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Introduction

Self-assemblies of cell-penetrating peptides and
ferrocifens: design and biological evaluation of an
innovative platform for lung cancer treatmentt

Léna Guyon,}? Abdallah Ladaycia, 1 Agnese Bosio,? Laurent Lemaire, ()P
Florence Franconi, (2 *® Bénédicte Leliévre,“ Nolwenn Lautram,? Pascal Pigeon,®®
Gérard Jaouen,®® Catherine Passirani® and Elise Lepeltier 2 2

Chemotherapy, currently used for lung cancer treatment, often consists in a combination of drugs with a
moderate efficacy and severe side effects. A major drawback of the classical inorganic drugs used is their
hydrophobicity, leading to a very low blood availability and weak efficacy. To overcome this constraint, a
nanoplatform was set up in order to vectorize a ferrocifen drug, an organometallic tamoxifen derivative
known for its really potent in vitro activity, but as well for its poor water solubility. Two different ferrocifens
were tested: P54 and P819. The covalent conjugation of a cell-penetrating peptide (CPP) to the ferrocifen
was performed, leading to an amphiphilic prodrug, potentially able to self-assemble. The CPPs used in
this study are polyarginines and RLW. Moreover, in order to bring stealth and mucopenetration properties,
polyethylene glycol (PEG) was incorporated into the nanostructure. The co-nanoprecipitation of CPP-
ferrocifen and PEG—ferrocifen was investigated to achieve self-assemblies. A comparison of the biological
activities of different suspensions was performed in vitro on a healthy cell line and on two different lung
cancer cell lines. The biological activity of P54 was increased by a factor of 9 with the Argg—P54 suspen-
sion by increasing the cell internalization. Moreover, the P54-based-self-assemblies were chosen to test
their in vivo activity on mice bearing lung tumors. The results showed that the intratracheal nebulization
of Argo—P54/PEG—-P54 or Arge—P54 suspensions slowed up significantly the evolution of lung cancer in
mice: the suspension with PEG brought an additional comfort to the animal during the administration.

taxel or pemetrexed.® Despite continuous improvements in
treatments, the prognosis is poor, the efficacy is moderate and

Lung carcinoma is the major cause of cancer-related death
worldwide," more particularly non-small cell lung cancers
(NSCLCs), accounting for about 85% of all lung cancer diagno-
sis.> The chemotherapy treatment currently used consists in a
drug combination: usually, cisplatin or carboplatin is used in
combination with vinorelbine, gemcitabine, paclitaxel, doce-
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there are severe side effects. Thus, the development of new
approaches is needed. In the last decade, numerous nano-
carriers have been designed as a transport module for anti-
cancer drugs. Among them, self-assemblies formed by pep-
tides and more particularly by cell-penetrating peptides (CPP)
have recently emerged as promising systems for controlled
delivery of drugs.®® In fact, peptides have attractive properties
due to their simple structure, biocompatibility and chemical
diversity. In addition, CPPs have the ability to cross cell mem-
branes and enhance the intracellular delivery of conjugated
cargos.”'® CPPs are usually short peptides, containing a high
relative abundance of positively charged amino acids such as
arginine and/or lysine."" Two main strategies for formulating
drug-loaded nanostructures formed by peptides can be used.
The first one is to physically encapsulate drugs into nano-
structures formed of peptides. Stupp et al. used this strategy
and synthesized amphiphilic peptides that can self-assemble
into nanofibers.’” These nanostructures were used as vectors
in order to carry camptothecin.”® The second one is used to

This journal is © The Royal Society of Chemistry 2025
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covalently link peptides to drugs in order to form peptide-
drug conjugates. If amphiphilic, the conjugates could poten-
tially self-assemble into nanostructures. To this end, Cui’s
group has designed and synthesized a taxol-peptide conjugate
that self-assembled into supramolecular filaments with a final
drug loading of 41%."* This last strategy allows an increase of
drug loading compared to the drug-encapsulated peptide
nanoparticle strategy.

Over the past few years, Pr. Jaouen and his team have devel-
oped potent bioorganometallic complexes for anticancer appli-
cation. Their chemistry is based on the coupling between a
ferrocene moiety and a hydroxytamoxifen molecule in order to
form ferrocifen molecules.’>'® The mechanism of action is
related to the redox features of Fe through reversible Fe"/Fe™
oxidation, leading to the production of ROS species and a
quinone methide, known to perform macromolecular inter-
actions with the thioredoxin reductase system, glutathione or
DNA. Interestingly, ferrocifens are able to act by causing senes-
cence at low concentrations and apoptosis or the Fenton reac-
tion with increasing concentrations. Moreover, ferrocifens
have shown impressive in vitro biological activity. For instance,
FcOHTam,'” one of the first studied ferrocifens, had an ICs, of
0.5 pM against hormone-independent breast cancer cells,'
highly interesting compared with those of ferrocene and
hydroxytamoxifen taken separately (160 pM and 30 pM,
respectively). However, ferrocifens are highly insoluble in
water, requiring a formulation stage before being in vivo
administered.

Recently, we proposed the design of an innovative platform
in order to transport a hydrophobic ferrocifen (P54).””° In this
study, the synthesis of amphiphilic conjugates (CPP-P54)
formed by two different cell-penetrating peptides Arg,-P54 (n
= 6 to 9) and RLW-P54, their self-assembly in water and the
complete characterization of the nano-objects formed were
performed. RLW  (with a primary sequence of
RLWMRWYSPRTRAYG) is known in the literature to specifi-
cally target A549 cells."®?° Polyarginines (Arg,, n = 6-9),
known to possess remarkable internalization properties when
they have between 6 and 9 arginine units, were used for com-
parison as CPP models.>! In fact, these polycationic peptides
have even been found to enter cells more effectively than other
homopolymers.* In a previous study,” the importance of com-
bining several analytical methods to determine an important
parameter such as the diameter of self-assemblies was under-
lined; indeed, it has been demonstrated that DLS was not
adapted for these nanoparticles. In this work, we wanted to
extend this innovative platform to another ferrocifen and to go
deeper in vitro and in vivo.

In order to improve the bioavailability and efficacy of the
self-assemblies, a local administration route, the intrapulmon-
ary route via nebulization, has been chosen. Administering
this system by nebulization would allow drug delivery close to
the cancer site, and hence provide an opportunity to adminis-
ter a smaller quantity of the drug for the same or a better
effect while decreasing its side effects.”*** Also, administering
chemotherapy via nebulization would be more tolerable by the
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patient than an intravenous route and would allow outpatient
care.

The biological activity of the self-assemblies was assessed
against two non-small cell lung cancer cell lines (A549 and
NCI-H460) and against one healthy human bronchial epi-
thelium cell line (BEAS-2B). Quantification of the internaliz-
ation was evaluated in order to characterize the potential
specificity of CPPs. Moreover, the addition of polyethylene
glycol (PEG) into a selected CPP-ferrocifen nanostructure was
investigated in vitro and in vivo. Indeed, PEG will bring stealth
and CPP protection to the formulated nanosystem.>>>® For
this, PEG-ferrocifen conjugates were synthesized and the co-
nanoprecipitation of CPP-ferrocifen and PEG-ferrocifen was
investigated using a solvent displacement technique at
different molar ratios of CPP-ferrocifen versus PEG—ferrocifen.
In vitro studies were performed on healthy A549 and NCI-H460
cell lines. Finally, in vivo experiments were carried out on an
orthotopic NCI-H460 tumor immunodepressed murine
model,* the intratracheal administration route®** allowing
the suspension to be sprayed directly into the lung and result-
ing in deposition in the smaller airways (bronchi and
bronchioles).

Results and discussion
Synthesis and characterization of conjugates

From the different ferrocifen derivatives, two were chosen:
P547 and P819.%° P54 was chosen thanks to its carboxylic acid
group that would facilitate different coming chemical reac-
tions. On the other hand, P819, in addition to the presence of
the carboxylic group, allowing to perform chemical reactions
similar to those applied on P54, has the advantage to generate,
once metabolized by the organism, a metabolite that has been
shown to have a better in vitro cytotoxicity than P54°* (Fig. 1).
In order to formulate ferrocifen-based self-assemblies with
the aim of improving ferrocifen solubility and bioavailability,
two kinds of amphiphilic compounds were synthesized. First,
Argo-ferrocifen conjugates. Argo was covalently linked to the
ferrocifen moiety through an amide bond at the end of the
solid phase peptide synthesis; this synthesis has been
described previously.” This coupling was performed for both
ferrocifens and so gave two different conjugates: Argo-P54 and
Argo-P819. These conjugates would help improving the solubi-
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Fig. 1 Molecular structures of P54 (on the left) and P819 (on the right).
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Fig. 2 Characterization of purified PEG—P54: (A) MALDI-TOF spectra of free PEG and PEG—P54 in linear mode, (B) *H NMR spectrum in deuterated

dimethyl sulfoxide and (C) UPLC chromatogram of PEG—-P54 at 450 nm.

lity and cell internalization of ferrocifen. The second type of
conjugate was synthesized by linking PEG,, to ferrocifen via
an ester bond using HBTU as a coupling reagent; two PEG-
based conjugates were synthesized, PEG-P54 and PEG-P819.
The objective was to overcome the different biological barriers
existing with a pulmonary administration route such as
ciliated cells, mucus and macrophages.

The different desired conjugates were successfully syn-
thesized. After purification by RP-HPLC, Argo—ferrocifens were
characterized by mass spectroscopy and "H NMR (ESI Fig. S1-
S47); Arge-P54 was obtained with a yield of 24% and a purity
of 94% and Argy,-P819 was obtained with a yield of 25% and a
purity of 91%.

The PEG-ferrocifen conjugates were analyzed by '"H NMR
and mass spectrometry (Fig. 2A and B). The MALDI-TOF spec-
trum of free PEG was compared to that of PEG-ferrocifen. A
shift of the PEG signal peaks (Mps; = 468.32 g mol™" and Mpg,4
= 569.47 ¢ mol™') confirmed that the coupling reaction was
successful (Fig. 2A for PEG-P54 and Fig. S10 in the ESI for
PEG-P819). PEG-P54 was obtained with a yield of around 11%
and a purity of 90% (Fig. 2C) and PEG-P819 with a yield of
12% and a purity of 91%.

Once synthesized and purified, the next step was to study
the potential formulation of self-assemblies using these
amphiphilic conjugates; the critical aggregation concentration
(CAC) was determined using the pyrene fluorescence 1 : 3 ratio
method.?> The CAC was determined from the crossover of
linear fits across the different fluorescence regimes. For Argy—
P819 self-assemblies, a CAC of 34 pM was observed (Fig. 3).
Self-assemblies of Argy—P54 were already formulated in a pre-
vious study’ and a CAC of 79 pM was obtained.
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Fig. 3 Quotient of vibrational band intensities (/,/13) as a function of log
[Argo—P819].

PEG-ferrocifen being amphiphilic, its propensity to self-
assemble was also investigated using the pyrene fluorescence
1:3 ratio method.”® Thus, the critical aggregation concen-
tration (CAC) of PEG-P54 was determined and compared with
those previously obtained from different CPP-P54 conjugates’
(Table 1). The CAC value obtained for PEG-P54 (243 pM) was
between those of Arge-P54 (113 pM) and RLW-P54 (314 puM).
These results were in agreement with previous studies;*® an
increase of the CAC was observed with an increase of the
hydrophilic part. On the other hand, the conjugate of PEG-
P819 failed to formulate stable self-assemblies. When prepar-
ing a suspension of this conjugate, the highest concentrations
caused precipitation of the conjugate and the other points,

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of the different CACs obtained using the pyrene
fluorescence 1:3 ratio method.>® The different values obtained for
CPP-P54 were determined from a previous study.” Quotients of
vibrational band intensities (/1/I5) vs. loglconc.] for all compounds are
shown in Fig. S8+t

Compound CAC (ug mL™) CAC (1M)
Arge-P54’ 35 25
Arg,—P547 63 40
Argg-P54’ 113 66
Argy-P547 147 79
PEG-P54” 571 251
RLW-P54” 977 398

P547 295 631
Argy-P819 18 34

corresponding to lower concentrations, did not form a
sigmoid when fitted with the Boltzmann sigmoid.

According to these results, the formulation process by nano-
precipitation was performed at a concentration above all these
CAC values. Cryo-TEM analysis was performed to observe the
self-assembly morphology in its native form. According to the
results obtained (Fig. S9t), the conjugates showed self-assem-
bly into spherical particles (the presence of very small spherical
objects were also observed, particularly in Fig. S9AT).

In order to determine the self-assembly diameter, the formu-
lations were analyzed by "H NMR diffusometry (DOSY); in a pre-
vious study,” it has been demonstrated that DLS was not suitable
to characterize these self-assemblies, in contrast to DOSY.

The principle of DOSY is that smaller self-assemblies
should diffuse faster compared to larger nanostructures and
should give the major contribution in terms of protons. Using
DOSY 2D NMR (or pulse-field gradient-based sequence),
species contributing to the signal can be separated based on
both the spectral and diffusion dimensions.”” The spectral
dimension provides information on the chemical specificity to
elucidate species present in the formulation. The diffusion
dimension is indicative of the size of objects present in the for-
mulation, the bigger the object, the slower the diffusion. If
several objects are present, several diffusion coefficients are
observed. The contribution determination of each compart-
ment reflects the NMR visibility of each population. So, the
nucleus part of a large object has often shorter transversal
relaxation times and it is less NMR visible and often underesti-
mated compared to small molecules. The DOSY results in D,O
(Fig. 4) revealed nanoparticles with an apparent diameter of
4.1 nm for Args-P54, 4.5 nm for Arg,-P819 and 4.1 nm for
PEG-P54 self-assemblies (Fig. S117).

To investigate further, we decided to focus on P54 for for-
mulation reasons (PEG-P819 failed to form stable self-assem-
blies). The biological activity of Arg,-P54 (n = 6-9) self-assem-
blies obtained by nanoprecipitation was assessed on three
different cell lines: a healthy human bronchial epithelium cell
line (BEAS-2B) and two human lung cancer cell lines (A549
and NCI-H460).

First of all, the influence of the peptide length on the cyto-
toxic activity was investigated in a human bronchial epi-

This journal is © The Royal Society of Chemistry 2025
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thelium cell line (BEAS-2B) and the results were compared
with those of free P54. The cell viability assay performed using
an MTT assay after 24 hours of treatment with various concen-
trations showed no significant difference between the CPP-
P54 suspensions and free P54: Table 2. All the ICs, values were
in the same range and no tendency was observed in the func-
tion of the peptide length.

The same experiments were then performed on two different
non-small-cell lung cancer cell lines: A549, an adenocarcinoma
human alveolar basal epithelial cell line and NCI-H460, a large-
cell carcinoma line. The viability assay performed on A549
showed that the peptide length had an impact on the cyto-
toxicity; an increase of the peptide length resulted in an
increased toxicity. In fact, Args-P54 was more efficient than the
other suspensions. However, no statistically significant differ-
ence was observed between the suspensions and free P54. These
results were confirmed on NCI-H460 cells. In fact, the same
trend was observed for the peptide length efficacy; the Argy—P54
suspension has shown to be the most efficient (Table 2). Free
P54 had a very high ICs,, statistically different from conjugates.

In order to overcome the polycation dilemma,*® to protect
the peptide from an early enzymatic degradation,* to limit the
mucociliary clearance from the airways,’® to escape macro-
phages*! and to cross the mucus,** the idea was to incorporate
PEG in the self-assembly structure. Suspensions with different
molar ratios of Arge-P54/PEG-P54 were formulated by co-nano-
precipitation: 10/1, 2/1, 1/1 and 1/2.

Viability assays were performed on the healthy cell line
(BEAS-2B cells) and on lung cancer cells (NCI-H460). On
BEAS-2B cells, the same range of ICs, was obtained between
all the different suspensions and compared to P54 alone
(Table 3). The cytotoxicity of the different conjugates on the
healthy cell line is globally high and all the same in the tested
concentrations, probably because of the high sensitivity of this
healthy cell line, a point already observed in the literature.*®

On NCI-H460, the presence of PEG had a significant impact
on the ICs, values; a higher IC5, was obtained with a higher
amount of PEG, assuming that PEG could hide the CPP, causing
a decrease of the biological activity**™® (Table 3). Moreover, it is
known that PEG decreases cell uptake because of its hydrophilic
nature.””"*® In fact, PEG could shield the cell-penetrating peptide
feature of Argy-P54, resulting in a decrease of cell internalization.
It is important to note that no toxicity was observed for PEG-P54
alone in the range of tested concentrations and the highest ICs,
was obtained for the suspension containing the highest amount
of PEG (Argy-P54/PEG-P54: 1/2). Moreover, all the results
obtained for the Argy—P54/PEG-P54 suspensions were statistically
significant compared to those of free P54. According to these
results, the 10/1 ratio was chosen for the next experiments.

This molar ratio was used to formulate self-assemblies by
co-nanoprecipitation of Argy-P819/PEG-P819. They were
characterized by DOSY in D,O and apparent diameters of
2.9 nm for Argy,-P54/PEG-P54 self-assemblies (Fig. 5) and
4.4 nm for Arg,—P819/PEG-P819 were obtained (Fig. S127).

Lung cancer was induced in nude mice by injection of
lung cancer cells (NCI-H460) in the left lung of nude

Nanoscale, 2025,17, 9232-9244 | 9235
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Fig. 4 (A) DOSY *H spectrum (left) of Argo—P54 suspension in deuterated water at 25 °C after filtration through a 0.2 pm filter and the corres-
ponding two-component SCORE analysis (right) and (B) DOSY H spectrum (left) of Arge—P819 suspension in deuterated water at 25 °C after fil-
tration through a 0.2 pym filter and the corresponding two-component SCORE analysis (right).

mice.”® The presence of the tumor was confirmed by
MRI (Fig. S13%). First, self-assemblies of PEG-P54 were
studied to evaluate their biological effect compared to the
control group nebulized with phosphate-buffered saline
(PBS). The administration of self-assemblies of PEG-P54 was
performed by nebulization via an intratracheal adminis-
tration using a high pressure syringe at day 9 and 12 after
the cancer cell injection at a concentration of 0.24 mM in
ferrocifen P54.

In order to study the tolerance in mice, their weight was
measured during the whole experiment (Fig. 6A). The mice

9236 | Nanoscale, 2025, 17, 9232-9244

Table 2 Biological activities of Arg,—P54 suspensions on three cell
lines obtained by an MTT assay after 24 h of treatment, expressed as a
function of P54 concentration

BEAS-2B A549 cancer cell NCI-H460

healthy cell line line cancer cell line

IC50 (MM) SD  ICso(uM) SD  ICso (uM)  SD
Arge-P54 35 2 231 1 46 1
Arg,-P54 21 1 136 1 31 1
Argg-P54 12 1 111 1 31 1
Argy-P54 26 2 83 1 24 1
P54 27 1 216 1 215 1

This journal is © The Royal Society of Chemistry 2025
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Table 3 Biological activities of Arggo—P54/PEG—-P54 suspensions on
two cell lines obtained by an MTT assay after 24 h of treatment

BEAS-2B healthy
cell line

NCI-H460 cancer
cell line

ICs0 (uM) SD ICsp (uM) SD
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showed no significant loss of weight, proving a good tolerance
to treatment. The tumor evolution for each group (control and
treated mice) was performed using MRI. The doubling time,
the time it takes for the tumor to double in volume, was then
calculated for each mouse from the different groups. The
results are presented in Fig. 6B.

The obtained results showed no significant effect of treat-
ment via nebulization of PEG-P54 self-assemblies compared to
the control group. One explanation of these results could be that
the PEG chains, even if they help in overcoming the different
pulmonary biological barriers, would prevent the internalization
of P54 in cancer cells, limiting its anticancer efficacy.*®*°
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Fig. 7 (A) Mouse body weight evolution over 27 days. Control group: n = 13. Argo—P54/PEG—P54: n = 7, Argo—P54: n = 7. (B) Tumor doubling time
of different groups: group treated with self-assemblies of Argg—P54/PEG—P54 and Arge—P54 compared to the control group nebulized by PBS.
Control group: n = 13. Arge—P54/PEG—-P54: n = 7, Arge—P54: n = 7. ANOVA followed by Dunnet's test were used.

Two self-assemblies were then studied: Argo-P54 and Argo-
P54/PEG-P54 self-assemblies. Following the same protocol,
the biological efficacy was evaluated in vivo.

First, no significant weight loss was observed (Fig. 7A); it
has to be mentioned that the group treated with self-assem-
blies of Argo-P54 showed suffering signs in the first minutes
after nebulization. This observation could be explained by the
cell penetrating peptide Argy, known to show an acute toxicity
after its administration because of its cationic charge causing
mast cell degranulation.®®

Nebulization was performed at day 9 and day 12 after the
injection of cancer cells at a concentration of 0.24 mM in P54.
The evolution of the tumor size was performed using MRI and
the biological efficacy was assessed by calculating the tumor
volume doubling time by fitting the growth curves with an
exponential function, the time constant of the exponential
being defined as the doubling time value®" (Fig. 7B).

The results showed that compared to the control group, the
treatments with nebulization of Argy-P54/PEG-P54 self-assem-
blies or Argy,-P54 self-assemblies increased significantly (p <
0.05) the doubling time and so slowed down the tumor
development.

To conclude, in order to combine a significant anticancer
effect and a good tolerance of treatment by the mice, the self-
assemblies composed of Argy-P54/PEG-P54 could be really
promising on lung cancer treatment using a nebulization
administration route.

Conclusion

In this work, it has been described for the first time that the
co-nanoprecipitation of Arge-ferrocifen with PEG-ferrocifen
results in self-assemblies; this concept was successfully
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demonstrated with two different ferrocifens, P54 and P819.
Furthermore, the in vivo study showed that treatment by nebu-
lization of Argy-P54/PEG-P54 self-assemblies at a molar ratio
of 10/1 slowed down significantly the volume of the lung
tumor on the treated mice compared to the control group. The
designed self-assemblies of this project could even be modu-
lated in modifying the peptide sequence to provide a better
cancer cell specificity and/or by extending this strategy to other
conventional anticancer compounds.

Materials and methods

Materials

Polyethylene glycol (HO-PEG-COOH, M, = 2 kDa) was pur-
chased from Creative PEGWorks (USA). Dimethylformamide
(DMF), trifluoroacetic acid (TFA) and acetonitrile (ACN) were
obtained from Thermo Fisher Scientific (USA). All amino acids
derivatives, hexafluorophosphate (HBTU) and diisopropyl-
ethylamine (DIEA) were purchased from Iris Biotech GmbH
(Germany). Phenol was obtained from Merck KGaA (Germany).
Diethyl ether, LC-MS grade water and ULC/MS grade ACN were
purchased from Biosolve (France). Deionized water was
obtained from a Milli-Q plus system (Merck-Millipore,
Germany). Ferrocifens were provided by PSL Chimie ParisTech
(France). Formic acid, acetone and pyrene were obtained from
Sigma-Aldrich (France).

A549 and NCI-H460 cell lines were obtained from the
American Type Culture Collection (USA). Roswell Park
Memorial Institute 1640 (RPMI) medium was purchased from
LGC Standards (France). BEGM™ Bronchial Epithelial Cell
Growth Medium BulletKit™ containing BEBM™ Bronchial
Epithelial Cell Growth Basal Medium (CC-3171) and BEGM™
Bronchial Epithelial Cell Growth Medium SingleQuots™
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Supplements and Growth Factors (CC-4175) were purchased
from Lonza (Switzerland). Fetal bovine serum (FBS), penicillin,
streptomycin and phosphate-buffered saline (PBS) were
obtained from Gibco (Fisher, France). Amphotericin B was
obtained from PAA Cell Culture Company (Fisher, France).
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), Hanks’ balanced salt solution (HBSS) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (USA).
Trypsin-EDTA 10x was obtained from Biowest (France).

Conjugate synthesis and characterization

Synthesis and purification. Different CPPs have been syn-
thesized by solid phase peptide synthesis via the Fmoc strategy
and Arg, (n = 6-9), RLW, and the conjugates CPP-P54 and
CPP-P819 were synthesized, purified and characterized accord-
ing to our previous study.’

The ferrocifen molecule was conjugated with the PEG
moiety using the same strategy as that for CPP-ferrocifen syn-
thesis. In order to activate the carboxylic acid function, ferroci-
fen (P54 or P819) (5 equiv.) containing a carboxylic acid func-
tion was solubilized with HBTU (5 equiv.) in DMF. After
30 min, DIEA (10 equiv.) was added to the coupling mixture
and immediately PEG in DMF (5 uM) was incorporated into
the solution. The reaction was stopped after 2 h and DMF was
removed using a rotary evaporator.

The obtained oil was then purified by semi-preparative
reversed phase high-performance liquid chromatography
(RP-HPLC) using a Waters (France) instrument. Purification
was performed at room temperature using a SymmetryPrep C8
column (250 x 30 mm) with 7 um particle size and 100 A pore
size. Eluent (A) was 0.1% TFA in water while eluent (B) con-
tained 0.1% TFA in ACN. A gradient elution was used at a flow
rate of 3 mL min~' and an injection volume of 250 pL
(Table 4). Peaks were detected at a wavelength of 450 nm
(detection of the ferrocene part). Crude oil was solubilized in
30% (A) and 70% (B) at a concentration of 5 mg mL™". The
sample was vortexed and sonicated prior to injection.

Characterization

Nuclear magnetic resonance (NMR) spectroscopy. "H NMR
spectra were recorded in deuterated dimethyl sulfoxide at
400 MHz in FT mode using a Bruker 500 MHz AVANCE III HD
spectrometer (Wissembourg, France) equilibrated at 25 °C.
Spectra were analyzed using the software MestReNova®.

Table 4 Gradient elution of the RP-HPLC method for the purification
of PEG-P54. Phase (A) contained 0.1% TFA in water and phase (B) con-
tained 0.1% TFA in ACN

Time (minutes) Flow (mL per minutes) Phase A (%) Phase B (%)

0 3 97 3
26 3 25 75
40 3 10 90
42 3 10 90
43 3 97 3
50 3 97 3
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Mass spectrometry (MS). Matrix-assisted laser-desorption
ionization time-of-flight (MALDI-TOF) spectra was recorded
using a Bruker Biflex III spectrometer with a wavelength laser
of 337 nm. 2-[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-enyli-
dene] malononitrile (DCTB) was used as a matrix. Positive ion
spectra were recorded in linear mode; PEG-P54 was solubilized
in dichloromethane prior to acquisition.

Ultra-performance liquid chromatography (UPLC). An UPLC-UV
method was developed to quantify the purity of PEG-P54 and
PEG-P819. The apparatus consisted of an UPLC Acquity
H-Class Bio (Waters, France) composed of a quaternary solvent
manager, a sample manager, a photo diode array detector and
a column manager. The system was managed using
Empower®3 software (Waters). The column used was an
Acquity®UPLC BEH C18 100 x 2.1 mm, 1.7 pm (Waters). The
mobile phase was composed of a mixture of 0.1% TFA in water
(A) and 0.1% TFA in CAN (Table 5). The flow rate was 0.2 mL
min~" and the injection volume was set to 10 L. Detection
was performed at 450 nm. The purified product was dissolved
in 95% (A) and 5% (B) at a concentration of 1 mg mL ™",

Critical aggregation concentration (CAC). The critical aggrega-
tion concentration (CAC) was determined as reported pre-
viously using pyrene as a fluorescent probe.” For thus, 6 pL of
pyrene stock solution in acetone (50 pM) was added into tubes.
Then, acetone was evaporated under dark conditions.
Different suspensions of the tested conjugate with a concen-
tration ranging from 0.5 to 2000 pM were added into tubes
and mixed overnight at 37 °C in order to have a final pyrene
concentration of 1 pM. After 30 min of equilibration at room
temperature, a fluorescence spectrophotometer (Fluoromax-4,
Horiba, Japan) was used to measure the fluorescence intensity
of pyrene at an excitation wavelength of 336 nm. The emission
spectra were recorded in the range 350-500 nm. The slit
opening for the excitation was set at 1 nm and 3 nm for the
emission. The intensity ratios of pyrene at I3;,/Izg, (I1/I3) were
plotted against the log of the concentration and the results
were fitted using a Boltzmann-type sigmoid. The CAC value
was determined as the first sharp decrease point.>?

Self-assembly formulations and characterization

Formulation protocol. Co-nanoprecipitation of CPP-P54/
PEG-P54 and CPP-P819/PEG-P819 was performed using a
solvent displacement method.” Briefly, the conjugates were
solubilized in an adequate organic solvent (ethanol) at

Table 5 Gradient elution of the UPLC-UV method. Phase (A) contained
0.1% TFA in water and phase (B) contained 0.1% TFA in ACN

Time (minutes) Flow (mL per minute) Phase A (%) Phase B (%)

0 0.2 95 5

5 0.2 78 22
10 0.2 78 22
15 0.2 0 100
20 0.2 0 100
21 0.2 95 5
25 0.2 95 5
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different molar ratios of the conjugate. This organic mixture
was then added drop by drop to a volume of water (4 times the
volume of the organic solvent) under agitation. The organic
solvent was then evaporated via an argon flow under agitation.

Self-assembly characterization by Cryo-TEM analysis.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)
experiments were performed with a Cryo-TEM (Tecnai™ G2
Sphera, FEI, USA) at the Microscopy Rennes Imaging Center
(Biogenouest, Rennes). A 4 pL drop of the 10 mg mL ™" formu-
lation was deposited on the surface of a carbon-coated copper
grid. This grid was held under controlled conditions (humidity
and temperature) by tweezers on a guillotine device. In order
to remove the excess sample, a filter paper was then pressed
against the liquid. Then, the gird was dropped into the liquid
ethane in order to vitrify the sample. The grid was then trans-
ferred to a cryo-holder. Analyses were performed at an acceler-
ating voltage of 200 kV under a low electron dose. Data proces-
sing was performed with Image] software.

Self-assembly characterization by NMR diffusometry
(DOSY). 'H NMR pulsed field gradient acquisition (PFG-NMR),
also called diffusion ordered spectroscopy (DOSY), was per-
formed on the self-assemblies (9 mg mL ™) in deuterated water
at 25 °C after filtration using a 200 nm filter. A Bruker
500 MHz AVANCE III HD spectrometer (Wissembourg, France)
equipped with a 5 mm BBFO probe at the ASTRAL NMR facility
from Angers University was used. In DOSY measurements,
diffusion coefficients were estimated related to the chemical
shift by the observation of the exponential decay of the NMR
signal due to the self-diffusion behaviour taking place between
the two gradients of the magnetic field. Diffusion experiments
were performed using a stimulated echo sequence with longi-
tudinal eddy current delay, ledgp2s. The diffusion time was
200 ms, the diffusion gradient duration was 2.4 ms, the gradi-
ent shape ramp was linear with 128 steps and the number of
averages was 96. The gradient magnitude ranged from 5 to
95% of the maximum gradient intensity (50 G cm™'). Spectra
were analysed using the GNAT processing platform (https:/
doi-org.proxy.insermbiblio.inist.fr/10.1002/mrc.4717).
Hydrodynamic diameters were calculated from the estimated
diffusion coefficient according to the Stokes-Einstein
relationship.

Biological activity of suspensions: cell viability assays

The toxicity of self-assemblies was compared to free ferrocifen
P54 on human lung adenocarcinoma cells (A549), human
large-cell lung carcinoma (NCI-H460) and human lung epi-
thelial cells (BEAS-2B). A549 and NCI-H460 cells were main-
tained in Roswell Park Memorial Institute 1640 (RPMI)
medium containing 10% fetal bovine serum (FBS) and 1%
antibiotics. BEAS-2B cells were maintained in Bronchial
Epithelial Cell Growth Basal Medium with all the additives as
recommended by the supplier. Each cell line was maintained
in a humidified incubator under an atmosphere containing
5% CO, at 37 °C. BEAS-2B cells were sub-cultured once a week,
while A549 and NCI-H460 were sub-cultured twice a week
using 0.25% trypsin in EDTA (dilution 1:6 in HBSS). The cell
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viability was determined with a colorimetric assay using the
succinate dehydrogenase activity of viable cells by the
reduction of the yellow-colored tetrazolium salt, 3-(4,5-di-
methylth-iazol-2-yl)-2,5-diphenyl tetrazolium bromide, to a
purple-colored formazan crystal (MTT assay). Briefly, the cells
were plated in 96-well plates at densities of 10 x 10° cells per
well (A549), 10 x 10° cells per well (NCI-H460) and 20 x 10°
cells per well (BEAS-2B). After 24 h, the cells were treated for
24 h with different concentrations of the self-assemblies.
Then, the cells were incubated for 3 h with MTT solution
(0.5 mg mL™" in RPMI or BEBM medium). The medium was
removed and DMSO (100 pL per well) was added to solubilize
formazan crystals. The samples were finally analyzed with
absorbance detection at 580 nm on a plate reader
(SpectraMax® M2 System, Molecular Devices, UK). The control
was performed with the cells cultured with medium without
any treatment. Four independent experiments were conducted
for CPP-P54 and three independent experiments for CPP-P54/
PEG-P54, each with triplicate samples. The half maximal
inhibitory concentration (ICs,) was determined from the dose-
response curve. No toxic effect was observed for free peptides.

In vivo experiments

Animals. Female nude mice Rj: NMRI-Foxnl nu/nu of 7
weeks (JANVIER LABS, Saint Berthevin, France) were housed in
the Angers University Hospital animal facility. They were pro-
vided with food and water and followed a regular 12 hour day/
night cycle. After a week of acclimatization, the animals were
used for percutaneous intrapulmonary lung cell cancer admin-
istration and intratracheal administration. Animal experiments
were performed according to the ethics and regulation of
animal experimentation: authorization no. 201805281630885.

Preparation of cell suspension and Matrigel® solution for
injection. Matrigel® is a basement membrane matrix prepa-
ration extracted from Engelbreth-Holm-Swarm mouse
sarcoma (ECM gel from Engelbreth-Holm-Swarm murine
sarcoma, Sigma, E6909). It was mixed with the cell suspension
in order to improve its attachment to the lung tissue and favor
the formation of a mass. The received product was stocked at
—80 °C and placed at 4 °C for 24 hours before its use. The
received Matrigel® solution (with an initial concentration of
8-12 mg of protein per mL) was diluted 1/3 v/v in HBSS using
calcium and magnesium before mixing with the cells. The
human lung cancer cell line NCI-H460 was chosen to induce
primary human lung cancer in nude mice. The cells received
at least two passages between thawing and injection (the same
media and multiplication time mentioned before were used).
24 h before the injection of the tumor cells, the Matrigel® and
HBSS were stored at 4 °C and the Eppendorf tubes, the tips of
pipettes and the syringes were stored at —20 °C in order to
avoid any Matrigel® gelification before the injection. On the
day of injection, 35 uL of 10° NCI-H460 cells in HBSS with
calcium and magnesium was mixed with 35 pL of a solution of
Matrigel® diluted as previously described in cold HBSS with
calcium and magnesium. Mixing was performed in an ice bath
at 4 °C so to keep the Matrigel® in a liquid form. The mice
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were anesthetized by a continuous air flow (0.5-0.8 L min™")
and using 20% isoflurane placed on their ventral side on a
heating support to preserve their corporal temperature. The
prepared cell suspension was slowly injected (7-10 seconds to
inject 70 pL in order to allow the gelification of the Matrigel®
inside the lungs) percutaneously using a syringe® into the left
lateral thorax 3 mm above the line separating the lungs from
the liver. The needle was inserted 4 mm into the thorax and
quickly removed after the injection. Once the injection done,
the mouse was woken up from the anaesthesia and observed
until total recovery. The weight of the mice and their behavior,
respiratory rate and response to normal stimulus were regu-
larly checked.

MRI analyses. 9 days after the injection of cancerous cells,
magnetic resonance imaging (MRI) was performed to identify
the presence of lung tumors in the mice (Fig. S131). MRI was
performed using a PRISM core facility 7T scanner (Biospec 70/
20 Avance III, Bruker Wissembourg, France) equipped with a
BGA12S gradient system (675 mT m™') and a 35 mm diameter
resonator. For the duration of all experiments under isoflurane
anaesthesia, the animal temperature was regulated using a
heated water-circulating system. After a set of localizing
images, retrospectively gated T;-weighted images were
acquired to measure the volume of tumors using an
IntraGate® FLASH 3D sequence (TR = 110 ms; TE = 1.6 ms; a =
50°; FOV = 25 x 25 mm; matrix = 192 x 192; nine slices of
0.7 mm).

Intratracheal administration. The mice with lung tumors
were homogenously distributed into four groups, with three
treated by nebulization of 3 different self-assemblies: Argy—
P54/PEG-P54 (10/1 molar ratio), Arg-P54 and PEG-P54 at a
concentration of 1 mM in P54 and a control group nebulized
with physiological water. Two nebulization experiments have
been performed at day 9 and day 12 after the injection of the
tumor cells via the intratracheal route.* In order to regulate
their osmolarity before nebulization, an adequate volume of a
9% NaCl solution was added to the different formulations. A
final osmolarity of 280-300 mOsm L~ was considered as suit-
able for a pulmonary administration.>?

The mice were anesthetized by a continuous air flow
(0.5-0.8 L min~") and using 2% isoflurane. The mice were fixed
on an inclined support; it allowed visualizing the trachea of the
mouse once its mouth is opened and the tongue is moved away
from the field of vision. A laryngoscope was used to open the
animal mouth and to take the tongue out of the way of vision.
Once the trachea is clear, the syringe was introduced between
the two vocal cords and the injection was performed.

In order to create an aerosol and mimic the nebulizer, a
micro-sprayer system was used (high pressure syringe), allow-
ing to create microdrops of the suspension, dispersing into
the two lungs via an aerosol. The volume nebulized was of
50 pL. When the nebulization is over, the animal was waked
up on a heating support and its behavior was carefully con-
trolled until perfect recovery. Finally, the tumor size evolution
was analyzed by MRI at different days: day 9, 12, 15, 21, 23, 25
and 27 after the injection of the tumor cells.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Mathematical modelling. First, the tumor volumes were
measured from the MRI images. They were calculated from
manually drawn ROI on each slice and the area being then
multiplied by the slice thickness. These tumor volume growth
curves were then fitted by the method of least squares with an
exponential function and the time constant of exponential
converted into a doubling time value as follows:*" V(t) = Voe®,
where Vyis the volume at tyand a the growth rate. If V/(¢) =
Voe™, t' being chosen as V' = 2 V then Voe™ = 2Vpe™, so (t — t')
=1n (2)/a. (t — t') being the doubling time.

Statistical analyses. In order to check if the data follow a
normal law, two tests were performed: the Shapiro-Wilk test
and the Kolmogorov-Smirnov test. Then a ¢ test, with the cor-
rection of Welch, was performed to compare each treated
group to the control group. Differences were considered as sig-
nificant if the p value was <0.05.
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