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FITC-dextran 500 kDa

Fluorescein isothiocyanate
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Abstract

Ex vivo modification of T cells with exogenous cargo is a common prerequisite for the
development of T cell therapies, such as chimeric antigen receptor therapy. Despite the clinical
success and FDA approval of several such products, T cell manufacturing presents unique
challenges related to therapeutic efficacy after adoptive cell transfer and several drawbacks of viral
transduction-based manufacturing, such as high cost and safety concerns. To generate cellular
products with optimal potency, engraftment potential and persistence in vivo, recent studies have
shown that minimally differentiated T cell phenotypes are preferred. However, genetic engineering
of quiescent T cells remains challenging. Photoporation is an upcoming alternative non-viral
transfection method which makes use of photothermal nanoparticles, such as polydopamine
nanoparticles (PDNPs), to induce transient membrane permeabilization by distinct photothermal
effects upon laser irradiation, allowing exogenous molecules to enter cells. In this study, we
analyzed the capability of PDNP-photoporation to deliver large model macromolecules (FITC-
dextran 500 kDa, FD500) in unstimulated and expanded human T cells. We compared different
sizes of PDNPs (150, 250 and 400 nm), concentrations of PDNPs and laser fluences and found an
optimal condition that generated high delivery yields of FD500 in both T cell phenotypes. A
multiparametric analysis of cell proliferation, surface activation markers and cytokine production,
revealed that unstimulated T cells photoporated with 150 nm and 250 nm PDNPs retained their
propensity to become activated, whereas those photoporated with 400 nm PDNPs did less. Our
findings show that PDNP-photoporation is a promising strategy for transfection of quiescent T

cells, but that PDNPs should be small enough to avoid excessive cell damage.
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1. Introduction

Intracellular delivery of plasma membrane-impermeable molecules, such as contrast agents or
nucleic acids, is not only a common requirement for cell biological research, but also for the
development of engineered cell-based therapies [1]. One of the most prominent examples of the
latter is adoptive T cell transfer where T cells are genetically modified to express a chimeric
antigen receptor (CAR) or T cell receptor (TCR) to increase their potency to recognize and kill
tumor cells [2-4]. CAR T cell immunotherapy demonstrated durable clinical responses in relapsed
and refractory B cell malignancies, leading to the regulatory approval of several CD19-specific

CAR T cell therapies [5-9].

At present, 6 CAR T cell products are FDA approved for the treatment of hematological
malignancies. To extend its possibilities towards the treatment of solid tumors, vast research efforts
are aimed at improving CAR T cell potency and in vivo persistency. In this context, several
preclinical and clinical studies demonstrated that intrinsic T cell properties, such as differentiation
status, may be a critical determinant of patient response to treatment. Superior antitumor responses
were observed for T cells with less differentiated phenotypes, such as naive or central memory
cells, correlating with robust in vivo expansion and persistence [10-16]. In contrast, prolonged in
vitro culture drives cells towards terminal differentiation with increased expression of exhaustion

markers and inhibitory receptors [10].

Generation of cellular products with optimal potency, engraftment potential and persistence can
be achieved by shortening culture time, optimizing culture conditions (culture medium, cell
density, cytokine supplementation, etc.), or modulation of metabolic pathways. Importantly,
Ghassemi et al. previously showed that reducing the time of ex vivo culture to 3-5 days resulted in

less differentiated CAR T cells with superior leukemia control at low cell doses when compared
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to cells expanded for 9 days [17]. Recent reports even try to completely eliminate the activation
and ex vivo expansion steps in order to maximize the therapeutic potential of CAR T cells [18,19].
For instance, Ghassemi and Milone demonstrated that functional CAR T cells can be generated
from quiescent cells within 24 h of T cell collection by lentiviral transduction under optimized
culture conditions. Importantly, these non-activated CAR T cells exhibited potent anti-leukemic
in vivo activity at cell doses lower than those effective for activated CAR T cells produced using
a standard 9-day protocol [18]. Nonetheless, genetic engineering of quiescent T cells remains

challenging and is only reported in a very limited number of publications [20-22].

At present, the CAR T cell manufacturing process predominantly relies on retro- or lentiviral
transduction to deliver the transgene into pre-activated T cells, followed by their in vitro expansion
to achieve therapeutically required doses. Despite its satisfactory performance for the current
generation of approved T cell therapies, viral vectors remain associated with several limitations
[23-25]. GMP compliant viral vector production for clinical applications is a lengthy and costly
process, requiring stringent quality control testing for the presence of replication-competent
viruses in the final cell product. Furthermore, viral vectors carry an intrinsic risk of
immunogenicity or insertional oncogenesis while offering limited cargo capacity, which may
become problematic with the evolving CAR design. These challenges have spurred a growing
interest in safer non-viral gene delivery technologies with a simpler and more cost-effective
manufacturing process. This would result in greater availability and reduced vein-to-vein time for

the benefit of patients, especially for those with rapidly progressing disease [26—28].

For genetic modification of T cells, techniques that physically induce membrane permeabilization
have proven especially promising. These techniques use a physical stimulus to transiently

permeabilize the cell membrane, allowing cargo molecules to enter the cytosol. Electroporation is
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the best-known example, but it can induce high levels of acute toxicity and long-term adverse
effects, diminishing the therapeutic potential of the final cell product [29-32]. In recent years,
newer and gentler membrane permeabilization technologies have emerged which have much less
impact on normal T cell functioning. Examples are cell squeezing [32], microneedles [31] and

most recently, nanofiber-based photoporation [33].

In its traditional form, photoporation or optoporation is a physical delivery method based on laser
irradiation of photothermal nanoparticles (NPs) that can attach to the cell membrane [34,35].
Depending on the applied laser energy, membrane permeabilization can be achieved by distinct
photothermal effects (Figure 1). Application of a relatively low laser fluence results in direct
heating of NPs that triggers local phase transitions in the lipid bilayer and glycoprotein
denaturation [36]. When sufficiently high laser fluences are used, the NP temperature rises above
the critical temperature of the surrounding liquid causing its almost instantaneous evaporation and
formation of vapor nanobubbles (VNBSs). Rapid expansion and collapse of VNBs lead to high-
pressure waves and fluid shear stress that can generate transient pores in the plasma membrane
[34,37,38]. The technology typically makes use of metallic nanoparticles, such as gold
nanoparticles (AuNPs). AuNP-mediated photoporation has been successfully used to deliver
various molecules such as siRNA, mRNA and Cas9 ribonucleoprotein (RNP) complexes in both
murine and human T lymphocytes [39-41]. However, AuNPs in an agqueous environment are
known to fragment under intense laser irradiation into smaller particles of a few nanometers. This
represents a potential safety risk since very small AuNPs have been shown to intercalate with
cellular DNA, potentially leading to genotoxic effects [42—-46]. Moreover, the non-biodegradable
nature of AUNPs presents safety and regulatory hurdles for the clinical translation of NP-mediated

photoporation. To address these limitations, we have recently developed an alternative system
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based on biocompatible and biodegradable polydopamine nanoparticles (PDNPs). PDNPs can be
optically stimulated over the entire visible range, can be easily synthesized in a broad range of
sizes, and their surface can be readily functionalized in a variety of ways [47]. Using PDNPs of
about 0.5 um in size as photoporation sensitizers we could successfully transfect activated and

expanded human T cells with mRNA [48].

It remains unknown whether PDNP photoporation is equally suited to deliver macromolecules in
quiescent T cells and to what extent it impacts their fitness and functionality. Therefore, we have
here compared macromolecule delivery by PDNP-photoporation in unstimulated and expanded T
cells. Since unstimulated T cells are substantially smaller than activated T cells, we decided to test
smaller sizes of PDNPs than before. PDNPs of three different nominal sizes were first synthesized
(150 nm, 250 nm and 400 nm), after which the PDNP concentration and laser fluence was
determined which leads to the best intracellular delivery yield of FITC-dextran 500 kDa as a model
macromolecule. For the optimized conditions, we investigated cell functionality by testing the
propensity of quiescent cells to become activated after PDNP-photoporation. T cell activation was
determined by analyzing cell proliferation, expression of surface activation markers and secretion

of effector cytokines.
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Figure 1. Overview of PDNP photoporation procedure for intracellular delivery of macromolecules in T cells.
First, BSA-coated polydopamine nanoparticles (PDNPs) and macromolecules of interest are added to the cells.
Depending on the applied laser energy, transient cell membrane permeabilization can be achieved either by
photothermal heating or the generation of vapor nanobubbles (VNBs), allowing the exogenous cargo to diffuse into

the cell cytoplasm. Created with BioRender.com

2. Materials and methods

2.1. Human T cell isolation and culture

Healthy donor buffy coats were obtained from the Red Cross Flanders Biobank (Ghent, Belgium)
and used following the guidelines of the Medical Ethical Committee of Ghent University Hospital
(Ghent, Belgium). Peripheral blood mononuclear cells (PBMCs) were isolated via density gradient
centrifugation with Lymphoprep (Stem Cell Technologies, Vancouver, Canada). Next, human pan
CD3+ T cells were isolated by a magnetic negative selection using the EasySep Human T cell
enrichment Kit (Stem Cell Technologies, Vancouver, Canada) according to the manufacturer’s
protocol. Unstimulated cells were maintained in Iscove’s modified Dulbecco’s medium (IMDM)
GlutaMAX (Gibco, Merelbeke, Belgium), supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Biowest), 100 U/mL penicillin and 100 pug/mL streptomycin (P/S, Gibco, Merelbeke,
Belgium) and treated by photoporation on the day of isolation. Alternatively, T cells were
stimulated with ImmunoCult Human CD3/CD28 T cell Activator (Stem Cell Technologies,
Vancouver, Canada) according to the manufacturer’s instructions. Activated cells were
supplemented with 10 ng/mL IL-2 (PeproTech, United Kingdom) and kept in culture for 7 days

before the photoporation treatment.

2.2. Visualization of unstimulated and expanded T cells by confocal microscopy
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Unstimulated and expanded T cells were stained with Hoechst 33342 (Invitrogen, Belgium) and
CellMask Deep Red Plasma membrane stain (Invitrogen, Belgium). Samples were visualized with
a Nikon A1R HD confocal laser scanning microscope (Nikon Benelux, Belgium) with a 60x water
immersion lens (SR plan apo IR 60X WI, NA 1.3, WD 180um). 408 nm and 633 nm laser lines
were used for Hoechst and Cy5/Deep red (Cell Mask), respectively. Fluorescence was detected
through a 450/50 nm (MHE57010) and 700/75nm (MHE57070) emission filter on a Multi-Alkali
PMT (A1-DUG-2 GaAsP Multi Detector Unit, Nikon), respectively. A galvano scanner was used
for unidirectional scanning to acquire the channels sequentially at a scan speed of 0.5 FPS with
2X line averaging. The pinhole was set to 1.2 AU. The pixel size was set to 90 nm/pixel. ImageJ
(F1JI) software [49] was used to process the images and average T cell sizes were determined by

manual measurement of cell diameter (minimum 100 cells per cell phenotype).

2.3. Synthesis and physicochemical characterization of polydopamine nanoparticles

The synthesis of polydopamine nanoparticles (PDNPs) was based on a protocol originally reported
by Ju et al. [50], and later adapted by Harizaj et al. [48]. Briefly, dopamine hydrochloride powder
(Sigma-Aldrich) was dissolved in HyClone water (HyPure, Cell Culture Grade, VWR) at a
concentration of 3.5 mg/mL at 50°C. Next, 1M NaOH solution was added under vigorous stirring
at a fixed molar ratio of 1:0.8, turning the solution pale yellow first, and eventually dark brown.
The solution was left to stir for approximately 7 h and the hydrodynamic diameter of the particles
was monitored every hour by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern
Instruments Co., Ltd). To reduce potential particle aggregation, the suspensions were sonicated at

10% amplitude for 30 seconds with a tip sonicator (Branson Digital Sonifier, Danbury, USA).
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Once the desired hydrodynamic diameter was achieved, nanoparticles were retrieved by
centrifugation and were washed several times with HyClone water. For 150 nm PDNPs, the NP
suspension was transferred to 1.5 mL Eppendorf tubes and PDNPs were washed with HyClone
water by centrifugation (21.000 rcf, 20 minutes). For 250 nm PDNPs, the suspension was collected
in 50 mL conical tubes and the PD NPs were washed with HyClone water by centrifugation (4.000
rcf, 20 minutes). 400 nm PDNPs were also collected in 50 mL conical tubes and were washed with
HyClone water by centrifugation (4.000 rcf, 10 minutes).

Next, to increase the colloidal stability of PDNPs in suspension and improve their interaction with
cell membranes, a functionalization with bovine serum albumin (BSA, Biotechnology grade,
VWR Chemicals, USA) was performed. The uncoated PDNP suspension was mixed with a 10
mg/mL BSA solution in DPBS at a 1:1 volume ratio. The mixture was then allowed to react by
vigorous stirring overnight and the remaining unbound BSA was removed by several washing
steps with HyClone water. The following centrifugation speeds were used for different sizes: 150
nm PDNPs (21.000 rcf, 20 minutes), 250 nm PDNPs (4000 rcf, 20 minutes) and 400 nm PDNPs
(4000 rcf, 10 minutes). The resulting BSA-coated PD NPs were dispersed in HyClone water and

stored at 4°C.

To provide additional evidence for successful BSA coating, 400 nm PDNPs were coated with
albumin—fluorescein isothiocyanate conjugate (FITC-BSA, Sigma-Aldrich) as described for the
coating with standard BSA. PDNP dilutions (at 5.6x108 NPs/mL) were added to wells of a glass-
bottom 96-well plate and left to dry overnight at 37°C. Next, ProLong™ Diamond antifade
mountant (Invitrogen, Belgium) was added and samples were allowed to cure for 24 h at room
temperature. Samples were visualized with a Nikon A1R HD confocal laser scanning microscope

(Nikon Benelux, Belgium) with a 60x oil immersion lens (plan apo A 60X oil, NA 1.4, WD 130

10



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

pum). The PDNP core particles were visualized in light scattering mode using a 80/20 beam splitter,
while the FITC-BSA coating was visualized in the green fluorescent channel using a 525/50nm
emission filter (MHE57030, Nikon). A galvano scanner was used for unidirectional scanning to
acquire the channels sequentially. Scan speed was set to 0.125 FPS with 16X line averaging. The
pinhole was set to 1.2 AU. The pixel size was set to 110 nm/pixel. ImageJ (FIJI) was used to

process the images.

Additionally, relative florescence intensities of uncoated and FITC-BSA-coated PDNP dilutions
were measured using a VICTOR3 1420 Multilabel Counter® (Perkin Elmer) with excitation at

485 nm and emission at 535 nm.

To visualize the particles by scanning electron microscopy (SEM), BSA-coated PDNPs were dried
on silicon wafers one day before the measurement. SEM images were acquired with a FEI Quanta
200F microscope (Thermo Fisher) operating at a voltage of 20 kV. Dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern Instruments Co., Ltd.) was used to measure the hydrodynamic
diameter and nanoparticle tracking analysis (NTA, NanoSight LM10, Malvern Panalytical, UK)
was performed to determine nanoparticle concentrations [51-53]. NTA was performed in
scattering mode with a 488 nm laser.

To estimate the mass concentration of PDNPs administered to cells, a spherical shape of
nanoparticles was assumed with a PDNP density of 1.52 g/cm® as previously reported in the
literature [54]. For spherical nanoparticles, the volume is V=4/3rr3, where r is the radius of the
sphere (based on NP diameters measured from SEM images). Next, the mass of single NP was

calculated by multiplying NP volume by polydopamine density, from which the mass

11
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concentrations are finally obtained. The conversion between PDNP number [NPs/mL] and mass

[mg/mL] concentrations is reported in Table S3 in Supporting Information.

2.4. Determination of VNB generation threshold

For the generation and detection of VNBs, an in-house developed setup equipped with a 3 ns
pulsed 532 nm laser (Cobolt Tor™ Series, Cobolt AB, Solna, Sweden) was used to illuminate the
PDNPs. The stocks of PDNPs were first diluted in ddH-O to a concentration of ~ 1x10° NPs/mL,
next samples were transferred to 50 mm y-irradiated glass bottom dishes (MatTek Corporation,
Ashland, MA, USA) and particles were allowed to sediment on the bottom. Lasers pulses were
generated using a 25 MHz pulse generator (TGP3121, Aim-TTi, Huntingdon, UK), with control
over the pulse energy being provided by an adjustable DC power supply (HQ Power PS23023,
Velleman Group, Gavere, Belgium). The VNBs were visualized using dark field microscopy,
where the increased scatter of VNBs resulted in bright white spots on a black background. The
number of VNBs visible within the irradiated region was quantified for increasing laser pulse
fluences. These VNB numbers were then plotted in the function of laser pulse fluence and a
Boltzmann sigmoid curve was fitted to determine the threshold, defined as the laser fluence at

which there is a 90% probability of a given particle generating a VNB.

2.5. Photoporation for the delivery of FITC-dextran 500 kDa

FITC-dextran of 500 kDa (FD500, Sigma-Aldrich, Bornem, Belgium) was used as a model
macromolecule for measuring delivery efficiency and optimizing photoporation parameters.
FD500 delivery was performed in either unstimulated or activated and expanded human T cells.

Opti-MEM was selected as the transfection buffer of choice. The cells were first washed three

12



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

times by centrifugation (300xg, 5 min) with Opti-MEM to remove any residual cell culture
medium with FBS. After the final washing step, cells were resuspended in Opti-MEM and
transferred to a flat-bottom 96-well plate (1x10° cells per well). Next, a series of PDNP dilutions
was prepared in Opti-MEM and added to cell suspensions to reach concentrations specified in the
results. Finally, FD500 was added to the mixture to reach a final concentration of 1 mg/mL.

The plate was quickly spun down to let the cells sediment to the bottom of the plate. Photoporation
was then performed with an in-house developed setup with a nanosecond laser (3 ns pulse duration,
532 nm wavelength) and equipped with a galvano scanner, enabling irradiation in high throughput
(3-4 s per well). Immediately after laser treatment, cells were washed three times by centrifugation
(300xg, 5 min), resuspended in fresh culture medium, and incubated at 37°C, 5% CO_ until the
moment of analysis of delivery efficiency and cell viability.

To evaluate the delivery efficiency of FD500 (i.e., the percentage of FITC-positive cells), T cells
were washed once with DPBS- (300xg, 5 min) and resuspended in flow buffer (DPBS-, 1% BSA,
0.1% Sodium Azide) with TO-PRO3 iodide (Invitrogen, Belgium) as cell viability dye. Flow
cytometry was performed using a MACSQuant Analyzer 16 (Miltenyi Biotec, Germany) and a
minimum of 40 000 cells were analyzed per sample. FITC and TO-PRO-3/ APC were excited with
488 and 640 nm lasers and detected with 525/50 and 655-730 nm filters, respectively. FlowJo™

software (Treestar Inc.) was used for data analysis.

2.6. T cell activation after photoporation of unstimulated T cells
To determine to which extent quiescent T cells can still be stimulated after being treated with
photoporation, unstimulated T cells were treated by photoporation as described before but in the

absence of cargo molecules. This allows assessing the influence of the photoporation treatment
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alone, excluding potential confounding effects due to the intracellularly delivered cargo molecules.
After laser treatment, the cells were rested overnight at 37°C, 5% CO.. The next day, cells were
stimulated with ImmunoCult Human CD3/CD28 T cell Activator (Stem Cell Technologies,
Vancouver, Canada) according to the manufacturer’s protocol. Briefly, T cells (1x10%/mL) were
seeded in 24-well plates in complete IMDM supplemented with 10 ng/mL IL-2 and 25 uL of
CD3/CD28 Activator was added per well. Cultures were split and supplemented with fresh
medium on day 3, day 5 and day 7.

Asa control, T cells were mixed with PDNPs but without applying laser irradiation. After exposure
to PDNPs, cells were activated as described above.

For the analysis of surface activation markers by flow cytometry, the following anti-human
monoclonal antibodies were used: CD3 FITC (StemCell Technologies, Vancouver, Canada), CD3
PE/Cy7 (Biolegend, USA), CD154 FITC (Biolegend, USA), CD137 PE (Biolegend, USA), HLA-
DR PerCP (Biolegend, USA), PD-1 APC (Biolegend, USA) and PD-1 PE (Miltenyi Biotec,
Germany). Briefly, cells were washed with DPBS, resuspended in flow buffer and incubated with
the indicated antibodies for 30 min at 4°C. LIVE/DEAD™ Fixable Aqua Stain (Invitrogen,
Belgium) or TO-PRO™-3 iodide (Invitrogen, Belgium) were included in the staining panels to
distinguish between live and dead cell populations. After two washing steps, samples were
measured on a MACSQuant Analyzer 16 (Miltenyi Biotec, Germany). LIVE/DEAD™ Aqua Stain
and TO-PRO-3/ APC were excited with 405 and 640 nm lasers and detected with 525/50 and 655-
730 nm filters, respectively. FITC, PE, PerCP and PE-Cy7 were excited with a 488 nm laser and
collected with the respective filters of 525/50 nm, 585/40 nm, 655-730 nm, and 750 nm LP. FlowJo

software (Treestar Inc.) was used for data analysis.
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2.7. Evaluation of cell viability with Cell Titer Glo assay

The CellTiter Glo® luminescent cell viability assay (Promega, Belgium) was used according to
the manufacturer’s instructions to assess cell viability after photoporation or to monitor T cells
stimulated after pre-treatment by photoporation. In this assay, the number of viable cells is
determined by quantitation of the ATP present, as an indicator of metabolically active cells.
Briefly, T cells in complete culture medium were supplemented with an equal volume of CellTiter
Glo® reagent and shaken on an orbital shaker (120 rpm) for 10 min at room temperature. Next,
the cell lysates were transferred to an opaque 96-well plate and the luminescent signal was
measured using a GloMax® microplate reader (Promega, Belgium) with a detection wavelength
range of 350 to 650 nm. Cell viability was calculated relative to the non-treated control.

The cell viability readout was then combined with delivery efficiency measured by flow cytometry
to obtain the delivery yield, a parameter representing the viable and successfully transfected
fraction compared to the initial cell population. The delivery yield percentage can be calculated by

multiplying the percentage of FD500-positive cells and the percentage of viable cells:

Delivery yield [%] = (delivery efficiency [%] x cell viability [%]) /100

2.8. Cell counting with Trypan Blue

To monitor cell viability and proliferation of T cells activated after photoporation treatment, cells
were counted manually using a Burker counting chamber (Brand GMBH, Germany) and trypan
blue exclusion staining (0.4%, Sigma-Aldrich, Belgium). Cell number changes were normalized
to the starting seeding density of 1x10° cells/mL on day 1 and corrected for culture dilutions at the

previously indicated time points.
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2.9. Quantification of cytokines in cell culture supernatants

Cell culture supernatants were collected at the indicated time points and stored at -80°C. The
production of interferon gamma and Tumor Necrosis Factor alpha was determined using the
Human IFN gamma ELISA kit (Invitrogen, Belgium) and the Human TNF alpha ELISA kit
(Invitrogen, Belgium), according to the manufacturer’s protocols. The absorbance was measured
at 450 nm with a VICTOR3 1420 Multilabel Counter® (Perkin Elmer). The results are presented

both without normalization and normalized to cell numbers.

2.10. Statistical analysis

All data are shown as mean + standard deviation (SD). Statistical differences were analyzed using
GraphPad Prism 8 software (La Jolla, USA). Two-way ANOVA with Tukey’s multiple
comparisons test was used to compare maximal FD500 delivery yields achieved with different
PDNP sizes and laser fluences, and to analyze cell proliferation rates in cultures pre-treated by
photoporation. Expression of surface activation markers and cytokine production were evaluated
using Kruskal-Wallis nonparametric test with Dunn’s multiple comparisons test.—Asterisks are

used to illustrate statistical significance (* p < 0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001).
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3. Results

3.1. Characterization of unstimulated and activated T cells by confocal microscopy

In this study, we aimed to investigate the applicability of PDNP-photoporation for the intracellular
delivery in unstimulated and expanded T cells. As it is well known that activated T cells are larger
than quiescent T cells [55,56], we reasoned that it would be of interest to evaluate different sizes
of PDNPs. To better understand the morphological differences between these two cell phenotypes
and guide the selection of photothermal NP sizes, we first visualized unstimulated and pre-
activated T cells by confocal microscopy after nuclear and cell membrane staining (Figure 2). The
average cell diameters quantified from confocal images were 7 + 0.5 um for the unstimulated

(Figure 2C) and 12.6 £ 2 um for the activated T cells (Figure 2D).
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Figure 2. Visualization of unstimulated and activated T cells by confocal microscopy. (A, B) Representative
confocal images of unstimulated (A) and activated (B) T cells. T cell nuclei and cell membranes were stained with
Hoechst 33342 (cyan) and CellMask Deep Red stain (magenta), respectively. The scale bar represents 20 pm. (C, D)

Size distribution of unstimulated (C) and activated (D) T cells, as derived from the confocal images.

3.2. Synthesis and physicochemical characterization of polydopamine nanoparticles

The synthesis of polydopamine nanoparticles (PDNPs) was performed according to the protocol
adapted by Harizaj et al. [48] and is based on the neutralization of dopamine hydrochloride with
NaOH, followed by spontaneous air oxidation (cfr. M&M) [50]. The size of particles is affected

by various synthesis parameters, such as reaction temperature, pH and dopamine concentration
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[50,57]. Using a dopamine hydrochloride/NaOH ratio of 1:0.8 and a reaction temperature of 50°C,
a gradual growth of PDNPs was achieved. Size was monitored at regular time intervals by dynamic
light scattering (DLS). Sonication was applied to remove any remaining agglomerates as
previously reported by Harizaj et al. [48]. Once the desired size was reached, the reaction was
terminated and the PDNPs were retrieved by centrifugation.

The uncoated PDNPs displayed excellent colloidal stability in water but tended to aggregate in
Opti-MEM (Figure S1 and Table S1, Supporting Information), calling for an extra
functionalization step to ensure good stability in transfection media that are typically used in cell
experiments. Serum albumins have been widely used in biomedical applications such as the
synthesis of multifunctional nanoparticles for drug delivery and bioimaging or ultrathin coatings
of nanostructures to enhance their immune compatibility [58-60]. In the present study we opted
for PDNP functionalization with bovine serum albumin (BSA), which is based on a Schiff base
type or Michael addition reaction between amine groups of albumin and catechol/ quinine groups
of polydopamine and can be achieved by overnight incubation of PDNPs with BSA solution [61—
63]. After PDNP functionalization, an increase in hydrodynamic diameter from 493 + 3 nm to 522
+ 3 nm was observed (Table S1, Supporting Information), providing a first indication of successful
coating. This observation was in agreement with other studies reporting BSA coatings with a
thickness in the nanometer scale [60,64,65]. In addition, the zeta-potential turned slightly negative
after the coating procedure (Table S2, Supporting Information), similar to what was previously
reported by Harizaj et al. [48]. To provide further evidence for effective BSA coating, PDNPs
were functionalized with FITC-conjugated BSA and visualized by confocal microscopy (Figure
S2, Supporting Information). The PDNP core particles were visualized by in light scattering mode,

while the FITC-BSA coating was visualized in the green fluorescent channel. We were able to
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successfully detect fluorescence for FITC-BSA-coated particles, which was not the case for the
uncoated PDNPs. These results were finally complemented with a spectrometric analysis of
relative fluorescence intensities of FITC-BSA-coated and uncoated PDNPs (Figure S3,
Supporting Information). Together these data show that a BSA coating could be successfully

applied to the PDNPs.

BSA-coated PDNPs of three different dimensions were created, of which the size and morphology
was analyzed by SEM (Figure 3A, 3B, 3C). Each formulation showed a near-spherical shape of
fairly uniform size. Using image analysis, we measured respective PDNP diameters of 141 + 18
nm (Figure 3D), 238 = 34 nm (Figure 3E) and 385 + 42 nm (Figure 3F). For ease of reference,
we will refer to those particles as 150 nm, 250 nm and 400 nm PDNPs, respectively. The
hydrodynamic diameter of the PDNPs was additionally assessed by DLS in water and Opti-MEM,
of which representative intensity size distributions are displayed in Figure 3G, 3H and 3I. The
average hydrodynamic size was respectively 145 + 1 nm, 237 £ 5 nm and 471 £ 1 nm in water,
and 149 £ 1 nm, 255 + 4 nm and 460 + 6 nm in Opti-MEM (Table S2, Supporting Information).
All formulations were characterized by quite low polydispersity index (PDI) values in both water
and Opti-MEM, indicating relatively narrow size distributions [66,67]. This shows that PDNPs are
stable in Opti-MEM which is used to add them to cells. In addition, the BSA-PDNP size was
determined after mixing with FD500, which is a model cargo molecule used in the present study.
As can be seen in Figure S4, no change in size was observed, showing that BSA-PDNPs do not
aggregate in the presence of FD500.

While the hydrodynamic size measured by DLS corresponded well with the particle diameters

measured with SEM, 400 nm PDNPs appeared larger when measured with DLS. This may be due
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to the presence of spurious aggregates (dimers or small agglomerates) that cannot be discriminated
from individual particles with DLS. Nevertheless, overall, there was a good correspondence
between SEM and DLS size measurements. Next, we investigated whether differently sized
PDNPs can generate VNBs when irradiated with pulsed laser light (Figure 3J, 3K, 3L). VNBs
can be visualized by dark field microscopy as they intensely scatter light during their lifetime. By
counting the number of VNBs as a function of the applied laser fluence and by fitting the plotted
data with a Boltzmann function, the VNB threshold can be determined, which is defined as the
laser fluence at which 90% of the NPs present in the irradiated region generate VNBs. For 400 nm
PDNPs, the threshold laser fluence was determined to be 1.32 J/cm?. 250 nm PDNPs generated
bubbles when illuminated with higher laser fluences, however, no saturation of the VNB formation
could be reached within the range of fluences available on our optical setup, hence no threshold
could be determined. Lastly, for 150 nm PDNPs, no VNBs were detected, even at the highest
available laser fluence. These results are in agreement with the observations of Harizaj et al., who

previously reported an increasing VNB threshold for decreasing PDNP sizes.
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Figure 3. Physicochemical characterization of BSA-coated polydopamine nanoparticles (PDNPs) of different

sizes. (A-C) Representative SEM images of 150 nm (A), 250 nm (B), and 400 nm (C) PDNPs. The scale bar

corresponds to 500 nm. (D-F) Size distribution of 150 nm (D), 250 nm (E), and 400 nm (F) PDNPs, as derived from
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the SEM images. (G-I) Representative intensity size distributions of BSA-coated PDNPs of 150 nm (G), 250 nm (H),
and 400 nm (1) as measured by DLS in water (blue curve) and Opti-MEM (orange curve). (J-L) Determination of
vapor nanobubble (VNB) generation threshold for 150 nm (J), 250 nm (K) and 400 nm (L) PDNPs. The number of
bubbles was determined for increasing laser pulse fluences using dark field microscopy. The VNB threshold is
deduced using a Boltzmann fit (solid line) and is defined as the laser pulse fluence at which 90% of the asymptotic

value of the Boltzmann fit is obtained (blue dotted line).

3.3. Intracellular delivery of FD500 in unstimulated T cells

To evaluate the efficiency of intracellular delivery by PDNP photoporation in unstimulated human
T cells, FD500 was selected as a model compound. The procedure of isolating unstimulated T cells
from blood samples and application of the photoporation procedure is schematically depicted in
Figure 4A. For each particle size, T cells were incubated with a range of PDNP concentrations
and irradiated with three different laser fluences, i.e., 0.56 J/cm?, 1.06 J/cm? and 1.45 J/cm?, the
latter being close to the highest fluence that can be reached on the photoporation setup used in this
study. The percentage of FD500+ cells (readout for delivery efficiency), as quantified by flow
cytometry, gradually increased with PDNP concentration, gradually approaching near 100%
positive cells (Figure 4B, 4C, 4D). The increase in delivery efficiency was associated with
decreasing cell viability, which was assessed two hours after photoporation using a Cell Titer Glo
assay. The delivery yield, the percentage of FD500+ cells which are alive, was unique to PDNP
size (Figure 4E, 4F, 4G). For 150 nm PDNPs the most optimal PDNP concentration was
consistently 256x10'° NPs/mL, while it was 8x10*® NPs/mL for 250 nm PDNPs and 2x10%°
NPs/mL for 400 nm PDNPs. The delivery efficiency for those concentrations was higher for higher
laser fluences, but due to a proportionally higher cytotoxicity, the optimal yield values were not
significantly different for different laser fluences. Finally, the delivery yield increased with

decreasing PDNP size, with the yields being statistically different for treatment with 150 nm
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Figure 4. Intracellular delivery of FD500 in unstimulated human T cells by PDNP photoporation. (A) Schematic
overview of the experimental procedure (created with BioRender.com). Unstimulated T cells were treated by
photoporation for the intracellular delivery of FD500 on the day of isolation. T cells were mixed with increasing
concentrations of PDNPs of different sizes and irradiated with three laser fluences of 0.56, 1.06 and 1.45 J/cm?.
Untreated cells (UNTR), cells incubated with FD500 (FD CTR), cells incubated with FD500 and PDNPs (PDNPs +
FD) and cells mixed with NPs and irradiated in the absence of cargo (photo CTR) served as control conditions. (B-D)
Delivery efficiency of FD500 (bars) was measured by flow cytometry and cell viability (dots) was determined by a
Cell Titer Glo assay 2 hours after the treatment. (E-G) Delivery yield represents the viable and transfected fraction of
the initial cell population and was calculated as the product of delivery efficiency and cell viability. Data represent the

mean £ SD of at least four different donors tested per PDNP size.

3.4. Intracellular delivery of FD500 in expanded T cells

Next, we performed the same experiment on expanded T cells. In this case, as schematically shown
in Figure 5A, lymphocytes were activated with anti-CD3 and anti-CD28 antibodies and cultured
in the presence of IL-2 for 7 days before being treated by photoporation in exactly the same manner
as before. Again, higher percentages of FD500+ cells (delivery efficiency) could be observed with
increasing PDNP concentration, at the expense of cell viability (Figure 5B, 5C, 5D). Again, higher
laser fluence led to higher delivery efficiency, but due to higher toxicity there was no appreciable
difference in the optimal delivery yield. For 150 nm PDNPs, the optimal PDNP concentration was
128-256x10'° NPs/mL, similar as for unstimulated T cells. For 250 nm PDNPs the optimal
concentration was 8-16x10'° NPs/mL, again close to what was found for unstimulated T cells. For
400 nm PDNPs the optimal concentration varied between 0.25 and 1x10%° NPs/mL due to a
relatively high variability between donors. This is slightly lower than for unstimulated T cells. But,
considering high variability between donors, we conclude that the optimal PDNP concentration is

very similar for unstimulated or expanded T cells. When looking at the effect of particle size,
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PDNPs of 250 nm produced the highest yield, although the difference with other sizes was not
statistically significant. Therefore, PDNP size had less influence on photoporation efficiency of
expanded T cells. While the exact reason for this remains elusive, it may be related to the fact that
unstimulated T cells are smaller than activated T cells (Figure 2) and, therefore, may be more

sensitive to the size of PDNP (and of the induced membrane pores).
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Figure 5. Intracellular delivery of FD500 in expanded human T cells by PDNP photoporation. (A) Schematic
overview of the experimental procedure (created with BioRender.com). T cells were stimulated with ImmunoCult
CD3/CD28 Activator and cultured for 7 days before photoporation treatment. Cells were mixed with increasing

concentrations of PDNPs of different sizes and irradiated with three laser fluences of 0.56, 1.06 and 1.45 J/cm?.
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Untreated cells (UNTR), cells incubated with FD500 (FD CTR), cells incubated with FD500 and PDNPs (PDNPs +
FD) and cells mixed with NPs and irradiated in the absence of cargo (photo CTR) served as control conditions. (B-D)
Delivery efficiency of FD500 (bars) was measured by flow cytometry and cell viability (dots) was determined by a
Cell Titer Glo assay 2 hours after the treatment. (E-G) Delivery yield represents the viable and transfected fraction of
the initial cell population and was calculated as the product of delivery efficiency and cell viability. Data represent the

mean + SD of at least four different donors tested per PDNP size.

3.5. Evaluation of T cell functionality after pre-treatment by photoporation

Delivery efficiency and cell viability are the two most common success metrics in the assessment
of intracellular delivery methods. However, for cell-based therapies, it is of critical importance to
understand the impact of the applied transfection method on cell phenotype and function after
treatment. T cell activation is one of the central events in the adaptive immune response, necessary
for the generation of cellular and humoral immunity. Having optimized the photoporation
parameters, we sought to investigate the functionality of cells irradiated with differently sized
PDNPs by assessing their activation propensity after laser exposure. To this end, we measured cell
proliferation, upregulation of activation markers and cytokine production (Figure 6A and Figure
S5). Unstimulated T cells were first exposed to photoporation in the absence of cargo using
optimized PDNP concentrations, i.e., 256x10'° NPs/mL (150 nm PDNPs), or 8x10%*° NPs/mL (250
nm PDNPs), or 2x10'° NPs/mL (400 nm PDNPs), hereafter referred to as photo 150, photo 250
and photo 400, respectively. Laser irradiation was performed at an intermediate laser fluence of
1.06 J/cmz2 and cells were then rested overnight. Before stimulation with CD3/CD28 tetrameric
antibody complexes and 1L-2, the cell density was adjusted to 1x10° cells/mL in each experimental
group to compensate for cell loss. Unstimulated cells cultured in a plain medium without activating

agents were additionally included as a control condition (Figure S5). To evaluate T cell expansion,
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we measured cell proliferation for up to 10 days by manual cell counting and a spectrophotometric
metabolic (ATP quantification) assay. Based on cell counting, a statistically significant (p < 0.05)
decreased proliferation potential was only observed at day 10 for photo 400-treated cells when
compared to the untreated culture, whereas there were no statistically significant differences for
the other conditions (Figure 6B). The ATP levels of photo 150-treated T cells remained
comparable to the untreated ones throughout the whole culture period (Figure 6C). However, for
photo 250-treated T cells, a significant decrease in viable cell numbers was noticed from day 5 on,
stabilizing at 55 + 24% at day 10. Photo 400-treated T cells turned out to be more heavily affected,
with ATP rates being significantly lower than in the untreated culture and other conditions (p <
0.001), dropping to ~20-30% at the end of culture.

Next, we evaluated the expression of well-established surface activation markers, including
CD154 (CD40L), CD137 (4-1BB), HLA-DR and activation/exhaustion marker PD-1 (Figure 6D).
Since these antigens are known to display different kinetics of expression upon T cell stimulation
[68-70], they were analyzed at two different time points: day 3 and day 5. Significantly diminished
expression of CD154 and HLA-DR was observed at day 3 for photo 400-treated cells but not for
photo 150- or photo 250-treated cells. No significant differences in expression profiles of CD137
and PD-1 were found.

Finally, the production of key effector cytokines such as IFNy and TNFa was analyzed (Figure
S6 and 6E). In line with proliferation readouts, a heavily diminished secretion of IFNy was
observed at day 3 and 5 for T cells irradiated with 400 nm PDNPs, but not for the other
photoporated groups. Also, a reduced TNFa production could be noted for 400 nm PDNPs at day
3 (Figure S6). The lower levels of cytokines are obviously biased by the lower cell density. Hence,

we normalized the ELISA readouts to the cell numbers as determined by manual cell counting
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(Figure 6E). After doing so, IFNy levels in untreated and photoporated cultures were relatively
similar, while the production of TNFa had increased for photo 400-treated cells, which may render
T cells more susceptible to activation-induced cell death [71].

Importantly, the exposure to PDNPs without laser treatment had no measurable influence on cell
proliferation and expression of activation markers (Figure S7), showing that the PDNPs by
themselves do not affect T cell functionality.

Together, these data point to persistent phenotypic alterations of photo 400-treated T cells,
resulting in diminished proliferation rates and aberrant expression of activation markers. On the
contrary, T cells irradiated with smaller PDNPs preserved their propensity to become activated

much better.
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Figure 6. Evaluation of T cell functionality after pre-treatment by PDNP photoporation.

(A) Schematic overview of the experimental setup and timeline (created with BioRender.com). Unstimulated T cells
were treated by photoporation in the absence of FD500 on the day of isolation (day 0). The cells were then allowed to
rest overnight. The next day (day 1), the cell density of every experimental group was adjusted to 1x10° cells/mL to
ensure the optimal stimulation with ImmunoCult CD3/CD28 T cell Activator, as per the manufacturer’s instructions.
Cultures were diluted at day 3, 5 and 7 and various experimental readouts were assayed at different time points. (B)
Cell number fold changes in T cell cultures pre-treated with different PDNP sizes as assessed by cell counting with
Trypan blue staining. The normalized cell growth was calculated relative to the seeding density at day 1. Data are
represented as the mean + SD of cultures of four different donors. Statistical analysis was performed using Two-way
ANOVA with Tukey’s multiple comparisons test (¥*p < 0.05). (C) Viability of T cell cultures was monitored using
Cell Titer Glo assay. The values were calculated relative to the non-treated control at every time point. Data are
represented as the mean = SD of cultures of five different donors. Statistical analysis was performed using Two-way
ANOVA with Tukey’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (D) The
expression of surface activation markers CD154, CD137, PD-1 and HLA-DR was evaluated by flow cytometry at day
3 and day 5 after the photoporation. Data are represented as boxes-and-whiskers showing the minimum to maximum
results of cultures of at least three different donors. Statistical analysis was performed using Kruskal-Wallis
nonparametric test with Dunn’s multiple comparisons test (*p < 0.05). (E) The production of IFNy and TNFa was
determined using an ELISA assay. Cell culture supernatants were collected at day 3 and day 5 after the laser treatment.
Results were normalized to the cell numbers determined by manual cell counting. Data are represented as the mean
(center bar) + SD of cultures of three different donors. Statistical analysis was performed using Kruskal-Wallis

nonparametric test with Dunn’s multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001).
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4. Discussion

NP-mediated photoporation is a promising physical intracellular delivery technology, offering
tunability and high throughput. Since it is a laser-activated method, it can deliver compounds in a
spatiotemporally defined manner, even with single cell precision [72,73]. It has proven successful
in the delivery of a wide range of molecules such as fluorescent markers [74,75], nucleic acids or
proteins into various cell types including primary neurons [73] and T lymphocytes [39-41].
Recently, we demonstrated successful photoporation of cells using synthetic melanin-like
nanoparticles as biodegradable replacement of the more commonly used inorganic nanoparticles,
such as AuNPs [48]. These polydopamine nanoparticles (PDNPs) offer some unique advantages
such as biocompatibility, biodegradability, synthesis from clinically approved precursors and

excellent photothermal conversion properties over a broad spectral region [76-80].

In the field of CAR T cell therapies, vast research efforts have been directed towards increasing T
cell potency and persistence in vivo. Recent evidence suggests that less differentiated cell
phenotypes are preferred, so that ex vivo transfection of quiescent cells would be highly
advantageous. It is, therefore, of crucial importance to select a delivery technology that minimally
impacts the phenotype and functionality of T cells [26,81]. For instance, it was demonstrated that
electroporation of T cells pushes them to an exhausted and therapeutically inferior phenotype
[29,32,82], which is not the case for newer and gentler delivery technologies, such as microfluidic

cell squeezing [32] and nanofiber-based photoporation [33].

To assess the value of PDNP photoporation for T cell engineering, it is, therefore, of importance

to further investigate to which extent it can be used to deliver macromolecules in unstimulated T
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cells without affecting the cell’s phenotype. As activated T cells are larger than quiescent T cells
(Figure 2), we reasoned that it would be of interest to evaluate different sizes of PDNPs. Therefore,
we synthesized PDNPs with an average size of approximately 150 nm, 250 nm and 400 nm, which
were coated with BSA as before [48] to achieve good colloidal stability of PDNPs in Opti-MEM.
Importantly, human serum albumin (HAS) and bovine serum albumin (BSA) share several
characteristics, such as high solubility in water, long half-life in blood, similar molecular weight,
and a similar number of amino acid residues. Therefore, for (pre-clinical) research purposes, both
types of albumins have been widely applied, with no noticeable differences in properties of such
nanomaterials, suggesting that BSA can be substituted by HSA extracted from human blood at
later stages of technology translation [58-60].

Next, we optimized photoporation parameters for both unstimulated and expanded T cells by
extensive screening of PDNP concentrations and laser fluences. As a model cargo, we selected
FD500, which corresponds to a hydrodynamic diameter of 31 nm and falls in the size range of
some therapeutically relevant molecules, such as transcriptions factors, antibodies and genome-
editing nucleases [1]. In unstimulated T cells, we observed an inverse correlation between maximal
delivery yields and increasing PDNP sizes. 150 nm PDNPs significantly outperformed the largest
400 nm PD formulation, mainly due to inducing less toxicity for a similar delivery efficiency.
Importantly, optimal photoporation conditions for both 150 and 250 nm PDNPs were associated
with favorable viability above 70% and delivery efficiencies between 70 and 85%, resulting in a
delivery yield of 50-60%. However, when unstimulated cells were irradiated with 400 nm PDNPs,
cell viability dropped to ~55%, resulting in the lowest delivery yield among all tested formulations.
In the case of CD3/CD28 activated T cells, the overall best performance was obtained with 250

nm PDNPs, where high delivery efficiency (~90%) was combined with relatively low toxicity,
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resulting in an excellent yield of ~70%. The delivery yield for both 150 and 400 nm PDNPs was
slightly less, although differences were not statistically significant. Altogether, slightly higher
delivery yields were achieved in pre-activated cells when compared to unstimulated T cells. This
was somehow expected and in agreement with previous studies on AuNP-mediated photoporation
which demonstrated that the efficiency of intracellular delivery increases with increasing cell size
[83]. Nonetheless, the delivery yield for both T cell models clearly exceeded those described
previously for FD500 delivery by AuNP-mediated photoporation in Jurkat cells (~20%) [84] and
PDNP-photoporation with 500 nm PDNPs in expanded T cells (~30%) [48]. This shows that, if
PDNP size is optimized for a given cell (pheno)type, they are excellent sensitizers for

photoporation, resulting in high delivery yields.

However, as discussed above, delivery efficiency alone is insufficient in the context of adoptive T
cell therapy, since also T cell fitness is a critical determinant of therapeutic efficacy. Therefore, to
better understand the functional implications of PDNP photoporation, we studied T cell propensity
to activation after laser exposure. We observed no significant changes to proliferation of photo
150 treated cells, indicating that T cells remained highly functional after treatment. Some impact
on growth rates could be noted after subculturing of photo 250-treated cells. However, expression
of activation markers and secretion of [FNy and TNFo remained comparable to the untreated
control. In contrast, photo 400- treated T cells could not recover in terms of proliferation and
surface phenotype. These observations are in line with the ranking of PDNP size according to their
maximal delivery yields (150 nm > 250 nm > 400 nm), underscoring the importance of tailoring
the size of the photosensitizer to a specific cell (pheno)type to ensure optimal delivery and cell

phenotype preservation.
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The reason why larger PDNPs have a bigger impact on small quiescent T cells can be due to two
reasons. First of all, for the laser fluences used in this study, the 150 nm PDNPs did not generate
VNB, meaning that membrane pore formation was due to direct heating. Instead, 400 nm PDNPs
did form VNB, in which case pores are generated by a different mechanism (mechanical
perturbation). Therefore, it could be that VNB formation by larger PDNPs, and the mechanical
pressure waves that result from that, inflict more damage to cells as compared to mere heating at
the plasma membrane. A second reason could be that VNB formation by large PDNPs results in
larger membrane pores, which could be more difficult to repair by small cells like unstimulated T
cells [85,86]. In any case, whatever the underlying reason, this perturbation resulted in immediate
cell loss as demonstrated by ATP measurements performed 2 hours after laser treatment.
Additionally, the surviving cell population carried some persistent phenotype alterations which
manifested themselves in reduced proliferation rates during in vitro expansion. Moreover, we
observed an aberrant cytokine production, similar to what was reported before for the treatment

by electroporation [32,33].

Having identified PDNP sizes that have a minimal impact on T cell activation propensity, in future
work it will be of interest to determine delivery efficiency in different T cell subsets, such as naive
or memory cells and analyze the impact of photoporation treatment on the respective
subpopulations, for instance by single cell sequencing. Such phenotypical analysis could reveal
more about the impact of PDNP photoporation on T cell differentiation. Lastly, the investigation
of T cell functionality may be strengthened by the assessment of antigen specific cytolytic activity
of photoporated CAR-T cells as has been done before for nanofiber photoporation [33].

Nonetheless, the multiparametric in vitro analysis performed in this study provides valuable
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insights for further optimization of PDNP photoporation towards genetic engineering of highly

functional human T cells.

5. Conclusion

In summary, we optimized PDNP photoporation for macromolecule delivery in both unstimulated
and expanded human T cells. A systematic screening of photosensitizer sizes revealed that laser
treatment of quiescent cells with small 150 nm PDNPs generates favorable delivery yields with a
minimal impact on T cell functionality. Our findings highlight the need for tailoring the size of
photothermal NPs to cell (pheno)type and the importance of careful evaluation the effect of the
delivery method on phenotype and functionality. The observations made in this study will be
helpful to further develop photoporation as an intracellular delivery method for the genetic

engineering of clinically relevant immune cells.
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