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Functional polysaccharide-coated SPIONs for in vitro
MRNA delivery in breast cancer cells

This study focused on developing and physicochemically
characterizing two methods of mMRNA binding—covalent
and ionic—onto superparamagnetic iron oxide nanoparticles
(SPIONs) coated with biocompatible polysaccharides,
specifically oxidized dextran and quaternized chitosan. We
conducted comprehensive investigations into the cellular
uptake, proliferation, viability, migration, binding efficiency,
and antibody expression related to these nanocarriers. The
ultimate objective was to create a suitable nanocarrier for
future pre-clinical in vivo applications, highlighting the role
of novel approaches and materials in advancing the fields
of magnetofection and personalized medicine.
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RNA-based therapeutics have recently attracted great attention as a novel platform for the prevention
and treatment of several pathological conditions, including COVID-19, cancer, diabetes, cardiovascular
diseases, and others. However, despite their advantages compared to formerly established treatment
modalities, which include an increased effectiveness and specificity and reduced toxicity, the efficient
delivery of nucleic acids into the cells remains a major challenge. In the present study, novel mRNA
carriers, based on superparamagnetic iron oxide nanoparticles (SPIONs) functionalized with modified
natural polysaccharide, were designed and synthesized. More specifically, two polysaccharide derivatives,
namely oxidized dextran and quaternized chitosan, bearing aldehyde and cationic quaternary
ammonium salt groups, respectively, were deposited onto the SPION surface. The hybrid nanoparticles
were characterized in terms of their size, surface charge, magnetization and polymer content, and were
next used to bind green fluorescent protein—-mRNA and produce mRNA delivery vehicles. Biological
assays on the T47D breast cancer cell line were employed to assess the nucleic acid binding effective-
ness and cellular uptake of the nanoparticles and the cell proliferation, viability, migration and protein
expression of the SPION treated cells. The hybrid particles coated with oxidized dextran showed higher
stability, mRNA binding capacity, via Schiff base formation, and gene transfection efficiency, due to their
smaller size, high polymer content and the effective cleavage of the polymer—gene covalent bonds in
the acidic cancer cell compartment. The superior performance of these gene vectors, compared to the
well-established cationic nanoparticle-gene complexes, render them highly attractive as mRNA
therapeutics for further testing in (pre)clinical in vivo studies.

1. Introduction

Cancer is a non-communicable disease and is the second
leading cause of death worldwide."* Breast cancer is the most
common malignancy in women, with a total of 1.7 million new
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cases and ~522000 deaths being reported worldwide since
2008, corresponding to an increase of the mortality rate of
~18%. These epidemiological data clearly reflect the urgent
need for efficient early diagnostic, preventive and treatment
modalities.® To date, the treatment of breast cancer has been
mainly based on local surgery and radiation therapy in combi-
nation with drug administration.*”® Although a patient’s survi-
val rate has steadily increased over the past few decades,
systemic chemotherapy often results in numerous side effects,
including chemoresistance and toxicity towards other healthy
tissues, which are responsible for most cases of relapse.” To
improve the efficiency of breast cancer therapy and effectively
minimize its harmful side effects on healthy tissues and
organs, new therapeutic strategies are urgently required.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The development of RNA-based pharmaceuticals has
emerged as a novel platform for the prevention and treatment
of numerous pathological conditions, including COVID-19,
cancer, diabetes, heart disease, and others.®'® To date,
these approaches have been mainly based on RNAi gene
regulation mechanisms, microRNA modulators, long-non cod-
ing RNAs and siRNA drugs.® RNA-based therapies are expected
to prevail over other already established antibody-based
cancer treatments (e.g:, herceptin/trastuzumab delivery in
female breast cancer),"'™* which suffer from ineffective target-
ing to the cancer tumor sites, significant side effects, including
undesired immune-responses and chemoresistance, and
high production costs."* The induction of antibody synthesis
by the patient’s cellular synthetic mechanism, by the
administration of the appropriate mRNA molecules instead
of the antibody medication, has been recently applied to
alleviate the above weaknesses via a personalized healthcare
approach.

Despite the great potential of nucleic acid-based therapies
for the treatment of a broad array of important diseases,
including breast cancer, the effective delivery of the gene to
the target destination remains a fundamental challenge. Var-
ious non-viral gene vectors have been proposed for the efficient
complexation and transfection of the nucleic acids within the
cytosolic area; however certain issues, such as the side effects
and the toxicity of the vector, the bioavailability and the
stability of the gene-vector complex, the non-effective escape
of the gene from the carrier, as well as the non-biodegradability
of the vector, hinder their clinical application."”

The majority of gene carriers are based on positively charged
synthetic or natural macromolecules, which can interact elec-
trostatically with the negatively charged genes, to form poly-
plexes. Cationic synthetic polymers of various molecular
weights and architectures, including poly(ethylene imine),"®"”
poly(beta amino esters),*®'° polyamidoamine dendrimers
and poly(2-(dimethylamino)ethyl methacrylate),”*>* have been
extensively used in gene delivery applications; however their
cytotoxicity, even at low polymer concentrations, high cost,
harsh and complicated synthetic methodologies have hindered
their clinical utility. On the other hand, natural polysaccharides
offer important advantages, owing to their abundance, lack of
inherent toxicity, being often FDA approved, and their facile
chemical modification methods. Chitosan, collagen and gelatin
have been explored as nonviral natural gene carriers, because of
the cationic groups along the polymer backbone, which allow
their effective interaction with RNA constructs.?*™2° Despite the
extensive use of electrostatic interactions between the oppo-
sitely charged macromolecules as a facile and efficient method
for gene-carrier complexation, the stability of the polyplexes in
the bloodstream and the mechanism of gene release from the
polyplex within the cell remain unclear and are still under
investigation.>”

During the last few years, hybrid nanoparticle-based ther-
apeutics have gained increased attention as promising candi-
dates for diagnosis and targeted drug delivery.”*>* Among
them, superparamagnetic iron oxide nanoparticles (SPIONS)
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are particularly advantageous for clinical use, due to their
multifunctionality and biocompatibility.>> For instance,
hyperthermia, using tumor-accumulated particles in the
presence of an external alternating magnetic field, and mag-
netic drug targeting (MDT), using SPION-drug conjugates, have
been reported.>® Moreover, SPIONs can serve as theranostic
agents, combining imaging and therapy in precision
medicine.’” Therefore, the design and development of mag-
netic nanocarriers conjugated with mRNA molecules that
encode the production of antibodies by the patient (e.g,
trastuzumab) is a highly promising approach for the treatment
of breast cancer.

Despite the numerous reports in the literature addressing
promising nanopatrticle types for gene/drug delivery,**™*° only
very few of them have been employed in clinical use to
date.”"™** The application of SPIONs in biology and nanomedi-
cine requires the nanoparticles to be nontoxic and biocompa-
tible, while exhibiting good aqueous dispersion under
physiological conditions and increased stability in vivo.*> They
are also required to effectively bind biomolecules, such as
genes and antibodies, or small organic molecules, such as
drugs and active compounds. The colloidal stability of the
construct depends strongly on the size of the particles, which
must be sufficiently small to prevent their fast precipitation in
the medium, whereas superparamagnetic behavior is observed
for nanoparticles with an average size of less than 20 nm.*® The
surface chemistry of the SPIONs plays a crucial role in their
biocompatibility, stability as well as their binding properties.
To control their surface properties (e.g., surface charge and
functional groups) SPIONs are often coated with small mole-
cules or biocompatible polymers,*” including polysaccharides
(dextran, chitosan, and others). Interestingly, dextran coated
SPIONS, such as FERIDEX, have been approved by the FDA for
clinical use as MRI contrast agents. The hydroxyl-rich chemical
structure of dextran allows its facile oxidation to bear aldehyde
groups, which can bind the desired bioactive molecules
through covalent bonds. In this context, Tseng et al. have
used oxidized dextran (Ox-dextran) to chemically bind cetux-
imab and spermine onto the polysaccharide via Schiff base
formation.***#>! However, to the best of our knowledge Ox-
dextran has not been employed so far for the binding of mRNA.
Another natural polymer that has been extensively used to coat
the surface of iron oxide nanoparticles is chitosan.’>° Chit-
osan has several advantages including low toxicity, low immu-
nogenicity, and good biocompatibility; however its poor water
solubility under neutral conditions is an important limitation
for biomedical use.”” To overcome this issue chitosan is
often derivatized by various modification routes.>® A water-
soluble synthetic derivative of chitosan is quaternized
chitosan (Q-chitosan), which bears permanent positively
charged moieties along the polymer chain enabling the binding
of negatively charged macromolecules, such as nucleic
acids.’”*® Despite the superior physicochemical characteristics
of Q-chitosan, its use in gene delivery is limited, and to the best
of our knowledge, it has not been reported so far for the
functionalization of SPIONs.>™
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Given the plethora of available materials and synthetic
approaches as well as the complexity of the biological/molecu-
lar environment and their diverse uses, certain design criteria
should be considered for the development of effective SPION-
based mRNA delivery systems. In this work, we aim to elucidate
the effect of the binding mode, covalent vs. ionic, of nucleic
acids onto hybrid polysaccharide-coated SPIONs, on the effi-
ciency of mRNA-based delivery systems. For this, two natural
polysaccharide derivatives, namely Ox-dextran and Q-chitosan,
bearing aldehyde and cationic quaternary ammonium salt
groups, respectively, were prepared and coated onto the
SPIONs. The hybrid particles were characterized in terms of
their size, surface change, magnetization and polymer content,
and were next used to bind green fluorescent protein-mRNA
(GFP-mRNA) and prepare the mRNA delivery vehicles. GFP-
mRNA was used as a model gene, due to the ease of protein
detection, to assess the novel carriers. Challenges addressed
were related to the mRNA instability and immunogenicity with
associated toxicity, and the improvement of the therapeutic
efficacy of the gene. The binding efficiency of the gene, the
nanocarrier cellular uptake, the cell viability, migration and
adhesion and the cell protein expression, were biologically
assessed, aiming to develop a highly promising mRNA delivery
system for (pre)clinical in vivo applications.

2. Materials and methods

Chitosan (M, = 30000 g mol ™", 90% deacetylated) was purchased
from Glentham Life Science. Dextran (M, = 40000 g mol ') and
silver nitrate (AgNO3, 99.9% purity) were purchased from Alfa
Aesar. Sodium periodate (99.8% purity) and glycidyl trimethyl
ammonium chloride (GTMAC) (>90% purity) were obtained
from Sigma-Aldrich. Acetic acid (Fluka), acetone (Scharlau),
potassium chromate (K,CrO,, 99.5% purity, Merck), phe-
nolphthalein (98% purity, Riedel-de Haen), sodium chloride
(NacCl, 99.5% purity, Merck), ferric chloride hexahydrate (FeCls-
6H,0, 99% Merck), ferrous chloride tetrahydrate (FeCl,-4H,0,
99% AppliChem Panreac), ammonia (NH,OH, 25%, Merck),
and citric acid ((CH,CO,H),, 99%, Sigma Aldrich) were used as
received. All solvents were used as received. Milli-Q water, with
a resistivity of 18.2 MQ cm at 298 K, was obtained from
Millipore apparatus and was used for the preparation of all
samples. RPMI-1640, Dulbecco’s Modified Eagle’s Medium
(DMEM), Fetal Bovine Serum (FBS) and penicillin-streptomycin
solution were purchased from Biochrom (Berlin, Germany).
Optimem was obtained from Gibco. Prussian blue iron stain
kit was purchased from Sigma Aldrich. Magnetofection Poly-
mag Kit was purchased from Oz Biosciences. CellTiter-Glo®
Luminescent Cell Viability kit was obtained from Promega
Corporation, WI, USA.

2.1 Synthesis of iron oxide nanoparticles

The synthesis of bare iron oxide nanoparticles (NPs) and
nanoparticles coated with citric acid (NPs-CA) was carried out
as described in a previous study.®® In brief, ferric chloride
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hexahydrate (FeCl;-6H,0) and ferrous chloride tetrahydrate
(FeCl,-4H,0) were dissolved at a Fe**:Fe®" molar ratio of 2:1
in 10 ml double deionized water. NH,OH, the precipitation
agent, was added dropwise in 100 ml water, until pH 12 was
obtained, under vigorous stirring and a nitrogen atmosphere
(nitrogen gas flow) to prevent oxidation, followed by the dropwise
addition of the aqueous solution of the iron precursors. The
precipitate was magnetically separated and washed until the pH
of the final aqueous solution was close to 7.5. To prepare the NP-
CA, 20 ml citric acid aqueous solution (0.5 M) were added to a 100
ml dispersion of the NPs (3% w/v Fe;0,) under vigorous stirring
for 30 min and the final product was magnetically separated and
washed 3 times with deionized water.

2.2 Synthesis of Q-chitosan

5 g chitosan (M, = 30000 g mol ") were added into 200 ml Milli-Q
water containing 2% v/v acetic acid and the solution was heated at
70 °C until complete polymer dissolution. Next, 25 ml (186 mmol)
GTMAC were added into the polymer solution in portions
(2.5 mL h™") and the reaction was left under magnetic stirring at
70 °C for 12 h. Afterwards, the reaction was allowed to cool down to
room temperature and the modified polymer was recovered by
precipitation with the addition of cold acetone enabling the
removal of the unreacted GTMAC. Finally, the product was freeze
dried and stored under a nitrogen atmosphere at 4 °C.

The degree of quaternization of chitosan was determined by
conductometric titration using a conductivity meter (WTW,
cond 3310, TetraCon 325 and 325/C). Briefly, Q-chitosan
(0.0373 g) was dissolved in water (200 ml) and 5 drops of a
5% w/v potassium chromate (K,CrO,) solution were added as a
color indicator. Next, the solution was titrated with a 0.09 mol
L~ " aqueous silver nitrate (AgNO;) solution until a color change
from yellow to brown occurred indicating the endpoint of the
titration. The degree of quaternization (DQ) was calculated
using the following equations:

NQehi = Vagno, Cagno, (1)

where nqgehi are the moles of Q-chitosan, Vagno, (L) is the
volume of AgNO; solution used to reach the equivalent point
in the titration, and Cagno, (Mol L") is the concentration of the
AgNO; solution.

Considering the 90% degree of deacetylation of chitosan
and the mass of Q-chitosan, m; (g), used in the titration:

Mehi = MWqchiflgehi T MWacet Tacet ¥ MWpeacet MDeacet
()
M Acet _ l (3)
NDeacet + 1Qchi 9

From eqn (2) and (3) the moles of deacetylated chitosan and
finally the degree of quaternization of chitosan are derived as:

Mchi — 335.05- NQchi
183.55

(4)

NDeacet =

NQchi

%DQ =

x 100 (5)
NQchi + MDeacet + MAcet

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where nqcn; are the moles of Q-chitosan, 7peacet are the moles of
deacetylated chitosan and n,.; are the moles of acetylated
chitosan. Mwgchi, MWacer and Mwpe,eee refer to the molecular
weights of the quaternized, acetylated and deacetylated units of
chitosan, equal to 312.5 g mol ', 203 g mol " and 161 g mol ",
respectively.

2.3 Synthesis of Ox-dextran

5 g dextran were dissolved in Milli-Q water at a 2% w/v
concentration. The solution pH was adjusted at 5.5 using a
0.1 M HCI solution. The polymer solution was stirred at 30 °C
for 2 h and then sodium periodate (5.9 g) was added. The
reaction mixture was kept in the dark at 30 °C for 24 h under
magnetic stirring, before being transferred into a dialysis bag
(MW cut-off 14000 g mol ') and dialyzed against water for
4 days, while the water was changed 4 times per day. Finally, the
modified dextran was freeze dried and stored under a nitrogen
atmosphere at 4 °C.

The degree of oxidation (%DO) was calculated by a potentio-
metric titration using phenolphthalein as the pH indicator.®®
Briefly, Ox-dextran (0.125 g) was dissolved in 10 ml NaOH
solution (0.25 M) and stirred for 15 min. Next, 15 ml HCI
(0.25 M) were added to the solution, followed by the addition of
50 ml Milli-Q water and 1 ml of an aqueous phenolphthalein
solution (0.2% w/v). The final solution was titrated with a
0.25 M NaOH solution until a color change from light yellow
to purple occured. The initial dextran before oxidation was
titrated following a similar process. The %DO was calculated
according to the following equation:

(Nb — Na)
DO = oX _
DO = [ MW,

(N b — N a)
nox 1
W/ MWoor) <100 (0

where N, and N, are the moles of base and acid added in
the solution, W (g) is the weight of the dry sample, MW,
(176 g mol™") is the molecular weight of the repeat units of Ox-
dextran and MW, (178 & mol’l) is the molecular weight of the
repeat units of non-oxidized dextran. The indices ‘ox’ and ‘nox’
represent the oxidized and non-oxidized dextran, respectively.

2.4 Synthesis of NPs and NPs-CA coated with Q-chitosan (NPs-
Ch and NPs-CA-Ch)

Q-chitosan was dissolved in Milli-Q water to a final concen-
tration of 2.5% w/v. A dispersion of the bare iron oxide
nanoparticles in Milli-Q water (30 mg ml ') was sonicated for
30 min in a sonication bath, before the addition of 1 g of the
nanoparticles (33 ml dispersion) to the Q-chitosan solution
(100 ml). The reaction was left under vigorous stirring at 60 °C
for 24 h. Next, the mixture was cooled down to room tempera-
ture and finally, the polymer coated nanoparticles were recov-
ered and purified from the non-bound polymer chains via
several centrifugation/redispersion cycles in nanopure water.
The polymer modified nanoparticles were redispersed in water
(pH 7.4) and were stored at 4 °C until use. A similar procedure
was followed for the coating of the NPs-CA with Q-chitosan.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5 Synthesis of NPs and NPs-CA coated with dextran (NPs-Dx
and NPs-CA-Dx)

An aqueous solution of Ox-dextran was prepared at a concen-
tration of 10 mg ml ™. The polymer solution was stirred at 30 °C
until complete dissolution. A dispersion of the bare iron oxide
nanoparticles in Milli-Q water (30 mg ml ") was sonicated for
30 min in a sonication bath, before the addition of 1 g of the
nanoparticles (33 ml dispersion) to the Ox-dextran polymer
solution. The reaction was left under vigorous stirring for 24 h
at 30 °C. Finally, the Ox-dextran coated nanoparticles were
purified to remove the non-bound dextran chains via several
centrifugation/redispersion cycles in water. The polymer mod-
ified nanoparticles were redispersed in water (pH 7.4) and were
stored at 4 °C until use. A similar procedure was followed for
the coating of the NPs-CA with Ox-dextran.

2.6 Physicochemical characterization techniques

The functionalized polysaccharides and the polysaccharide-
coated NPs were characterized in terms of their physicochem-
ical properties and morphological characteristics using a
variety of characterization techniques, including proton
nuclear magnetic resonance (‘H NMR), attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) and Raman
spectroscopies, thermogravimetric analysis (TGA), dynamic
light scattering (DLS), field emission scanning electron micro-
scopy (FESEM), transmission electron microscopy (TEM),
vibrating sample magnetometry (VSM), X-ray diffraction
(XRD) and BET surface area analysis.

The modified polymers were characterized by 'H NMR
spectroscopy using a Bruker AMX-500 NMR spectrometer. de-
DMSO and D,O were used as the deuterated solvents for the
dextran and the chitosan samples, respectively. ATR-FTIR spec-
tra were recorded on a Thermo Scientific Nicolet 6700 spectro-
meter and scans were collected for each measurement. Raman
spectra (in Via, Renishaw plc, New Mills, UK) were obtained
using a 532 nm solid-state diode laser at 0.5 mW power and
200 scans were collected for each measurement. The polymers,
the iron oxide nanoparticles and the polymer-coated nano-
particles were characterized by thermogravimetric analysis
(TGA) using a PerkinElmer Diamond TG/DTA instrument.
Measurements were carried out in the temperature range
between 30-550 °C, at a heating rate of 10 °C min~"', under a
nitrogen atmosphere. Dynamic light scattering measurements
(DLS, Cordouan Technologies SAS, Pessac, France) were carried
out using a 657 nm laser and the number size distribution of
the particles was determined using the SBL algorithm (Mie
scattering model, real part: 2.3, imaginary part: 0.1). The
Zetasizer NanoZS instrument (Malvern Instruments) was
used for the determination of the zeta potential values of
the nanoparticles. Aqueous dispersions of the nanoparticles
(0.05 mg mL ') in a 25 mM NaCl solution were prepared and
sonicated for 15 min before each measurement. The average
zeta potential value from three measurements was recorded for
each sample. Finally, the morphology of the bare and the
polymer-coated nanoparticles, either with or without citric acid,

Mater. Adv,, 2024, 5, 5410-5432 | 5413
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was determined using field emission scanning electron micro-
scopy (FESEM), using a JEOL JSM-7000F microscope, and with
transmission electron microscopy (TEM), using a JEOL JEM-
2100 microscope. The samples for FESEM and TEM were
prepared by the deposition of one drop of a dilute aqueous
dispersion of the nanoparticles, on a glass substrate (for
FESEM) and onto a carbon coated Cu grid (for TEM) and were
allowed to dry overnight at room temperature.

Vibrating sample magnetometry (VSM) measurements were
carried out at room temperature using a PAR Model 151
(Princeton Applied Research Corporation, Princeton, NJ). The
VSM was calibrated against a NIST-certified Ni standard with a
maximum applied field of about 2 T (uOH). The samples were
prepared by gently drying a magnetic nanoparticle suspension
in a desiccator under ambient conditions. Mass magnetization
was determined by extrapolation to an infinite external field.
XRD patterns were obtained on a Siemens D 500 (Bruker,
Massachusetts, US) X-ray diffractometer to analyse the crystal
structure of the bare and polymer-coated nanoparticles, using a
CuKa source. Finally, the BET surface area of the nanoparticles
was measured by nitrogen adsorption and desorption measure-
ments using a Tristar 3000 instrument (Micromeritics, Atlanta,
US) at 150 °C degassing temperature.

2.7 GFP-mRNA synthesis

The green fluorescent protein (GFP) was cloned in a pT77
plasmid vector, which contains the T7 promoter, as described
in ref. 64. The recombinant pT77-GFP vector was linearized
using the restriction enzyme HindIII (Takara), downstream to
the T7 promoter. The linearized plasmid was used as the
template for the GFP-mRNA synthesis by in vitro transcription
reactions, with the HiScribe T7 ARCA mRNA Kit following the
manufacturer’s protocol (New England, BioLabs). The synthe-
sized mRNA was purified using a spin column-based method
(Monarch RNA Cleanup Kits, BioLabs).

2.8 Cell culture

T47D (epithelial human breast cancer, HER2") cells were used
in the present study to test the biological behavior of the newly
synthesized nanoparticles. T47D cells serve as a well-
established and known in vitro model to test the biological
profile of the newly synthesized materials. Cells were seeded in
75 em” cell culture flasks and incubated under appropriate
conditions (5% v/v CO, at 37 °C and standard humidity) as 2D
monolayers. Precisely, the T47D cells were cultured in RPMI-
1640 supplemented with 10% v/v FBS and 1% penicillin-
streptomycin. All used cells had a passage number of less
than 20.

2.8.1 Tissue spheroid formation - in vitro 3D cell cultures.
Cell spheroids in the absence of a template were prepared using
the hanging drop method. More specifically, T47D cells were
detached from their culture and the desired cell number was
resuspended in culture medium. The lid of the 60 mm tissue
culture dish was removed and inverted and approximately
20 drops of a final volume of 20 pL were applied. Each drop
contained 500, 700 or 1000 cells (to select the optimum
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condition). Then, the lid was placed back onto the tissue
culture dish and the bottom chamber was filled with PBS to
avoid droplet evaporation (see Fig. S9 of the ESIt). Each drop
was supplemented every 3-4 days with ~5 pL fresh medium
without disturbing the spheroid formulation. The morphology
and integrity of the drops were monitored daily and incubated
until sufficient aggregates were observed (~17 days).

2.8.2 Cell viability - growth studies. To investigate the
potential cytotoxic effects of the newly synthesized materials,
cells were seeded in 96-multi-well plates (5000 cells per well)
and treated for selected time periods (i.e., 6, 24, 48, 72 h) with
the title materials dispersed in the culture medium at various
concentrations (i.e., 1-1000 pg mL™"). Cell viability, for both
cell culture types (2D, 3D), was assessed by quantifying the
amount of ATP, which is directly proportional to the number
of metabolically active cells present in the culture, and
compared against a reference case (control), one for every
time period, where the cells were not exposed to the studied
materials. Briefly, the working reagent was added to the
cell culture according to the manufacturer’s instructions
(reagent/supernatant volumetric ratio 1:1) without removing
the supernatant.®® The luminescence signal intensity, produced
by the luciferase reaction, was determined using a Glomax 96
microplate luminometer (Promega Corporation, WI, USA).®® In
all cases, cell exposure was performed with a colloidally stable,
freshly prepared, homogenous dispersion of the nanoparticles.

2.8.3 Cell morphology. Potential cytotoxic effects of the
prepared materials were also investigated with respect to cell
morphology. To this end, cells were regularly examined with
respect to their shape, appearance, color, confluency, etc., to
further confirm any aberration from the normal status. Cells
were visualized using a LEICA inverted microscope, with a 10x
phase contrast. Images were captured at several time points
(prior and post treatment) (refer to Fig. S11 in the ESI¥).

2.8.4 Cell migration assay. To investigate the potential
cytotoxic profile of the newly-synthesized materials, a cell
migration assay was carried out. The potential inhibition of
the endogenous motility of the T47D cells was evaluated using a
2D in vitro scratch assay. In this regard, cells were seeded in
35 mm cell culture dishes in DMEM and allowed to grow until
70-80% confluency. Then, a scratch on the cell monolayer was
made, over the entire diameter of each culture dish, using a
sterile pipette tip (100 pL) and cells were incubated in the
culture medium in the presence of a final concentration of
1-100 pg mL~ " of the title materials. Cells were visualized using
a LEICA inverted microscope, with a 10x phase contrast lens.
Images were captured at 0, 24, 48, 72, 96, and 144 h after the
scratch on the cell monolayer surface. Quantification of the
wound healing effect was performed with Image] software
(freely available).®>°®

2.8.5 Cellular uptake studies. To qualitatively monitor the
SPIONs uptake (through iron uptake), a Prussian blue assay
was performed.®”®® Briefly, cells were seeded in 96-well plates
(6500 cells per well) and treated with the title materials for
selected time periods (i.e., 5, 10, 20, 30, 60, 120 min) at various
concentrations (ie., 1-1000 pug mL™') in the absence or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presence of a magnetic field. In particular, after incubation
with the nanoparticles the cells were washed with PBS supple-
mented with EDTA and fixed with 4% formaldehyde for 15 min
at room temperature. Then, the cells were washed with distilled
water and incubated with a mixture of 10% w/v potassium
ferrocyanide in water and 20% v/v hydrochloride solution (1:1
ratio) for 20 min. After washing with distilled water, the cells
were counterstained with nuclear fast red staining. Quantifica-
tion was performed spectrophotometrically after washing with
1 mM EDTA solution in 1x PBS and extraction of the stain at
450 nm.

2.8.6 Cell adhesion assay. The potential impact of the
nanoparticles on cell adhesion was determined by seeding
the cells in 6-well tissue culture plates and incubating them
at 37 °C in 5% v/v CO, in the presence of the nanoparticles at
concentrations of 10 and 100 pg mL ™" for 24, 48, and 72 h. Cells
were visualized using a LEICA inverted microscope, with a set of
10x phase contrast lenses. Images were captured at several
time points post treatment. Each experiment was carried out in
triplicate.

2.8.7 Binding, magnetofection and translational efficiency
studies

2.8.7.1 Preparation of the NPs-mRNA constructs. A nanoparti-
cle suspension was diluted in cell culture medium and soni-
cated using a sonication bath for 10-15 min. The suspension
was sterilized using UV light for approximately 10 min before
being sonicated again for 5 min. Then, GFP-mRNA was added
at the appropriate amount and gravimetric ratio (see Table 1)
and the samples were vortexed for 10 s. Next, the samples were
left under gentle stirring for 10-15 min to allow the formation
of the complexes. Free mRNA was decanted under a magnetic
field restraining the complexes. In the case of the commercially
available magnetic beads, the binding process was performed
following the manufacturer’s instructions (Magnetofection,
Polymag kit). Briefly, the appropriate amounts of mRNA and
PolyMag magnetic beads were mixed in Optimem medium and
left at room temperature for 20 min prior to their addition to
the cells.

The binding efficiency was tested using agarose gel electro-
phoresis. The nanoparticles were isolated from the aqueous
stock solution using a magnet and were washed with water.
Samples were centrifuged for 1 min and the supernatant was
discarded. The pellets were redissolved in 5 pL ddH,O
water and 1x loading dye (1 pL). 1% w/v agarose gel in 1x
TBE with 0.1% w/v ethidium bromide (EtBr) was used for the
electrophoresis.

Table 1 Gravimetric ratios of the mRNA-NPs vectors

Sample w/w ratio mMRNA (ug) Particle (pg)
1 1:0.5 3 1.5

2 1:1.5 3 4.5

3 1:3 3 9

4 1:5 3 15

5 1:8 3 24

6 1:10 3 30

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.8.7.2 Magnetofection and translation tests. For the magne-
tofection experiments, cells were exposed to the magnetic field
(Polymag kit) for 30 min in the presence of the NPs-mRNA
constructs. The transfection mixture, prepared in the pre-
viously described step (Section 2.8.7.1), was added in a drop-
wise manner into the culture plates. 48-72 h post-transfection,
the transfection efficiency was determined using an inverted
fluorescent microscope at 10x magnification for GFP-mRNA.
At least 500 cells were examined for each sample. Cells were
rinsed once with PBS and incubated for an additional 15 min
with DAPI stain (stock solution 1 mg mL™") for the fluorescent
detection of the nuclei. Cells were fixed with 4% paraformalde-
hyde (PFA) for 20 min and visualized using an Axio Observer Z1
microscope, with a 20x phase contrast (Carl Zeiss, GmbH Lena,
Germany). Images were captured, using an AxioCam Hc cam-
era. Fluorescence intensity was calculated as the fluorescence
intensity of the NPs divided by the fluorescence intensity of the
control group (mean fluorescence intensity) using Image] soft-
ware. Statistical analysis was performed using one-way ANOVA
followed by post hoc analyses (Tukey).

2.9 Statistical analysis

Data are presented as average values with standard error means
(SEMs) of several independent measurements. Mean survival
rates and SEMs were calculated for each individual group.
Percent change of survival rates were calculated for each con-
trol group and one way analysis of variance (ANOVA) was
performed for all pair comparisons, followed by post hoc
analyses (Tukey). Two-way ANOVA was used in the case of
cellular uptake studies using GraphPad Prism v.6. Degrees of
significance were assessed by different rating values: *p < 0.05
(significant), **p < 0.01 (highly significant), ***p < 0.001
(extremely significant), ***p < 0.0001 (extremely significant)
and p > 0.05 (non-significant). The percentage contribution of
the main factors effecting cell survival was calculate as the ratio of
the adjusted sum of squares (Adj SS) calculated from the
respected experimental values for each factor over the summation
of Adj SS of all factors using a Minitab statistical software package.

3. Results and discussion

The surface properties of the SPIONs play a crucial role on their
dispersibility in aqueous media, on their size and on the
binding efficiency of biomolecules of interest, including genes
(RNAs, DNAs), antibodies and proteins, therefore significantly
affecting their performance in biological applications. Herein,
different types of polysaccharide coated SPIONs (see Table 2)
were prepared and evaluated in terms of their colloidal stabi-
lity, magnetic properties, binding of nucleic acids, cytotoxicity
and transfection efficiency as gene carriers.

3.1 Synthesis, morphological and structural characterization
of the SPIONs

First, the SPIONs were synthesized using the co-precipita-
tion method as described in Section 2.1, and next the bare
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Table 2 Symbolic names and surface modification of the studied NPs
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SPION-symbolic name

Description - type of coating

NPs

NPs-CA

NPs-Ch

NPs-Dx

NPs-CA-Ch
NPs-CA-Dx
NPS_CA_ChGFPmRNA
NPS_CA_DXGFPmRNA

nanoparticles were coated with citric acid, which was found in
previous studies to increase their colloidal stability and prevent
nanoparticle aggregation due to electrostatic repulsions. The
Raman spectrum of the bare NPs exhibited three dominant
bands at 300, 510, and 690 cm ™', which correspond to the E,,
Toe(2), and A;; modes of magnetite (Fe;O,), respectively
(Fig. 1(a)).*® The high intensity peak at 690 cm™" was further
deconvoluted to the maghemite peak at 700 cm ' and a
magnetite peak at 670 cm ' that is shifted to higher values
due to interactions of the Fe-O bonds with the surface bound
organic molecules (Fig. S1, ESIt). The second order peaks
between 1000 and 1700 cm ™' are related to the maghemite
structure.”® The NPs-CA sample exhibited a similar spectrum to
that of the bare NPs (Fig. 1(a)). The presence of the organic
coating on the surface of the SPIONs was verified by the intense
characteristic band at 540 cm ™" assigned to the surface Fe-O

Ferrite nanoparticles - no coating

Ferrite nanoparticles - citric acid coating

Ferrite nanoparticles — quaternized chitosan coating

Ferrite nanoparticles - oxidized dextran coating

Ferrite nanoparticles - citric acid and quaternized chitosan coating

Ferrite nanoparticles - citric acid and oxidized dextran coating

mRNA bound on ferrite nanoparticles with citric acid and quaternized chitosan coating
mRNA bound on ferrite nanoparticles with citric acid and oxidized dextran coating

vibrations as well as the vibration bands attributed to the C=0
bonds of the free carboxyl groups of citric acid at 1584 cm ™"
and the band at 1380 cm ™" corresponding to the C=0 bonds of
the surface bound carboxyl groups (Fig. 2(a), red dashed line).
The amount of citric acid deposited on the surface of the
SPIONs was calculated at 3.4% w/w using TGA (Fig. 2(b), red
dashed line).

Next, the polysaccharides, chitosan and dextran, were che-
mically modified to form the appropriate functionalities for the
conjugation of the GFP-mRNA gene. Chitosan underwent
quaternization using GTMAC to bear cationic quaternary
ammonium salt moieties, thereby conferring water solubility
to the polymer under neutral conditions.””> Moreover, the
cationic sites of chitosan enable its complexation with the
anionic mRNA chains via electrostatic interactions. The suc-
cessful modification of chitosan was confirmed by 'H NMR and
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Fig. 1 Comparative Raman spectra of the (a) NPs and NPs-CA, (b) NPs, NPs-Dx and NPs-Ch and (c) NPs-CA, NPs-CA-Dx and NPs-CA-Ch samples.
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ATR-FTIR spectroscopies (see Fig. S2 and S3 and the relevant
text in the ESIT). The degree of quaternization of the polymer,
determined by conductometric titration, was found to be 73%
by mole. A high degree of quaternization (60-70%) was targeted
to enhance the solubility of chitosan under neutral conditions
and simultaneously provide an excess of positively charged
amino groups for complexation with the mRNA chains. Q-
chitosan was also characterized by TGA and showed a greater
weight loss (68%) compared to the non-modified polymer
(56%) (Fig. S3b, ESIt). This disparity arises from the introduc-
tion of the quaternary ammonium salt moieties, which render
the polymer more susceptible to thermal degradation by also
lowering its degradation
50 oc.57,73

For the dextran oxidation, the well-known oxidizing agent,
sodium periodate, was employed to introduce aldehyde moi-
eties along the polymer chains. The '"H NMR and ATR-FTIR
spectra proved the successful oxidation of dextran (see Fig. S4
and S5 and relevant text in the ESIt). The degree of oxidation,
determined by potentiometric titration, was found to be 53%,

temperature by approximately

© 2024 The Author(s). Published by the Royal Society of Chemistry

which aligns well with the values reported in the literature.”*”>

TGA showed a reduced weight loss of 70% for the modified
polymer compared to 80% for the precursor material, which
was attributed to the polymer mass loss during oxidation (Fig.
S5b, ESIT).

The bare NPs and NPs-CA were next coated with the mod-
ified polymers by simply mixing the magnetic nanoparticles
with a polymer solution. The appearance of a vibration peak at
1478 cm ™' in the ATR-FTIR spectra of NPs-Ch and NPs-CA-Ch
verified the presence of the trimethyl ammonium groups of the
polymer and confirmed the successful coating of the nano-
particles (Fig. 2(a)). Moreover, the Raman spectrum of NPs-CA-
Ch, depicted in Fig. 1(c) showed a notable peak at 1600 cm ™
associated with a-chitin. Additionally, the 700 cm ™" peak linked
to the vibration modes of magnetite and maghemite has been
subject to deconvolution in Fig. S1 (ESIT). The resulting values
as presented in Table 3, delineate the individual contribution of
magnetite and maghemite within each construct. In particular,
the NPs-CA-Ch construct exhibited a single peak at 683 cm ™"
attributed to magnetite, contrasting with the two peaks at 683
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Table 3 Peak wavenumbers of the FezO4 and y-Fe O3z Aj4 bands from the Raman spectra, M values calculated from the VSM measurement, M
normalized values with respect to the iron and the organic mass content measured by TGA and surface area measured by BET analysis

Fe;04 Aqg v-Fe,03 A1§ M M; () normalized” Mspe,0, — MS() Organic Surface
Sample peak (cm ™) peak (cm ™) (emu g™") (emu g™ variation content (wt%) area (m*> g™ ")
NPs 673 723 68.7 68.7 — — 112.59
NPs-CA 683 721 63 65.21 3.4 3.4 124.14
NPs-Ch 652 708 59.9 68.06 0.63 12 64.52
NPs-Dx 635 699 56.4 65.58 3.11 14 76.27
NPs-CA-Ch 683 54.8 61.57 7.12 11 37.8
NPs-CA-Dx 666 — 40.8 55.13 13.56 26 —

675

% Normalized to the calculated iron oxide content found by TGA.

em ! and 721 ecm™ ! observed in the NPs-CA sample, where
these peaks correspond to magnetite and maghemite, respec-
tively. Notably, the increase of the 1000-1700 cm™ " peaks was
more pronounced in the case of NPs-Ch as illustrated in
Fig. 1(b). The amount of polymer deposited on the surface of
the NPs was quantified by TGA and was found to be 12% w/w
and 11% w/w for NPs-Ch and NPs-CA-Ch, respectively
(Fig. 2(b)). Interestingly, the TGA results suggested that the
presence of the citric acid ligand on the surface of the nano-
particles did not affect the amount of polymer deposited on the
NPs. Similarly, the successful coating of the bare and CA-
functionalized NPs with Ox-dextran was verified by ATR-FTIR
and Raman spectroscopies. The ATR-FTIR spectra of NPs-Dx
and NPs-CA-Dx displayed the characteristic band of magnetite
at 540 cm ™' along with the vibration bands of the polymer at
1019 ecm ' and 1634 cm ', denoting the presence of the
polymer coating on the surface of the NPs (Fig. 2(c)). In
addition, the Raman spectrum of NPs-Dx, displayed an intense
peak at 1550 cm ™! related to the vibration modes of both the
maghemite and the organic coating (Fig. 1(b)), while the
spectrum of NPs-CA-Dx exhibited a characteristic peak at
2900 cm ™" attributed to the oxidized polymer (Fig. 1(c)). TGA
analysis indicated weight losses of 14% w/w and 26% w/w for
NPs-Dx and NPs-CA-Dx, respectively, underscoring a signifi-
cantly higher amount of polymer deposited on the surface of
the NPs-CA-modified SPIONs (Fig. 2(d)), which was attributed
to their improved dispersion in the aqueous medium, as
discussed further in the TEM data below, as well as the effective
binding of the Ox-dextran polymer chains via hydrogen

bonding with the carboxylate groups of CA. This effect was less
pronounced for the Q-chitosan sample, due to the electrostatic
repulsions among the polymer chains, which impeded their
multilayer coating of the NP surface.

The size and morphology of the bare, CA- and polymer-
coated NPs were characterized by TEM microscopy. As observed
in the TEM images, the bare NPs were spherical in shape with
sizes in the 4-20 nm range (Fig. 3(a)). Moreover, the SPIONs
appeared agglomerated, which was attributed to the attractive
van der Waals forces between the nanoparticles as well as the
drying of the sample for the measurement. Compared to the
bare NPs, the CA-NPs appeared less aggregated, due to the
presence of citric acid on their surface, which induced electro-
static repulsions among the colloids and facilitated their dis-
persion (Fig. 3(b)). Similarly, the TEM images of the NPs-CA-Ch
and NPs-CA-Dx samples showed the aggregation of the NPs
even in the presence of the polymer coating due to the attractive
van der Waals forces between the nanoparticles and the dry
state of the sample (Fig. S6a and b, ESIt). The nanoparticle
structure was assessed by XRD measurements, exhibiting the
characteristic peaks of magnetite (Fig. S7, ESI{). Furthermore,
the crystallite size was determined between 5-10 nm using the
Scherrer formula. This finding provides additional evidence,
supported by TEM analysis, that the nanoparticles are mono-
crystalline and possess a crystal size below 20 nm.

The number size distribution of the NPs in aqueous
dispersion was determined by DLS (Fig. 4). The bare NPs
showed a peak at ~75 nm and the NPs-CA sample had a peak
at ~60 nm, while both samples exhibited a second population

Fig. 3 TEM images of the (a) NPs and (b) NPs-CA samples.
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Fig. 4 DLS measurements of the bare NPs (black solid line), NPs-CA (red
dotted line), NPs-Ch (blue short-dashed line), NPs-CA-Ch (green dashed-
dotted line), NPs-Dx (magenta dashed dotted-dotted line) and NPs-CA-Dx
(dark yellow dashed line) samples.

of significantly lower intensity at 390 nm. The larger sizes
measured by DLS, compared to the primary NP size of 5-
10 nm determined by TEM (Fig. 3(a)), were attributed to smaller
and larger agglomerates formed due to van der Waals forces
between the nanoparticles in the aqueous suspension. Notably,
the bare NPs formed agglomerates of the single crystallite
Fe;0, nanoparticles, while the NPs-CA sample exhibited single
crystallites of Fe;O, dispersed in the CA matrix, as shown in
Fig. 3(b). It is interesting to note that the CA-coated NPs
exhibited a smaller size, as well as a lower intensity for the
larger agglomerates, signifying that the dispersion of the NPs is
improved in the presence of the negatively charged citric acid
ligand, due to the electrostatic repulsions among the nano-
particles. Fig. S14 (ESIt) exhibits the respective DLS denoting
the volume fraction of the particle size distribution, showing
the expected increase of volume at higher particle sizes, espe-
cially at 390 nm and a very limited particle aggregation at 650
and 860 nm.

Fig. 4 also shows the size distribution of the polymer-coated
NPs in the absence and presence of CA. The NPs-Ch and NPs-Dx
samples, showed size distributions centered around 100 nm
and 120 nm, respectively, which are larger compared to the bare
NPs and were attributed to the presence of the polymer layer
coating on the NP agglomerates. The size of the larger agglom-
erates remained constant at 390 nm, but increased in intensity
for the polymer coated SPIONSs verifying further NP aggrega-
tion. Similarly, the NPs-CA-Ch sample exhibited an increase in
size from approximately 60 nm for the NPs-CA before polymer
coating to approximately 95 nm for the polymer-coated NPs.
However, the size distribution of NPs-CA-Dx did not increase
compared to the NPs-CA sample, indicating that the higher
polymer fraction found by TGA, resulted in an improved dis-
persion of the NPs in the aqueous medium. From the above
results it is evident that the NPs-CA-Dx sample exhibited super-
ior dispersion properties and the smaller particle size

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Zeta potential values of the NPs in aqueous dispersion at pH 7.4.

distribution, with the absence of large aggregates, compared
to the other SPIONSs. It is also important to note, that all the
NPs developed in this study presented sizes well below 200 nm,
which is known to be optimal for effective cell uptake and the
absence of cell cytotoxic events.

Zeta potential is another important parameter that not only
influences the stability of a NP-based delivery system under
physiological conditions, but also determines the type of inter-
actions of the nanoparticles with the mRNA chains and the cell
membrane and therefore, the transfection efficiency. The zeta
potential value of the bare NPs was found —8 mV; slightly
negative under physiological conditions (pH 7.4) as expected
(Fig. 5).%”7 However, the CA-functionalized nanoparticles
exhibited a significantly lower zeta potential value of —37 mV,
due to the presence of the anionic surfactant on the surface of
the particles, which explained the improved colloidal stability
of the NPs in the dispersion medium. The Ox-dextran coated
NPs showed a zeta potential value of —5.5 mV and —31 mV for
the NPs-Dx and the NPs-CA-Dx sample, respectively, signifying
that the neutral polymer coating, did not alter the surface
charge of the NPs, as expected (Fig. 5). On the other hand,
coating the NPs with the positively charge Q-chitosan had a
considerable effect on their surface charge and caused charge
reversal, with a zeta potential value of +32 mV and +34 mV for
the NPs-Ch and NPs-CA-Ch samples, respectively, verifying the
presence of the cationic polymer coating on the surface of
the NPs.

The magnetization of the NPs was measured by vibrating
sample magnetometry (VSM). Fig. 6. shows the hysteresis loops
and Table 3 presents the respective saturation magnetization
values, Mj, for the SPIONs. The lack of a hysteresis loop in all
samples indicated their superparamagnetic nature, whereas,
the lower M; values found for the coated samples were attrib-
uted both to the lower effective weight fraction of the magnetic
material (Fe;0,) and to the interactions of the surface atoms of
Fe;0, with the polymer coatings. These interactions, facilitated
by hydrogen and/or covalent bonds, lead to the formation of a
magnetically disordered layer that diminished the magnetic
order and subsequently reduced the magnetization of the NPs.
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Fig. 6 Hysteresis loops measured by VSM for the (a) NPs, NPs-Ch,
NPs-Dx and (b) NPs, NPs-CA, NPs-CA-Ch and NPs-CA-Dx samples.

In order to evaluate these effects, the M, values of the coated
samples, measured by VSM, were normalized with respect to
the magnetite mass fraction, calculated by TGA, and the
respective values are reported in Table 3. The normalized M
values (M) should coincide with the M, value of the bare
Fe;0, (68.7 emu g '), while any variation of the M was
attributed to the magnetically disordered layer formed by the
interactions of the iron oxide surface with the organic coating.
The intrinsic Fe;O, lattice disorders were analyzed by the
deconvolution of the main magnetite peak at 690 cm™" to the
A, bands of Fe;O, and y-Fe,0; (see Fig. S8, ESIT). The shift of
the A, peak from 673 cm * for the bare Fe;0, NPs to lower
values (i.e., 635 cm ™" for the NPs-Dx SPIONS), was attributed to
the distinct surface interactions of the iron oxide particles with
the organic coatings.

The surface area of the SPIONs was measured by BET
analysis on dehydrated samples. The bare NPs exhibited a
surface area of 112.59 m” g~ ', which increased to 124 m”> g *
for NPs-CA due to their improved dispersion and smaller
particle size. In contrast, the polymer coated particles exhibited
lower surface areas of 64 and 76 m* g~ for NPs-Ch and NPs-Dx,
respectively. The surface area further decreased to 37 m> g~ for
NPs-CA-Ch and was completely eliminated for NPs-CA-Dx.
These results are explained since the polymer coated samples

5420 | Mater. Adv, 2024, 5, 5410-5432

View Article Online

Paper

formed dense films when dehydrated, that inhibit nitrogen
penetration and reduce the measurable surface area during
BET analysis.

3.2 Biological profile and biocompatibility studies

3.2.1 Cell survival experiments. The impact of the newly
synthesized materials on cell survival was examined by treating
T47D cells (2D cell cultures) with the NPs for several time
periods (6, 24, 48 and 72 h) at concentrations ranging from 1
to 1000 pg mL " and in the absence or presence of an external
magnetic field. The bare NPs and NPs-CA, which cannot
complex nucleic acids, were employed as internal controls of
the assay. As shown in Fig. 7, cell survival is reduced in a
concentration- and time-dependent manner in all cases exam-
ined, with only a few divergences from this trend. It appears
that in almost all cases cell toxicity becomes prominent at
concentrations equal to or higher than 10 pg mL™". This effect
is directly related to both the nature of the material related to
its surface modification and the time of exposure. It should be
mentioned that when cells were treated with either bare NPs or
NPs-CA, cell toxicity was higher in the second case, indicating
that the presence of citric acid increases the bioavailability of
the NPs and hence cell toxicity. On the other hand, the presence
of citric acid, which is a well-known a-hydroxy-carboxylic acid
antioxidant, does not seem to reduce the cell death induced by
the elevated oxidative stress due to the presence of iron in the
core of the NPs (Fenton and Fenton-Weiss reactivity).”® It is
worth mentioning that cell death was evident even during short
exposure times, which is expected considering that the late
phase following caspase activation, nuclear condensation and
formation of the apoptotic bodies can last for as little as 3-4 h
and up to 24-48 h.

The NPs led to a cell survival rate variability, and quantita-
tive assessment of the contribution of the main effectors to cell
survival was carried out. Fig. 8 lists the contribution percen-
tages of the different factors (surface modification, concen-
tration and time) for each carrier separately. It is worth noting
that the most important factor was the concentration for the
NPs, whereas surface modification did not have an explicit
effect on cell survival. However, in the case of the NPs-Ch and
NPs-CA-Ch carriers, the presence of citric acid appeared to
influence the intensity of the concentration. More specifically,
the concentration in the first case contributed by ~ 64%, while
in the latter by ~80%, indicating that for the SPIONs coated
with chitosan, time emerges as an important factor compared
to those also bearing citrate on their surface. This observation
may be due to the fact that citric acid improves the dispersion
of the NPs in the solution. In general, it has been shown that
citric acid can enhance the solubility of the compounds it binds
to and facilitate the delivery of active molecules to target points
with strong biological activity.”® Similar enhancement of the
role of the SPION concentration was not evident in the case of
the NPs-Dx and NPs-CA-Dx samples, and this was attributed to
the fact that the Ox-dextran-modified NPs exhibited anywise
superior dispersion properties in solution compared to the
Q-chitosan coated NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Following the above results on 2D cell cultures, the NPs were
also examined for their potential cytotoxicity on 3D cell cultures
to better simulate the in vivo scenario. To this end, 3D cell
spheroids were formed and were allowed to grow using the
hanging drop method. The formation process lasted for 12
days, and an initial cell loading of 700 cells per drop was
selected as the optimum case. Evaluation of the spheroids’
viability, integrity, shape, and appearance was performed, with
their diameters recorded in pixels and then converted to pm
using Image], based on an average of four measurements (Fig.
S9, ESIt). The maximum cell viability in the spheroids was
monitored on the 12th day of culture, and their diameters were
found to be around 500 pm. Next, the spheroids were carefully
transferred to a 96-well plate using a 100 pL pipet tip and were
treated with the NPs for either 24 or 48 h at concentrations
ranging from 1-100 pug mL .

Comparing the data presented in Fig. 7 and 9, it becomes
evident that in the case of the 2D cultures, the concentrations
of 1-10 pg mL " are not toxic toward the cells, whereas higher

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentrations of 100 and 1000 pug mL™" cause a decrease in
cell viability already within the first 24 h of their contact with
the cells (time-dependent and concentration-dependent). On
the other hand, in the 3D cultures the observed cytotoxicity
does not seem to depend on the concentration of the NPs
during the first 24 h (time-dependent only), but contributes to
the cytotoxicity after this time and up to 48 h (time-dependent
and concentration-dependent). Furthermore, it appears that
the cytotoxicity of the NPs in the 2D cultures is lower compared
to the 3D counterparts. This observation suggests the possible
sensitivity of the beads compared to the monolayer cultures. It
is also noted that the viability measurement refers only to the
metabolically active cells and therefore, does not account for
the total number of cells in the 3D cultures, as this includes the
necrotic nucleus. In contrast, in 2D cell cultures, the concen-
tration required to induce a viability change depends on the
density of cells on the surface of the culture (percentage of
surface coverage), as reported in previous studies.?® The obser-
vation of increased particle toxicity in 3D cultures contrasts
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with the literature, where it has been observed that monolayer
cultures show a sharper decrease in viability compared to 3D
cultures, when exposed to magnetic nanoparticles.®®*" How-
ever, a direct comparison between these studies and the data
obtained herein is not entirely feasible due to differences in the
surface modification of the particles and the cell lines used.

Based on the above cytotoxicity results, it can be concluded
that the surface modification of the NPs does not alter their
biological impact towards cell survival. Time and concentration
of incubation emerge as the key parameters to consider. Taking
into account that cell transfection and expression of the nucleic
acid of interest might take as long as 72 h, the concentrations
used in the transfection experiments below will range from 1-
10 ug mL ™" for all carriers.

3.2.2 Cell adhesion and morphology results. To examine
whether the SPIONs affect the cell adhesion, cell seeding
was performed in the presence of the nanoparticles at 10 and
100 ug mL~". The cells were monitored after 24 h of incubation,
which generally corresponds to the initiation of the mainte-
nance phase, during which isolated cells adhere to the culture
dish surface. Qualitative data are shown in Fig. S10 (ESIt) for
the T47D cells treated without (control group) and with (experi-
mental conditions) the SPIONs. The results show that, in all
cases the cells were normally attached to the plate surface,
whereas a few cells exhibited detachment at high particles
concentrations, which might be due to cell cytotoxicity, dis-
cussed above in the cell survival studies. In general, the process
of static in vitro cell adhesion is characterized by three stages,
namely: (a) attachment of the cell body to the substrate (initial
stage), (b) flattening and spreading of the cell body, and (c)
organization of the actin skeleton with the formation of focal
adhesion between the cell and the substrate.®” Cell spreading
appears to be accompanied by the organization of actin into
microfilament bundles. It is worth mentioning that the cells
exposed to high NP concentrations, tended to obtain a less

5422 | Mater. Adv,, 2024, 5, 5410-5432
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flattening and spreading profile, especially in the case of the
NPs-Ch, NPs-CA-Dx and NPs-CA-Ch samples. However, despite
these observations, the cell number was not reduced compared
to the control group, suggesting that any impact of the SPIONs
during cell attachment, which is mediated by electrostatic
interactions, was minor and took place after the initial phase,
during the integrin bonding formation. Regarding the cell
morphology, when cells were allowed to attach and the SPIONs
were added, no aberrations in the normal cellular state were
observed, especially at 10 pg mL ™" (Fig. S11, ESI{). Finally, it is
worth mentioning that at high NP concentrations (greater than
100 pg mL~', data not shown) intense aggregation of the
nanoparticles hindered the visualization of the cells, whereas
a larger number of detached cells was observed, which is in line
with the cell survival experiments.

3.2.3 Cell migration results. The effect of the NPs on the
rate of migration of the T47D cells was investigated using an
in vitro scratch migration assay described in Section 2.8.4.
Fig. 10 shows the % change in the surface coverage by the cells
after the artificial wound was performed at ¢ = 0. A control
group consisting of cells incubated solely in the presence of the
cell culture medium (RPMI) was considered to represent the
physiological migration of the specific cell type. Cells were
exposed to three different NP concentrations (1, 10, and
100 pg mL™") and measurements were obtained every 24 h
for a total incubation period of 144 h. As shown in Fig. 10, the
T47D cells exhibit a low migrating potential which is not
significant (wound healed by ~10%), aligning with previous
findings in the literature.®* In general, none of the NPs
employed in the assay induced wound healing higher than
approximately 25%, under all tested conditions, compared to
the control group. Specifically, when the cells were treated with
the NPs-CA-Dx SPIONSs at all tested concentrations they exhib-
ited only a slightly higher surface coverage, closely resembling
the behavior of the control group, which indicated that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specific NPs had no effect on cell motility during the total
incubation period. On the other hand, the NPs-Dx SPIONs
acutely induced cell migration in the first 72 h, and then the
effect was inhibited or stabilized, at low NP concentration (i.e.,
1 pg mL~ "), while at higher NP concentrations (10 pg mL ™" and
100 pug mL™ ") cell migration was more intense, indicating a
concentration-dependent behavior on cell migration. Finally,
the NPs-Ch and NPs-CA-Ch SPIONs induced a more gradual cell
migration over time at 1 pg mL™" and 10 pg mL™" reaching
~21% wound healing after 144 h of incubation, while they
significantly increased cell migration at the higher concen-
tration tested (100 ug mL™") indicating a concentration depen-
dent effect towards migration. The induction of migration after
exposure to NPs has been investigated in previous studies,

© 2024 The Author(s). Published by the Royal Society of Chemistry

further supporting the notion that iron oxide nanoparticles
promote the migration of mesenchymal stem cells to the injury
sites.’® Our findings indicate that the NPs could play an
important role in cell migration and invasion, processes that
are closely related with tumor metastasis. However, since the
effect is dose-dependent, the identification of effective doses
and time of exposure along with related signaling intermedi-
ates with pro-metastatic action, regulated by such carriers, may
allow the development of novel, fine-tuned NP therapeutics.
3.2.4 Impact of the magnetic field. To assess the impact of
the magnetic field on cell survival, 2D cell cultures were
exposed to various concentrations (1-1000 pg mL™") of SPIONS.
A static (not pulsed) magnetic field was applied for the first 30
min of incubation and then was removed. The duration of
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magnetic field exposure was chosen consistently to the majority
of the commercially available magnetofection protocols. Cell
survival was assessed after a total of 24 h incubation with the
selected particles, by calculating the ECs, value.

The results showed that the presence of the magnetic field
did not induce cell death. Specifically, the ECs, value for NPs-
CA-Ch was 123.4 pg mL™" in the absence and 184.2 ug mL ™" in
the presence of the magnetic field. Similarly, the EC;, value for
the NPs-CA-Dx sample was found to be ~220.0 pg mL ™" for
both treatment types (presence and absence of the magnetic
field) (Fig. 11). As a control sample, cell survival was also
assessed solely in the presence of the magnetic field (without
NPs), revealing that the cell number is not affected by the

5424 | Mater. Adv, 2024, 5, 5410-5432

exposure to the static magnetic field (data not shown). This
observation aligns with the literature where cell viability was
generally maintained at high levels upon exposure to a static
magnetic field.®> Our data further support the fact that
although the application of a static magnetic field may induce
faster internalization of the NPs, cell survival is directly propor-
tional to the NP concentration and time of exposure, rather
than the presence of the field. Similar results were obtained for
all the nanocarriers tested in this study (see Fig. S12 in the
ESIT). A slight increase in cell survival in the presence of a
magnetic field was also observed, which is intriguing given the
anticipated increase in uptake and associated cell toxicity
under magnetic field exposure. However, the observed effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be partially explained considering that the magnetic field
could induce the formation of larger aggregates that remain
deposited on the cell membrane without actively entering the
cell, as also depicted in Fig. S10 and S11 (ESI¥).5**”

3.2.5 Cellular uptake results. Next, the effect of the mag-
netic field on the endocytosis/uptake of the NPs-CA and
NPs-CA-Dx SPIONs was investigated. A concentration of
100 pg mL™" was tested at times 0, 20, 60 and 120 min, both
in the presence and in the absence of the magnetic field.
Particle endocytosis was quantified using spectrophotometry,
by measuring the absorbance at 450 nm. At lower concentra-
tions of the particles, i.e., 1 and 10 ug mL ™", there were no
effects shown due to the low sensitivity of the assay, and
1000 ug mL ™" was also excluded due to significant aggregate
formation (data not shown). The results showed that at
100 ug mL™", endocytosis occurred faster in the presence of a
magnet within the first 60 min. However, at longer times (120
min), the rate of endocytosis became independent of the
presence of a magnetic field, both for NPs-CA and for NPs-
CA-Dx (Fig. 12). Moreover, it should be noted that when
applying a magnetic field, cellular uptake occurred rapidly
during the first 20-30 min and then the cell content remained

© 2024 The Author(s). Published by the Royal Society of Chemistry

stable. This observation is in line with existing literature, where the
suggested time of incubation with commercially available magnetic
beads also fell within the same time period. Comparison of the
uptake between NPs-CA and NPs-CA-Dx revealed a slightly lower
level of uptake for the latter sample. This disparity may be
attributed to the nanoparticle structure, suggesting that the coating
could potentially impede the rate of endocytosis.

3.2.6 mRNA binding efficiency and translation studies

3.2.6.1 Assessment of GFP-mRNA binding on the magnetic
nanoparticles. The binding of GFP-mRNA onto the magnetic
nanoparticles was assessed using native gel electrophoresis.
The GFP-mRNA bearing SPIONs were diluted with loading
buffer before undergoing electrophoresis in a 1% w/v agarose
gel (Fig. S13, ESIt). Our intention was to assess the binding
efficiency of GFP-mRNA onto SPIONs and not the estimation of
the molecular weight of GFP-mRNA. A denaturing agarose gel
would have changed the binding efficiency. The results indi-
cated the successful GFP-mRNA binding on all the NPs tested.
It is however noted, that lanes 9-12 appeared more intense
indicating that the NPs-CA-Dx sample possesses a greater
binding capacity for the nucleic acid. Worth mentioning is
also the fact that besides the presence of dextran, and in
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contrast to chitosan (lane 1 vs. 2), the presence of citric acid
also promoted the binding of the nucleic acid (lane 3 vs. lane
11) which was attributed to the effective dispersion of the NPs
in the aqueous medium. In conclusion from the above results,
on the cell toxicity, solution stability, and mRNA binding, the
NPs-Ch, NPs-CA-Ch, NPs-Dx and NPs-CA-Dx SPIONs were
selected to further study the mRNA expression in transfected
T47D cells.

3.2.6.2 Assessment of the GFP-mRNA expression. The
translational efficiency of the NPs-ChC®FP™RNA | Npg-DxGFPMRNA
NPs-CA-Ch®FP™RNA  and  NPs-CA-DxSFP™RNA - GPIONs  was

assessed on T47D cells. The commercially available magnetic
nanoparticles, polyMag (Magnetofection™, OZ Biosciences),
conjugated with GFP-mRNA were used as a positive control
for this experiment. The percentage of cells expressing the
fluorescent protein and the fluorescence intensity of the cells

5426 | Mater. Adv, 2024, 5, 5410-5432

were measured to quantify both the endocytosis of the nano-
carriers and the translational efficiency of the gene. As depicted
in Fig. 13, the expression of GFP was observed for all the
SPIONs after 72 h of incubation, with the higher expression
being observed for the NPs-CA-Dx nanocarriers (a 2.5 fold
increase compared to the control case). Furthermore, the
latter nanocarrier exhibited superior GFP-mRNA expression
compared to PolyMag. Notably, no expression was observed
for any of the other three magnetic carriers at 24 and 48 h of
incubation. This observation might be related to slower release
of the mRNA from the carriers along with increased mRNA
stability.

The superior efficiency of the NPs-CA-Dx®**™ A nanocarrier
in the expression of GFP, was attributed to a combination of
factors, including the amount of the polysaccharide coating on
the NPs, the size and the dispersion stability of the NPs in the
aqueous medium, the surface charge of the carriers as well as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13

the covalent type of GFP-mRNA binding. The improved disper-
sion stability of the NPs-CA-Dx SPIONSs in the aqueous media,
which resulted in the formation of smaller sized agglomerates,
evidenced by DLS, provided a higher surface area for the
polysaccharide coating, and therefore, a higher polymer con-
tent and enhanced availability of the aldehyde groups of the
Ox-dextran to react with the amino groups of GFP-mRNA via
covalent imine bond formation. On the other hand, the type of
gene binding (ionic vs. covalent) can also significantly affect the
gene release mechanism and GFP expression. As shown in
Fig. 13, in contrast to the NPs-Ch and NPs-CA-Ch samples,
the NPs-Dx and NPs-CA-Dx nanocarriers exhibited an enhanced
fluorescent signal, indicating higher protein expression. Catio-
nic nanocarriers is a well-known and extensively studied family
of gene transfer agents, however, there are still important open
questions concerning the binding stability of the gene complex
and the release mechanism of mRNA from the vectors after
endosomal uptake. Recent research has shown that the acidic
conditions prevalent in the endosome and lysosomes (pH 4.2-
6.2) rather favor the complexation of the negatively charged
mRNA with the cationic carrier prohibiting the release of
gene.>® On the other hand, acid-sensitive bonds, such as the
imine bonds employed in this study to bind the gene onto the
dextran coated SPIONS, can be easily cleaved under the specific
acidic conditions, effectively releasing the bound mRNA, which
subsequently escapes into the nucleus. Therefore, the proposed
gene delivery nanocarriers present superior gene binding and
release properties and could function as more effective gene
vectors compared to existing technologies (i.e., cationic Poly-
mag). Moreover, this is a proof of principle study, while current
research in our groups involves the functionalization of
the optimum nanocarrier with mRNA that translates the pro-
duction of proteins/antibodies with therapeutic properties
such as trastuzumab in Her2' breast cancer. Finally, the
gene vector developed herein, could serve as a promising
chemical platform for the enlightening of various cellular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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functions/mechanism related to the gene release from the
endo-lysosomal compartments that remain unclear today.

4. Conclusions

In the current investigation, two distinct types of superpara-
magnetic nanocarriers coated with natural polysaccharide deri-
vatives, namely Ox-dextran and Q-chitosan, bearing aldehyde
and cationic quaternary ammonium salt groups, respectively,
were successfully developed. The two types of vectors enabled
the distinct nucleic acid binding onto the hybrid SPIONS,
namely covalent and ionic, which were evaluated for efficient
mRNA-delivery. The nanocarriers were subjected to a selection/
rejection criterion for further translational studies based on
their safety and effectiveness for use in vitro and their potential
in future in vivo pre-clinical applications. These criteria
included the: (a) dispersibility in solution/biological fluids,
(b) minimal or no effect on cell survival, (c) significant intra-
cellular uptake, (d) ability to bind mRNA and transport it into
the cells, and (e) transport and expression of mRNA. The results
showed that the biological behavior of the carriers was closely
related to their structural and physicochemical profile, with the
carriers bearing citric acid exhibiting increased stability and
good dispersion in solution, while chitosan-coated particles
showed inferior dispersibility in solution. Dextran-coated par-
ticles bearing citric acid exhibited the most favorable properties
in terms of dispersion stability and polymer coating.

Cell survival results on 2D cultures indicated that concen-
trations of 1 and 10 ug mL ™" of the SPIONSs were not toxic to the
cells for most carriers used, while higher concentrations of
100 and 1000 pug mL ™" decreased the cell viability in a time- and
concentration-dependent manner. In contrast, 3D culture stu-
dies showed that the cytotoxicity did not depend on the
concentration of the NPs in the first 24 h, but became both
time- and concentration-dependent thereafter, contributing to
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cell cytotoxicity at 48 h. Comparison of the results suggested
that the cytotoxicity of the SPIONs in 2D cultures was lower
compared to 3D cultures, inferring the possible sensitivity of
the beads to monolayer cultures. Morphology and adhesion
studies confirmed that all the carriers can be used at concen-
trations up to 10 pg mL ™.

Furthermore, the effect of a magnetic field on the uptake of
the nanoparticles by the cells was shown to accelerate endocy-
tosis of the vectors. The optimal exposure time for the highest
endocytosis was found between 20 and 30 min, which aligns
with the recommended exposure times of commercially avail-
able magnetic carriers (e.g., Magnetofection™, OZ Biosciences).
Faster endocytosis of the vectors has several advantages, such
as to avoid degradation of the mRNA in the extracellular space
before its uptake by the cells. Future work in our groups involve
a more detailed experimental assessment of the carriers’ bio-
logical behavior in the presence of the magnetic field, which is
of great importance for their performance in translational
experiments. The impact of the NPs on cell migration was also
evaluated using an in vitro scratch migration assay, which
suggested that the employed SPIONs may affect the cell
motility.

Finally, the mRNA binding capacity of the hybrid SPIONs
showed that all four carriers (NPs-Ch, NPs-CA-Ch, NPs-Dx and
NPs-CA-Dx) exhibited effective binding of the GFP-mRNA, with
NPs-CA-Dx presenting the higher binding capacity for the
nucleic acid. The Ox-dextran-based nanocarriers were also
shown to promote the nucleic acid expression of GFP protein
in translational studies. The primary factors that augmented
the effectiveness of the NPs-CA-Dx nanocarrier were (1) the
smaller size of the agglomerates and the higher polymer con-
tent and (2) the type of GFP-mRNA binding via the formation of
acid-labile Schiff base linkages between the gene and Ox-
dextran. The carrier developed in the current study can be
further functionalized with mRNA that translates to proteins/
antibodies with therapeutic properties as in the case of trastu-
zumab antibody in Her2" breast cancer.

In conclusion, the proposed delivery system shows great
promise as a chemical platform for gene delivery and expres-
sion in future in vivo preclinical studies and sets the basis for
the tissue-specific delivery of mRNA(s) with therapeutic proper-
ties, such as trastuzumab mRNA in breast cancer cells, which is
ongoing work in our labs.
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