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Review of the thesis (PhD) manuscript prepared by Stéphane HOANG

The manuscript submitted by Stéphane HOANG for obtaining the doctoral degree of
University Paris-Saclay (France) and of Charles University (Czech Republic) is entitled
"PEGylated micelles for diagnostic and therapy against solid tumors".

The manuscript is composed of an introduction followed by 3 chapters then a general
conclusion and perspectives. The introduction is a state of the art on nanosystems in medicine,
especially for cancer treatment. Stéphane HOANG focalizes then on micelles which will be
used in this PhD (61 pages). The first chapter deals with the synthesis of ferrocene-based
micelles (45 pages). The second chapter is devoted to photodegration and cytotoxicity studies
of Cie-Ferrocene-Poly(ethyleneoxide) micelles (Cig-Fc-PEO) for anticancer applications (59
pages). The third chapter (25 pages) focuses on the enhancement of EPR effect by
sonoporation. A general conclusion/perspectives and experimental section ends the
manuscript.

The General Introduction details what are nanomedicine and nanoparticles. Stéphane HOANG
focuses on nanoparticles for cancer treatment and presents the main types of nanoparticles
that are developed in research but also the ones that are used in clinics: metal-based
nanoparticles (gold, iron oxide), carbon-based nanoparticles (fullerene, graphene), organic
nanoparticles (liposomes, polymeric, dendrimers, micelles). Since micelles will be studied,
many details are given concerning micelles going from the micellization process, the
parameters of characterization, the nature of the surfactant and the use of hydrophilic
polymers. The chapter ends with the objectives of the PhD: on the one hand the development
of PEGylated micelles based on a photoactivable ferrocene moiety to treat solid tumor and on
the other hand the design of PEGylated and polymerized radiolabelled micelles for both MRI
imaging and treatment of glioblastoma.

Chapter 1 focuses on molecular engineering, synthesis and characterization of ferrocene-based
micelles. The aim is to elaborate degradable micelles thanks to the oxidation of ferrocene to
ferricenium. First of all, a state-of-art of ferrocene in anticancer treatment is described as well
as for drug release. It has a high stability, is easy to functionalize, do not present any dark
cytotoxicity whereas ferricenium does. Nevertheless, the ferrocene/ferricenium redox couple is
reversible, Reactive Oxygen Species (ROS) can oxidize ferrocene to ferrocenium which can then
be reduced back to ferrocene (Fenton reaction). The first strategy was the direct Friedel-Crafts
acylation of 10,12-pentacosadiynoic acid (PCDA) to couple Ferrocene then PEO by acylation.



The reaction yield was very low (2 to 5 %) due to the possible interaction between the triple
bond and AICl;. Mild acylation was then tested with TfOH and TFAA and the desired
compound was obtained with 46% yield. PEO2000COOH was synthesized but acylation with
PCDA-Fc did not work. Finally, Fc-NHS reacted with PCDA and PCDA-Fc could be obtained
with 2% yield. Another strategy was a late incorporation of PCDA and PEO chains, in 7 steps
for ease of purification. All the attempts were unsuccessful since it appears that PEO interfere
with AICls. Another approach has been to do the two acetylations before introducing both
chains. After several trials, the final compound PCDA-Fc-PEO was not obtained. Finally, an
easier strategy was followed starting with the already bifonctionalized 1,1'-
ferrocenedicarboxylic acid, even if it is more expensive. This strategy was a success and the
desired compound was obtained with a global yield of 8.6%. In parallel, PCDA-PEO was also
synthesized. It was possible to realize micelles of PCDA-PEO with a size of 14 nm.
Nevertheless, the DLS set-up uses a 450 nm diode laser that was able to photodegrade PCDA-
Fc-PEO micelles. Stéphane HOANG decided to move from PCDA to a stearyl Cis. The same
conditions using 1,1'-ferrocenedicarboxylic acid were used except that NHS was replaced by
DSC (N, N'-disuccinimidyl carbonate). The desired compound Cig-Fc-PEO was obtained in 3
steps with an overall yield of 30% and Cis-PEO with an overall yield of 48% in 2 steps.
Hydrodynamic diameters were 10 nm. Zeta potential was O for Cis-Fc-PEO and Cis-PEO. CMC
were 0.010 mg.mL" for C4s-PEO and 0.027 mg.mL" for Cys-Fc-PEO.

Through all these studied, we can realize that Stéphane HOANG is tenacious and that he
always seeks to find solutions to his problems of organic synthesis.

Chapter 2 focuses on the photodegradation studies of Cig-Fc-PEO and evaluation of
cytotoxicity onto MCF-7 cell line. First of all, a description of pristine ferrocene,
cyclopentadienyl iron(ll) arene salts, substituted ferrocene is done. This is followed by the
description of electronic structure of ferrocene and ferricenium decomposition. The formation
of cytotoxic ferric species can be used for anticancer applications, especially photodynamic
therapy (PDT). The principle of PDT is described as well as the main photosensitizers used in
research and clinically (porphyrin, chlorin, bacteriochlorin). Finally, ferrocene and
photosensitizer interactions is described since ferrocene is able to quench triplet state of
various organic compounds. Cig-Fc-PEO micelles could serve both to carry molecule and to
produce cytotoxic species upon illumination. Photodegradation of Cig-Fc-PEO micelles was
performed after illumination with a blue light emitting diode with a maximum at 460 nm in
water. After only 30 s, a decrease of 40% of the 442 nm absorption was observed. It seems that
there is release of monomeric Cp rings. XPS was used to analyse the dark precipitate that was
formed. Decomposition and oxidation of the ferrocene moiety (Fe?*) generates ferric oxide and
hydroxide species (Fe**). The influence of the solvent was studied after 5 min illumination in
acetonitrile, chloroform and acetone: no change in the UV spectra was observed. Nile Red (NR)
was loaded into Cig-Fc-PEO micelles. As expected, after 30 s, 40% of the NR signal was lost
due its release. Cellular uptake in MCF-7 was then performed with different concentrations of
Cig-Fc-PEO and Cis-PEOmicelles. The highest the concentration, the highest the incorporation.
In a very interesting way, after illumination (460 nm, 10 min), a decrease of cell viability is
observed only for Cig-Fc-PEO and not for C1s-PEO. Using CellROX, it was possible to show that
there is formation of ROS in the cells. To increase the wavelength of excitation, Stéphane
HOANG decided to encapsulate a photosensitizer meso-tetraphenylbacteriochlorin (TPBC)
which was synthesized in one step from TPP in 60 % yield. To prove the formation of 'O; after
illumination & 740 nm, DPBF which is a 'O; probe was also encapsulated into Cis-PEO micelles.
After 20 s, absorption of DPBF disappeared proving the formation of 'O.. TPBC absorption



decreased. Photodegradation of TPBC@C;s-Fc-PEO was studied. A fast degradation of DPBF
was observed due to the formation of 'O inside the micelles leading to the degradation of the
micelles.

The last chapter was dedicated to the enhancement of EPR effect by sonoporation. This
technique is based on the local application of ultrasounds combined with microbubbles made
of a shell of proteins or lipids and a core filled with fluorinated gas molecules. Under
ultrasound wave, cavitation happens and can open the membranes. Photopolimerized PCDA-
PEO micelles (p PCDA-PEO) were used as well as PCDA-DFO where DFO is a desferoxamine
head able to chelate ¥Zr for PET detection, with a size of 12 nm. A formulation of pPCDA-
PEO/DFO (9:1 w/w) with a diameter of 12 nm was prepared. A florescent dye was
encapsulated (DiD). The cyotoxicity of DiD@pPCDA-PEO/DFO was evaluated onto U87MG
(glioblastoma) and B16F10 (melanoma) and no dark cytotoxicity could be observed till 1
mg.mL". Radiolabeling was performed with success to obtain DiD@pPCDA-PEQ/DFO[*Zr].
Stability at 37°C in PBS, mouse plasma and mouse serum for 48 h was proven. In vivo
experiments were done at the Orsay Hospital on mice bearing subcutaneous U87MG tumors.
After applying ultrasounds during 2 min, PET images were recorded between 4 h and 7 days.
The micelles DID@pPCDA-PEO/DFO[*Zr] accumulated into the tumour (maximum value of
3%IDcm after 48 h with or without sonoporation), as well as in liver and spleen. No difference
could be observed with or without sonoporation. Nevertheless, sonoporation increased the
homogeneity of delivery. Looking at the pharmacokinetics, no difference could be observed
between sonoporation or not. The same obervation was done looking at accumulation into the
tumor.

The manuscript written in English is very dense but very pleasant to read. The figures and the
bibliographies are very neat. To circumvent the problems encountered during the synthesis,
Stéphane HOANG demonstrated a great capacity for imagination to find solutions. Stéphane
HOANG realized a multi-disciplinary research with organic chemistry, analytical chemistry,
photophysics, radiolabeling, in vitro studies. For all these reasons, | give a very favorable
opinion to the thesis defense of Stéphane HOANG.
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