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ABSTRACT: There is a great need in the biomedical field to efficiently,
and cost-effectively, deliver membrane-impermeable molecules into the
cellular cytoplasm. However, the cell membrane is a selectively
permeable barrier, and large molecules often cannot pass through the
phospholipid bilayer. We show that nanosecond laser-activated polymer
surfaces of commercial polyvinyl tape and black polystyrene Petri dishes
can transiently permeabilize cells for high-throughput, diverse cargo
delivery of sizes of up to 150 kDa. The polymer surfaces are
biocompatible and support normal cell growth of adherent cells. We
determine the optimal irradiation conditions for poration, influx of
fluorescent molecules into the cell, and post-treatment viability of the
cells. The simple and low-cost substrates we use have no thin-metal
structures, do not require cleanroom fabrication, and provide spatial
selectivity and scalability for biomedical applications.

Laser Irradiation
with cargo in media

KEYWORDS: spatially selective delivery, polymer, intracellular delivery, pulsed laser, metal oxide, carbon black

B INTRODUCTION Many devices have been created for cargo delivery, including
devices that use squeezing as the physical mechanism,”
microcapillary pipettes for microinjecting cargo,”’ microfluidic
devices,”* and plasmonic materials for cell poration. Plasmonic

To advance basic research in medical biology and develop
therapeutics, it is vital to understand and fix mechanisms at the
cellular level' and manipulate biological functions through the

delivery of molecular cargoes, such as proteins, antibodies, and poration of cells has been demonstrated using metallic
genetic materials.”” Proteins can be delivered into the cytosol nanoparticles™ and a variety of substrates made of titanium
to directly interfere with metabolic and signaling pathways of nitride, gold, and titanium, such as pyramidal arrays fabricated
cells. Genetic materials such as small interfering RNA can be using photolithography and nanocavity structures fabricated
deployed to manipulate gene expression.” With the develop- using self-assembling colloids;”*~>* however, metals used in
ment of CRISPR-cas9, gene-editing can be used for gene- nanophotothermolysis can ﬁragment.29 To avoid the risk of
therapy treatments, such as CCRS-knockdown for HIV metallic fragmentation from thin films and nanoparticles, it is
treatments.”” '’ In the emerging field of nanomedicine, it is important to explore other nonmetallic thin-film materials.
important to deliver biologically interesting cargo and Nonmetallic particles such as carbon nanoparticles®® and

. ) 1T12 . X ) . ‘ )
molecules directly into cells. However, direct delivery of polydopamine nanosensitizer particles’’ have been designed

such cargoes into the cellular cytoplasm is a challenge.'>"*
Each of the existing intracellular delivery techniques, such as
electroporation, viral transduction, and encapsulation with
liposomal reagents, comes with strengths and weaknesses.
While these methods may fit some application needs, they are
hindered by problems such as toxicity, low efliciency, or low
throughput. Another method, optotransfection,">~"” provides
high transfection efficiency, as well as high viability and
selectivity, but has a very low throughput as it only transfects Received: May 17, 2021
one cell at a time. To target and fix diseases, a cargo delivery Accepted: August 17, 2021
platform must be able to perform with high efficiency and Published: October 4, 2021
throughput without sacrificing cell viability."”

Nanotechnology and microfabrication have opened the door
for the creation of devices on the scale of biological systems."”

and synthesized for efficient cargo delivery, and this
demonstrates that carbon particles and polymer particles can
be used in place of metallic particles that have been
traditionally used for targeted drug delivery. The development
of nonmetallic particles has also opened doors to nonmetallic
substrate systems as delivery devices.

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsbiomaterials.1c00656
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In this paper, we demonstrate the use of polymer substrates
for cell poration and cargo delivery. We use commercially
available polyvinyl tape and black polystyrene Petri dishes to
deliver fluorescent cargo to cells and measure the post-delivery
viability of the cells. The polymer substrates are nontoxic to
cell lines and support normal cell growth and adhesion for
adherent cells. We use a near-infrared laser to minimize
interference with biological processes in the cells.”* By raster
scanning the laser beam over the substrates, we are able to
deliver cargo to cells at a rate of about 50,000 cells/min. We
demonstrate delivery of fluorescent dye molecules, ranging
from 648 Da to 150 kDa to adherent cell lines, and determine
the optimal irradiation parameters for delivery of these
molecules; for calcein green (648 Da), we achieve delivery
efficiencies of up to 40% with viabilities of 60%. Our results
demonstrate cargo delivery by nanosecond-pulsed laser
irradiation of off-the-self polymer, obviating the need for
nanofabrication and costly materials. While free-flowing
particle systems may require complicated chemical synthesis
or functionalization techniques, our method, which utilizes
bulk substrates, does not. Using bulk polymer substrates opens
the door to readily molded structures such as scaffolds for
different biological applications.

B EXPERIMENTAL SECTION

Our substrate is pigmented polyvinyl on a glass coverslip, as shown in
Figure la. Off-the-shelf black and white polyvinyl Duck Brand

Q laser pulse

fluorescent cargoes

|
cells

polymer coverslip

Figure 1. (a) Schematic of the polymer-based cargo delivery setup.
Cells are seeded on a polymer substrate placed inside a Petri dish
filled with a fluorescent cargo-containing medium. Laser energy
absorbed by the polymer substrate results in transient pores in the
cellular membrane, allowing the cargo to diffuse into the cells. (b)
Scanning electron microscopy image of HeLa cells fixed on a carbon
black-pigmented polyvinyl surface, showing cell adherence and
material surface morphology. The cells are rounded features of
about 15 pum size.

Professional Electrical Tape substrates are used and mounted on glass
no. 2 coverslips, adhesive-side down, for rigidity and ease of handling.
These substrates are placed in a 100 mm Petri dish for cell seeding.
We grow adherent HeLa CCL-2 or Panc-1 cells on the substrates in a
mixture of 10% fetal bovine serum medium, Dulbecco’s modified
Eagle’s medium without phenol red, 1% L-glutamine, and 1%
penicillin streptomycin. The samples are incubated at 37 °C and
5% CO, and passaged two to three times per week. The cells are used
in experiments when they reach 80% confluence in flasks and before
the 30th passage. Five million cells are seeded overnight in 15 mL of
medium in a 100 mm Petri dish. After the cells are grown on the
substrates, each seeded substrate is transferred from the media-filled
100 mm Petri dish to a 35 mm Petri dish with 2 mL of a phosphate
buffered saline (PBS) solution. The solution contains the membrane-
impermeable fluorescent cargo of interest: calcein green at 0.57 mg/
mL or FITC-dextran (10, 20, 40, 70, and 150 kDa-sized) at 25 mg/
mL. When the cell membrane is porated, the membrane-impermeable
dye molecules diffuse into the cytoplasm before the pores close. The
loaded cells are detected in the green fluorescence channel. Figure 1b
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shows HeLa cells that are chemically fixed on the polymer substrates,
with a 5 nm thick coating of Pt/Pd to permit scanning electron
microscopy. The cells adhere to the sample surface without any
surface treatment.

The dish with the seeded samples is placed on an xy scanning stage
to permit raster scanning of the laser beam over a selected area of the
sample. The system uses an 11 ns pulsed Nd:YAG (neodymium-
doped yttrium aluminum garnet) laser with a repetition rate of S0 Hz,
operating at a wavelength of 1064 nm, and is Q-switched and turn-key
operated. The diameter of the laser beam spot on the substrate surface
is approximately 1 mm and has a Gaussian beam profile. The energy
output of the laser is varied using a built-in laser attenuator and a half-
wave plate and polarizer combination, yielding an excitation fluence
ranging from 30 to 130 mJ/ cm? at the substrate surface. The
scanning-stage raster scans the sample in the x and y directions over a
distance of 100 mm and 500 pm, respectively, at a speed of 10 mm/s.
Given this speed, laser repetition rate, and the laser beam spot size,
each point in the scanned area is exposed to about six laser pulses.

To determine the viability of the cells post-treatment, we transfer
the cell-covered substrate to a new 36 mm Petri dish, incubate the
cells for 15 min in a solution containing 2 mL of calcein AM red-
orange (emission at 590 nm under 577 nm excitation), a viability
indicator, and then rinse them twice in PBS. After acetoxymethyl ester
hydrolysis of calcein AM red-orange by intracellular esterase, only
cells with healthy metabolic activity express fluorescence in the red
channel. Cells that express calcein AM red-orange and the delivery
cargo in the green channel (emission at 515 nm under 495 nm
excitation) are both alive and have the non-membrane-permeable
cargo delivered into the cytoplasm before the pores close. The ability
to perform spatial selectivity of treatment allows for in situ control
experiments in the same Petri dish.

To quantify the treatment efficiency and viability for each
experiment, we take two images of each area that has been irradiated:
one in the green channel to determine the efficiency of delivery and
one in the red channel to determine viability. The images are overlaid
and processed in Image] to count the number of cells in each channel
in the selected area. Efficiency and viability are determined by dividing
the number of green-emitting and red-emitting cells, respectively, by
the number of red-emitting cells in an equally sized control area that is
not irradiated. Each experiment is repeated three times to obtain the
standard error from three independent experiments.

B RESULTS

Figure 2 shows the fluence dependence of the calcein-green
delivery efficiency and post-treatment viability of HeLa CCL2
and Panc-1 cells grown on a black polyvinyl substrate. The
post-treatment viability decreases with increasing fluence
because the increased radiation causes the cells to lyse and
so they can no longer hold the cargo inside. Although the
delivery efficiency initially increases with increasing fluence, it
is capped by viability and therefore decreases at high fluence.
For both cell types, we obtain a maximum calcein-green
delivery efficiency of 40% and a viability of 60% at a fluence of
76 mJ/cm®

To study the feasibility of larger cargo, we also studied the
delivery of 10, 20, and 40 kDa FITC-dextran molecules to
HeLa cells in a black polyvinyl sample. Figure 3 shows the
green (left) and red (right) fluorescent images and integrated
intensity profiles from the samples after irradiation, showing
delivery and viability, respectively. The bright bands in the left
images correspond to the regions where cargo was delivered to
the cells; in each of the images, the top band was irradiated at a
fluence of 89 mJ/cm? and the bottom one at 76 mJ/cm?. The
dark regions around these bands correspond to regions that
were not irradiated and where no cargo was delivered to the
cells. Note that the fluorescence intensity is higher at the
higher irradiation fluence and that it decreases with increasing
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ACS Biomater. Sci. Eng. 2021, 7, 5129-5134


https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00656?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00656?fig=fig1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

b 100 T T T T

a 100 Qr T T
HelLa
<801 calcein green _|
< ?
> % O viability
= @ efficiency
= g0l _
g ?
2
=
5 ! ¢
(]
= o
G 201 { ¢
s 8
| | | |
20 40 80 100

60
fluence (mJ/cm?)

120

Panc-1
—_ L calcein green _|
380 9
= o viability
= @ efficienc
S 60 ey
©
$
S 40
; S
- ? 3
® 20 ™ } 3 -
L] .
0 I | | |
20 40 80 100 120

60
fluence (md/cm?)

Figure 2. Fluence dependence of the viability (open circles) and delivery efficiency (closed circles) of calcein green delivery to (a) HeLa and (b)
Panc-1 cells. Viability is defined as the number of cells that express calcein AM red-orange (a viability indicator) in a laser-scanned area divided by
those in an equal-sized non-laser-scanned area. Efficiency is defined as the number of cells that show fluorescence in the green channel divided by
the number of cells that express calcein AM red-orange in an equal-sized non-laser-scanned area. The mean efficiency and viability with
corresponding error bars denoting standard error from n = 3 independent experiments are plotted.
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Figure 3. Delivery efficiency and viability of delivery of dextran
molecules of various molecular weights to HeLa cells using
nanosecond laser irradiation of a black vinyl polymer surface.
Expression of FITC-dextran of molecular weights (a) 10 kDa, (b)
20 kDa, and (c) 40 kDa in HeLa cells. (d—f) Corresponding viability
post-treatment with calcein AM red-orange (images altered to
magenta for color-differentiation clarity). The top strips in each
image were exposed to a fluence of 89 mJ/cm* and the bottom strips
to 76 mJ/cm®. The curves to the right of each image represent the
horizontally integrated intensity across the image.

cargo size. The corresponding fluorescent images on the right
show that there is little cell death at these fluences. The
Supporting Information provides a quantitative measurement,
using flow cytometry, of delivery efficiency and viability for
larger FITC-dextran cargoes: we were able to achieve ~40%
delivery efliciency for 10 and 20 kDa molecules and ~20% for
40, 70, and 150 kDa molecules. It should be noted that we do
not observe cargo delivery on clear polyvinyl tape, on a clear
polystyrene Petri dish, or on a clear glass coverslip, suggesting
that pigments that interact with the laser wavelength are
required for delivery.

The laser-irradiated black tape can also support primary cell
growth, as demonstrated in the Supporting Information.
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Calcein green and dextran 10 kDa were delivered to primary
human aortic valve interstitial cells. We were also able to
deliver FAM-labeled Negative Control No. 1 siRNA (Silencer
from Invitrogen) to HeLa cells at a rate of 9.2% with the black
polyvinyl tape, as shown in the flow cytometry measurements
in the Supporting Information. This is much lower than the
40% delivery efficiency that we were able to achieve with the
FITC-dextran 10 kDa molecules. This may be due to the lower
concentration of the siRNA molecules in the media during
irradiation.

We also investigated cargo delivery on black polystyrene
(Supporting Information) and white polyvinyl samples (Figure
4). Black polymers are pigmented with carbon black, whereas
white polymers are pigmented with a metal oxide, such as
titanium dioxide or zinc oxide.”® We directly seeded HeLa cells
on a black polystyrene Petri dish, while the white polyvinyl
samples were placed in a regular Petri dish, seeded with HeLa
cells. The white polyvinyl samples scatter the incident light,
which causes a background signal in the images. As shown in
Figure 4, the green fluorescence images show two bands,
corresponding to the areas irradiated by the laser. For the
white polyvinyl, we used fluences of 130 mJ/cm? (top band)
and 120 mJ/cm? (bottom band). The images demonstrate that
we also can deliver cargo to HeLa cells using white polyvinyl
and black polystyrene. A higher range of laser fluence was used
for the white polyvinyl than for the black polyvinyl, as lower
laser fluence irradiation does not produce porated cells on the
white polyvinyl substrates.

The polymer substrates vary greatly in optical absorption.
Table 1 shows the spectrophotometer measurements of white
polyvinyl and black polyvinyl, indicating high absorptance at
1064 nm for black polyvinyl and low absorptance at this
wavelength for white polyvinyl and showing that delivery and
absorption of energy are not correlated. A previous study,
however, reports a relationship between impulse and laser-
induced or shock-wave-induced cargo delivery to cells.”* To
monitor any acoustic wave generated by the laser irradiation of
the samples, we measured the pressure near the irradiated area
(Supporting Information). As one would expect, the amplitude
of the pressure wave correlates with absorption. However, it
does not correlate with cargo delivery, as we observe no
pressure waves for white polyvinyl, which delivers cargo as
efficiently as the black polyvinyl.
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Figure 4. (a) HeLa cells with calcein green and (b) the same cells stained with a viability indicator, calcein AM red-orange (images altered to
magenta for color-differentiation clarity). (c) Measurement of delivery efficiency and viability of calcein green at varying laser fluences, quantified
by flow cytometry, with white polyvinyl tape substrates and (d) black polyvinyl tape substrates. Viability is obtained using propidium iodide to stain
dead cells. The mean efficiency and viability with corresponding error bars denoting standard error from n = 3 independent experiments (flow
cytometry measurements for each experiment account for 10,000 cells) are plotted.

Table 1. Spectrophotometer Measurements of the White
Polyvinyl Tape, Black Polyvinyl Tape, and Black
Polystyrene Petri Dish at 1064 nm Wavelength®

R T A=1-R-T
white tape 0.628 0.385 0.013
black tape 0.043 0.957
black Petri dish 0.054 —0.001 0.947

“The reflectance and transmission are measured directly from the
samples, and the absorption is calculated and obtained as 1 minus the
reflection and transmission. No transmission is measured from the

black tape.

B DISCUSSION

Our results conclusively show that we can deliver cargo to cells
using a variety of polymer surfaces. We demonstrate delivery of
cargo up to 150 kDa, which is on the scale of siRNA and
CRISPR-cas9, and obtain efficiencies and viabilities approach-
ing those obtained with nanofabricated gold pyramids,”
titanium-nitride inverse pyramids,”® and self-assembled
titanium nanocavities,”” which were also irradiated with the
same pulsed-laser wavelength and parameters. The viability at
maximum efficiency we obtain for the delivery of calcein green
to HeLa cells on off-the-shelf polymer substrates (60%) is
lower than the viability obtained for the metallic nano-
structured substrates (87—98%) and requires a higher laser
fluence (7.5 mJ/ cm? vs 1-5 mJ/ cmz). Similarly, the maximum
efficiency on the polymer substrates (40%) is lower than that
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for metallic nanostructured substrates (78—95%), but part of
this decrease in efficiency is due to the lower viability.

While it may be possible to improve the efficiency by
optimizing the surface morphology of the polymer substrates,
the simplicity of these materials makes them appealing even if
the performance is somewhat diminished compared to other
techniques. Polymer substrates are inexpensive and could be
easily integrated into devices. Unlike the nanostructured
substrates, polymer substrates involve no metals and do not
require nanofabrication or clean-room handling. However,
polymer structures may be combined with metals such as gold
to fabricate a controlled heating substrate for efficient cargo
delivery of around 90% in the kilo-dalton-sized range.”
Dynamic photothermal polymers have also been synthesized
and functionalized to harness localized heating to perform
transfection of 100 kDa sized genetic materials at around 85%
efficiency,”® further motivating nonreliance of thin-film metal
structures for efficient cell-membrane poration and to lower
the cost of device production.

Laser-irradiated delivery of cargo to cells relies on diffusion
through transient pores that are formed in the cell membrane
during laser irradiation.'® The larger the cargo, the lower the
probability that it will enter the cellular cytoplasm via the
transient pores before they self-heal. Indeed, the deliver
efficiency decreases with cargo size, both for the polymer
substrates (Figure 3) and for the nanofabricated gold
pyramids.”*

Previous work on cargo delivery with laser-irradiated
metallic substrates involved nanostructured surfaces. The

https://doi.org/10.1021/acsbiomaterials.1c00656
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polymer substrates, however, have a very different surface
morphology from the nanostructured substrates. Scanning
electron microscopy reveals random structures over a range of
sizes, while profilometry shows that the surface roughness is
around 1 ym (see the Supporting Information). The surface
roughness increases slightly after irradiation with fluences for
which the viability decreases. In the scope of pulsed-laser-
irradiated substrate-based platforms, between the polymer
substrates and metallic substrates and particles from previous
reports in the literature, there appears to be no correlation
between surface features and poration.

Polyvinyl chloride begins to deform at around 170—180
°C,”” which suggests that the black polyvinyl tape substrates
reach these temperatures at high laser-fluence irradiation;
however, the surface roughness does not change even at higher
fluences for the white polyvinyl substrate. The lack of pressure
waves measured from irradiated white polyvinyl and the low
absorption at 1064 nm in the spectrophotometer point to the
absence of a high temperature rise for the poration method.
High-absorbent and low-absorbent substrates both cause cargo
delivery upon laser irradiation. The higher viability attained in
the flow cytometry measurements for the white polyvinyl tape
compared to the black polyvinyl tape suggests laser-irradiating
inert metal oxides may prevent post-treatment cell death. The
laser—material interactions between nanosecond pulsed laser
and metal oxides, such as titanium dioxide, may be further
explored in the future.

B CONCLUSIONS

We demonstrated direct intracellular cargo delivery using
simple, off-the-shelf polymer substrates and a turn-key pulsed
laser, which permits spatially selective cargo delivery within a
population of cells. Even without optimization of the
substrates, the delivery method with absorbent black polyvinyl
surfaces is effective for cargo up to 150 kDa in mass, opening
the door to the delivery of small genetic molecules using very
simple and inexpensive means. The spatial selectivity of the
method allows for in situ control experiments in a single Petri
dish, with cargo delivered only to selected regions in the dish.
The simple method also opens the door for a more
sophisticated design incorporating inert oxides such as
titanium dioxide and for further investigation on controlled
perturbation of the cell membrane.

Because polymers are readily molded into scaffolds, the
technique we present can support direct intracellular cargo
delivery for different biological and biomedical applications.
Some polymers, such as bioplastics using agarose or chitosan,
are both biocompatible and biodegradable. These polymers
can be combined with pulsed-laser systems to create potential
in vitro cell treatments. The combination of biocompatible, and
possibly biodegradable, polymers and pulsed-laser excitation
creates a simple and versatile intracellular delivery platform
that paves the way for new research and treatments in cell
biology and medicine.

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00656.

Optical profilometer measurement of surface roughness
of black polyvinyl surfaces after being exposed to lasers
of varying fluences; SEM images of substrates pre- and
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post-laser irradiation; needle hydrophone measurements
of pressure wave impulse with respect to laser fluence
and calculation details; sets of flow cytometer measure-
ment plots and raw data; and sets of raw fluorescence
images of cells on substrates treated by laser irradiation
(PDF)
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