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Abstract :
Triple-negative breast cancers (TNBC) represent the most aggressive form of breast cancers
and their treatment are challenging due to the tumor heterogeneity. The high death rate and

the limited systemic treatment options for TNBC necessitate the search for alternative



chemotherapeutics. We previously found that FCOHTAM, an organometallic derivative of
hydroxytamoxifen, showed in vitro a strong antiproliferative effect on various breast cancer
cell lines, including MDA-MB-231 cells, the archetype of TNBC. In this study, we developed
stealth FCOHTAM loaded lipid nanocapsules (LNCs) to further evaluate this novel drug on a
TNBC xenografted model. Cell cycle analysis of MDA-MB-231 cells confirmed the
preservation of the drug activity through LNCs causing a cycle arrest in phase S after 48 h
exposure at the 1Csy concentration (2 uM). Two intraperitoneal injections of FCOHTAM
loaded LNCs (20 mg/kg) administered to luciferase-transfected MDA-MB-231 tumors
bearing mice led to a marked delay in tumor growth. As a consequence, a significantly lower
tumor volume was obtained at the end of the experiment with a difference of 36% at day 38
compared to the untreated group. These results represent the first evidence of an in vivo effect

of FCOHTAM and ferrocenyl derivatives in general on xenografted breast tumors.

1. Introduction

Breast cancer (BC) is the most frequently diagnosed cancer in women worldwide
accounting for 23% of the total cancer cases [1]. Thanks to medical progress in cancer
diagnosis and therapy including earlier detection, increased awareness and improved
treatment, breast cancer survival has been increasing since about 1990. However, despite
these advances, breast cancer remains the principle cause of death from cancer among
women, representing 14% of global cancer deaths (worldwildbreastcancer.com).

Among the different BC subtypes, triple negative breast cancer (TNBC) defined by the
absence of estrogen receptor alpha (ERa), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2), accounts for 15-20% of all breast cancer cases and is
responsible for a high rate of mortality [2,3]. TNBC generally occurs in younger women and

represents the most aggressive form associated with a high risk of recurrence, visceral and



central nervous system metastases and early death. The lack of standard therapeutic receptors
makes TNBC insensitive to endocrine therapy such as tamoxifen (Nolvadex®) used in ERa
(+) cancer treatment [4] or to trastuzumab (Herceptin®) commonly used for HER2 (+) tumors.
Additionally, TNBC is further characterized by a biological heterogeneity within its own
subgroup. Consequently, there is currently no targeted therapy for TNBC and no treatment
protocole (schedule and choice of chemotherapeutics) has been standardized so far, making
TNBC a major challenge for breast oncologists. Current researches focus on the development
of innovative therapeutics with alternative biological activity such as PARP (polyadenosine
diphosphate ribose polymerase) inhibitor, antiangiogenic agent or tumor necrosis factor-
related apoptosis-inducing ligand [5]. In this context and with the growing interest in metal-
based drug [6], Jaouen’s group has synthesized a range of ferrocenyl tamoxifen derivatives
called ferrocifenes resulting of the combination of a ferrocene moiety with the tamoxifen
(TAM) scaffold (Fig. 1) [7].

Since its FDA approval in 1998, TAM has been the oldest and most prescribed SERM
(selective estrogen receptor modulator) and it plays the role of antagonist of the estrogen
receptor via its active metabolite 4-hydroxytamoxifen (OH-TAM). TAM has been used for
the management of advanced or metastatic estrogen dependent breast cancer, but also as
adjuvant therapy, preoperative treatment and chemoprevention [8,9]. Despite its great
achievements, 30% of ERa (+) breast cancer displays a de novo resistance to TAM [10] while
40% of ERa (+) tumors acquire resistance over the treatment period [11]. Besides this
resistance, TAM efficacy is impeded with severe side effects caused by the lack of selectivity
of the drug against tumors cells such as endometrial cancers [12] and ovarian cyst [13].
Finally, as aforementioned, TAM is inefficient on ERa (-) breast cancer cases which includes
TNBC [14]. The strategy of coupling a ferrocene to the hydroxytamoxifen was therefore

meant to supplement TAM with a



redox entity in order to overcome the therapeutic limitation encountered with the organic
analogue.

Interestingly, previous in vitro studies demonstrated that FCOHTAM induced cell growth
arrest and senescence of both hormone-dependent and independent breast cancer cells at low
doses. This original effect is not related to tamoxifen-induced apoptosis which can be
observed with high doses of TAM [15,16]. This first result proved the efficient contribution of
the ferrocenyl moiety in potentiating the anticancer mechanism of the complex. To conduct in
vivo evaluations, it was necessary to address the water solubility issue of this lipophilic
molecule. Today, nanomedicines have appeared as a compelling system to develop an
injectable formulation of FCOHTAM offering great benefits such as increased bioavailability,
protection against in vivo degradation and enhancement of pharmacokinetic properties.
Among the manifold types of nanovehicles, lipid nanocapsules (LNCs) [17], composed of an
oily core and a surfactant-made shell, already proved their efficiency to entrap and transport
the ferrociphenol (FcdiOH) drug, another member of the ferrocifen family. The anticancer
activity of FcdiOH was widely investigated on brain tumor models through lipid nanocapsules
and favorable outcomes showed the promising efficiency of this ferrocenyl based drug [18-
20], encouraging the preclinical FCOHTAM evaluation via LNCs.

The aim of the present work was therefore to develop a suspension of stealth FCOHTAM-
LNCs and, thereafter, to assess the response of mice bearing MDA-MB-231 xenografted

tumors, a TNBC model resistant to tamoxifen treatment.

2. Materials and methods
2.1. Chemical materials
Fc-OH-TAM was prepared by a McMurry cross-coupling reaction as previously described

[21]. The lipophilic Labrafac® WL1349 (caprylic-capric acid triglycerides) was purchased



from Gattefosse S.A. (Saint-Priest, France). Lipoid® S75-3 (soybean lecithin at 69% of
phosphatidylcholine) provided by Lipoid Gmbh (Ludwigshafen, Germany); Solutol® HS15 (a
mixture of free polyethylene glycol 660 and polyethylene glycol 660 hydroxystearate) by
BASF (Ludwigshafen, Germany) and NaCl by Prolabo (Fontenay-sous-bois, France).
Deionized water was acquired from a Milli-Q plus system (Millipore, Paris, France) and
sterile  water from  Cooper (Melun, France). 1,2-DiStearoyl-sn-glycero-3-
PhosphoEthanolamine-N-[methoxy-(polyethyleneglycol)-2000] (DSPEmMPEG2000) (Mean
Molecular Weight (MMW) = 2805 g/mol) was purchased from Avanti Polar Lipids

(Alabaster, USA).

2.2. Preparation of Fc-OH-TAM-loaded lipid nanocapsules

The LNC vehicle was prepared according to a phase inversion method as previously
described [2]. Briefly, the preparation process involved 2 steps. Step | consisted of mixing all
the excipients (Solutol® HS15 (17.2% wi/w), Lipoid® (1.5% wi/w), Labrafac® (20.8% wi/w),
NaCl (0.5% wi/w) and water (60% wi/w)) under magnetic stirring and heating from room
temperature to 90 °C. Three cycles of progressive cooling and heating between 90 and 60 °C
were then carried out. Step 11 was an irreversible shock induced by sudden dilution with water
(28.5% (v/v)) applied to the mixture at 70-72 °C. Slow magnetic stirring was then applied to
the suspension for 5 min.

Fc-OH-TAM loaded LNCs were prepared according to this above-mentioned process with
drug addition as a solid powder at step 1 to the other excipients in order to obtain a final
concentration of 8 mg/mL (2.8% wi/w). The drug was solubilized during the heating step and

ultimately encapsulated over the last cooling step.

2.3. Post-insertion of DSPE-mPEG(2000) at the LNC surface



To design stealth LNCs, DSPE-mPEG2000 was grafted onto the surface of LNCs at the
concentration of 10 mM by the post-insertion technique as previously described [22]. Briefly,
DSPE-mPEG2000 was added to the LNC suspension preheated at 60 °C. The mixture was
placed under magnetic stirring for 2 h at 60 °C, and, finally the insertion was quenched in an
ice bath for 1 min. This technique is commonly called PEGylation, referred to as the insertion

of PEG chains on the carrier surface.

2.4. LNC characterization

The determination of the drug loading was achieved by spectrophotometry at 254 nm after
dissolving 10 pL of LNCs into 5 mL of methanol (Fisher chemical). The calibration curve,
ranged from 10 uM to 100 pM, was also prepared in methanol.

The average hydrodynamic diameter of nanocapsules were determined at 25 °C, in
triplicate, by using a Malvern Zetasizer® (Nano Series DTS 1060, Malvern Instruments
S.A.Worcestershire, UK). For the measurement, the LNCs were diluted at 1:100 (v/v) in

deionised water.

2.5. Tumour cell line and culture

MDA-MB-231 breast cancer cell line was obtained from the American Type Culture
Collection (ATCC) and routinely grown in Dulbecco modified Minimal Essential Medium
(DMEM) supplemented with 10% inactivated FBS (Fetal Bovine Serum) (Invitrogen
Corporation, Cergy-Pontoise, France), 2 mM L-glutamine, 1% nonessential amino acids, 40
Ul/ml penicillin, 40 pg/ml streptomycin at 37 °C in 5% CO,-humidified atmosphere.

MDA-MB-231 cells used in SCID mice experiment harbored stable transfection of Renilla
hRLuc (Renilla reniformis) reporter gene. Cell transfections were done using pGL4

Luciferase receptor vector (promega) and the Cell Line Nucleofector Kit VV (Lonza) according



to the manufacturer’s instructions. Cells were selected with hygromycin B (800 pg/ml,
Invitrogen), the resulting hygromycin resistant cell populations were stored as frozen stocks

and used for all the experiments within 20 passages.
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Fig. 1. Schematic coupling between a hydroxytamoxifen and a ferrocene resulting in the ferrocenyl tamoxifen

derivative.

2.6. In vitro cell viability

A suspension of MDA-MB-231 cells (0.95 x 10* cells/mL) was put on every well of the
24-well plates for 48 h. On day 2, the culture media was removed and cells were treated with
increasing concentrations of FCOHTAM (0.01-100 pumol/L) from the various dosage form
including free FCOHTAM, conventional LNCs and stealth LNCs. The free FCOHTAM (non-
encapsulated drug) was solubilized in absolute ethanol at a concentration of 20 mg/mL and
then diluted in the culture media to obtain the highest concentration (100 pumol/L). The
different types of LNC suspensions were diluted likewise in the culture media in order to
obtain a concentration of 100 pumol/L. The other low concentrations were obtained by 1:10
cascade dilution from the 100 pmol/L concentration. The toxicity of the two kinds of
unloaded LNCs was also evaluated with this antiproliferative assay by carrying out the same

dilutions as for the loaded LNC:s.



After 72 h incubation at 37 °C, the media containing treatments were replaced by fresh
media. Cell survival percentage was estimated by the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) survival assay (Promega, Lyon,
France). MTS solution (100 ul) was added into each well, and the plates were incubated at 37
°C for 2 h 30. The optical density values (OD) were measured at 490 nm for dark purple
intensity and at 750 nm for subtraction of background using a multiwell-scanning
spectrophotometer (Multiskan Ascent, Labsystems SA, Cergy-pontoise, France). The
maximal absorbance was determined by incubating cells with culture media and was
considered as 100% survival. All experiments were performed in triplicate and presented as

Mean £ SD.

2.7. Cell cycle analysis

1 x 10° MDA-MB-231 cells were plated in 60 mm dishes in DMEM with phenol red
supplemented with 10% stripped foetal bovine serum for 24 h. Cells were then treated with
increasing concentration of free FCOHTAM and with LNC and stealth-LNC containing
FCOHTAM. Cell cycle analyses were then process after 24, 48 and 72 h of treatment. At the
end of the experiment, the cells were trypsinized and washed twice with PBS. They were
subsequently incubated in PBS containing RNAse A (50 pg/ml, 15 min, 20 °C) and then in
PBS containing propidium iodide (20 pug/ml, 4 h, 20 °C, in the dark). Cell cycle was analyzed
with Cyan LX9 cytometer (Beckman Coulter, France) and data were analyzed by a multicycle

software (phoenix Flow systems, San Diego, USA).

2.8. In vitro complement activation
The complement consumption was evaluated in normal human serum (NHS) (provided by

the Etablissement Francais du Sang, CHU, Angers, France) by measuring the residual



haemolytic capacity of the serum complement after contact with the different particles. The
technique, according to the procedure described elsewhere [23], consisted in dosing the
amount of serum able to haemolyse 50% of a fixed number of sensitized sheep erythrocytes
with rabbit anti-sheep erythrocyte antibodies (CH50 unit). Complement activation was
presented as a function of the nanoparticle surface area which was calculated as previously
described [24]. All

experiments were performed in triplicate.

2.9. Animals and implantation of tumor cells

Six-week-old female severe combined immunodeficient (SCID) mice were purchased from
Pasteur Institute of Lille and acclimatized for at least two weeks. Mice were maintained under
a 12 h light/dark cycle at a temperature of 20 °C-22 °C. Food and water were available ad
libitum. Mice were maintained in accordance with the Institutional Animal Care and Use
Committee procedures and guidelines. The protocol used was approved by the regional ethic
committee according to legislation. MDA-MB-231 cells were harvested and resuspended in
PBS before subcutaneous injection into flanks (3 x 10° cells per mice). At day 14 and 19,
treatments (PBS, unloaded stealth LNCs, stealth FCOHTAM-LNCs) were applied
intraperitoneally (20 mg/kg). To determine the tumor volume, each mouse was monitored at

the indicated time using a bioluminescence imager (IVIS Lumina XR - CaliperLS).
2.10. Statistical analysis
Results were expressed as a mean + SEM. Statistical significance between control and

treated groups was evaluated using Mann and Withney test.

3. Results



3.1. Physicochemical properties of LNC suspensions

The FCOHTAM concentration into LNCs was settled at 8 mg/mL in order to deliver the
desired dose. At this concentration, the entrapment efficiency reached 100% (data not shown).
The physicochemical characteristics of the LNC suspensions including hydrodynamic
diameter and zeta potential are summarized in Table 1.

Regarding the cargo size, the FCOHTAM entrapment into LNCs did not alter the size
compared to unloaded LNCs as similar sizes were obtained. Stealth LNCs (unloaded and
loaded with FCOHTAM) obtained after PEGylation showed a slight increase in size compared
to conventional LNCs.

The apparent surface charge was evaluated through zeta potential measurement. As pointed
out in Table 1, FCOHTAM entrapment markedly increased the zeta potential from -6.6 mV to
+22.7 mV. After DSPE-PEG insertion, both unloaded and loaded LNCs showed a dramatic

decrease of zeta potential.

Table 1

Physico-chemical characteristics (size and charge) of conventional and stealth LNCs unloaded and loaded with
FCOHTAM.

Formulation Hydrodynamic diameter (nm)  Zeta potential (mV)
LNCs 51.2+0.7 -6.6 0.5
Stealth LNCs 549+0.9 -248+1.3
FCOHTAM-LNCs 51.3+0.4 +22.7+04
Stealth FCOHTAM-LNCs 53.9+ 0.6 -13.0+19

3.2. In vitro antiproliferative activity



The antiproliferative activity of FCOHTAM loaded LNCs was assessed comparatively to
free FCOHTAM using the MTS assay after exposure of MDA-MB-231 cells to different drug
concentrations ranging from 0.01 uM to 100 uM for 72 h. The cell survival profiles of the
various treatments were illustrated in Fig. 2.

As shown in Fig. 2, the FCOHTAM concentrations which inhibit the cell growth at 50%
(ICsp) remain unchanged after entrapment into LNCs whatever the types of LNCs
(conventional or stealth), reaching an interesting low value around 2 pM. At this dilution,

vehicles did not show any toxicity.

Antiproliferative assay

—+—FcOHTAM-LNCs

—=— Stealth FCOHTAM-LNCs
—#— Unloaded-LNCs
——Unloaded stealth LNCs
—+—Free FCOHTAM

% Surviving cells

0,01 0,10 1,00 10,00 100,00
Concentration (uM)

Fig. 2. MDA-MB-231 cell survival curve after 72 h exposure to various treatments (Free FCOHTAM,
FCOHTAM-LNCs, stealth FCOHTAM-LNCs, Unloaded LNCs and Unloaded stealth LNCs) at increasing drug

concentration ranging from 0.01 uM-100 uM. The results are expressed as the mean + SD.

3.3. Cell cycle distribution

We have previously described that growth inhibitory effect of FCOHTAM is characterized
by modification of cell cycle distribution of MDA-MB-231 [15]. In order to evaluate the
impact of the drug encapsulation into LNCs on this effect, cell cycle distribution analyses
were conducted at 1Cso value (2 uM) and results were gathered in Fig. 3. Similar cell cycle

profiles and cell cycle kinetics were observed for FCOTHAM free or formulated in LNCs or



stealth-LNCs. Whatever the formulation, FCOHTAM led to a slight increased of MDA-MB-
231 cells in S-phase fraction after 24 h of treatment. After 48 h, the cells were stacked mainly
in S phase. Then, after 72 h, cells entered in G2/M phase then went back to GO/G1 phase. A

sub-GO population was also detectable indicating that a fraction of the treated cells were dead.
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Fig. 3. Typical flow cytometric analysis profile. Breast cancer cells were treated with A) DMSO, LNCs, stealth-
LNCs, B) Free FCOHTAM in DMSO, FCOHTAM-LNCs or stealth FCOHTAM-LNCs for 24, 48 h or 72 h, then
analyzed by flow cytometry. An example of GO/G1, S and G2/M phase was annotated in A (DMSO at 24 h) and
an example of sub-GO peak was visualized in B (free OH-TAM at 72 h). The results are representative of two

independent experiments.
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Fig. 4. Complement activation of unloaded LNCs, stealth unloaded LNCs FCOHTAM-LNCs and stealth-
FCOHTAM-LNCs expressed by % consumption of CH50 unit at 37 °C in function of the nanoparticle surface

area. The results are represented as mean + SEM.

3.4. In vitro complement activation

Upon intraperitoneal injections, the drug-loaded LNCs are expected to be absorbed into the
systemic circulation where they can experience a clearance phenomenon due to the immune
system. Accordingly, the complement activation was evaluated in vitro by the CH50 method,
which measures the complement system activation due to the LNCs [25]. This method
consists in determining the residual haemolytic capacity of a fixed amount of normal human
serum towards 50% of antibody-sensitized sheep erythrocytes in the presence of an increasing
nanoparticle surface area. As presented in Fig. 4, all types of tested LNCs, namely unloaded
LNCs, stealth unloaded LNCs, FCOHTAM-LNCs and stealth FcOHTAM-LNCs,
demonstrated weak complement activation compared to the positive control, polymethyl
methacrylate (PMMA) nanoparticles, which were considered as strong complement activators

[23].
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Fig. 5. A/ Tumor volume evolution of xenografted MDA-MB-231. SCID mice were injected with MDA-MB-
231 breast cancer cells expressing luciferase gene (DO0). At day 14 and day 19, mice were injected with indicated
treatments. To monitoring tumoral volume, mice were subjected to in vivo imaging at day 0, 14, 19 27, 34 and
38. Luminescence was measured in radiance (pixels/second/cm?/square). The number of animals used for each
group is indicated on the figure. Mann-Withney test was performed between control group and treated groups.
The red arrows correspond to the treatment days. The values are expressed as mean + SEM *P < 0.05, **P <
0.01, compared with the untreated control. B/ Photographic demonstration of comparative tumor size after
treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)



3.5. In vivo antitumor activity of FCOHTAM-LNCs on mice bearing TNBC xenografted
tumors

The antitumor activity of FCOHTAM was assessed in vivo on a TNBC model
subcutaneously xenografted into SCID mice. In order to monitor the tumor growth, MDA-
MB-231 cells expressing luciferase gene were injected. Intraperitoneal (i.p) route was chosen
for drug dosing considering that, for repeated injections, i.p. is more convenient and less
invasive than intravenous injection while similar plasma distribution is obtained with both
routes. The tumor evolution for each group was plotted in Fig. 5.

Tumor volumes increased dramatically for both untreated control group and unloaded LNC
treated group with similar tumor evolutions. Interestingly, FCOHTAM-LNC treatment
markedly delayed the tumor growth compared to the two previously mentioned groups. As a
result, the hampered tumor growth rate led to an impressive low tumor volume at day 38 with
36% tumor volume reduction compared to that of control groups (P < 0.01) (Fig. 5A) as

evidenced by the pictures of tumor luminescence (Fig. 5B).

4. Discussion

Triple negative breast cancer, defined by the absence of estrogen receptor alpha,
progesterone receptor and HER2 expression, is characterized by a high rate of relapse and
widespread metastases reflected in a poorer prognosis and a higher mortality number than
other BC subtypes. As the current therapies with conventional cytotoxics fail to hamper its
aggressive evolution, TNBC treatment remains a great clinical challenge.

Since the discovery of cisplatin, one of the most potent anticancer drugs, albeit ineffective
to cure breast cancer, the interest in metal-based drugs has been growing in an attempt to
overcome the therapeutic limitations encountered with available organic compounds [26]. In

this context, a ferrocenyl-based tamoxifen has been synthesized to confer additional



properties to the tamoxifen drug alone including accessible redox state. Whereas tamoxifen
shows an antiproliferative effect on hormone-dependent cell lines only, the ferrocene moiety
extended its anticancer activity to ERa (-) cell lines and TNBC cell lines. Considering this
hopeful result, this paper aimed to evaluate the antitumor activity of this metal-based drug in a
TNBC xenograft model. The poor water solubility of this lipophilic drug required the use of a
dosage form for its in vivo injection. Lipid nanocapsules were suitable candidates as they
already achieved great outcomes in terms of loading capacity of FcdiOH, another ferrocenyl
based drug, and successful transport toward the site of interest [20].

Regarding FCOHTAM, its encapsulation into LNCs turned out to be readily feasible at
suitable concentration (8 mg/mL). FCOHTAM-LNCs displayed a high positive zeta potential
probably due to the positively charged amino moiety of FCOHTAM, suggesting that the
compound was entrapped within the shell of the LNCs and exposed at the interface water/oil.
This drug anchorage at the surface might prevent its escape into an undesired site on its way
toward the tumor. However, positively charged nanoparticles have shown to exhibit high
systemic toxicity [27,28]. To rend the nanocapsules safe for animal injection, a PEGylation
was performed providing a negatively charged hairy surface. This DSPE-mPEG insertion
effect on zeta potential is consistent with previous reports and could be explained through the
following two considerations. Firstly, the slipping plane is moved further away from the
nanocapsule surface due to the 45 ethylene oxide units composing the phospholipid PEG [29].
In addition, the reduction of the charge can also be due to the negatively charged phosphate
groups of DSPE-mPEG [30].

Beside a surface charge modification, the grafting of PEGylated phospholipids is also used
to provide nanoparticles with stealth properties [29,31]. Upon intraperitoneal injection and
after absorption into the systemic circulation, the LNCs are subjected to elimination

phenomena due to the immune system. To avoid a rapid clearance and increase the drug



accumulation into the tumor, galenists made use of PEGylation techniques, referred to as the
coating of nanoparticles surface with polyethylene glycol resulting in the formation of a
hydrodynamic layer. The DSPE-mPEG2000 post-insertion method already proved to be
efficient, permitting a significant

extension of LNCs circulation time in plasma [22,32]. Here, FCOHTAM-LNCs post-inserted
with DSPE-mPEG showed low in vitro complement activation predicting stealth properties
upon in vivo injection.

In order to make sure that the FCOHTAM activity was not hampered by the lipid
nanocapsules, in vitro antiproliferative assay and cell cycle distribution were run. Equivalent
activity profiles were obtained for free FCOHTAM and stealth FCOHTAM-LNCs on a TNBC
cell line with low ICs values of 2 UM and, as previously described, an S phase cell cycle
arrest after a two day treatment at this 1Cso values, [15]. This indicated that LNC did not
significantly modify the FCOHTAM biological effects on cells. It is worth noting that the 1Cs
of free OH-TAM for the same cells (MDA-MB-231) is above 30 puM [33]. By comparison to
the literature, FCOHTAM-LNCs showed 10-20-fold lower ICs, value compared to other drugs
under investigation on this cell line such as curcumin (~20 pm) [34] and noscapine (~36 um)
[35] but remains higher than those of the first-line drugs used for the management of hormone
independent breast cancer including doxorubicin (0.04 puM) or paclitaxel (5 nM) [36].
However, the cell cycle analysis of FCOHTAM-LNCs and previous studies proving the
absence of DNA alteration with FCOHTAM treatment [37] seemed to reveal an original cell
death pathway mediated by senescence. Although low doses of doxorubicin were shown to
induce senescence [38,39], its major effect is related to the apoptosis cell death. Thus,
FCOHTAM effects occurred by an alternative cell death pathway different from the DNA

intercaling activity of doxorubicin [40,41] and from the microtubule-stabilizing effect



ascribed to paclitaxel [42]. This might bring a new strategy to overcome the resistance
developed in clinics by the cells treated with either drug.

To further assess the antitumor effects of FCOHTAM-LNC:s, in vivo study was performed
on mice bearing luciferase-transfected MDA-MB-231 cancer cells, a TNBC model resistant to
OH-TAM. The use of this kind of cancer model allows a rapid and non-invasive monitoring
of the tumor via the bioluminescent imaging technique.

Whereas control groups including untreated animals and unloaded LNC treatment showed
an impressive fast tumor growth, treatment with stealth FCOHTAM-LNCs led to a marked
delay of the tumor growth. Two main areas can be distinguished according to the curve
slopes, one between D19 and D34 and the second one from D34. In the first area, the
FCOHTAM-LNCs curve slope does not parallel the control slope, evidencing the cytostatic
effect of the treatment on cell proliferation. Consequently, at D34 the tumor volume of stealth
FCOHTAM-LNCs treated group was half that of the control group. On the contrary, the
equivalent slopes between the treated and control groups in the second part of the graph
demonstrate the cell metabolism recovery for the FCOHTAM-LNC-treated tumors. This
recovery led to a reduced gap estimated at 36% between the tumor volumes of treated and
control groups. This result suggests that, in order to curtail the tumor regrowth, additional
injections may be necessary.

This result represents the first evidence of an in vivo effect of a ferrocenyl derivative on
xenografted breast cancer tumors and to the best of our knowledge, it is also the first novel
chemical molecule proving activity on MDA-MB-231 cell lines. As previously shown, the
anticancer biological mechanism of FCOHTAM involves ROS production, oxidation of iron
(+2) iniron (+3), and generation of quinone methide [43] which is ultimately associated with
S-phase cell cycle arrest and senescence. The current therapies used in clinics to treat TNBC

include anthracyclines and taxane. Although certain TNBC cases positively respond to these



molecules, the overall survival remained poor and is referred to as “TNBC paradox” [3].
Consequently, with its original mechanism of action, FCOHTAM might represent a promising
treatment option for TNB cancers.

The next step for the evaluation of this drug would be to assess its efficiency in a
metastatic breast cancer model. Metastatic breast cancer is the most advanced stage and the
main cause of mortality for breast cancer patients [44]. While current researches are focusing
on the elucidation of metastasis process [45-47], to date, there is no curable solution and
treatments merely aim to relieve symptoms and extending a woman’s life expectancy.
Generally, systemic chemotherapy is used in metastatic cancer treatment ensuring the drug
distribution through the whole body in order to reach most of the tumor sites. Stealth LNCs
are specially designed to escape the immune system, thus prolonging the circulation time in
body fluids and would be really adapted to the evaluation of FCOHTAM in a metastatic breast
cancer model.

Finally, the dual antagonist/agonist action displayed by TAM may increase the probability
of developing endometrial cancer among other side effects. Thanks to LNC, it would be
possible to attach targeting agents onto their surface in order to carry the drug selectively to

the designated tumor site without harming healthy cells.

5. Conclusion

This work has evidenced the potent anticancer activity of the ferrocenyl tamoxifen on a
xenografted breast cancer. Even if additional studies are needed to further evidence this
observed anticancer activity, FCOHTAM-LNCs could represent an alternative and efficient

strategy to fight this so far incurable cancer.
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