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Nanoparticle-sensitized photoporation for intracellular delivery of external compounds usually relies
DOI:00.0000/000000000x on the use of spherical gold nanoparticles as sensitizing nanoparticles. As they need stimulation with
visible laser light, they are less suited for transfection of cells in thick biological tissues. In this work,
we have explored Black Phosphorus Quantum Dots (BPQD) as alternative sensitizing nanoparticles
for photoporation with a broad and uniform absorption spectrum from the visible to the Near Infra-
Red (NIR) range. We demonstrate that BPQD sensitized photoporation allows efficient intracellular
delivery of We demonstrate that BPQD sensitized photoporation allows efficient intracellular delivery
of both siRNA (>80%) and mRNA (>40%) in adherent cells as well as in suspension cells. Cell
viability remained high (>80%) irrespective whether irradiation was performed with visible (532nm)
or near infrared (800nm) pulsed laser light. Finally, as a proof of concept, we used BPQD sensitized
photoporation to deliver macromolecules in cells with a thick phantom tissue in the optical path. NIR
laser irradiation resulted in only 1.3x reduction in delivery efficiency as compared to photoporation
without phantom gel, while with visible laser light the delivery efficiency was reduced 2x.

Intracellular delivery technologies have become indispensable in
biomedical research™, whether it is for modifying cell behavior
with nucleic acids or proteins, or for imaging of cells with con-
trast agents. However, especially when working with primary
hard-to-transfect cells, it remains a challenge to deliver such ex-
trinsic compounds with high efficiency, and low cytotoxicity into
the cytosol of cells. So far, biological, chemical and physical meth-
ods have been developed to achieve delivery of macromolecules
across the cell membrane. Toxicity and immunogenicity of vi-
ral vectors are a major disadvantage of biological methods, apart
from the fact that they are only suited to deliver nucleic acids?.
Chemical vectors, including polymers and lipids, have a better

safety profile but often lack in efficiency on primary and ‘hard-
to-transfect’ cells®. This is why substantial efforts have gone
into developing physical methods like microinjection®, electro-
poration®®, biolistics?19 magnetofectionand sonoporation™2.
They all have in common that they use a physical trigger or force
to perturb the cell membrane, allowing active or passive entry
of external molecules inside cells. Especially for in vitro or ex
vivo applications, such as for the production of engineered cells,
physical methods have proven to be broadly applicable to many
cell types and a wide range of macromolecules. Striving for ever
better intracellular delivery efficiencies with minimal cell toxicity,
nanoparticle sensitized photoporation has emerged as a particu-
larly promising upcoming physical intracellular delivery method.
With pulsed laser irradiation, photothermal nanoparticles can
generate thermal and mechanical effects that induce transient
permeabilization of the cell membrane.13. Even though femto-
and picosecond laser pulses have been successfully used 1418,
most studies rely on nanosecond pulsed lasers, which are far more
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affordable for the same power output™31222 Traditionally, gold
nanoparticles (AuNPs) have been used the most as photothermal
sensitizers, which can be efficiently excited within their relatively
narrow plasmon extinction peak ( 520-565 nm), for instance
with a Q-switched DPPS laser at 532 nm23. While irradiation
in the visible spectrum is perfectly fine for intracellular delivery
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in monolayers of cells, in thicker tissues it would be preferrable
to move to longer wavelengths in the first biological transparency
window (650-950 nm) where less light scattering and absorption
occurs?#, Since spherical AuNP have low light absorption in that
region, gold nanorods have been suggested instead2>. They are,
however, more difficult to synthesize and require potentially toxic
reagents such as CTAB20127,

To extend nanoparticle sensitized photoporation towards ex-
citation in the NIR range, in this work we explore the use of
Black Phosphorus (BPQD) nanoparticles which have an extremely
broad and uniform absorption spectrum across the visible and
NIR range with high photothermal conversion efficiency and
good biocompatibility?®. In addition, their 2D lamellar struc-
ture offers the possibility for further functionalization to im-
prove, for instance, cell membrane attachment and intracellu-
lar delivery efficiency. First, we synthesize Black Phosphorus
Quantum Dots (BPQD) functionalized with the cationic poly-
mer polyethyleneimine to enhance adsorption to the negative cell
membrane via electrostatic interaction. The BPQD are character-
ized in terms of extinction spectrum, size, zeta potential and mor-
phology. Next we investigate their suitability to deliver a broad
range of macromolecular compounds, including mRNA, by photo-
poration in adherent (HeLa) and suspension (Jurkat cells) cells.
Finally, we explore if BPQD enable enhanced photoporation ef-
ficiency through a 2 mm thick phantom tissue with NIR pulsed
laser excitation. In summary, this study performed BPQDs me-
diated Photoporation as a more broadly application system for
macromolecule intracellular delivery, which is also expected to
extend in vivo photoporation in the future.

1 Results

1.1 Synthesis and characterization of black phosphorus
quantum dots

BPQD were synthesized by liquid stripping of bulk BPQD as re-
ported before??” . The UV-vis absorption spectrum was measured
for different concentrations of BPQD. As expected, the BPQD were
found to have an almost uniform extinction spectrum from 250
nm to 850 nm (Fig. 1a). Even though the extinction spectrum
has a scattering component to it, this suggests that any excitation
wavelength in this range could likely be used for photoporation.
Transmission electron microscopy (TEM) showed that the BPQD
had a circular shape with a size of 20.2 + 5.1 nm (Fig 1b). Next,
the BPQD suspension was irradiated with 532 nm pulsed laser
light (5 ns pulses) and 800 nm pulsed laser light (2 ps pulses).
The laser beam was scanned across the sample such that each po-
sition was illuminated with a single laser pulse. When measuring
the UV-vis spectrum afterwards, it was noticed that the absorp-
tion spectrum had decreased onwards from 400 nm (Fig. 1c).
The decrease in absorption was proportional to the applied laser
pulse fluence, irrespective of the type of laser irradiation. This is
an indication that BPQD undergo structural changes upon pulsed
laser irradiation. It has been previously reported that BPQD can
degrade into biocompatible substances like PO23—,P0O3%— and
P04’ — upon laser irradiation %31, This is in line with our obser-
vation that the pH of BPQD in ddH20 decreased proportionally to
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the applied laser pulse fluence (Fig. 1d). Importantly, in the ab-
sence of laser irradiation, the BPQD stored at 4°C remained stable
in water for at least 4 months (Fig. S1).
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Fig. 1 Characterization of BPQD. (a) UV-Vis absorption spectra of
BPQD for various concentrations in water (8.43, 5.26, 2.63 and 1.33 X
10° particles/mL); (b) Representative TEM image and size distribution
of BPQD; (c) UV-Vis extinction spectra of BPQD before and after ir-
radiation with 532 nm laser lights of 5 ns pulses (0.11and 0.33 J/cm?),
and with 800 nm laser light of 2 ps pulses (0.08 and 0.17 J/cm?); (d)
The pH of BPQD dispersed in ddH20 before and after laser irradiation;
(e) The Zeta potential of pristine BPQD, and BPQD after pegylation
(BPQD-PEG) or coating with polyethyleneimine (BPQD-PEI); (f) Com-
parison between BPQD, BPQD-PEG and BPQD-PEI for FD10 delivery
in Hela cells by photoporation.

1.2 Surface functionalization of BPQD and photoporation ef-
ficiency

Next, BPQD were further functionalized with polyethylene glycol
(PEG) or the cationic polymer polyethyleneimine (PEI, 25kDa).
The zeta potential of pristine BPQDs in water was -16.1 mV, which
changed to -30.4 mV after PEGylation or +23.8 mV after coating
with PEI (Fig. 1e). Next, BPQD, BPQD-PEG and BPQD-PEI were
used for photoporation experiments on adherent HeLa cells. The
particles were incubated with Hela cells for 30 mins at increasing
concentrations (2.8, 5.8 and 7.25x 108 part/ml), after which cells
were washed and supplemented with fresh cell culture medium
containing 2 mg/ml FITC-dextran of 10 kDa (FD10). FD10 was
chosen as model macromolecule whose intracellular delivery can
be easily quantified by flow cytometry. Cells were subsequently
irradiated with pulsed laser light (532 nm, 5 ns, 0.11 J/cm?).
When determining the percentage of FD10 positive cells by flow
cytometry, it is clear that BPQD-PEI provided the highest deliv-
ery efficiency, with >90% positive cells for 2.8 x 103 part/ml (Fig.
1f). Pristine and PEGylated BPQD clearly yielded lower delivery
efficiencies for the same nanoparticle concentrations. This is most
likely due to better adhesion of the cationic BPQD-PEI to the neg-
atively charged cell membrane. Even though photoporation with
BPQD-PEI was more toxic at the concentrations tested here (Fig.
S2), it was decided to continue from here on with BPQD-PEI,
knowing that cell viability can be improved by fine-tuning of the
particle concentration, which will be done in the next section.



1.3 Photoporation with BPQD-PEI using visible and NIR
laser wavelengths

Next, we wanted to verify if intracellular delivery can be achieved
with both visible and NIR irradiation. First, we optimized PEI-
BPQD concentration for optimal delivery of FD10 in HeLa’s with
532 nm laser pulses (5 ns, 0.11 J/cm?) (Fig. 2a). As expected,
the delivery efficiency increases with particle concentration at the
expense of cell viability which was measured 2 h after photopo-
ration with the Cell Titer-Glo metabolic assay. For the highest
particle concentration (2x108 par/ml) 80% positive cells were
obtained with 80% cell viability. The same experiment was then
repeated with 800 nm laser pulses (2 ps, 0.08 J/cm?). Again we
found that delivery efficiency increased with increasing particle
concentrations (Fig. 2b), but with a concomitant decrease in cell
viability (Fig. 2c¢). An increasing delivery efficiency for higher
particle concentrations can also be visually appreciated from the
representative confocal images in Fig. S3a. Again 80% positive
cells with 80% viability was obtained with 800 nm laser irradi-
ation (0.08 J/cm?) for the highest particle concentration (2x 108
part/ml), showing that BPQD enable equally efficient photopora-
tion of cells irrespective of the wavelength used.
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Fig. 2 Photoporation of Hela and Jurkat cells with PEI-BPQD using
different laser wavelengths. (a) Evaluation of FD10 delivery efficiency
(% positive cells) and rMFI in HelLa cells by flow cytometry. Cell viability
was measured 2 hours after photoporation. Photoporation was performed
with a 532 nm laser (5 ns, 0.11 J/cm?) using PEI-PB at a concentration
of 0, 0.5, 1, 2 and 108 par/ml. (b) FD10 delivery efficiency in Hela cells
by photoporation with a 800 nm laser (2 ps, 0.08 J/cm?). (c) Evaluation
of FD500 delivery efficiency and rMFI in Jurkat cells as measured by
flow cytometry. Cell viability was measured 2 hours after photoporation.
Photoporation was performed with a 532nm laser (5 ns, 0.11 J/cm?)
using PEI@BPQD at a concentration of 0, 0.5, 1, 2 and 10° par/ml. (d)
FD500 delivery efficiency in Jurkat cells by photoporation with 800 nm
laser irradiation (2ps, 0.08 J/ cm?) using PEIGBPQD at a concentration
of 0, 0.5, 1, 2 and 10° par/ml.

Next, we tried to deliver FD500 into difficult to transfect Ju-
rkat suspension cells, which is a frequently used model cell line
for hard-to-transfect T cells. With 532 nm laser irradiation (5 ns,
0.11 J/cm?), 36.7% positive cells were obtained with 80% cell
viability at 1x10° par/ml (Fig. 2d), while for 800 nm irradia-
tion (2 ps, 0.08 J/cm?) 61.3% positive cells were obtained with
>80% viability at 1x10° part/ml (Fig. 2e). Fig. S3b shows rep-

resentative confocal images after photoporation (800 nm, 0.08
J/cm?) for increasing BPQD-PEI concentrations (0, 0.5, 1 and 2
x10° par/ml). It is surprising that with 800 nm laser irradia-
tion the delivery efficiency of FD500 was better than for 532 nm
irradiation, while this was not the case for FD10. Presumably
this is due to differences in photothermal phenomena generated
with 5 ns pulses at 0.11 J/cm?2 as opposed to 2 ps pulses at 0.08
J/cm2. Indeed, it was shown before that ps laser pulses are more
efficient than ns pulses in heating of nanoparticles and VNB for-
mation due to better heat confinement=2, As it leads to a higher
temperature in the nanoparticles for the same laser fluence, ps
laser irradiation is more likely to induce the generation of water
vapor nanobubbles, while with ns laser pulses of a similar fluence
only heat will be generated. While heated nanoparticles can per-
meabilize the cell membrane, VNB can form bigger pores in the
cell membrane'l?. Even though this may not make a difference
for fairly small macromolecules such as FD10, it could affect the
intracellular delivery of large macromolecules such as FD500.

1.4 Cell transfections with siRNA and mRNA

Next we wanted to verify if photoporation with PEI-BPQD can be
used to deliver actual functional biological molecules into cells.
For the optimized conditions based on FD10 delivery in adherent
HelLa cells with 532 nm laser irradiation, we transfected H1299-
eGFP cells with eGFP-siRNA, of which exemplary confocal images
are shown in Fig. 3a. Untreated H1299-eGFP cells constitu-
tively express eGFP, which did not change when cells were in-
cubated with siRNA and PEI-BPQD (without laser irradiation) or
with siRNA and laser irradiation (without PEI-BPQD). However,
after BQPD sensitized photoporation in the presence of eGFP-
siRNA, eGFP fluorescence clearly diminished after 24 h, even for
the lowest siRNA concentration of 0.5 uM. A clear decrease in
eGFP expression was also observed by flow cytometry (Fig. 3b),
reaching 75% knock-down efficiency for 0.5 uM siRNA and in-
creasing slightly to 80% for 2 uM siRNA. Cell viability, measured
by CellTiter-Glo after 24h, remained 90-100% in all cases. This
shows that efficient functional transfections are very well possible
with BPQD sensitized photoporation.

Next, we tried transfecting Jurkat cells with mRNA, which has
a molecular weight of the same order as FD500. Since we ob-
tained the best delivery efficiency for FD500 with 800 nm 2ps
laser pulses, we continued with the optimized conditions for that
laser. As can be seen in the exemplary confocal images in Fig.
4a, both the percentage of eGFP transfected cells and the amount
of eGFP expression increased with increasing mRNA concentra-
tion (0.1-0.4 ug/ml) 24 h after photoporation. Quantification by
flow cytometry showed about 40% positive cells for an mRNA
concentration of 0.1 ug/ml. The transfection efficiency increased
to 53% when increasing the mRNA concentration to 0.4 ug/ml,
although at the expense of decreased cell viability. These re-
sults once more confirm that intracellular delivery of functional
molecules in cells is very well possible with PEI-BPQD sensitized
photoporation, even when using NIR laser irradiation.
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Fig. 3 Hela cells transfected with siRNA by BPQD sensitized photopora-
tion using 532 nm laser irradiation (0.11 J/cm?, 5 ns). (a) Representative
confocal images of H1299-eGFP cells without treatment, treatment with
eGFP-siRNA and BPQD-PEI without laser irradiation (BPQD control),
treatment with eGFP-siRNA and laser irradiation without PEI-BPQD
(Laser control), and photoporated with different concentrations of eGFP-
siRNA (0.5 pM, 1 pM and 2 pM). The scale bar is 100 pm. (b) Repre-
sentative corresponding flow cytometry histograms. (c) Knockdown effi-
ciency and cell viability of eGFP-siRNA photoporated cells as determined
by flow cytometry and CellTiter-Glo, respectively. (n=3, ***p<0.001,
*p<0.5, ns=nonsignificant).

1.5 BPQD sensitized photoporation of cells through phan-
tom tissue

The possibility to perform BPQD sensitized photoporation at 800
nm laser irradiation should enable better cell transfections in
thick tissues. To evaluate this, we photoporated HeLa cells with
FD10 with a 2 mm thick phantom tissue between the laser and
cells, as schematically depicted in Fig. 5a. Using 532 nm laser
irradiation (0.11 J/cm?2), delivery efficiency was 40% (Fig. 5b),
which is 2x less of what was achieved without the phantom gel
(cfr. Fig. 2a). Even when increasing the laser pulse fluence to
0.33 J/cm?, only 60% positive cells could be obtained. Instead,
when using 800 nm laser irradiation (0.08 J/cm?2), delivery effi-
ciency was still 60% (Fig. 5c¢), which is only 1.3x less as com-
pared to photoporation without phantom gel (cfr. Fig. 2b). By
increasing the laser pulse fluence to 0.26 J/cm?, the delivery effi-
ciency could be restored to nearly 80% again. Together this con-
firms that optical losses are indeed substantially reduced when
using NIR instead of visible irradiation for photoporation.

2 Materials and methods

2.1 Nucleic acids

Twenty-one-nucleotide siRNA duplexes targeting the enhanced
green fluorescent protein (siEGFP) and negative control du-
plexes (siCTRL) were purchased from Eurogentec (Seraing, Bel-
gium). siEGFP: sense strand = 5-CAAGCUGACCCUGAAGUUCTtt-
3’; antisense strand = 5’-GAACUUCAGGGUCAGCUUGtt-3’. siC-
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Fig. 4 eGFP-mRNA delivery into Jurkat cells by BPQD sensitized pho-
toporation. (a) Confocal images of Jurkat cells. Top row: transmission
images; Bottom row: overlay of transmission images with eGFP fluores-
cence images. The scale bar is 100 pm. (b) Representative corresponding
flow cytometry histograms . (c) Quantification of delivery efficiency and
nMFI by flow cytometry for the same conditions. Cell viability was mea-
sured by Cell Titre Glo assay.

TRL: sense strand = 5-UGCGCUACGAUCGACGAUGtt-3’; anti-
sense strand = 5-CAUCGUCGAUCGUAGCGCALtt-3’ (lower case
bold letters represent 2’-deoxyribonucleotides, capital letters are
ribonucleotides). For fluorescence experiments, the siCTRL du-
plex was labeled with a Cy5 dye at the 5’ end of the sense strand
(Eurogentec). CleanCap (cc) enhanced green fluorescent protein
(eGFP) was purchased from TriLink Biotechnologies (San Diego,
California, USA) and stored at -80 °C until use.

2.2 Cell culture

HeLa cells (ATCC® CCL-2™) were cultured in DMEM/F-12
(Gibco-Invitrogen, Renfrew Renfrewshire PA4 9RF, UK) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS)
(Biowest, Nuaillé, France), 2 mM glutamine (Gibco-Invitrogen),
and 100 U/mL penicillin/streptomycin (Gibco-Invitrogen). Cells
were passaged using DPBS (Gibco-Invitrogen, Renfrewshire PA4
9RF, UK) and trypsin-EDTA (0.25%, Gibco-Invitrogen). HeLa cells
and H1299-eGFP cells were cultivated in a humidified tissue cul-
ture incubator at 37 °C and 5% CO,. For photoporation, 2x104
Hela or H1299-eGFP cells were seeded per well of a 96 well plate
(Greiner Bio-One) 24 hours before treatment. Jurkat E6-1 cells
were maintained in a humidified atmosphere of 5% CO2 at 37 °C,
and the culture medium was renewed every 2—4 days. For pho-
toporation, 2.5 x10° Jurkat cells were seeded per well of a 96
well plate, which was immediately followed by laser irradiation.
All cell culture products were purchased from Life Technologies
(Renfrewshire PA4 9RF, UK), unless specifically stated otherwise.
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Fig. 5 Photoporation of HelLa cells in the presence of a 2 mm thick
tissue model. (a) Schematic illustration of the experimental setup. (b)
Efficiency and nMFI of FD10 delivery into Hela cells using 532 nm photo-
poration. (c) Efficiency and nMFI of FD10 delivery into Hela cells using
800 nm photoporation.

2.3 BPQD sensitized photoporation synthesis and character-
ization

BPQD were prepared from bulk BPQD using the liquid stripping
method using sonication (Scient-IID and Scientz SB25-12DTD)
for 8h at 4°C with 10-25% intensity and 3s/1s on/off inter-
vals. UV-VIS absorption spectra were measured by a NanoDrop
2000c Spectrophotometer (ThermoFisher Scientific) for various
concentrations (8.43, 5.26, 2.63, 1.33 x 10° particles/mL) in
water. The particle concentration was measured by NanoSight
(Malvern, UK). The pH value of BPQD in ddH20 before and after
pulsed laser irradiation were measured with a pH meter (Con-
sort). BPQD were further functionalized with polyethyleneglycol
(PEG) and polyethyleneimine (PEI). For functionalization with
PEG, BPQD were suspended in 25ml water to which 50 mg mPEG-
Amine (5kDa, Creative PEGWorks, USA) was added. After half
an hour bath sonication at room temperature, the solution was
centrifuged at 10000 rpm for 30 min to remove free PEG. For
functionalization with PEIL, PEI (branched, 25kDa, Sigma, Bel-
gium) was diluted into ultrapure water to a 10%(w/w) solution
and added to the BPQD suspension, followed by sonicated for
1-2mins and stirred overnight. The solution was centrifuged at
10000 rpm for 30 min to remove free PEI, which was repeated
for at least 3 times. The Zeta potential of BPQD, PEG-BPQD and
PEI@BPQD were measured with a Zetasizer (Malvern, UK).

2.4 Intracellular delivery of FITC-dextrans by BPQD sensi-
tized photoporation
FITC-dextrans of 10 kDa (FD10) and 500 kDa were purchased
from Sigma. Cells were first incubated for 30 min with PEI-BPQD,
washed with DPBS, and supplemented with fresh cell culture
medium containing 1 mg/ml FD10 or FD500. For suspension cells
a pre-centrifugation step of 350 rcf was included (5430R, Eppen-
dorf) to let the cells settle at the bottom of the wells. Two home-

built photoporation setups were used in this work, one equipped
with a 5-ns pulsed laser at 532 nm and another with a 2 ns pulsed
laser at 800 nm. Confocal microscopy images were recorded with
a Nikon AIR confocal microscope (Nikon BeLux, Brussels, Bel-
gium) using 488 nm laser excitation for FITC-dextran or eGFP
visualization. Delivery efficiency was quantified by flow cytome-
try (CytoFLEX, Beckman coulter,Germany) and Flowjo software.
All data are expressed as the mean *= SD (n=3).

2.5 Cell viability measurements

The CellTitre-Glo assay (CellTiter-Glo® Luminescent Cell Viabil-
ity Assay, Promega, WI, USA) was used to measure cell viability.
100uL of CellTiter Glo® solution was added into each well 2h
(FD10 and FD500) or 24h (siRNA and mRNA) after photopora-
tion and shaken at 100 rpm for 5-10 mins. The luminescent signal
for each well was measured by a GloMax plate reader (GloMax®
96 Microplate Luminometer, Promega, Leiden, the Netherlands).

2.6 Transfection with siRNA and mRNA by BPQD sensitized
photoporation

eGFP siRNA (siEGFP) was purchased from Eurogentec (Seraing,
Belgium). mRNA encoding for eGFP was obtained from TriLink
Biotechnologies (San Diego, California, USA). Cells were first in-
cubated for 30 min with PEI-BPQD, washed with DPBS, and sup-
plemented with fresh cell culture medium containing siRNA at a
concentration as indicated in the text. A similar procedure was
followed for mRNA transfections except that Jurkat cells were
washed at least twice with Opti-MEM before applying Opti-MEM
with mRNA. These extra washing steps are needed to limit mRNA
degradation by secreted RNases. In addition, the whole photo-
poration treatment was finished in 10 mins again to minimize
mRNA degradation??. The siEGFP knockdown efficiency was
quantified by flow cytometry from the average fluorescence in-
tensity of the cells before and after transfection''?: Knockdown
efficiency(%) = (1-MFIsiEGFP/MFIsiCTRL) X 100%

2.7 BPQD sensitized photoporation of cells through phan-
tom tissue

As a tissue model a phantom gel was prepared from 2g Agar gel,
2.5g Gelatin powder and 2.5 ml Intralipid per 100mL water. The
mixture was heated to 90°C and poured into an inverted 96 well
plate to form a flat gel layer of 2 mm just below the wells. Next,
HeLa cells were cultured into the 96 well plate and photoporated
as described above. When placed on the photoporation setup,
laser light will first pass through the 2 mm thick gel layer before
reaching the cells in the wells, thus simulating the presence of
thick tissue.

3 Discussion

Photoporation is a promising physical technique for safe and ef-
ficient intracellular delivery of exogenous molecules, which has
been successfully applied to live-cell labeling and genetic engi-
neering of cells®3, While usually spherical AuNPs are used as pho-
tothermal sensitizers, they have a narrow extinction peak around
520-565 nm, making those sensitizers less suited for transfection
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of cells in thick tissues due to strong optical losses for visible light.
Furthermore, AuNPs tend to break up in small fragments already
after the first laser pulse, giving cause for concern of genotox-
icity®4.Other reported sensitizers for photoporation like carbon
dots?l, graphene-based materials!? and polymeric nanoparticles
also have quite broad absorption spectra, but they quickly decay
towards the NIR. Instead, BPQDs have an extended uniform ab-
sorption spectrum from the visible to the near infrared. In combi-
nation with a favorable biocompatibility profile, they offer partic-
ularly attractive properties to perform photoporation in thick bio-
logical tissues. In previous work we showed that graphene quan-
tum dots are more stable than AuNP and can be excited at NIR
wavelengths1?. However, the biocompatibility of those materials
remains uncertain, while the absorption spectrum decays substan-
tially towards the NIR region. This is why we here investigated
the use of BPQD which have a better biocompatibility profile!3%?
and an almost uniform absorption spectrum from the visible to
NIR wavelength range (Fig. 1la). BPQD is a two-dimensional
material with special optical and electrical properties that has at-
tracted considerable interest for bio-applications, such as cancer
therapy, drug delivery and bioimaging2230+32 Following success-
ful BPQD synthesis and characterization, we found that function-
alization with the cationic polymer PEI resulted in markedly bet-
ter photoporation efficiencies as compared to pristine or pegy-
lated BPQD. This is similar to what we found before for graphene
quantum dots and can be ascribed to the fact that cationic par-
ticles can more efficiently adhere to the negatively charged cell
membrane*V, Using PEI-BPQD, we next demonstrated that FD10
can be equally efficiently delivered in HeLa’s using 532 nm or
800 nm laser irradiation, demonstrating that BPQD can indeed be
used for NIR photoporation. Delivery of FD500 was successfully
achieved in Jurkat suspension cells as well, although in this case
delivery efficiency was markedly better when performing photo-
poration at 800 nm. As already explained, this is likely due to
the fact that ps laser pulses result in better thermal confinement
and, therefore, are more likely to induce large membrane pores
by the generation of vapor nanobubbles=34142! Using optimized
conditions based on FD10 delivery, we next demonstrated suc-
cessful transfection of H1299 lung carcinoma cells with siRNA,
resulting in 75% transfected cells for 0.5 uM siRNA. Next, using
optimized conditions based on FD500 delivery, we transfected Ju-
rkat cells with eGFP-mRNA, resulting in 40% transfected cells in
case of 800 nm laser irradiation with 0.1 ug/ml mRNA. This is
markedly better to what we have achieved before when using 70
nm spherical AuNPs, in which case eGFP-mRNA transfection ef-
ficiency was 20% for 0.1 ug/ml mRNA2Q, Further investigations
are needed to elucidate why this is the case. Finally, using a phan-
tom gel we demonstrated that photoporation at 800 nm is better
suited for transfection of cells located deep in tissues. NIR laser
irradiation with fs pulsed lasers from 789 nm to 1554 nm has
been tried before to perform photoporation124344, For instance,
antibody functionalized AuNPs were used as sensitizers to pho-
toporate retinal ganglion cells inside rat eyes in vivo with 800
nm fs pulsed laser irradiation®®, The authors showed selective
delivery of fluorescently tagged siRNAs and FITC-dextrans into
retinal cells at a relatively high throughput. However, fs pulsed
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lasers are rather expensive and complex, limiting its widespread
use. In contrast, here we have shown that nanosecond or picosec-
ond pulses are sufficient for efficient photoporation with BPQDs
as sensitizers. Therefore, combined with good biocompatibility
of BPQDs, it has good potential for translation towards clinical
applications requiring deep tissue photoporation of cells in vivo.

4 Conclusions

We have demonstrated for the first time that BPQD are suitable
sensitizers for photoporation of cells. Thanks to their extended
uniform absorption profile they offer the possibility to perform
photoporation not only with laser irradiation in the visible range
(532nm), but also in the near infrared range (800nm). We have
demonstrated successful photoporation in adherent (Hela and
H1299-eGFP) as well as suspension cells (Jurkat) with macro-
molecules from 10 KDa to 500 KDa. Furthermore, we demon-
strated successful intracellular delivery in the presence of a thick
phantom gel (2 mm) in the optical path, showing that the delivery
efficiency reduced less with NIR irradiation (1.3%) as compared
to visible irradiation (2x). This opens up the possibility to per-
form photoporation of cells deep in tissues, which is expected to
facilitate translation of photoporation for in vivo applications.
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