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Keywords: Efficient intracellular delivery of exogenous (nano)materials is critical for both research and therapeutic appli-
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Consequently, significant research efforts are focused on developing innovative and effective methodologies to
optimize (nano)material delivery.

In this study, we utilized osmotic shock to enhance (nano)cargos internalization. We examined the effects of
hypotonic/hypertonic shock on both primary and cell lines, assessing parameters such as cell viability, cell
volume, membrane tension changes, and particle uptake. Our results indicate that short-lived osmotic shock does
not harm cells. Hypotonic shock induced temporary shape changes lasting up to 5 min, followed by a 15-minute
recovery period. Importantly, hypotonic shock increased the uptake of 100-nm and 500-nm particles by ~ 3- and
~ 5-fold, respectively, compared to isotonic conditions. In contrast, the hypertonic shock did not impact cell
behavior or particle uptake.

Notably, the internalization mechanisms triggered by osmotic shock operate independently of active endocytic
pathways, making hypotonic stimulation particularly beneficial for hard-to-treat cells. When primary fibroblasts
derived from amyotrophic lateral sclerosis (ALS)-patients were exposed to hypotonic shock in the presence of the
therapeutic cargo icerguastat, there was an increased expression of miR-106b-5p compared to isotonic
conditions.

In conclusion, osmotic shock presents a promising strategy for improving drug delivery within cells and,
potentially, in tissues such as muscles or skin, where localized drug administration is preferred.

1. Introduction applications in genome-editing methodologies, ex vivo cell-based ther-
apies, and various fundamental research endeavors (Morshedi Rad et al.,

The intracellular delivery of exogenous (nano)materials has emerged 2021).
as a crucial aspect of modern biology and biotechnologies, finding Over recent decades, researchers have devoted significant efforts to
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developing molecules and materials tailored for deployment within the
intracellular milieu. These encompass a diverse array of substances,
ranging from small molecules to nucleic acids such as DNA and RNA,
proteins, synthetic nanomaterials like carbon nanotubes, quantum dots,
nanoparticles, and microdevices, as well as experimental or therapeutic
drugs (Gao et al., 2023; Morshedi Rad et al., 2021; Ray et al., 2017).
Notably, these cargos exhibit considerable variability in size, shape,
architecture, and chemical properties, which profoundly influence the
efficacy of their internalization process, given the intrinsic imperme-
ability of most cargos through cell membranes (Bono et al., 2020; Chou
et al., 2011; Stewart et al., 2018; Zhang et al., 2023; Zhu et al., 2013).
Although chemical and structural modifications can improve the mem-
brane permeability of small molecules and short peptides, larger cargos
require active intracellular delivery. This is achieved through a variety
of delivery approaches that are classified based on how they pass
through the plasma membrane. These approaches can be broadly cate-
gorized into two groups: (i) the use of carriers, wherein cargos are
encapsulated within nano- and micro-particles that undergo uptake into
endosomal trafficking routes or fuse with the target cell membrane, or
(ii) physical methods leading to the transient disruption, destabilization,
or permeation of the cell membrane to facilitate cargo entry (Stewart
et al., 2018, 2016).

Carriers employed for the intracellular delivery of cargos encompass
a wide array of biochemical systems ranging from molecular to nano-
and micro-scale dimensions, such as synthetic and/or inorganic nano-
particles, molecular complexes, protein/peptide-based targeting agents,
and bio-inspired systems incorporating elements of viral and bacterial
origin. However, their effectiveness is often limited to specific subtypes.

Intracellular cargo delivery can also be accomplished through
physical methods, which are promising options to carriers because they
are applicable in vitro and ex/in vivo. These techniques and technologies
rely on physical stimuli to entail transient disruptions in the plasma
membrane through mechanical, electrical, thermal, optical, or chemical
cues. These approaches can be broadly categorized into direct penetra-
tion and permeabilization means. Direct cell penetration relies on using
a shaft or vehicle to breach the membrane and insert the cargo (e.g.,
microinjection, ballistic particles, and microneedles). Instead, per-
meabilization destabilizes the cell membrane to make it transiently
porous and enable the entry of substances from the outside. Per-
meabilization strategies developed so far include electroporation,
optoporation, cell squeezing, cavitation, thermal treatment, fluid shear
stress, and osmotic shock (Stewart et al., 2016).

In this context, the quick alteration of osmotic pressure within cells
emerges as a straightforward yet effective strategy to apply mechanical
force to cell membranes, such as the plasma membrane and organelles
(e.g., endosomes and pinosomes), and disrupt them (Stewart et al.,
2018). However, achieving precise spatiotemporal control is chal-
lenging because altering media osmolarity can lead to significant
cellular stress or death (Stewart et al., 2018).

In this study, we used osmotic shock to control cell membrane ten-
sion and improve the uptake of (nano)cargos. Plasma membrane tension
arises from the combined contributions of osmotic pressure, in-plane
tension, and cytoskeletal forces (Sitarska and Diz-Munoz, 2020).
Notably, the cytoskeleton plays a crucial role in most processes regu-
lating membrane tension, such as cell volume (Fletcher and Mullins,
2010). When cells are exposed to hypotonic solutions, they swell,
causing the plasma membrane to stretch and become more permeable
(Adar et al., 2022; Dai et al., 1998; Fajrial et al., 2021; Mao et al., 2021;
Pontes et al., 2017; Sinha et al., 2011; Thottacherry et al., 2018). On the
other hand, exposure to hypertonic solutions causes cell shrinkage and
reduces cell membrane tension (Adar et al., 2022; Ghisleni and Gauthier,
2024; Lang, 2007; Roffay et al., 2021; Venkova et al., 2022). In this
context, it was hypothesized that these alterations in plasma membrane
tension may ease the cell uptake of (nano)cargos, making osmotic shock
a useful technique for controlling cell internalization. To shed more light
on the relationship between osmotic shock and membrane tension, as
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well as the mechanisms involved in cell trafficking after osmotic shock,
we devised a standardized protocol for subjecting cells to osmotic shock.

To ascertain how changes in environmental osmolarity affect cargo
internalization, we first investigated the functional and morphological
changes in cells exposed to hypotonic and hypertonic shocks. We then
assessed the impact of osmotic shock on the internalization efficiency of
fluorescent polystyrene (nano)particles (NPs) of varying sizes in a cell
line and primary cells. Additionally, the effectiveness of this permeation
strategy was evaluated in clinically relevant models in vitro, as demon-
strated by the delivery of a therapeutic drug in a pre-clinical in vitro
model of amyotrophic lateral sclerosis (ALS).

2. Experimental section
2.1. Materials

HeLa (human ovarian carcinoma epithelial cells, CCL-2) cell line was
purchased from the American Type Culture Collection (ATCC®, Mana-
ssas, VA, USA), whereas human primary fibroblast cells (hFBs) were
provided by Fondazione IRCCS Istituto Neurologico “Carlo Besta”
(Milan, Italy). Specifically, cells were obtained from three ALS patients
with bulbar onset meeting the diagnostic criteria for ALS (Brooks et al.,
2000) and three healthy controls (CTRL) recruited at the Motor Neuron
Disease Centre of the Fondazione IRCCS Istituto Neurologico “Carlo
Besta”. There were no differences in age, sex, and disease features within
the ALS patient group and between patients and CTRL at the screening
visit. Written informed consent was obtained from each subject.

Red fluorescent polystyrene (PS) particles (@: 100 — 500 nm) were
purchased from Magsphere Inc. (Pasadena, California, US). Bicincho-
ninic Acid (BCA) Protein Assay Kit and CellMask™ green plasma
membrane stain, Universal PCR Master Mix TagMan MicroRNA assays
were from ThermoFisher Scientific (Monza, Italy). Alamar Blue Assay®
was from Life Technologies (Monza, Italy). All other reagents were from
Merck Life Science (Milan, Italy) unless otherwise specified.

2.2. Cell culture

Mycoplasma-free HeLa cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10 % (v/v) fetal bovine
serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES, 100 U/mL peni-
cillin, 0.1 mg/mL streptomycin, and 2 mM glutamine (hereinafter
referred to as complete DMEM, cDMEM). hFBs were isolated from skin
biopsies of three ALS patients with bulbar onset and three healthy CTRL,
following a validated protocol (Varga et al., 2005). Cells were cultured
in a proliferative medium, that is, DMEM supplemented with 20 % FBS,
1 % L-Glutamine, and 1 % penicillin/streptomycin (P/S). Cells were
cultured at 37 °C in a humidified atmosphere under a constant supply of
5 % (v/v) CO5 (hereafter referred to as standard culture conditions).

2.3. Preparation of media at a different osmolarity (tonicity)

Different media with varying osmolarity were prepared by diluting
15 % (v/v) cDMEM in 85 % (v/v) NaCl aqueous solutions (i.e., deionized
water, dH50) at different salt concentrations (dilution factor: 1:5.6 (v/
v)). For the experiments, hypotonic (< 330 mOsm/L) and hypertonic (>

Table 1

Composition of media at different osmolarity.
medium (100 pL) ¢DMEM (uL) NacCl (mg) dH,0 (uL)
hypotonic (0.15x; 49.5 mOsm/L) 15 0.00 85
hypotonic (0.25x; 82.5 mOsm/L) 15 0.11 85
hypotonic (0.5%; 165 mOsm/L) 15 0.40 85
isotonic (1 x; 330 mOsm/L) 15 0.96 85
hypertonic (2x; 660 mOsm/L) 15 2.10 85
hypertonic (3x; 990 mOsm/L) 15 3.23 85




B. Rugzzante et al.

330 mOsm/L) media were prepared as outlined in Table 1 and expressed
as a function of the isotonic condition (1x). Of note, the isotonic me-
dium had the same osmolarity (330 mOsm/L) of cDMEM. All media
have equal cDMEM content.

2.4. Eyaluation of osmotic shock on cell viability

To assess the optimal magnitude and duration of the osmotic shock,
cell viability was assessed and compared to the standard culture con-
ditions. Briefly, (adherent) HeLa cells were seeded onto 96-well plates at
a density of 2 x 10* cells/cm? and maintained in standard culture
conditions for 24 h. Afterward, fresh cDMEM was added to each well.
After 30 min, cells were exposed to media with different osmolarity,
namely 0.15x (~ 49.5 mOsm/L), 0.25x (~ 82.5 mOsm/L), 0.5x (~
165 mOsm/L), 1x (~ 330 mOsm/L, CTRL), 2x (~ 660 mOsm/L), and
3x (~ 990 mOsm/L), then cells were incubated for different periods (i.
e., 5min, 15 min, 30 min, 1 h, 2 h, 4 h) in standard culture conditions.
More specifically, the excess of cDMEM was removed from each well,
and NaCl solutions (Table 1) were added and mixed through mild
pipetting. Following the incubation in different media, osmolarity was
adjusted to isotonic conditions by i) addition of NaCl in in sterile dH,O
for hypotonic conditions or ii) dilution in sterile dH2O for hypertonic
conditions. Cells were finally washed twice with ¢cDMEM and then
assayed with Alamar Blue® Cell Viability Assay directly or after a 24 h-
incubation in standard culture conditions. Briefly, the medium was
removed from each well and replaced with 100 uL/well of 1 x resazurin
dye solution in cDMEM. Next, plates were incubated in standard culture
conditions for 2 h and the fluorescence recorded with a Synergy H1
reader (BioTek, Winooski, VT, USA) (Aex = 540 nm; Aey, = 595 nm). The
viability of cells cultured in 1 x isotonic medium was assigned to 100 %
and the viability of cells cultured under hypotonic and hypertonic
conditions was determined according to eq. (1):

T F, osmolarity
Viability %] = ——— 1)

isotonic,1x

where F is the recorded fluorescence. During each step, special care was
taken to avoid cell dehydration and shrinkage.

2.5. Evaluation of osmotic shock on cell morphology

2.5.1. Evaluation of cell area changes over time

To assess the impact of osmotic shock on cell morphology, changes in
cell area (volume projection) following hypo- and hyper-tonic shocks
were reckoned and compared to those of cells maintained in isotonic
(1x) conditions. Briefly, cells were seeded onto 90-mm Petri dishes at a
density of 1 x 10* cells/cm? and cultured under standard culture con-
ditions for 24 h. Afterward, fresh cDMEM was added to each well. After a
30 min-incubation, cells were placed under a Zeiss Axioplan microscope
and exposed to media with different osmolarity, specifically 0.15x (~
49.5 mOsm/L) and 3x (~ 990 mOsm/L). Bright-field live videos were
recorded for 30 min at 80x magnification. Recordings started before
osmotic shock to take images of cells in standard conditions. For each
condition, videos were analyzed using a custom MATLAB® code (see
Supplementary Material S1). Briefly, for each frame, the area of indi-
vidual cells was manually selected, and the variation of cell area over
time was expressed as a function of the initial area (eq. (2):

cell area variation =

A
a (2)

t=0

For each frame, values of cell area variations were averaged, and
changes in cell area over time were computed as follows (eq. (3):
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Ae

Ao .
tested osmolarity

Ae

Ao |
isotonic,1x

2.5.2. Analysis of cell volume measurements upon osmotic shock

To assess single-cell volume changes over time after osmotic shock,
we utilized the method by Urbaniak et al. that allows estimating the 3D
cell shape from 2D images (Urbaniak et al., 2022). Briefly, 2D images
were taken from the frames of cell videos, as described in section 2.5.1.
In every frame, the thickness of each cell was determined by analyzing
the gray values of the cell. The volume of single cells was then calculated
as the sum of the gray values within its area. Finally, the volume change
of each cell over time was computed according to eq. (4):

3

relative area change =

Vi

relative single cell volume variation = vV
t=0

4

where t is the time, V, is the volume variation with respect to the volume
at t = 0. For a thorough description of the method, refer to Supple-
mentary Materials S1.

2.5.3. Mathematical model of cell membrane tension changes upon osmotic
shock

To assess the temporal changes in cell membrane tension following
osmotic shock, we employed the model proposed by Roffay et al. (Roffay
et al., 2021). Briefly, the variation of membrane tension was computed
according to (eq. (5).

(2(5) -2 )
(5)
u__acg

2 ( ) 2
3 (R 3
v oT Ky (o
( ) ¢ 1 ( )

Vi Vo

where ¢t is the time, V(t) is the volume variation with respect to the
volume at t = 0 in isotonic conditions Vp, kp (1.38 x 1023 J/K) is the
Boltzmann constant, T is the temperature, y is the binding free energy of
the protein, a is the membrane partition, oy is the membrane tension at t
=0 in isotonic conditions, and ¢ is the membrane tension at t. The values
of 69 (1.2 x 10'4N/rn), u (1.5kpT), and a (53 nm?) utilized in this study,
and relative to HeLa cells, were taken from the literature (Roffay et al.,
2021).

The volume variations obtained as described above were fitted into
the equation to determine the variation of membrane tension over time,
calculated according to eq. (6):

. . .. O
relative membrane tension variation = —- 6)
0o
For a comprehensive description of the derivation model, refer to
Supplementary Materials S2.

2.6. Evaluation of osmolarity shock on cell uptake

2.6.1. Evaluation of particles characteristics upon resuspension in different
media

2.6.1.1. Evaluation of physicochemical characteristics of particles in
different media. To evaluate the effects of different media on the phys-
icochemical characteristics of particles, their size, expressed in terms of
hydrodynamic diameter (Dy), and the overall surface charge, expressed
in terms of zeta potential ({p), were evaluated. Briefly, aqueous sus-
pensions of particles of nominal 100 nm diameter (P100) and 500 nm
diameter (P500) were sonicated for 10 min with a bath sonicator and
promptly re-suspended in media with different osmolarity, namely
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dH»0, 0.15x hypotonic medium, 1x isotonic medium, and 3x hyper-
tonic medium, at a final concentration of 100 ug/mL. Then, the Dy and
the {p were evaluated at room temperature (r.t.) through Dynamic Light
Scattering (DLS) and Electrophoretic Light Scattering (ELS), respec-
tively, using a Malvern Zetasizer Nano ZS instrument (Malvern, UK),
fitted with a 5 mV HeNe laser (A = 633 nm) and a scattering angle of
173°.

To assess whether particles aggregate over time, the Dy and the
Polydispersity Index (PDI) were assessed 0, 30 min, 1 h,2h, 3h,and 4 h
post-resuspension.

2.6.1.2. Evaluation of particle settling in different media. To assess
whether particles settled during the timeframe of the experiment and to
examine the dependence on resuspension media, UV-vis spectrophoto-
metric analyses were carried out (Zheng et al., 2019). Briefly, P100 and
P500 were sonicated and resuspended as described herein above. Then,
the absorbance of the particle suspension was measured at r.t. in a V-630
UV-vis spectrometer (Jasco, Cremella (Lc), Italy) (Amax = 250 nm) every
minute for 4 h. The sedimentation was evaluated through the variation
of absorbance over time (A¢/Ag), where Ay was the absorbance at time
0 and A was the absorbance at a given time t.

2.6.2. Evaluation of particle uptake in cells upon osmotic shock in upward
set-up

To evaluate the effects of osmolarity shock on particle uptake, HeLa
cells, and hFBs were seeded onto separate wells of a 12-well plate at a
density of 2 x 10* cells/cm? and maintained in standard culture con-
ditions for 24 h.

Following incubation, cells were challenged with P100 or P500 re-
suspended in different media (0.15x hypotonic medium, 1x isotonic
medium, and 3x hypertonic medium) at a final concentration of 100 ug/
mL, as described herein above. Cells were incubated with particles for
30 min in standard culture conditions. Cells incubated without particles
were used as the blank. To evaluate the internalization efficiency,
following 30-min incubation, cells were washed three times (each well
with its specific particle-free media) and lysed. The fluorescence of cell
lysates was read using a Synergy H1 reader (Aex = 538 nm; Ay, = 584
nm). For each condition, the fold-change in particle uptake as compared
to cells cultured in 1x isotonic medium was calculated as follows (eq.
(7):

F, sample — F, blank

fold change = @

isotonic,1x F blank

2.7. Evaluation of particle uptake in cells in pre- and post-swelling
conditions

Experiments on particle uptake were performed in pre- and post-
swelling conditions to shed light on the mechanism behind particle
uptake upon hypotonic shock. Experiments were performed following
the same protocol described herein above. HeLa cells were seeded onto a
12-well plate at a density of 2 x 10* cells/cm? and maintained in
standard culture conditions for 24 h. In the post-swelling condition, cells
were challenged with P500 at a final concentration of 100 pg/mL,
resuspended in different media (0.15x hypotonic medium, 1x isotonic
medium), while in the pre-swelling condition, P500 were dripped 5 min
after the administration of osmotic shock (0.15x hypotonic medium,
1x isotonic medium). Cells were incubated in standard cell culture
conditions in the pre- and post-swelling conditions with particles for 30
min, while the osmotic shock was kept for 30 min in both conditions.
Cells incubated without particles were used as controls. To evaluate the
internalization efficiency, cells were washed three times (each well with
its specific particle-free media) and lysed. The fluorescence of cell ly-
sates was read with a Synergy H1 reader (Aex = 538 nm; Aeyy = 584 nm).
For each condition, the fold-change of particle uptake was calculated
according to eq. (7).
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2.8. Evaluation of particle uptake in cells upon osmotic shock at 4 °C

Experiments were performed following the same protocol described
in Section 2.7. HeLa cells were seeded onto a 12-well plate at a density of
2 x 10* cells/cm? and maintained in standard culture conditions for 24
h. Following incubation, cells were challenged with P500 that were re-
suspended in different media (0.15x hypotonic medium, 1x isotonic
medium) at a final concentration of 100 pg/mL. Cells were incubated
with P500 particles for 30 min at 4°C and 37°C (controls). To evaluate
the internalization efficiency following 30-min incubation, cells were
washed three times (each well with its specific particle-free media) and
lysed. The fluorescence of cell lysates was read with a Synergy H1 reader
(Aex = 538 nm; Aey, = 584 nm). For each condition, the fold-change of
particle uptake was computed according to eq. (7). Cell viability was
evaluated as described in Section 2.4 and calculated according to eq. (1).

2.9. Evaluation of particle uptake in cells upon osmotic shock in upside-
down set-up

Experiments were performed using a set-up already published
(Pezzoli et al., 2017). Briefly, three polytetrafluoroethylene (PTFE) cy-
lindrical spacers (height 2 mm, diameter 1.5 mm) were glued on the
surface of 9.8 mm diameter glass coverslips using Silastic® Medical
Adhesive Silicone Type A (Dow Corning, Auburn, MI, USA). After
overnight incubation to allow the glue to polymerize and dry, the cov-
erslips were poured into pure ethanol (30 min) and sterilized under UV
irradiation (15 W germicidal lamp, 30 min). Coverslips were placed
upward in 24-well plates (with the spacers facing upward) and cells
were seeded. Twenty-four h post-seeding, coverslips were turned upside-
down, with cells facing the bottom of the well. Coverslips seeded with
cells and placed upright in wells with no particles were used as controls.
Cellular uptake experiments were performed according to the protocol
described in Section 2.7.

2.10. Evaluation of therapeutic molecules uptake in cells upon osmotic
shock

hBFs cells isolated from ALS patients (ALS-hBFs) and healthy CTRL
cells were seeded onto separate wells of a 12-well plate at a density of 3
x 10* cells/mL and maintained in standard culture conditions for 24 h.
ALS-hBFs were next challenged with icerguastat, a neuroprotective
compound acting through the unfolding protein response modulatory
mechanisms, dissolved in 0.15x hypotonic and 1 x isotonic medium at a
final concentration of 10 nM (Vieira et al., 2015). Cells were incubated
with the drug for 30 min in standard culture conditions. ALS-hBFs
cultured in standard culture media (without the drug) were used as
the basal control, while CTRL cells were used as the reference.

Following a 30-min incubation, cells were washed with fresh culture
medium and cultured for additional 71.5 h in standard culture condi-
tions before being collected for molecular analysis. Total RNA was
extracted with Trizol reagent from hFIBs and reverse-transcribed to
c¢DNA using TagMan microRNA Reverse Transcription Kit with specific
primers for miR-106b-5p and U6. cDNA aliquots corresponding to 15 ng
total RNA were amplified by quantitative real-time PCR in duplicate
from three different and independent experiments with Universal PCR
Master Mix and specific predesigned TagMan MicroRNA assays (Thermo
Fisher Scientific). miRNA levels normalized to U6 were expressed using
the 272€¢ formula, During the tests, miR-106b-5p were used as the
biomarker for the response to icerguastat in ALS patients with bulbar
onset, according to a patent (Marcuzzo et al., 2024). U6, stably
expressed across ALS and CTRL hFBs, was used as the endogenous
control for data normalization.

2.11. Statistical analysis

Statistical analyses were carried out using Prism version 8
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(GraphPad, La Jolla, CA, USA). Data were initially analyzed using
normality test. The unpaired t-test and Kolmogorov-Smirnov test were
used to compare two experimental groups. Significance was retained
when p < 0.05. Data are expressed as mean + standard deviation (SD, n
> 3) unless differently specified.

3. Results and discussion

Transporting molecules and (nano)materials into cells is a crucial
aspect of decoding cell function, guiding cell fate, and reprogramming
cell behavior. Scientists focus on intracellular delivery to transport
diverse types of cargo for various applications. The cargos can vary
significantly in size, shape, architecture, and chemical properties, as
they span from small hydrophilic molecules, about 1 nm in size, to large
organelles and microorganisms that are microns in size.

a)
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In this work, we identified osmotic shock as a means to increase the
internalization efficiency of cargos in the form of small therapeutic
molecules (IF-088, @ < 1 nm) and nano-sized particles (P100 and P500).

The application of osmotic shock to cells is a straightforward and
cost-effective way to overcome the cell membrane barrier and enhance
the cellular uptake of cargo. Despite historical use, unfortunately, this
approach has not been fully exploited yet. This is because of the major
hurdles in achieving precise spatiotemporal control of the stimulus,
leading to significant variability in experimental outcomes, and given
the limited understanding of the mechanisms underlying cell perturba-
tion and cargo uptake (Stewart et al., 2018).

Notably, two main approaches typically reported in literature studies
are i) the dilution of the culture medium in dH,O to induce hypotonic
shock (Guo et al., 2017; Model et al., 2022; Roffay et al., 2021), and ii)
the addition of cell-impermeant osmolytes (such as salt (Biswas et al.,
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Fig. 1. a) Workflow of the osmotic shock experimentation. Twenty-four h after seeding, the culture medium was replaced with warm cDMEM. Next, cells were
incubated in standard conditions for 30 min to let cells recover from medium change shock. Afterward, cells were challenged with media with different osmolarity for
30 min, through the addition of a solution of NaCl in sterile dH5O to the culture medium present in each well. All media had the same cDMEM content (i.e., 15 % v/v,
c¢DMEM osmolarity ~ 330 mOsm/L), and osmolarity variations were achieved by adjusting the concentration of NaCl in the medium. (Image created with Biorender.
com). b) Assessment of HeLa cell viability after the osmotic treatment, and c) after 24 h using the Alamar Blue® Viability assay. Results are expressed as mean + SD
(n > 6) (*p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2022; Guilak et al., 2002; Holst et al., 2017) or sugars (Ayee et al., 2018;
Peckys and Mazur, 2012; Roffay et al., 2021)) to obtain high-osmolarity
solutions. However, in these investigations, modification of specific ion
content or additive concentrations (e.g., FBS) in the medium could have
potentially impacted the outcomes. To tackle this issue, we have devised
a reliable protocol (Fig. 1a) that considers maintaining consistent me-
dium additive concentrations across all experimental conditions to
ensure highly reproducible results. In this context, variations in cell
behavior solely rely on the medium osmolarity.

a)
OSMOTIC SHOCK

EXPOSURE
-1 0
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3.1. Cell viability and cell volume changes in response to osmotic shock

To assess the cell response to osmotic shock, we initially confirmed
the absence of any harmful or cytotoxic effect associated with this kind
of stimulation (Ponti et al., 2022). Various types of osmotic shock were
applied to HeLa cells for different durations, including 5 min, 15 min, 30
min, 1 h, 2 h, and 4 h. Interestingly, no changes in cell viability were
observed up to 30 min of stimulation (data not shown), regardless of the
osmotic shock applied. As a result, we deliberately chose a 30-min
stimulation period for our investigation.

It is worth noting that any mechanical or chemical stimulus may
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Fig. 2. a) Morphological analysis of HeLa cells exposed to hypotonic (0.15x ), isotonic (1x, CTRL), and hypertonic (3x ) milieus. b) Evaluation of cell volume
changes over time. Data are expressed as mean + C.I., 95 % (n > 10). ¢) Mathematical derivation of membrane tension changes over time.
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cause some cell stress response, potentially triggering cell behavior
changes. Therefore, we checked for possible changes in cell proliferation
rate following a 30-min long osmotic shock, thus expanding our inves-
tigation on the effects of osmotic shock.

To the best of our knowledge, this is one of the very few studies in
which cells are exposed to such a severe osmotic shock for an extended
duration (Model et al., 2022; Peckys and Mazur, 2012; Venkova et al.,
2022). Indeed, cells are typically stimulated, and the effects are assessed,
over shorter times, up to 15 min (Ayee et al., 2018; Diz-Munoz et al.,
2016; Fajrial et al., 2021; Guo et al., 2017; Holst et al., 2017; Kaplan
et al., 2022; Lin and Liu, 2019; Loh et al., 2019; Pan et al., 2019; Roffay
et al., 2021; Takai and Ohmori, 1990; Thottacherry et al., 2018).
However, these endpoints are far from drug delivery kinetics that
require the uptake of nanomaterials (Gratton et al., 2008; Mann et al.,
2016). In our study, neither hypotonic nor hypertonic media adversely
affected cell viability or proliferation immediately after stimulation
(Fig. 1b) or 24 hours later (Fig. 1¢) (p > 0.05). Therefore, the osmotic
conditions of 0.15x and 3x were selected for subsequent experiments.

In vivo and when cultured in vitro, most mammalian cells thrive in a
270-330 mOsm/L aqueous environment (Mang et al., 2020; Ozturk and
Palsson, 1991; Sieber et al., 2020; Xu et al., 2010). Variations of this
condition induce notable changes in cell volume, morphology, and
functioning (Roffay et al., 2021; Venkova et al., 2022). Indeed, when
exposed to a low-osmolarity solution, cells undergo hypotonic swelling
as a result of the water influx with the dissolved solutes through the
plasma membrane (Adar et al., 2022). Conversely, exposure to a high-
osmolarity medium results in hypertonic cell shrinkage (Lang, 2007).
In this sstudy, live cell imaging was performed over a 30-min time
window to observe and characterize morphological changes
(Supporting Information Videos 1-3). As expected, cells exposed to
hypotonic (0.15x ) and hypertonic (3x ) environments underwent
morphological modifications, whereas no changes were observed when
incubated in isotonic media (1x ). Fig. 2a shows different timeframes
representative of the two behaviors.

We quantified these changes by measuring the 2D cell area variations
over time of 3D cell volume projections. We segmented time-lapse
videos using a custom MATLAB code and extracted the cell area. Sub-
sequently, we correlated these data with cell volume information. Image
reconstruction was carried out using the method outlined by Urbaniak
et al. to estimate 3D cell shape from 2D pictures (Urbaniak et al., 2022)
(Figure Sla, and Supporting Information Videos 4-6), and relative
cell volumes were extracted.

Cells incubated in the 0.15x medium exhibited an abrupt ~ 15 %
increase in volume (Fig. 2b) and area (Figure S2) in the first 5 min of
hypotonic shock, followed by a steady recovery to the initial level (i.e.,
isotonic condition). Conversely, the 3x hypertonic medium led to slight
and steady volume and area reductions over the entire duration of the
experiment. The existing literature reports changes in volume within
minutes of stimulation, which aligns well with these findings (Fajrial
et al., 2021; Hoffmann et al., 2009; Model et al., 2022; Peckys and
Mazur, 2012; Roffay et al., 2021; Sinha et al., 2011; Venkova et al.,
2022). Besides, there is extensive literature regarding cell volume re-
covery as a consequence of the hypotonic treatment. This restorative
process, collectively known as Regulatory Volume Decrease (RVD), is
caused by the osmolyte release (primarily potassium and chloride) and
compensatory cell shrinkage in response to abrupt cell swelling
(Alexander and Grinstein, 2006; Lang, 2007). Essentially, cells take
advantage of active regulatory volume mechanisms to counteract the
increase in cell surface area/volume, which could otherwise lead to
severe cell damage and eventually death (Adar et al., 2022). Conversely,
cells exposed to hypertonic treatment experience a gradual decrease in
cell volume. Although an opposing mechanism for cell volume regula-
tion in hypertonic conditions exists, called regulatory volume increase
(RVI), HeLa cells do not necessarily recover from hypertonic shock, as
previously reported (Roffay et al., 2021).

Cells actively regulate their volume in response to osmotic
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challenges, followed by passive adjustments in plasma membrane ten-
sion. To explore the interplay between these two factors, we extrapo-
lated membrane tension variations as a function of cell volume changes
according to Roffay et al. (Roffay et al., 2021). As depicted in Fig. 2c,
during the the post-osmotic shock period, cell volume varies to equalize
osmotic pressures inside and outside the cell, with membrane tension
dynamically adapting to these fluctuations. Overall, the hypotonic shock
induced an abrupt rise in membrane tension (~10 % variation), whereas
the hypertonic shock resulted in a stepwise reduction of membrane
tension to a similar extent. These observations disclose that membrane
tension passively adapts to volume changes throughout the response to
and the recovery from osmotic shocks, as already reported in the liter-
ature (Diz-Munoz et al., 2016; Roffay et al., 2021).

One core question raised by the tight coupling of membrane tension
variations and volume changes during osmotic shocks is whether and
how these phenomena control the intracellular delivery of extracellular
cargoes.

3.2. Hypotonic shock to cells increases NPs uptake

The control of the osmotic homeostasis is crucial for cellular func-
tions, leading to the activation of various mechanisms to counteract
disturbances in cell volume. In addition, a hypotonic extracellular me-
dium causes cell swelling and heightened membrane tension, while
hypertonic conditions induce cell shrinkage and reduced membrane
tension. As endocytosis involves plasma membrane remodeling, we
hypothesized that stimuli affecting plasma membrane tension may
impact internalization efficiency (Akatay et al., 2022; Boulant et al.,
2011; Djakbarova et al., 2021; Gauthier et al., 2012; Lopez-Hernandez
et al., 2020; Mao et al., 2021; Pontes et al., 2017; Sinha et al., 2011;
Thottacherry et al., 2018).

To investigate the impact of osmotic shock on cargo internalization,
we utilized fluorescent PS particles in two size ranges (nominal diam-
eter: 100 — 500 nm). The NPs sizes were intentionally selected to match
those of existing therapeutics such as lipid- and polymer-based nano-
particles and drug-loaded liposomes (Frohlich et al., 2009; Lunov et al.,
2011; Monti et al., 2015; Nowak et al., 2020; Stewart et al., 2018). We
first questioned whether different osmotic media would affect the
physicochemical characteristics and behavior of P100 and P500 (e.g.,
size, surface charge, aggregation, sedimentation) over time. It is
apparent from Table 2 that the Dy of P100 and P500 particles suspended
in media of different tonicity were invariably similar (p > 0.05).

Furthermore, both kinds of particles displayed slightly negative
surface charges ranging between —10 and —15 mV (Figure S3c). The

Table 2

Physicochemical characteristics of PS particles suspended in different media.
‘Fresh’ means that Dy and Polydispersity Index (PDI) of particles were analyzed
immediately after suspension in media at different osmolarity, whereas ‘4h’
indicates particle features measured 4 h after suspension.

P100 fresh 4h
medium Dy (nm) PDI Dy (nm) PDI
hypotonic (0.15x; 49.5 170 + 0.15 + 185 + 0.16 +
mOsm/L) 10.4 0.01 4.3 0.02
isotonic (1x; 330 mOsm/L) 133+0.2 0.05+ 131 + 0.05 +
0.01 5.4 0.04
hypertonic (3x; 990 mOsm/ 130 + 2.0 0.06 + 129 + 0.04 +
L) 0.01 1.7 0.03
P500 fresh 4h
medium Dy (nm) PDI Dy (nm) PDI
hypotonic (0.15x; 49.5 763 + 0.05 + 644 + 0.05 +
mOsm/L) 20.9 0.05 3.4 0.06
isotonic (1 x; 330 mOsm/L) 605+ 7.8 0.08 + 615 + 0.03 +
0.07 5.3 0.04
hypertonic (3x; 990 mOsm/ 639 + 0.17 + 683 + 0.12 +
L) 19.4 0.12 8.0 0.07
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slight discrepancy in the measured particle size with respect to their
nominal size (measured in dHyO as reported in Figure S3a-b) may be
related to the formation of a protein corona in the presence of cDMEM in
each of those exposure media (Corbo et al., 2016; Zanganeh et al.,
2016).

Of note, both P100 and P500 retained their characteristics
throughout the entire 4-h time-lapse (Table 1 and Figure S2a-b).
Neither aggregation nor sedimentation was observed during the exper-
iments, as demonstrated by the low PDIs reported in Table 2 and data
displayed in Figures S3a-b.

First, we assessed whether P100 and P500 were internalized by cells
within a 30-min timeframe. As expected, both P100 and P500 particles
were internalized by cells; however, the uptake of P500 was less efficient
compared to that of smaller particles (Figure S4). This phenomenon may
be ascribed to the greater mechanical stress exerted on the cell mem-
brane by the larger P500 nm particles, which typically resist internali-
zation under normal conditions. In other words, cells must overcome
higher energetic barriers to deform the membrane and form vesicles
large enough to engulf such particles (Lipowsky and Dobereiner, 1998;
Roiter et al., 2008).

Interestingly, these internalization profiles change when cells are
exposed to osmotic shock (Fig. 3a). Notably, cell exposure to hypotonic
shock significantly enhanced the internalization efficiency of both P100

a)
N
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and P500, whereas a hypertonic environment did not significantly
impact intracellular delivery efficacy. Specifically, hypotonic shock
resulted in an approximately 3-fold increase in the cell internalization of
P100 compared to cells cultured in isotonic conditions (Fig. 3b). The
increase of P500 uptake was even larger, achieving approximately a 5-
fold increase in HeLa cells under hypotonic conditions if compared to
isotonic conditions (Fig. 3¢). In contrast, hypertonic media did not affect
the internalization of particles of any size (p > 0.05).

Therefore, hypotonic shock notably enhanced the internalization
efficiency of larger NPs. During osmotic shock, membrane rigidity de-
creases as the cell swells and the plasma membrane stretches, making it
more deformable (Stewart et al., 2016). This reduction in rigidity lowers
the energy required for particle uptake, facilitating the internalization of
larger particles that would otherwise be inefficiently internalized via
endocytosis (Muro, 2012; Park and Oh, 2014). Conversely, smaller
particles like P100, being more compatible with traditional endocytosis
mechanisms, experience less pronounced benefits from the changes
induced by osmotic shock.

To the best of our knowledge, we are the first to point out such an
improvement of particles uptake through a short-lived (30-min) hypo-
tonic trigger, with no detriment on cell viability. Previous studies have
documented the use of hypotonic shocks of short duration for the
intracellular delivery of small molecules, including fluorescein (Model
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Fig. 3. a) Protocol used to apply osmotic shock to cells and deliver particles (upward configuration). Twenty-four h-post seeding, cells were simultaneously
challenged with osmotic shock and particles for 30 min by diluting the culture medium. After the incubation in standard conditions, cells were washed 3 times and
lysed. (Image created with Biorender.com) b) Assessment of P100 and ¢) P500 internalization in HeLa cells exposed to different osmotic shocks. Results are expressed

as mean £ SD (n > 6, **** p < 0.0001).
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etal., 2022), dextrans (Van der Wijk et al., 2003), and proteins (up to 28
kDa, with an upper threshold size of a few nm in Dy) (Klabusay et al.,
2015; Koberna et al., 1999).

Given the intriguing and promising results, we aimed to shed more
light on the mechanism behind the tonicity-driven internalization of
particles into cells. Various pathways play a role in the internalization of
particles, both micro and nano in size (Means et al., 2022; Sahay et al.,
2010). The specific endocytic pathway followed by particles, i.e.,
phagocytosis and pinocytosis, depends on different factors, such as the
physicochemical properties of the particles, their interaction with the
cell, and the signaling cascades that trigger various structural alterations
on the cell surface (Sousa de Almeida et al., 2021). Phagocytosis en-
compasses the uptake of large particles (Dy > 500 ym) and is only
performed by specialized, immune system cells. Pinocytosis occurs in
almost every eukaryotic cell and is associated with fluid-phase uptake,
and includes macropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and clathrin/caveolae-independent
endocytosis (Canton and Battaglia, 2012; Di Fiore and von Zastrow,
2014; Doherty and McMahon, 2009; Kumari et al., 2010). Given that
endocytosis is essentially a plasma membrane remodeling mechanism,
conditions altering plasma membrane tension are expected to influence
the efficiency of cell internalization of objects. As elevated membrane
tension makes it more difficult for the membrane to deform, hypotonic
conditions have been found to prevent endocytosis. Hypotonic stress can
be counteracted to some extent by the actin cytoskeleton in such a way
that endocytosis continues even under increased membrane tension
(Boulant et al., 2011; Kaplan et al., 2022). On the other hand, although
hypertonic conditions would have been expected to raise endocytosis,
this has been refuted by our experimental observations. A possible
explanation is that cell shrinkage induces cytosolic acidification and
increases the concentration of proteins and divalent cations, which, in
turn, would impair endocytosis (Lopez-Hernandez et al., 2020; Pintsch
et al., 2001).

We thus investigated whether cell swelling and cell volume recovery
that occur in response to hypotonic conditions may improve the cell
uptake of particles. Ad-hoc experiments were carried out according to
the two experimental set-ups named “pre-swelling” and “post-swelling”
(Fig. 4a), depending on the timing of the delivery of particles to the cells
and the application of the hypotonic shock (0.15 x medium). In the
“pre-swelling” configuration, cells were initially swollen for 5 min (as
depicted in Fig. 2) before being exposed to P500 for an additional 25
min. Conversely, in the “post-swelling” setup, cells were simultaneously
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swollen and added with P500 for 30 min, mirroring the experimental
design shown in Fig. 3a. The results presented in Fig. 4a reveal that in
both configurations, the uptake of P500 was significantly higher in
swollen cells as compared to the isotonic control (p < 0.05). Impor-
tantly, the uptake of particles happened during cell swelling (p > 0.05 vs
0.15 x pre-swelling vs post-swelling).

Overall, these findings suggest that RVD may be the primary mech-
anism responsible for increased particle uptake during hypotonic shock.
This could be ascribed to the timely deployment of various mechanisms
during the RVD phase which aim to reshape the plasma membrane and
counteract the heightened membrane tension caused by hypotonic
shock (Chadwick et al., 2021).

It has long been recognized that plasma membrane tension plays a
crucial role in controlling cell membrane trafficking. Of note, a transient
increase in plasma membrane tension orchestrates the activation of
exocytosis (Bajno et al., 2000; Gauthier et al., 2011), while its sudden
decrease triggers endocytic pathways (Chadwick et al., 2021; Sgnder
et al., 2021). In this case, both (clathrin-independent) endocytic path-
ways (CLIC/GEEC) and macropinocytosis are initiated by the reduction
of membrane tension, which results in the invagination of cargo (in the
case of CLIC/GEEC), and membrane ruffling (in macropinocytosis)
(Holst et al., 2017b; Lin and Liu, 2019; Loh et al., 2019; Redpath et al.,
2020; Thottacherry et al., 2018; Vidal-Quadras et al., 2017).

To investigate whether the increased cell uptake in the hypotonic
environment (Figs. 3 and 4) was due to active endocytosis, we con-
ducted further research. To achieve this, we repeated the internalization
experiments in hypotonic conditions now at low temperatures to inhibit
energy-dependent endocytosis pathways (clathrin-dependent endocy-
tosis, caveolae-dependent endocytosis, and macropinocytosis) (Nagai
et al., 2019). As expected, ice-cold treatment of cells in culture resulted
in a significant decrease in NPs uptake, with no effect on cell viability
(Figures S5a-b). Specifically, we observed an approximately 80 %
reduction in NP uptake in CTRL cells treated with P500 at 4 °C vs 37 °C.
Conversely, we found that NP uptake under the 0.15x hypotonic con-
dition was temperature-independent (Fig. 4b). This suggests that
endocytic activity played a minor role while plasma membrane desta-
bilization was the primary mechanism responsible for NP
internalization.

These findings hold significant promise, demonstrating that hypo-
tonic treatment effectively enhances cargo uptake in challenging cells.
This treatment has the potential to modulate the endocytic process and
improve the intracellular delivery efficiency of any kind of cargo.
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Fig. 4. a) Dependence of P500 internalization in HeLa cells on the swell state of cells (pre- vs post-swelling configuration). b) Dependence of P500 internalization in
Hela cells on the temperature (4 °C vs 37 °C). Results are expressed as mean + SD (n > 3).
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Additional particle delivery experiments were purposefully designed
to gain deeper insights into the cellular mechanisms responsible for
particle uptake under hypotonic conditions. To rule out the possibility of
particle sedimentation being the cause for the observed increase in up-
take, two distinct setups termed upward and upside-down were utilized.

Fig. 5 demonstrates that the internalization mechanisms induced by
osmotic shock are independent of particle sedimentation. Notably, no
statistical differences were observed between the upside-down and up-
right layouts under isotonic conditions (p > 0.05), confirming that
variations in NPs uptake rely on their inherent characteristics
(Figure S6).

Altogether, these findings disclose hypotonic shock as an effective
means to enhance intracellular delivery of NPs. This approach could be
effective in contexts beyond in vitro, where the gravitational settling of
cargoes would not be responsible for increasing their concentration at
the cell-medium interface and facilitating their uptake (Alexander et al.,
2013; Hinderliter et al., 2010; Liyanage et al., 2016; Midelet et al., 2017;
Zheng et al., 2019).

3.3. Hypotonic shock increases the uptake of small therapeutic cargos in
relevant cells

The investigation of the osmotic shock mechanism paved the way for
its further implementation in relevant cellular models. This sequential
approach facilitates the exploration of its potential to ease the intra-
cellular delivery of different cargoes.

We first evaluated the effect of the hypotonic shock on NP uptake.
Similarly to what was observed in HelLa cells, exposure to hypotonic
shock significantly enhanced P100 and P500 internalization by
approximately 3-fold and 10-fold, compared to the isotonic control
(Fig. 6a, b). These findings highlight the effectiveness of hypotonic
shock as a potentially universal treatment to enhance cargo uptake into
cells.

In light of the above, we hypothesized that we could leverage the
hypotonic shock to deliver small therapeutics into relevant cell types,
such as hFBs. We thus delivered icerguastat to cells under osmotic shock
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(Bai et al., 2022; Dalla Bella et al., 2021). Icerguastat, an analogue of
guanabenz that lacks a2-adrenergic agonist activity, selectively inhibits
endoplasmic reticulum (ER) stress-induced elF2a-phosphatase, facili-
tating the clearance of misfolded protein. This mechanism plays a crit-
ical role in the ALS pathogenesis by altering proteostasis regulation
(Kanekura et al., 2009; Maharjan and Saxena, 2016; Parakh and Atkin,
2016). ATF4, a transcription factor in ER stress pathways, regulates both
adaptive and apoptotic mechanisms. Its activity is modulated by miR-
106b-5p, which leads to ATF4 gene activation and promotes the
expression of cytoprotective genes, supporting adaptive responses and
cell survival. In a recent multicenter, randomized, double-blind phase 2
clinical trial (PROMISE), guanabenz demonstrated a speciifically effec-
tive and dose-dependent response in bulbar onset ALS patients
compared to those with spinal onset and placebo patients (Dalla Bella
et al.,, 2021b). Notably, miR-106b-5p was identified as a biomarker
associated with the pharmacological modulation of the unfolded protein
response by both guanabenz and icerguastat in patients with bulbar
onset ALS (Marcuzzo et al., 2024). To investigate the potential role of
hypotonic shock in enhancing icerguastat internalization and function,
we measured the expression levels of miR-106b-5p in hFbs (i.e., basal)
derived from bulbar onset ALS patients. The expression levels of miR-
106b-5p were significant lower in untreated ALS compared to CTRL
(healthy) hFBs (Fig. 6¢).ALS-hFBs were treated with 10 nM icerguastat
for 30 min in both hypotonic and isotonic condition (osmotic stimula-
tion time: 30 min) (Fig. 6¢). Surprisingly, ALS-hFBs exposed to hypo-
tonic shock in combination with icerguastat showed a significant
increase in the expression levels of miR-106b-5p after treatment
compared to untreated ALS cells, normalizating to the reference level.
Overall, our findings demonstrated that hypotonic conditions
enhance delivery efficiency, which we sleveraged to increase the uptake
of a therapeutic drug (icerguastat) in ALShFBs (Bai et al., 2022; Dalla
Bella et al., 2021). Osmotic shock emergess as a promising strategy to
improve intracellular drug delivery and potentially enhance the delivery
in tissues. However, the technique may be more effective and safer in
certain contexts, such as localized drug delivery in muscles or skin, while
requiring careful control in more sensitive tissues like the brain or
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Fig. 5. a) Evaluation of P100 and b) P500 internalization in HeLa cells exposed to hypotonic shock in standard and upside-down conditions. Results are expressed as

mean £ SD (n > 6, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Fig. 6. a) Evaluation of P100 and b) P500 internalization in hFBs exposed to
different osmotic media (n = 3). ¢) Relative expression of miR-106-5p in bulbar
onset ALS fibroblast (basal condition) after the administration of icerguastat in
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CTRL refers to the miR-106b-5p content in healthy control hFBs. RT-PCR
analysis of miR-106b-5p in total RNA extracted from hFBs. Data are
expressed as mean + SD (n > 5, *p < 0.05).

kidneys. Further investigation into these tissue-specific responses is
cruciaal to optimize therapeutic potential of osmotic shock.

4. Conclusions

In this study, hypotonic shock was utilized as a trigger to enhance the
cellular uptake of (nano)cargoes. This strategy proved to be a straight-
forward and rapid method to improve the internalization of (nano)car-
gos into cells through the modulation of cell membrane tension in
response to hypotonic-induced swelling. Importantly, it was observed
that the mechanisms ruling internalization trafficking after the osmotic
shock are independent of active endocytic mechanisms, thus making
hypotonic stimulus particularly attractive for cells somewhat refractory
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to internalize cargoes, such as primary cells.

The protocol developed to stimulate cells is highly adaptable to the
operator’s needs, enabling the rapid delivery of cargo molecules and
nano-sized materials in an aqueous solution.

The simplicity of the osmotic shock method makes it particularly
appealing for enhancing cell internalization of (nano)cargoes in vivo,
especially in specific contexts such as dermal or intramuscular in-
jections, including vaccines. In these situations, transiently modifying
osmotic tension locally may facilitate drug absorption and improve
therapeutic efficacy. By enhancing drug uptake, providing a non-
invasive delivery method, and enabling localized treatment, this
approach could significantly enhance the overall efficacy of therapeutic
interventions while reducing the systemic side effects associated with
conventional drug administration.

Further studies are necessary to establish safe protocols and deter-
mine the optimal parameters for applying osmotic shock across various
therapeutic contexts, ensuring that the benefits of enhanced drug uptake
outweigh the associated risks. These pre-clinical studies will be instru-
mental in identifying optimal drug dosages, administration routes, and
potential side effects in a more biologically relevant context.
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