion of whether NWs can directly penetrate through the 4−6 nm 
lipid bilayer—a challenging physical barrier that prevents most 
external species from accessing the cytosol—has been intensely 
debated. To reveal the actual types of interaction at the cell–
SiNW interface, we used two complementary characterization 
techniques: confocal microscopy and FIB-SEM imaging.

We labeled the SiNWs with a fluorescent dye (fluorescein 
isocyanate; FITC), making the NWs visible under the confocal 
microscope. GPE86, L1.2, and Jurkat cells were seeded onto 
the FITC-labeled SiNWs. After short-term centrifugation and 
6 h incubation, cells were fixed and stained with Hoechst and 
phalloidin, representing the nucleus and F-actin, respectively. 
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Figure  3 and Video S5 in the Supporting Information are 3D 
and 2D slice views of the compiled z-stack confocal images; 
they show reorganization of the actin cytoskeleton of a GPE86 
cell at the SiNW sites (this is revealed by the absence of phal-
loidin staining in the corresponding positions of SiNWs that 
are illustrated in white). Similar results were obtained for the 
L1.2 (Figure S4a,b, Video S6, Supporting Information) and 
Jurkat (Figure S4c,d, Video S7, Supporting Information). The 
activity of actin has been correlated with endocytosis and sub-
sequent cellular uptake of biomolecules.[38] However, due to 
practical limitations[39] of confocal microscopy, we are not able 
to draw more far-reaching conclusions regarding the precise 
biointerfacial interaction.

We used FIB-SEM imaging as a complementary method 
to unveil more details of the cell–SiNW interface at a higher 

nanoscale resolution. As SiNW-induced penetration can occur 
in the early stages of interfacing,[30a] and membrane self-
resealing is likely to take place over a relatively short time-
frame,[40] we performed this study after 1 h incubation of cells 
on SiNWs. FIB milling and SEM imaging were performed 
either at 90° or at 45° (Figure S5, Supporting Information) to 
the sample surface to investigate the cell–SiNW interface from 
different perspectives. Figure 4a illustrates two distinct patterns 
of how SiNWs interact with GPE86 cells. An individual SiNW 
is shown to breach the cell membrane and further indent the 
nucleus (Figure  4a-i); the second SiNW is engulfed by a con-
tinuous intact plasma membrane, accompanied by increased 
membrane curvatures (red arrows), similar to clathrin-coated 
pits and caveolae reported in recent studies (Figure 4a-ii).[23a,31] 
Figure  4b manifests SiNW insertion into the cytoplasm of a 
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Figure 2.  Cell focal adhesion formation and migration on SiNWs. a–c) Confocal imaging of fluorescence-stained a) GPE86, b) L1.2, and c) Jurkat 
cells after 6 h incubation on SiNWs. Cells were stained with Hoechst (blue) to reveal the nuclei, and vinculin (green), phalloidin (red), and β-integrin 
(purple) to reveal the cytoskeleton and focal adhesion points on the substrates. Scale bars, 10 µm. d–f) Polar plots showing the migration trajectory 
of d) GPE86, e) L1.2, f) Jurkat cells on SiNWs over 30 h. Sequential confocal images were taken every 10 min. Each curve in color represents the 
trajectory, including heading and length, of a single cell migrating from their origin. g) Graph plotting of the migration lengths (mean shown in red) 
of all three cell types on flat Si and SiNWs. Each symbol represents the migration length of one single cell (N > 200). ns, not significant (p > 0.05), 
****p < 0.0001 (one-way ANOVA).
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L1.2 cell; Figure 4c displays the curving plasma membrane of 
Jurkat cells, with accumulation of multiple membrane invagi-
nations and endocytic vesicles (red arrows) along the SiNWs. 
Sequential SEM imaging of the FIB sectioning at 45° provides 
additional insights into the cell–SiNW interactions. Figure 4d-i 
and Video S8 in the Supporting Information show clear evi-
dence that the SiNWs (yellow arrow) directly penetrate into 
both the cytoplasm and nucleus of the L1.2 cell. By contrast, 
Figure  4d-ii and Videos S9 and S10 in the Supporting Infor-
mation demonstrate that most SiNWs (yellow arrow) were 
engulfed by the intact cell membrane of the Jurkat cell.

The observations by both confocal and FIB-SEM suggest 
that direct penetration through membrane and nucleus might 
not be the prevalent, at least not the only, mechanism behind 
SiNW-mediated intracellular delivery. To understand whether 
other mechanisms, such as endocytosis,[23a,31] are involved, we 
investigated the role of two endocytic markers: clathrin heavy 
chain (CHC), a clathrin coat protein involved in CME; and cave-
olin-1 (CAV-1), a key protein for CavME. Plasmids tagged with 
a Cy3 fluorescence dye (Cy3-gWiz-GFP) were coated onto flat 
Si and SiNWs. Confocal microscopy images demonstrate the 
distribution of CAV-1 and CHC within GPE86 cells after 6 h 
interfacing with plasmid-coated flat Si (Figure 4e-i) and SiNWs 
(Figure  4e-ii). Compared to the random localization of CAV-1 
in all three cell types on flat Si, CAV-1 was highly colocalized 
with Cy3-gWiz-GFP plasmids coated on SiNWs (Figure  4e 
and Figure S6, Supporting Information). But in contrast with 
a recent study,[23a] the clustering of CHC around SiNWs was 
less obvious than for CAV-1. Caveolae have been reported as a 
physiological membrane reservoir that quickly accommodates 
sudden and acute mechanical stress.[41] Combined with FIB-
SEM imaging showing the membrane curvatures along SiNWs 
(Figure 4a,c), our results suggest that caveolar bulbs could accu-
mulate during SiNW interfacing, which attenuates the increase 

in membrane tension and protects the plasma membrane from 
rupture.[42] Caveolae are potential players enabling CavME and 
downstream cell signaling during cell–SiNW interaction.[31,43]

Overall, the results demonstrate that conical SiNWs are able 
to induce cellular deformations, which promote both direct 
membrane penetration and endocytosis (CavME). These two 
mechanisms may synergistically facilitate SiNW-mediated bio-
molecular uptake.

2.3. Minimal Impact on Cell Viability and Proliferation Induced 
by Conical SiNWs

Despite the efficient delivery of various biological molecules 
into cells using NWs,[17a,22,44] it is essential to prove that cells 
detached from SiNWs maintain high viability and proliferative 
capacity—prerequisites for potential application in cell-based 
immunotherapy. We followed the viability of cells cultured 
on SiNWs and tracked their proliferation up to 3 days after 
detaching from SiNWs.

By live/dead (fluorescein diacetate (FDA)/propidium iodide 
(PI)) staining, we observed neglectable difference in the viability 
of GPE86, L1.2, and Jurkat cells, in situ on flat Si and SiNWs 
after 6 h incubation (Figure S7, Supporting Information). To 
investigate whether unexpected damage would be introduced to 
cells due to extended SiNW-interfacing period and/or detach-
ment process, we used the staining of annexin V-FITC/PI, to 
probe apoptosis/necrosis pathways[45] within detached cells 
at different time points. For example, Jurkat cells were har-
vested from flat Si and SiNWs after 2, 6, 12, and 24 h incu-
bation. Flow cytometry results (Figure  5a,b) showed that over 
95% of Jurkat cells maintained viability (annexin V−/PI−) after 
2, 6, and 12 h culture on both SiNWs and flat Si, with less than 
5% becoming apoptotic (annexin V+/PI−); this was consistent 
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Figure 3.  Membrane perturbation and nuclear deformation induced by conical SiNWs. a) 3D and b) slice view of confocal imaging of GPE86 cells on 
FITC (green)-labeled SiNWs after 6 h incubation. Cells were fixed and stained with phalloidin (red) and Hoechst (blue). SiNWs are depicted in white 
in (b) to represent their interaction with cell membrane and the nucleus. Scale bar, 10 µm.
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with the viability result achieved by in situ live/dead (FDA/PI) 
staining (Figure S8, Supporting Information). After 24 h incu-
bation, the population of dead/necrotic cells (annexin V+/PI+) 
remained negligible, 0.83 ± 0.1% and 0.74 ± 0.2% on flat Si 
and SiNWs, respectively, indicating that SiNWs did not induce 
necrotic cell death of Jurkat cells. Annexin V+/PI− population 
rose up to 10% for cells on SiNWs, more than double of that 
on flat Si, suggesting a likely increased apoptosis due to pro-
longed SiNW-interfacing. Yet, the possibility of SiNW-enhanced 
lipid scrambling[17a] cannot be ruled out, as annexin V is also 
a crucial protein in the active process of membrane remode-
ling.[46] By measuring apoptosis-related caspase 3/7 activity, we 
confirmed that SiNWs did not induce significant increase in 
apoptotic cell population (Figure S9, Supporting Information).

To examine the proliferative capacity post NW-culture, 
GPE86, L1.2, and Jurkat cells were first labeled with a prolif-
eration tracking dye, CellTrace Violet (CTV),[47] before seeding 

onto SiNWs. After 6 h incubation, the cells were detached 
from SiNWs either by trypsinization (GPE86) or gentle pipet-
ting (L1.2 and Jurkat). Harvested cells were then cultured 
back in fresh media and analyzed by flow cytometry on Days 
2 and 3. Because CTV covalently binds to intracellular pro-
teins in the cytoplasm and nucleus, and halves in amount 
with each round of cell division,[48] the proliferation rate of 
cells is negatively correlated with CTV fluorescence intensity. 
CTV unstained cells (CTV−) and CTV stained cells (CTV+, 
fixed in fluorescence-activated cell sorting (FACS) buffer after 
6 h incubation) worked as negative and positive controls, 
respectively.

Among the three cell types, L1.2 cells were most prolific 
on Days 2 and 3, indicated by their lower CTV fluorescence 
intensity (Figure 5c). On Day 3, CTV intensity in L1.2 cells was 
reduced almost to the level of the negative control. Although 
CTV reduction of L1.2 cells harvested from SiNWs lagged 
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Figure 4.  Cellular deformations and endocytosis induced by SiNWs. a–c) SEM images after FIB milling at 90° demonstrating the interface of a) GPE86, 
b) L1.2, and c) Jurkat cells with SiNWs (membrane curvatures indicated by red arrows). Inset in (a-i) is an enlargement (× 3) of the area outlined in the 
original figure. d) SEM images after FIB milling at 45° revealing the SiNW (indicated by yellow arrows) penetration into the nucleus and cytoplasm of 
i) an L1.2 cell as well as the ii) engulfment of SiNWs by the cell membrane of a Jurkat cell. e) Representative confocal images showing the localization 
of nucleus (blue), caveolin-1 (Cav-1, green), and clathrin heavy chain (CHC, magenta) within GPE86 cells cultured on i) flat Si and ii) SiNWs, which 
were coated with Cy3-gWiz-GFP (Cy3-gWiz, red) plasmids. The bottom right images in (i,ii) are enlargements (× 2) of the areas outlined in “Merge,” 
showing Cav-1 and Cy3-gWiz channels. Original images a–d) are black–white inverted. Scale bars, a–c) 1 µm, d) 2 µm, and e) 10 µm.
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slightly compared with that from control flat Si, the percentage 
of cells undertaking proliferation was very similar for both 
substrates (99.5 ± 0.1%; Figure  5d). On Day 2, GPE86 cells 
demonstrated less CTV reduction and therefore reduced prolif-
eration (56.4 ± 2.8%) compared with L1.2 cells. But CTV inten-
sity dropped continuously from Days 2 to 3, indicating ongoing 
proliferation (reaching 80.5 ± 3.6% on Day 3). No significant 
difference was observed in CTV reduction and proliferation rate 
between GPE86 cells harvested from SiNWs and flat Si. Jurkat 
cells showed the lowest proliferation rate. But similar to GPE86 
cells, the CTV intensity of Jurkat cells continued to decrease 
from Days 2 to 3, with the proliferation percentage increasing 
from 23.0 ± 5.8% to 64.6 ± 0.4%.

These results confirm our hypothesis that conical SiNWs 
induce minimal necrosis and negligible apoptosis for up to 12 h.  
Cells can be retrieved from SiNWs while maintaining similar 
proliferative capacity as their counterparts on flat Si. Yet caution 
should be applied when culturing cells on SiNWs for over 24 h, 
since the rate of apoptosis might increase.

2.4. SiNWs Mediate Transfection of Plasmids into Immortalized 
Cell Lines

Having demonstrated that conical SiNWs induce membrane 
disruption and nuclear perturbation, while preserving cell 
viability and proliferative capacity after harvesting from the 
SiNWs, we tested delivery of plasmids into all three cell lines. 
Previous studies have used vertical SiNWs to transfect biomol-
ecules (including DNAs, RNAs, peptides, and proteins) into 
a variety of cell types with high efficiency.[16b,17a,b,22,44] Some 
of those results relied on fluorescence microscopy imaging 
to measure the expression of reporter genes (e.g., plasmids 
encoding GFP)[16b] and fluorescence tagged cargoes (e.g., Cy5-
labeled plasmids and Alexa 546-labeled siRNA)[17a] within the 
transfected cells in situ (on the NW substrates).

Instead, here we used flow cytometry technique to detect 
the fluorescence in the transfected cells detached from SiNWs. 
This enables more sensitive, objective, rapid, and reproduc-
ible measurement compared with fluorescence microscopy 
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Figure 5.  Cell apoptosis and proliferation after detachment from SiNW substrates. a) Flow cytometry of Jurkat cells harvested from flat Si and SiNWs 
at different incubation times (2, 6, 12, and 24 h), and stained with annexin V-FITC/PI Apoptosis Kit. Gating strategy showing four populations (annexin 
V−/PI−, annexin V+/PI−, annexin V+/PI+, and annexin V−/PI+). b) Statistical analysis of the percentages of the four populations (annexin V−/PI−, annexin 
V+/PI−, annexin V+/PI+, and annexin V−/PI+) after detachment from flat Si and SiNWs at different incubation times as in (a). c) Expression of CTV in 
GPE86, L1.2, and Jurkat cells on Days 2 and 3 after detachment from 6 h incubation on flat Si (magenta curve) and SiNWs (blue curve). Unstained 
cells (solid gray) and CTV freshly stained cells (solid red) served as negative and positive controls, respectively. d) Quantification of the proliferation 
rate of cells harvested from flat Si and SiNWs as shown in (c). ns, not significant (p > 0.05), ****p < 0.0001 (two-way ANOVA).
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imaging. We added Cy3-tagged plasmids (Cy3-gWiz-GFP) onto 
flat Si and SiNWs at three distinct concentrations: 10, 50, and 
100  ng µL−1. L1.2 cells were seeded onto the substrates, with 
or without the application of centrifugal external force. Cells 
were incubated for 6 h before detaching from the substrates 
by gentle pipetting. Harvested cells were stained with Hoechst 
and PI, and analyzed by means of flow cytometry to measure 
the Cy3 intensity within viable (Hoechst+/PI−) population 
(Figure  6a,b). The results showed no Cy3+ population in L1.2 
cells cultured on flat Si, demonstrating no plasmid insertion at 
all three tested concentrations. But for L1.2 cells cultured on 
SiNWs coated with plasmids at 10 and 50 ng µL−1, we observed 
an increase in Cy3+ population from 0.3 ± 0.2% to 5.3 ± 1.8%. 

When exposed to further increased plasmid concentration 
(from 50 to 100 ng µL−1), no further enhancement in plasmid 
uptake was observed in L1.2 cells settled on SiNWs by gravity 
alone (Figure 6a center,b). By contrast, when applying external 
centrifugal force to strengthen the cell–SiNW interaction, the 
percentage of L1.2 cells gaining Cy3-tagged plasmids rose more 
than three times from 6.9 ± 3.1% for 50 ng µL−1 to 22.3 ± 7.0% 
for 100 ng µL−1 (Figure 6a right,b).

After validating the SiNW-mediated plasmid insertion into 
L1.2 cells, as well as GPE86 and Jurkat cells (Figure S10, Sup-
porting Information), we investigated the efficiency of reporter 
gene expression by measuring the GFP intensity. GPE86, L1.2, 
and Jurkat cells were cultured on flat Si and SiNWs coated 
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Figure 6.  Plasmid insertion and cell transfection by flat silicon substrates and SiNWs. a) Flow cytometry of L1.2 cells harvested after 6 h incubation 
on flat Si (with spin), SiNWs (without spin), and SiNWs (with spin), coated with Cy3-gWiz-GFP plasmids at different concentrations (10, 50, and 
100  ng µL−1). Numbers adjacent to outlined areas indicate the percentage of Cy3+ cells (indicative of plasmid insertion). b) Percentages of Cy3+ 
L1.2 cells as shown in (a). Black, orange, and blue dots indicated cells harvested from flat Si (spin, black dots), SiNWs (nonspin, orange dots), and 
SiNWs (spin, blue dots), respectively. *p = 0.0104, **p = 0.003, ****p < 0.0001 (two-way ANOVA). c) Flow cytometry of GPE86, L1.2, and Jurkat cells 
48 h after harvesting from plasmid-coated flat Si and SiNWs (with 6 h incubation). Numbers adjacent to outlined areas indicate the percentage of 
GFP+ cells (indicative of positive transfection). d) Percentage of GFP+ cells harvested from flat Si (red dots) and SiNWs (blue dots) as in (c). ***p = 
0.0002, ****p < 0.0001 (Mann–Whitney’s U-tests). Each symbol b,d) represents an individual substrate.
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with untagged plasmids (gWiz-GFP). After centrifugation and 
6 h incubation, cells were harvested from the SiNWs, returned 
to fresh media, and cultured for another 48 h to allow for the 
expression of GFP. We performed flow cytometry analysis to 
determine the fluorescence intensity of GFP within these cells. 
Corresponding to the null plasmid insertion described above, 
control flat Si rendered no GFP+ population for any of the 
three cell types (Figure  6c,d). For cells harvested from SiNW-
mediated transfection, L1.2 cells exhibited the highest trans-
fection efficiency, with 25.4 ± 5.3% GFP+ population, followed 
by GPE86 cells, with 21.4 ± 3.3% and Jurkat cells, with only  
5.2 ± 0.7%. The lower transfection efficiency in Jurkat cells 
might result from multiple factors. For example, FIB-SEM 
images (Figure  4c,d-ii) demonstrate that the Jurkat cell mem-
brane mostly maintains its integrity, which may limit the 
amount of plasmid inserted by direct penetration through 
plasma membrane and the nucleus. Though endocytosis might 
take place, DNA degradation[49] and unsuccessful endosomal 
escape[50] can hamper GFP expression. In addition, the results 
of the proliferation study for Jurkat cells show that the slow 
recovery from SiNW culture may also contribute to their lower 
transfection efficiency.

2.5. SiNWs Mediate Delivery of Nucleic Acids into Primary 
Immune T Cells In Vitro

Retrovirus and lentivirus are generally used to transduce diffi-
cult-to-transfect primary immune T cells, and to induce their 

specific antitumor responses. But artefacts caused by open 
reading frame disruption and gene activation can be introduced 
into the host cells.[51] In addition, ex vivo TCR activation and 
sustained proliferation of activated T cells required for most 
efficient transduction may impair the half-life and repertoire, 
leading to exhaustion of transduced T cells.[52] Better methods 
need to be developed for genetic modification of T cells in vitro, 
to fully preserve their immunologic competence.

We have shown that conical SiNWs have the potential to 
transfect immortalized cell lines in a mechanical manner. 
To avoid the consequences of preactivation that is normally 
involved in conventional viral and nonviral transfection, we 
used SiNWs to transfect inactivated primary immune T cells 
and investigated their activation status after SiNW-interfacing 
(Figure S11, Supporting Information). Total T cells were iso-
lated from wildtype mice and seeded onto flat Si and SiNWs 
coated with Cy3-gWiz-GFP plasmids. By detecting the Cy3 
expression through flow cytometry, we determined that 32.8 ± 
0.4% of primary mouse T cells obtained Cy3-gWiz-GFP plas-
mids from SiNWs after 6 h incubation, whereas less than 1% 
of Cy3+ T cells were observed from flat Si (Figure 7a,b). Impor-
tantly, the 6 h interfacing period caused almost no alteration 
to the expression level of key surface activation markers and 
major inflammatory cytokines within T cells harvested from 
SiNWs (Figure S12, Supporting Information). This indicates 
that the majority of T cells remained at naïve stage after SiNW-
mediated transfection.

To further investigate the transfection efficiency in terms 
of GFP expression, we cultured T cells detached from flat Si 
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Figure 7.  Transfection of Cy3-gWiz-GFP plasmids into inactivated primary mouse T cells. a) Flow cytometry detection of Cy3 expression within primary 
mouse T cells, detached from flat Si and SiNWs coated with Cy3-gWiz-GFP plasmids, after 6 h incubation. b) Quantification of the percentage of Cy3+ 
cells harvested from flat Si and SiNWs as in (a). c) Flow cytometry detection of Cy3 and GFP expression within primary mouse T cells 48 h after re-
culture in fresh media. d) Quantification of the percentage of GFP+ Cy3+ cells harvested from flat Si and SiNWs as in (c). ***p = 0.0002, ****p < 0.0001 
(Mann–Whitney’s U-tests). Each symbol b,d) represents an individual substrate.
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and SiNWs in fresh media for another 48 h. The result showed 
that 30.7 ± 2.2% of T cells harvested from SiNWs became 
Cy3+ GFP+, indicating the preservation of Cy3-gWiz-GFP plas-
mids within the transfected T cells and their expression of 
GFP reporter gene after 48 h (Figure 7c,d). These data are an 
important step toward the use of SiNWs to mediate delivery of 
gene constructs directly into inactivated primary T cells. This 
bypasses the prerequisite of TCR engagement, helping to main-
tain an intact immune competence.[53]

3. Conclusions

This study probed the biointerfacial interactions between conical 
SiNWs and diverse cell types, including immortalized adherent 
fibroblast (GPE86), suspension immune B (L1.2), and T (Jurkat) 
cells, as well as primary immune T cells. Cytoskeletal molecules 
such as vinculins play an important role in cell adhesion and 
migration on SiNWs. For example, in adherent GPE86 cells, 
vinculins accumulate along the lamellipodia and filopodial pro-
trusions anchoring on the NW tips, promoting focal adhesion 
formation and membrane elongation on SiNWs, while in non-
adherent L1.2 and Jurkat cells, vinculins mainly support the 
structure of the nucleus. The migration study showed that the 
motility of cells cultured on SiNWs is similar to that on flat Si. 
Importantly, we observed that the majority of cells detached from 
SiNWs retain their proliferative capacity—a key advance that will 
underpin development of significant biomedical applications.

6 h incubation of cells on plasmid-coated SiNWs was found 
to be sufficient for cell transfection while maintaining optimal 
cell viability. External centrifugal force can further enhance 
nucleic acid uptake, most likely through increased cellular 
deformations, which facilitate direct membrane penetration 
and endocytosis (CavME), as illustrated by confocal and FIB-
SEM imaging. Transfection with GFP reporter (gWiz-GFP) 
plasmids through SiNWs yields 21.4 ± 3.3%, 25.4 ± 5.3%, 
and 5.2 ± 0.7% GFP+ populations of GPE86, L1.2, and Jurkat 
cells, respectively. In the case of primary immune T cells, we 
achieved a repeatable > 30% gWiz-GFP transfection.

We demonstrated that freshly sorted inactivated T cells 
remain at a naïve stage after 6 h interfacing with SiNWs, and 
transfection required no pre-engagement of activation stimuli, 
which are applied in most viral and nonviral methods and may 
result in skewing of the TCR repertoire[54] and reduced allore-
activity.[55] Our results create an important avenue for ex vivo 
T cell modification that better preserves immunologic compe-
tency for antitumor immunotherapy. This better understanding 
of nanotopographical effects on cell function, particularly intra-
cellular delivery, will help to guide the design of biomaterials 
and promote their application in cell therapies.

4. Experimental Section
Preparation of Si Wafers: Before polystyrene microsphere (PSMS, 

Polysciences, Inc.) deposition, flat silicon wafers (3″, p-type, 3–6 Ω 
cm,  〈100〉, Siltronix, France) were cut into quarter pieces and cleaned 
by sonication in 1:1 solution of ethanol:acetone for 5  min and then 
sonicated again in MilliQ water for 5 min. This was followed by dipping 
the wafer pieces into boiling Piranha solution (3:1 H2SO4:H2O2 

v/v, 75 °C, Avantor Performance Materials) for 1 h to remove any 
organic contaminants, then washing with water and drying under a  
nitrogen jet.

Convective Assembly Deposition: Hexagonally close-packed PSMS 
monolayers were deposited over quarter pieces of a 3″ Si wafer by 
convective assembly. The apparatus included a mounted microscope 
slide that was used as a blade for the PSMS depositions, a 50  mm 
motorized translation stage (MTS50-Z8, Thorlabs, Inc.), and a compact 
sub-Hertz pendulum vibration isolation system (TMC). The blade 
was adjusted to leave a small space between the bottom edge of the 
blade and the Si substrate. 25  µL of a suspension of PSMS (polybead 
microspheres solutions, various diameters, 2.5% w/v in water) was 
injected into the space between the blade and the sample using a 
micropipette, forming a meniscus between the pinned substrate and 
the bottom edge of the blade. This resulted in a continuous contact 
line of PSMS suspension on the Si substrate. To deposit PSMS in a 
uniform monolayer, operating parameters such as stage velocity and PS 
suspension concentration were adjusted.

Oxygen Plasma Reactive Ion Etching (RIE) of Polystyrene Microspheres: 
Samples prepared by convective assembly were inserted into 
Plasmalab100 ICP380 deep reactive ion etcher (Oxford Instruments), 
where oxygen plasma treatment was performed in order to reduce the 
size of the PSMS. During the etching step, a flow rate of 100 sccm O2 
was used with inductively coupled plasma (ICP) power of 100 W and 
bias power of 50 W. The APC valve position was set at 35 and He 
pressure was set at 10 Torr. The reduced size PSMS served as a mask for 
the subsequent silicon etching in two steps.

Deep RIE of Silicon: 1) Bosch process: Silicon etching was performed 
by alternate cycles of passivation and etching steps to obtain SiNWs 
with a cylindrical profile. During the passivation step (6 s), a flow rate 
of 150 sccm C4F8 and 3 sccm SF6 was used with ICP power of 1500 W  
and bias power of 5 W. During the etching step (8 s), a flow rate of  
150 sccm SF6 and 3 sccm C4F8 was used with ICP power of 2000 W and 
bias power of 20 W. The APC valve position was set at 70 and He pressure 
at 10  Torr in both steps. The etching depth of Si was controlled by the 
number of cycles. Following the Bosch process, PSMS were removed 
either by sonication of the samples in MilliQ water for 2  min or by 
performing oxygen plasma RIE with high power. In the case of sonication, 
samples were then dried under a nitrogen jet and inserted back to the 
deep reactive ion etcher. 2) Pseudo-Bosch process: Silicon etching was 
performed in a simultaneous flow of 100 sccm SF6 and 40 sccm C4F8 
at a pressure of 10 mTorr, with ICP power of 1500 W and bias power of  
50 W to achieve a conically shaped profile of the SiNWs. He pressure was 
set at 10  Torr. The tip diameter and the final length of the SiNWs were 
controlled by etching time.

Surface Functionalization of SiNWs: Substrates were immersed in 70% 
ethanol and allowed to dry at room temperature (RT) for 2 h in a laminar 
flow cabinet. Following this, substrates were coated with 10 µL of PDL 
(Sigma-Aldrich) at the concentration of 167 µg mL−1 in H2O. After 4 h 
incubation at 4 °C, excessive PDL solution was aspirated before nucleic 
acids loading.

Cell Culture: Four types of cell lines, GPE86 (ATCC, mouse embryonic 
fibroblasts), L1.2 (ATCC, mouse B cells), Jurkat (ATCC, human CD4+ T 
cells), and primary mouse T cells (isolated from mouse lymph nodes, 
approved by Monash Animal Research Platform’s Ethics Committee) 
were investigated in this study. GPE86 cells were grown and maintained 
in complete Dulbecco’s modified Eagle’s medium (DMEM (Gibco), 
supplemented with 10% fetal bovine serum (FBS, Gibco), 1  × 10−3 m 
sodium pyruvate, 2  × 10−3 m L-glutamine, 100 U mL−1 penicillin, and 
100 µg mL−1 streptomycin (Gibco). L1.2 and Jurkat cells were grown and 
maintained in complete RPMI (RPMI-1640 (Gibco), consisting of 10% 
FBS, 10 × 10−3 m 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 × 
nonessential amino acids solution (Gibco), 1 × 10−3 m sodium pyruvate, 
2 × 10−3 m L-glutamine, 100 U mL−1 penicillin, 100 µg mL−1 streptomycin, 
and 55  × 10−6 m 2-mercaptoethanol (Gibco)). Primary mouse T cells 
were grown and maintained in complete RPMI supplemented with or 
without anti-mouse CD3 (5 µg mL−1), anti-mouse CD28 (5 µg mL−1), and 
IL-2 (20 ng mL−1). All cells were incubated at 37 °C with 5% CO2.
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FITC Labeling of SiNWs: Substrates were first ozone-cleaned (10 min), 
and then incubated in 2% v/v 3-aminopropyltrimethoxysilane (Sigma-
Aldrich) in dry toluene (Sigma-Aldrich) in an orbital shaker for 10 min, 
RT. Substrates were rinsed three times with toluene and dried at 110 °C 
on a hot plate for 10 min. Silanized substrates were then immersed into 
freshly prepared solution of FITC (1 × 10−3 m in Dulbecco’s phosphate-
buffered saline (DPBS), Gibco). After 10 min incubation at RT, substrates 
were washed three times with DPBS and left to dry at RT.

Cell Fixation and Fluorescence Staining: Cells grown on the 
substrates were washed with DPBS and then fixed in a solution of 4% 
paraformaldehyde (Electron Microscopy Sciences) for 10 min, followed 
by permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) in DPBS for 
5 min at RT and washing three times with DPBS. Cells were blocked with 
1% w/v bovine serum albumin (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 
Fluor 568 Phalloidin (Life Technologies), anti-vinculin monoclonal 
antibody (rabbit, Sigma-Aldrich), anti-β-integrin monoclonal antibody 
(mouse, Invitrogen), anti-caveolin-1 polyclonal antibody (rabbit, 
Abcam), and anti-clathrin heavy chain monoclonal antibody (mouse, 
Life Technologies), for 45 min, RT. After washing three times with DPBS, 
cells were then further stained with secondary antibodies, Alexa Fluor 
488 chicken anti-rabbit IgG (Life Technologies) and Alexa Fluor 647 goat 
anti-mouse IgG (Life Technologies), for 30 min, RT. Cells were washed 
three times with DPBS and left in DPBS for confocal imaging.

Confocal Laser Scanning Microscopy: A Nikon A1R confocal laser 
scanning microscope system was used for fluorescence imaging. 
Hoechst, Alexa Fluor 488 chicken anti-rabbit IgG (indicating vinculin), 
Alexa Fluor 568 Phalloidin, and Alexa Fluor 647 goat anti-mouse IgG 
(indicating β-integrin) were excited at 340, 488, 578, and 647 nm, with 
emission at 510, 520, 600, and 670  nm, respectively. Observations 
were conducted at more than ten different locations on the surface of 
each sample at the magnification of 60 × water immersed objective 
lens. Images were analyzed using the Nikon NIS-Elements Advanced 
Research software provided by the manufacturer.

Live Cell Microscopy for Migration Study: 20 000 pR-GFP GPE86 
cells were seeded (constitutively expressing GFP) onto substrates in 
48-well plate, followed by centrifugation at 200  g, 32 °C, 15  min. After 
centrifugation, substrates carrying cells were transferred to a Nunc 
glass bottom dish (Thermo Fisher Scientific) with fresh complete 
DMEM and placed in the portable incubation chamber provided by the 
manufacturer, at 37 °C and 5% CO2. GFP was excited using the 488 nm 
laser with low intensity, to avoid phototoxicity that might induce cell 
death, and detected at 513 nm. This was observed at magnification of 
10 × objective lens. Confocal images were taken every 10 min over 30 h. 
Live cell images were analyzed using Nikon NIS-A Advanced 2D Tracking 
Module.

Sample Preparation for SEM Imaging: Cells grown on the substrates 
were rinsed with 0.1 m sodium cacodylate buffer (Electron Microscopy 
Sciences) and fixed with 2.5% glutaraldehyde (Electron Microscopy 
Sciences) in 0.1 m sodium cacodylate at 4 °C overnight. Following 
this, substrates were washed (3 × 5  min) with chilled 0.1 m sodium 
cacodylate buffer and post-fixed with 1% osmium tetroxide (Electron 
Microscopy Sciences) in 0.1 m sodium cacodylate at RT for 1 h. After 
repeating the washing step, substrates were gradually dehydrated with 
increasing concentrations of ethanol: 50%, 70%, 90% (1 × 10 min), and 
100% (2 × 10 min) at RT, and were finally critical point dried (CPD 030 
Critical Point Dryer, BAL-TEC). Substrates were then mounted on SEM 
stubs and sputter-coated with a thin layer of either gold or platinum in 
order to increase their conductivity.

Intracellular Compartments Staining: The sample preparation 
combined heavy metal staining with resin embedding. In particular, 
samples were rinsed with 0.1 m sodium cacodylate buffer and fixed with 
2.5% glutaraldehyde in the same buffer at 4 °C overnight (4 h in the 
case of L1.2 and Jurkat cells). Following this, the samples were washed 
(3 × 5 min) with chilled 0.1 m sodium cacodylate buffer and quenched 
with chilled 20  × 10−3 m glycine solution (Sigma-Aldrich) in the same 
buffer for 20 min. 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 rewashed (3 × 5 min) with chilled buffer and 
incubated with 1% tannic acid (BDH) in water at RT for 20 min. After 
rinsing with buffer (2 × 5  min), samples were further incubated with 
2% aqueous osmium tetroxide at RT for 30 min. Samples were washed 
(2 × 5 min) with distilled water and incubated with syringe-filtered 4% 
aqueous uranyl acetate (UNIVAR) at 4 °C overnight. Samples were 
washed (3 × 5 min) with chilled distilled water and gradually dehydrated 
with increasing concentrations of ethanol: 10%, 30%, 50%, 70%, 90%, 
and 100% (1 × 7  min) at RT. An epoxy-based resin 20  mL solution 
was prepared by initially mixing 12.2  g of DDSA (dodecenyl succinic 
anhydride specially distilled, Electron Microscopy Sciences), 4.4  g of 
Araldite (GY 502, Electron Microscopy Sciences), and 6.2 g of Procure 
812 (EMBED 812 RESIN) using a mechanical stirrer. Once the solution 
was uniformly mixed, 0.8  mL of BDMA (N-benzyldimethylamine, 
Electron Microscopy Sciences) was added while stirring. Samples were 
infiltrated with increasing concentrations of the freshly prepared resin 
solution in 100% ethanol at RT and in a sealed container 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. After polymerization at 60 °C, the excess resin was drained 
away by mounting the samples vertically for 1 h.

SEM Imaging: SEM imaging was performed of both bare SiNWs 
and SiNW substrates with cells on a Nova NanoSEM 430 (FEI). The 
images were taken at tilted (45°) or top views with an electron beam 
acceleration voltage of 5  kV and a current of 0.11 nA, while using a 
secondary electron detector.

FIB Sectioning and Imaging: FIB sectioning of SiNW substrates with 
cells was performed using a Thermo Fischer Helios G4 UX FIB-SEM 
vertically and at 45° to the sample surface. Before FIB sectioning, 
the region of interest was protected from ion beam (i-beam) damage 
using i-beam assisted deposition of ≈0.5  µm thick platinum layer. The 
coating was carried out at 30 kV using i-beam current of 0.26–0.44 nA, 
depending on area size. Following this, rough milling was performed at 
acceleration voltage of 30 kV and a current of 20 nA. The resulting cross-
sections were polished with a voltage of 30  kV and a current ranging 
between 1.2 and 2.4 nA. Images were taken using an electron beam 
at an acceleration voltage of 3 kV and a current of 200 pA, while using 
immersion mode, thermoluminescent dosimeter detector operated in 
back-scattered (BS) electron collection mode at a dwell time of 5 µs 
and 6144 × 4096 pixel2 resolution. During sequential sectioning, images 
were taken every 50 nm using previously mentioned e-beam conditions.

Cell Viability Assay: The viability of cells on substrates was assayed 
by live–dead staining using a final concentration of 15  µg mL−1 FDA 
(Sigma-Aldrich) and 5  µg mL−1 PI (Sigma-Aldrich) in media for 5  min 
at 37 °C. After staining, samples were rinsed with DPBS before being 
observed under an inverted Ti-S fluorescence microscope (Nikon) using 
standard filters for FITC (495 nm excitation/517 nm emission) for FDA 
and tetramethylrhodamine (TRITC, 538 nm excitation/619 nm emission 
nm) for PI. Five different locations were observed on the surface of each 
sample at the magnification of 10 × objective lens. All experiments were 
repeated at least three times.

Flow Cytometry: An LSRIIb flow cytometer (BD) was used to 
investigate the proliferation, apoptosis, and transfection efficiency of 
cells harvested from the substrates.

Flow Cytometry—Proliferation Assay: On Day 1, 20 000 cells per well 
of GPE86, and 40 000 cells per well of L1.2 and Jurkat cells were stained 
with 5 × 10−6 m CellTrace Violet (CTV) reagent (Invitrogen), seeded onto 
substrates in 48-well plate and centrifugated at 200  g, 32 °C, 15  min. 
Substrates carrying cells were then transferred to a new plate with 
fresh media. After 6 h incubation at 37 °C with 5% CO2, cells were 
harvested from the substrates as described above and placed back in 
fresh media culture. On each of Days 2 and 3, cells were resuspended 
in FACS buffer (1 × DPBS containing 1% BSA, 2  × 10−3 m EDTA 
(ethylenediaminetetraacetic acid), and 0.1% sodium azide) and cell 
proliferation was determined by measuring the fluorescence intensity 
of CTV using the LSRIIb. Flow cytometry analysis was performed using 
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405  nm excitation and a 460  nm bandpass emission filter. Unstained 
cells and CTV-stained cells fixed in FACS buffer after 6 h incubation 
served as negative and positive controls, respectively.

Flow Cytometry—Apoptosis Assay: An FITC Annexin V/Dead Cell 
Apoptosis Kit (Thermo Fisher Scientific) with FITC annexin V and 
PI for flow cytometry for rapid and convenient apoptosis assays 
was used. 40 000 cells per well of Jurkat cells were seeded onto PDL-
coated substrates in 48-well plate, followed by centrifugation at 200  g, 
32 °C, 15 min. Substrates carrying cells were transferred to a new plate 
with fresh media. At 2, 6, 12, and 24 h, cells were harvested from the 
substrates as described above and stained with the FITC Annexin V/
Dead Cell Apoptosis Kit following the manufacture protocol. Stained 
cells were analyzed on LSRIIb. FITC annexin V and PI were excited using 
488 nm laser and detected using 530 and 670 nm filters, respectively.

Loading of Nucleic Acids onto SiNWs: 10  µL of gWiz-GFP or  
Cy3-gWiz-GFP plasmid DNAs (10, 50, or 100 ng µL−1 in H2O; Aldevron) 
were placed on the PDL-coated substrates and allowed to stand 
overnight, 4 °C. Cargo-loaded substrates were briefly dried just before 
cell seeding.

Preparation of Fluorescence Tagged Plasmids: The Label IT Tracker 
Intracellular Nucleic Acid Localization Kit (Mirus, Japan) was used to 
add a fluorescence tag to plasmids. 5  µg of gWiz-GFP plasmids were 
mixed with 2.5  µL of Cy3, 5  µL of labeling buffer A (provided in the 
Kit), and 37.5 µL of water to make a final volume of 50 µL. The mixture 
solution was then incubated at 37 °C for 1 h. Cy3-tagged plasmids were 
then purified using ethanol precipitation.

SiNW-Mediated Cell Transfection: 20 000 cells per well of GPE86, 
40 000 cells per well of L1.2 and Jurkat, and 1 00 000 cells per well 
of primary T cells were seeded onto PDL-coated and cargo-loaded 
substrates described above in 48-well plate, in 250  µL Opti-MEM 
(Gibco), followed by centrifugation at 200  g, 32 °C, 15  min. After 
centrifugation and 6 h incubation at 37 °C in a humidified 5% CO2 
atmosphere, substrates carrying cells were gently rinsed, and transferred 
to new plates. The transfected cells were then detached from the 
substrates using 0.25% Trypsin/EDTA (Gibco) (adherent cells) or by 
gently pipetting (suspension cells), and cultured with fresh DMEM or 
RPMI media (complete DMEM for GPE86 cells, and complete RPMI for 
L1.2, Jurkat, and primary T cells) for 24–48 h.

Flow Cytometry—Detection of Plasmid Insertion and GFP Expression: 
Cells were harvested from substrates loaded with plasmids after 6 h 
incubation. For detection of Cy3 tagged-plasmid insertion, harvested 
cells were stained with Hoechst (to distinguish from nonliving particles) 
and PI (to exclude dead cells) and cells were immediately run through 
flow cytometry analysis. To investigate the transfection efficiency, GFP 
expression was measured 48 h after harvesting. The excitation/emission 
wavelengths for Cy3, Hoechst, PI, and GFP on LSRIIb were 561/580, 
355/495, 488/670, and 488/540  nm, respectively. Flow cytometry 
analysis was performed with proper negative and positive controls. 
Compensation was done to avoid fluorescence leakage between different 
channels.

Data Processing and Statistical Analysis: Fluorescence microscopy and 
SEM images were processed and analyzed by NIS-Element (Nikon), 
Image J, Microscopy Image Browser (MIB, University of Helsinki), and 
Amira (Thermo Fisher Scientific). Contrast and brightness were not 
varied from the original pictures. Flow cytometry data were analyzed with 
FlowJo. All statistical analyses were performed using Prism GraphPad 
7. Nonparametric two-sided Mann–Whitney U-tests were performed 
for comparison between two groups. A one-way analysis of variance 
(ANOVA) was used to calculate univariate data set with more than two 
groups, and two-way ANOVA tests to calculate multivariate data set. 
Values are represented as mean and mean ± standard deviation.
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