
Original Article
Cas9 RNP transfection by vapor nanobubble
photoporation for ex vivo cell engineering
Laurens Raes,1 Melissa Pille,2 Aranit Harizaj,1 Glenn Goetgeluk,2 Jelter Van Hoeck,1 Stephan Stremersch,1

Juan C. Fraire,1 Toon Brans,1 Olivier Gerrit de Jong,4 Roel Maas-Bakker,4 Enrico Mastrobattista,4 Pieter Vader,3

Stefaan C. De Smedt,1 Bart Vandekerckhove,2 Koen Raemdonck,1 and Kevin Braeckmans1

1Laboratory of General Biochemistry & Physical Pharmacy, Ghent University, Ottergemsesteenweg 460, 9000 Ghent, Belgium; 2Department of Diagnostic Sciences, Ghent

University, University Hospital Ghent, Corneel Heymanslaan 10, 9000 Ghent, Belgium; 3CDL Research, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX

Utrecht, the Netherlands; 4Department of Pharmaceutics, Utrecht Institute of Pharmaceutical Sciences, Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, the

Netherlands
Received 10 November 2020; accepted 13 August 2021;
https://doi.org/10.1016/j.omtn.2021.08.014.

Correspondence: Kevin Braeckmans, Laboratory of General Biochemistry &
Physical Pharmacy, Ghent University, Ottergemsesteenweg 460, 9000 Ghent, Bel-
gium.E-mail:
E-mail: kevin.braeckmans@ugent.be
The CRISPR-Cas9 technology represents a powerful tool for
genome engineering in eukaryotic cells, advancing both funda-
mental research and therapeutic strategies. Despite the enor-
mous potential of the technology, efficient and direct intracel-
lular delivery of Cas9 ribonucleoprotein (RNP) complexes in
target cells poses a significant hurdle, especially in refractive
primary cells. In the present work, vapor nanobubble (VNB)
photoporation was explored for Cas9 RNP transfection in a va-
riety of cell types. Proof of concept was first demonstrated in
H1299-EGFP cells, before proceeding to hard-to-transfect
stem cells and T cells. Gene knock-out levels over 80% and up
to 60% were obtained for H1299 cells and mesenchymal stem
cells, respectively. In these cell types, the unique possibility of
VNB photoporation to knock out genes according to user-
defined spatial patterns was demonstrated as well. Next, effec-
tive targeting of the programmed cell death 1 receptor and
Wiskott-Aldrich syndrome gene in primary human T cells
was demonstrated, reaching gene knock-out levels of 25% and
34%, respectively. With a throughput of >200,000 T cells per
second, VNB photoporation is a scalable and versatile intracel-
lular delivery method that holds great promise for CRISPR-
Cas9-mediated ex vivo engineering of cell therapy products.

INTRODUCTION
The CRISPR-CRISPR-associated protein (Cas9) technology has
immensely expanded our capability to manipulate genes in a precise
and targeted manner. Originally discovered as an adaptive immune
system in Bacteria and Archaea against viral infections and foreign
plasmid DNA,1 the technology has been efficiently repurposed for
targeted genome editing in eukaryotic cells.2,3 Highly specific gene ed-
iting by the Cas9 endonuclease is obtained in combination with a
guide RNA (gRNA), either as CRISPR RNA (crRNA):trans-activating
crRNA (tracrRNA) duplex, or single gRNA (sgRNA), which is com-
plementary to the target gene sequence. In turn, double-strand breaks
induced by Cas9 can be repaired by two cell-endogenous repair sys-
tems: non-homologous end joining (NHEJ), causing insertions or de-
letions (indels), or homology-directed repair (HDR) in the presence
of a homologous donor template. With this, the CRISPR-Cas9 tech-
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nology has the exciting potential to correct genetic defects or to
introduce novel gene functions. Combined with its simplicity and
versatility, it has become the tool of choice for a broad variety of
applications ranging from basic research to therapeutic cell
engineering.4

Successful application of this gene-editing technology relies on the
extent to which CRISPR-Cas9 components can be delivered into
the cells of interest. Cas9 and gRNA can be introduced as a pre-
assembled ribonucleoprotein (RNP) complex, as a plasmid DNA en-
coding for both components, or as a combination of the gRNA with
mRNA encoding for Cas9.4–6 Of those, the preformed Cas9 RNP
complex is generally preferred because of its transient exposure
and hence reduced risk for potentially oncogenic off-target DNA
cleavages.7 However, efficient delivery of Cas9 RNP complexes still
represents a significant challenge, especially in primary difficult-to-
transfect cells. Non-viral, physical transfection methods have at-
tracted quite some attention for this, as they offer excellent flexibility
in terms of the type of molecules and cell types for which they can be
used. However, none of the classical physical approaches offers the
combination of (1) high knock-out levels, (2) low cytotoxicity, (3)
high throughput, (4) spatial control, and (5) applicability to both
adherent and suspension cells. As such, the need remains for
innovative transfection technologies that are suitable for fast and
safe Cas9 RNP delivery in a broad array of ex vivo cell-engineering
applications.6

Vapor nanobubble (VNB) photoporation is one such promising up-
coming technique for gentle but efficient intracellular delivery of
macromolecules in a broad range of hard-to-transfect cell types.8–12

It is based on a combination of pulsed laser irradiation and sensitizing
nanoparticles, most commonly gold nanoparticles (AuNPs), to
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Figure 1. Vapor nanobubble (VNB) photoporation procedure for intracellular delivery of Cas9 ribonucleoproteins (RNPs)

Cells are first incubated with cationic plasmonic gold nanoparticles (AuNPs), after which, unbound AuNPs are washed away, and Cas9 RNPs are supplemented to the cell

medium. Upon pulsed laser irradiation, VNBswill be generated from cell-attached AuNPs, leading to the formation of pores in the cell membrane and allowing the extracellular

Cas9 RNPs to access the cell’s interior. Once in the cytosol, the nuclear localization sequence (NLS) attached to Cas9 will induce nuclear import of the Cas9 RNP, and target

gene-specific editing is initiated.
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induce transient permeabilization of the cell membrane with nano-
scale precision. If the laser pulse energy is sufficiently high, then
VNBs can emerge from the AuNPs by rapid evaporation of the sur-
rounding liquid as a result of photothermal heating. By rapid expan-
sion and the inevitable collapse of the VNB, local high-pressure
shockwaves can induce mechanical poration of the cell membrane.13

Through these transient membrane pores, extracellular biological
macromolecules such as Cas9 RNPs can then enter the cell cytoplasm
(Figure 1). Conveniently, being an optical technology, it is readily
compatible with most traditionally used cell culture recipients as
long as they are optically transparent. As such, it can be applied to
both adherent and suspension cells with minimal cell manipula-
tions.13–15 A unique feature is that the technology enables even sin-
gle-cell transfections or spatially patterned transfections by appro-
priate scanning of the activating laser beam.8,10,16

Capitalizing on recent studies demonstrating safe and efficient intra-
cellular delivery of a wide variety of molecules by VNB photopora-
tion,9,12,17–19 we here investigate if the technique is suitable for gene
editing in hard-to-transfect cell types via intracellular delivery of
Cas9 RNPs. As a first proof of concept, EGFP knock-out is demon-
strated with >80% efficiency in H1299-EGFP, while maintaining a
high level of cell viability. Next, primary hard-to-transfect cells
with therapeutic relevance are included, showing effective
CRISPR-Cas9 gene editing by photoporation in mesenchymal
stem cells (MSCs) and primary T cells. Successful gene editing
was achieved in murine MSCs (mMSCs) with up to 60% knock-
out efficiency and a cell viability of 87%. In primary human
T cells, editing levels up to 25% and 34% were obtained for the
clinically relevant Programmed Cell Death 1 (PD-1) immune check-
point receptor and Wiskott-Aldrich syndrome (WAS) gene, respec-
tively, while maintaining a cell viability >70%. Altogether, this work
establishes VNB photoporation as a promising tool for intracellular
delivery of Cas9 RNPs in hard-to-transfect cells, such as stem cells
and T cells, which is expected to be of benefit to therapeutic cell
engineering and research applications.
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 697

http://www.moleculartherapy.org


Figure 2. VNB photoporation enables highly efficient and spatial-selective H1299-EGFP knock-out

(A) Schematic depiction of the experimental set-up for Cas9-induced EGFP knock-out. (B) H1299-EGFP knock-out levels after photoporation in the presence of decreasing

concentrations of EGFP RNPs (16� 107 AuNPs/mL, E5; n = 3, mean ± SD). (C) Flow cytometry histograms and confocal microscopy images of a representative experiment

on H1299-EGFP cells photoporated in the presence of 1 mM negative control RNPs (non-targeting crRNA) or EGFP-targeting RNPs (16 � 107 AuNPs/mL, E5; scale bars,

150 mm). (D) Spatial-selective photoporation of 0.05 mg/mL Alexa Fluor 647 10 kDa dextran or 1 mM EGFP RNPs (16� 107 AuNPs/mL, E5). The image with Alexa Fluor 647

10 kDa dextran was recorded 2 h after photoporation, whereas the EGFP image was recorded after 48 h (scale bars, 1,000 mm).
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RESULTS
VNB photoporation of Cas9 RNPs enables highly efficient

H1299-EGFP knock-out even at low nanomolar concentrations

In this study, we aim to evaluate VNB photoporation as a promising
gentle approach for Cas9 RNP transfection and effective gene editing.
For a first proof of concept, a lung epithelial cell line that stably ex-
presses EGFP (H1299-EGFP) was used (Figure 2A). Photoporation
requires optimization of the AuNP concentration and laser fluence
in order to achieve optimal intracellular delivery for a given cell
type with minimal loss in cell viability. Alexa Fluor 647 10 kDa
dextran (RD10) was used as a model macromolecule in which its
intracellular delivery can be easily verified by confocal fluorescence
microscopy (Figure S1A) and quantified by flow cytometry (Fig-
ure S1B) and was done as a function of increasing AuNP concentra-
tions (2�32 � 107 AuNP/mL) and laser pulse fluences (l = 532 nm;
E3 = 0.84 J/cm2, E4 = 1.26 J/cm2, E5 = 1.60 J/cm2). Cell viability was
assessed in parallel using a CellTiter-Glo assay, which assesses the
cell’s metabolic activity (Figure S1C). Both the percentage of RD10-
positive cells and the relative mean fluorescence intensity (rMFI)
per cell were found to increase for increasing AuNP concentration
698 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
and laser fluences. This was generally accompanied by a slight
decrease in cell viability, as can be expected. The best delivery effi-
ciency was obtained for 16 � 107 AuNPs/mL and laser fluence E5
(=1.60 J/cm2), reaching 96% RD10-positive cells. Since the corre-
sponding cell viability was still above 80%, this condition was selected
for further experiments with Cas9 RNPs.

To achieve effective EGFP knock-out, we first screened a set of
crRNAs (Table S1), which according to literature, all target the
EGFP gene but at different sites (Figure S2A). The screening was per-
formed with commercial transfection reagents RNAiMAX and
JetCRISPR with which Cas9 RNP complexes were prepared at a 2.5
molar excess of gRNA to the Cas9 protein (i.e., ratio 2.5:1), similar
to earlier studies.20–22 Knock-out of the EGFP gene was evaluated
48 h after Cas9 RNP transfection by confocal microscopy (Figures
S2B and S2C) and flow cytometry (Figure S2D). Three of the tested
crRNAs (crRNA_1, crRNA_2, and crRNA_4) showed effective
EGFP knock-out, from which crRNA_4 was selected for further ex-
periments, as it returned the best results with 43% EGFP-negative
cells in combination with RNAiMAX. Having optimized the
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photoporation parameters and having selected the optimal gRNA,
H1299-EGFP cells were photoporated in the presence of EGFP-tar-
geting Cas9 RNPs. After 48h, EGFP knock-out levels were observed
in a RNP concentration-dependent manner (Figures 2B and S3).
Representative confocal microscopy images and flow cytometry his-
tograms are shown in Figure 2C for 1 mM RNPs. Whereas knock-
out percentages initially increased for increasing RNP concentrations,
they remained constant at around 80% from 0.25 mM to 2 mM RNP.
To verify EGFP knock-out at the genomic level, we performed a PCR
amplification of the EGFP locus and analyzed the obtained PCR am-
plicons by Sanger sequencing (Figure S4). Note that crRNA_2 was
chosen for this specific experiment, as it targets the EGFP gene
more central in the PCR amplicon, thereby simplifying sequence
analysis of the cleavage site region. By comparison with a PCR ampli-
con of cells photoporated with a negative control RNP, tracking of in-
dels by decomposition (TIDE) analysis affirmed that an indel fre-
quency of 82.2% could be obtained using 1 mM EGFP-targeting
RNPs. Based on these results, to ensure efficient gene editing even
in difficult-to-transfect cell types further on, a Cas9 RNP concentra-
tion of at least 1 mM was used in all subsequent experiments.

A unique feature of VNB photoporation is the possibility for spatial-
selective intracellular delivery in cell subpopulations within a culture,
even with single-cell resolution.16 This spatial selectivity is achieved
by only irradiating the cells of interest with the photoporation laser
beam. An example of this is shown in Figure 2D, where H1299-
EGFP cells were photoporated according to a pre-defined “smiley”
pattern with Alexa Fluor 647 10 kDa dextran or EGFP-targeting
Cas9 RNPs. Whereas the 10-kDa dextran results in increased fluores-
cence in photoporated cells, Cas9 RNPs result in a loss of EGFP fluo-
rescence at the same places. This demonstrates the possibility to
transfect cells according to user-defined patterns, which opens up
future possibilities to engineer tissues according to complex pre-
defined patterns.16

Effective gene knock-out in mMSCs

In analogy with the experiments on H1299-EGFP cells, mMSCs sta-
bly expressing the EGFP gene (mMSC-EGFP) were first photopo-
rated with Alexa Fluor 647 10 kDa dextrans (RD10) to optimize
the AuNP concentration (4�32 � 107 AuNPs/mL) and laser fluence
settings (E3 = 0.84 J/cm2 and E5 = 1.60 J/cm2). Cell viability was
evaluated in parallel using a CellTiter-Glo assay, again showing
that higher AuNP concentrations lead to better delivery efficiency
at the expense of cell viability (Figure S5A). Multiplication of cell
viability with transfection efficiency gives the transfection yield
(=percentage of living transfected cells compared to the initial cell
population). As shown in Figure S5B, the transfection yield was fairly
constant over the tested range of AuNP concentrations and laser flu-
ences, with an apparent maximum for an AuNP concentration of
8 � 107 AuNPs/mL and laser fluence E5. Therefore, we chose to
continue with AuNP concentrations 8 � 107 AuNPs/mL and 16 �
107 AuNPs/mL and laser fluence E5 (=1.60 J/cm2). Following photo-
poration, cells were allowed to grow for 7 days prior to analysis of
EGFP knock-out by confocal microscopy and flow cytometry,
whereas cell viability was assessed both 24 h and 7 days after trans-
fection (Figure 3A). At both AuNP concentrations around 55%–
60%, EGFP-negative cells were obtained with a cell viability of
�90% (24 h) and �98% (7 days) (Figure 3B), confirming the feasi-
bility of Cas9-mediated gene editing of stem cells with photopora-
tion. Exemplary confocal microscopy images and flow cytometry
histograms are shown in Figure 3C. Finally, to demonstrate once
more the unique ability to perform gene editing in a spatially
resolved manner, mMSC-EGFP cells were photoporated according
to a square pattern in the presence of Alexa Fluor 647 10 kDa
dextran or EGFP-targeting Cas9 RNPs (Figure 3D).

Editing of WAS and PD-1 genes in primary human T cells by VNB

photoporation

Following the successful experiments on adherent H1299-EGFP and
mMSC-EGFP cells, we investigated the potential of VNB photopo-
ration for delivery of Cas9 RNPs and target gene editing in primary
human T cells. First, different AuNP concentrations and laser
fluences were screened for efficient T cell transfection and minimal
cytotoxicity. Effective intracellular delivery was evaluated by flow
cytometry using fluorescein isothiocyanate (FITC)-labeled dextran
of 250 kDa (FD250) as a model macromolecule, whereas in parallel,
cell viability was assessed using a CellTiter-Glo assay (Figure S6A).
Again, we found that the delivery efficiency increases with
increasing AuNP concentration and laser fluence, at the expense
of a gradual decrease in cell viability. Based on the percentage of
positive cells and rMFI values (i.e., the average FD250 fluorescence
per cell), it was noted that laser fluence E4 (=1.26 J/cm2) performed
slightly but systematically better than E3 (=0.84 J/cm2). Increasing
the laser fluence further to E5 (=1.60 J/cm2) did not provide further
improvement, so that E4 was selected for further experiments on
human T cells. To determine what is the most optimal AuNP con-
centration in combination with this laser fluence, we calculated the
transfected cell yield, i.e., the percentage of cells that are both alive
and transfected (relative to the initial cell population). From this, it
became clear that an optimal AuNP concentration must be
situated between 1 � 108 and 2 � 108 AuNPs/mL (Figure S6B).
We, therefore, decided to proceed with laser fluence E4 and two
AuNP concentrations of 1.1 � 108 and 1.3 � 108 AuNPs/mL, which
should provide a good trade-off between delivery efficiency and
cytotoxicity.

Having determined suitable photoporation conditions for treatment
of human T cells, we next attempted gene editing in primary human
T cells, first by targeting the WAS gene. T cells were first collected
from donors and culture expanded for 10 days, resulting in a CD3+

T cell purity of 95% (Figure S7). Next, photoporation-mediated intra-
cellular delivery of WAS targeting Cas9 RNPs was performed (Fig-
ure 4A). After an additional 11 days of culture to wash out the
preformed WAS protein (WASp), the WAS gene-editing efficiency
was assessed. Based on intracellular WASp immunostaining and
flow cytometry analysis, this resulted in a WAS knock-out level of
�20% and�34% for 1.1 and 1.3� 108 AuNP/mL, respectively, which
remained virtually the same when increasing the RNP concentration
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 699
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Figure 3. Effective and spatial-selective murine mesenchymal stem cell stably expressing EGFP (mMSC-EGFP) knock-out by VNB photoporation

mMSC-EGFPs were photoporated with 1 mM EGFP-targeting RNPs (crRNA_4) or negative control RNPs (non-targeting crRNA). (A) Schematic overview of the experimental

set-up and timeline. (B) mMSC-EGFP knock-out levels determined 7 days after photoporation by flow cytometry, whereas cell viability was assessed 24 h and 7 days after

transfection using a CellTiter-Glo viability assay (n R 2, mean ± SD). (C) Flow cytometry histograms and confocal microscopy images of a representative experiment on

mMSC-EGFP cells photoporated in the presence of 1 mMnegative control RNPs or EGFP-targeting RNPs (16� 107 AuNPs/mL, E5; scale bars, 300 mm). (D) Spatial-selective

intracellular delivery of Alexa Fluor 647 10 kDa dextran (0.05mg/mL, readout after 2 h) or EGFP RNPs (1 mM, 16� 107 AuNPs/mL, E5). The laser-irradiated region is indicated

by the white dotted squares (scale bars, 1,000 mm).

Molecular Therapy: Nucleic Acids
from 1.8 to 3.6 mM (Figure 4B). Interestingly, WAS knock-out levels
were identical in CD4+ and CD8+ T cells (Figures 4B and S8).

The cell viability for anAuNPconcentration of 1.1� 108AuNP/mLwas
�80% after 2 h and 48 h (Figure 4C). For 1.3 � 108 AuNP/mL, cell
viability was �70%, even though the difference with 1.1 � 108 AuNP/
mL was not significant. The results at the protein level were largely
confirmed at the genomic level: Sanger sequencing of the targeted
exon and subsequent TIDE analysis was performed and showed similar
percentages (Figure 4D).Thepercentagesmeasured at the genomic level
nicely correlated with the protein measurements but were generally
somewhat lower, possibly due to contaminating DNA originating
from dead feeder cells used to expand the transfected T cell population.

Next, we evaluated two sgRNAs (sgRNA_1 and sgRNA_2) targeting
the PDCD1 gene, as previously reported by Zhao et al.23 Primary hu-
man T cells were expanded for 7 days prior to photoporation-medi-
ated intracellular delivery of PD-1-targeting RNPs (Figure 5A). After
photoporation, cells were allowed to rest for 1 day, after which, T cells
were restimulated with soluble CD3/CD28 antibody complexes (Im-
munocult) to induce PD-1 expression. PD-1 expression level was
700 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
quantified by flow cytometry using PD-1 immunostaining 2 days after
stimulation. Effective disruption of PD-1 expression was obtained for
both PD-1-specific sgRNAs, reaching PD-1 knock-out levels
(=average reduction of PD-1 expression) of, respectively, 15% and
25% for sgRNA_1 and sgRNA_2 (Figure 5B). Importantly, minimal
impact on cell viability was observed, with values that remained above
80% both 24 h and 48 h after VNB photoporation (Figure 5C). To put
these cell viability values in perspective, a comparison of long-term
cell viability and cell proliferation was performed between VNB pho-
toporation (2 � 108 AuNPs/mL, E4) and nucleofection, which is a
benchmark technology for non-viral T cell engineering (Figure S9).24

Primary human T cells were treated with two different nucleofection
pulse programs, as recommended by the manufacturer, for the trans-
fection of T cells: EO-115 (high-functionality protocol) and FI-115
(high-efficiency protocol). In accordance with previous reports and
in contrast with VNB photoporation,9,12,24,25 nucleofection was
accompanied by a substantial drop in cell viability to about 40%–
50% (dependent on pulse program), which further decreased to
�5% (FI-115) and �25% (EO-115) after 4 days (Figures S9A and
S9B). Whereas the electroporation buffer alone did cause some acute
toxicity, it did not affect long-term viability, showing that it is really



Figure 4. Wiskott-Aldrich syndrome (WAS) gene editing in primary human T cells by photoporation-mediated Cas9 RNP transfection

(A) Timeline detailing the workflow for induction and detection ofWAS gene knock-outs. (B) T cells were photoporated (1.1� 108 or 1.3� 108 AuNPs/mL, E4) in the presence

of 1.8 mM or 3.6 mM Cas9 RNP targeting the WAS gene or negative control RNPs (1.8 mM, ctrl, non-targeting crRNA). WAS protein (WASp) protein levels were determined

11 days after Cas9 RNP transfection by immunostaining of the intracellular WASp and readout by flow cytometry (n = 3 donors; mean ± SD). Paired Student’s t tests were

performed to determine statistical differences between CD4+ and CD8+ T cell subsets (ns, non-significant). (C) Viability of human T cells 2 h and 48 h after WAS Cas9 RNP

transfection, as determined by CellTiter-Glo assay. (D) Indel percentages for the tested conditions, as determined by Sanger sequencing and subsequent TIDE analysis (n = 2

donors; mean ± SD).
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the application of the electric pulses that causes term cell toxicity.
T cells treated by VNB photoporation, on the other hand, showed
higher initial survival (�67% cell viability), which did not aggravate
over time. Analysis of T cell proliferation furthermore proved that
cells treated by VNB photoporation grow similar to the untreated
control, whereas nucleofection caused delayed proliferation (EO-
115) or even no proliferation at all (FI-115) (Figures S9C and S9D).
Together, these data show that VNB photoporation is a more gentle
approach toward T cell engineering, supporting rapid T cell prolifer-
ation after transfection.
DISCUSSION
CRISPR-Cas9 genome editing has become an indispensable tool for
the next generation of cell-based therapeutics, including adoptive
T cell therapy for advanced cancer treatment.26 The effectiveness of
this exciting technology strongly depends on the extent to which
the CRISPR-Cas9 effector molecules can be delivered in target cells.5

Viral vectors, most often lentiviral and retroviral vectors, prevail for
ex vivo engineering of cell therapeutics, given their efficiency to trans-
duce primary cells. However, clinical-scale manufacturing of viral
vectors comes with several limitations such as high cost, limited
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 701
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Figure 5. PD-1 gene editing in primary human T cells by VNB photoporation

(A) Timeline detailing the workflow for induction and detection of PD-1 gene knock-outs. (B) T cells were photoporated in the presence of 1 mMCas9 RNPs targeting the PD-1

gene or negative control RNPs (non-targeting crRNA; 2 � 108 AuNPs/mL, E4). PD-1 knock-out levels were determined on day 2 by PD-1 immunostaining and readout by

flow cytometry (n = 3 donors; mean ± SD). (C) Viability of human T cells 24 h and 48 h after photoporation of PD-1 targeting Cas9 RNPs, as determined by CellTiter-Glo assay

(n R 2 donors; mean ± SD).
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availability, and immunogenicity.27,28 Also, packaging the large Cas9
and sgRNA sequences into these viral vectors, potentially in combina-
tion with other transgenes (e.g., chimeric antigen receptors [CARs]),
is a bottleneck. To circumvent these problems of viral vectors, non-
viral transfection approaches have gained in popularity, of which,
electroporation is the oldest and still most-used method for engineer-
ing of hard-to-transfect primary cell types.24 Even though high
knock-out levels can be obtained using electroporation,22,29–31 it
was repeatedly shown to come with significant loss of cell viability,
undesired phenotypic changes, or loss of cell functionality, hence
motivating the development of improved non-viral alternative tech-
niques in the last decade.12,25,32,33 In line with these ongoing efforts,
we here report on VNB photoporation as a promising technology
for intracellular delivery of Cas9 RNPs and gene editing in hard-to-
transfect cells, including stem cells and T cells, which is expected to
be of benefit to therapeutic cell engineering and research applications.

Our work provides a systematic evaluation and optimization of VNB
photoporation for efficacious intracellular Cas9 RNP delivery.
702 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
Following optimization of the VNB photoporation procedure, we
were able to achieve efficient knock-out levels of >80% in H1299-
EGFP cells, which even remained >60% when the Cas9 RNP concen-
tration was reduced to 62.5 nM. Encouraged by these results, we next
applied VNB photoporation for targeted gene knock-out in MSCs,
which are considered notoriously hard to transfect by conventional
transfection agents.34,35 CRISPR-Cas9 gene editing of stem cells
with RNPs is of interest for stem cell therapeutics36 and regenerative
medicine.37,38 Indeed, gene-editing approaches are amply employed
to enhance the functionality, responsiveness, and specificity of stem
cell derivatives, as well as to provide a way toward allogeneic, “off-
the-shelf” stem cell use.36 Editing rates up to �60% were obtained
in mMSC-EGFP cells with minimal impact on cell viability, whereas
at the same time, the possibility was demonstrated to target specific
cell populations in a spatial-selective manner. This unique feature
of VNB photoporation allows transfection of specific subsets of cells
in a culture by proper scanning of the activating laser beam. This
unique feature could be useful, for instance, when cell-selective differ-
entiation of stem cell fate is desired, for example, in stem cell
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co-culture strategies for tissue engineering or to evaluate cell
bystander effects.16,39 It is of note that optogenetics also represents
a very popular tool for spatiotemporal-controlled redirection of
stem cell fate,36,40–42 although spatial resolution and efficiency are
relatively limited. VNB photoporation, which allows versatile and
efficient cell transfections of a broad range of effector molecules
even down to single-cell resolution,16 therefore has the potential to
be of substantial benefit to tissue engineering applications.43,44 As a
physical transfection approach, VNB photoporation has been
demonstrated to be applicable to diverse cell types.9,11,16,34,35,45

Therefore, it is expected that translation also to human MSCs is
readily possible, thereby opening up a wide range of clinical
applications.43,44

We additionally demonstrated CRISPR-based knockouts in T cells,
which are critical regulators and central effectors of adaptive immu-
nity and cancer immunotherapy.46 VNB photoporation comes with
several advantageous characteristics that make the technology
attractive for therapeutic T cell engineering and CRISPR-based
screening applications, including high efficacy, low cytotoxicity,
and high throughput.9,12,24 Although we11,12 and others14,47 have
previously demonstrated that VNB photoporation enables safe
and efficient delivery of various molecules in human T cells, gene-
editing applications have not been reported thus far. One exception
is the study by Bo�snjak et al.19 who delivered Cas9 RNP in murine
CD8+ T cells via photoporation, but negligible knock-out levels of
only �4% were obtained, even with Cas9 RNP concentrations up
to 5 mM. This is likely due to the fact that lower laser pulse fluences
were used in this study, which results in cell permeabilization by
heating instead of VNB formation. Indeed, we have demonstrated
before that intracellular delivery is more efficient by VNB formation
instead of heating, especially for larger macromolecules.48 With
VNB photoporation, we could selectively knock out the WASp in
T cells. Deficiencies in expression of WASp underlie the X-linked
primary immunodeficiency disease WAS. T cells of WAS patients
respond to antigens with suboptimal proliferation and reduced cyto-
kine production. WAS patients suffer from recurrent infections,
thrombocytopenia, and eczema and are treated with allogeneic he-
matopoietic stem cell transplantation from a healthy donor.49 The
CRISPR-Cas9 technology offers a valuable alternative approach
not only for improving our understanding of functional conse-
quences of WAS genetic defects but also for restoring physiological
WAS gene expression in patient-derived T cells and hematopoietic
stem cells. Here, we showed that VNB-mediated Cas9 RNP delivery
enables effective WAS knock-out in �34% primary human T cells,
whereas cell viability remained �70%. Moreover, we found that
VNB photoporation equally transfects CD4+ and CD8+ T cell sub-
sets, which is an important observation, as T cell therapeutics pref-
erably consist of both subsets.50 Being a physical transfection
approach, VNB photoporation enables simultaneous delivery of
diverse effector molecules.9,11,24,34 Co-delivery of Cas9 RNPs and
a homologous donor template by VNB photoporation CRISPR-
based gene knock-in therefore lies within the future realms of
possibilities.
Genome-editing strategies, such as CRISPR-Cas9, have also been
extensively investigated in recent years to enhance the efficacy of
next-generation CAR T cell therapeutics.51,52 Indeed, CAR T cell ac-
tivity is often insufficient to invoke robust tumor clearance as a result
of tumor-induced immunosuppression. Therefore, manipulation of
immune-checkpoint blockades by CRISPR-Cas9 gene editing is
actively evaluated in multiple clinical trials for treatment of various
liquid and solid tumors.46 For instance, activation of the PD-1/
PD-1 ligand (PD-L1) immune-checkpoint pathway leads to the inhi-
bition of T cell effector function, so that specific downregulation of
PD-1 expression represents an emerging avenue to enhance the
anti-tumor efficacy of CAR T cells.51,53 We here evaluated VNB pho-
toporation for Cas9 RNP-mediated knock-out of the PDCD1 gene,
which encodes the PD-1 immune-checkpoint receptor. We found
that effective disruption of PD-1 expression was obtained in �25%
of the human T cells, whereas minimal cytotoxicity was induced.
Importantly, comparison of our optimized VNB photoporation pro-
cedure with nucleofection, i.e., the current non-viral method of choice
for T cell engineering, proved that cell proliferation was almost unaf-
fected after VNB photoporation, whereas cells treated by nucleofec-
tion showed no or substantially delayed cell proliferation depending
on the electroporation program used. These results are in line with
previous publications,9,12,25,32,45 hence, motivating the development
of gentler non-viral alternatives such as VNB photoporation.24

Apart from high delivery efficiency, cell viability, and functionality,
upscaling is another important requirement for intracellular delivery
technologies, which are to be used to produce clinically relevant
batches of cells. Photoporation performs well in this regard with a
current throughput of 200,000 cells per second. By no means is this
is a hard limit, as throughput scales linearly with laser power.
Exchanging the laser used in this study for a more powerful model
would scale up throughput proportionally so that treatment of
106�107 cells per second should be very well feasible. Photoporation
is, therefore, a truly scalable intracellular delivery technology suitable
for CRISPR-Cas9 gene editing of T cells. Especially in light of our
recent finding that AuNPs could be replaced by more biocompatible
polymeric nanoparticles,45 it shows that translation of photoporation
for the production of therapeutic engineered cells is very well feasible.

Conclusions

In summary, we demonstrated that VNB photoporation enables effi-
cient intracellular delivery of Cas9 RNPs for targeted gene editing in
both adherent and suspension cell types. The transfection technology
comes with several attractive features that are of interest for both
fundamental research as well as therapeutic cell engineering applica-
tions: (1) high delivery efficiency, (2) low cytotoxicity, (3) high-
throughput, (4) spatial selectivity, and (5) applicability to adherent
and suspension cell types. Following optimization of the VNB photo-
poration procedure, we were able to achieve remarkably efficient
knock-out levels >80% in H1299-EGFP cells. Moreover, gene-editing
levels up to �60% were achieved in hard-to-transfect stem cells with
minimal impact on cell viability. At the same time, specific cell pop-
ulations can be targeted in a spatial-selective manner, which holds
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promise for spatially controlled stem cell engineering. We have
furthermore shown that VNB photoporation can efficiently engineer
primary human T cells with minimal cytotoxicity and at a throughput
of at least 200,000 cells per second, thereby demonstrating editing ef-
ficiencies up to 34% and 25% for the WAS gene and PD-1 gene,
respectively. Given these results, VNB photoporation is readily
compatible with CRISPR-based T cell gene function studies and has
the potential to be used for the production of T cell therapeutics. In
conclusion, VNB photoporation constitutes a promising technique
for Cas9 RNP-mediated ex vivo engineering in a broad scope of
research and therapeutic applications.

MATERIALS AND METHODS
Materials and reagents

Roswell Park Memorial Institute (RPMI)-1640 medium, Dulbecco’s
modified Eagle’s medium containing growth factor F-12 (DMEM/
F-12), Iscove’s modified Dulbecco’s medium (IMDM), fetal bovine
serum (FBS), Opti-MEM (minimal essential medium), L-glutamine,
penicillin/streptomycin (P/S) solution (5,000 IU/mL penicillin and
5,000 mg/mL streptomycin), Dulbecco’s phosphate-buffered saline
without Ca2+/Mg2+ (DPBS�), geneticin (G418) antibiotic, TO-
PRO3 iodide (1 mM), 10 kDa Alexa Fluor 647 dextran, FD250, and
RNAiMAX were all obtained Life Technologies (Merelbeke,
Belgium). JetCRISPR was received from Polyplus (Illkirch, France).
Alt-R S.p. Cas9 Nuclease V3, Alt-R custom crRNAs, Alt-R CRISPR
Negative Control crRNA #1, and Alt-R tracrRNA were purchased
from Integrated DNA Technologies (Leuven, Belgium). sgRNAs
were purchased from either Integrated DNA Technologies (PD-1)
or Synthego (WAS). Table S1 lists the different crRNA, sgRNA,
and primer sequences used throughout the manuscript.

Cell culture

H1299-EGFP cells (human non-small cell lung cancer cell line) were
obtained from the lab of Prof. Foged (Department of Pharmacy, Uni-
versity of Copenhagen, Copenhagen, Denmark). The cells were
cultured in RPMI-1640 medium supplemented with 10% FBS,
2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin
and 500 mg/mL G418. mMSCs stably expressing EGFP,54 were
cultured in DMEM/F-12 supplemented with 10% FBS, 2 mM L-gluta-
mine, 100 U/mL penicillin and 100 mg/mL streptomycin. All cells
were maintained in a humidified atmosphere of 5% CO2 at 37�C,
and experiments were performed on cells with a passage number
below 25. 1 day prior to transfection, 15 � 103 were seeded in wells
of a 96-well plate unless stated differently.

Buffy coats from healthy donors were obtained from the Biobank of
the Red Cross Flanders after informed consent and approval and
used following the guidelines of the Medical Ethical Committee of
Ghent University Hospital in conformance with the Declaration of
Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated
using Lymphoprep (STEMCELL Technologies, Vancouver, BC, Can-
ada) gradient centrifugation, and the percentage of T cells was deter-
mined by flow cytometry. Next, the PBMCs were resuspended in
IMDM supplemented with 10% fetal calf serum (FCS), 100 U/mL
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penicillin, 100 mg/mL streptomycin, 2 mM glutamine (complete
IMDM [cIMDM]), and 10 ng/mL interleukin (IL)-2 (Roche, Vil-
voorde, Belgium) and stimulated by ImmunoCult Human CD3/
CD28 T Cell Activator (25 mL/106 T cells; STEMCELL Technologies,
Vancouver, BC, Canada). Cultures were split, and fresh cIMDM sup-
plemented with 10 ng/mL IL-2 was added at day 3 and day 7.

Immediately after WAS Cas9 RNP transfection, T cells were rested at
1 � 106 cells/mL in cIMDM supplemented with 5 ng/mL IL-2 in a
48-well plate. The next day, T cells were restimulated on irradiated
allogenic feeder cells (mixture of 40 Gy-irradiated PBMC and 50
Gy-irradiated JY cells) in cIMDM supplemented with 1 mg/mL phyto-
hemagglutinin (PHA; Sigma-Aldrich, St. Louis, MO, USA). IL-2 was
added on day 5 and day 10.

Following PD-1 Cas9 RNP transfection, T cells were rested in cIMDM
supplemented with 5 ng/mL IL-2 for 24 h. Next, the cells were stim-
ulated using ImmunoCult Human CD3/CD28 T Cell Activator
(10 mL/106 T cells) to induce PD-1 expression and analyzed 48 h later
for PD-1 expression by immunostaining and flow cytometry.
Preparation of Cas9 RNP complexes

crRNA:tracrRNA duplexes were prepared by mixing individual
crRNAs in a 1:1 molar ratio with tracrRNA, followed by heating at
95�C for 5 min and annealing at room temperature for 5�10 min.
Next, Cas9 RNP complexes were obtained by mixing either crRNA:
tracrRNA duplexes or sgRNA in a 2.5:1 molar ratio with Cas9 endo-
nuclease and allowing the complexes to assemble for at least 10 min at
room temperature prior to transfection.
VNB photoporation procedure

For transfection by VNB photoporation, cells were first incubated for
30 min with AuNPs diluted in cell culture medium at the specified
concentration, followed by a washing step with DPBS� (H1299-
EGFP, mMSC-EGFP) or cell culture medium (T cells) to remove un-
bound AuNPs. Note that an AuNP concentration of 2� 108 AuNPs/
mL was used for transfection of human T cells with PD-1 targeting
RNPs, since a new batch of AuNPs was used for these experiments,
which provided better results at slightly higher concentrations. Prior
to laser treatment, Cas9 RNPs or Alexa Fluor 647 10 kDa dextrans
were diluted with Opti-MEM and added to the cells. VNB photopo-
ration was performed with an in-house-developed set-up consisting
of a 3-ns-pulsed laser (wavelength = 532 nm), equipped with a Gal-
vano scanner to enable irradiation of the cells in high throughput
(±5 s per 96-well plate). Spatial-selective cell transfection of a pre-
defined pattern was implemented according to a binary image.
Different laser pulse fluences ranging from 0.84 to 1.26 to 1.60
J/cm2, indicated as E3 – E4 – E5, were used in various experiments.
After laser treatment, cells were washed twice with DPBS� and sup-
plied with fresh culture medium (Alexa Fluor 647 10 kDa dextran).
For cells transfected with Cas9 RNPs, fresh culture medium
was immediately supplemented without a washing step. Dependent
on the experiment, cells were analyzed after 2 h (Alexa Fluor
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647/FITC-dextran), 48 h (H1299-EGFP; T cells, PD-1), 7 days
(mMSC-EGFP), or 11 days (T cells, WAS).

Cas9 RNP transfection in H1299-EGFP by RNAiMAX and

JetCRISPR

H1299-EGFP cells were seeded at a density of 104 cells/well of a
96-well plate 24 h prior to transfection. On the day of transfection,
Cas9 RNPs were prepared as described above. 50 pmol of the Cas9
RNP was first mixed with 0.25 mL of the transfection reagent and al-
lowed to complex for 15 min. RNP-RNAiMAX and RNP-JetCRISPR
transfection complexes were diluted in Opti-MEM, added to the cells,
and incubated for 4 h at 37�C, 5% CO2. Next, the cells were washed
once with DPBS�, supplied with new culture medium, and further
incubated at 37�C, 5% CO2, prior to analysis of EGFP knock-out by
confocal microscopy or flow cytometry.

Nucleofection

Primary human T cells were electroporated with the 4D-Nucleofec-
tor system (Lonza, Breda, the Netherlands) according to the manu-
facturer’s recommendations with the P3 4D-Nucleofector kit
(V4XP-3032). First, 1 � 106 T cells were resuspended in 20 mL
P3 primary cell-line solution and transferred to a 16-well Nucleo-
cuvette strip. The cells were transfected using Pulse Program
EO-115 (high functionality program) or FI-115 (high efficiency pro-
gram) and immediately supplemented with 80 mL-preheated culture
medium. Eventually, 50 mL of that cell suspension was transferred to
a 96-well plate containing 150 mL-preheated cell culture medium.
Completely untreated T cells and T cells incubated in nucleofection
buffer solution during the time of the procedure were taken along as
controls.

Confocal microscopy

Visualization of H1299-EGFP cells after transfection with EGFP-
targeting Cas9 RNPs or Alexa Fluor 647 10 kDa dextran was per-
formed by confocal laser-scanning microscopy (C2 or A1R; Nikon
Benelux, Brussels, Belgium) and a 10� (Plan Apo, NA 0.45; Nikon
Benelux, Brussels, Belgium) or 20� (Plan Apo VC, NA 0.75;
Nikon Benelux, Brussels, Belgium) objective lens. The EGFP fluoro-
phore was excited either with a 488-nm argon-ion laser (CVI Melles
Griot, Albuquerque, NM, USA) or 488-nm laser diode (LU-N4
LASER UNIT 405/488/561/640; Nikon Benelux, Brussels Belgium)
and, respectively, detected using 525/50 nm (ET525/50M) or 525/
50 nm (MHE57030, A1 Filter Cube 525/50) detection filters, de-
pending on the specific confocal microscope. Alexa Fluor 647
10 kDa dextrans were excited using a 640-nm laser diode (LU-N4
LASER UNIT 405/488/561/640; Nikon Benelux, Brussels Belgium)
or 640 nm laser source (56ICS/S2669; Melles Griot, Bensheim, Ger-
many) and, respectively, detected using 700/75 nm (MHE57070, A1
Filter Cube 585/65 700/75) or 660 nm LP (ZET 420-470 660 LP)
detection filters.

Flow cytometry and immunostaining

To evaluate the delivery or EGFP knock-out efficiency, H1299-EGFP
or mMSC-EGFP cells were detached by trypsin/EDTA (0.25%),
centrifuged (500 � g, 5 min), and resuspended in flow buffer
(DPBS, 0.1% sodium azide, 1% bovine serum albumin) with TO-
PRO3 iodide (1,000�) as a cell-viability dye. Flow cytometry was per-
formed using a CytoFLEX (Beckman Coulter, Suarlée, Belgium) flow
cytometer, and data analysis was carried out using the FlowJo soft-
ware (Tree Star).

Immunostaining of surface markers on primary human T cells were
performed in DPBS� with 1% FCS and using antibody concentra-
tions as recommended by the manufacturer. Intracellular WASp
staining was performed using the BD Cytofix/Cytoperm (BD Biosci-
ences, Erebodegem, Belgium), according to the manufacturer’s in-
structions. The following anti-human monoclonal antibodies were
used in various experiments: phycoerythrin (PE)-PD-1 (Miltenyi Bio-
tec, Leiden, the Netherlands); PE-Cy7-conjugated CD3, peridinin
chlorophyll protein complex (PerCP)-cyanin (Cy)5.5-conjugated
CD4, and allophycocyanin (APC)-Fire 750-conjugated CD8 (Bio-
Legend, San Diego, CA, USA); and Alexa Fluor 700-conjugated
WASp (Santa Cruz Biotechnology, Santa Cruz, CA, USA). All cell
populations were analyzed after doublet and dead cell exclusion by
Fixable Viability Dye eFluor 506 staining (eBioscience, Vienna,
Austria) or TO-PRO3 iodide. Flow cytometry was performed
using a BD LSR II (BD Biosciences) or CytoFLEX flow cytometer,
and FlowJo software (Tree Star) was used for data analysis. For
calculation of the PD-1 knock-out level, the MFI of each sample
(MFIsample) was subtracted with the MFI of the unstimulated
control (MFIunstimulated control) and expressed relative to the
MFI of a control sample transfected with a negative control RNP
(MFInegative control RNP) under identical experimental conditions, ac-
cording to the following equation:

Knock� out levelðin %Þ=�
1� MFIsample �MFIunstimulatedcontrol

MFInegativecontrolRNP �MFIunstimulatedcontrol

�
� 100%

(Equation 1)

CellTiter-Glo cell viability assay

Cell viability after VNB photoporation was determined using the
CellTiter-Glo luminescence cell viability assay (Promega, Leiden,
the Netherlands), according to the manufacturer’s instructions. In
brief, cells in culture medium were supplemented with an equal vol-
ume of CellTiter-Glo reagent and shaken for 10 min using an orbital
shaker at 120 rpm. Next, the content of the wells was transferred to an
opaque 96-well plate, and the luminescence was allowed to stabilize
for at least 10 min. The luminescent signal in each well was measured
using a Glomax luminometer (Promega, Leiden, the Netherlands),
and cell viability was determined relative to the untreated control.

Evaluation of cell viability and cell proliferation by trypan blue

cell counting

Primary human T cell density was assessed at different time points
(6 h, 24 h, 48 h, 72 h, 96 h) following VNB photoporation or nucle-
ofection using a using a Bürker counting chamber (Brand, Wertheim,
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Germany) and trypan blue exclusion (0.4%; Sigma-Aldrich, Overijse,
Belgium). Cell viability of the different conditions was calculated
relative to their respective untreated control. For calculation of
normalized cell growth, cell proliferation was normalized against
the respective 6-h samples.

Quantification of gene-editing efficiency by Sanger sequencing

Genomic DNA of H1299-EGFP or primary human T cells was ex-
tracted using the QIAamp DNA Blood Mini Kit (QIAGEN, Chats-
worth, CA, USA), according to the manufacturer’s instructions.
Next, the DNA target sites of interest were amplified by PCR using
KAPA HiFi HotStart ReadyMix (Roche Diagnostics Belgium,
Diegem, Belgium). Amplified PCR products were purified by the
QIAquick PCR purification kit (QIAGEN, Chatsworth, CA, USA),
following the manufacturer’s protocol. Next, PCR amplicons were
sequenced by the GATC lightrun service (Eurofins Genomics, Ebers-
berg, Germany), after which the sequencing data were analyzed using
TIDE (http://shinyapps.datacurators.nl/tide/).55

Statistical analysis

All data are shown as mean ± standard deviation (SD), unless
specified differently. Statistical differences were analyzed using
GraphPad Prism 8 software (GraphPad Software, La Jolla, CA,
USA). The statistical tests used in each figure are mentioned in
the figure captions. Statistical differences with a p value < 0.05
were considered significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.08.014.
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