7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal

A fluorinated Janus-type dendrimer as an
ionizable one-component nanocarrier for nucleic
acids

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5nr03209a

® Lorenzo Fumagalli,? Federica Sebastiani,°
e

Marta Rosati, ¢ Nina Bono,
Beatrice L. Bona,? Antonio Chaves-Sanjuan,® Najet Mahmoudi,
Giuseppina Raffaini,” Gabriella Cavallo, 2@ Nicola lacomino,? Claudia Malacarne,®
Cristina Chirizzi,? Stefania Marcuzzo, () 9" Giuseppe Lauria,"

Gabriele Candiani, 2 *" Pierangelo Metrangolo {2 *? and

Francesca Baldelli Bombelli (= *®

Gene therapies based on nucleic acids (NAs) represent a new class of emerging drugs for the cure and pre-
vention of several pathologies. NAs encounter significant challenges in intracellular uptake due to enzymatic
degradation and their negative charge, which hinders membrane crossing. Specialized delivery carriers are
used to allow NAs' cellular internalization and release in the cytosol for effective biological function. Among
non-viral vectors, dendrimers have emerged as promising candidates, but the high costs of synthesizing
high-generation dendrimers may limit their clinical use. Supramolecular dendrimers can be a compelling
alternative. In this context, we developed a 2nd-generation Fluorinated Janus-type dendrimer (FID,N) accu-
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rately designed to feature a robust, °F-MRI-traceable hydrophobic self-assembling moiety, an optimal
balance between fluorinated and hydrophilic groups, and an appropriate number of protonable primary
amines. We showed that the designed dendrimer can effectively form dendriplexes with the NAs and safely
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Introduction

As an increasing number of genetic alterations are identified
as causes of complex diseases, various gene therapies are
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transport them into different cell types, with successful transfection efficacies and low cytotoxic effects.

becoming available for affected patients.” Due to their intrinsic
low stability and high degradability, nucleic acids (NAs) need
to be protected, reach the target cells, and fulfil their thera-
peutic functions.”> Among non-viral approaches, lipid and
polymer-based systems are the most studied carriers.>™ Also,
dendrimers exhibit significant potential for NA delivery due to
their chemical tunability, multivalent structure, and high
payload capacity.®® However, complex and costly production
processes required for high-generation dendrimers have hin-
dered their clinical translation, to date.’

More recently, amphiphilic dendrimers have been explored
for NA delivery. This class of dendrimers, while possessing
relatively simple molecular structures, self-assemble in
aqueous solutions into supramolecular aggregates, e.g.,
micelles, and combine the beneficial properties of both den-
drimers and traditional delivery systems within a single nano-
structure. Based on their structure, amphiphilic dendrimers
can be classified as core-shell, Janus-type, and dendron-tail
structures.’® In particular, Janus-type dendrimers are com-
posed of two different dendrons, each featuring distinct hydro-
phobic and hydrophilic components. The hydrophobic por-
tions enable the dendrimer to self-assemble in aqueous
environments, while the hydrophilic segments often contain
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ionic groups, guaranteeing the colloidal stability of the
obtained assemblies. Amphiphilic dendrimers bearing proton-
able groups,'' ™" typically amines, can efficiently bind NAs.

In this context, our target was to design a structurally simple
amphiphilic dendrimer possessing strong self-assembling
capability, high transfection efficiency, and low cytotoxicity, by
exploiting a branched fluorinated residue as hydrophobic
entity. We recently reported that branched fluorinated moieties
drive the self-assembly of highly fluorinated DNA amphiphiles,
allowing for a tuneable stability for either short-term or long-
term gene silencing applications.'® However, to the best of our
knowledge, there are no examples in the literature on the use
of branched fluorinated moieties for the design of amphiphilic
Janus-type dendrimeric nanocarriers for NA delivery. Peng et al.
recently reported a dendron-tail structure bearing a terminal
perfluorobutyl residue on the hydrophobic portion, which self-
assembled into spherical micelles showing excellent stability
and high loading encapsulation efficiency of an anticancer
drug."” Inspired by these results, we targeted the first example
of fluorinated Janus-type dendrimer for NA delivery.

Fluorinated dendrimers have already demonstrated high
gene delivery efficacies and low cytotoxicity."®'® In particular,
fluorination of NA vectors increases cellular uptake®*>* and
endosomal escape,”>®* while providing the vector with
F-MRI traceability.”®*” However, their structural design
encompassed, almost exclusively, the functionalization of the
surface amino groups of high-generation dendrimers, typically
5th, with perfluoroalkyl chains of various chain lengths."®*%73!
Instead, we devised a low-generation polyester dendron conju-
gated to a branched polyfluoropentaerythrityl dendron bearing
27 magnetically equivalent '°F atoms. On the one hand, the
strong self-assembling tendency of the branched fluorinated
dendron®>7*® was expected to facilitate the efficient formation
of nano-assemblies in aqueous solution, as a consequence of
the fluorophobic effect.’®*® On the other hand, functionaliz-
ing the hydrophilic part with primary amino groups, ie.,
-NH,, would provide the dendron with protonable recognition
sites for NA binding via charge-assisted hydrogen bonding
(HB).

Furthermore, fluorinated dendrimer-based vectors for NAs
have mostly relied on polyamidoamine (PAMAM),*”™*° poly
(propylenimine) (PPI),*" and poly-i-lysine (PL) scaffolds.*>*®
Instead, we selected a bis-MPA (or 2,2-bis(hydroxymethyl)pro-
pionic acid) dendron, for the first time, for its biodegradability
and low cytotoxicity, which renders it well suited for use in bio-
logical applications.** Recently, we reported the synthesis of a
new family of low-generation non-ionic Fluorinated bis-MPA
Janus-type Dendrimers (generations 1-3, FJD;;),"> which
showed excellent self-assembly features in aqueous solutions,
as a function of the balance between their hydrophobic and
hydrophilic moieties. To develop an efficient NA nanocarrier,
we selected the 2nd-generation FJD, for its optimal balance
between fluorinated and hydrophilic parts, which is crucial for
improving transfection efficiencies.*®

Hence, in this work we report the chemical modification of
FJD, with four primary amino groups to obtain an ionizable
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2nd-generation Fluorinated Janus Dendrimer (Fig. 1a), FJD,N.
We demonstrate that the obtained dendrimer is highly disper-
sible in aqueous media as a single component and forms
micelles, which strongly interact with NAs forming '°F-MRI
visible supramolecular dendriplexes (complexes between den-
drimers and NAs), which were fully characterized in terms of
their structure and colloidal stability (Fig. 1b). In addition,
FJD,N showed a significant ability to transfect nucleic acids in
various cell lines at safe concentrations, confirming the poten-
tial of the developed dendrimer as a '’F-MRI-traceable gene
delivery vector.

Results and discussion

Molecular design of the protonable Janus-type fluorinated
dendrimer

The molecular structure of FJD,N (Fig. 1a) was carefully
designed to obtain high NA complexation and low cytotoxicity
(mostly related to the density of positive charges and selected
chemical skeleton). To this aim, the biodegradable dendron
bis-MPA***” was chosen as an alternative to more conventional
dendrimeric carriers, such as PAMAM, PPI, and PL.

Primary ammonium headgroups were, instead, selected as
NA binding sites acting via a twofold recognition mechanism,
i.e., ion-pairing and charge-assisted HB with the NA phosphate
groups.'**®*° The 2nd-generation derivative was chosen based
on our previous results on the self-assembly of non-ionic
FJD;_3,* in which FJD, showed the highest dispersibility and
colloidal stability. Furthermore, the low-generation guarantees
a limited number of positive charges, thus, possibly reducing
cytotoxic effects.

Molecular Dynamics (MD) simulations (Fig. S1 and
Table S1 in SI) showed that FJD,N is characterized by hydro-
phobic (650 A%*) and hydrophilic (681 A®) moieties of compar-
able molecular volumes, an optimal feature for dendrimers’
transfection efficiencies."®> Furthermore, the structural mole-
cular parameters obtained by MD were useful in determining
the molecular packing parameter (p.p. = 0.09) of FJD,N, which
suggests the potential formation of spherical micelles in
aqueous media®® (Table S1 in SI). The synthetic procedure
adopted for FJD,N has been based on the published proto-
col,*” which has been extended with the insertion of primary
ammonium residues by deprotecting the Boc groups of the
condensed  3-[(2-methylpropan-2-yl)oxycarbonylamino]propa-
noic acid (see Schemes S1 and S2, in SI).

The pK, of FJD,N, measured by potentiometric titration®
(Fig. S2 and Table S2 in SI), resulted equal to 9.4 which
suggests that, at physiological pH, it should have almost 99%
of the amines still protonated. The anion-coordination ability
of FJD,N was demonstrated by "H-NMR titration experiments
in deuterated DMSO*® (Fig. S3, S4 and Tables S3, S4 in SI). We
extrapolated an association constant (K,s = 30 M) for chlor-
ide ions, which is in line with the K¢ observed for dendrimers
of the same generation exposing primary amines.>?
Furthermore, we studied the interactions between FJD,N and a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Design and structure. The 2nd-generation Fluorinated Janus Dendrimer (FID,N) exploits a branched fluorinated moiety as hydrophobic

part working as strong self-assembling moiety. The hydrophilic part was selected to combine a biocompatible and biodegradable scaffold with a
minimal number of primary ammonium groups to allow NA binding through charge assisted Hydrogen Bonding (HB), while minimizing the density
of positive charges, and thus limiting cytotoxic effects. (b) Self-assembly in aqueous solutions and NA internalization into cells. The dendrimer is
directly dispersible in water where it self-assembles forming positively charged micelles, which, in presence of ions, tend to aggregate forming
larger fractal aggregates composed by small FID,N micelles, held together by charge-assisted hydrogen bonding and electrostatic interactions.
Dimensions of fractal aggregates are taken from Cryo-TEM images. FID,N is able to deliver plasmids and RNA into different cell lines, thus efficiently

working as a gene delivery vector.

Cy5-modified Luciferase GL3 siRNA by fluorescence titration
experiments, by adding increasing amounts of FJD,N to a con-
stant concentration of the NA (0.6 pM, see Table S5 and Fig. S5
in SI).>® As highlighted in Fig. 2a, we observed a progressive
quenching of the fluorescence, reaching 90% reduction com-
pared to the intensity of the free RNA. The largest fluorescence
decrease was observed at N/P ratios (where N is the number of
nitrogen groups and P the number of phosphates) close to 2,
suggesting that 2 ammonium groups are required to efficiently
bind each phosphate group of RNA in a 2:1 host-guest ratio
(Fig. 2b). By fitting the data with a 2: 1 model, we were able to
extrapolate an association constant on the order of 10° M™>
(see Table S6 in SI), which demonstrates the excellent anion
binding capability of FJD,N compared to similar systems.>* We
assign the observed fluorescence quenching to an energy
transfer likely occurring between Cy5-modified Luciferase GL3
siRNA molecules in close spatial proximity as a consequence
of their interactions with FJD,N, as already reported elsewhere
for similar cyanine dye-modified NAs.>”

Finally, we also evaluated the ability of FJD,N to complex
NAs by monitoring the fluorescence emission of SYBR® green
fluorescent probe using salmon sperm DNA and Luciferase
GL3 siRNA at different N/P ratios. Similarly, full NA complexa-
tion was reached at N/P values of 2.5 for DNA and 2 for siRNA

This journal is © The Royal Society of Chemistry 2025

(Fig. 2c and d), respectively. These results are in line with titra-
tion results and with N/P values already reported for similar
non-fluorinated bis-MPA-based low-generation amphiphilic
dendrons.'" Altogether, these findings demonstrate the strong
anion binding capability of FJD,N at very low N/P ratios,”®
which is highly instrumental for its exploitation as NA vector.

FJD,N self-assembling properties in aqueous solutions

Positively-charged micelles are optimal nanocarriers for the
delivery of NAs to cells.”® FJD,N can be directly dispersed in
aqueous solutions without addition of cosolvents and/or sur-
factants. When dispersed, it aggregates at a critical micellar
concentration (CMC) of 67 uM and 20 pM, in pure water and
NaCl 150 mM, respectively, as determined by monitoring the
pyrene fluorescence emission as a function of the FJD,N con-
centration (Fig. S6, S7 and Tables $7-S9 in SI).>” FJD,N assem-
blies in water resulted positively charged with zeta-potential
values of about +50 mV (Table S10 in SI). The colloidal stability
and hydrodynamic size of FJD,N self-assemblies were then
studied over time at two different concentrations well-above
the CMC (2.5 mM and 0.5 mM) by Dynamic Light Scattering
(DLS).

FJD,N self-assembly in pure water did not seem strongly
dependent on concentration, as highlighted by the superimpo-
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Fig. 2 FJD,N-NA coordination. (a) Fluorescence spectra (lex = 651 nm;

Aem = 654-750 nm) of Cy5-modified Luciferase GL3 siRNA (0.6 uM) at
increasing amount of FID,N (from 0.5 uM to 45 pM). The fluorescence
spectrum of the pure FID,N (2.9 mM) is also shown in dark grey. (b)
Variation of the normalized fluorescence intensity at increasing N/P
ratios. (c) Normalized fluorescence intensity for increasing amounts of
FID;N in solutions containing a constant concentration of salmon
sperm DNA in 10 mM HEPES (pH = 7.4). (d) Normalized fluorescence
intensity for increasing amounts of FID,N in solutions containing a con-
stant concentration of Luciferase GL3 siRNA in NaCl 150 mM.

sition of the auto-correlation functions reported in Fig. 3a at
different FJD,N concentrations.”® The DLS autocorrelation
functions appeared invariant over 48 hours from dispersions
preparation at RT for both concentrations (Fig. S8a and b in
SI). The cumulant analysis of the auto-correlation functions
showed a high polydispersity of the assemblies with PDI
values of around 0.3-0.4 (Table S10 in SI), as confirmed by the
presence of two different populations in the intensity-weighted
size distributions obtained by CONTIN analysis (Fig. S8c in SI).
However, the CONTIN number-weighted analysis (Fig. 3b) indi-
cated that the most abundant population was composed by
small micelles of around 2 + 0.2 nm of hydrodynamic radius.
To further characterize the structure of FJD,N assemblies in
aqueous solution, we performed Small Angle X-ray and
Neutron Scattering (SAXS and SANS) analyses. FJD,N disper-
sions were measured at both 0.5 mM and 2.5 mM, and result-
ing curves showed no dependence on concentration, in agree-
ment with DLS findings. For SANS experiments, FJD,N disper-
sions were prepared in solvents with five different D,O con-
tents, to take advantage of the contrast variation, which allows
to determine assembly features that go beyond size and shape.
SANS (Fig. 3c and S9 in SI) and SAXS curves (Fig. S10 in SI)
were comparable and simultaneously fitted with a linear com-
bination of sphere and fractal models.>**" The combined
model indicated the coexistence of spherical micelles and
fractal aggregates with the micelles as building blocks. The
micelles had a diameter of 5 + 1 nm, while the fractal aggre-
gates had a correlation length on the order of 100 + 5 nm
(Tables S11-513). In pure water, free micelles account for 96%
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of FJD,N assemblies in agreement with DLS results. Finally, in
order to assess the effect of FJD,N self-assembly on the mag-
netic properties of fluorine atoms in the micelles, we per-
formed 'F-NMR analyses at the two tested concentrations
(0.5 mM and 2.5 mM). Besides the peak of the TFA counter-
ions, the spectra revealed the presence of a broad single peak
for [FJD,N] = 2.5 mM (6 = —71.29 ppm, Fig. 3d), while decreas-
ing the concentration to [FJD,N] = 0.5 mM, two distinct peaks
were observed (§ = —71.37 ppm, broad, and § = —70.36, sharp,
Fig. 3e). We ascribe the downfield-most signal to the dendri-
mer in aggregated form in solution, in slow exchange rate on
the NMR time-scale with its monomeric form.°>

Importantly, measurement of '"F-NMR spectra overtime
(Fig. S8d and e in SI) confirmed the dispersion stability, since
no changes could be observed over 48 h for both tested con-
centrations. Furthermore, '’F-NMR relaxivity parameters, T,
and T,, were determined at [FJD,N]| = 2.5 mM, which resulted
465 ms and 85 ms, respectively (Fig. S11 in SI).®® The obtained
values are in line with relaxivity parameters observed for the
best '°F-MRI probes.**

Dendriplexes characterization and phantom "°F-MRI
experiments

Transfection efficiency and cytotoxicity are known to strictly
depend on the structures of the formed assemblies. Thus, we
performed an in-depth study of the structure of the FJD,N-
Luciferase GL3 siRNA dendriplexes at three N/P ratios (i.e., 20,
30, and 40) in NaCl 150 mM, mimicking physiological con-
ditions, by combining DLS, Cryo-TEM, SAXS, SANS, and
'9F-NMR experiments.®®

In comparison to dendrimer’s dispersions in the same con-
ditions, siRNA addition, for all investigated N/P ratios,
induced slight changes in the auto-correlation functions
(Fig. S12a-c in SI). In fact, in the presence of siRNA, a size
increase of the smaller population and a size decrease of the
larger aggregates (black arrows, Fig. 4a) were observed, with a
consistent reduction of the PDI from cumulant fitting (Tables
S14-S16 in SI). Zeta-potential experiments of the siRNA-loaded
samples at the different N/P values were comparable and still
showed very positive values (Z = +29-44 mV, Tables $S14-516 in
SI).

SAXS and SANS measurements enabled us to get more
insights into the supramolecular organization of the formed
aggregates.

Both curves (Fig. 4b, ¢ and Fig. S13, S14 in SI) for FJD,N in
NaCl presented no major differences from the curves collected
in pure water, and hence the same combined model was used
to analyze the data. Data analysis revealed that, in comparison
to the dendrimer in pure water, by increasing the ionic
strength, the population of small micelles decreased by 5 to
10% with a corresponding increase of the fractal aggregates
(Fig. S13 in SI). This was also confirmed by Cryo-TEM experi-
ments on the same samples that showed the formation of
pseudo-spherical assemblies of 50 + 3 nm for pure FJD,N,
while the samples complexed with siRNA were characterized

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 FJDN self-assembly in water. (a) The good overlap between DLS auto-correlation functions of freshly prepared 2.5 mM and 0.5 mM FJD,N
dispersions suggests that the overall size of the aggregates is not affected by FID,N concentration (¢ = 90°, RT). Color code: 2.5 mM = black,

0.5 mM = red. (b) Number-weighted hydrodynamic radius distribution

obtained by CONTIN fitting of DLS auto-correlation function of 2.5 and

0.5 mM FJDN dispersions (freshly prepared, 8 = 90°, RT) Color code: 2.5 mM = black, 0.5 mM = red. (c) SANS curves collected with FID,N 2.5 mM
in five solvent contrasts (D,O content reported as % in the legend) were fitted simultaneously with the combined model shown as black lines. The
data and model were offset for clarity: 72% D,O content by 10, 65% D,O content by 100, 50% D,O content by 1000, and 20% D,O content by
10 000. (d) °F-NMR spectrum of freshly prepared FID,N aqueous solution at 2.5 mM. The peak set at —75.45 ppm is referred to the trifluoroacetate
(TFA) counter ions, while the peak at —71.29 ppm is related to aggregated FID,N. Solvent: FID,N solution + DO (10 : 1 v/v). (e) **F-NMR spectrum of
freshly prepared FID,N aqueous solution at 0.5 mM. Besides the peak of TFA (set at —75.45 ppm), two other peaks can be observed at —71.37 ppm
related to the FID,N in the aggregate and —70.36 ppm related to FID,N monomeric form. Solvent: FID,N solution + D,O (10 : 1 v/v).

by an additional dominant population of assemblies with sizes
between 100 + 5 nm (Fig. 4d and S12d).

Furthermore, the '’F-NMR spectra of 0.56 mM FJD,N dis-
persions in NaCl 150 mM with and without siRNA overlap, but
they are different from that in pure water (Fig. 4e and S12e, f).
The peak relative to FJD,N monomeric form is not observable,
suggesting an increased tendency of FJD,N to self-assemble in
the presence of salts, in accordance with the CMC reduction
observed in these conditions. Interestingly, two broad peaks
were observed at around —71.5 ppm, consistent with at least
two different for the F atoms in the
dendriplexes.

Relaxivity parameters for the two peaks were similar and
close to the ones measured in pure water (T; = 440 ms, T, =
89 ms, Fig. S15 in SI), suggesting that the fluorinated chains
remain quite mobile in the supramolecular assemblies. A
further demonstration of this was given by preliminary phantom
studies on a 7T scanner (using a dual-transmit receive '°F/'H
volume coil) integrated with an ultra-shielded horizontal bore
magnet on FJD,N samples in water, NaCl 150 mM, and after
complexation with siRNA (N/P = 30). As shown in Fig. 4f and S16
in SI, FJD,N gave a bright and comparable '*F-MRI signal in all
tested conditions at the highest concentration.

All data indicate that FJD,N self-assembles almost exclu-
sively into 5 nm-micelles in pure water. Instead, in presence of

environments

This journal is © The Royal Society of Chemistry 2025

Cl™ anions, micelles are glued together in larger aggregates as
a result of anion coordination by electrostatic pairing and
hydrogen bonding. In the presence of NAs, fractal aggregates
of the micelles are obtained as a consequence of the multi-
valent binding between the -NH;" groups of FJD,N and the NA
phosphates via charge-assisted hydrogen bonding.

Cytotoxicity and transfection efficacy on different cells lines

It has been reported that dendriplexes of sizes close to 100 nm
can be easily internalized into cells.®® Therefore, we next
studied FJD,N ability to deliver NAs into the cytosol. We per-
formed a systematic in vitro transfection study using FJD,N
and the plasmid pGLuc-Basic 2, a reporter vector encoding
secreted Gaussia luciferase.

Various N/P ratios were used to evaluate both transfection
efficacy and cytotoxicity onto three different cell lines:
L1929 murine fibroblasts from subcutaneous connective tissue,
SH-5YSY human neuroblastoma cell line, and C2C12 cells, an
immortalized mouse myoblast cell line. JetPEI®® and
Lipofectamine™ 3000, polymeric and lipidic commercially
available gene delivery vectors, respectively,®® were used as con-
trols. As highlighted in Fig. 5a-c and S17 in SI, cell viability
resulted dependent on cells type, showing lower cytotoxic
levels than selected commercial benchmarks up to N/P = 40
(equal to a final [FJD,N] = 30 pM) for L929 and SH-5YSY, while
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Fig. 4 Dendriplexes characterization in comparison with FID,N self-assembly in NaCl 150 mM. (a) Overlay of the DLS auto-correlation functions
between fresh 0.56 mM FJID,N dispersions in NaCl 150 mM and dendriplexes’ dispersions at N/P = 30 (9 = 90°) at the same FID,N concentrations
with Luciferase GL3 as siRNA. Colour code: FID,N = yellow; dendriplexes at N/P 30 = red. (b) Overlay of SANS curves collected with dendriplexes,
made of FID,N 0.56 mM and siRNA Luciferase GL3 (N/P = 30), and FID,N 0.56 mM (freshly prepared) at the same contrast (D,O content 100%). The
data and model were offset for clarity, fitting curve is shown as a continuous line. Colour code: FID,N = yellow; dendriplexes at N/P 30 = red. (c)
Overlay of SAXS curves collected with dendriplexes made of FID,N 0.56 mM and Luciferase GL3 (N/P = 30) and FID,N 0.56 mM (freshly prepared).
Data were collected at two time points, and they were fitted to the combined model shown as a continuous line. The data and model were offset for
clarity. Colour code: FID,;N = yellow; dendriplexes at N/P 30 = red. (d) Cryo-TEM images of FID,N 0.56 mM and dendriplexes at N/P = 30. Scale bar:
100 nm. (e) Comparison between *°F-NMR spectra of freshly prepared dispersions of 0.56 mM FID,N in NaCl 150 mM and dendriplexes’ dispersions
at the same FID,N concentrations with Luciferase GL3 as siRNA (N/P = 30). Colour code: FID,N = yellow; dendriplexes at N/P 30 = red. Solvent:
FID,N solution + DO (10:1 v/v). (f) **F-MRI phantom images of FID,N solution 2.5 mM in pure water, in NaCl 150 mM, and in presence of

Luciferase GL3 as siRNA at N/P = 30.

higher sensitivity to FJD,N was observed for the C2C12 cells
with acceptable cytotoxicity up to N/P = 30 (equal to a final
[FJD,N] = 23 uM). Transfection efficiencies are expressed as
luminescence signal (in relative light units, RLU). For all tested
cell lines, RLU levels are comparable with those observed for
JetPEI® and Lipofectamine™ 3000. Overall, this study shows
that FJD,N can successfully transfect all tested cells with good
viability up to 23 pM, which corresponds to N/P ratio of 30
(Table S17 in SI). Additionally, to better assess the viability of
FJD,N, we performed further studies on a primary cell line,
such as ependymal stem progenitor cells (epSPCs), which
demonstrated much higher viability at all tested N/P ratios,
compared to lipofectamine (Fig. S18 in SI).

Finally, to further confirm the internalization of the NA in
transfected cells, we performed confocal microscopy on C2C12
cells treated with Cy5-conjugated Luciferase GL3 siRNA com-
plexed with FJD,N at N/P ratio = 30 (see Tables S18, S19 and
Fig. S19 in SI) at 24, 48, and 72 h following administration. As
shown in Fig. 6, Cy5-modified Luciferase GL3 siRNA (indicated
by red spots) was significantly internalized by the cells within
24 h of treatment, demonstrating colocalization with the
Desmin-stained cytoplasm (marked in green). After 48 h, these

Nanoscale

red spots remained detectable in the cytoplasm, and side
views from the z-stack images further revealed that some colo-
calized with the DAPI-stained nuclei (shown in blue). However,
after 72 h of incubation, a decrease in the fluorescence of the
red spots was observed, which may be attributed to cellular
proliferation and RNA processing. These findings confirm that
FJD,N facilitate NA internalization into cells and NA cargo
release.

Experimental

Molecular design of the protonable Janus-type fluorinated
dendrimer

General information. For the synthesis, the employed chemi-
cals as reactants and solvents were used as received without
further purification and purchased with purity >97% from:
©TCI Deutschland GmbH; Sigma Aldrich; Fluorochem. Thin
layer chromatography TLC was conducted on plates precoated
with silica gel Si 60-F254 (Merck, Darmstadt, Germany). Flash
chromatography was carried out on J. T. Baker silica gel mesh
size 230-400.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Cytotoxicity (up) and transfections results (down) on (a) L929 murine fibroblasts from subcutaneous connective tissue, (b) SH-5YSY human
neuroblastoma cell line, and (c) C2C12, immortalized mouse myoblast cell line using the plasmid pGLuc-Basic 2-FID,N dendriplexes at different N/P
ratios. Results are compared with complexes of commercial benchmarks JetPEI® and Lipofectamine™ 3000 with the same pDNA. Red dotted lines
indicate cytotoxicity accepted limits, while red rectangles highlight best FID,N to NA N/P ratios considering transfection efficiency and cytotoxicity.
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Cy5-siRNA

Cy5-siRNA

Fig. 6

After =48 hr

After=72hr

Intracellular localization of FID,N/siRNA dendriplexes (N/P = 30) in C2C12 cells observed with confocal laser scanning microscopy after 24,

48, and 72 h of incubation. Desmin was used to stain cytoplasm (in green), DAPI was used to stain nuclei (in blue), and Luciferase GL3 siRNA was
labelled with Cy5 (in red); scale bar = 50 um. For each time point, details of the three channels used are reported next to the merged image. Side
view of the orthogonal z-stack (view: in the x and z plane and in the y and z plane) are reported for each merged image.

All the NMR spectra were recorded on a Bruker AV400
Bruker Avancell 400 MHz spectrometer equipped with a 5 mm
QNP probe (*°F, *'P-">C/"H). NMR spectra were recorded at
(300 + 3 K) and chemical shifts are reported in ppm downfield
from SiMe4 with the residual proton (CDCl; d = 7.26 ppm,
CD;OD: d = 3.31 ppm) and carbon (CDCl;: d = 77.0 ppm,
CD;OD: d = 49.0 ppm). Proton and carbon assignments were
achieved by means of "C-NMR, 'H-'HCOSY,
"H-"’C-HSQC experiments. Coupling constant values, ], are

and

given in Hz. Data evaluation was done with MestreNova 10.0
from Mestre-Lab. The samples prepared for the characteriz-
ation of the compound synthesized were prepared by dissol-
ving 5-10 mg in 500 pL of deuterated solvent. Methanol-d4 (99
atom % D), deuterated water (D,O, 99 atom % D), dimethyl

This journal is © The Royal Society of Chemistry 2025

sulfoxide (DMSO, 99 atom % D), and chloroform-d, 99.8 atom
% D were purchased from Sigma Aldrich, Germany.

FTIR was measured with a Thermo Scientific Nicolet iS50
FTIR spectrometer, equipped with iS50 ATR accessory (Thermo
Scientific, Madison, USA). IR signal values were expressed in
wavenumber (cm™") and rounded to the nearest whole number
through automatically assignment using OMNICTM IR soft-
ware. Air was recorded as background. The analysis was made
in transmittance mode
4000-400 cm™'. High resolution ESI Mass spectrometry was
done by UNITECH COSPECT: Comprehensive Substances
characterization via advanced spectroscopy Via C. Golgi 19,
University of Milan. Inductively Coupled Plasma Optical
Emission spectroscopy (ICP-OES) analyses were performed in

in a wavenumber window of
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the Laboratorio di Analisi chimiche of Politecnico di Milano, Via
Luigi Mancinelli 7, Milan. The value is reported as an average
of four measurements on four different synthetic batches.

Molecular mechanics and molecular dynamics simulations.
The theoretical study is based on Molecular Mechanics (MM)
and Molecular Dynamics (MD) simulations. All MM and MD
simulations were performed with Materials Studio, Discovery
Studio packages (version 7.0, BIOVIA, Accelrys Inc., San Diego,
CA, USA). Using the same simulation protocol proposed in pre-
vious work,® all calculations are performed with CVFF force
field with a Morse potential for the bonded atoms, in water
(1120 water molecules), considering periodic boundary con-
ditions of the system in a cubic cell of size 33.0 A. The simu-
lation protocol involved three sequential steps: (i) at first the
initial energy minimization; (ii) the MD run in an NVT ensem-
ble at constant temperature; (iii) the final geometry optimiz-
ation of the configuration assumed by the system at the end of
MD run when the equilibrium state was achieved. All energy
minimizations were carried out using the Conjugate Gradient
algorithm up to an energy gradient lower than 4 x 1073 KJ
mol™* A7,

The MD simulation lasting for 2 ns was performed at a con-
stant temperature (300 K), controlled through the Berendsen
thermostat. Integration of the dynamical equations was
carried out with the Verlet algorithm using a time step of 1 fs,
and the instantaneous coordinates were periodically saved
every 2 ps for further analysis.

The packing parameter has been obtained by using the
formula:

. v
packing parameter = @ 1)

The total volume of the minimized molecule of each
amphiphile (v) has been divided for the product obtained by
multiplying the solvent accessible area occupied by the
hydroxyl groups (a,) of each amphiphile and the maximum
extended length of the amphiphile (I4).

From literature, molecules showing a packing parameter
<0.33 tend to form micelles.>

Synthesis of FJD,N. Compounds 1 to 3, DG,, DG,, and F,,-
N; were prepared according to procedures previously reported
in literature.”® Full synthetic steps are reported in Schemes S1
and S2, in SI.

FJD,. Compound DG; (13.7 mg; 0.08 mmol) and copper(1)
acetate (1 mg; 0.008 mmol) were transferred into a round-
bottom flask and solubilized in 1 mL of THF. Separately, com-
pound F,,-N; (62 mg; 0.07 mmol) was solubilized in 1 mL of
THF and added to the flask. The reaction was run overnight, at
55 °C, under magnetic stirring and N, flux. To verify that the
reaction had occurred, a Thin Layer Chromatography (TLC)
was performed employing hexane/ethyl-acetate (8 : 2) as eluent.
Subsequently, to purify the reaction product from copper resi-
dues, an extraction with a solution 0.1% m/v of disodium
EDTA in water and dichloromethane was performed. The
organic phase was then dried on Na,SO, and then dried by
means of rotary evaporator. The product was obtained as an
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uncolored oil (yield: 80%). "H NMR (400 MHz, methanol-d,) &
7.96 (s, 1H), 5.23 (s, 2H), 4.46 (t, J = 7.1 Hz, 2H), 4.16 (s, 7H),
3.77-3.53 (m, 4H), 3.47 (t,J = 6.1 Hz, 2H), 3.44 (s, 2H), 2.17 (p,
J = 6.6 Hz, 2H), 1.15 (s, 3H). "*C NMR (101 MHz, methanol-d,)
5 176.23, 144.36, 125.72 (d, J = 50.4 Hz), 123.28-117.10 (m),
81.53-80.16 (m), 69.17, 67.16, 67.11, 65.86, 58.44, 51.70, 48.40,
47.50, 31.29, 17.22. **C NMR (101 MHz, methanol-d,) § 176.23,
144.36, 125.47, 126.28-117.17 (q, YJc_r = 291.8 Hz), 81.83-80.16
(m), 69.17, 67.16, 67.11, 65.86, 58.44, 51.70, 48.40, 47.50,
31.29, 17.22. 9F NMR (376 MHz, MeOD) 6 —71.51. ATR-FTIR:
stretching O-H: 3650-3000 cm™'; stretching C-H:
2970-2800 cm™; stretching C=0: 1726 cm™; stretching C-F:
1300 cm™"; bending C-F: 700 em ™.

FJD,. Compound DG, (113.5 mg; 0.28 mmol) and copper(i)
acetate (3.8 mg; 0.03 mmol) were dissolved in 1 mL of THF
under inert atmosphere. Separately, F,,-N; (244 mg;
0.28 mmol) was dissolved in other 2 mL of THF and trans-
ferred to the reaction mixture. The reaction was run under stir-
ring and nitrogen atmosphere at 55 °C overnight. The for-
mation of the product was confirmed by analyzing at FTIR
100 pL of the solution by monitoring the disappearance of the
characteristic stretching of the azido group (2100 cm™"). The
reaction was stopped, added to iced water and extracted with
CH,Cl,; then, the organic phase was washed two times with a
0.1% m/v disodium EDTA solution and with a saturated NaCl
solution in water. The organic phase was collected, dried with
Na,S0,4, and rotary evaporated. The compound was collected
as a sticky solid (yield: 80%). '"H NMR (400 MHz, methanol-d,)
5 =8.08 (s, 1H), 5.31 (s, 2H), 4.53 (t, ] = 7.2, 2H), 4.40-4.27 (m,
4H), 4.22 (s, 6H), 3.74-3.59 (m, 8H), 3.54 (t, J = 6.1, 2H), 3.51
(s, 2H), 2.24 (m, 2H), 1.34 (s, 4H), 1.16 (s, 6H). >C NMR
(101 MHz, methanol-d,) 6 126.01, 126.72-117.13 (q, Y =
292.3 Hz), 80.97 (m, *c_r = 30.5 Hz), 69.21, 67.12, 67.06, 66.36,
65.84, 58.98, 51.78, 48.46, 47.88, 47.51, 31.31, 18.08, 17.21. *°F
NMR (376 MHz, MeOD) § —71.51. ATR-FTIR: stretching O-H:
3650-3100 cm™'; stretching C-H: 3000-2850 cm™; stretching
C=0: 1727 ecm™; stretching C-F: 1250 ¢cm™'; bending C-F:
700 cm™.

Compound 5. 3-[(2-Methylpropan-2-yl)oxycarbonylamino]pro-
panoic acid (312 mg; 1.65 mmol), EDC (317 mg; 1.65 mmol),
and DMAP (8.4 mg; 0.07 mmol) were put under nitrogen atmo-
sphere for 5 minutes. Then, 4 mL of anhydrous CH,Cl, were
added. Separately, compound FJD, (176 mg; 0.14 mmol) was
dissolved in other 3 mL of anhydrous CH,Cl, and then, trans-
ferred, by means of other 3 mL of the solvent, to the reaction
mixture. The reaction was run at room temperature, under stir-
ring and nitrogen atmosphere overnight. To control the pro-
gress of the reaction a TLC was done using as eluent a mixture
of hexane and ethyl acetate (6:4). To purify the product, a
column chromatography on silica flash was made using the
same eluent as those for TLC (rf: 0.3). To remove the excess of
3-[(2-methylpropan-2-yl)Joxycarbonylamino]propanoic acid, the
purified mixture was dissolved in CH,Cl, and washed twice
with a 10% m/v aqueous NaHCOj; solution. The organic phase
was dried on Na,SO, and a pale-yellow oil was recovered after
the removal of the solvent by rotary evaporation (yield: 75%).

This journal is © The Royal Society of Chemistry 2025
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"H NMR (400 MHz, CDCl3) § 7.73 (s, 1H), 5.27 (s, 2H), 4.43 (t, ]
= 7.3 Hz, 2H), 4.30-4.10 (m, 12H), 4.05 (s, 6H), 3.48 (t, ] = 6.0
Hz, 2H), 3.37 (t, J = 6.1 Hz, 8H), 2.53 (t, J = 6.1 Hz, 8H),
2.26-2.16 (m, 2H), 1.43 (s, 36H), 1.25 (s, 3H), 1.20 (s, 6H). '°F
NMR (376 MHz, CDCl;) § —70.36.

EJD,N. Compound 5 (195 mg; 0.10 mmol) was dissolved in
2 mL of anhydrous CH,Cl,, under nitrogen atmosphere. Then
trifluoroacetic acid (TFA, 2 mL) was slowly added. The reaction
was run till the total conversion of the precursor, confirmed by
TLC by using as eluent a mixture of hexane and ethyl acetate
(1:1). The time required is around 1 hour. The reaction was
stopped by drying the compound through rotary evaporation.
Then the compound was solubilized in hexafluoro-2-propanol
and dried again three times to remove the excess of TFA. Then
the compound was solubilized in 250 pL of cold methanol and
transferred slowly into a vial containing 5 mL of cold ether:
after the precipitation at the bottom of the vial of an immisci-
ble oily phase, the supernatant was removed, and the precipi-
tate was dissolved in water and freeze-dried. The compound
was collected as a white hydroscopic amorphous solid (yield:
80%). "H NMR (400 MHz, MeOD) 6 8.07 (s, 1H), 5.27 (s, 2H),
4.49 (t,J = 7.2 Hz, 2H), 4.34-4.21 (m, 12H), 4.15 (s, 6H), 3.50 (t,
J = 6.1 Hz, 2H), 3.45 (s, 2H), 3.23 (t, ] = 6.7 Hz, 8H), 2.80 (t, ] =
6.7 Hz, 8H), 2.19 (p, J = 6.4 Hz, 2H), 1.29 (s, 3H), 1.24 (s, 6H).
3C NMR (101 MHz, MeOD) § 173.48, 171.80, 126.23, 121.59 (q,
J =293.1 Hz), 80.50-81.0 (m), 69.24, 67.13, 67.03, 66.93, 66.85,
59.05, 47.98, 47.48, 36.31, 31.32, 17.91, 17.83. >F NMR
(376 MHz, MeOD) 6 —71.46, —76.82. ATR-FTIR: stretching N-
H: 3600-3350 cm™'; stretching C-H: 3200-2850 cm™; stretch-
ing C=0: 1735 cm™", 1674 cm™; stretching C-F: 1230 cm™;
bending C-F: 736 cm™'; HRMS (ESI) for CsoHgsN;O5F,, -
theoretical [M-H]: 1562.3798/Found [M-H]": 1562.3794,
Copper content: 191 ppm by ICP-OES.

pK, determination. The pK, was determined by following an
already reported procedure.>' A drop of each solution was ana-
lyzed in triplicate by a Pocket ISFET pH Meter Model 24006
whose calibration was performed as reported by the vendor
instructions. A solution of FJD,N was prepared dissolving
7.73 mg of FJD,N in 7 mL of NaCl 1 mM. 2 pL of a NaOH stan-
dard solution (0.1 N, Titripur® Reagent from Merck) were
added at each point under stirring till pH = 9.8. pH was
measured in triplicate at each point (pH used for the graph
construction is an average of the three values).

NMR titration for association constant determination. A
solution 4.03 mM of FJD,N in deuterated DMSO was prepared.
A known amount of tetrabutylammonium chloride (TBAC) was
dissolved in 1 mL of FJD,N solution, thus maintaining the
concentration of FJD,N constant during all additions. Further
additions (10 pL) of TBAC solution to 400 pL of FJD,N
4.03 mM were performed. After each TBAC addition "H-NMR
and "F-NMR analyses were done. The binding constant was
calculated using Bindfit with a 1:1 H/G model ratio (http://
app.supramolecular.org/bindfit/).”®

Fluorescence titration for association constant determi-
nation. To 20 pL of a 31.25 pM stock solution of double strand
Cy5-modified Luciferase GL3 (CUUACGCUGAGUACUUCGA),

This journal is © The Royal Society of Chemistry 2025
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purchased from Eurofins Genomics, were mixed increasing
amount of FJD,N at final concentrations reported in Table S5
in SI, in a total final volume of 1 mL of MilliQ water.
Fluorescence emission and excitation spectra were recorded
with a commercial spectrofluorometer (Jasco, FP-8500) at Ae, =
651 nm and Aey, = 654-750 nm. The binding constant was cal-
culated using Bindfit with a 2:1 H/G model ratio (http://app.
supramolecular.org/bindfit/).”°

Evaluation of the oligonucleotides binding ability. The
binding ability of FJD,N to complex nucleic acids has been
determined for both DNA and siRNA sequences in HEPES
buffer 10 mM, pH 7.4 or in NaCl 150 mM. Salmon sperm DNA,
composed by 2000 base pairs, and Luciferase GL3, double
strand siRNA (CUUACGCUGAGUACUUCGA), were used. The
N/P ratio was determined monitoring the fluorescence emis-
sion of SYBR® green in the presence of a constant amount of
the NAs and an increasing amount of FJD,N. The binding
ability of FJD,N was monitored by a fluorophore-displacement
assay, as reported elsewhere.”’””? Briefly, complexes were
invariably prepared by mixing 1.0 pL of DNA (0.50 pg pL™" in
TE 0.1x) in 1.0 pL of SYBR® Green I (ex = 497 nm, Aemy =
520 nm) with 11.8 pL of the FJD,N solutions at different con-
centrations. Afterward, complexes incubated for
20 minutes at room temperature in the dark, then diluted to a
final volume of 200 pL in the solvent. Fluorescence measure-
ments (n = 3) were performed with a Synergy H1 spectrophoto-
meter (BioTek, Italy) in 384-multiwell black plates (lex =
487 nm, Aey = 528 nm). Data are expressed as relative fluo-
rescence values normalized to the fluorescence of uncom-
plexed, pristine DNA.

were

FJD,N self-assembling properties in aqueous solutions

CMC determination in water. The procedure was done by
slightly modifying an already reported procedure.”* A pyrene
solution was prepared by dissolving 5 mg in 10 mL of metha-
nol (2.5 mM), then diluted 400 times with Methanol (pyrene:
6.25 pM). To prepare the working mixtures for fluorescence
measurements, a small aliquot (17 pL) of the latter pyrene
solution was transferred to the solution of FJD,N in MilliQ
water at the desired concentration till a final volume of 1 mL
(pyrene: 100 nM). Fluorescence emission and excitation
spectra were obtained with a commercial spectrofluorometer
(Jasco, FP-8500).

CMC determination in NaCl 150 mM. To prepare the
working mixtures for fluorescence measurements, a small
aliquot (17 pL) of the 6.25 pM pyrene solution was transferred
to the solution of FJD,N in NaCl 150 mM at the desired con-
centration till a final volume of 1 mL (pyrene: 100 nM).
Fluorescence emission and excitation spectra were obtained
with a commercial spectrofluorometer (Jasco, FP-8500).
Table S7 in SI shows the input parameter used to set the
experiments. Tables S8 and S9 in SI shows the concentrations
of the FJD,N solution tested for the CMC determination in
MilliQ water and NaCl 150 mM, respectively.

Sample preparation in MilliQ water. Solutions of FJD,N were
obtained by directly dispersing the amount of the solid
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required to obtain the desired concentrations (2.5 mM and
0.5 mM) in MilliQ water. Milli-Q water (mQw, 18.2 mQ cm™?)
used to prepare the aqueous dispersions was obtained by the
purification system provided by Simplicity®. NaCl (purity
99%) was purchased from Sigma Aldrich. The solutions were
aged at a constant temperature (25 °C) and analyzed after 1 (¢,)
hour from the sample preparation, after 24 hours (t,4), and
48 hours (t4) of ageing.

Sample preparation in NaCl 150 mM and dendriplexes.
Solutions of FJD,N were obtained by directly dispersing the
amount of the solid required to obtain the desired concen-
trations (2.5 mM and 0.5 mM) in NaCl 150 mM. Milli-Q water
(mQw, 18.2 mQ cm™') used to prepare the aqueous disper-
sions was obtained by the purification system provided by
Simplicity®. NaCl (purity 99%) was purchased from Sigma
Aldrich. The solutions were aged at a constant temperature
(25 °C) and analyzed after 1 (¢,) hour from the sample prepa-
ration, after 24 hours (¢,4), and 48 hours (¢,5) of ageing. In case
of dendriplexes FJD,N was mixed with siMAX siRNA control -
Luciferase GL3 to reach the desired N/P till a final concen-
tration of FJD,N 0.56 mM.

pH determination. A drop of each solution was analyzed in
triplicate by a Pocket ISFET pH Meter Model 24006 whose cali-
bration was performed as reported by the vendor instructions.

Dynamic light scattering measurements. Multiangle DLS
was measured at ALV compact goniometer system, equipped
with ALV-5000/EPP Correlator, special optical fiber detector
and ALV/GCS-3 compact goniometer, with He-Ne laser (4 =
633 nm, 22 mW output power) as light source. The tempera-
ture was controlled with a thermostatic bath and set at 25 °C.
A volume comprised between 800 pL and 1 mL was used for
the analysis. DLS was measured at different time points (0, 24,
48 hours) and scattering angles # = 70-130° in 20° steps. Each
measure was the result of the average of three subsequent run
of 10 seconds each, with a threshold sensibility of 10%. Data
analysis was done with ALV-Correlator software. The apparent
hydrodynamic radii at different angles were obtained from an
intensity weighted and a number weighted fitting of the auto-
correlation function. Hydrodynamic radii (Ry) and polydisper-
sity indexes (PDI) were calculated using the cumulant fitting.
For a more accurate analysis, precluded with cumulant fitting
due to the high polydispersity of the samples, CONTIN ana-
lyses were performed, and sizes distributions are reported
according to intensity and number weighted equations.

Z potential measurements. Z potential was measured at
25 °C in folded capillary cells (U-shaped cells with two gold
plated beryllium/copper electrodes at the top) 48 hours later
the colloidal dispersion preparation with a Zetasizer Nano ZS
(Malvern Instrument, Malvern, Worcestershire, UK), equipped
with a 633 nm laser. Before each measure, the cells were
cleaned with MilliQ water and then filled up with approxi-
mately 1 mL of sample solution, checking that the gold-plated
electrodes were immersed and that there were no bubbles
inside the cell.

19F-NMR spectra. To perform the '’F-NMR spectra 500 L of
the 2.5 mM and the 0.5 mM FJD,N solutions were mixed with
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50 pL of deuterated water, added to perform the lock at the
NMR instrument. Spectra were collected by setting 256
number of scans as input parameter. The peak of the TFA
anions has been set at —75.45 ppm.

SAXS. The SAXS measurements were performed with a Xeuss
3.0 UHR SAXS/WAXS system (Xenocs SAS, Grenoble, France)
equipped with a GeniX 3D Cu K alpha radiation source (1 =
1.54 A) and with in-vacuum motorized 3-axis Q-Xoom Eiger2 R
1M detector (Dectris Ltd, Switzerland) for 2D SAXS/WAXS data
collection. The configuration chosen for the measurements
covered a g range of 0.007 < g (A™*) < 0.5 A™*, where g = 47/
Asin(6/2), q is the modulus of the scattering vector, A the wave-
length, and € the scattering angle. The samples were measured
in quartz capillary of 1.5 mm diameter at RT and under
vacuum (<0.09 mbar). The concentration of the samples for
these measurements was 0.56 mM of FJD,N. The sample was
measured at two sample-detector distances of 350 mm and
900 mm for 30 min and 90 min, respectively. The 2D SAXS pat-
terns were radially integrated into the one-dimensional scatter-
ing intensity I(q) and merged. The data presented are back-
ground subtracted using the macros in Igor Pro,”” where the
background corresponds to the solvent measured in an ana-
logue capillary. The SAXS intensities are represented in absol-
ute units.

SANS. The SANS data were collected on the ZOOM diffract-
ometer at the ISIS Neutron and Muon Source (Rutherford
Appleton Laboratory, Science and Technology Facilities
Council, UK). Data were collected in the g-range
0.0025-0.45 A~ using a sample-to-detector distance and colli-
mation length of 8 m, and wavelengths in the range 1.75-15 A.
The concentration of FJD,N in the samples for these measure-
ments was 0.5 and 2.5 mM. Samples were loaded in quartz
cells (1 mm pathlength) and then placed in a temperature-con-
trolled sample changer, and temperature was set to 25 °C. The
acquisition time was 1 to 2 hours from preparation depending
on sample concentration and solvent contrast. SANS curves
were collected for all solvent contrasts in the same conditions
as the samples and used as background. Raw data were radially
averaged, corrected for detector efficiency, scaled for absolute
intensity and background subtracted according to standard
procedures in Mantid software.®* All the data were merged and
background subtracted using the macro on Igor Pro.”

Cryo-TEM. Dispersions analyzed: FJD,N alone (0.56 mM),
dendriplexes of FJD,N (0.56 mM) + siRNA control — Luciferase
GL3 (N/P = 20), dendriplexes of FJD,N (0.56 mM) + siRNA
control - Luciferase GL3 (N/P = 30), and dendriplexes of FJD,N
(0.56 mM) + siRNA control — Luciferase GL3 (N/P = 40). Sample
vitrification was carried out with a Mark IV Vitrobot (Thermo
Fisher Scientific). 4 puL of each dispersion were applied to a
Quantifoil R2/1 Cu 300-mesh grid previously glow-discharged
at 30 mA for 30” in a GloQube (Quorum Technologies).
Immediately after sample application, the grids were blotted
in a chamber at 4 °C and 100% humidity, and then plunge-
frozen into liquid ethane.

Vitrified grids were transferred to a Talos Arctica (Thermo
Fisher Scientific) operated at 200 kv and equipped with a
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Falcon 3 direct electron detector (Thermo Fisher Scientific).
Micrographs were acquired in linear mode, with a defocus of
—3.0 um and with a total dose of 40 e™ A2,

T, and T, experiments by "’F-NMR and '°F-MRI phantom
experiments. 7; and 7, measurements were obtained on the
FJD,N solution 2.5 mM in MilliQ water and on the FJD,N solu-
tion 0.56 mM in NaCl 150 mM. The fitting of the data was per-
formed by a single exponential fit and raw data were analyzed
by the Bruker TopSpin software and MestReNova software.

'9F-MRI acquisitions were performed immediately after dis-
persing FJD,N samples in pure water (MQW), NaCl 150 mM,
and in presence of siRNA Luciferase GL3 (N/P = 30) at three
different concentrations ranging from 0.5 to 2.5 mM. Samples
containing control vehicle (MQW) was recorded to determine
the noise threshold. Each sample was loaded into a 0.2 mL
Eppendorf tubes and positioned within a phantom containing
2% agar gel. All experiments were conducted on a 7T scanner
(Biospec; Bruker-Biospin) using a dual-transmit receive '°F/"H
volume coil (35 x 59 mm) integrated with an ultra-shielded
horizontal bore magnet. °F-MR images were obtained at the
specific resonance frequency of FJD,N (-71.3 ppm). A 3D
turbo-spin echo sequence was employed for all imaging acqui-
sitions, maintaining the same field of view (45 x 30 x 24 mm)
for both "H-MRI (TR/TE = 250/15 ms, matrix = 128 X 64 x 8, 6
averages) and "°F-MRI (TR/TE = 1500/40 ms, matrix = 64 x 32 x
8, 32 averages). For each sample, the signal-to-noise ratio
(SNR) was quantified using the image analysis software of the
scanner (Paravision 6.0, Bruker Biospin). Specifically, the
mean signal intensity within the sample area on the '°F image
was calculated and divided by the standard deviation of the
noise measured in three different background regions of the
image outside the sample. As shown in Fig. S16, the SNR of
FJD,N was detectable only at a concentration of 2.5 mM for all
conditions.

Cytotoxicity and transfection efficacy on different cell lines

L929 (murine fibroblast from subcutaneous connective tissue,
ATCC®-CCL-1™), SH-5YSY (human neuroblastoma, ATCC®
CRL-2266™) and C2C12 (murine myoblasts, ATCC®
CRL-1772™) cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). AlamarBlue
Cell Viability Assay was from Life Technologies Italia (Monza,
Italy), while BCA Protein Assay Kit was from ThermoFisher
(Monza, Italy). pDNA encoding the secreted Luciferase from
the copepod Gaussia princeps (pGLuc-Basic 2 (pGLuc), 4.958
kbp) and BioLux® Gaussia Luciferase Assay Kit were obtained
from New England Biolabs Inc. (Ipswich, MA, USA). siMAX
siRNA control Luciferase GL3 was purchased from Eurofins
Genomics.

Preparation of transfectant solution. FJD,N was diluted in
NaCl 150 mM or HEPES buffer 10 mM to a final concentration
of 2.5 mM, corresponding to a final concentration of positive
charges [N] = [+] = 10 mM, if a 100% protonation is
considered.

L929 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 mM sodium pyruvate, 10 mM HEPES
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buffer, 100 U mL™" penicillin, 0.1 mg mL™" streptomycin,
2 mM glutamine and supplemented with 10% v/v fetal bovine
serum (FBS) in a humidified atmosphere under constant
supply of 5% v/v CO, and at 37 °C (hereinafter referred as to
standard culture condition). SH-5YSY cells were cultured in
40% v/v Eagle’s Minimum Essential Medium (EMEM), 40% v/v
F12 medium, 1% v/v NEAA, 100 U mL™" penicillin, 0.1 mg
mL™" streptomycin, 2 mM glutamine and supplemented with
15% v/v FBS in a standard culture condition. C2C12 cells were
cultured in DMEM containing 1% v/v L-glutamine, 1% v/v Pen/
Strep, 1% v/v insulin, 10 ng pL.™" EGF, 10 ng pL~" B-FGF and
supplemented with 10% v/v FBS in a standard culture
condition.

Twenty-four hours before transfection, cells were seeded
onto 96-well plates at a density of 2 x 10" cells per cm® and
maintained in standard culture conditions.

Next, 100 ng per well of pGLuc were complexed in NaCl
150 mM with FJD,N solutions to yield different N/P ratios, as
described in Table S17 in SI, jetPEI®, according to the proto-
col,%” or Lipofectamine™ 3000, and cells were incubated with
complexes in 100 pL per well of cell culture medium under
standard culture conditions for 24 hours.

Following a 24 hour transfection, cytotoxicity was evaluated
using AlamarBlue assay according to manufacturer’s instruc-
tions. Briefly, the medium was discarded, and each well was
filled with 100 pL of 1x resazurin dye-containing culture
medium. Cells were next incubated in standard culture con-
ditions for 2 hours, then the fluorescence of the medium was
read with a Synergy H1 spectrophotometer (BioTek, Italy) (Aey =
540 nm; ey, = 595 nm). Viability of untransfected cells (CTRL)
was assigned to 100% and cytotoxicity was calculated as
follows:

. . RFU
CytOtOXlClty (OA) ) —1_ [ transfected cells
l{F[-]CTRL

} x 100.

Transfection efficiency was evaluated by measuring the luci-
ferase activity by means of the Luciferase Assay System, accord-
ing to manufacturer’s instructions. Briefly, from each well,
10 pL of supernatant were added to 50 pL of Luciferase Assay
Reagent and luminescence was measured using a Synergy H1
spectrophotometer. Transfection efficiencies were expressed as
luminescence signal (expressed as relative light units, RLU) of
each sample.

In vitro viability and internalization assessment through
confocal microscopy. Gibco™ Trypan Blue was purchased
from Thermo Fisher Scientific. siMAX siRNA control Cy5-
modified Luciferase GL3 was purchased from Eurofins
Genomics.

C2C12 cells were cultured in proliferative medium and
then, 24 hours before the treatment, seeded with a density of 3
x 10* cells per well in a 24-well multiwell. Next, the cells were
treated with nanoparticles (NP) 30-bound siRNA Cy5-modified
Luciferase GL3 and with FJD,N alone and cultured for 24, 48
and 72 hours. For each time point cells were collected for
Trypan Blue exclusion assays’® and immunofluorescence
analyses.

Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03209a

Open Access Article. Published on 21 October 2025. Downloaded on 10/29/2025 10:23:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cell viability was assessed by resuspending the cell pellet in
1 mL of culture medium and mixing 10 pL of resuspended
cells with 10 pL of Trypan. Next, 10 pL of the obtained solution
was inserted into a Burker counting chamber and checked
through optical microscopy (Eclipse TE 2000-S, Nikon, Tokyo,
Japan).

For the immunostaining, C2C12 cells were fixed in 4% par-
aformaldehyde at room temperature for 20 min, permeabilized
with 0.1% Triton X-100, and treated with 5% normal goat
serum in PBS to block non-specific binding. Next, they were
incubated with rabbit anti-desmin primary antibodies.
Secondary antibodies were Alexa Fluor 488-conjugated goat
anti-rabbit IgG. Myoblasts were counterstained with DAPI and
the coverslips were mounted with FluorSave. Confocal fluo-
rescence images were obtained with a laser-scanning micro-
scope (Eclipse TE 2000-E, Nikon) and analyzed using EZ-C1
3.70 imaging software (Nikon). The variation in Cy5-siRNA
fluorescence intensity over time was evaluated using the
Corrected Total Cell Fluorescence (CTCF) method.”” Images
elaboration was performed using Fiji Image] software.”®

Conclusions

We developed a simple and scalable Janus-type amphiphilic
dendrimer, FJD,N, including a multi-branched fluorinated
moiety as the hydrophobic part. The optimal balance and
dimensions of its hydrophobic and hydrophilic domains
enable the dendrimer to self-assemble into stable micellar dis-
persions in water, eliminating the need for any additional for-
mulation components. The primary ammonium groups within
the hydrophilic region facilitate efficient multivalent coordi-
nation of anions, ensuring excellent binding affinity. As a
result, FJD,N demonstrates effective NA carrier capabilities,
achieving high NA internalization across various cell lines,
while maintaining low cytotoxicity, despite its positive charge
in physiological conditions. Moreover, preliminary '°F-MRI
phantom experiments confirmed the possibility to visualize
FJD,N dendriplexes. Future studies are needed to better under-
stand the mechanism of cells internalization and biological
effectiveness. However, our findings already demonstrated that
FJD,N is an efficient, safe, and 'F-MRI traceable non-viral
vector to deliver NAs into cells.
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Abbreviations

AAMD All-atom molecular dynamics

ALS Amyotrophic lateral sclerosis

ATR-FTIR Attenuated total reflection-Fourier transform infra-
red spectroscopy

Bis-MPA  2,2-Bis(hydroxymethyl)propionic acid

Boc Tert-butyloxycarbonyl protecting group

CMC Critical micelle concentration

Cryo- Cryogenic transmission electron microscopy

TEM

CTCF Corrected total cell fluorescence

CTRL Control

DAPI 4',6-Diamidino-2-phenylindole

DLS Dynamic light scattering

DMSO Dimethyl sulfoxide

EDTA Ethylenediaminetetraacetic acid disodium salt

FJD; 3 Non-ionic fluorinated bis-MPA Janus dendrimers
(generations 1-3)

FJD;N Protonable fluorinated Janus dendrimer of 1st
generation

FJD,N Protonable fluorinated Janus dendrimer of 2nd
generation

HB Hydrogen bonding

HEPES (4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid)

HRMS High resolution mass spectrometry

ICP-OES  Inductively coupled plasma optical emission
spectroscopy

LNP Lipid nanoparticles

MD Molecular dynamics

N/P Nitrogen to phosphorus ratio

NA Nuclei acids

NMR Nuclear magnetic resonance

NVT Number of particles, volume, and temperature is
constant

p-p- Packing parameter

PAMAM  Polyamidoamine

PDI Polydispersity index

RT Room temperature

SANS Small-angle neutron scattering

SAXS Small-angle X-ray scattering

SD Standard deviation

SE Standard error
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SLD Scattering length density
TBAC Tetrabutylammonium chloride
TFA Trifluoroacetic acid

THF Tetrahydrofuran

TLC Thin layer chromatography.
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