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In this work, we report the disruptive use of membrane-localized magnetic hyperthermia to promote the
internalization of cell-impermeant probes. Under an alternating magnetic field, magnetic nanoparticles
(MNPs) immobilized on the cell membrane via bioorthogonal click chemistry act as nanoheaters and lead
to the thermal disruption of the plasma membrane, which can be used for internalization of different
types of molecules, such as small fluorescent probes and nucleic acids. Noteworthily, no cell death, oxi-
dative stress and alterations of the cell cycle are detected after the thermal stimulus, although cells are
able to sense and respond to the thermal stimulus through the expression of different types of heat shock
proteins (HSPs). Finally, we demonstrate the utility of this approach for the transfection of cells with a
small interference RNA (siRNA), revealing a similar efficacy to a standard transfection method based on
the use of cationic lipid-based reagents (such as Lipofectamine), but with lower cell toxicity. These results
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open the possibility of developing new procedures for “opening and closing” cellular membranes with
minimal disturbance of cellular integrity. This on-demand modification of cell membrane permeability
could allow the direct intracellular delivery of biologically relevant (bio)molecules, drugs and nano-
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1. Introduction

Magnetic nanoparticles (MNPs) have been widely exploited for
diverse biomedical applications, including imaging, drug
delivery, theranostics, separation, and therapeutic hyper-
thermia.'™ Magnetic hyperthermia (MH) is based on the
ability of certain magnetic materials to generate heat when
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materials, thus overcoming traditional endocytosis pathways and avoiding endosomal entrapment.

exposed to an alternating magnetic field (AMF) and has been
extensively used mostly in cancer therapy,® but also for con-
trolled drug release’ and remote control of cellular
functions.®*'® MNPs mediate the conversion of the electromag-
netic energy from the AMF to thermal energy via different
mechanisms such as hysteresis losses, Néel and Brownian
relaxation. The heat dissipated by MNPs depends highly on
their intrinsic physico-chemical properties (size, shape, com-
position, anisotropy), as well as on their environment
(medium viscosity, aggregation effects) and on the amplitude
and frequency of the AMF.'""?

In the frame of traditional MH, the purpose is to raise the
temperature of the targeted tissue to a level that can induce
therapeutic effects, such as MH-induced cell death, modu-
lation of the tumor microenvironment, or activation of the
immune response.">™ However, beyond classical MH, the
localized heat generated in the vicinity of MNPs (known also
as the “hot-spot effect”’*) has also been used for triggered
release of drugs from thermoresponsive matrices”'* or the
remote activation of thermosensitive ion channels® and
enzymes,'> without an increase in the global temperature. We
are particularly interested in the use of MNPs immobilized on
living cell membranes as nanoscale heaters able to induce

This journal is © The Royal Society of Chemistry 2024
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localized heating areas on the cell membrane and alter the
fluidity of the lipid bilayer. Such an effect could serve as a valu-
able tool for exploring the fundamental aspects of membrane
biophysics or for developing new strategies for intracellular
delivery of biomolecules, drugs and nanoparticles. Using MNPs
coated with oleic acid and deposited on simplified model cell
membranes based on 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) and cholesterol, we demonstrated the increase in
the fluidity of the membrane structure upon the application of
an AMF, which resulted in the embedding of the MNPs into the
phospholipidic layer.'® However, studying this effect on living
cell membranes is not trivial, as in this case the immobilization
of MNPs is a much more challenging task due to the dynamic
nature of the cell plasma membrane. A common approach for
binding nanoparticles to the cell surface relies on ligand-
receptor binding using nanoparticles decorated with targeting
elements such as antibodies, peptides, aptamers, etc."”
Nevertheless, this approach can lead to the premature internal-
ization of the nanoparticles, which for our purposes would be
counter-productive since the application of the magnetic field
and the study of localized heating would require the MNPs to
remain on the cell membrane for prolonged times.

We have recently described the covalent immobilization of
MNPs on living cell membranes using strain-promoted click
azide-alkyne cycloaddition (SPAAC), one of the most powerful
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reactions in the bioorthogonal chemistry arsenal.'® In this
case, azide artificial chemical reporters are introduced on the
cell membranes through metabolic glycoengineering and can
react with MNPs functionalized with cyclooctyne probes to
yield stable triazole adducts (Fig. 1). Metabolic glycoengineer-
ing offers the advantage of a dose-dependent expression of
chemical reporters (by carefully tuning the concentration of
the azide metabolic precursor and the incubation times) and
can be applied to virtually any cell line.*

In this work, we report the use of MNPs immobilized on
the cell membrane as localized heating sources to promote the
internalization of cell-impermeant probes (Fig. 1). As proof of
concept, we use YO-PRO®-1, a small fluorescent, cell-imper-
meant molecule. We show that our approach for the thermal
disruption of the plasma membrane does not trigger cell
death, oxidative stress and alterations of the cell cycle,
although cells can sense and respond to the thermal stimulus
through the expression of different types of heat shock pro-
teins (HSPs). Finally, we demonstrate the utility of this
approach for biomedical applications, specifically cell transfec-
tion, by using a small interference RNA (siRNA) capable of
silencing the expression of a green fluorescent protein (GFP).
The localized magnetic heating-promoted transfection has a
similar efficacy to a standard transfection method based on
the use of Lipofectamine reagents, but with lower cell toxicity.
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Fig. 1 Overview of the general concept of MH-mediated intracellular delivery using MNPs immobilized on the cell membrane via SPAAC bioortho-
gonal chemistry. The MNPs are functionalized with strained alkynes (in blue) and attached to the membrane of cells previously subjected to meta-
bolic glycoengineering to express unnatural azide bioorthogonal reporters (in red). Created with BioRender.com.
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2. Experimental

2.1. Magnetic nanoparticle synthesis, functionalization and
characterization

2.1.1. Materials and reagents. Iron(u) acetylacetonate
[Fe(acac);], 1,2-hexadecanediol, oleic acid, oleylamine,
poly(maleic anhydride-alt-1-octadecene) (PMAO, MW =
30 000-50 000 g mol™), N-(3-dimethylaminopropyl)-N"-ethyl-
carbodiimide hydrochloride (EDC-HCl), Noa,No-bis(carboxy-
methyl)--lysine hydrate, cobalt chloride and 1,2-dihidroxyben-
zen-3,5-disulfonic acid (Tiron) were purchased from Sigma-
Aldrich (St Louis, USA). Tetramethylrhodamine-5-carboxamide
(TAMRA) cadaverine was purchased from AnaSpec (Fremont,
USA) or Biotium (Fremont, USA). a-Methoxy-w-amino
poly(ethylene glycol) (PEG-NH,, MW = 750 g mol ') was pur-
chased from Rapp Polymere (Tuebingen, Germany).
Dibenzylcyclooctyne-PEG,-NH, (DBCO-NH,) was purchased
from Jena Bioscience (Jena, Germany). Iron standard solutions
were purchased from Acros Organics (Geel, Belgium).
Amicon® 50 and 100 kDa cut-off and 4 mL centrifuge filters
were purchased from Merck Millipore® (Madrid, Spain).
Carbon-coated copper grids for TEM were purchased from
Electron Microscopy Sciences (Hatfield, USA). Ultrapure water
(Milli-Q, a resistivity of 18.2 MQ ¢cm™" at 25 °C) was obtained
using a Milli-Q® Advantage A10 system (Merck Millipore®,
Madrid, Spain).

2.1.2. Magnetic nanoparticle synthesis and functionali-
zation with PEG-NH, and DBCO-NH,. MNP synthesis, water
transfer, and functionalization with PEG-NH, and DBCO-NH,
were performed as previously described by our group.'® Full
details of the experimental procedures can be found in ref. 18.

2.1.3. Magnetic nanoparticle functionalization with GFP

Formation of the Lys-NTA-Co®* complex. A mixture of Na,
Na-bis(carboxymethyl)-i-lysine hydrate (Lys-NTA, 25 mM) and
CoCl, (30 mM) was prepared in 50 mL of BBS buffer (borate
buffered saline, 50 mM, pH 8.0). The pH was then adjusted to
10.5 for precipitation of excess Co>" ions, the complex was cen-
trifuged (15 min at 4000g) and the final pH of the supernatant
was adjusted to 9.0.

MNPsS@PMAO  functionalization with the Lys-NTA-Co®*
complex. 0.5 mg Fe of MNPs@PMAO were mixed with a
mixture of the stock solution of Lys-NTA-Co** (32 pmol per mg
Fe) and PEG750 (18.5 pmol per mg Fe), adjusting the final
reaction volume to 1.5 mL. For activation of the carboxyl
groups of the MNPs@PMAO, EDC-HCI (33.2 pmol per mg Fe)
was dissolved in 20 pL of BBS buffer (50 mM, pH 9) and two
additions of 10 puL each were carried out at time 0 and after
30 min; the reaction mixture was further incubated at 37 °C
under gentle stirring for 3 h. Finally, excess reagents were
removed by 4 washes with Milli-Q water (10 min at 4800g)
carried using centrifugation filters (Amicon, Millipore,
50 kDa).

2.1.4. Instrumentation and characterization methods

Transmission electron microscopy (TEM). TEM imaging and
size analysis of the MNPs were performed on an FEI Tecnai
T20 instrument operating at an accelerating voltage of 80-200
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kv (Laboratorio de Microscopias Avanzadas LMA, University of
Zaragoza). Samples were prepared on carbon-coated copper
grids by depositing a drop of a diluted MNP suspension; TEM
grids were allowed to dry at room temperature for 24 h before
visualization. The MNP size and size distribution were deter-
mined using the Image] software by measuring the diameter
of at least 200 MNPs per image.

Determination of the iron concentration of MNP suspensions.
The iron concentrations of the nanoparticle suspensions were
determined using a standard colorimetric method, as pre-
viously described.*®

Agarose gel electrophoresis. A solution of 1% agar in 0.5% Tris-
borate-EDTA (TBE) buffer was prepared. MNP samples mixed
with 20% glycerol: 0.5x TBE were loaded in the gel (a final
volume of 8 pL per well) and an electric field of 90 V was
applied for 45 min.

Dynamic light scattering (DLS) and (-potential measurements.
Hydrodynamic diameters and C-potential values of the
different MNPs in suspension were determined using a
Malvern Zetasizer Nano considering a refractive index of 2.0
and an absorption index of 1.0 for Fe;0,. Samples were pre-
pared at a concentration of 0.05 mg Fe mL™" in Milli-Q water.
Each sample was measured five times, combining 10 runs per
measurement. Results were treated using the Malvern software
Zetasizer Nano 7.13.

Characterization of the heating properties of MNPs. SLP
measurements were carried out using a D5 Series AMF applica-
tor (nanoScale Biomagnetics, Zaragoza, Spain) with a coil
(CAL2) connected to a vacuum pump to achieve thermal iso-
lation of the sample and using a capacitor (120 nF) to evaluate
different frequency ranges. MNP samples were prepared at a
concentration of 1 mg Fe mL™" in water and/or cell culture
supplemented medium (complete Dulbecco’s modified Eagle’s
medium, cDMEM). For each measurement, the temperature
variation was recorded for 5 min and the SLP was calculated
by linear curve fitting at the initial times (30-60 s) using the
ZAR application provided by the equipment software
(MANIAC) and indicating the value of the sample concen-
tration (mg Fe per mL).

2.1.5. Estimation of the local temperature on the surface of
the MNPs. The study of the local temperature reached on the
surface of the MNPs after the AMF application was carried out
using a model based on the thermal denaturation of GFP, pre-
viously described in our group.”® As a control, the effect of
global heating was evaluated following the same protocol. For
the global heating experiments, the MNPs@GFP conjugate
suspension was diluted with Milli-Q water at a concentration
of 10 pgpe mL™" (0.4 pM) and incubated for 5 min at various
temperatures (20-90 °C) using a dry block incubator
(ThermoMixer® F2.0, Eppendorf, Hamburg, Germany). The
fluorescence of the sample was then measured using a fluo-
rometer (PerkinElmer, Shelton, USA) and the intensities were
normalized to the amount of protein. As a control, a sample
incubated for 5 min at 20 °C was used and the relative percen-
tage of fluorescence of the different samples with respect to
the control was calculated.

This journal is © The Royal Society of Chemistry 2024
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For the samples subjected to an AMF to study the effect of
local heating, the same protocol was followed with the appli-
cation of the AMF for 5 min at different frequencies (137, 275,
366, and 445 kHz) at a field amplitude of 16.9 kA m™" using
the D5 series device equipped with the CAL-2 coil-set as an
AMF applicator (nanoScale Biomagnetics). The calibration
curve obtained using a dry block incubator was used to infer
the local temperature of the NPs subjected to the AMF.

2.2. Cell culture and in vitro experiments

2.2.1. Materials and reagents. Tetraacetylated
N-azidoacetylmannosamine (Ac,ManNAz) was purchased from
Sigma-Aldrich (St Louis, USA) and Jena Bioscience (Jena,
Germany). Dibenzylcyclooctyne-PEG,-5/6-sulforhodamine B
(DBCO-Sulforhodamine B) and dibenzylcyclooctyne-Alexa
Fluor 488 (DBCO-AF488) were purchased from Jena Bioscience
(Jena, Germany). Fetal Bovine Serum (FBS), penicillin/strepto-
mycin, Dulbecco’s modified Eagle’s medium (DMEM),
GlutaMAX™ supplement, MEM non-essential amino acids,
Phosphate-Buffered Saline 1x (PBS), Dulbecco’s Phosphate-
Buffered Saline 1x (DPBS) with Ca** and Mg>" and Versene
solution were purchased from Gibco (ThermoFisher Scientific,
Waltham, USA). Sodium cacodylate, Durcupan resin, trypsin-
EDTA, PCR-grade water, Ez-Blue gel staining reagent and
CelLytic MT reagent were purchased from Merck Life Sciences
(Madrid, Spain). Glutaraldehyde (2% vol.) and 4%-paraformal-
dehyde (4% vol.) were obtained from Electron Microscopy
Sciences (Hatfield, USA). Gel-Red was purchased from Biotium
(Fremont, USA). Mini-PROTEAN® TGX™ Precast Protein Gels
(4-15%) and iTaq Universal SYBRGreen Supermix were pur-
chased from Bio-Rad (Hercules, USA). MTT (3-(4,5-dimethyl-
thiazolyl-2)-2,5-diphenyltetrazolium bromide), 4',6-diamidino-
2-phenylindol (DAPI), Hoechst 33342, Trypan blue, ProLong®
Gold Antifade, Pierce™ Coomassie Plus (Bradford) Assay Kit,
Precision Plus protein standard (10-250 kDa), YO-PRO®-1, pro-
pidium iodide (1 mg mL™"), Dead Cell Apoptosis Kit with
FITC-Annexin V and propidium iodide, CM-H,DCFDA (5-(and-
6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate),
SuperScript VILO c¢DNA Synthesis kit, RNaseZap,
Lipofectamine 2000 and Lipofectamine RNAiMax were pur-
chased from Invitrogen (ThermoFisher Scientific, Waltham,
MA, USA). DNase I and MTS assay kits (CellTiter 96 AQueous
One Solution Cell Proliferation Assay Kit) were purchased from
Promega (Madison, USA). Primers for each of the heat shock
protein genes evaluated were purchased from Metabion
(Planegg, Germany). The RNA extraction kit (Total RNA
Purification Kit) was purchased from Norgen Biotek (Ontario,
Canada). The pAcGFP1-Nuc vector (4.8 kb) was purchased
from Takara Bio (Shiga, Japan). The TRIsure reagent was pur-
chased from Bioline (London, UK). The NZYol reagent, NZY
M-MuLV First-Strand cDNA Synthesis kit and NZY Supreme
gPCR Green Master Mix (2x) were purchased from NZYTech
(Lisbon, Portugal). siRNA anti-AcGFP1 and anti-copGFP were
obtained from STABVIDA (Lisbon, Portugal).

Reagents were used as purchased and all reagent solutions
and nanoparticle suspensions were sterilized by filtration with

This journal is © The Royal Society of Chemistry 2024
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0.22 pm MilliPore® sterile filters before addition to cell
cultures.

2.2.2. Cells. MCF7 (human breast adenocarcinoma) and
HCT116 (human colorectal carcinoma) cells were purchased
from ATCC (Manassas, USA), and MCF7/GFP breast adeno-
carcinoma cells expressing constitutively an optimized version
of GFP—copGFP (Cat#f AKR-211) were purchased from Cell
Biolabs (Cell Biolabs Inc., San Diego, CA, USA). Cells were
maintained at 37 °C with 5% CO, under a humidified atmo-
sphere in DMEM supplemented with 10% (v/v) FBS,
GlutaMAX™ (2 mM) and penicillin/streptomycin (100 U
mL™"). MCF7 and MCF7/GFP were also supplemented with 1%
of MEM non-essential amino acids. All cells were tested for
mycoplasma contamination and used only if free of
contamination.

2.2.3. Metabolic glycoengineering and MNP immobiliz-
ation on the cell membrane. Introduction of azide reporters
on the surface of HCT116 and MCF7 cells and the SPAAC reac-
tion with MNPs@PMAO@PEG@DBCO were performed follow-
ing the conditions previously optimized in our work.*®

2.2.4. Study of the MNP localization by transmission elec-
tron microscopy (TEM). HCT116 cells were seeded at a density
of 10000 cells per well in Nunc 8-well chamber slides
(Lab-Tek™). After 24 h of incubation, the medium was
replaced by medium containing Ac,ManNAz (50 pM)
for 48 h. Subsequently, the cells were incubated with
MNPs@PMAO@PEG@DBCO (100 pgr mL™) for 1 h in DMEM
for binding to the cell membrane by SPAAC chemistry.
Unbound MNPs were then removed by washing twice with
DPBS and cells were either fixed immediately or after further
incubation for 24 h in cDMEM to promote complete cellular
internalization of MNPs. Fixation was carried out by the
addition of 300 pL of glutaraldehyde (2%) per well in cacody-
late buffer (0.1 M) for 10 min at 37 °C. The fixing agent was
replaced by another 300 pL of the same solution and the
samples were incubated for 2 h at room temperature. The
already fixed cells were washed with phosphate buffer (0.1 M)
five times for 2 min each wash and stored at 4 °C. Finally, the
cell samples were sectioned and mounted on carbon-coated
copper grids for TEM by the Electron Microscopy Service of the
Centro de Investigaciéon Principe Felipe (CIPF, Valencia,
Spain). For this purpose, the samples were treated with OsO,
(2%) for 1 h at room temperature and stained with uranyl
acetate for 2 h at 4 °C in the dark. The samples were then
washed with distilled water, dehydrated with ethanol, and
infiltrated in Durcupan resin (Sigma®) for 24 h. After polymer-
ization, the cells were detached from each well and adhered to
Durcupan blocks. Finally, ultrathin sections (0.08 pm) were cut
with an Ultracut UC-6 microtome (Leica microsystems®),
stained with lead citrate, and analyzed using an FEI TecnaiT20
transmission electron microscope (ThermoFisher Scientific
Company, Oregon, USA).

2.2.5. Effect of localized magnetic hyperthermia on the cell
membrane permeability

Magnetic hyperthermia equipment and experimental con-
ditions. The study of the effect of localized magnetic hyperther-
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mia was carried out using a D5 Series device (nanoScale
Biomagnetics, Zaragoza, Spain) equipped with a planar coil
(PC90) and using a capacitor (120 nF) to reach the maximum
frequency values available. To maintain the overall tempera-
ture of cells constant during the experiment, a thermostat-con-
trolled support was used, connected to a 37 °C water bath (see
the ESIf for more details). The frequency and magnetic field
amplitude values used were 425 kHz and 16.9 kA m™, respect-
ively, corresponding to the maximum values available with the
planar coil.

Study of the MNP localization change by fluorescence
microscopy. HCT116 cells were seeded at a density of 9000 cells
per well in polymer bottom 8-well chamber slides (ibidi,
Grifelfing, Germany). After 24 h of incubation, the medium
was replaced with medium containing Ac,ManNAz (50 pM) for
48 h. Subsequently, the cells were incubated with
MNPs@PMAO@PEG@DBCO (100 pgr mL™") for 1 h in DMEM
(without phenol red) for binding to the cell membrane by
SPAAC chemistry. Unbound MNPs were then removed by
washing twice with DPBS and an AMF (425 kHz, 16.9 kA m™)
was applied for 30 min with cell temperature control at 37 °C.
In parallel, a control experiment was carried out under the
same incubation conditions, but without the application of
the AMF. After 30 min (for the slide subjected to the AMF) or
1 h (for the control slide without AMF application) of incu-
bation under cell culture conditions, both slides were observed
under a fluorescence microscope (Nikon Eclipse Ti-E inverted
microscope, Nikon Europe B.V., Amstelveen, the Netherlands)
and images were captured at 40x magnification using the
TRITC channel (100 ms exposure time). The cells were imaged
without fixing to avoid possible effects of the fixation process
in the localization of the MNPs.

YO-PRO®-1 internalization. HCT116 cells were seeded at a
density of 10000 cells per well in polymer bottom 8-well
chamber slides (ibidi, Grifelfing, Germany). After 24 h of incu-
bation, the medium was replaced with medium containing
Ac,;ManNAz (50 pM) for 48 h. Then, the cells were incubated
with MNPs@PMAO@PEG@DBCO (100 pgr. mL™'; MNPs not
bearing the TAMRA fluorophore were used) for 1 h in DMEM
(without phenol red) for binding to the cell membrane by
SPAAC chemistry. Unbound MNPs were removed by washing
twice with DPBS, YO-PRO®-1 (0.1 pM) was added in 300 pL of
supplemented DMEM (without phenol red) and the AMF (425
kHz, 16.9 kA m™') was applied for 30 min with cell tempera-
ture control at 37 °C or room temperature. After this time, the
cells were washed twice with PBS and detached by incubation
with 100 pL of Trypsin-EDTA for 5 min. The trypsin was neu-
tralized with 300 pL of supplemented DMEM and the cells
were collected in microtubes (Eppendorf®) and centrifuged at
12100g for 15 s. The pellets were resuspended in 300 pL of
PBS and the samples were analyzed on a CytoFlex cytometer
(Beckman Coulter, Indianapolis, USA), exciting at 488 nm and
collecting the FITC channel signal (525/40 nm). Ten thousand
events per sample were recorded and data were analyzed using
Kaluza 1.5a software (Beckman Coulter, Indianapolis, USA). All
samples were prepared and analyzed in duplicate.
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2.2.6. Analysis of cell viability after AMF application. The
analysis of cell viability after the AMF application was carried
out both with cells with membrane-bound MNPs and cells
with internalized MNPs. In both cases, HCT116 cells were
seeded at a density of 10 000 cells per well in polymer bottom
8-well chamber slides (ibidi, Grifelfing, Germany). After 24 h
of incubation, the medium was replaced by medium contain-
ing Ac;ManNAz (50 pM) for 48 h and the cells were incubated
with MNPs@PMAO@PEG@DBCO (100 pgr. mL™") (MNPs
without TAMRA) for 1 h in DMEM for binding to the cell
membrane by SPAAC chemistry. Unbound MNPs were
removed by washing twice with DPBS and the cells were sub-
jected to an alternating magnetic field application (425 kHz,
16.9 kA m™, 30 min) or further incubated for 24 h to
promote MNP internalization prior to AMF application.
Cell viability analysis was performed in the same manner
for the two MNP localizations (on the cell membrane or
internalized).

Analysis of the cell morphology. To evaluate possible morpho-
logical changes after the application of the alternating mag-
netic field, the cells were imaged at 0 h and 24 h after the AMF
application using an optical microscope (Nikon Eclipse
TE2000-S, Nikon Europe B.V., Amstelveen, the Netherlands).

Analysis of cell viability by flow cytometry. After the AMF
application, the culture medium was recovered from each well
using microtubes (Eppendorf®), and the cells were washed
with PBS and detached with 100 pL of trypsin-EDTA (5 min of
incubation at 37 °C). Trypsin was neutralized with 300 pL of
supplemented DMEM and the detached cells were transferred
to the corresponding microtube containing the cell culture
medium previously recovered. Cells were centrifuged at
12 100g for 15 s and the pellet was resuspended in 100 pL of
1x Annexin binding buffer. Then, 5 pL of FITC-Annexin V and
1 L of propidium iodide (100 pg mL™") were added. After
15 min incubation at room temperature and in the dark,
100 pL of 1x Annexin binding buffer was added to each micro-
tube, shaken briefly in a vortex and the samples were analyzed
on a CytoFlex cytometer (Beckman Coulter, Indianapolis,
USA); excitation at 488 nm and signal detection at 585/42 nm
(PE channel) and 525/40 nm (FITC channel), respectively. Both
a positive cell death control sample (cells incubated at 60 °C
for 30 min) and a negative control sample (live cells) were ana-
lyzed to adjust the gains of the PE and FITC channels. A total
of 20 000 events per sample were recorded and the data were
analyzed using Kaluza 1.5a software (Beckman Coulter,
Indianapolis, USA). All samples were prepared and analyzed in
duplicate.

Analysis of the generation of reactive oxygen species (ROS).
Before the application of the alternating magnetic field, the
cell culture medium was replaced by a solution of 2 pM
CM-H,DCFDA in supplemented DMEM. The alternating mag-
netic field (425 kHz, 16.9 kA m™", 30 min) was applied and
cells were incubated for an additional time of 30 min under
standard cell culture conditions. The cells were washed with
PBS and detached with trypsin-EDTA (5 min of incubation at
37 °C). Trypsin was neutralized with 300 pL of supplemented

This journal is © The Royal Society of Chemistry 2024
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DMEM and the detached cells were centrifuged at 12 100g for
15 s, the pellet was resuspended in 100 pL of PBS and
samples were analyzed on a CytoFlex cytometer (Beckman
Coulter, Indianapolis, USA) using the FITC channel (525/
40 nm).

Additionally, ROS generation was assessed by incubating
the cells at different global temperatures (37, 39, 42, and
45 °C) for 30 min. For this purpose, 30 000 cells per well were
seeded in 24-well plates, incubated for 24 h and detached by
incubation with trypsin-EDTA (5 min at 37 °C). Trypsin was
neutralized with 300 pL of supplemented DMEM and the
detached cells were centrifuged at 12 100g for 15 s. The pellet
was resuspended in 200 pL of 2 pM CM-H,DCFDA in sup-
plemented DMEM and the cells were incubated at different
temperatures in a dry block incubator (ThermoMixer F2.0,
Eppendorf®) for 30 min. After an additional 30 min of incu-
bation under standard culture conditions, the cells were cen-
trifuged, resuspended, and analyzed by flow cytometry as pre-
viously described.

As a positive control for ROS generation, the cells were incu-
bated with 200 pM H,0, for 30 min and labeled with
CM-H,DCFDA under the same conditions. 30 000 events were
recorded per sample and data were analyzed with Kaluza 1.5a
software (Beckman Coulter, Indianapolis, USA). All samples
were prepared and analyzed in duplicate.

Cell cycle analysis. After the application of an alternating
magnetic field, the cells were incubated for 24 h under stan-
dard culture conditions, then washed with PBS and detached
by incubation with trypsin-EDTA for 5 min at 37 °C. Trypsin
was neutralized with 300 pL of supplemented DMEM and the
cells were centrifuged at 12 100g for 15 s. The pellet was care-
fully resuspended by dropwise addition of ethanol (70%). The
cells were fixed for 30 min at 4 °C in ethanol and subsequently
washed twice with PBS by centrifugation at 3500g for 2 min.
The pellet was resuspended in 100 pL of PBS, and then 1 pL of
RNAase (10 mg mL™") was added and the mixture was incu-
bated for 10 min at 37 °C. Finally, 10 pL of propidium iodide
(1 mg mL™") was added and the cells were analyzed on a
CytoFlex cytometer (Beckman Coulter, Indianapolis, USA),
exciting at 488 nm and collecting the PE channel signal (585/
42 nm). 20 000 events per sample were recorded and the data
were analyzed using Kaluza 1.5a software (Beckman Coulter,
Indianapolis, USA). The cells seeded in parallel, under stan-
dard culture conditions and without MNPs and AFM appli-
cation were used as a control. All samples were prepared and
analyzed in duplicate.

2.2.7. Analysis of the expression of heat shock proteins
(HSPs)

Assessment of cell viability at various temperatures (external
global heating). HCT116 cells were seeded at a density of 50 000
cells per well in 24-well plates. After 48 h of incubation and
cell growth under standard cell culture conditions, the cells
were washed with PBS and detached by incubation with 100 puL
per well of trypsin-EDTA for 5 min. The trypsin was neutralized
with 300 pL of supplemented DMEM and the cells corres-
ponding to three wells were collected in microtubes
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(Eppendorf®). The cells were centrifuged at 12 100g for 15
seconds and the pellet was resuspended in 300 pL of sup-
plemented DMEM. The cells were then subjected to different
global temperatures (37, 39, 41, 43, 46, 49, and 60 °C) for
30 minutes using a dry block incubator (ThermoMixer® F2.0,
Eppendorf, Hamburg, Germany). Finally, 30 pL of cell suspen-
sion from each of the conditions were labeled with 30 pL of
0.4% trypan blue and the number of live and dead cells was
quantified using a Neubauer chamber. All samples were pre-
pared and analyzed in duplicate.

Quantification of HSP expression by real-time quantitative poly-
merase chain reaction (RT-qPCR). The expression of heat shock
proteins was analyzed in the presence of two different types of
thermal stimuli: external global heating and local heating
induced by MNPs after the application of an alternating mag-
netic field. In both cases, RNA was extracted immediately after
the end of the thermal stimulus and the same RT-qPCR proto-
col was followed for both types of samples.

The sequences of the primers corresponding to the HSP
genes analyzed are provided in the ESI.{ Primers were pur-
chased in the lyophilized format and reconstituted in PCR-
grade water following the manufacturer’s instructions.

External global heating. Cells were seeded and treated as pre-
viously described for the cell viability studies at different temp-
eratures. After 30 min of incubation at 37, 39, 41, and 43 °C,
total RNA extraction was performed.

Localized heating. HCT116 cells were seeded at a density of
25000 cells per well in polymer bottom 8-well chamber slides
(ibidi, Grifelfing, Germany). After 24 h of incubation, the
medium was replaced with medium containing Ac,ManNAz
(50 pM) for 48 h. Then, the cells were incubated with
MNPs@PMAO@PEG@DBCO (100 pgr mL™") for 1 h in DMEM
for binding to the cell membrane by SPAAC chemistry.
Unbound MNPs were removed by washing twice with DPBS
and the alternating magnetic field (425 kHz, 16.9 kA m™") was
applied for 30 min at a controlled cell temperature (37 °C). In
parallel, 24 h before the application of the magnetic field, the
cells were incubated with MNPs@PMAO@PEG@DBCO (100 pg
Fe per mL) for 1 h in DMEM; unbound MNPs were removed
by washing twice with DPBS and the cells were incubated
for 24 h to promote the complete internalization of the
MNPs. After 24 h, the alternating magnetic field was
applied under the same conditions as described above.
After the AMF application, the total RNA was extracted
using a commercial Kkit, following the manufacturer’s
instructions and eliminating the possible traces of genomic
DNA by treatment with DNase I. RNA extraction was carried
out in an RNase-free sterility hood previously decontami-
nated using RNaseZap and using a sterile, RNase-free
material. RNA concentration and purity were analyzed by
UV spectrophotometry (Thermo Scientific Multiskan GO UV/
vis) at 260 and 280 nm and by agarose gel electrophoresis
(1%, m/v) stained with Gel Red in 0.5x TBE. The cDNA was
synthesized from 1.5 pg of RNA using the SuperScript VILO
c¢DNA Synthesis kit using PCR-grade water and following the
manufacturer’s instructions.
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RT-qPCR was performed using iTaq Universal SYBR Green
Supermix (x) in a CFX-96 Real Time PCR System (Bio-Rad,
Hercules, USA). The following conditions were used: initial
denaturation at 95 °C for 30 s; 40 extension cycles (3 s at 95 °C
and 30 s at 60 °C); dissociation curve (to evaluate if unwanted
amplification products have been formed): 0.5 °C increments
from 59 to 90 °C. The expression of the different genes was
evaluated according to the 27##°* method, using an 18S ribo-
somal gene as a reference. Each RT-qPCR reaction was per-
formed in triplicate and at least two biological samples were
evaluated.

2.2.8. Cell transfection experiments. The sequences of the
primers and antisense siRNA used for the transfection experi-
ments and optimization of conditions are provided in the
ESIL.T Full details regarding the pAcGFP1-Nuc transfection with
Lipofectamine 2000, the optimization of GFP silencing using
siRNA and Lipofectamine RNAiMax, and the MH-mediated
siRNA transfection and silencing of GFP in MCF7 cells with
transient GFP expression can also be found in the ESL.{

Magnetic hyperthermia mediated transfection of MCF7/copGFP
cells. MCF7 cells were plated at a density of 25000 cells per
well and allowed to adhere for 24 h. Subsequently, the cells
were exposed to 100 pM Ac,ManNAz for 48 h before proceed-
ing to magnetic hyperthermia experiments. After 48 h of incu-
bation with Ac,ManNAz, the cells were washed twice with PBS
and were incubated for 10 minutes at 37 °C with 10 pgp. mL™"
of MNPs@PMAO@PEG@DBCO and DMEM without FBS. Cells
were subjected to two additional washes with PBS, detached
using Versene solution, centrifuged, and resuspended in fresh
medium.

The magnetic hyperthermia procedure is the same as that
used in MCF7 cells transiently transfected with GFP (for full
details, see the ESIT). Following transfection, the cells were
counted and seeded in a 96-well plate for the cell viability
assay and in a 24-well plate for fluorescence microscopy ana-
lysis and RNA extraction, under standard cell culture
conditions.

copGFP expression analysis. copGFP expression was verified
by fluorescence microscopy following 24 h and 48 h of the
gene silencing experiment and the images of cells were
acquired and analyzed as mentioned previously. Following
48 h post-transfection, total RNA was extracted from samples
and reverse transcribed to cDNA as described previously. RT-
gPCR was performed using the following conditions: initial
denaturation at 95 °C for 5 min; 30 cycles at 95 °C for 30 s, T\,
53 °C for 30 s, 72 °C for 30 s; and a final extension step at
72 °C for 5 min. copGFP gene expression was evaluated accord-
ing to the 27*2°* method, using the 18S ribosomal gene as a
reference.

Cell viability post-transfection. Cells were plated at approxi-
mately 25000 cells per well in a 96-well plate and incubated
for 24 h at 37 °C, under standard cell culture conditions. The
MTS assay was performed to determine cytotoxicity following
siRNA transfection with magnetic hyperthermia and with
Lipofectamine RNAiMax using the MTS assay as described
above. At 24 h post-transfection the cell culture medium was
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removed, MTS solution was added to the cells and incubated
for 1 h. The absorbance was measured at 490 nm using a
microplate reader. Cell viability was normalized to control
cells (cells with culture medium).

2.3 Statistical analysis

Data were analyzed using GraphPad Prism 8.0 (GraphPad
Software, San Diego, USA). The results are presented as average
+ the standard error mean of at least three independent experi-
ments. One-way ANOVA with Tukey’s or Dunnett’s multiple
comparisons test and unpaired parametric ¢-test with Welch’s
correction was used to evaluate differences between groups
and were considered statistically significant at p-value < 0.05.

3. Results and discussion

3.1 Expression of azide bioorthogonal reporters on cell
membranes

As mentioned in the Introduction, for the immobilization of
MNPs on living cell membranes using the SPAAC reaction,
cells must be engineered to express artificial azide reporters
on their surface, while MNPs should be decorated with
strained alkynes.

For the labeling of cell membranes with azides, we used
the sialic acid metabolic pathway to incorporate these
chemical reporters into the glycocalyx. Metabolic glycoengi-
neering relies on the use of a biosynthetic precursor con-
taining an azide functional group, typically tetraacetylated
N-azidoacetylmannosamine (Ac,ManNAz). This synthetic mole-
cule is taken up by cells and efficiently hydrolyzed to N-
a-azidoacetylmannosamine (ManNAz) by cytosolic esterases.
ManNAz is then converted to sialic acid via five enzymatic
steps and conjugated to the end of the sugar chains, displaying
end azide reporters.>" It is worth mentioning that the introduc-
tion of azide reporters on cell membranes can be achieved in a
controlled manner, by adjusting the concentration of the azide
precursor and/or the incubation time.”>** Indeed, in our pre-
vious work we demonstrated this dose-dependent expression
of azide groups on the membrane of HCT116 (human colorec-
tal carcinoma) and MCF7 (human breast adenocarcinoma)
cells, and established the optimal conditions for each cell line
(48 h of incubation with Ac;ManNAz at a concentration of
100 pM for MCF7 and of 50 pM for HCT116 cells).'® The label-
ing strategy and representative fluorescence microscopy
images for both cell lines under optimal metabolic glycoengi-
neering conditions are shown in Fig. 2.

3.2 MNP functionalization with strained alkynes

The MNPs used in this work were 13 nm spherical iron oxide
MNPs with a carboxylic acid surface functionality, obtained fol-
lowing the methodology previously described and optimized
by our group.>*?* The polymer coating the MNPs - poly(maleic
anhydride-alt-1-octadecene), PMAO - was modified using a
fluorescent dye, tetramethylrhodamine 5-(6)-carboxamide
(TAMRA) cadaverine, to allow MNP tracking in vitro by fluo-
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Fig. 2 Scheme of the metabolic engineering approach for the expression of azide bioorthogonal reporters on cell surfaces (left) and confocal fluor-
escence microscopy images of MCF7 and HCT116 cells treated with Ac;ManNAz for 48 h, followed by 30 min of incubation with 20 uyM DBCO-sul-
forhodamine B. Red: DBCO-sulforhodamine B. Blue: DAPI (nuclei staining). Scale bar: 50 pum for MCF7 and 20 pm for HCT116.

rescence microscopy.'®>® The PMAO-coated MNPs, having car-
boxyl acid groups on their surface, were then functionalized
with strained alkynes in a two-step process, by firstly introdu-
cing an amino-poly(ethylene glycol) (PEG) derivative to
improve the colloidal stability of the MNPs, followed by the
incorporation in a second step of a dibenzocyclooctynylamine
(DBCO) derivative bearing a short ethylene glycol chain, to
yield MNPs@PMAO@PEG@DBCO, as described in our pre-
vious work.'®** This strategy was chosen due to the hydro-
phobic character of the DBCO derivative, which leads to a loss
of the colloidal stability of the MNPs if the functionalization is
attempted directly on the MNPs@PMAO.

The preparation and physico-chemical characterization
of these different MNP types are reported in detail in
our recent work;'® however, relevant characterization data
are provided in the ESI for the specific batches employed in
the current work (Fig. S1f). The heating efficiency of the
MNPs@PMAO®@PEG@DBCO, expressed in terms of Specific
Loss Power (SLP, defined as the power generated per gram of
magnetic material)>” was measured at different AMF amplitudes
and frequencies (see Fig. S2t), yielding a maximum value of
approximately 100 W gz, at a frequency (f) of 445 kHz and a
field amplitude (H) of 16.9 kA m™ (AMF conditions within
the H x f safety limit of 5 x 10° A m™" s™' established by
Hergt and Dutz’®), determined in an aqueous suspension at
a concentration of 1 mg Fe mL™'. Noteworthily, the heating
efficiency of these MNPs determined in a suspension prepared
in cell culture medium (Dulbecco’s Modified Eagle’s Medium -
DMEM, supplemented with 10% of fetal bovine serum, see
Fig. S21) was very similar to the one obtained in water,
suggesting that the slightly higher viscosity of the supplemented
cell culture medium had no impact on the SLP values.

This journal is © The Royal Society of Chemistry 2024

The SLP measurements described above were performed at
a relatively high MNP concentration, ten times higher than the
one used for cell membrane immobilization (100 pgpe mL™",
see below). At low concentrations, MNPs can continue to gene-
rate heat locally under the application of an AMF with suitable
parameters, although a variation in the temperature of the
medium in which they are dispersed is no longer detected. For
our work using MNPs immobilized on the cell membrane, the
estimation of the local temperature (Tioc) on the surface of
the MNPs is crucial, as the alteration of cell membrane fluidity
depends directly on the local temperature increase. To deter-
mine the temperature on the MNP surface, different types of
thermal transducers can be used, including nucleic acid
probes, organic fluorescent dyes, polymers, lanthanide-based
nanoparticles, etc.>*°> Here, we used the green fluorescent
protein (GFP), based on a recent report from our group in
which we demonstrated the usefulness of fluorescent proteins
as thermal probes of the local temperature in the vicinity of
the MNP surface.”® When subjected to thermal denaturation,
this protein follows an irreversible unfolding of the p-barrel
around the fluorophore, leading to a linear fluorescence loss.*
To simplify the MNP functionalization with the GFP (which
would be difficult to incorporate on the surface of the MNPs
already modified with PEG and DBCO), we adapted the strategy
described by Ovejero et al.>®° MNPs@PMAO were functionalized
first with a nitriloacetic acid-Co** (NTA-Co®") complex and PEG,
and then with a GFP genetically modified to include a hexahisti-
dine tag (6His-tag) at its N-terminus (Fig. 3a). The 6His-tag
forms a coordination bond with the Co** ions, resulting in an
oriented binding of the protein on the MNP surface.”®**

To determine if the GFP immobilization on the MNP
surface causes a non-linear fluorescence loss (due to changes
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(a) Schematic depiction of the strategy used to assess the effect of global and local heating on the fluorescence of GFP linked to the MNPs

through metal affinity binding. (b) Effect of temperature on the fluorescence of the GFP immobilized on MNPs and subjected to macroscopic
heating. The fluorescence intensity at 20 °C was fixed at 100%. (c) Temperature estimation based on the fluorescence intensity measured for the
MNP-GFP complexes exposed to AMFs (16.9 kA m~ and increasing frequencies).

in the protein structure or its rigidification upon immobiliz-
ation), MNP@PMAO@GFP conjugates were first exposed to
external, macroscopic heating using a hot bath. The fluo-
rescence vs. temperature curve depicted in Fig. 3b confirmed
that the GFP fluorescence intensity decreased linearly with the
temperature. Fig. 3c shows the Tioc values determined from
the fluorescence intensity of GFP after subjecting a diluted sus-
pension (10 pgge mL™") of MNP@PMAO@GFP conjugates to an
AMF at different frequencies and an amplitude of 16.9 kA m™*
for 5 min. The temperature of the MNP suspension remained
constant at 18 + 0.5 °C throughout the AMF application. This
observation indicates that the heating was confined to the
immediate environment of the MNPs, due to the low concen-
tration of the suspension, and in line with the previous
finding from our group.”® As can be inferred from Fig. 3c, at
the lowest AMF frequency of 137 kHz, the increase in tempera-
ture on the MNP surface was negligible (Tyo¢ of approximately
12 °C); however, at higher frequencies, T;o¢ in the range of 79
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to 87 °C were recorded. The plateau effect observed (the fre-
quency change from 275 to 445 kHz did not lead to a relevant
change in the maximum temperature reached on the MNP
surface) suggested that the denaturation of GFP reached a
maximum at the local temperature produced by the appli-
cation of an AMF with a frequency of 275 kHz. In summary,
the determination of Tioc using the GFP as a local thermal
probe revealed that indeed very high temperatures can be
reached close to the MNP surface, even under diluted con-
ditions as the ones used for cell work.

Finally, to ensure the accuracy of the temperature measured
on the MNP surface, we verified that the MNPs@PMAO and
the MNPs@PMAO@PEG@DBCO had the same heating
efficiency. The SLP values measured for these two particles
were practically identical under the AMF conditions employed
(104 W gg. ™" for the MNPS@PMAO and 100 W gg. " for the
MNPs@PMAO@PEG@DBCO at a frequency of 445 kHz and a
field amplitude of 16.9 kA m™"). This means that the T; o esti-

This journal is © The Royal Society of Chemistry 2024
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mated for the MNP@PMAO®@GFP can be extrapolated to the
MNPs@PMAO®@PEG@DBCO.

3.3 Effect of the localized heating on cell membrane
permeability and cell viability

The application of the AMF in cell cultures was carried out
using a circular planar coil of 90 mm diameter with a radial
field homogeneity of up to 90% in a diameter of 35 mm
(typical size of a cell culture dish) and fitted with a water jacket
to ensure that the cells were maintained at 37 °C during the
experiments (Fig. S31). Due to the thickness of the water
jacket, the cells are positioned 6 mm from the surface of the
coil, which means an intrinsic decrease of the field amplitude
of about 25% with respect to the center of the coil (see the
ESIt). For this reason, we chose to use the maximum field
amplitude and frequency combination permitted for this
planar coil (16.9 kA m™ and 425 kHz, respectively).

HCT116 cells engineered to express azide groups were incu-
bated with MNPs@PMAO@PEG@DBCO for 1 h at an MNP
concentration of 100 pgge mL™", as optimized in our previous
work.'® After MNP immobilization on the cell surface by
SPAAC, the cells were exposed for 30 minutes to an AMF with
the parameters mentioned above. The first indication of a
possible thermal disruption of the cell membrane was the
change observed in the cellular localization of the MNPs:
30 minutes after the AMF application, a significant portion of
the total number of MNPs bound to the cell membrane was
found to form intracellular agglomerates (Fig. S4at). In con-
trast, in cells not exposed to the AMF, MNPs retained a homo-
geneous distribution along the entire membrane (Fig. S4b¥).

This effect was further demonstrated by the internalization
of YO-PRO®-1, a small (629 Da), exogenous fluorescent probe,
which is cellimpermeant under normal conditions of mem-
brane fluidity. However, at high enough concentrations,
YO-PRO®-1 could cross cell membranes by gradient diffusion,
an effect commonly known as non-specific internalization.
Therefore, an optimization of the YO-PRO®-1 concentration
was initially carried out to reduce non-specific internalization
of the probe and to better assess MH-promoted internaliz-
ation. A concentration of 0.1 pM was determined as the
optimal concentration at which non-specific internalization
was minimized while ensuring good detection sensitivity by
flow cytometry (see ESI and Fig. S57).

We then assessed YO-PRO®-1 internalization after the AMF
application (Fig. 4). Interestingly, when performing the AMF
application at room temperature, for all four experimental con-
ditions tested (depicted in Fig. 4a), we observed a very low
degree of internalization, which could be attributed to a non-
specific uptake of the probe (Fig. 4b, top). In contrast, when
the experiment was carried out at physiological temperature,
maintaining the cell culture temperature constant at 37 °C, sig-
nificant differences appeared between the different conditions
evaluated (Fig. 4b, bottom). Cells in which MNPs were
immobilized on the membrane by click chemistry showed the
highest level of YO-PRO®-1 internalization, although non-
specific binding of MNPs in cells without Ac;,ManNAz treat-
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ment also resulted in probe internalization after the appli-
cation of the AMF, but to a lesser extent due to a lower number
of “hotspots” able to alter the membrane permeability. These
results highlight the importance of the cell temperature in
thermal stimulation experiments. At temperatures below phys-
iological conditions (e.g., room temperature) the local heat
generated by the MNPs is invested in restoring normal mem-
brane fluidity, without altering the biophysical properties of
the membrane. However, if thermal stimulation starts at a
normal state of membrane fluidity, the local temperature
increase generated is directly harnessed for increasing it,
leading to the internalization of exogenous molecules.

For biomedical applications based on cell membrane fluidi-
zation, assessing the cell viability at different levels after the
cell membrane-localized MH stimulus is essential for estab-
lishing the limits of thermal stress. Once the thermal disrup-
tion of the plasma membrane ceases, if the cell can cope with
the level of thermal stress, it will activate repair processes,
such as HSP expression. However, if the thermal stimulation is
too severe or prolonged, the cells may not be able to recover
and cell death processes could be initiated. The temperature
increase induced in the cell may also have effects at the mole-
cular level (e.g., on DNA, proteins, lysosomal membranes, etc.)
that eventually could also trigger cell death. With this in mind,
we studied the cell viability after MH application at different
levels — morphological changes, expression of ROS, apoptosis/
necrosis and cell cycle alteration (Fig. 5). We compared the
effect of the cell-membrane localized MH and the intracellular
MH (see Fig. S67), to better understand how the localization of
the heat source can influence different aspects of cell viability.

Cells subjected to intolerable heat stress undergo easily
detectable morphological changes such as an increase in size,
stellate morphology, swelling of the nucleus, or even cyto-
plasmic bubbles as an early indicator of cell death.** In
addition to effects arising from the disruption of the homeo-
static equilibrium across the membrane, heat stress can
trigger effects at the cytoskeleton level, such as the rearrange-
ment of actin filaments®® or protein denaturation phenomena
at the mitotic spindle level. After the application of the
thermal stimulus (MH localized at the cell membrane or
inside the cell), we observed slight changes in the cell mor-
phology (i.e., slightly rounded morphologies), both for cells in
which MNPs were localized on the membrane and for those
that had internalized the MNPs. Nevertheless, these changes
were transient, and the cells recovered their normal mor-
phology rapidly; after 24 h of incubation, all cells exhibited
normal morphology and growth, as evidenced by the increase
in cell confluence (Fig. S77).

Under heat stress, increased cellular metabolism leads to a
loss of balance between cellular oxidative production and
defense mechanisms (e.g., superoxide dismutase, glutathione
peroxidase, ascorbic acid, etc.), resulting in increased oxidative
stress.’” Furthermore, it has been shown that despite the high
biocompatibility of Fe;0, MNPs, they can catalyze the gene-
ration of ROS both on the surface of the MNP and by degra-
dation and release of Fe®" ions in the cytosol.*® To quantify the
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generation of ROS, we used a chloromethyl derivative of
dichlorodihydrofluorescein diacetate (CM-H,DCFDA), which
can diffuse easily inside the cell. Once in the cytoplasm, this
compound is deacetylated by cellular esterases and in the
presence of ROS can rapidly oxidize, giving rise to a fluo-
rescent compound that can be detected and quantified by
fluorescence microscopy and flow cytometry. We first studied
the expression of ROS in response to macroscopic cell
heating. For this purpose, cells were heated in an external hot
bath for 30 min at different temperatures, ranging from 37 to
45 °C (Fig. S87). As expected, we observed an increase in ROS
production at higher temperatures, with a maximum of
45 °C. For cells incubated at 37 °C, a 24% increase in ROS
expression was observed compared to control cells incubated
under normal cell culture conditions. Since the macroscopic
heating was performed with cells in suspension (due to the
configuration of the heating bath), this effect can be attribu-
ted to metabolic stress induced by cell detachment, which
can trigger the dysregulation of basal ROS levels.?* When ana-
lyzing the effect of MH on ROS production, a clear difference
was observed depending on the location of the MNPs
(Fig. S91). While for cells containing internalized MNPs the
AMF application led to an increase in ROS production of
about 53%, in cells with membrane-bound MNPs and under
the same MH conditions the increase in ROS production was
only 13.5% (this value is in the range obtained for control
cells containing internalized or membrane-bound MNPs, but
not subjected to an AMF). The difference observed between
intracellular and membrane MH can be attributed to effects
associated with the localization of the MNPs in intracellular

This journal is © The Royal Society of Chemistry 2024

compartments such as lysosomes or the mitochondrial mem-
brane. For example, Domenech et al. observed an increase in
lysosomal membrane permeabilization, which correlated
with increased levels of cathepsin B (a lysosomal proteolytic
enzyme) in the cytoplasm and the production of ROS.*°
Likewise, Connord et al. verified in real time an increase in
lysosomal membrane permeability and ROS production with
only 30 min of application of an AMF.*" Thus, while heating
due to internalized MNPs increases cellular ROS production,
membrane-localized MH does not cause significant oxidative
stress.

If cells cannot cope with heat stress and/or disruption of
the cell membrane, they will enter a process of programmed
(apoptotic) or necrotic cell death.*>** We analyzed the effect of
MH, both in cells with membrane-bound MNPs and with inter-
nalized MNPs, at two different time points: immediately (0 h)
and a later time (24 h) after the thermal stimulation (depend-
ing on the level of cellular damage, apoptosis may not occur
immediately, as indicated in previous reports**). In both cases,
we did not observe cell death by apoptosis or necrosis
(Fig. S107). These results confirmed that the localized MH con-
ditions used allow the modification of the fluidity and/or per-
meability of the cell membrane without affecting cell viability,
although the cell can sense the thermal stress and activate
molecular response mechanisms, as demonstrated by the HSP
expression. Furthermore, the absence of apoptosis supports
the internalization of YO-PRO®-1 as a consequence of an
increased membrane fluidity through localized MH, as several
literature reports are pointing out to YO-PRO®-1 as an indi-
cator of early apoptosis (YO-PRO®-1 can enter the cell through
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P2X7 receptors, a type of ion channel that is highly active in
cells in an apoptotic state?>*°).

We next focused our attention on the analysis of the cell
cycle. Due to heat stress, the cell cycle can be affected as a con-
sequence of the inhibition of DNA replication or the activation
of proteins that act as regulators of cell cycle progression.””
Moreover, numerous studies have shown that intracellular
accumulation of MNPs and other types of NPs can affect the
cell cycle.*® We used propidium iodide (PI), a fluorescent mole-
cule able to bind the DNA; since the DNA content varies
throughout the different stages of the cell cycle, a relationship
can be established between the fluorescence intensity detected
in each cell and its DNA content.*” We did not observe altera-
tions of the cell cycle under any of the different conditions of
thermal stress, or caused by MNP presence on the cell mem-
brane or in intracellular compartments (Fig. S117). This obser-
vation is in line with previous studies realized by our group
using similar MNPs; after internalization in B16 cells (mouse
melanoma cells) and AMF application, no variations in cell
cycle phases were observed, even at higher AMF frequencies
and amplitudes compared to those employed in this work (835
kHz and 20.05 kA m ™" vs. 425 kHz and 16.9 kA m™").*°

Taken together, our results demonstrate that cell mem-
brane-localized MH can act as a disruptive agent of cell mem-
brane fluidity and permeability, leading to the internalization
of cell-impermeant probes without impairing cell viability.

3.4 Molecular study of the localized hyperthermia effect -
heat shock protein (HSP) activation

Although no direct impact of the localized MH on cell viability
was detected, we questioned whether the cells could actively
sense the thermal effects. It is widely acknowledged that cells
respond to thermal stress by activating different molecular
mechanisms to repair or limit the damage caused. Expression
of HSPs is one of the predominant molecular mechanisms of
response to heat stress; therefore, these proteins have been
extensively used to assess the effects of MH at the cellular
level.>~>? However, in all these studies, MNPs were interna-
lized; to the best of our knowledge, there is no report on the
effect of cell-membrane localized heating on HSP expression.
On the other hand, several studies in bacteria, yeast and mam-
malian cells have indicated a link between the fluidity of the
cell membrane and the induction of HSP expression, but all
these studies have been performed using chemical agents for
membrane fluidization (such as benzyl and phenethyl
alcohol).>** In this work, we investigated for the first time
the expression of different HSPs in response to the thermal
stimulus induced by MH localized on the cell membrane and
compared it to the one triggered by intracellular MH. The
HSP70 family is the most evolutionarily conserved amongst all
HSPs; all eukaryotes present more than one gene encoding
HSP70 proteins with different preferential intracellular localiz-
ations.”” We selected three members of this family, namely
HSP70-1A, HSP70-8 and HSP70-9, and analyzed the
expression of their genes (HSPA1A, HSPAS, and HSPA9, respect-
ively) by real-time quantitative polymerase chain reaction (RT-
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gPCR) due to its high sensitivity, which allows detection of
subtle expression changes. In both scenarios (membrane-loca-
lized MH and intracellular MH), MNPs were attached to
HCT116 cell membranes via click chemistry. For membrane-
localized MH studies, cells were exposed to the AMF immedi-
ately after the click reaction, while for intracellular MH the
MNPs were allowed to internalize for 24 h after the click reac-
tion (Fig. 6a). However, as after performing the click reaction
the unreacted MNPs were washed, we expect the same overall
amount of MNPs in both cases.

The HSP expression under the MH stimulus was compared
to the one triggered by macroscopic heating of the cells at
different temperatures (39, 41, and 43 °C) using an external
hot water bath. The heat shock response is characterized by a
rapid increase in HSP expression after exposure to environ-
mental stress; however, as mRNA has a short half-life (less
than one hour’®), the level of expression can decrease rapidly.
Indeed, previous studies carried out in our group revealed a
clear descent in the expression of the mouse hsp70 gene after
the MH stimulus, with basal expression values 120 min after
the AMF application.’® For this reason, the analysis of the
expression of the selected genes was carried out on the mRNA
extracted immediately after the application of the thermal
stimulus (macroscopic heating or MH). We observed that the
expression levels of the analyzed genes depended highly on
both the type of HSP and the type and localization of the
thermal stimulus (Fig. 6b). HSPA1A had the highest expression
level in the case of macroscopic heating, probably due to the
role of HSP70-1A protein in the repair of heat-induced DNA
damage.’® However, cells exposed to membrane-localized or
intracellular MH had a relatively low expression of
HSP70 mRNA, with only a two-fold increase compared to the
control (cells incubated at 37 °C). As the heating sources
(MNPs) are very localized (attached to cell membrane glyco-
proteins or confined inside lysosomes), the thermal effect pro-
duced is likely not high enough to alter DNA stability and
trigger the activation of HSPAIA. In the case of HSPAS8, similar
levels of expression were observed under cell-membrane loca-
lized and intracellular MH conditions, both being higher than
for macroscopic heating. HSP70-8 proteins interact with mem-
brane lipids directly through the C-terminal end and play a key
role in the folding of membrane proteins, thus facilitating the
translocation of polypeptides across membranes.®® They are
also involved in restoring cell membrane fluidity through a
cholesterol-dependent mechanism.®" These two functions can
account for the expression levels observed for the HSPA8 gene
when MH is localized on the cell membrane. On the other
hand, HSPAS proteins have a protecting role against reactive
oxygen species (ROS) production,®” which could explain their
overexpression when cells are subjected to thermal stress from
intracellular MNPs. Finally, for HSPA9 we observed a higher
level of expression for intracellular MH and cell membrane-
localized than in the case of macroscopic heating, with the
higher expression in the case of cells with internalized MNPs
and subjected to the AMF. The expression of HSP70-9, a
protein primarily localized in mitochondria, is independent of

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Schematic representation of the experimental conditions for assessing the effect of MH at different cellular localizations (on the cell

membrane and inside the cell). (b) Expression of HSPA1A, HSPA8 and HSPA9 genes after exposure to heat shock at different temperatures (macro-
scopic heating) or after application of an AMF (30 min, 425 kHz, 16.9 kA m™) in cells with internalized or membrane immobilized MNPs. Expression
levels were normalized with respect to the 18S reference gene and compared to gene expression in control cells incubated at 37 °C. Black asterisks
indicate significant differences with respect to the control (*p < 0.05; **p < 0.01; and ***p < 0.001; one-way ANOVA, Dunnett’s multiple comparisons

test).

heat stress and is regulated by alterations in the Ca** influx,
decreasing glucose levels, and disruption of glycolysis.”> We
hypothesize that an effect on mitochondrial stability induced
by intracellular MH could trigger its expression,®® in line with
the results observed for the ROS expression under intracellular
MH conditions. Taken together, these results confirmed the
molecular response of HCT116 cells to the thermal stimulus
delivered by cell membrane-localized and intracellular MNP-
based hyperthermia, indicating that the cell is able to respond
to the disruption of membrane fluidity through the expression
of membrane-stabilizing HSPs, such as HSP70-8. The differ-
ences in the HSP expression observed between MH or exposure
to macroscopic increases in temperature reflected how the cell
can activate the molecular defense response to heat stress
differently when subjected to local thermal stimulation by
MNPs, as previously described by other authors.**~>*

This journal is © The Royal Society of Chemistry 2024

3.5 Transfection based on membrane-localized magnetic
hyperthermia

After confirming the potential of cell membrane-localized MH
to induce changes in the membrane fluidity and favor the
internalization of impermeant exogenous molecules without
detrimental effects on cell viability, we sought to extend its use
to a specific biomedical application, namely cell transfection.
Cell transfection, i.e., the incorporation of exogenous nucleic
acids into target cells holds therapeutic promise for many dis-
eases linked to genetic disorders.®>®” Interference RNA
(RNAI), genome, and gene editing tools allow the manipu-
lation of DNA and edition of gene sequences, regulate gene
expression, and reconfigure chromatin structure, thus modu-
lating specific traits in the target cells’ phenotype.®®®° In par-
ticular, small interference RNA (siRNA) has been profusely
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used to target specific messenger RNA (mRNA) in the cells’
cytoplasm to suppress protein translation.”® The efficacy of
siRNA action depends on the capability to penetrate the cell
membrane and avoid intracellular enzymatic degradation or
lysosomal entrapment. Transfection of nucleic acids may be
achieved via many different approaches, including viral
vectors,”" physical”® or chemical (e.g., lipids)”> methods, all
having disadvantages, such as direct cell toxicity, loading
efficiency or cell specificity.”

Advances in materials science and nanotechnology in the
past decades have put forward a range of nanomaterials as
tools for the transport and delivery of (therapeutic) nucleic
acids.”> While MNPs have been widely exploited for magnetic-
field guided delivery of nucleic acids, a technique known as
“magnetofection”,”®”° the localized heating that takes place in
the vicinity of the MNP surface when they are exposed to exter-
nal AMFs has not been used to date for transfection purposes.
Herein, we propose the use of MNPs as “hotspots” able to
induce changes in the fluidity of cell membranes and promote
the transient transfection of antisense siRNA in MCF7 cells to
silence the expression of a green fluorescent protein (Fig. 7).
The MCF7 cell line is derived from a pleural effusion acquired
from metastatic breast cancer and is frequently used as a
model of estrogen-positive breast cancer. Besides, MCF7 cells
can be addressed as an interesting model for the development
of novel therapies against breast cancer (e.g., gene therapy)
due to their remarkable genetic characteristics, such as chro-
mosomal instability and clonal heterogeneity.*>®' Several com-
mercial viral and non-viral transfection reagents have been
reported as suitable for the transfection of nucleic acids in
MCF?7 cells.®> However, MCF?7 cells typically grow in clumps or
clusters, which makes the transfection and the uptake of the
therapeutic cargo difficult due to lower exposure of the cell’s
membrane surface. Therefore, we considered the MCF7 cell
line as a relevant model for developing a new transfection
method based on localized magnetic hyperthermia and cell
surface engineering through bioorthogonal chemistry. An over-

Intracellular siRNA
delivery

Y

o
200 “;lﬂ'. ‘ .."0...

Silencing effect

Fig. 7 Overview of the general concept of cell membrane-localized
MH-mediated transfection. Upon application of the AMF, the thermal
disruption of the cell membrane is used for intracellular delivery of
siRNA to silence the constitutively expressed copGFP. Created with
BioRender.com.
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view of the general concept of cell membrane-localized MH-
mediated transfection using MNPs immobilized on the cell
membrane via SPAAC bioorthogonal chemistry is presented in
Fig. 7.

Optimization of the conditions for cell transfection experi-
ments was initially carried out in MCF7 cells co-transfected
with the pAcGFP1 Nuc vector; full details on this optimization
are provided in the ESI (Fig. S12-S14f). For MH silencing
experiments, MCF7 cells constitutively expressing copGFP were
incubated with Ac;ManNAz for 48 h before MH to provide
them with artificial azide reporters for the click immobiliz-
ation of MNPs on the membrane, as described earlier (Day 2
and Day 3 in Fig. 8). Hereafter cells were incubated with
MNPs@PMAO@PEG@DBCO (at 10 pgr. mL~" for 10 minutes)
and the AMF (23.9 kA m™" and 418 kHz) was applied for
30 minutes with pulses (each pulse with a duration of five
minutes, with a sixty second pause between pulses, Day 4 in
Fig. 8). The transfection efficiency was compared with a posi-
tive control using the Lipofectamine RNAiMax reagent under
the same experimental conditions of MH samples. Moreover,
control experiments using cells transfected with siRNA and
cells with Ac;ManNAz treatment, and incubated with MNPs,
but without MH application (MNPs + N3 + MH—-) were used to
verify if the presence of MNPs could promote the intracellular
siRNA delivery. copGFP silencing was followed for all the con-
ditions tested using fluorescence microscopy, 24 and 48 h after
MH (Day 5 and Day 6 in Fig. 8) (Fig. S15af). After 48 h, RNA
was extracted and expression analysis by RT-qPCR confirmed
the effectiveness of MH on the silencing of copGFP (Fig. 9a).
The results revealed that in cells with MNPs attached to the
membrane via click chemistry and exposed to the AMF (MNPs
+ N3 + MH+), and copGFP expression was 40% lower. This
silencing was comparable (no statistical difference) with that
obtained with the commercial Lipofectamine RNAiMax
(around 40% reduction in AcGFP1 expression; Fig. 9a).
Moreover, in the absence of AMF (MNPs + N; + MH—-), no stat-
istically significant reduction of copGFP expression was
observed compared to controls (cells with and without siRNA),
indicating the potential of localized MH for transfection in
MCF7/GFP cells. The quantitative analysis of corrected total
cell fluorescence (CTCF) of fluorescence microscopy images
from the 48 h post-MH, demonstrated a statistically significant
difference between MNPs + N; + MH+ in the reduction of
copGFP protein expression (Fig. S15b¥). Together, these results
confirmed that the MNPs immobilized on the cell membrane
acted as hotspots under an AMF, inducing localized heating
and triggering an increase in the fluidity of the membrane,
which enhances the transfection of exogenous molecules. The
effect observed reached its maximum when the cell membrane
glycocalyx was labeled with azides, as the density of hotspots
generated on the membrane was the highest among all the
different conditions tested.

One of the most important limitations of the commercially
available transfection methods is their impact on cell viability,
with many reports describing the cytotoxicity of cationic lipid
reagents®>®® or the impact of electroporation on cell viability.®*

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 RT-gPCR analysis and cell viability assessment 48 h post-siRNA transfection in MCF7/GFP cells. (a) RT-gPCR to evaluate copGFP gene
expression in the different samples tested. The gene expression levels were normalized to the control. Black asterisks indicate statistical differences
between MNPs + N3z + MH+ and the controls (cells with and without siRNA) and MNPs + N3 + MH— (**p < 0.01; *p < 0.05, respectively; unpaired
parametric t-test with Welch’s correction). Data represent the mean value + the standard error mean of three biologically independent experiments
with two technical replicates for each. (b) Cell viability analysis of the different conditions tested after MH via MTS assay. The statistical significance
between the cells treated with lipofectamine and the other samples is represented (*p < 0.05; **p < 0.01; unpaired parametric t-test with Welch's

correction).

For this reason, once the efficiency of the transfection and the
silencing of the copGFP gene was demonstrated, the impact on
cell viability was assessed. Lipofectamine was found to induce
a statistically significant reduction of cell viability of circa 25%

This journal is © The Royal Society of Chemistry 2024

not observed for MH-treated cells (MNPs + N; + MH+) (cell via-
bility of 100%) (Fig. 9b).

Finally, it is worth mentioning that the results obtained for
siRNA transfection in MCF7 cells with transient expression of

Nanoscale, 2024, 16, 15176-15195 | 15191


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01955e

Open Access Article. Published on 25 July 2024. Downloaded on 3/11/2026 10:32:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

GFP (see details in the ESI, Fig. S16 and S17}) were similar to
the ones attained in MCF7 cells constitutively expressing
copGFP, both in terms of efficacy and cell viability. Altogether,
our results indicate that this new transfection method can
attain similar efficiencies of transfection compared to the
gold standard lipofectamine without cellular cytotoxicity.
Consequently, it is crucial to optimize in each situation the
amount of silencing oligo (siRNA) to be used to improve gene
silencing.

4. Conclusions

In this work, we report the use of cell membrane-localized MH
as a disruptive agent of cell membrane permeability. We inves-
tigated different aspects related to cell viability following the
discontinuation of the thermal stimulus, confirming the
absence of apoptotic/necrotic events, the generation of ROS,
and alterations of the cell cycle. However, the molecular study
of heat stress response revealed that not only were HSPs acti-
vated in response to the thermal stimulus, but their expression
was different, depending on the nature and location of the
heat shock agent, and associated with the role and preferential
localization and the site of action of each HSP studied.

The alteration of the membrane permeability was first veri-
fied by the internalization of YO-PRO®-1, a cell-impermeant
fluorescent molecule. Then, as a global proof-of-concept of
potential biomedical applications, we validated the localized
MH successful transfection of siRNA into MCF7 cells (transi-
ently or stably expressing GFP) and the subsequent GFP silen-
cing. The membrane localized hyperthermia-mediated trans-
fection had similar efficacy to “gold standard” methods based
on lipofectamine, but without affecting cell viability. This
approach addresses some of the challenges associated with
standard transfection methods, providing a safer method for
improving the delivery and action of (therapeutic) nucleic
acids, with spatio-temporal control through the application of
an AMF. Taken together, these results suggest the modulation
of the cell membrane permeability and fluidity based on the
so-called “hotspot” behavior of the MNPs. These findings are
supported by a recent report from our group on the effect of
the localized increase in temperature in the immediate
environment of individual MNPs deposited on a model cell
membrane upon the application of the AMF."® The use of MH
as a stimulus for inducing membrane permeabilization has
also been documented by Alvarez-Berrios et al., who proved
that Caco-2 cells subjected to magnetic fluid hyperthermia
using iron oxide carboxymethyl dextran nanoparticles showed
a higher sensitivity to cisplatin therapy than in the case of a
similar temperature increase (41 °C) induced by hot water
hyperthermia, an effect attributed to an increase of cell mem-
brane fluidity favoring the passive transport of the drug across
the membrane.®> However, in this report the MNPs were not
immobilized onto the membranes of living cells, but sus-
pended in the cell culture medium. On the other hand,
Hulangamuwa et al. found that the use of internalized MNPs
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in human lymphoma cells (U937) and the application of very
short pulses (200 ps) of an inhomogeneous magnetic field at a
frequency of 30.9 kHz favored the internalization of a model
drug (doxorubicin) due to the change in membrane per-
meability.*® Nonetheless, this phenomenon did not stem from
the “hotspot” effect of the MNPs; rather, it was caused by the
transmission of ultrasonic frequency sound waves resulting
from the translational motion of MNPs within the applied
magnetic field.

While further research into the cell plasma membrane
thermal disruption with localized MH and the mechanism of
internalization of different probes is needed, we believe that
our strategy could lead to the development of a more efficient
procedure for the “opening and closing” of cellular mem-
branes with minimal disturbance of cellular integrity. This on-
demand modification of cell membrane permeability will
allow the MH-mediated intracellular transport of biologically
relevant (bio)molecules, drugs and nanomaterials, promoting
direct intracellular delivery and thus overcoming traditional
endocytosis pathways and avoiding endosomal entrapment.
Moreover, cell surface engineering with artificial chemical
reporters such as the azide groups and the nanoparticle immo-
bilization via bioorthogonal chemistry could provide a univer-
sal tool for intracellular delivery, applicable practically to any
cell line and nanoparticle type.
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