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ABSTRACT: Intracellular delivery is crucial for cellular engineering and the
development of therapeutics. Laser-activated thermoplasmonic nanostruc-
tured surfaces are a promising platform for high-efliciency, high-viability, high-
throughput intracellular delivery. Their fabrication, however, typically involves
complicated nanofabrication techniques, limiting the approach’s applicability.
Here, colloidal self-assembly and templating are used to fabricate large arrays
of thermoplasmonic nanocavities simply and cost-effectively. These laser-
activated substrates are used to deliver membrane-impermeable dye into cells
at an efficiency of 78% and throughput of 30000 cells min™' while
maintaining 87% cell viability. Proof-of-concept data show delivery of large
cargoes ranging from 0.6 to 2000 kDa to cells without compromising viability.
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The delivery of membrane-impermeable cargoes such as
nanoparticles, genetic materials, or functional proteins directly
into cells is a critical step for applications in medical research,
such as the manipulation of cells and tissues for regenerative
medicine or the engineering of cells for personalized cell
therapies.' Intracellular delivery methods include biological
vectors, such as viruses, chemical modifications of delivery
cargoes, such as lipofection, and physical techniques, such as
microinjection, electroporation, and optoporation.”’ While
research efforts have led to a continuous increase in efliciency
and sophistication, each of the approaches faces inherent
limitations.

For instance, viral-based delivery offers high-efficiency
delivery at high throughput but is limited in terms of cargo-
carrying capacity, the ability to only deliver genetic material,
and the potential for immunologic and oncogenic risks.”
Lipofection is a high-throughput chemical technique, but it is
cell-type specific, can require complex customization for
different cargo types, and suffers from endosomal trapping of
cargoes.” Electroporation, a widely used physical delivery
method that offers both high delivery efficiency and high
throughput for a range of cargo types, often results in low cell
viability , particularly for sensitive cell types.” Other physical
techniques, such as microinjection, sonoporation, magneto-
fection, and microfluidic squeezing, are ideal for certain
applications but are limited in terms of applicability to
sensitive, difficult-to-transfect cell types.2 To this point, no
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platform technology exists that combines highly efficient
delivery while maintaining cell viability, with high throughput
processing, versatility with respect to type of cell and cargo,
and simple, cheap, and affordable production.

Optoporation, a physical delivery technique, utilizes a tightly
focused laser beam to create a transient pore in the cell
membrane.” This technique offers high delivery efficiency and
high cell viability. As a consequence of the physical nature of
the process, optoporation is inherently versatile with respect to
the chemical nature of the cargo and the cell type to be used.
However, each cell must be porated individually by focusing
the laser beam directly onto the membrane, putting limitations
on the throughput. Modifications, including the use of active
flow in microfluidic channels and a nondiffracting beam,
slightly increase the throughput but not to the scale necessary
for therapeutic applications, which require on the order of 1 X
10% cells.” Laser-activated thermoplasmonic nanostructures
improve the throughput of this delivery technique by efficiently
absorbing the laser energy at multiple localized hotspots and
transferring energy to the surrounding medium.* This transfer
of energy to the surrounding solution results in the creation of
a bubble or pressure wave that generates a transient pore in the
cell membrane.’™” Gold nanoparticles have been used to
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Figure 1. Schematic illustration of intracellular delivery using a self-assembled laser-activated thermoplasmonic nanocavity substrate. (a) A
thermoplasmonic nanocavity substrate is placed at the bottom of a Petri dish. HeLa CCL-2 cells are cultured onto the substrate, and the laser beam
is scanned across the sample. (b) The laser beam spot illuminates specific regions of the self-assembled thermoplasmonic substrate, enabling
spatially selective intracellular delivery to the cells cultured in those regions. (c) The laser light energy is absorbed by the metallic nanostructures,
resulting in localized heating and the formation of bubbles in the surrounding cell medium. (d) The bubbles form transient pores in the cell
membrane, permitting membrane-impermeable target molecules in the surrounding cell medium to diffuse into the cell through the pores. After the
pores heal, the target molecules are enclosed in the cell, concluding the light-activated intracellular delivery.
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Figure 2. Fabrication and characterization of self-assembled thermoplasmonic nanocavity substrates. (a) Fabrication process for the
thermoplasmonic nanocavity substrate. A close-packed monolayer of monodispersed polystyrene colloidal particles is deposited onto a glass
substrate. Subsequently, the monolayer is backfilled with tetraethylorthosilicate (TEOS), a liquid glass precursor material. Calcination at 500 °C
combusts the organic colloid material, leaving an array of nanopores at the surface. A thin layer of titanium is finally deposited by directed
evaporation, producing a continuous film at the pore surfaces and individual discs at the bottom of the pores. (b) Top-view SEM image of
nanocavities. The cavities are ~1 pm in diameter with pore openings of ~800 nm. (c) Tilted SEM image of nanocavities, showing the continuous
porous Ti film on top of the nanocavities and the disconnected Ti discs at the bottom. (d) Photographic image of a thermoplasmonic nanocavity
substrate. (e) SEM image of chemically fixed HeLa CCL2 cell on the nanocavities. Each cell covers ~300 to 700 nanocavities, depending on the
size of the cell.

porate cell membranes with high efficiency, high viability, and limitations hinder a widespread use of these substrates in
high throughput for a range of cell types.® However, the gold research and technology.
nanoparticles remain in the cell after delivery as metallic An alternative to nanofabrication is the design of

nanostructures from the bottom-up through self-assembly
processes to direct suitable building blocks into ordered
arrangements of periodic surface structures over macroscopic
areas. Colloidal self-assembly employs spherical colloidal
particles—which can be conveniently synthesized at nanoscale
dimensions using scalable synthesis protocols—as building
blocks to create well-ordered arrangements in two and three
dimensions.*'® These colloidal crystals can serve as templates

residue and can form aggregates, which may cause toxicity in
the long term.” Laser-activated nanostructured substrates
bypass this limitation, as cells can be cultured on the
substrates, porated, and removed from the substrates (which
remain intact) after intracellular delivery without leaving
metallic particles within the cells.'""?

While laser-activated nanostructured substrates are a

promising option for intracellular delivery, their small feature to create nanoporous materials: A second material, typically
sizes typically require nanofabrication techniques that are serial sol—gel derived silica, is deposited within the interstitial sites of
in nature, and necessitate expensive and sophisticated the polymer colloidal crystal to create a porous layer after
instrumentation and clean room infrastructure.'’”"® These removal of the templating colloidal particles."”'” Note that,
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while the term nanopores in some communities is exclusively
used for pore dimensions much below 100 nm, porous
materials prepared by colloidal templating are also typically
referred to as nanopores,'®'” even though the dimensions are
typically in the range of 100—1000 nm. Alternatively, a
directed metal deposition step can produce defined metal
nanostructure arrays by exploiting the shadowing effect of the
colloidal particles on the surface.®'? Colloidal self-assembly
therefore provides a platform to create defined, functional
nanostructure arrays in a simple, fast, and scalable fash-
01'1.15,16,20

Here, we employ colloidal self-assembly and templating to
design defined thermoplasmonic nanocavity arrays over
macroscopic areas. We show that these structures permit
efficient laser-activated cell poration with high throughput and
high spatial resolution, enabling the delivery of model
components with different molecular weights with high
efficiency and cell viability.

Figure 1 shows the delivery of membrane-impermeable
cargoes into cells using a laser-activated self-assembled
thermoplasmonic nanocavity substrate. The substrate consists
of silica nanocavity structures coated with a thin titanium (Ti)
film. Upon illumination with a nanosecond pulsed laser, the
laser energy is absorbed by the metallic nanostructures and
converted into thermal energy, resulting in localized
heating.””" This high and rapid heating results in the
formation of bubbles in the surrounding aqueous environ-
ment.>~'%2%23 When cells are cultured on the substrate, these
bubbles porate the cell membrane that is in contact with the
substrate. Membrane-impermeable molecules in the surround-
ing cell medium then diffuse through these pores into the cell
before the cell membrane heals and seal the pores,
encapsulating the cargo within the cell.

We use colloidal self-assembly and templating for the
fabrication of the substrates, as schematically illustrated in
Figure 2a. In the process, we take advantage of the ability of
monodisperse colloidal particles to form close-packed, two-
dimensional crystals at the air/water interface. These close-
packed, two-dimensional assemblies form as a result of
attractive capillary forces acting on the colloidal particles at
the air/water interface.'® We follow a protocol from literature
and transfer a preassembled monolayer of polystyrene colloidal
particles to a glass coverslip.”* The colloidal monolayer is then
backfilled with tetraethylorthosilicate as the silica sol—gel
precursor material. The concentration of the sol—gel precursor
is chosen to partially fill the colloidal monolayer, embedding
the polymer colloids in a silica matrix.”> Upon calcination at
500 °C, the organic colloidal particles combust, resulting in an
array of nanocavities, termed an inverse colloidal mono-
layer.”>*° Finally, 50 nm of Ti is thermally evaporated onto
these nanocavities to form the thermoplasmonic substrate. A
detailed description of the fabrication process is in the
Supporting Information (Section 1). We chose titanium over
gold, which is commonly chosen for thermoplasmonic
intracellular delivery applications, because our simulation
results show Ti-coated nanocavities absorb laser energy more
strongly at the operating wavelength of 1064 nm than Au-
coated nanocavities (Supporting Information, Section 2, Figure
S1). The directed Ti deposition results in two distinct titanium
surface structures: a continuous porous Ti film on top of the
nanocavities and a Ti disc at the bottom of each nanocavity.
The thin metal film and nanostructures enable these substrates
to efficiently absorb laser light energy and convert it to thermal
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energy, resulting in highly localized heating both around the Ti
discs and the porous Ti film, thereby providing ideal
thermoplasmonic properties for intracellular delivery by
optoporation.22 A top-view scanning electron microscopy
(SEM) of the thermoplasmonic nanocavity substrate shows
the uniform and regular arrangement of the nanopore array
with pore diameters ranging in diameter from ~750 to 850 nm.
The hexagonal symmetry of the pores reflects the symmetry of
the colloidal templates (Figure 2b). The diameter of the pores
is determined by the concentration of the sol—gel solution and
can be precisely adjusted. The presence of the titanium
nanostructures as a continuous film with nanopores and
separated, individual discs at the bottom of the nanopores can
be directly seen in the inside-view SEM images (Figure 2c).
The diameter of the cavities is ~1 ym and is determined by the
size of the colloids used to form the monolayer.

Figure 2d shows a photograph of a thermoplasmonic
nanocavity substrate completely and homogeneously covering
a 14 mm by 14 mm glass coverslip. The structural coloration
arising from the nanostructured surface coating demonstrates
the high degree of uniformity of the self-assembled
thermoplasmonic substrate over macroscopic dimensions.

Figure 2e shows the morphology of a chemically fixed HeLa
CCL-2 cell on one of the nanocavity substrates (see
Supporting Information, Section 3 for details of the cell fixing
process). Each HeLa CCL-2 cell covers several hundred
nanocavities, with the exact number of nanocavities deter-
mined by the size of the cell and how it adheres to the region.
The density of nanocavities can be modified by altering the
size of the templating colloidal particles, enabling the
optimization of the number of nanocavities per cell and thus
the poration efficiency for any chosen cell type.

We investigate the thermoplasmonic poration-induced
delivery of molecules into HeLa CCL-2 cells as a function of
laser intensity. As a model delivery molecule, we chose calcein
green, a 0.623 kDa-sized membrane-impermeable green
fluorescent dye. We use fluorescence microscopy to quantify
the efficiency of delivery and viability of the cells as a function
of the fluence of the applied laser pulses (see Supporting
Information, Section 4 for a description of the fluorescence
microscopy and cell counting procedure). HeLa CCL-2 cells
are cultured on the nanocavity substrate before being scanned
with a nanosecond-pulsed laser (see Supporting Information,
Section S for a description of the cell culture and seeding
methods; see Supporting Information, Section 6 for details of
the laser scanning setup and technique). Only the cells in the
laser-scanned region are porated, enabling the diffusion of
membrane-impermeable calcein green dye into cells in the
irradiated area. Cells expressing green fluorescence indicate
successful intracellular delivery of the molecule. As shown in
Figure 3a, only substrate regions that have been exposed to
laser light produce cells with green fluorescence, while
unexposed surfaces remain dark, demonstrating the absence
of dye uptake without light irradiation. Importantly, this
thermoplasmonic delivery technique provides a high spatial
selectivity of the delivered molecules, which may open
pathways for the delivery of required substances to defined
regions of an engineered tissue. Figure 3b shows a fluorescence
microscopy image of HeLa CCL-2 cells on nanocavity
substrates that were porated to take up membrane-imperme-
able calcein green dye. We tested the cell viability by staining
the cells with calcein red-orange AM 4 h after laser-scanning
the substrate. Figure 3¢ shows that the porated and transfected
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Figure 3. Efficient and spatially-selective intracellular delivery using self-assembled thermoplasmonic nanocavity substrates. (a) Cells are porated
and take up fluorescent dye, only in the region irradiated by the laser, demonstrating spatially selective poration. (b) HeLa CCL-2 cells fluoresce
green upon poration and uptake of membrane-impermeable calcein green dye. (c) The same cells fluoresce after incubation with viability indicator
calcein AM, indicating that these cells exhibit healthy metabolic activity and remain viable after laser treatment. (d) The nanocavity substrates are
laser scanned over a range of laser fluences to determine the optimal fluence for maximizing delivery efliciency while maintaining cell viability. Cell
counting of fluorescence images indicates a delivery efficiency of ~78% and a viability of 87% at a laser fluence of ~12.6 mJ/cm? Data represent

mean =+ standard error from n = § data sets.

cells also express a calcein red-orange AM signal, indicating
viability.

To maximize delivery efficiency and cell viability we scanned
a single thermoplasmonic nanocavity substrate varying the
laser fluence in different locations, repeating the experiment
five times (Figure 3d). The laser beam was scanned across the
substrate by moving the stage holding the sample at a speed of
10 mm s, which equates to a throughput of ~30000 cells
min~'. This throughput could be easily scaled up by, for
example, using galvo-scanning mirrors to scan the laser beam
across the sample.”” To quantify the delivery efficiency and cell
viability, we imaged the cells after exposure to the laser light
using fluorescence microscopy and performed automated cell
counting on the images. The delivery efficiency is defined as
the number of cells that contain calcein green dye within a
laser-irradiated region divided by the total number of cells in a
nonlaser-irradiated region of the same size. The viability is
defined as the number of cells that express a calcein AM signal
within a laser-irradiated region, divided by the total number of
cells in a nonlaser-irradiated region of the same size. It is
important to note that, because the cell density is not perfectly
uniform across a single substrate, viability values above 100%
can result from the normalization procedure. At a laser fluence
of 8.7 mJ cm™, we observe a delivery efficiency of 4% and a
cell viability of 105%. As the laser fluence is increased to 12.6
mJ] cm™? the delivery efficiency increases, while the cell
viability remains above 85%. At a laser fluence of 12.6 mJ cm ™2,
we observe a delivery efficiency of 78% and a cell viability of
87%. This delivery efficiency is 4.3 times higher than the
delivery efficiency observed for a comparison experiment,
where a 50 nm thin film of Ti was evaporated directly onto an
unstructured glass coverslip before being seeded with cells and
scanned with a pulsed laser. In the case of the Ti-coated glass
coverslip, we observe an 18% delivery efficiency and 88%
viability at an optimum laser fluence of 10.8 mJ] cm™
(Supporting Information, Section 7, Figure S3). It is worth
noting that, although the glass coverslip is unstructured, the
evaporated Ti does have some surface roughness that likely
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mediates bubble formation upon laser irradiation (Supporting
Information, Section 8, Figure S4). As the laser fluence
increases above 12.6 mJ cm™2, the cell viability and delivery
efficiency both decrease. The delivery efficiency decreases
along with cell viability because calcein green only remains
inside cells that are viable and have an intact cell membrane. At
a laser fluence of 15.8 mJ cm™, we observe a delivery efficiency
of 12% and a cell viability of 16%. These results show that we
obtain maximum delivery efficiency at a fluence of 12.6 m]J
cm™,

In previous work, we used nanofabricated pyramids with 2.4
um baselengths and edge-to-edge spacings of 1.2 ym covered
in a 50 nm thin layer of gold (Au) to deliver calcein green dye
to HeLa CCL-2 cells.”” For the thermoplasmonic micro-
pyramid substrates, we determined the optimal fluence to be
54 mJ cm™?, which is ~5 times higher than the 12.6 mJ cm™
optimal fluence observed for the nanocavity substrates. The
maximum calcein green delivery efficiency of 78% for the
nanocavity substrates is slightly less than the 95% delivery
efficiency measured for the micropyramid substrates. However,
unlike with the micropyramid substrates, the fabrication
process for the nanocavity substrates does not require the
use of sophisticated and expensive cleanroom equipment. The
same nanosecond-pulsed laser system and scanning parameters
were used for both sets of experiments. The lower optimal
fluence for the nanocavity substrates may indicate that the Ti-
coated nanocavities are more efficient at absorbing and
converting laser energy than the Au-coated micropyramids or
may be due to the higher density of nanocavities on the
patterned substrates compared to the micropyramids.

Many membrane-impermeable cargoes of interest in
biomedical research are orders of magnitude larger than the
calcein green dye (0.6 kDa) used for our fundamental
investigations. For instance, siRNA, a key component in
gene therapy, has a molecular weight of ~13 kDa.”® Proteins
such as the CRISPR-Cas9 ribonucleoprotein complex, a
powerful gene-editing tool, and antibodies, which are of
interest for imaging, are ~150 kDa." To investigate the
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Figure 4. Intracellular delivery of large cargoes using self-assembled thermoplasmonic nanocavity substrates. (a—d) Confocal images of HeLa CCL-
2 cells show green fluorescence, indicating delivery of FITC-dextrans (fluorescein isothiocyonate) ranging in size from 70 to 2000 kDa. Cargoes of
150 kDa and smaller are delivered to both the cytoplasm and the nucleus, whereas cargos 500 kDa and above are delivered to only the cytoplasm.
(e—h) The same cells fluoresce after incubation with viability indicator calcein AM, indicating that all cells that are porated and that enclose the
target molecules also exhibit healthy metabolic activity and remain viable.

possibility of delivering high molecular weight compounds via
our thermoplasmonic nanocavity array, we performed proof-of-
concept experiments aiming to deliver fluorescently labeled
dextran macromolecules (fluorescein isothiocyanate (FITC)
dextrans), with molecular weights ranging from 70 to 2000
kDa, to HeLa CCL-2 cells. We used the optimal fluence of 12.6
mJ cm™? as determined by the calcein green delivery
experiments. The same laser scanning system and laser
scanning parameters used in the calcein green delivery
experiments were used in the FITC-dextran delivery experi-
ments.

Figure 4a—d shows confocal fluorescence microscopy images
of the cellular uptake of the different FITC-dextran polymers
with molecular weights of 70, 150, 500, and 2000 kDaA. A
fluorescence signal in the cell can be seen for all these
molecular weights, indicating delivery of the cargo into to the
cytoplasm of HeLa CCL-2 cells. Moreover, the 70 and 150
kDa FITC-dextrans appear to be delivered to the nuclei of the
HeLa CCL-2 cells as well, as evidenced by the green
fluorescence signal present throughout the entire region of
the cell, including the nuclear region, in the confocal image
slices. The intensity of the green fluorescence signal decreases
for larger dextrans, indicating that the number of delivered
molecules per cell decreases as the size of the delivered
molecules increases. This is likely because the larger molecules
diffuse more slowly, and therefore fewer molecules are able to
diffuse into the cells before the pores in the cell membrane
reseal. This inverse relation between delivery cargo size and the
number of delivered molecules per cell is in agreement with
results from other thermoplasmonic-substrate-based intra-
cellular delivery techniques.'” All cells that are successfully
porated and encapsulated FITC-dextran also express a calcein
AM signal, indicating they are viable after the experiment
(Figure 4e—h). These proof-of-concept studies demonstrate
the potential of the self-assembled thermoplasmonic nano-
cavity substrates to deliver large membrane-impermeable cargo
to HeLa CCL-2 cells while maintaining cell viability. The
ability to deliver large cargoes is crucial for applications such as
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footprint-free gene editing and imaging of intracellular
organelles. Although the development of laser-activated
thermoplasmonic substrates recently enabled high-throughput,
high-efliciency, and high-viability intracellular delivery of large
cargoes, the nanocavity substrates introduced here are the first
to utilize a simple, quick, and cost-effective self-assembly-based
fabrication process without necessitating the use of expensive
and sophisticated cleanroom equipment.'*™"*

In conclusion, laser-activated self-assembled thermoplas-
monic nanocavity substrates offer a promising intracellular
delivery platform. We show spatially selective delivery of
membrane-impermeable calcein green into HeLa CCL-2 cells,
at a delivery efficiency of 78% and a cell viability of 87%.
Additionally, we show successful delivery for diverse cargoes,
ranging in size from 0.6 to 2000 kDa. The optimal laser fluence
for the self-assembled nanocavity substrates is a factor of S
smaller compared to similar thermoplasmonic substrates
fabricated by nanofabrication. The spatially selective delivery
enabled by these substrates opens the possibility of delivering
cargoes to different cells or different regions of a tissue, which
is important for generating complex tissues and studying
interactions between subpopulations of cells.”” In addition, the
nanocavity substrates can be activated using a nanosecond-
pulsed laser system, which is less expensive, easier to operate,
and more stable than the femtosecond and picosecond laser
systems that are required for many plasmonic materials for
intracellular delivery.”'® The fabrication process is simple,
quick, and cost-eftective, making intracellular delivery experi-
ments more accessible. The ability to efficiently deliver a range
of membrane-impermeable cargoes into cells at high
throughput while maintaining high cell viability, has the
potential to advance the fields of biological and medical
research by further enabling studies involving gene-editing,
cellular engineering, imaging, and drug delivery.
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