N
N

N

HAL

open science

Formulation of liponanoparticles for dual
chemo/photodynamic therapy of retinoblastoma
Marline N’Diaye

» To cite this version:

Marline N’Diaye.  Formulation of liponanoparticles for dual chemo/photodynamic therapy of
retinoblastoma. Galenic pharmacology. Université Paris Saclay (COmUE), 2018. English. NNT:

2018SACLS572 . tel-03491860

HAL Id: tel-03491860
https://theses.hal.science/tel-03491860
Submitted on 18 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03491860
https://hal.archives-ouvertes.fr

o UNIVERSITE
= PARIS
universite s P S

PARIS-SACLAY

Formulation de liponanoparticules
pour le traitement du rétinoblastome
par bithérapie chimio/
photodynamique

: 2018SACLS572

NNT

Thése de doctorat de I'Université Paris-Saclay

préparée a l'université Paris-Sud (Faculté de Pharmacie)

EDS569 : Innovation thérapeutique : du fondamental a I'appliqué (ITFA)
Pdle : Pharmacotechnie et Physico-chimie Pharmaceutique

These présentée et soutenue a Chatenay-Malabry, le 17 Décembre 2018, par

Marline N'DIAYE

Composition du Jury :

Amélie Bochot
Professeur, Université de Paris-Sud Présidente

Catherine Ladaviere
Directrice de recherche, Université Lyon 1 Rapporteur

Jean-Olivier Durand
Directeur de recherche, Université de Montpellier Rapporteur

Ivan Lopez-Montero
Associé professeur, Universidad Complutense de Madrid Examinateur

Véronique Rosilio
Professeur, Université de Paris-Sud Directrice de thése

Catherine Ladaviére

Directrice de recherche, Université Lyon 1 Rapporteur

=
(40)
-
@)
=
@
@)
©
(),
©
Q
(V]
QD
L
|—




[
universite

PARIS-SACLAY

: 2017SACLEO035

NNT

=
(40)
-
@)
=
@
@)
©
(),
©
Q
(V]
QD
L
|—

universite

PARIS-SACLAY

UNIVERSITE

PARIS
SW

Formulation of liponanoparticles
for dual chemo/photodynamic
therapy of retinoblastoma

PhD thesis of Paris-Saclay University
Research performed at University of Paris-Sud (Faculty of Pharmacy)

ED569: Therapeutic Innovation: from basics to applications (ITFA)
Pole: Pharmaceutical technology and Pharmaceutical Physico-

chemistry

Defended at Chatenay-Malabry, on December 17%, 2018, by

Thesis committee:

Amélie Bochot
Professor, University of Paris-Sud

Catherine Ladaviere
Research director, University Lyon 1

Jean-Olivier Durand
Research director, University of Montpellier

Ivan Lopez-Montero
Associate professor, Universidad Complutense de Madrid

Véronique Rosilio
Professor, University of Paris-Sud

Marline N'DIAYE

President
Referee
Referee
Member

Thesis supervisor



Table of contents

Table of contents

LSt OF FIGUIES 1.ttt et e st e e e et e et e e ssaeenbeessseensaesnneenseennnas vi
LSt OF TADIES ..ottt ettt ettt xii
ADDIEVIALIONS ...ttt ettt sb ettt sbe et st he et et nbe et Xiv
INTRODUCTION ..ottt ettt sttt sttt sttt 2
Chapter I: Photodynamic therapy, retinoblastoma, and photosensitizer delivery systems........ 5
I-1. Photodynamic therapy (PDT): State-of-the-art ...........ccccoeiiviiiiniiniiiinicee 5
I-1.1. Principle and mechanisSm of aCtion ..........c.cocueveeiiirieniiiiinieeeeeeeee e 5
I-1.2. PhotoSenSitiZer (PS) ......ccouiiiiiiiieiie et 10
[-1.2.1. Properties Of @ PhOtOSENSIHIZET ........evveeruiriiriieieiierieeeete e 10
[-1.2.2. First generation of photOSENSITIZETS. .......eeveruierieriiriieiieieneeieeeeseete e 11
I-1.2.3. Second generation of PhOtOSENSIHIZETS .......cvueeruerieriieriirierieeieeiesieee e 13
I-1.2.4. Third generation of photOSENSIIZETS ......ccvevueeriiriiriieiicieneeeeeeseee e 20

[-2. REtINODIASTOIMIA ....ouiiieiieit ettt sttt ettt s 21
[-2.1. Diagnosis and conventional treatments. ............coeeruerierienieriieneenenieneeieeee e 21
[-2.2. Application of PDT to retinoblastoma...........c.ccoeevueriiriinieniienieienieniceieeeeseeee e 23
[-3. Photosensitizer deliVEry SYSTEMS ......ccuieruiiiiiieriiieiieeiie et eee ettt ettt e eaeensee e 24
L3010 IMICERIIES ..ttt st 25
[-3.2.  LIPOSOMIES ...eevtieiiieiiieeiieette ettt et e et e st eebee st e esbeessbeenteesnseenseessseenseesnseenseassseensens 26
[-3.3. NANOPATLICIES ...eeevvieiiieiieeit ettt ettt ettt ettt e s eebeeenbeenbeasnneenseas 27
[-3.3.1. Biodegradable NPS........c.coociiiiiiiiieiieieeieee ettt s ens 27
[-3.3.2. Non-biodegradable NPS .........c.ccccuiiiiiiiiiiiieieeieee et 28



Table of contents

[-3.4. Liponanoparticles (LNP).......c.coiiiiiiiiiieieeie ettt 29
[-3.4.1. Preparation methods for LINPS ........c.cooiiiiiiiiiiiiieiccieeieee e 30
1-3.4.2. Photosensitizer-loaded LINPS .........cccceiiiiiiniininienieecieeceseseeeeee e 39

T4, CONCIUSION ...ttt ettt st sb et et sae et e saeens 39
Chapter II: Formulation and physicochemical characterization of liponanoparticles.............. 42
TI-1. INEEOAUCHION 1ttt ettt ettt b e st sb et et esaeebesaeens 42
I1-2. Materials and Methods...........couiiiiiiiiiiiiiie e 42

TE-2. 1. IMAEETIALS ..ottt ettt ettt st sb et et sbeeaesanen 42

TI-2.2. IMIETROMS ...ttt sttt st sttt st 43
I1-2.2.1. LIpOSOMES PIrEPATALION ...ccuveeeerieiieeniieniieeieenieeeteerteeereenstesseenseessseeseessseenseessseens 43
11-2.2.2. Preparation of PLA nanoparticles.........c.cccvvererierieninieniiienieneeieceeneeiene 44
I1-2.2.3. Lipo-nanoparticles (LNPS) preparation ...........cccecceeeeveerieniieeneeniieenieseeesieeseeens 44
I1-2.2.4. Particles characterization ..............cceceevuerierienienieniee ettt 45
I1-2.2.5. Stability Of LINPS......oiiiiiiiiiiiieceeeeese ettt 47
I1-2.2.6. Interaction of LNPs with Y79 CellS.....c.cccceriiniriiniiiiiiinicieieeeccceeee 47

I1-3. Results and diSCUSSION.......eecueruiiriiiiiiienieete ettt st et sae et 48

II-3.1. Nanoprecipitation conditions influencing NP characteristics...........cccceverriervenennene 48

IT-3.2. LAPOSOIMICS ...cuuvieutieiiieiieeiteette ettt etteeateeteesebeebeesaeeesbeessbeenseesnseenseassseesaesnseenseassseensens 51

12330 LINPS Lttt ettt b e bt et ettt et st esneenea 53
I1-3.3.1. Evaluation of various protocols for LNPs formation............ccccevceeverieninniennene 53
IT-3.3.2. LIPIA @SSAY ..veeuviieniieiieeiieeiie et site ettt et et e et et e eibeesatesnbeeseesnseenseesnseenseesnsaans 59
I1-3.3.3. Assessment of LNP core-shell organization by confocal microscopy................ 66
I1-3.3.4. Stability of the lipo-nanoparticles ...........ccerieriieriiiiiienieeieeeeee e 67

i



Table of contents

11-3.3.5. Determination of the mechanism of interaction of PSs and LNPs with cells..... 71
TI-. COMCIUSION ... seseeeeeennnemememnnnn 75

Chapter III: Combined QCM-D and AFM experiments for deciphering the mechanism of

fusion of lipid vesicles with polymer nanoparticles...........ccoeveeriienieniiienieniieieee e, 77
TIT-1. INEEOAUCTION ...ttt ettt ettt st sb et et esaeebesaeens 77
II1-2. Materials and MEthOS .........coviriiiiiiiiiriiieeee et 78
TII-2.1 MAEETIALS .ttt et sbe et s sbe e s 78
TII-2.2 METROMS ..ttt sttt st 78
II1-2.2.1. Surface pressure-area (T-A) MEASUIECMENTS .......ccueeevrerrieriieerieeeieereeesveereeeseens 78
11-2.2.2. Surface potential MEASUTEIMENLTS ........c.ccoveruierierieriieieeie et 79
I11-2.2.3. Brewster Angle Microscopy (BAM) .....c.ooiiiiiieiiiiiieieeieeeeeee et 80

I11-2.2.4. Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) transfer of PLA

TNOMOIAYCIS ...ttt ettt ettt et ettt e et e et esabe e beesabeesbeaesbeenseessseenseassseenseesnseenseassseenseas 81
I11-2.2.5. Quartz Crystal Microbalance with Dissipation (QCM-D) measurements......... 82
II1-2.2.6. Atomic force miCroSCOPY €XPEIMENES.........eecveerurerrreriierieenieeeieeneiesveenseesneens 84
II1-3. Results and diSCUSSION ......ccuevuiiriiiiiriieniiiieeiierte ettt ettt sttt s 85
II1-3.1. Interfacial behavior of PLA film at the air-water interface...........c.cccceeeevveveennennen. 85

I11-3.2. Analysis by QCM-D and AFM of liposome interaction with a PLA layer adsorbed

onto a HMDS-modified SUITACe.........cceiiiriiiiiiiiiieiieee e 87
II1-3.2.1. Transfer of the PLA monolayer onto a HMDS-functionalized glass plate ....... 88
I11-3.2.2. Interaction of POPC and POPC-DOTAP liposomes with a SiO> surface......... 92
I11-3.2.3. Interaction of POPC and POPC-DOTAP liposomes with a PLA surface......... 94
I11-3.2.4. Interaction with POPC-DOTAP liposomes with the PLA surface.................... 96

TTT-4. CONCIUSION ..ttt ettt ettt et sbe et et esae et st e sae e 107

il



Table of contents

Chapter IV: Co-encapsulation of a photosensitizer and beta-lapachone in liponanoparticles

and in vitro evaluation of their cytotoxicity and phototoxicity for dual PDT/chemotherapy.110

IV 1. INEOAUCIION ...ttt et sttt ettt sae e 110
IV.2. Materials and methOods .........coceoiiriiiiiiiiiiic e 112
TV.2.1. MAtEIIALS ..ottt ettt sttt 112
IV.2. 2. MEEROAS ...ttt ettt st sttt 113
IV.2.2.1. Preparation of PS-loaded lipoSOMES.........ccceeviieiieniieiiiieeiiee e 113
IV.2.2.2. Preparation of B-Lap nanoparticles (B-Lap NPS).......ccoceeveriininininnenienene 113
IV.2.2.3. Preparation of B-Lap and PSs-loaded LNPS ........c.cccceviieiiiienieniieiieeieeie 114
IV.2.2.4. Particles characteriZation ..........coceeveruieriieienieieniesceeeeee et 115
IV.2.2.5. Cell CUIUIE.....c..eeiiiiiiiiiieeeceee ettt 116
IV.2.2.6. Cytotoxicity and phototoXiCity €XPeriments...........cccveervrerveerueenveeneeerveeneenns 116
IV.3. Results and diSCUSSION ......cc.eeuiriiiriiiieniieieiiesit ettt sttt 119
IV.3.1. Physico-chemical characterization of drug loaded particles ..........ccccceevverieennennne. 120
IV.3.2. Encapsulation efficiency (EE) and drug/PS loading (DL) in LNPs....................... 121
IV.3.3. Cytotoxicity of the studied formulations..............cccceevieeiiiinieniiiiniecieee e 122
IV.3.3.1. Cytotoxicity Of the eXCIPIENTS ......ccceeervierieeiiieriiieiieeie ettt 123
IV.3.3.2. CytotoxXicity Of fre€ drtugS .......cevuieriieiiiiiieiieie et 125
IV.3.3.3. Cytotoxicity of beta-lapachone-loaded NPs and LNPs ............cccceveiiiniennnnne 127
IV.3.3.4. Cytotoxicity of photosensitizer-loaded LNPs...........cccccceviiiiiiniiiinieiieeee 129

IV.3.3.5. Cytotoxicity of beta-lapachone and photosensitizers co-encapsulated in LNPs

v



Table of contents

IV.3.4.1. PhototoXiCity Of €XCIPICNLS .....eccvieruiieiieriieeiieniieeieeeiee et e eive e e seeeeeeeseaeesee e 131
IV.3.4.2. Phototoxicity of free B-lapachone and B-Lap-loaded LNPs .........cccceovveeenneene 133
IV.3.4.3. Phototoxicity of free PS and PS-loaded LNPs........cc.ccoceriiniiiiniiniiinienne 134
IV.3.4.4. Phototoxicity of PS and B-Lap co-encapsulated in LNPs...........c.ccccoevirennennne. 135
TV.4. CONCIUSION ...ttt et sttt sttt nae e 140
GENETAL dISCUSSION. ...ttt ettt ettt et ettt e e eb e bt et sbeesbe et e saeenbeenees 142
Conclusion and PETSPECLIVES .......eeruieeruieriieeiierieeteeriee et estteebeesteeeaeesseeseseeseessseenseessseeseennns 152
RETETEICES ...ttt ettt et sttt sttt saeenee 156



List of figures

List of figures

Figure 1: The Jablonski diagram illustrating the mechanisms of production of reactive oxygen

species upon illumination of a photosensitizer in PDT (from Dai et al., 2012).........cccccuvenneeen. 6

Figure 2: Illustration of the PDT optical therapeutic window (A) (from Plaetzer et al., 2009)
and light penetration through human tissue (B) (from Sternberg et al., 1998 with slight

MNOAITICATION). Leiuiiiiiiiie ettt e e e et e e s te e e beeestseeetaeeetseeessseeessseesssseesnsaeesaseeesnseeenns 9

Figure 3: Structures of the major components found in haematoporphyrin derivative (HpD) or
Photofrin®. (A) Hematoporphyrin; (B) Hydroxyvinyldeuteroporphyrin; (C) Protoporphyrin
IX; (D) Dihematoporphyrin with an ether linkage; (E) Dihematoporphyrin with an ester linkage
(from Denis €t al., 2013). c.eoiiiiiiieiiieiieee et ettt e e enb e enaeeneeas 13

Figure 4: Basic structure of most second-generation tetrapyrrolic photosensitizers (A) and their
typical absorbance spectrum showing the position of their Q-band I in the near-infrared region
(from MOSeT €t @l., 2015) .. .ciiiiiiiiiiieiieee ettt sttt b e s eneaas 14

Figure 5: A) Structure of porphin, the tetrapyrrolic backbone of porphyrins; B) Characteristic
absorption spectrum of porphyrins (from Josefsen and Boyle, 2008). ........ccccoceeverienennennene 15

Figure 6: Chemical structure of A) 5-aminolevulinic acid and its derivatives; and B)

Protoporphyrin IX (Pp IX) (from Gomes et al., 2018).......ccceevuiriiniiriiiniiniinieneeieeeseeeeene 17
Figure 7: Chemical structure of m-THPP...........cccooiiiiiiiiiiieeeeee 17
Figure 8: Structural comparison of porphyrin and chlorin (from Yoon et al., 2013).............. 18

Figure 9: Clinical characteristics of retinoblastoma with a) leukocoria and b) bifocal tumors

visible in the eye (from Dimaras and Corson, 2018). ....c..coverviiriiniiiiiniinieneeeeeeseeiee 23
Figure 10: Schematic illustration of the structure of a LNP (from Tan et al., 2013). ............. 30

Figure 11: Particles size (A, B), polydispersity index (C) and zeta potential (D) for PLA NPs,

sonicated liposomes and LNPs prepared under condition fii. ...........cceceeeveeriiienieniiinienieenen. 50

Figure 12: Illustration of the cross-section of a LNP; RNP is the radius of the PLA NP; Tw is
the thickness of the water layer lying between the NP and lipid bilayer, and Tb is the thickness
of the lipid bilayer. The theoretical diameter of LNP expected is calculated as Dinp=2Rnp +2

Vi



List of figures

Tw+ 2Ty, where Tb is ~4 nm and Tw ~2 (Bayerl and Bloom, 1990; Mornet et al., 2005; Savarala
CL AL, 20T 1) i e et e e a e e e etb e e e ta e e e tbeeetaeeerbeeeraeeeaaeens 55

Figure 13: Cryo-TEM image of PLA NPS. ....cooiiiiiiiiiiicit e 56

Figure 14: Cryo-TEM image of LNPs 90/10(i) obtained after 1h vortexing. Black arrows show

the presence of some unbroken vesicles or lipid membranes adsorbed on the NPs core......... 57

Figure 15: Cryo-TEM image of LNPs 75/25 (i) obtained after 1h vortexing. Black arrows show
the presence of lipid membranes adsorbed on the NPs core which confer roughness to the

surface. Some non-adsorbed lipid vesicles (blue arrows) are also visible in the suspensions. 57

Figure 16: Cryo-TEM images of LNPs 100/0(iii) (A), LNPs 75/25(iii) (B), LNPs 50/50(iii) (C)
and LNPs 25/75(iii) (D) obtained after 6 min of sonication followed by 1h of incubation. The

black arrows indicate the presence of adsorbed vesicles onto the NPs surface. ...................... 58

Figure 17: Cryo-TEM image of LNPs 75/25 (ii) obtained after 1h incubation. Black arrows
show the presence of lipid membranes adsorbed on the NPs core which confer roughness to the

surface. The yellow arrows indicate the presence of some lipid bridges. .........ccccecveevieennennen. 59

Figure 18: Mechanism of analyte detection by an evaporative light scattering detector (ELSD).
Following the effective separation of molecules in the HPLC column, the eluate is mixed with
N2 gas in the nebulizing chamber leading to a dispersion of droplets; then the solvents are
evaporated, condensed and removed leading to solid analytes which cross an optical cell
illuminated by a light laser source. Analytes absorb the laser beam and scatter the light which

is detected and converted into a signal (from Roces et al., 2016)........cccceevvieiieniieniienienen. 60

Figure 19: HPLC-ELSD chromatogram for LNPs (90/10, 75/25 and 50/50 mol%) (iii) and PLA
N P S ettt ettt et b e ettt et h ettt s et et e n bt s beenaaeean 63

Figure 20: Confocal microscopy images of LNPs 75/25(iii). The NP core was labelled with
0.01% NR (red dye) and the lipid shell with 1% NBD-PE (green dye). The green and red
fluorescence signals of the LNPs are shown in A and B respectively. C corresponds to the
overlay of both fluorescence and D shows the plotted fluorescence intensity profiles of a

selected region of interest (ROI). .....ccc.iiiiiiiiiiiieiee et 66

Figure 21: Confocal microscopy images of LNPs 100/0(iii). The NP core was labelled with
0.01% NR (red dye) and the lipid shell with 1% NBD-PE (green dye). The green and red

fluorescence signals of the LNPs are shown in A and B respectively. C corresponds to the

vii



List of figures

overlay of both fluorescence and D shows the fluorescence intensity profiles of a selected region
OF INLEIESt (RO, oottt ettt e e tr e e e ta e e etaeeeaseeebaeesaseaenns 67

Figure 22: Evaluation of the stability of LNP 75/25(iii) in DMEM and DPBS by DLS. ....... 68

Figure 23: Evaluation of the stability of LNPs 75/25(iii) by cryo-TEM in DPBS (A) and
DMEM (B). Lipid bridges are visible between particles (black arrows). These bridges probably
formed due to the screening of DOTAP charge at high ionic strength, and consecutive closer

contact between lIPonanoPaItiCIEs. ........ccuieiieriieriieiie ettt eeeas 69

Figure 24: Confocal microscopy images of fluorescent LNPs labelled with 0.001 mol% NR
and 2 mol% NBD-PE suspended in DMEM (A) and DMEM supplemented with 10% FBS (B);
the green fluorescence reveals the presence of lipids and the red fluorescence that of the NPs.
Overlay of both fluorescence leads to a yellow colour which confirms the colocalization of lipid

SheElls With POLYIMET COTES. ...ccuuiiiiiiiieiieiii ettt ettt ettt e et eseaeebeesnbeenbeessseenseas 70

Figure 25: Confocal microscopy images of m-THPP LNPs dispersed in pure water (A), DMEM
(B) and DMEM supplemented with 10% FBS (C). The red fluorescence confirms the presence
of m-THPP in the lipid shell of the LNPS. .......ccoooiiiiiiiiiiieeee e 71

Figure 26: Confocal microscopy images depicting the interaction and internalization of
fluorescent LNPs (iii) in Y79 cells. NPs were labelled with 0.001% NR (red dye) and lipid
shells by 2 mol% NBD-PE (green dye). The autofluorescence of cells was assessed at 488 nm
and 543 nm (A). Cells were incubated with fluorescent LNPs at 37°C at different times (B).
Fluorescence overlays in the images and intensity profiles confirm the penetration of both NPs
and 1ipid Shells 10 COILIS. ...ouiiiiiiiiiiiieieee ettt e 73

Figure 27: Confocal microscopy images of Y79 cells incubated with m-THPP LNPs at different
times (4h, 24h and 48h). For more clarity, the red fluorescence of m-THPP at 633 nm (left) is
also shown on transmitted light images (right). No autofluorescence of Y79 cells was observed
AL 033 TIML 1.ttt ettt e sb ettt e bt e b erees 74

Figure 28: Confocal microscopy images of Y79 cells incubated with free m-THPP at different
times (1h, 2h, 4h, 24h and 48h). For more clarity, the red fluorescence of m-THPP at 633 nm
(left) is also shown on transmitted light images (right). No autofluorescence of Y79 cells was
ODSEIVEA At 033 NIM....eiiiiiiiiiiierieee ettt ettt ettt et st sb et et esbe et saeen 74

Figure 29: (Left) Langmuir trough. (Right) Langmuir isotherm. LE: liquid-expanded; LC:
liquid condensed; SP: SOlid Phase. .......coeeruiriiriiriieieiieeee e 79

viii



List of figures

Figure 30:Principle of the Brewster Angle MiCTOSCOPE. ......cocvevueeriieiinienienienieeieeiesieeeeeine 80
Figure 31: LB (A) and LS (B) transfers of a PLA the monolayer onto a solid substrate........ 82
Figure 32: Adsorption-rupture of phospholipid vesicles onto the PLA film.............cccccenne. 83

Figure 33: Surface pressure-area isotherm and Brewster angle (BAM) microscope images of a
PLA film spread at the air-water interface (22°C): (a) 8 mN/m; (¢) 15 mN/m; (f) 25 mN/m; (h)
50 mN/m; (j) expansion of the monolayer. The film was LB-transferred onto mica and imaged
by atomic force microscopy (AFM) in the air: (b) 8 mN/m (height); (d,e) height and phase
images at 15 mN/m; (g) 25 mN/m (height). .....c.cooiiiiiiiiiii e 86

Figure 34: (A) Surface pressure and surface potential-area isotherms; (B) Compressibility
moduli deduced from the PLA 7t-A isotherm in (A). ....c.ocoovviiiiiiiiiiieeeeeeeeee e 87

Figure 35: AFM height (left) and phase (right) pictures in water of the glass surface
functionalized with HMDS. Height cross section performed along the black line is shown on
the TIZRE STAC. Loveiiiiieie ettt ettt e st e e bt e ssbeebeeenaeenseeenee 88

Figure 36: AFM height (left) and phase (right) pictures in water of the glass surface
functionalized with HMDS after LS transfer of PLA monolayers at 18 (A) and 35 mN/m (B).
Height cross section performed along black line depicted on height picture at 35 mN/m is shown
I1 () ettt ettt a e a e 90

Figure 37: AFM height (left) and phase (right) pictures in water of the glass surface
functionalized with HMDS following LS transfer of PLA at the surface pressure of 25 mN/m.
Height cross sections performed along black line depicted on height pictures are shown on the
1874 1L TSP PRR 91

Figure 38: Force-distance measurement performed in water on the PLA film transferred at 25
mN/m. Approach and retract curves are displayed as vertical deflection (in nN) of the cantilever
versus the AFM head height (in m)........c.oooiiiiiiiiiii e 91

Figure 39: AF and AD values for (A) POPC (0.4 mM), (B) and (C) POPC-DOTAP (75:25)
liposomes (4 mM) on the SiOz-coated quartz crystal QCM-D sensor. Whereas (B) is an
enlargement of the plot for the first hour, (C) shows the whole QCM-D experiment. Arrows

INAICAte the TINSING SEEP. .eevieiiieiieeiieiieeie ettt ettt et e et e st e e bt e seaeeseesnbeenbeessseenseas 94

Figure 40: Interaction between 4 mM pure POPC liposomes and the PLA monolayer
transferred at 25 mN/m: (A) AF-time and AD-time relationships monitored by QCM-D; (B) is

X



List of figures

the enlargement of the QCM plot in (A); (C) height (left) and phase (right) pictures of the PLA

surface after 1h incubation with the liposomes and abundant water rinsing................ccc......... 95

Figure 41: Interaction between 0.4 mM POPC-DOTAP (75:25) liposomes and the PLA
monolayer transferred at 25 mN/m: (A) AF-time and AD-time relationships monitored by
QCM-D. (B) close-up on the 60 first minutes of AF-time and AD-time relationships. (C) height
and (D) phase pictures of the PLA surface before and after after 1h incubation with the
liposomes and abundant water rinsing (same area scanned). Height cross sections performed
along black and white lines are shown below C. (E) Enlargement of height and phase pictures

showing evidence of large holes in the lipid bilayer covering the PLA monolayer. ............... 98

Figure 42: The four steps of phospholipid bilayer formation (adapted from Sundh et al., 2010).

Figure 43: AF-time and AD-time relationships monitored by QCM-D for the interaction of 4
mM POPC-DOTAP (75:25) liposomes with a PLA monolayer transferred at 25 mN/m : (A)

Full experiment with rinsing at t = 80 min; (B) Close-up on the initial times of the experiment.

Figure 44: The receding-top and parachute models (from Fuhrmans and Miiller, 2013)..... 102

Figure 45: AD-AF relationships for (A) POPC/SiO2; (B) POPC-DOTAP/SiO2 (4 mM); (C)
POPC/PLA (4 mM); (D) POPC-DOTAP/PLA (4 MM).....ooeiniiriiiiiiiiienieieeieneeeeeene 105

Figure 46: 7th overtone of the AD-AF relationships for POPC-DOTAP/SiO2 (4 mM). ...... 106

Figure 47: Removal of B-Lap aggregates following nanoprecipitation. The organic solvent was

evaporated in a round bottom flask (A) followed by the filtration of the suspension (B and C).

Figure 48: UV-visible spectrum of free -Lap (blue line), B-Lap NPs (red line) and f-Lap LNPs
(green line). Both lipids and PLA did not interfere with the absorbance spectrum of B-Lap.116

Figure 49: Summary of the procedure used for in vitro cytotoxicity and phototoxicity

EXPEIIIMICIIES. L..vviiueiieiiietieetteeiteeteestteeteestteeabeesseeeaseeseeeaseeseeenseanseeasseenseesnseenseesnseenseensseenseennns 117

Figure 50: Viability of Y79 cells in contact with POPC/DOTAP 100/0, 75/25 and 0/100
VESICLES TOT 72N 123

Figure 51: Viability of Y79 cells in contact with PLA NPs and LNPs 75/25 for 72h. ......... 124



List of figures

Figure 52: Viability of Y79 cells in contact with free m-THPP (A) and m-THPC (B) after 72h
aNd 96 OF trEAMENL. ......cccuiiiiiiiieie ettt ettt e et e b e saaeenseeeees 126

Figure 53: Viability of Y79 cells following contact with B-Lapachone for 96h. .................. 127

Figure 54: Viability of Y79 cells in contact with free B-Lap, B-Lap loaded NPs and B-Lap
loaded LINPS fOr O0N.......cc.ooiiiiiiiiiiciciccce ettt 128

Figure 55: Cytotoxic effect of m-THPP LNPs (A) and m-THPC LNPs (B) on Y79 cells, after
incubation for 72h and 96h, reSPECtiVELY. .....ccoiieiiiiriiieiieieeieee e 129

Figure 56: Cytotoxic effect of B-Lap co-encapsulated with m-THPP (A) or m-THPC (B) in
LNPs after 96h incubation with Y79 cells. PS concentrations are indicated in black, and B-

Lapachone Ones iN TEA. .......eeueriiriiiiiiieieeieeeee ettt sttt sae e 130

Figure 57: Phototoxic effect of A) POPC/DOTAP 100/0, 75/25 and 0/100 liposomes, and, B)
PLA NPs and LNP 75/25 on Y79 cells after 96h of treatment. ...........cccoovvvuvvvvreeiiiiiiiinnnnen. 132

Figure 58: A) Cytotoxicity/phototoxicity of free B-Lap, and, B) phototoxicity of B-Lap loaded
encapsulated in LNPs on Y79 cells after 96h of treatment of Y79 cells........cccceveeiirvennennne. 134

Figure 59: Phototoxicity of m-THPP and m-THPP LNPs (A), and, m-THPC and m-THPC
LNPs (B) on Y79 cells after 96h of treatment..............ccceeviiriiieiienieniieieceeeecie e 135

Figure 60: A) Cyto/phototoxicity of B-lap/m-THPP LNPs and B) Comparison of the
phototoxicity of B-lap/m-THPP LNPs with that of m-THPP LNPs; C) Cyto/phototoxicity of -
lap/m-THPC LNPs and D) Comparison of the phototoxicity of B-lap/m-THPC LNPs with that
of m-THPC LNPs; All these plots were obtained after 96h of incubation with Y79 cells. ... 136

Figure 61: FA plots for (A) B-Lap/m-THPC and -Lap/m-THPP LNPs, and (B) the pure drugs.
Figure 62: Combination index-fraction affected relationships for B-lap/m-THPC and B-lap/m-

THPP LNPs, calculated using the CompuSyn software...........cccceevevierieriiienieeiieiecieeeene 139

Figure 63: Futile oxidoreduction cycle of beta-lapachone catalyzed by NQOI (from Kung,

xi



List of tables

List of tables

Table 1: Summary of the reactions taking place after PS activation by light and conditions

under which it may happen (from Kriska et al., 1998).......ccccooiiriiiiniiniiiieee 7

Table 2: Effect of nanoprecipitation conditions on the characteristics of PLA NPs. mpra is the
mass of PLA initially used; Corgpra is the polymer concentration in the organic solvent; OP/AP
ratio is the organic-to-aqueous phase ratio; PDI is the polydispersity index and C the zeta

potential. Nd: not determined. ..........cceecuiiriiiiiiiiieeiiee et 49
Table 3: Mean size of extruded and tip-sonicated POPC/DOTAP liposomes. .........ccccccueueee 52

Table 4: LNP physicochemical characterization by DLS and zeta potential depending on the
mixing condition. AHD is the difference in the hydrodynamic diameter (HD) between LNP and
bare PLA NPs (AHD=HDLINPs-HDNPs). ...veeeeiiiiiieiiieceeeee et 54

Table 5: Quantification of POPC and DOTAP in two liposome and LNP samples by HPLC-
ELSD; expression of the experimental ratio of POPC/DOTAP, lipid recovery as function of the
initial amount of lipids used, proportion of lipid and number of bilayers covering NPs surface.

* Calculated using €quation (2 10 7).....cceerieeiierieeiiesie ettt eee et te e e steeeateebeesereeseesnaaens 62

Table 6: Characteristics of the various studied surfaces in contact with liposomes, as deduced
from AFM measurements in water. RMS: roughness. *The thickness of the PLA monolayer
was measured 1.5h after spreading at the air-water interface and transfer at 25 mN/m. No
change in thickness was observed afterwards. The bilayer surface coverage was deduced from

the surface coverage of PLA (87%), and the final AF value obtained in the QCM-D experiment.

Table 7: QCM-D characteristics values for various studied samples. The time refers to the

duration of the frequency and dissipation changes for the adsorption and following steps..... 97

Table 8: Summary of the tested concentration ranges for in vitro cyto/phototoxicity

EXPEIIIMCIIES. ...vvieiiieiieiieetteetteeteestte ettt e s tteeteesseeeabeenseeeaseeseeesseenseessseenseesnseenseesnsesnseesnseenseennns 119
Table 9: Size, PDI and zeta potential of unloaded and loaded NPs and LNPs...................... 121
Table 10: Summary of the encapsulation efficiency (EE) and drug loading (DL) for f-
Lapachone-loaded PLA NPs and PS (m-THPP or m-THPC)-loaded LNPs............cccceenneen. 121

Xii



List of tables

Table 11: Cytotoxicity of excipients, m-THPP and m-THPP LNPs against Y79 cells after
treatment for 72h. In the first two columns are presented the 1Cso values for drugs or excipients,
while the mass concentration of LNPs or NPs containing encapsulated drugs is indicated in the

1ast COTUMN (TIZNL). 1..viiiiieiiee ettt ettt e et e et e snaeenseeenes 125

Table 12: Cytotoxicity of free drug and PSs, and drug and PS encapsulated in PLA NPs or
LNPs after 96h incubation with Y79 cells. ICso values of drugs are presented in the first two
columns and the last column (right) indicates the mass concentration of the nanocarriers in

which the drugs Were entrapped. ........oceeviieiiieiiiiiieeie et 129

Table 13: Phototoxicity of excipients, free drug and PSs, and drug/PSs encapsulated in PLA
NPs or LNPs on Y79 cells after 96h of incubation with Y79 cells. The first two columns show
the 1Cso values of drugs or excipients. The last column (right) indicates the mass concentration

of the nanocarriers containing the drugs. ...........cocieeiieiiiiiieiiiee e 133

Xiii



Abbreviations

AFM: Atomic Force Microscopy

ALA: 5-aminolevilinic acid

ALAS: Aminolevulinic acid synthase

ATB: Antibiotic

BAM: Brewster Angle microscopy

BCCS: Basal Cell Carcinoma of Skin

B-Lap: Beta-Lapachone

BPD-MA: Benzoporphyrin derivative monoacid

BPD-NP: Benzoporphyrin derivative monoacid loaded nanoparticles

BSA: Bovine Serum Albumin
CI: Combination Index

CMC: Critical Micelle Concentration

Cryo-TEM: Cryogenic Transmission Electron Microscopy

CT: Chemotherapy

DCM: Dichloromethane

DESE: Double Emulsion-Solvent Evaporation
DHE: Dihematoporphyrin Esters

DL: Drug Loading

DLS: Dynamic Light Scattering

DMEM: Dulbecco's Modified Eagle's Medium
DMPC: 1,2-Dimyristoyl Phosphatidylcholine
DMSO: Dimethyl sulfoxide

DNA: DeoxyriboNucleic Acid

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOPS: 1,2-dioleoyl-sn-glycero-3-phospho-L-serine

Abbreviations

X1V



DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane
DPBS: Dulbecco Phosphate Buffer Saline

DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DPTAP: 1,2-dipalmitoyl-3-trimethylammonium-propane
EBR: External Beam Radiation

EE: Encapsulation Efficiency

EGFR: Epidermal Growth Factor Receptor

ELSD: Evaporative light scattering detector

EPR: Enhanced Permeability and Retention

ESE: Single Emulsion-Solvent Evaporation

FA: Fraction Affected

FAc: Formic Acid

FBS: Fetal Bovine Serum

H>0,: Hydrogen peroxide

H>SO4: Sulfuric acid

HD: Hydrodynamic Diameter

HEK 293T: Human embryonic kidney 293 cells
HMDS: 1,1,1,3,3,3- Hexamethyldisilazane

Hp: Haematoporphyrin

HpD: Hp Derivative

HPLC: High-performance liquid chromatography
HPPH: 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide
IV: Intravenous

KTP: Potassium—titanium—phosphate

LB: Langmuir-Blodgett

LDL: low density lipoproteins

LED: Light-Emitting Diode

LNP: Liponanoparticle

LS: Langmuir-Schaefer

LUV: Large Unilamellar Vesicles

Abbreviations

XV



Abbreviations

MADbs: Monoclonal antibodies
MLYV: MultiLamellar Vesicles

mPEG2000-DSPE: 1,2-Distearoyl-phosphatidylethanolamine-methyl-polyethyleneglycol
conjugate-2000

MRI: Magnetic Resonance Imaging

MSN: Mesoporous Silica Nanoparticles

m-THPC: 5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin

m-THPP: 5,10,15,20-tetrakis-(m-hydroxyphenyl) porphyrin

MTT: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
NaCl: Sodium chloride

NAD(P)H: Nicotinamide adenine dinucleotide phosphate

NBD-PE: 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-
3-phosphoethanolamine

Nd:YAG: Doubled neodymium:yttrium-aluminum-garnet
NP: Nanoparticle

NPe6: N-aspartyl chlorin e6

NQO1: NAD(P)H:Quinone Oxidoreductase

NR: Nile Red

10,: Singlet oxygen

O>": Superoxide anion

OEP: Octaethylporphyrin

OH: Hydroxyl

PARP: Poly ADP Ribose Polymerase

PBS: Phosphate Buffer Saline

PEG-b-PCL: Poly(ethylene oxide)-b-poly(e-caprolactone)
PDI: Polydispersity Index

PDT: Photodynamic Therapy

PEG-PLA: poly(ethylene glycol)—co-poly(D,L-lactic acid)
PLA: poly(D,L-lactic acid)

PLGA: poly(D,L-lactide-co-glycolide)

POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

XVvi



Abbreviations

Pp IX: Protoporphyrin IX

PS: Photosensitizer

PVA: Polyvinyl Alcohol

QCM-D: Quartz Crystal Microbalance with Dissipation
RB: Retinoblastoma

RBM: Retinoblastoma cell line

RBC: Red Blood Cells

RMS: Root Mean Square

ROS: Reactive Oxygen Species

SnET2: Tin ethyl etiopurpurin

SUV: Small Unilamellar Vesicles

TGA: Thermogravimetric Analysis

THF: Tetrahydrofuran

THPTS: Tetrahydroporphyrin tetratosylat

TPGS: Tocopherol Polyethylene Glycol Succinate
TPP: Tetraphenylporphyrin

UV: Ultraviolet

VEGF: Vascular Endothelial Growth Factor
WERI-RBI1: Retinoblastoma cell line

Y79: Retinoblastoma cell line

xvil



Introduction

INTRODUCTION



Introduction

INTRODUCTION

Photodynamic therapy (PDT) is a treatment modality which requires the combination of a
photosensitizer (PS), light and oxygen to cause a cytotoxic effect. PDT is a non-invasive method
which allows the destruction of pathological cells in several diseases including age-related
macular degeneration, a large variety of small solid tumors (skin, head, neck, lung, esophageal,
brain, bladder etc.) and microbial infections. Once systemically administered, the PS that is not
cytotoxic in the dark, accumulates in the diseased tissue. Subsequent illumination of this tissue
with a laser at PS-specific wavelength generates the production of reactive oxygen species
(ROS) leading to cells death by apoptosis or necrosis. Because conventional anti-cancer
therapies are associated to severe side effects and risk of developing secondary tumors, PDT
appears as a promising alternative treatment thanks to its high selectivity, its minimal side
effects and relatively low cost. Some PSs like porphyrins do not penetrate in the nucleus and
therefore, there is no risk of inducing DNA damage or gene mutations (O’Connor ef al., 2009).
PDT presents, however, some limitations. It is mainly effective against small solid tumors
located at regions that can be easily reached by light. One other important parameter is the level
of oxygen in the tumors. PDT is ineffective against large and deeply localized tumors, and

against metastases (Calixto e al., 2016).

Considering the above-mentioned facts, PDT is an attractive treatment modality for
retinoblastoma (RB), a rare malignancy of the retina in infants. Current treatments consist in
enucleation and/or conservative treatments including chemotherapy, cryotherapy, or
radiotherapy (Aerts et al., 2006). For many years, a research devoted to PDT application to RB
has been developed at the Institut Curie. Several glycoconjugated derivatives of the
tetraphenylporphyrin m-THPP have been synthesized by Dr Philippe Maillard’s team.
However, these compounds are difficult to deliver to the body because of their high

hydrophobicity.

We have envisaged a system in which both a PS and a cytotoxic agent could be co-encapsulated
for combined photodynamic and chemo therapy. This system is a hybrid core-shell nanoparticle

(referred to as liponanoparticle or LNP) which would contain the cytotoxic agent in the
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polymeric core and the PS in the lipid bilayer shell. Liponanoparticles could be injected

intravitreally for PDT treatment of the RB tumor and chemotherapy against forming metastases.

The objectives of this PhD thesis were three-fold: 1) to design and characterize the LNPs; ii) to
co-encapsulate a photosensitizer, e.g., m-THPC or m-THPP, and beta-lapachone (B-Lap), an
anticancer agent which has demonstrated in vitro efficacy against RB, and which is believed to

possess a certain specificity; and iii) to evaluate LNPs phototoxic efficacy on RB cells.
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Chapter I: Photodynamic therapy, retinoblastoma, and photosensitizer

delivery systems

I-1. Photodynamic therapy (PDT): State-of-the-art

I-1.1. Principle and mechanism of action

The therapeutic effect of light is known and has been exploited since the antiquity for the
treatment of many diseases such as vitiligo, psoriasis, rickets and even skin tumors (Spikes,
1985). At this time, there were already two modalities of treatment using light as therapeutic
agent, namely phototherapy and photochemotherapy, the latter being now known as
photodynamic therapy (PDT). The concept of phototherapy was introduced by the Danish
physician Niels Finsen in 1903 (Dolmans et al., 2003). He found that patients suffering from
smallpox pustules could be cured by red light, and those suffering from cutaneous tuberculosis

by ultraviolet (UV) light from the sun.

Although the photodynamic effect had been previously observed, it was only in the early 1900s
that this new method of treatment was highlighted, thanks to a student in Von Tappeiner’s
group, who accidentally discovered the lethal effect of both a dye (acridine orange) and light
on microorganisms (Daniell and Hill, 1991). PDT was approved for the first time in 1994 by
the Canadian FDA for the treatment of skin cancer. Today, it is considered as a promising
treatment substitute to current treatments in oncology, dermatology but also in ophthalmology,
rheumatology, cardiovascular and infectious diseases (Benov, 2015; Dolmans ez al., 2003). It
is based on the interaction between a photosensitizer (PS), light and molecular oxygen (Figure
1), which are non-toxic by themselves. Depending on the part of the body that is treated, the PS
is administered topically or systemically. After PS distribution all over the body, the diseased
tissue or organ is illuminated by a light of appropriate wavelength that transfers its energy to
the PS. Following absorption of light energy, the PS which is pharmacologically inactive and
stable at its ground state (S0), goes to a higher energetic level, short-lived singlet state (S1),

that is extremely unstable. At this stage, two options are possible. In the first one, SI-PS goes
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back to SO, emitting fluorescence at a nanosecond scale. This phenomenon can be used for
photodiagnosis purposes (Ackroyd ef al., 2001; Nokes et al., 2013). In the second one, S1-PS
converts into a relatively long-lived excited triplet state (T1) by intercrossing system, its
lifetime ranging from micro to milliseconds. PS in its T1 state can return to the ground state
through a phosphorescence process or may transfer its energy to other molecules via two kinds

of photochemical reactions (type I and type II reactions) that both induce a cytotoxic effect.

In type I reactions, the PS in its triplet state transfers a hydrogen atom or an electron directly to
a biological substrate such as a cell membrane (Dolmans et a/., 2003), amino acids in their free
form or included in peptides and proteins, etc. (Silva et al., 2008), leading to the formation of

radicals which react with oxygen to produce reactive oxygen species (ROS) such as superoxide
anion (O2") and hydroxyl (-OH) radicals, and hydrogen peroxide (H20>). In type II reactions,

PS in its T1 state transfers its energy directly to ground-state molecular oxygen present in the
environment to generate highly reactive and cytotoxic singlet oxygen (10») that has a very short
half-life (less than 0.04 ps) and a diffusion distance shorter than 0.02 pm (Moan and Berg,
1991). Although both type I and type II reactions occur simultaneously, type II reaction is
usually considered as predominant (Allison and Moghissi, 2013; Bozzini et al., 2012; Michels
and Schmidt-erfurth, 2001). However, type I reactions may prevail under hypoxic conditions
(Ochsner, 1997).

—_— \Typcl o
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Figure 1: The Jablonski diagram illustrating the mechanisms of production of reactive
oxygen species upon illumination of a photosensitizer in PDT (from Dai et al., 2012).
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A third reaction has been suggested to take place competitively with the two previously
described mechanisms depending on the conditions in which the excited PS is generated (Table
1). In this type III reaction also called triplet-doublet interaction, the T1-PS may directly interact
with free radicals present in a biological tissue independently of the presence of oxygen, and
produce a photodynamic effect (Gal, 1992; Kriska et al., 1998; Roblero-Bartolon and Ramon-
Gallegos, 2015; Vidoczy et al., 1992).

condition for main
contribution
de-aerated system with low
I *PS - PS radical content (strong
hypoxia and lack of radicals)

Type main primary step

1| S +3%0, > 'PS+'0, normal cells

hypoxia; high concentrations
of (native)

3 . -
PS + Rad" — e transfer free radicals

Table 1: Summary of the reactions taking place after PS activation by light and conditions
under which it may happen (from Kriska et al., 1998).

The overall effect of these reactions is the occurrence of irreversible photo-oxidative damage
to biological structures. As a result, cell death may directly occur (i) by apoptosis or necrosis
depending on the subcellular localization of the photosensitizer (Godar, 1999; Moor, 2000), (i)
by autophagy (Yoo and Ha, 2012), and/or indirectly in cancer (iii) by destruction of tumor blood
vessels (Buzza et al., 2014; Fingar, 1996; Rodriguez et al., 2004) and (iv) stimulation of the
immune system of the host against cancer cells (Gollnick ez al., 2002; Maira et al., 2007).
Mitochondrial localization of PSs is often associated to apoptosis while PSs located in plasma
membranes are more likely to induce necrosis (Lupu ef al., 2016; O’Connor et al., 2009;
Oleinick and Evans, 1998).

PDT presents many advantages compared to conventional anticancer treatments. These
advantages include: (i) minimal invasive character regarding both the route of administration
and light used, (ii) high selectivity because the phototoxic effect is only limited to the

illuminated area, (iii) minimal systemic toxicity due to the low toxicity of the PSs in darkness

7
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and its selective accumulation in tumors, preserving healthy tissues from the toxic effect, (iv)
absence of long-term adverse effects, (v) possible combination with another therapy (e.g.,
chemotherapy, radiotherapy, surgery), (vi) repeatability without harmful effect, (vii) low cost-
effectiveness compared to other cancer treatments, and (viii) possible application in outpatient
setting (Calixto ef al., 2016; Dai et al., 2012; Li, 2013; Sharman et al., 1999). However, it has
also some limitations. As the photodynamic effect occurs only in the illuminated area, PDT is
useless for disseminated metastases. Hypoxic conditions that are observed in most solid tumors,
also lead to PDT failure since oxygen plays a key role in the photodynamic effect. Tumors
localized deep in the body cannot be treated by PDT because of the low penetration of visible

light through biological tissues (Calixto ef al., 2016; Dolmans et al., 2003).

Tumor accessibility, photophysical properties of the PS and light dose are important parameters
guiding the choice of the light source. Different types of light sources have been proposed for
PDT application including non-coherent broad-spectrum lamps and lasers. Examples of non-
coherent broad-spectrum lamps are xenon arc, tungsten filament quartz halogen, metal halide
and fluorescent lamps, emitting diodes lamps (LEDs) and intense pulsed lights (Breskey ez al.,
2013; Juzeniene et al., 2007). A variety of lasers are also available, including argon or argon-
pumped dye lasers, metal vapor lasers (gold or cooper), potassium—titanium—phosphate (KTP)
dye laser, doubled neodymium:yttrium-aluminum-garnet (Nd:YAG) solid state dye lasers and
diode lasers (Brancaleon and Moseley, 2002; Kostron and Hasan, 2016; Lapes et al., 1996; Zhu
and Finlay, 2008). While both types of light sources are described for easily accessible diseases
especially in dermatology, lasers are more frequently used, and they are preferred for the
treatment of tumors located elsewhere (e.g., urinary bladder, lung and digestive tract) because
they can be easily coupled to optical fibers which allow reaching the desired location
(Brancaleon and Moseley, 2002; Juzeniene et al., 2007; Teixo et al., 2015). Non-coherent lamps
are considered superior to lasers in dermatology because they are cheaper, and because they
offer a large range of wavelengths, thus allowing use of various PSs. LEDs and diode lasers are

the most universal light sources used (Kostron and Hasan, 2016).

It has been shown that the fluence rates of light delivered in PDT is dependent on the PS and
varied from 5 to almost 300 J/cm? (Kharkwal ef al., 2011; Kostron and Hasan, 2016; Lapes et
al., 1996; Schmidt-Erfurth ef al., 1994; Silva et al., 2008). For example, the fluence rate
necessary to treat head and neck cancers using m-THPC was evaluated to ~10-20 J/cm?

(Triesscheijn et al., 2006). Meso-tetraphenylporphinesulfonate tetrasodium salt (TPPS) used
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for the treatment of superficial basal cell carcinoma of skin was illuminated at 120-150 J/cm?,
while for hypericin, the illumination could be performed at 75 J/cm? only (Kostron and Hasan,
2016).

Several endogenous tissue chromophores such as hemoglobin, melanin, collagen, water etc.,
strongly absorb light at wavelengths lower than 650 nm and higher than 850. When tissues are
illuminated at these wavelengths (< 650 nm and > 850 nm), important light scattering is
observed, which hampers the penetration of light deeper in the tissues. Tissues are considered
as a non-optically transparent medium. They become transparent at wavelengths between 650-
850 nm because of the low absorption of the chromophores and consequent limitation of light
scattering (Lee and Kopelman, 2011; Yoon et al., 2013). For this reason, wavelengths in the
650-850 nm range are defined as PDT “optical therapeutic window” (Figure 2A). Maximum
light penetration in human tissues is observed with red light. Blue light penetrates less deeply
than green and yellow light (Figure 2B) (Agostinis ef al., 2011; Avci et al., 2013). Depending

on the location of the tumor, one photosensitizer will be preferred to the others.
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Figure 2: lllustration of the PDT optical therapeutic window (A) (from Plaetzer et al., 2009)
and light penetration through human tissue (B) (from Sternberg et al., 1998 with slight
modification).
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I-1.2. Photosensitizer (PS)

PSs are natural or synthetic photo-sensitive agents able to absorb light energy and to transfer it
to other molecules. According to their chemical structure, PSs are categorized as porphyrin-
and non-porphyrin derivatives. Porphyrin-derived compounds are macrocycles which chemical

structure looking like that of porphyrins.

In PDT, PSs are also classified as first-, second- and third-generation compounds. First-
generation PSs refer to the first PSs that have been developed and clinically used between the
sixties and early eighties. Second-generation PSs were synthesized to overcome the limitations
of first-generation PSs. The third generation of PSs gathers chemically modified compounds

for specific targeting of tumor tissues.

1-1.2.1. Properties of a photosensitizer

Extensive studies of first-generation PSs have led researchers to define the following
prerequisite characteristics of an ideal photosensitizer. A good PS candidate should be
pharmacologically stable, non-mutagenic and/or carcinogenic, non-toxic (as well as its
metabolites) until activation by a light of appropriate wavelength (Allison ez al., 2004; Allison
and Moghissi, 2013; Huang, 2005; Zane et al., 2001). It should be commercially available,
chemically pure to avoid unwanted side effects (Teixo ef al., 2015), and should not provoke
serious allergic effects upon administration (Allison ez al., 2004; Plaetzer et al., 2009). Pain
should be avoided during the PDT process. The probability for a PS to undergo a transition
from its S1 to T1 state should be high (triplet quantum yield @t > 0.5) (Huang, 2005; Josefsen
and Boyle, 2008; Zhu and Finlay, 2008) and the PS should have a high quantum yield for
substantial !0, and ROS production (oxygen quantum yield @ > 0.5) to guarantee an effective
photodynamic effect (Josefsen and Boyle, 2008; Zane ef al., 2001). The T1 state should have a
relatively long lifetime of the order of microseconds (triplet state lifetime tr in the microsecond
to milisecond range), and a high energy (> 94 kJ mol™!) (Da and Vicente, 1996; Josefsen and
Boyle, 2008). Also, the PS should absorb light at wavelengths far from those at which biological

molecules such as hemoglobin do (Bozzini et al., 2012). Its absorbance should be strong enough

10
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in the near to infrared spectral region (650-800 nm), for deeper tissue penetration, and because
single photon absorption at wavelengths higher than 800 nm does not provide sufficient energy
to transform oxygen into its singlet state (Abrahamse and Hamblin, 2016; Allison et al., 2004;
Huang, 2005). The PS should also have a high extinction coefficient (¢ > 30000 L.mol!.cm™)
(Da and Vicente, 1996). It ought to be amphiphilic in order to be easily administered through
various routes and able to cross a cell membrane. Ideally, it should rapidly and selectively
accumulate in the diseased tissue, as already reported for tumor cells, but should also have short
lifetime and be rapidly cleared from the patient normal tissues to minimize healthy skin
sensitization (Ackroyd et al., 2001; Allison and Moghissi, 2013; Bozzini et al., 2012; Huang,
2005; Plaetzer et al., 2009; Zane et al., 2001). Selective localization of PS at the targeted site is
an important issue as 'O is only active in the immediate vicinity of the PS (Abrahamse and
Hamblin, 2016; Nyokong and Ahsen, 2012). Finally, it should be less expensive than

conventional therapies (Abrahamse and Hamblin, 2016).

Of course, the perfect PS that possesses all these qualities at once does not exist. However,
various strategies have been adopted to obtain the ideal candidate (s). A few photosensitizers
that generally meet the above-mentioned properties have been described, though (Calixto et al.,
2016).

1-1.2.2. First generation of photosensitizers

The first generation of PSs includes hematoporphyrin (Hp) and its derivatives (HpD and
porfimer sodium, Photofrin®) which are naturally occurring porphyrins. Hp is the first PS
isolated from dried blood by Scherer in 1841. Studies conducted on Hp have shown its
fluorescence property, specific uptake and retention in tumors as well as its photodynamic
action. However, high dosage of Hp was required for significant accumulation in the diseased
tissue and, therefore, Hp was associated to long lasting skin photosensitivity (Daniell and Hill,
1991; Lipson et al., 1961; O’Connor ef al., 2009). Chromatographic analysis of Hp showed that
it was composed of a complex mixture of porphyrin-derived compounds. Two fractions have
been identified, the first one being pure Hp with poor affinity to tumors, whilst the second one

corresponded to impurity components and showed the greatest affinity to tumors.

11
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Attempts to purify Hp by treatment with a mixture of sulfuric and acetic acids, then
neutralization with a sodium acetate solution, led to the formation of a Hp derivative (HpD)
which exhibited improved affinity to tumors compared to Hp (Dougherty, 1983; Juzeniene et
al., 2007; Lipson et al., 1961). Like Hp, HpD is not a pure compound. It is composed of a
mixture of porphyrin monomers, dimers and oligomers, linked by ether or ester bond or a
combination of both (Figure 3). The monomers including hematoporphyrin stereoisomers and
hematoporphyrin vinyl deuteroporphyrin isomers showed the lowest photodynamic activity
because of their poorest selectivity to tumors (Moan and Berg, 1991). Photodynamic activity
was attributed to ether-linked and ester-linked porphyrin aggregates also called
dihematoporphyrin esters which are hydrophobic (Dougherty, 1987). Partial purification of
HpD obtained by reducing most of the monomer components led to the most widely used PS
in clinical PDT, marketed as Photofrin® (Agostinis ez al., 2011; Da and Vicente, 1996; Sharman
et al., 1999; Zane et al., 2001). Although Photofrin® showed superior efficacy compared to
HpD and Hp, the clinical use of all these first generation PSs was limited because: i) their
complex mixture is difficult to reproduce (Da and Vicente, 1996; Denis et al., 2013), ii) they
have a weak Q-band absorption at 630 nm and this wavelength does not allow deep penetration
of light in tissues, iii) their selectivity for tumor cells is poor, and, iv) they tend to accumulate
and stay in healthy skin leading to serious cutaneous phototoxic side effects that last for about
2 months or more (Da and Vicente, 1996; Denis et al., 2013; Ochsner, 1997). In addition,
Photofrin® is not stable beyond 6 months (Dougherty, 1987).
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Figure 3: Structures of the major components found in haematoporphyrin derivative (HpD)
or Photofrin®. (A) Hematoporphyrin, (B) Hydroxyvinyldeuteroporphyrin, (C)
Protoporphyrin IX; (D) Dihematoporphyrin with an ether linkage; (E) Dihematoporphyrin
with an ester linkage (from Denis et al., 2013).

1-1.2.3. Second generation of photosensitizers

Efforts have been made to synthesize chemically pure PSs with improved photophysical
properties such as a strong absorption in the red spectrum at wavelengths longer than 630 nm,
reduced skin photosensitivity, and higher specificity to tumors (Figure 4B). Second-generation
PSs mostly encompass tetrapyrrolic compounds such as porphyrin derivatives, chlorins
(Foscan®), bacteriochlorins  (Tookad®), phthalocyanines (aluminum phthalocyanine
tetrasulfonate or AIPcS4), porphycenes, purpurins (Purlytin®) and texaphyrins (Lu-tex®)
(Figure 4A) but also non-porphyrin dyes, including phenothiazines (blue methylene), cyanines

(merocyanine 540), dipyrromethenes, hypericin, xanthenes (rose bengal), curcumin and
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chalcogenopyrylium dyes (DeRosa and Crutchley, 2002; Kostron and Hasan, 2016; O’Connor
et al., 2009; Zhang et al., 2018).
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Figure 4: Basic structure of most second-generation tetrapyrrolic photosensitizers (4) and
their typical absorbance spectrum showing the position of their Q-band I in the near-infrared
region (from Moser et al., 2015).

Tetrapvrrolic derivatives

Tetrapyrrolic PSs include porphyrins, chlorins, bacteriochlorins, phthalocyanines, porphycene,
purpurins and texaphyrins. They are the PSs that have been employed the most in PDT
applications. They are macrocycles with a tetrapyrrolic backbone similar to that of chlorophyll

or hemoglobin.

Porphyrins represent a class of intense purple dyes which possess a tetrapyrrole backbone

(porphine) consisting of four pyrrolic moieties generally connected to each other via methine
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bridges (Figure 5A) (Josefsen and Boyle, 2008). They play essential roles in the biological
activity of all living organisms (Lesage ef al., 1993) and their efficacy as PS is based on their
ability to absorb light in the red to near infrared region of the optical spectrum. Actually, their
absorption spectrum includes a strong band called the Soret band near 400 nm, followed by
four weaker bands between 600 and 800 nm also referred to as the satellite bands or Q-bands
(Figure 5B). Porphyrins are present in large quantities in natural sources (mammalian blood) or
can be entirely synthesized (Sternberg et al., 1998). Several approaches have been used to
develop second-generation porphyrins. Among them, we can mention the substitution of the
porphine macrocycle at its B and/or meso positions and the modification of the side chains in
naturally available porphyrins such as Hp and protoporphyrin, which result in a slight
modification of PS absorption spectra and solubility (Denis ez al., 2013; Sternberg et al., 1998).
Metal insertion at the center of porphyrins induces a drastic red shift of a porphyrin absorption
spectrum as well as its photostability and photophysical properties. These porphyrins are
referred to as metalloporphyrins. Depending on their nature, the central ion may prolong the T1
lifetime, thus improving the PDT effect, or quickly deactivate the excited state, thereby
inhibiting ROS formation (Denis et al., 2013).
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Figure 5: A) Structure of porphin, the tetrapyrrolic backbone of porphyrins; B) Characteristic
absorption spectrum of porphyrins (from Josefsen and Boyle, 2008).
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Among the second-generation porphyrin derivatives, the most attractive are 5-aminolevilinic

acid (ALA) and the 5,10,15,20-tetrakis-(m-hydroxyphenyl) porphyrin) (m-THPP).

5-aminolevilinic acid (ALA)

ALA has been introduced in 1990 as a prodrug PS (Kennedy et al., 1990). It is administered
topically or systemically (oral, intravenous and intradermal routes) and is marketed in its pure
form as Levulan® kerastic (DUSA Pharmaceuticals, Valhalla, NY, USA), and in the form of
alkyl ester derivatives (methyl-ALA, Metvix® and benzyl-ALA, Benxvix®) (Figure 6A). The
higher lipophilicity of these derivatives compared to ALA allows their deeper penetration in

the tissues (Gomes et al., 2018).

ALA is naturally formed within the body by the condensation of glycine and coenzyme-A
through ALA Synthase (ALAS), and undergoes a series of reactions leading to the formation
of protoporphyrin IX (Pp IX) (Figure 6B), the immediate precursor of heme. Pp IX is converted
into heme by insertion of ferrous ion in its center. This reaction is catalyzed by a ferrochelatase.
Under normal conditions, the rate at which all these reactions occur is tightly regulated by the
needs for heme, and a feedback inhibition mechanism maintains low level of porphyrin
intermediates potentially responsible for oxidative stress and cellular damage. Administration
of exogenous ALA in excess is believed to bypass the regulatory process thereby leading to an
accumulation of Pp IX in cells. Pp IX is an effective PS which absorbs light at 635 nm. The
photodynamic effect of ALA-induced Pp IX has been demonstrated in vitro and in vivo on a
variety of tumors (Nokes ef al., 2013). ALA-induced Pp IX tends to accumulate selectively in
tumors that arise from the epidermis (basal and squamous cell carcinoma, adenocarcinoma of
the sebaceous gland), the bronchi (lung squamous cell carcinoma), the mammary tissue (breast
adenocarcinoma) and the salivary gland (parotid squamous cell carcinoma) (Kennedy and
Pottier, 1992). This selectivity towards tumor tissue might be explained by the significant
variation of the level of heme-synthesis-rate limiting enzymes (ALAS, ferrochelatase,
porphobilinogen deaminase), the presence of damaged epithelium, and tumor tissue vascular
permeability (Krammer and Plaetzer, 2008; O’Connor ef al., 2009; Yang et al., 2015). Pp IX is
rapidly cleared from the body within 24h whatever the route of administration used (Kelty et

al., 2002; Krammer and Plaetzer, 2008), which limits skin photosensitization.
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Figure 6: Chemical structure of A) 5-aminolevulinic acid and its derivatives; and B)
Protoporphyrin IX (Pp IX) (from Gomes et al., 2018).

5,10,15,20-tetrakis-(m-hydroxyphenyl) porphyrin (m-THPP)

m-THPP is one of the first synthetic porphyrin derivatives that have been easily synthesized by
single-step reaction from pyrrole and 3-methoxybenzaldehyde (Figure 7) (Berenbaum et al.,
1986). It is a potent hydrophobic PS with good photophysical properties (Amax: 644 nm, ®r:
0.69, t1: 120 ps, ®a: 0.46) (Bonnett ez al., 1999) and better selectivity for tumors than first-
generation PSs. It was found to be at least 25 times more effective than HpD, with reduced skin

sensitization (Berenbaum et al., 1986).

Figure 7: Chemical structure of m-THPP.
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Chlorins differ from porphyrins by the lack of a double bond on the tetrapyrrolic ring (Figure
8). They are synthesized starting with natural materials such as chlorophyll-a (Chl a) (Ali and
Van Lier, 1999; Denis et al., 2013; Montforts, 1995), and Pp IX (Denis ef al., 2013). They are
also prepared by diimide reduction of synthetic tetraphenylporphyrin (TPP) or
octaethylporphyrin (OEP) derivatives (Bonnett et al., 1989; Da and Vicente, 1996). This
chemical reduction leads to a shift of the porphyrin absorption Q band towards longer
wavelengths, between 650-690 nm. Thus, chlorins are good PS candidates because of this
absorption band in the red region which allows deeper penetration of light into biological
tissues, and their high molar extinction coefficient. Most of the promising PSs already marketed
or under clinical trials are chlorin analogs which include 5,10,15,20-tetrakis(m-
hydroxyphenyl)chlorin (m-THPC, Foscan®), benzoporphyrin derivative monoacid ring A
(BPD-MA, verteporfin®), tin ethyl etiopurpurin (SnET2, Rostaporfin, Purlytin®), N-aspartyl
chlorin e6 (NPe6, Talaporfin, Ls11), and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a
(HPPH, Photochlor®) (Ormond and Freeman, 2013).

Porphyrin Chlorin

Figure 8: Structural comparison of porphyrin and chlorin (from Yoon et al., 2013).

5,10,15,20-tetrakis(m-hydroxyphenyl) chlorin (m-THPC), Temoporfin (Foscan®), is
prepared by diimide reduction of its porphyrin parent m-THPP, and is one of the most effective
chlorin derivative, fulfilling almost all prerequisites of the ideal PS. Indeed, its photophysical
properties (Amax: 650 nm, @r: 0.89, tr: 50 ps, ®a: 0.43 and &: 29,600 dm?.mol!. cm™!) allow
inducing an effective PDT response. m-THPC exhibits greater selectivity to various tumors and

is much more effective at very low concentration (~ 0.1-0.15 mg/kg) and low light dose (~10-
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20 J/cm?) than HpD, Photofrin® (Bonnett, 1995; Bonnett ef al., 1999; Dougherty et al., 1993;
Mitra and Foster, 2005), ALA (Bourr¢ et al., 2002) and m-THPP (Berenbaum et al., 1993).
Unfortunately, because of its high effectiveness, patient exposure to room light may cause
serious burns (Friedberg ef al., 2003). Nevertheless, it shows reduced skin sensitization
compared to Photofrin® (2 vs 4-8 weeks) (Da and Vicente, 1996; O’Connor et al., 2009;
Rodriguez et al., 2004; Triesscheijn et al., 2006) and is painful (Allison et al., 2004).

Benzoporphyrin Derivative Monoacid Ring A (BPD-MA) or verteporfin (Visudyne®), a
semi-synthetic chlorin-type compound rather than a porphyrin one, is formed by Diels—Alder
reaction of Pp IX and dimethyl acetylene dicarboxylate (Denis et al., 2013). This PS has a
significant absorption at 690 nm. It accumulates in tumors within 30-150 min and is quickly
removed from the body 24 hours following administration (Andrejevic Blant er al., 2000;
Richter et al., 1990). It exhibits superior photodynamic effect and lower skin sensitization than
m-THPC (Opitz et al., 2006). Its photodynamic action is reported to be mediated by both type
I and type II mechanisms (Hadjur ef al., 1997). BPD-MA induces significant destruction of
tumor blood vessels. Because it is lipophilic, it has been incorporated into liposomes (Fingar et
al., 1999).

Tin ethyl etiopurpurin (SnET2, Rostaporfin) or Purlytin® is a metallochlorin based on a
complex of tin with purpurin, an analogue of the degradation product of chlorophyll (Garbo,
1996). SnET2 has been tested in a cremophor emulsion in clinical trials because of its
hydrophobicity (Pogue e al., 1998). It has a strong absorption Q band at 660 nm and a high
molar extinction coefficient. It has been reported to induce a strong tumoricidal effect. Although
it also causes skin sensitization, this side effect rapidly disappears a week after treatment
(Morgan et al., 1990).

N-aspartyl chlorin e6 (NPe6, Talaporfin, Ls11) is an analogue of chlorin e6 (Ce6) which is
a derivative of chlorophyll-a obtained by condensation of Ce6 with L-aspartic acid. Thanks to
its 4 carboxylic acid substituent groups, NPe6 is amphiphilic. Its absorption peak shows
maximum absorption at 664 nm with high molar extinction coefficient, and is a good generator
of singlet oxygen (Spikes and Bommer, 1993). NPe6 is an excellent tumor PS since it

accumulates quickly in tumors, about 4 to 6 h following administration.
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1-1.2.4. Third generation of photosensitizers

Although second-generation PSs have unmistakably proven their superior efficacy over first-
generation PSs, they exhibit, however, a modest specificity toward tumor cells (Calixto ef al.,
2016; Knop et al., 2009; Paszko et al., 2011). Moreover, most of them undergo aggregation in
aqueous medium because of their lipophilic nature. Therefore, further investigations were
devoted to the design of amphiphilic PSs with higher selectivity and affinity to tumor tissues
(Allison et al., 2004; Gomes et al., 2018; Lee and Kopelman, 2011). These new PSs also called
targeted PSs are referred to as third-generation PSs and most of them derive from second-

generation PSs.

Two main strategies have been adopted to develop these PSs (Lupu ef al., 2016). The first one
consisted in grafting specific ligands to existing second-generation PSs (DeRosa and Crutchley,
2002). Examples of ligands that have been used are monoclonal antibodies (MAbs) (e.g., human
epidermal growth factor receptor 2 or interleukin-2 receptor) (Moore ef al., 2009; Van Dongen
et al., 2004), proteins and peptides (e.g., galectin-1, folic acid receptor, estrogen receptor, low
density lipoproteins (LDL) receptor, bile acids, transferrin, shiga toxin or polyamines) (Diddens
et al., 1997; Ferreira et al., 2013; Gomes et al., 2018; Jiang et al., 2010; Rogers et al., 2013;
Stallivieri et al., 2017; Swamy et al., 2006), or carbohydrates (e.g., hyaluronic acid, galactose,
lactose, mannose or glucopyranose) (Bae and Na, 2012; Han ef al., 2016; Laville et al., 2006;
Lupu et al., 2018; Maillard et al., 2007; Soares et al., 2010; Zheng et al., 2001).

The second strategy consisted in encapsulating the PSs in nanocarriers. This vectorisation is

described in section 1.3.
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I-2. Retinoblastoma

The first case of retinoblastoma (RB) mentioned in the literature dates back to 1597 when Petrus
Pawius reported an autopsy he had performed on a young child (Dunphy, 1964; Grossniklaus,
2014). Retinoblastoma is a rare malignant tumor of the retina which affects children of less than
5 years old (Hilkert ez al., 2017; Rodriguez-Galindo ef al., 2015), and represents today 2-4% of
all pediatric cancer diagnosed (Delhiwala er al., 2016). It has an annual worldwide incidence
of 1 case per 15,000 to 20,000 births (Delhiwala ez al., 2016; Lanzkowsky et al., 2016) with the
highest number of cases observed in developing countries (Hilkert ef a/., 2017) or in countries
with high birth rates (Grossniklaus, 2014).

I-2.1. Diagnosis and conventional treatments

Retinoblastoma is a visible tumor that can be detected easily without using sophisticated
diagnostic imaging tools. The most characteristic sign of RB is an abnormal white reflection
called leukocoria (Figure 9a) that is visible through the pupil (Dimaras and Corson, 2018; Dyer,
2016). Other signs are misaligned eyes also called strabismus, and proptosis (Dimaras and
Corson, 2018) an abnormal bulging of the eye out of the orbit. This latter sign, often observed
in developing countries, indicates an advanced stage of the tumor with a higher mortality rate
(Hilkert et al., 2017). Imaging techniques like ultrasonography, fluorescein angiography,
magnetic resonance imaging (MRI), retinal camera (RetCam) imaging or computed

tomography are also used for RB diagnosis (Aerts et al., 2006; Lanzkowsky et al., 2016).

Retinoblastoma is a genetic disease. The tumor suppressor gene RB1 has been implied in
disease occurrence, and it has been established that almost all RB patients present one mutation
of this gene in both alleles of their chromosome 13q14 (Cowell, 1991). There are 2 forms of
RB: (i) the hereditary form where all body cells already carry one inactive RB1 allele, and the
inactivation of the second RB1 allele occurring in the retina initiates the development of the
tumor, and (ii) the sporadic form where the inactivation of both RBI1 alleles occurs
spontaneously in a retinal cell (Aerts et al., 2006; Dunphy, 1964). RB is also qualified as
unilateral or bilateral whether it affects one eye or both of them, and as unifocal or multifocal

when one or more tumors are found in each eye. The sporadic form, which represents ~60-70%
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(Cerman and Cekic, 2015) and is commonly diagnosed when the child is ~2 years old (Maillard
et al., 2007), is usually unilateral and unifocal. In general, bilateral and multifocal tumors
(Figure 9b) are observed in the hereditary form of RB (Lanzkowsky et al., 2016). They account
for 30-40% cases. However, 15% of patients presenting unilateral RB were reported to have an

inherited mutation.

Different treatment modalities are available depending on the type, the location and the stage
of the tumor(s). For early diagnosed RB, conservative therapies are performed aiming to save
the life and preserve the vision of the patient, while in case of late diagnosis, the priority is to
save life and avoid the development of the cancer as the vision is already affected (Aerts ef al.,
2006; Dimaras and Corson, 2018; Ramirez-Ortiz et al., 2017). Focal therapies are applied to
small tumors. They include external beam radiation (EBR), photocoagulation, cryotherapy,
hyperthermia, or brachytherapy, sometimes associated. Patients are often treated first by
chemotherapy (CT) to achieve chemoreduction of the tumor(s) size prior to the application of
the focal therapies (Lanzkowsky et al., 2016; Rodriguez-Galindo ef al., 2015; Teixo et al.,
2015). For patients presenting medium-to-large size intraocular tumors as well as extraocular
tumors, CT and/or enucleation are systematically indicated. Carboplatin, sarcolysin
(Melphalan®, Shields et al., 2014), vineristine, cyclophosphamide, doxorubicin, ifosfamide and
etoposide are common chemotherapeutic drugs, often administered as a cocktail (VDC for
vincristine, cyclophosphamide and doxorubicin or VCE for vincristine, carboplatin and
etoposide) (Grossniklaus, 2014; Lanzkowsky et al., 2016). In addition to intravenous (IV)
delivery of these chemotherapeutics agents, various routes of administration have been
explored such as intra-arterial, periocular, and intravitreal route. These approaches also favor
the destruction of RB seeds which disseminate in the fluid as dust, clouds or spheres and are
responsible for disease relapse and/or metastasis (Francis et al., 2017, 2014; Kalita et al., 2014;
Shields et al., 2013). Intravitreal CT using methotrexate or sarcolysin (Shields et al., 2013) have

shown promising response for recurrent RB (Munier ez al., 2013).

Despite the real benefits brought in terms of prognosis, most of the above mentioned therapies
are associated to severe adverse effects (Cerman and Cekic, 2015; Francis et al., 2017, 2014,
Manjandavida and Shields, 2015; Munier ef al., 2013; Teixo et al., 2015). Some of them, mainly
radiation therapies (EBR, radiotherapy) and CT favor the development of secondary tumors
(Aerts et al., 2006; Teixo et al., 2015). Multi-drug resistance is another issue encountered with
CT (Das and Sahoo, 2012).
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Figure 9: Clinical characteristics of retinoblastoma with a) leukocoria and b) bifocal tumors
visible in the eye (from Dimaras and Corson, 2018).

I-2.2. Application of PDT to retinoblastoma

PDT has emerged as an interesting alternative to retinoblastoma conventional therapies as it is
non-mutagenic, can activate the immune system to attack tumor cells, and generates less side
effects than conventional therapies (Cerman and Cekig, 2015; Teixo et al., 2015; Walther ez al.,
2014). First clinical applications of PDT to retinoblastoma date from the eighties (Murphree et
al., 1987; Ohnishi et al., 1986). Hematoporphyrin derivative (HpD) was effective against small
RB when used alone, but an additional therapy was necessary in the case of large tumors (Teixo
etal.,2015). Several preclinical studies were conducted in vitro and in vivo which demonstrated
the potential efficacy of PDT for curing RB. However, no clinical application to RB has been
reported (Lupu ef al., 2018). Tetrahydroporphyrin tetratosylat (THPTS) (Walther ez al., 2014),
verteporfin (Stephan er al., 2008), m-THPC (Aerts et al., 2010) and ALA (Ruiz-Galindo et al.,
2007) are examples of PSs evaluated for RB treatment. In most studies, the intracellular
localization of the photosensitizers was not determined, and it was not yet clear at which level
of the cancer tissue PDT effects occurred. It has been recently suggested, however, that PDT

acts preferentially by destroying RB vasculature (Teixo er al., 2015).

Different strategies have been proposed to favor specific accumulation of PSs in RB tissues.
Chlorin e6-LDL conjugates were synthetized and showed significant uptake by RB cells
(Diddens et al., 1997). Maillard and coworkers developed porphyrin glycoconjugates (Laville
et al., 2006; Lupu et al., 2018; Maillard et al., 2007) to improve the amphiphilicity of the
porphyrins and their affinity to RB cells, as it has been showed that RB cells overexpress sugar
receptors (Gallud e al., 2015; Griegel et al., 1989). Specific interaction of the glycoconjugated
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PSs with the sugar receptors of RB cells was demonstrated in our laboratory (Makky et al.,
2012, 2011).

All these investigations proved the rationale of using PDT as a conservative treatment of RB.

I-3. Photosensitizer delivery systems

The major concern about most PSs is their poor water-solubility leading to aggregation in
aqueous environment (Da and Vicente, 1996; Dabrowski ef al., 2016; Monge-Fuentes et al.,
2014), therefore inactivating their photodynamic activity. Moreover, because of their lipophilic
nature and lack of specificity toward tumor cells, they accumulate into the skin, which induces
the skin photosensitivity reported as the main PDT side effect (Friedberg et al., 2003; Gijsens
et al., 2002; Paszko et al., 2011). These PSs require to be solubilized in order to accumulate at

sufficient high dose in the targeted tissue and lead to the desired therapeutic effect.

Several approaches have been tested to achieve this goal. Among them is the use of non-
aqueous solvents such as DMSO (Richter ef al., 1990), ethanol, polyethylene glycol 400 (PEG
400) (Jones et al., 2003) and propylene glycol (Saavedra er al., 2014). However, these solvents
are toxic (Strickley, 2004). Natural eutectic solvents were also proposed to solubilize PSs
(Wikene ef al., 2015). Another strategy was their complexation with cyclodextrins (Mazzaglia
et al., 2010; Samaroo et al., 2014). Beside the conventional solubilization approaches,
incorporation of the PSs in nanomedicines was also envisioned. Nanomedicines have earned
growing attention in many fields since their emergence few decades ago, because of their
tremendous benefits. Indeed, different types of nanomedicines exist, which allow to encapsulate
hydrophobic and hydrophilic drugs for solubilization or protection against degradation (Ge et
al., 2014). More than one drug can be loaded into these systems. They can cross biological
barriers (Lee and Kopelman, 2011; Paszko ef al., 2011) and be specifically addressed to their
target by decoration of their surface with specific ligands (Nichols and Bae, 2013). Their surface
can also be functionalized with long PEG chains to prolong their circulation time. This increases
their bioavailability in the body by avoiding opsonization that is the first step before rapid
clearance from the blood (Cho er al., 2008; Sobot et al., 2016). Another important benefit of
nanomedicines is that they can help reducing considerably drug side effects when the

therapeutic index of the encapsulated drug is increased (De Jong and Borm, 2008; Liu et al.,
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2015). Moreover, they have been reported to preferentially accumulate into tumors, thanks to
their nanoscale size. This was attributed to the enhanced permeability and retention (EPR) effect
(Fattal and Tsapis, 2014; Maeda, 2017; Maeda et al, 2016). Finally, drug release can be
controlled (Bobo et al., 2016).

Various nanocarriers have been developed to solubilize PSs and protect them from the aqueous
environment, but also to enhance their specific accumulation into tumors. The most frequent
nanocarriers used were micelles (Van Nostrum, 2004), liposomes (Gaio et al., 2016) and
nanoparticles (Master et al., 2013). PSs were also loaded in micro and nano-emulsions (Junping
et al., 2003; Maisch et al., 2009; Primo et al., 2008). Many of these nanocarriers were
functionalized with grafted ligands in order to target specific receptors. The literature reports
on micelles, carbon nanoparticles, liposomes, porous hollow nanospheres, gold NPs, in which
PSs have been entrapped either physically or covalently (Gijsens et al., 2002; Liang et al., 2014;
Lupu et al., 2016; Ma et al., 2014; Master et al., 2013, 2012b; Simon et al., 2010). In the latter
case, they were generally bound to the nanocarrier’s core (Brevet et al., 2009; Gary-Bobo et
al.,2012) or to its surface (Mackowiak e al., 2013). The covalent linkage of PSs to nanocarriers

allows to bypass the premature leakage observed with physically loaded PSs.

1-3.1. Micelles

Amphiphilic surfactants and copolymers are used above their critical micelle concentration
(CMC) to obtain micelles. Cremophor EL (polyoxyethylene glycerol triricinoleate) is a
surfactant often used to solubilize PSs (Dabrowski et al., 2016; Huang et al., 2012b). However,
because it is toxic, Cremophor EL has been replaced by other copolymers including Pluronic
P123, PEG-lipid conjugates (mPEG2000-DSPE) (Van Nostrum, 2004), poly (e-caprolactone)-b-
poly (ethylene oxide), poly (ethylene oxide)-b-o-poly (g-caprolactone) (Hofman et al., 2008),
poly  (ethyleneoxide-b-g-caprolactone), poly  (ethyleneoxide-b-D,L-lactide),  poly
(ethyleneoxide-b-styrene) (Gibot et al., 2014), poly (ethylene glycol)—co-poly (D,L-lactic acid)
(Ding et al., 2011) and poly (2-ethyl-2-oxazoline)-b-poly (D,L-lactide) (Senge and Brandt,
2011). The hydrophilic segments of these surfactants are exposed to the aqueous environment
while the hydrophobic ones form the core of the micelles in which PS molecules are entrapped.
These micelles have a size ranging from 10 to 100 nm (Dabrowski ez al., 2016; Van Nostrum,

2004). Micelles decorated with a peptide ligand (e.g., the epidermal growth factor receptor,
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EGFR) showed rapid cellular uptake and improved photodynamic activity compared to non-

specific micelles (Master e al., 2012b).

I-3.2. Liposomes

Liposomes have been largely used as delivery systems for photosensitizers. They are
unilamellar or multilamellar vesicles composed of phospholipid bilayer(s) enclosing an inner
aqueous compartment. Liposomes are biocompatible and biodegradable thanks to their
resemblance with biological membranes (Puri, 2014). Both hydrophilic and hydrophobic PSs
have already been encapsulated into liposomes (Jin and Zheng, 2011). Hydrophobic PSs were
incorporated in the lipid bilayer so that their aggregation was prevented, and they remained in
their active form, while the hydrophilic PSs were solubilized in the aqueous core of the vesicles
(Huang et al., 2012a; Jin and Zheng, 2011).

Co-encapsulation of a PS with another hydrophobic active ingredient in the lipid bilayer is also
possible (Song et al., 2017). Various phospholipid compositions have been used in PSs
liposomal formulations, such as DPPC (Jiang et al., 1998), POPC/DOPS 90/10 (Isele et al.,
1994), egg phosphatidylcholine (Egg PC) (Wang ez al., 1999), DMPC (Senge and Brandt, 2011;
Szurko et al., 2009), DMPC/cationic surfactant mixture (Bombelli et al., 2008), cetyl-PEI
(cetylated polyethylenimine)/DPPC/cholesterol/DPPG mixture (Takeuchi et al., 2004), and a
mixture of ceramide/cholesterol/palmitic acid/cholesteryl sulfate specifically designed to
mimic the mammalian stratum corneum lipid composition (Pierre ef al., 2001). Marketed
liposome formulations include Visudyne®, a formulation of verteporfin prepared with egg
phosphatidylglycerol (Egg PG) and dimyristoyl phosphatidylcholine (DMPC) (Bulbake ef al.,
2017) and Foslip®, a liposomal formulation of m-THPC (temoporfin) prepared with a
DPPC/DPPG lipid mixture (Lassalle e al., 2009). Functionalized PS-loaded liposomes were
also designed using PEG-lipid conjugates such as DSPE-mPEGso (Song et al., 2017)
terminated by antibodies, folate, transferrin, peptides or other ligands, which contributed to the
prolongation of their circulating time and led to their specific accumulation in a targeted tissue

(Chen et al., 2005; Dabrowski et al., 2016; O’Connor et al., 2009; Song et al., 2017).

Specific lipids or various conditions such as temperature, pH or light may trigger drug release

from liposomes (Derycke and De Witte, 2004; Massiot ef al., 2017). This approach was also
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applied to PSs (Puri, 2014). All these studies demonstrated that liposomes are suitable carriers
for overcoming PSs aggregation issue and enhance tumor accumulation (Chen et al., 2005;

Huang et al., 2012a; Jin and Zheng, 2011).

I-3.3. Nanoparticles

A wide variety of nanoparticles (NPs) were explored as PSs nanocarriers. NPs exist as
nanospheres (solid matrix) or nanocapsules (liquid core surrounded by a solid shell) which can
be designed with different features to encapsulate both hydrophobic and/or hydrophilic drugs
or multi-drugs (Lee and Kopelman, 2011; Paszko et al., 2011; Vauthier and Bouchemal, 2009).
They are obtained using various materials and techniques and generally exhibit higher drug
loading and better controlled release than liposomes (Dabrowski ef al., 2016). NPs are classified
as (i) biodegradable or not, depending on the nature of materials used for their preparation, and
(i1) passive or active NPs according to whether a ligand is attached or not to their surface
(Chatterjee et al., 2008). PSs are incorporated inside NPs through hydrophobic or electrostatic

interactions with the material used, or by covalent binding to their core or surface.

1-3.3.1. Biodegradable NPs

Biodegradable NPs include NPs prepared from natural or synthetic biodegradable sources such
as polymers, polysaccharides, proteins or peptides.The most common polymers used for PSs
delivery belong to the aliphatic polyester family, like PLGA (poly(D,L-lactide-co-glycolide))
(Fadel et al., 2010; Konan-Kouakou et al., 2005; Konan et al., 2003) and PLA (poly(D,L-lactic
acid)) (Zeisser-Labouebe et al., 2006, 2009) and are well-known to be biocompatible and
biodegradable (Xiao ef al., 2006). PSs are loaded inside a nanoparticle core. For example, anti-
VEGEF (vascular endothelial growth factor)-functionalized PLGA NPs were developed for the
treatment of age-related macular degeneration (Zuluaga et al., 2007). Polysaccharides such as
xanthan gum (Deda et al., 2009), dextran, chitosan (Sun et al., 2009), alginate (Khdair ez al.,
2008) and hyaluronic acid (Master ef al., 2013) were used to form nanoparticles for PSs
delivery, but also collagen (Deda et al., 2009), human or bovine serum albumin (HSA or BSA)
(Jeong et al., 2011; Rodrigues et al., 2009), and LDLs (Song et al., 2007).
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1-3.3.2. Non-biodegradable NPs

Nanocarriers made of inorganic and metallic-based materials were also developed for PSs
delivery. They include mesoporous silica NPs (MSNs) (Brevet ez al., 2009), quantum dots, gold
NPs (AuNPs) (Zaruba et al., 2010) and magnetic NPs (iron oxide) (Roblero-Bartolén and
Ramon-Gallegos, 2015). Other types of NPs were described by Huang et al. (2012a) and.
Dabrowski et al. (2016). PSs were either loaded or covalently grafted inside these NPs or to
their surface (Brevet et al., 2009; Chatterjee et al., 2008; Gary-Bobo et al., 2012; Huang et al.,
2012a; Mackowiak et al., 2013; Zaruba et al., 2010). PSs covalently linked to the particles were
reported to be more effective, as this approach prevented their release from the system (Lee and

Kopelman, 2011).

More complex systems, e.g., AuNPs coated with a silica shell entrapping a PS were also
proposed (Fales ef al., 2011). Some of these NPs were coated by biodegradable materials to
improve their biocompatibility and stability (Roblero-Bartolon and Ramoén-Gallegos, 2015).
There are examples of MSNs coated with a lipid shell (Yang er al., 2010) or magnetic iron
oxide NPs coated with a dextran shell (McCarthy et al., 2006). The major issue encountered
with PSs encapsulated in nanoparticles is their tendency to self-quench. This phenomenon was
mainly observed with high concentrations of PSs, due to tight stacking of PS molecules in the
nanoparticles (Konan-Kouakou et al., 2005; Master et al., 2013, 2012a). Self-quenching results
in a reduction of the quantum yield of singlet oxygen (Hamblin and Avci, 2015). This
observation was also reported to occur in micelles (Ding ef al., 2011). As previously mentioned,
singlet oxygen generated inside the nanocarriers should diffuse out of them in order to kill cells
(Dabrowski et al., 2016; Simon et al., 2010), but it has a very short lifetime (< 0.04 ps). Its
diffusion depends on the material constituting the nanoparticle (Jeong et al., 2011). One
solution to avoid a PS self-quenching and make singlet oxygen immediately available is to
covalently bind the PS to the surface of the nanoparticle (Couleaud ez al., 2010; Eshghi et al.,
2013; Guo et al., 2010; Séve et al., 2012).
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I-3.4. Liponanoparticles (LNP)

Liposomes and NPs are the most popular nanocarriers investigated because of their great
potentials as drug delivery systems. As mentioned above, these systems have been proved to
solubilize and protect drugs from degrading or inactivating environment. They have succeeded
to deliver drugs to tumors by both passive and active pathways, thanks to their functionalization
with PEG moieties which prolong their circulation half-time and to grafted ligands allowing
specific interaction with the diseased tissue. Moreover, they are biocompatible and can be
designed with biodegradable excipients (Paszko ef al., 2011). Despite all these interesting
features, both liposomes and NPs suffer from important limitations. Liposomes exhibit low
hydrophobic drug entrapment and short circulating half-time due to their rapid uptake from the
bloodstream by the reticuloendothelial system (RES) (Chen et al., 2005). They are unstable in
biological environment because of their rapid interaction with plasma proteins resulting in the
leakage of the drug before it reaches its target (Brasseur ez al., 1991). They are also unstable
during storage and their preparation process is difficult to reproduce from batch to batch
(Lapinski et al., 2007; Zhang and Zhang, 2010). Limitations encountered with NPs are the use
of toxic organic solvents for their preparation, biocompatibility and/or toxicity of some
polymers employed (Raemdonck ef al., 2014), fast release of the drug by burst effect (Sengel-
Turk and Hascicek, 2017). However, NPs present some advantages over liposomes, like their
higher drug loading capacity, better stability (Krishnamurthy ef al., 2015), and prolonged
release effect (Hadinoto er al., 2013). Furthermore, their design is more controllable and

reproducible.

These limitations led researchers to design a new generation of nanoparticles named lipid
polymer hybrid nanoparticles (thereafter referred to as liponanoparticles or LNPs). LNPs are
core-shell nanocarriers combining both assets of liposomes and nanoparticles while
overcoming some of their drawbacks. Their structure is composed of a nanoparticle core coated
by a lipid layer. The solid core is believed to bring physical stability to the system, to serve as
a matrix for the delivery of both hydrophilic and lipophilic drugs, and to lead to particles with
controlled size and reproducible morphology (Chan ef al., 2009; Cheow and Hadinoto, 2011;
Ma et al., 2017; Troutier and Ladaviere, 2007; Von Hoegen, 2001). The lipid shell acts as a
membrane barrier preventing drug leakage from the NP core and makes the system more

biocompatible (Hadinoto ez al., 2013; Sengel-Turk and Hascicek, 2017). It participates to the
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controlled release of the encapsulated drugs and can also serve for the loading of even small
hydrophobic or hydrophilic molecules and macromolecules such as DNA or antibodies
(Asthana et al.,2015; Cao et al., 2018; Sengel-Turk et al., 2018; Troutier-Thuilliez et al., 2009).
LNPs surface can be modified to prolong their circulation time in the body, improve their
stability, increase their affinity for the diseased tissue, and reduce their recognition and removal
by the immune system (Liu ef a/., 2010; Pramual et al., 2017; Salvador-Morales et al., 2009;
Thevenot et al., 2007). LNPs have been largely developed as drug delivery systems (Grigoras,
2017; Mandal et al., 2013; Tan et al., 2013), but also as biomimetic models for investigating
the dynamics and surface chemistry of biological membranes (Bayerl and Bloom, 1990;
Savarala et al., 2010) or as in vitro biosensors for the diagnosis of some diseases (Eschwege et
al., 1996). They were also used as a tool in the biomedical field for the separation and
purification of proteins (Bucak ez a/., 2003). Different methods allow formation of LNPs having

lipid monolayer or bilayer/multilayers shell(s) as illustrated in Figure 10.
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Figure 10: Schematic illustration of the structure of a LNP (from Tan et al., 2013).
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1-3.4.1. Preparation methods for LNPs

Single-step and multi-step techniques have been proposed to obtain LNPs with an inner core

made of natural, or synthetic organic and inorganic materials (Troutier and Ladaviere, 2007;
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Zhai et al., 2017). The single-step approach is a relatively recent technique which has been

developed to overcome some drawbacks of the multi-step one.

1-3.4.1.1. Single-step technique

LNPs are prepared in one step either by a modified nanoprecipitation method or emulsification-
solvent evaporation. In these methods, hydrophobic polymers are employed, which generally
leads to LNPs with a lipid monolayer shell (Bose et al., 2016, 2015; Liu et al., 2010; Z. Yang
et al., 2013; Zhang et al., 2008; Zhang and Zhang, 2010). Lipid tails spontaneously self-
assemble around the polymer core to reduce the free energy of the system via hydrophobic

interactions.

1-3.4.1.1.1. Modified nanoprecipitation

This method requires the use of a water-miscible organic solvent and an aqueous phase. The
polymer, hydrophobic drug and lipids are dissolved in the organic solvent. Ethanol (Su et al.,
2011), acetonitrile (Chan et al., 2009; Dehaini et al., 2016, Salvador-Morales et al., 2009;
Zhang et al., 2008), tetrahydrofuran (THF) (Chan ez a/., 2009), acetone (Chan et al., 2009; Fang
et al., 2010) and dimethylformamide (Tahir e a/., 2017) can be used. Dropwise dispersion of
the organic solution into an aqueous phase is followed by stirring, vortex or sonication of the
mixture, during which the organic solvent rapidly diffuses in the aqueous phase, leading to the
formation of LNPs (Fang ef al., 2010). The organic solvent is then evaporated and LNPs are
collected by centrifugation or dialysis (Chan et al., 2009; Dehaini et al., 2016; Zhang et al.,
2008).

Another approach consists in dissolving lipids in an aqueous phase containing ethanol and/or
methanol as a co-solvent, and then in adding the drug/polymer solution dropwise (Chan et al.,
2009; Salvador-Morales et al., 2009; Yang et al., 2012; Zhang et al., 2016, 2008). In another
protocol, a lipid film is hydrated with an aqueous phase in which the organic phase was added
(Dehaini et al., 2016). The use of a surfactant is not necessarily required in this process since
the lipid acts itself as a stabilizer and self-assemble around the polymeric core via hydrophobic

interactions (Hadinoto ef al., 2013). Some reports, however, mention the addition of a surfactant
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to the aqueous phase (Bose et al., 2016; Tahir et al., 2017; Wong et al., 2006). PLGA is the
most commonly used polymer (Chan et al., 2009; Salvador-Morales et al., 2009; Tahir et al.,
2017; Zhang et al., 2008). LNPs can also be prepared by this method using a scalable
microfluidic device which allows controlling LNP characteristics in a reproducible manner

(Gdowski et al., 2018; Valencia et al., 2010).

1-3.4.1.1.2. Emulsification-solvent evaporation

Depending on the nature of the drug to be encapsulated, a single (ESE) or double emulsion-
solvent evaporation (DESE) process is performed. These methods require the use of a water
immiscible organic solvent, such as dichloromethane (DCM) (Bose ef al., 2015; Cheow and
Hadinoto, 2011), and an aqueous phase. Hydrophilic drugs are dissolved in the aqueous phase
while polymer, lipids and hydrophobic drugs are solubilized in the organic phase (Cheow et al.,
2011; Dave et al., 2017). In some cases, the lipid is directly dispersed in the aqueous phase
under bath sonication (Yan ez al., 2010).

The ESE method is applied for the encapsulation of hydrophobic drugs and consists in
emulsifying the organic solution in the aqueous one under sonication (Cheow and Hadinoto,
2011; Hu et al., 2015¢c) or high speed stirring (Dave ef al., 2017) forming an oil-in-water
emulsion (o/w) that leads to LNPs after evaporation of the organic solvent. PVA is often added
to the aqueous phase prior to emulsification (Bose ez al., 2015; Cheow et al., 2011; Dave et al.,
2017). Cheow and coworkers suggested that the lipids should be dissolved in the aqueous phase
instead of the organic one to obtain LNPs that are more stable in physiological environment
(Cheow et al., 2011). On the other hand, the DESE method was developed for the encapsulation
of hydrophilic compounds and is based on emulsifying the two phases (the aqueous in the
organic one) by ultrasonication leading to a single water-in-oil emulsion (w/0), which is
subsequently dispersed into a second aqueous phase containing a surfactant, thus forming a
water-in-oil-in-water (w/o/w) emulsion. The organic solvent is then evaporated to obtain the
final LNP suspension (Cheow and Hadinoto, 2011; Colombo et al., 2015; Hu et al., 2014; Hu
etal.,2015c; Jensen et al., 2012; Shi et al., 2011; Thanki ef al., 2017). Small molecules as well

as macromolecules have been loaded in LNPs using this method.
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1-3.4.1.2. Multi-step technique

The multi-step technique was the first common method used to prepare LNPs. It was introduced
by Bayerl and Bloom (Bayerl and Bloom, 1990) whose purpose was to conceive an artificial

cell membrane by forming a lipid supported bilayer onto a spherical substrate.

LNPs can be obtained by at least two distinct procedures. The first step consists in the formation
of nanoparticles and liposomes separately. The polymeric NPs are prepared by
nanoprecipitation (Copp et al.,2014; Fang et al., 2014; Thevenot et al., 2008) or emulsification-
solvent evaporation as indicated above (Hu ef al., 2015a; Sengupta et al., 2005), but also by
cross-linking followed by high pressure homogenization (De Miguel ef al., 2000; Major et al.,
1997) or by surfactant templated aerosol-assisted self-assembly method (Liu ez al., 2009b).
Liposomes are prepared by the thin lipid hydration method (Conway et al., 2014; Thevenot et
al., 2007; Troutier ef al., 2005a) or solvent injection method (Carmona-Ribeiro and Midmore,
1992; De Miguel et al., 2000; Rapuano and Carmona-Ribeiro, 2000) followed by subsequent
extrusion (Ashley ef al., 2011; Liu et al., 2009b; Thevenot et al., 2008), sonication (Conway et
al., 2014; De Cuyper and Joniau, 1991; Mornet et al., 2005) or dialysis of the liposomal
suspension (Rapuano and Carmona-Ribeiro, 2000) to form large unilamellar vesicles (LUVs)
or small unilamellar ones (SUVs). Direct dispersion of the lipids in an aqueous solution was
also described (Bayerl and Bloom, 1990; Moura and Carmona-Ribeiro, 2003; Nordlund et al.,
2009).

The second step consists in mixing the preformed NPs and liposomes under varied conditions
to allow fusion and reorganization of lipid vesicles around NPs core. Different mixing
conditions have been proposed depending on the saturation degree of the lipids used (saturated

or unsaturated ones).

In most cases, employing saturated lipids requires heating of the liposomal suspension above
the gel-to-liquid transition temperature, and lipid fusion to particles is achieved by co-extrusion

(Sengupta et al., 2005), dialysis (De Cuyper and Joniau, 1991), vortexing (Bathfield et al.,
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2008; Rapuano and Carmona-Ribeiro, 2000; Thevenot et al., 2008; Troutier et al., 2005a),
mechanical homogenization (Betbeder e al., 2000; Major et al., 1997) and/or simple incubation
(Ashley et al., 2011; Bayerl and Bloom, 1990; Rapuano and Carmona-Ribeiro, 2000).

Fusion of unsaturated lipid-based vesicles is achieved at room temperature using soft mixing
conditions including co-extrusion, manual pipetting (Liu e al., 2009b) or incubation (Ashley
etal.,2011; Bardelle et al., 1993; Buranda ef al., 2003; Carmona-Ribeiro and De Moraes Lessa,
1999; Mornet et al., 2005; Obringer et al., 1995). Sometimes, a short-term manual agitation,
vortexing or sonication (2 to 5 min) is applied prior to incubation of the mixture at room
temperature to favor contact between NPs and liposomes and collapse of the latter (Buranda et
al., 2003; Gilbert et al., 1992; Liu et al., 2009b; Obringer ef al., 1995).

LNPs can also be prepared by directly hydration of the lipid film with the NPs suspension
followed by sonication, stirring, incubation and/or co-extrusion (Eschwege et al., 1996;
Messerschmidt ez al., 2009; Troutier et al., 2005b; Zhao et al., 2012) to achieve successful lipid
coating of the NPs surface. Cell membrane vesicles derived from red blood cells (RBC),
platelets (PTL), bacteria and even from a tumor can be used instead of natural or synthetic
phospholipids to form LNPs (Copp et al., 2014; Fang et al., 2014; Gao et al., 2015; Hu et al.,
2011; Rao et al.,2017) because of their unique characteristics. These membranes are fused with

NPs by co-extrusion or sonication.
Finally, in the third step, LNPs are purified by removal of unreacted vesicles by centrifugation.

The multi-step approach promotes the formation of LNPs composed of a NP core, a lipid bilayer
and a thin water layer in between (Bayerl and Bloom, 1990; Mornet et al., 2005; Zhang and
Zhang, 2010). Electrostatic interactions are usually the driving forces involved in the deposition
of a lipid bilayer onto a NP surface (Liu ef al., 2009b; Richter et al., 2006; Thevenot et al.,
2008; Troutier and Ladaviere, 2007) and, in most cases, cationic lipids such as DOTAP (Liu et
al., 2009b), DPTAP (Thevenot et al., 2008), DODAC and/or DODAB (Carmona-Ribeiro and
Midmore, 1992) are mixed with zwitterionic ones to obtain positively charged lipid vesicles
which are then added to negatively charged NPs to form LNPs. LNPs prepared from anionic or
neutral lipid vesicles and cationic NPs have also been described (Liu et al., 2009a; Major et al.,
1997). One proposed mechanism for lipid bilayer formation is that, once in contact with NP
cores, lipid vesicles adhere to them, deform and break, forming bilayer patches that activate

decomposition of neighboring adsorbed vesicles and coalescence of lipid patches until complete
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coating of the particles (Mornet ef al., 2005). Cauda et al. proposed a solvent-exchange method
based on NPs mixing with an ethanolic solution of a lipid monomer that self-assemble into a
defect-free lipid bilayer around the NPs upon addition of a large volume of water (Cauda et al.,
2010).

Some issues have been observed with the conventional multi-step procedure such as (i) the
possible leakage of drugs loaded in the polymeric cores before lipid coating (Cheow and
Hadinoto, 2011), (ii) the complexity of the protocol and (iii) poor control of the characteristics

of the produced LNPs (Bose et al., 2015; Zhang et al., 2008).

Recently, non-conventional two-step techniques have been developed, including a particle
replication in non-wetting templates (PRINT) technology and spray-drying. PRINT is a large
scalable and reproducible manufacturing technique allowing to prepare NPs with precise size,
shape and features. Hasan et a/. (2012) have reported the design of non-spherical lipid-coated
PLGA NPs for the delivery of siRNA using this technique. The method consisted in preparing
a polymer solution in which siRNA was co-dissolved, and then pouring this solution on a
poly(ethylene teraphthalate) (PET) sheet. This sheet was then positioned in a PRINT mold
followed by heating that led to the formation of copolymer NPs after cooling. The NPs were
then transferred to a PVA-coated PET sheet and released in an aqueous DOTAP/DOPE
solution. The lipid mass used was 2-fold in excess compared to that of the particles. Excess
lipids and PVA were removed by tangential flow filtration. This technique can be used for the
encapsulation of a wide variety of hydrophobic and hydrophilic drugs and any shape can be

imparted to the particles (DeSimone, 2016; Enlow ef al., 2011).

A spray drying technique was developed by Hitzman and co-workers to prepare fluorouracil
loaded lipid-coated microparticle using polyglutamic acid, polylysine or lactose for the particle
core and egg PC for the lipid shell. The polymer solution containing the drug was first spray-
dried. Then, the obtained particles were dispersed in DCM containing the lipids and subsequent
freeze-drying was performed to obtain the lipid-coated particles (Hitzman et al., 2006). This
technique can be adapted to obtain lipid-polymer hybrid nanoparticles in the nanometric scale
(Lietal., 2010).

LNPs with a lipid bilayer shell were also obtained by a two-step microfluidic process (Lu Zhang
etal.,2015).
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1-3.4.1.3. Critical parameters affecting the characteristics of LNPs

Several factors may impact LNPs characteristics such as their size, polydispersity, surface

charge, drug encapsulation and their colloidal stability.

1-3.4.1.3.1. The single-step approach

Two important parameters have been identified in the single-step technique: the lipid-to-

polymer mass ratio (L/P) and the lipid/PEG-lipid molar ratio.

L/P was reported to significantly affect the overall characteristics of LNPs. This parameter was
also referred to as the membrane-to-core weight ratio. Low L/P ratio (< 15%) led to the
formation of large particles (Yang ef al., 2013). This was attributed to incomplete coating of oil
droplets by the lipids at their surface, leading to coalescence during the process (Fang ef al.,
2014; Zhang et al., 2008), because lipids are expected to stabilize oil droplets at the oil-water
interface. Particles obtained at low L/P ratio spontaneously aggregated in physiological
conditions (PBS or cell culture medium containing plasma proteins) (Chan et al., 2009; Fang
et al., 2014). Low L/P also resulted in the leakage of encapsulated drug (Zhang et al., 2008).
On the other hand, when the L/P ratio was too high, lipids were in excess in the formulation,
and self-assembled into liposomes and/or micelles (Yang et al., 2012; Zhang et al., 2008)
leading to heterogeneous particles population or deposition of stacked onion-like multilamellar
lipid shell around particles core (Bershteyna er al., 2009). Yang et al. demonstrated by
colorimetric lipid quantification that a minimum of 15% of lipids was required to saturate the
NPs surface (Yang et al., 2013). The optimal L/P ratios reported ranged between 15 and 30%
(Chan et al., 2009; Cheow and Hadinoto, 2011; Fang et al., 2010; Palange ef al., 2014; Zhang
et al., 2008).

LNPs appeared to aggregate in physiological conditions even at high L/P ratio, whatever the
lipids used (neutral or cationic) (Bose ef al., 2015; Chan et al., 2009; Cheow and Hadinoto,
2011; Z. Yang et al., 2013). The good coverage of NP cores by a lipid shell proved to be
insufficient to stabilize these particles at high ionic strength because of charge screening.
However, the addition of PEG-lipid conjugates to the formulation improved the stability of
LNP in PBS or the cell-culture medium containing plasma proteins (Chan ef al., 2009; Fang et
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al., 2010; Salvador-Morales ef al., 2009; Yang et al., 2012). This was attributed to electrostatic
and steric repulsive forces induced by the carboxylic end-group and the long chains of the
grafted PEG moieties, respectively. Several investigations of the lipid-PEG/lipid ratio required
for forming stable non-aggregated LNPs were conducted, which showed that a minimum of
50% of lipid-PEG was necessary to achieve this goal, which is quite high (Fang ez al., 2010; Z.
Yang et al., 2013; Zhang et al., 2016). Palange ef al. (2014) reported an increase of about 20%
of the size of LNPs in PBS by using 2.5% of DSPE-PEGa¢00. The use of 10% w/w TPGS
(tocopherol polyethylene glycol 1000 succinate) as a stabilizer also proved to prevent LNP
aggregation in PBS (Cheow and Hadinoto, 2011). Polymer-PEG conjugates were also proposed
as alternative to lipid-PEG for stabilizing LNPs (Yang et al., 2012). For example, PLA-PEGs000

significantly contributed to decrease the adsorption of plasma proteins on particles surface.

1-3.4.1.3.2. The multi-step approach

The aim of using the multi-step technique instead of the single one is to design LNPs with a
lipid bilayer shell. Therefore, several aspects such as the nature of lipid and polymer used, the
method by which NPs and lipid vesicles are produced, the vesicle-to-particle ratio, the mixing
condition performed, and the ionic strength and pH of the aqueous medium should be
considered as all these parameters can significantly affect the physico-chemical characteristics
of the obtained LNPs.

Various types of NPs and lipids have been used to prepared LNPs. An easy way to favor the
formation of a lipid bilayer onto a particle surface by electrostatic attraction is to use oppositely
charged vesicles and NPs. Negatively charged NPs such as mesoporous silica, poly(styrene),
iron oxide (Fe3Os), PLGA and PLA NPs were mixed with positively charged vesicles (Bathfield
et al.,2008; Carmona-Ribeiro and De Moraes Lessa, 1999; Cauda et al., 2010; Liu et al., 2009b;
Thevenot et al., 2008; Troutier et al., 2005b). Some authors also prepared LNPs by mixing
anionic nanoparticles such as silica, PLGA NPs, or positively charged NPs such as
polysaccharides, with neutral lipid vesicles (Ashley et al., 2011; Conway et al., 2014; De
Miguel et al., 2000; Nordlund ez al., 2009; Sengupta et al., 2005). When PLGA NPs were used,
LNPs were obtained by co-extrusion of NPs and vesicles (Sengupta ef al., 2005). It was also
possible to obtain LNPs using both negatively charged NPs and vesicles. This was done either

by co-extrusion or sonication of PLGA NPs or Fe3;O4 magnetic nanoparticles with red blood

37



Chapter I: Photodynamic therapy, retinoblastoma, and photosensitizer delivery systems

cell or platelet ghost membranes which are negatively charged (Copp ef al., 2014; Fang et al.,
2014; Hu et al., 2011; Rao et al., 2017). Mornet et al. (2005) also reported the formation of a
continuous lipid bilayer on amorphous silica NPs when the net negative charge of mixed
phosphatidylcholine (PC) and phosphatidylserine (PS) lipid vesicles was low (PC/PS ratio ~
4/1 or 3/1). However, this approach led to unsatisfactory result when the vesicles were highly
negatively charged (e.g., PC/PS 1/1) (Mornet ef al., 2005). Carmona-Ribeiro and Moraes Lessa
(1999) made the same observation. In their study, they obtained the formation of a lipid
monolayer instead of a bilayer by incubating anionic sulfate polystyrene microspheres with
negatively charged asolecithin vesicles. This result was explained by the fact that hydrophobic
attractions had surpassed the electrostatic repulsion forces normally present between the

particles and vesicles because of their surface charge.

The method used to prepare the polymeric core of LNPs can impact the encapsulation efficiency
(EE) and drug loading (DL) of entrapped molecules. In general, NPs prepared by
nanoprecipitation methods showed lower DL and EE than those obtained by the emulsification
techniques (Kamaly er al., 2012). The nature of the drug molecules to be encapsulated was

decisive for the choice of the polymer as well as the method used for their encapsulation.

The formation of LNPs requires mixing of polymeric NPs with excess lipid vesicles to ensure
complete coverage of the NP surface by a lipid bilayer (Bayerl and Bloom, 1990; Carmona-
Ribeiro and Midmore, 1992; Thevenot et al., 2008). This excess is calculated on the basis of
the ratio between the total surface area of vesicles (Ay) and that of the particles (Ap) (Av/Ap)
also referred to as the vesicle-to-particle ratio. Ay/Ap was shown to play a critical role in the
size and stability of LNPs, mainly when cationic lipid vesicles were mixed with anionic
particles (Carmona-Ribeiro and Midmore, 1992; Thevenot et al., 2008; Troutier et al., 2005b).
At low Av/A,, aggregation occurred, in relation to the proportion of cationic lipids used, while
high A/Ap led to non-aggregated LNPs having a diameter close to that of bare NPs. LNP
aggregation was mainly noticed for formulations containing 10 to 50% of cationic lipids. In
such conditions, the lipid vesicles acted as flocculation agents while they contributed to stabilize
LNPs at high Av/A; ratio. The optimum Ay/A, ratio at which LNPs aggregation was prevented
was ~14 (Thevenot et al., 2008; Troutier et al., 2005b).

Lipid vesicles of uniform size are preferred because they contribute to produce LNPs with
reproducible size and polydispersity. Lipid vesicles obtained by extrusion appeared as the most

suitable for controlling the features of the designed LNPs (Troutier ef al., 2005b). It was also
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shown that vesicles should be of smaller size than — or at least similar size as — NPs because
affinity of the vesicles to the particle surface is influenced by curvature. Adsorption of vesicles
to NPs is driven by favorable adhesive energy, while their deformation and rupture results from
unfavorable elastic energy (Mandal ef al., 2013; Michel and Gradzielski, 2012). In several
reports, LNPs were prepared using SUVs because of their high curvature which facilitates their
rupture at the surface of the particles (Bathfield e al., 2008; Bayerl and Bloom, 1990; Betbeder
et al., 2000; Conway et al., 2014; Mornet ef al., 2005). Conversely, using lipid vesicles larger
than NPs resulted in the engulfment of several NPs into one liposome (Le Bihan ez al., 2009).

As in the one-step approach, the main issue faced with LNPs prepared by the multi-step one
was their tendency to aggregate in physiological conditions (Savarala et al., 2011; Thevenot et
al., 2008; Troutier et al., 2005b). This was even more critical when cationic lipids were used
instead of neutral ones. As the ionic strength of the medium increased, the surface charge of
LNPs was screened, therefore weakening repulsive electrostatic interactions initially existing
between the LNPs and promoting their aggregation via van der Waals attractive interactions
(Carmona-Ribeiro and Midmore, 1992; Savarala et al., 2011; Troutier et al., 2005a; Troutier
and Ladaviere, 2007). This issue could be resolved by adding long chain PEG covalently
conjugated to lipids. Thevenot et a/. (2007) have demonstrated that the addition of 10% of
PEGi13-lipid conjugates improved the stability of LNPs at high ionic strength.

1-3.4.2. Photosensitizer-loaded LNPs

Few studies were conducted on the use of LNPs as nanocarriers to deliver PSs. Pramual ef al.
(2017) designed LNPs consisting in PLGA or poly(hydroxybutyrate-co-hydroxyvalerate)
nanoparticles covered with a lecithin-DSPE-PEG monolayer. Tetrakis(4-hydroxy-phenyl)-
21H,23H-porphine (p-THPP) was entrapped in the core of these LNPs. Tayyaba Hasan’s team
reported the design of theranostic “nanocells” (ie., LNPs) made of benzoporphyrin derivative
monoacid (BPD)-loaded PLGA-PEG NPs coated with a liposomal envelop. Avastin, an anti-
VEGEF agent, was co-encapsulated in the lipid envelop of these LNPs (Spring et al., 2010).
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I-4. Conclusion

Different delivery systems have been proposed for the treatment of retinoblastoma by PDT. It
was shown that nanocarriers can help solving solubilization, aggregation and specificity issues
related to the use of hydrophobic PSs. Indeed, these carriers can be functionalized with PEG
moieties to prolong their circulating half-life time and/or with ligands to enhance the specificity
of PSs towards tumors, and their cellular uptake. Among these systems, liposomes present the
advantage of being biocompatible and to encapsulate both hydrophilic and hydrophobic
compounds. Unfortunately, they are highly unstable (Daghildjian, 2013). This might result in
the premature leakage of the PS (Massiot ef al., 2017; Muehlmann et al., 2011). Premature
release of the PS has also been observed with nanoparticles. A more critical issue is that PSs
loaded at high concentration into NPs may be inactivated by self-quenching because of the
close proximity of the molecules. In addition, diffusion of singlet oxygen outside NPs may be
hindered, depending on the nature of the material constituting the nanoparticles. A strategy
proposed for solving these issues was to covalently attach PSs inside porous nanostructures of
NPs or at their surface (Brevet ef al., 2009; Gary-Bobo et al., 2012; Mackowiak et al., 2013).

LNPs combine the attributes and advantages of liposomes and NPs, while suppressing some of
their limitations. They can be designed in different ways with a core-shell structure, the shell
being composed of a lipid monolayer or bilayer. Their two compartments can serve for the
encapsulation of one or more hydrophobic and/or hydrophilic active ingredients. LNPs can also
be easily functionalized with ligands to achieve active targeting of tumors cells. We have
chosen to form LNPs via electrostatic interactions. For this purpose, an anionic polymer and a
mixture of zwitterionic and cationic lipids were used. In these LNPs, 3-Lapachone, a cytotoxic
agent which has proven to be effective against RB cells (Shah ez a/., 2008), was co-encapsulated

with two PSs, m-THPC (temoporfin, Foscan®) or its porphyrin derivative, m-THPP.

In the following chapters, we describe first the formation and characterization of LNPs
(Chapter II), a thorough study of the adhesion of a lipid bilayer onto a polymer film surface
(Chapter III) and the in vitro evaluation of the antitumor activity of the liponanoparticles on
retinoblastoma cells (Chapter V). The description of these studies will be followed by a general
discussion and the conclusion in which some perspectives will be presented for the continuity

of this work.
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Chapter II: Formulation and physicochemical characterization of
liponanoparticles
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Chapter II: Formulation and physicochemical characterization of

liponanoparticles

I1-1. Introduction

Liponanoparticles have emerged as nanocarriers of potential superior interest to liposomes and
nanoparticles (Mandal ez al., 2013). As described in the previous chapter, several preparation
techniques allow formation of LNPs with a lipid monolayer or bilayer covering an inorganic or
polymeric core. In our study, we were interested in forming polymeric LNPs with a lipid bilayer
shell. As such system is usually formed via electrostatic interactions between preformed
oppositely charged vesicles and nanoparticles (De Miguel et al., 2000; Troutier and Ladaviere,
2007), we chose the biocompatible and biodegradable poly(D,L-lactic) acid (PLA) for the LNPs
core (Xiao et al., 2006), and a mixture of zwitterionic and cationic lipids (POPC and DOTAP),
for the lipid shell. We were inspired by the work of Catherine Ladavi¢re and coworkers who
prepared LNPs using PLA and DPPC-DPTAP vesicles (Thevenot et al., 2007, 2008). We
preferred POPC and DOTAP which are in a fluid liquid-crystalline state at room temperature
so that there was no need to heat the system during preparation -which could affect both the
polymer and the drugs - and we chose pure PLA over poly(lactide-co-glycolide) (PLGA, the
usual favorite for biodegradable nanoparticles in drug delivery systems) because the anticancer
drug to deliver, beta-lapachone, was hydrophobic. In this chapter, we describe the preparation
and typical characteristics of PLA/POPC-DOTAP liponanoparticles and their stability in a cell

culture medium.

I1-2. Materials and methods

I1-2.1. Materials

I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Mw = 760.076 g/mol), 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP, Mw = 698.542 g/mol), and 1-oleoyl-2-{12-
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[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphoethanolamine

(NBD-PE, Mw = 839.995 g/mol) were purchased from Avanti Polar lipids (Alabaster, USA).
5,10,15,20-tetra (m-hydroxyphenyl) porphyrin (m-THPP, Mw = 678.73 g/mol) was a gift from
Phillipe Maillard (Institut Curie, Orsay, France). Nile red (NR, Mw = 318.37 g/mol), formic
acid (FAc), Dulbecco Phosphate Buffer Saline (DPBS) and Dulbecco's Modified Eagle's
Medium D6429 (DMEM) were provided by Sigma-Aldrich (St Louis, USA). Fetal bovine
serum (FBS) was supplied by Gibco. Poly(D,L)-lactic acid (PLA) (Resomer R202H®, Mw =
10,000-18,000 g/mol, T, = 44-48°C) was purchased from Boehringer Ingelheim (Ingelheim am
Rhein, Germany), and, sodium chloride (NaCl) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, > 99.5%) from Carl-Roth Chemicals (Germany).
Acetone, chloroform, methanol (all HPLC grade) and water (LC-MS grade) were supplied by
VWR Prolabo (Leuven, Belgium). Ultrapure water was produced by a Millipore Milli-Q®

Direct 8 water purification system. All materials were used without further purification.

11-2.2. Methods

11-2.2.1. Liposomes preparation

POPC-DOTAP liposomes were prepared using Bangham’s conventional film hydration method
(Bangham et al. 1965) followed by extrusion or tip sonication of the vesicle suspension. Briefly,
pure POPC or POPC/DOTAP mixtures (90/10, 75/25, 50/50 and 25/75 mol%) were dissolved
in a chloroform/methanol (9:1 v/v) solution (V=3 mL). The organic solvents were evaporated
under reduced pressure for 2 hours to form a thin lipid film. This film was hydrated with
ultrapure water (2.8 mg/mL final lipid concentration) then submitted to vigorous vortex mixing
leading to a cloudy suspension of multilamellar vesicles (MLV). Large unilamellar vesicles
(LUV) were obtained by extrusion of the MLV suspension 11 times through 400 nm and 200
nm polycarbonate membranes (Millipore, USA) using a mini-extruder (Avanti Polar lipids).
Small unilamellar vesicles (SUV) were obtained by tip sonication of MLVs using a Vibra-Cell
sonicator 75041 (Bioblock Scientific, 750W, 20kHz) for 10 minutes at 20% of amplitude.
Sample vials were cooled in an ice bath and 10 s on/off pulse were applied to avoid excessive
heating of the lipid. The SUV suspension was then centrifuged three times at 10,000g for 10

min at 4°C to remove titanium particles released from the tip of the sonicator. Sonicated m-
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THPP liposomes were prepared as described above by adding 2.5 mol% of m-THPP stock
solution (10 mM in chloroform/methanol 9:1 v/v) to a POPC-DOTAP 75/25 mixture solution
prior to solvent evaporation. Fluorescent liposomes were also prepared for confocal microscopy

experiments by adding 1 or 2 mol% NBD-PE to lipid solutions.

11-2.2.2. Preparation of PLA nanoparticles

Poly(D,L)-lactic acid (PLA) nanoparticles (PLA NPs) were prepared by the nanoprecipitation
method (Vauthier and Bouchemal, 2009). Briefly, PLA (50 mg) was dissolved in acetone, a
good solvent for the polymer, to achieve a polymer concentration of 10 mg/mL. This solution
was added dropwise to ultrapure water, free of surfactant, under moderate magnetic stirring (at
0.36 g). Several parameters were varied to generate nanoparticles with well-controlled size
including the initial amount of the polymer (10, 20 and 50 mg) and its concentration in acetone
(1.4 and 10 mg/mL), the organic to aqueous phase (OP/PA) ratio (1/1and 1/2) and the nature of
the aqueous phase (ultrapure water or HEPES buffer 10 mM with NaCl 150 mM, pH 7.4).
Acetone was removed under reduced pressure using a rotavapor and the concentration of the
final suspension was adjusted to 2 mg/mL for the preparation of LNPs. Fluorescent PLA NPs
were also obtained as described above, by adding 0.01 or 0.001 % (w/w) Nile red (NR) to

PLA/acetone solution prior to nanoprecipitation.

11-2.2.3. Lipo-nanoparticles (LNPs) preparation

Lipo-nanoparticles (LNP) were prepared according to the protocol described by Thevenot et al.
(2007, 2008), with modification. SUVs in excess were added to nanoparticles. Vesicle excess
was expressed as the ratio between the total surface area of vesicles (Av) and nanoparticles (Ap),
respectively. Ay value was estimated from the number of NPs per mg and their mean diameter.
The Ay/A, ratio was 14 in all experiments to ensure full coverage of PLA nanoparticles by a
continuous lipid bilayer. The concentration of lipid vesicles required was deducted from the A,
value by calculating the “molecular weight” of a vesicle and the number of lipid molecules per
vesicle as described by Clarke and Apell (1989). Four mixing conditions were tested at room

temperature including (i) vortex for 1h, (ii) incubation for 1h, (iii) 6 min of sonication followed
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by 1h of incubation, and (iv) 2 min vortex followed by 1h of incubation. The obtained LNPs
were then separated from free vesicles by centrifugation 2-3 times at 3,000 g for 15 min at
15°C. The pellet was resuspended in pure water. The supernatant (LNP Sup.) was centrifuged
one last time at 10,000 g for 10 min to remove residual LNPs and was collected for lipid
quantification by HPLC-ELSD. In order to evaluate the stability of LNPs in biological
environment, fluorescent LNPs and m-THPP LNPs were also prepared as mentioned above.
Fluorescent LNPs were obtained from liposomes and PLA NPs labeled with NBD-PE and NR,
respectively, whereas m-THPP LNPs were prepared using m-THPP-loaded liposomes and
unloaded PLA NPs.

11-2.2.4. Particles characterization

11-2.2.4.1. Size and zeta potential measurements

Particles size and size distribution were determined by dynamic light scattering (DLS), and zeta
potential () was measured by laser doppler electrophoresis using a zetasizer Nano ZS90
(Malvern). All formulations prepared in water were diluted in 1 mM NaCl solution, while those
prepared in buffer were diluted using the same buffer and measurements were carried out in
triplicate at 25°C. Zeta potential of samples prepared in buffer could not be performed due to

the high ionic strength of medium leading to blackening of the cell electrodes.

11-2.2.4.2. Lipid quantification by RP-HPLC using an evaporative light scattering
detector (HPLC-ELSD)

POPC and DOTAP were quantified using the HPLC-ELSD method described by Zhong et al.
(2010) with slight modification. The HPLC instrument was an Agilent system, with a 1050
injector and a 1260 pump (Agilent Technologies, Santa Clara, CA, USA). The lipids were
separated using a SecurityGuard Cartridges C18 pre-column (4 x 2.0 mm) coupled to a Luna
C18(2) column (150 x 3.0 mm, I.D., 3 um particle size, 100 A pore size) from Phenomenex
SAS (Le Pecq, France) thermostated at 50°C. The ELSD (Eurosep, Cergy, France) settled

parameters were: nebulizer temperature 35°C, drift tube 45°C, photomultiplier 600 and air
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pressure 1.5 bar. The signal was acquired with a Chromeleon data station (Thermo Fisher
Scientific, Villebon-sur-Yvette, France). The injection volume was 30 pL. The separation was
achieved by binary gradient elution using methanol containing 0.1% formic acid (FAc) (A) and
water containing 0.1% FAc (B), starting with 85:15 A:B for 10 min followed by a 6 min plateau.
The mobile phase was returned back to initial solvent mixture 10s after the plateau and the
column was equilibrated for 7 min. The flow rate was 0.5 mL/min. Standard solutions were
prepared by mixing POPC and DOTAP (2 mg/mL) stock solutions in the 20-400 and 10-200
pg/mL concentration ranges, respectively. The samples (liposomes, LNP Sup. and LNPs) were
vacuum dried and directly diluted with methanol to make the lipid concentrations fit in the
calibration range. LNP samples were then centrifuged at 10,000 g for 10 min at 4°C to remove
the PLA NPs and the supernatant was injected into the HPLC column. Samples and

measurements were performed in duplicate.

11-2.2.4.3. Cryvo-TEM

The morphology of the nanoparticles and LNPs was evaluated by cryogenic transmission
electron microscopy (cryo-TEM). Samples were diluted to 1 mg/mL in 1 mM NaCl solution
and 5 pL of the suspensions were deposited onto a perforated carbon-coated copper grid
(TedPella, Inc.). After removal of the excess liquid with a filter paper, the grid was quickly
frozen in a liquid ethane bath at -180°C and mounted on the cryo holder (da Cunha ez al., 2016).
Transmission electron measurements (TEM) measurements were performed just after grid
preparation using a JEOL 2200FS (JEOL USA, Inc., Peabody, MA, U.S.A.) equipped with a
Gatan Ultrascan 2K camera (Gatan, Evry, France). The obtained images were analyzed using

the Image J software.

11-2.2.4.4. Confocal microscopy

Fluorescent LNPs were suspended in an agarose solution at 1% (w/v) to slow down Brownian
motion during imaging. The samples were mounted between a microscope slide and a slip cover
#1.5. They were imaged by an inverted confocal laser scanning microscope TCS SP8 Leica
(Leica, Germany) using a HC PL APO CS2 63x/1.40 oil immersion objective lens, a White
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Light Laser at 488 and 555 nm excitation wavelengths for NBD-PE and NR, respectively, and
the transmission mode. Green and red fluorescence emission signals were collected with 497-
540 nm (PMT?2 detector) and 564-702 nm wide emission slits (Hybrid detector), respectively.
Transmission images were acquired with a PMT-trans detector. The pinhole was set at 1.0 Airy
unit. 12-bit numerical images were obtained with the Leica Application Suite X software
(Version 3.1.5; Leica, Germany). The resulting images were treated, and their fluorescence

intensity profile plotted using the image J software.

11-2.2.5. Stability of LNPs

Pellets of fluorescent LNPs and m-THPP LNPs, previously prepared in water and centrifuged
for 15 min at 3,000 g and 15°C, were resuspended in DPBS or DMEM to evaluate their stability
in these media. Particles size was measured by DLS and their morphology was observed by
cryo-TEM as aforementioned. In another set of experiments, fluorescent LNPs were dispersed
in DMEM supplemented or not with 10% v/v FBS, and they were imaged by confocal

microscopy under the same conditions as described above.

11-2.2.6. Interaction of LNPs with Y79 cells

Y79 cells were seeded at 30,000 cells/well into a 96-well plate and incubated for 24 h in DMEM
supplemented with 10% v/v FBS. The cells were treated with fluorescent LNPs (7.5 pg/uL of
LNPs) or m-THPP LNPs (13 pg/uL of LNPs corresponding to 0.01 pg/uL of m-THPP) and
incubated for various times (1, 2, 4, 24 and 48h). The cells were then transferred into
eppendorfs, centrifuged at 200g for 2 min in a miniSpin® centrifuge and washed in DPBS for
removing LNPs. The pellet obtained was resuspended in DPBS and cells were observed with
an inverted confocal laser scanning microscope LSM 510-Meta (Carl Zeiss, Germany) using a
Plan-Apochromat 63X/1.4 objective lens, equipped with an argon (488 nm excitation
wavelength) and a helium neon laser (543 nm excitation wavelength). The green and the red
fluorescence emissions were collected with a 505-550 nm band-pass and a 650 nm long pass

emission filter respectively, under a sequential mode. The pinhole was set at 1.0 Airy unit. 12-
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bit numerical images were acquired with LSM 510 software version 3.2 and the resulting

images were analyzed using the image J software.

I1-3. Results and discussion

I1-3.1. Nanoprecipitation conditions influencing NP characteristics

In the nanoprecipitation process, surfactants are often used to control the particles size and
prevent their aggregation. Commonly used surfactants are non-ionic polyvinyl alcohol (PVA),
poloxamer 188 (Pluronic F68) and Tween 80 at concentrations varying from 0.1 to 2.5% w/v
(Chorny et al., 2002; Maaz et al, 2015; Almoustafa et al. 2017). Higher surfactant
concentrations may be required, depending on the nature of the polymer (Khan and Schneider,
2013). Surfactants adsorb to the surface of the NPs thus modifying their physicochemical
properties. An increase in size and decrease in {-potential were reported for PLA NPs prepared
with Poloxamer 188, compared to surfactant-free NPs (Hirsjdrvi, 2008). Because surfactants
can be potentially toxic and carcinogenic (Dwivedi ef al., 2016; Jeong et al., 2005; Menon et
al., 2012) and their use might affect the adhesion of the phospholipid bilayer, we prepared PLA
NPs without adding any surfactant. Table 2 summarizes the protocols and conditions tested for
PLA NPs formation, and the size and {-potential values measured. The results show that the
polymer concentration, organic-to-aqueous phase ratio, and nature of the aqueous phase had a
significant impact on particle size. The use of HEPES buffer instead of water induced a
significant increase in particle size and size distribution (F1 vs F2, F3 vs F5 and F6 vs F8). The
increase in size of nanoparticles in saline has previously been reported in the literature, for
PLGA NPs for example, when increasing NaCl concentration (Huang and Zhang, 2018) or for
BSA NPs in PBS with ionic strengths ranging from 10 to 100 mM (Tarhini et a/. 2018). This
increase in size could be attributed to (i) particle aggregation resulting from the screening of
PLA negative charges by buffer ions, and (ii) the absence of surfactant. PLA NPs prepared in
water showed reproducible size and {-potential. They exhibited a narrow size distribution
centered on 170 £+ 3 nm, with a polydispersity index (PDI) of 0.08 £ 0.02 and a negative zeta
potential value of - 46 + 1 mV (Figure 11A, C and D). This zeta potential value was of the same
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order of magnitude as that reported for PLA NPs in the literature. As an indication, Riley and
coworkers, Troutier-Thuilliez et al. and Pavot et al. have obtained zeta potential values of -50
+ 1, -58 and -60 = 5 mV, respectively, for PLA NPs prepared in water without surfactant (Pavot
et al., 2013; Riley et al., 1999; Troutier-Thuilliez et al., 2009). The pH of the NPs suspension
in water was 4.51, higher than the pKa of the lactic acid unit (3.8) of the polymer. Therefore,
the negative surface charge of the NPs can be explained by the ionization of the carboxylic end
groups of the polymer at this pH. Since the zeta potential of NPs was higher than + 30 mV,
good stability was expected (Dwivedi et al., 2016).

Formulation | mpra | CorgpLa Aqueous OP/AP Size PDI C-potential
(mg) | (mg/mL) | Phase (AP) | ratio (v/v) (nm) (mV)
F1 Water 12 170+ 3 | 0.08 £0.02 -46+0
F2 >0 10 Buffer 12 2375 0.150.02 nd
F3 12 173+£2 | 0.09+0.02 45+ 1
F4 20 10 Water /1 1712 | 009003 | -45+0
F5 Buffer 1/2 257+3 | 0.19+0.01 nd
F6 12 86+1 | 0.13+£0.02 43+ 1
F7 10 1.4 Water 1 80+1 | 008001 | 39=1
F8 12 104+0 | 0.19+0.02 nd
14 Buffer
F9 1/1 408 +7 | 0.17£0.06 nd

Table 2: Effect of nanoprecipitation conditions on the characteristics of PLA NPs. mpr4 is the
mass of PLA initially used; Corgpra is the polymer concentration in the organic solvent;
OP/AP ratio is the organic-to-aqueous phase ratio;, PDI is the polydispersity index and ( the
zeta potential. Nd: not determined.

The impact of the polymer mass on the particle size is related to polymer concentration in the

organic phase. Increasing the polymer mass did not lead to any significant change in
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nanoparticles characteristics when the other parameters were conserved, including polymer
concentration (F1 vs F3). On the other hand, the increase in polymer concentration from 1.4 to
10 mg/ml resulted in an increase in particle size (F1 vs F6, F3 vs F6 and F4 vs F7). This was
expected as Pandey er al. (2015) showed a size increase for quercetin-loaded PLA NPs for PLA
concentrations varying from 10 to 40 mg/mL, and Legrand and coworkers (Legrand ef al.,
2007) made the same observation when varying PLA concentration from 5 to 20 mg/mL. Also,
a size increase was reported for PLGA NPs by Huang and Zhang (2018) when copolymer
concentration was increased from 1 to 20 mg/mL. Larger particles were obtained because the
viscosity of the polymer solution increased with its concentration, thus decreasing the diffusion
rate of the organic solvent into the aqueous phase (Dwivedi ef al., 2016), and limiting droplet

breaking during stirring (Tahir ez al., 2017).
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Figure 11: Particles size (A, B), polydispersity index (C) and zeta potential (D) for PLA NPs,
sonicated liposomes and LNPs prepared under condition iii.
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A reduction of the particle size was expected when doubling the volume of the aqueous phase
(OP/AP: 1/2) as it might facilitate the diffusion of the organic phase in the aqueous one (Miladi
et al., 2016). However, no difference was observed between NPs prepared by using 1/1 or 1/2
OP/AP ratio (F3 vs F4, F6 vs F7), except for those prepared in buffer from low concentrated
PLA organic solution. In this case, smaller particles were indeed obtained with the 1/2 OP/AP

ratio.

Since the size of NPs can significantly impact their biodistribution within the body (Duan et
al.,2017; He et al., 2010; Kadam ef al., 2012) and negative surface charge is required for the
formation of LNPs via electrostatic interactions, it was important to determine the optimal
conditions for preparing PLA NPs with desired size <200 nm and high negative zeta potential.
It appears from our results that PLA NPs prepared in pure water with a polymer concentration
of 10 mg/mL and the 1/2 OP/AP ratio (F1) exhibited reproducible characteristics in terms of
size, PDI and {-potential, agreeing with expectation. Therefore, this formulation was used for

the next experiments.

I1-3.2. Liposomes

Liposomes were tip-sonicated or extruded to obtain vesicules with equivalent (LUVs) or
smaller (SUVs) size than PLA NPs. The mean diameters of vesicles obtained by the two

methods are given in

Table 3. Extruded liposomes had a mean diameter of 160 nm, similar to that of PLA NPs, and
a narrow size distribution (PDI < 0.1). No significant difference was noticed in their size and
PDI when the DOTAP ratio was increased from 10 to 25%. Sonicated liposomes were smaller,
but exhibited a bimodal size distribution (Figure 11B) and were polydisperse with a PDI > 0.2
(Figure 11C). These features are consistent with those reported in the literature for tip-sonicated
vesicles (Woodbury et al., 2006) (

Table 3). As pointed out by Lapinski and coworkers, the main drawback of tip-sonication is its
lack of reproducibility from batch to batch (Lapinski et al., 2007). However, as for extruded

vesicles, variation of the DOTARP ratio did not significantly affect the size of the liposomes.
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POPC/DOTAP Average diameter (nm)
liposomes Extrusion Sonication
100/0 L 38 and 142
90/10 164 18 and 83 + 13
75/25 166 £ 10 nm 16 £2 and 90 + 22
50/50 L 16£2and 75+ 6
25/75 _ 21 and 51

Table 3: Mean size of extruded and tip-sonicated POPC/DOTAP liposomes.

As expected, liposomes prepared with DOTAP were positively charged with a zeta potential
value higher than +30 mV, which theoretically ensures the good stability of colloids.
Surprisingly, an increase of the DOTAP content in vesicles did not significantly increase the
zeta potential value (Figure 11D). In fact, C-potential even decreased at molar ratios higher than
25 mol%. Indeed, the zeta potential of liposomes prepared with 10, 25, 50 and 75 mol% DOTAP
were + 51 £ 6,+52+4,+46+4 and + 42 =+ 1 mV, respectively.

Blakeston et al. (2015) prepared POPC/DOTAP liposomes in a phosphate buffer (10 mM, pH
7.1) to form a lipid bilayer on polymer brushes. They observed an increase in the zeta potential
up to +60 mV by varying DOTAP concentration (from 10 to 75 mol%). Interestingly, their
results showed a decrease in zeta potential for POPC/DOTAP 25/75 vesicles from +60 mV to
around +40 mV by increasing the pH from 2 to 9. Martens et a/., (2017) obtained a zeta potential
of +54 + 1 nm for DOPE/DOTAP liposomes (50:50) in HEPES buffer (25 mM, pH 7.2).
However, in our experiments, the liposomes were prepared in water and not in a buffer. So, the
slight decrease in the zeta potential that we observed is likely due to a pH rather than a salt
effect. The pH measured for the POPC/DOTAP 75/25 liposomes suspension was 6.33 for a zeta
potential of +56 mV.

POPC liposomes exhibited a null zeta potential (Figure 11D). In the literature, the zeta potential
of POPC vesicles has been reported to vary between -1 and -10 mV from pH 4 to pH 9, which

is in agreement with our result (Cho and Frank, 2010).
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I1-3.3. LNPs

11-3.3.1. Evaluation of various protocols for LNPs formation

LNPs were prepared by a two-step protocol, the first step consisting in the preparation of NPs
and liposomes separately, and the second step, to the mixture of the two colloids under different
conditions. Table 4 reports the size distribution and zeta potential of the prepared LNPs
depending on the mixing conditions (vortex, sonication and/or incubation). In all tested
conditions, we observed a significant increase in particles size, with similar polydispersity,
compared to that of PLA NPs. The results suggest that the mixing conditions had a significant
impact on the size of the new particles. The smallest LNPs were obtained after 6 min sonication
and 1h incubation of vesicles and nanoparticles (iii) at room temperature. Conversely, those
with the largest sizes were obtained by vortexing the system for 1h at room temperature (i).
Particles with intermediate sizes were formed after 1 h incubation (ii) or 2 min vortex followed

by 1h incubation at room temperature (iv).

Concentration of DOTAP in the formulation also affected the particles size. LNPs prepared
with 10% DOTAP were the largest. A slight decrease in particle size was obtained by increasing
DOTAP content up to 50%. No further size decrease was observed beyond 50% of DOTAP. A
similar trend has been reported by Ladaviére’s group for liponanoparticles prepared with
polystyrene NPs and DPPC/DPTAP vesicles in a Tris buffer (10 mM, pH 7.4) (Troutier ef al.,
2005b). They observed aggregated structures with 10% of DPTAP and a decrease in particle

size with the increase of the cationic lipid concentration.

Our goal was to form LNPs composed of a solid nanoparticle core coated by a lipid bilayer. In
Figure 12 is illustrated the theoretical cross-section of our LNPs having three distinct
compartments, namely the NP core, a thin water layer and the lipid bilayer. The thickness of
the water layer has been measured by various authors, using lipid bilayers formed on planar and
spherical supports, and different techniques such as neutron reflectivity (Gutberlet ez al., 2004;
Johnson ef al., 1991) or 'TH-NMR (Bayerl and Bloom, 1990). It was found in the 0.6 — 3 nm
range (Bayerl and Bloom, 1990; Dolainsky et al., 1992; Gutberlet et al., 2004; Johnson et al.,
1991; Koenig et al., 1996; White et al., 2006). For a lipid bilayer surrounding a spherical
substrate, a thickness of ~2 nm was reported (Bayerl and Bloom, 1990). A lipid bilayer is known
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to be ~4 nm thick (Ashley et al.,2011; Johnson et al., 1991; Tahara and Fujiyoshi, 1994; Vasilca
et al., 2018). In chapter I1I, we describe the study of the formation of a POPC-DOTAP bilayer

onto a PLA monolayer. The thickness of the bilayer deduced from atomic force microscopy

height pictures was 3.9 £+ 0.4 nm. So, we expected an increase in the particle size of about 12

nm corresponding to 2[lipid bilayer thickness + water layer thickness], compared to PLA NPs.

incubation (iv)

Formulation Mixing conditions AHD PDI ¢ Estimated number | Cryo-TEM
(nm) potential | of adsorbed lipid images
(mV) bilayers

LNP 90/10 (i) 98+1 | 0.07+0.02 | +39+1 8.2 Figure 4
LNP 75/25 (i) 1h vortex (i) 69+1 | 0.09+001 | +50+1 5.8 Figure 5
LNP 75/25 (i) | lhincubation (ii) | 37+3 | 0.17+0.03 | +224+1 3.1 Figure 7
LNP 100/0 (iii) 311 | 0.04+002 | -30+1 2.6 Figure 6A
LNP 90/10 (iii) | 6 min sonication |"42:4 [ 0.11+004 | + 194 3.5 —
LNP 75/25 (iij) | + lhincubation 5375170071003 | +27 <6 1.9 Figure 6B
LNP 50/50 (iii) (iif) 1622 | 0.05+002 | +36+4 13 Figure 6C
LNP 25/75 (iii) 18+0 | 0.08+0.02 | +27+1 1.5 Figure 6 D
LNP 75/25 (iv) | 2 min vortex + 1Th | 46+1 | 0.20+0.02 | +26=+0 3.8

Table 4: LNP physicochemical characterization by DLS and zeta potential depending on the

mixing condition. AHD is the difference in the hydrodynamic diameter (HD) between LNP

and bare PLA NPs (AHD:HDLNPS-HDNPS).
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Figure 12: Illustration of the cross-section of a LNP; RNP is the radius of the PLA NP; Tw is
the thickness of the water layer lying between the NP and lipid bilayer, and Tb is the thickness
of the lipid bilayer. The theoretical diameter of LNP expected is calculated as Dinp=2Rnp +2
Tw+ 2Ty, where Tb is ~4 nm and Tw ~2 (Bayerl and Bloom, 1990, Mornet et al., 2005,
Savarala et al., 2011).

An equivalent of at least 1 lipid bilayer was estimated to be adsorbed on the PLA NP for LNPs
obtained after 6 min of sonication and 1h of incubation except for LNPs made of pure POPC
and those containing 10 mol% of DOTAP which were apparently covered by 2 to 3 lipid
bilayers. The calculated number of lipid bilayers was as high as 8 for LNPs obtained with the
conditions i (Table 4).

Regarding the zeta potential, a reversal of the LNP surface charge was observed for all
formulations containing the cationic lipid. This observation confirmed the adsorption of lipid
molecules onto the PLA surface. However, the zeta potential values were lower than +30 mV,
predicting a short-term stability. There was no significant difference between the zeta potential
of LNPs composed of 25% or 75% of the cationic phospholipid. For LNPs prepared with
zwitterionic POPC vesicles, the zeta potential values also decreased, but remained negative.
This suggests that PLA NPs were only partially coated with the neutral phospholipid bilayer.
These results agree with those published by Troutier ef al. (2005b) for polystyrene-DPTAP
particles. They reported a charge reversal of cationic lipoparticles prepared with pure DPTAP
compared to bare polystyrene particles (from -58 to +22 mV) and a slight decrease in the zeta
potential of lipoparticles obtained with zwitterionic DPPC (from -58 to -40) (Troutier ef al.,
2005Db).
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All these results suggest that LNPs formed after 6 min of sonication and lh of incubation
presented the best features. The increase in the cationic lipid proportion did not significantly
influence the physicochemical properties of the LNPs. Since a high amount of cationic lipids
could cause a high cytotoxic effect, the formulation containing 25 % of DOTAP represented a

good compromise.

Cryo-TEM images of PLA NPs are shown in Figure 13. As expected, NPs were spherical with
a smooth surface. Figure 14 and Figure 15 present cryo-TEM images of LNPs obtained after
1h vortexing (i). We observed a distinct contrast at the surface of PLA NPs suggesting the
presence of one or more lipid bilayers. LNPs 90/10(i) exhibited a rough surface with adsorption
of either intact or broken vesicles (Figure 14). LNPs 75/25(i) showed similar morphology,
except that the intact vesicles were smaller and less numerous (Figure 15). These findings are
coherent with the significant size increase measured by dynamic light scattering (AHD values
in Table 4) and suggest that lipid organization around the NP core was perturbed by vortex

intensity.

Figure 13: Cryo-TEM image of PLA NPs.
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Figure 14: Cryo-TEM image of LNPs 90/10(i) obtained after 1h vortexing. Black arrows
show the presence of some unbroken vesicles or lipid membranes adsorbed on the NPs core.

Figure 15: Cryo-TEM image of LNPs 75/25 (i) obtained after 1h vortexing. Black arrows
show the presence of lipid membranes adsorbed on the NPs core which confer roughness to
the surface. Some non-adsorbed lipid vesicles (blue arrows) are also visible in the
Suspensions.

LNPs obtained with 25, 50 and 75% DOTAP (Figure 16 B-D), after 6 min of sonication and 1h
of incubation (iii), exhibited a smooth surface. It was difficult to visualize the lipid bilayer. No

difference could be detected between these formulations. Conversely, LNPs formed of pure
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POPC showed a rough surface and some small vesicles adsorbed at their surface (Figure 16A).
Finally, LNP 75/25(ii) obtained by incubating the particles mixture for 1h exhibited an irregular
surface due to the presence of some adsorbed vesicles, as shown in Figure 17. However, their
surface was smoother than that of LNPs prepared under the condition i (Figure 14 and Figure
15). Some lipid bridges were also observed. Cryo-TEM experiments suggest that the short
sonication step performed prior to incubation favored the reorganization of lipids around the

NPs. Therefore, our best formulation is that containing 25% of DOTAP, obtained after 6 min

sonication in a bath sonicator and 1h incubation at room temperature.

Figure 16: Cryo-TEM images of LNPs 100/0(iii) (A), LNPs 75/25(iii) (B), LNPs 50/50(iii) (C)
and LNPs 25/75(iii) (D) obtained after 6 min of sonication followed by 1h of incubation. The
black arrows indicate the presence of adsorbed vesicles onto the NPs surface.
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Figure 17: Cryo-TEM image of LNPs 75/25 (ii) obtained after 1h incubation. Black arrows
show the presence of lipid membranes adsorbed on the NPs core which confer roughness to
the surface. The yellow arrows indicate the presence of some lipid bridges.

11-3.3.2. Lipid assay

We have indirectly estimated the number of lipid bilayers from the LNPs diameter. However,
this estimation is probably not accurate because in some cases (when pure POPC or a mixture
with 10% of DOTAP were used, or depending on the mixing conditions), cryo-TEM images
showed the presence of unbroken vesicles adsorbed onto LNPs surface, while in other cases,
the presence of the lipid bilayer was difficult to distinguish at the surface of NPs. Several
methods have been used to quantify the adsorbed lipids, in order to estimate the number of lipid
layers adsorbed on NPs surface. They include indirect methods such as fluorescence quenching
measurements (Major et al., 1997) and thermogravimetric analysis (TGA) (Troutier ef al.,
2005a; Ahmed ef al., 2011) and direct methods like 'H-NMR (Thevenot ef al., 2008), chemical
assays and MALDI-TOF MS analysis (Troutier ef al., 2005b). Lipid quantification by chemical
assays varies depending on the nature of the lipid - inorganic phosphorus or enzymatic titration
for neutral lipids such as POPC, and colorimetric titration by complexation with orange G for

cationic ones like DOTAP (Rapuano and Carmona-Ribeiro, 2000; Troutier et al., 2005a).
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Chemical assays are time-consuming when a mixture of lipids is used and the presence of one

lipid may hamper the quantification of the others.

We have thus quantified POPC-DOTAP lipids using HPLC-ELSD. HPLC is an effective tool
already used to separate lipid molecules according to their physico-chemical properties
including their polarities, the nature of the head group, etc. (Lesnefsky ef al., 2000). ELSD
(Figure 18) is useful for the quantification of non-volatile compounds that do not have
chromophoric groups in their molecular structure. Therefore, HPLC-ELSD can allow the

simultaneous quantification of both neutral and ionic lipids.
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Figure 18: Mechanism of analyte detection by an evaporative light scattering detector
(ELSD). Following the effective separation of molecules in the HPLC column, the eluate is
mixed with N> gas in the nebulizing chamber leading to a dispersion of droplets, then the
solvents are evaporated, condensed and removed leading to solid analytes which cross an
optical cell illuminated by a light laser source. Analytes absorb the laser beam and scatter the
light which is detected and converted into a signal (from Roces et al., 2016).

First, both lipids were analyzed separately and simultaneously, and no difference was noticed
in their retention times. DOTAP and POPC were efficiently eluted at 7.4 + 0.2 min and 15.7 +

0.1 min, respectively. These retention times were consistent with expectations (Zhong et al.,
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2010) since DOTAP is more polar than POPC. A slight variation of the retention time of
DOTAP was observed from day to day analysis (Figure 19) - as reported by Zhong et al. - that
was attributed to small changes in FAc concentration in the mobile phase, but also to the
temperature, while that of POPC remained stable. Exponential calibration curves of the lipids
were plotted as the mean height of the ELSD response related to the lipid concentration (C) by
the following relationship y = aC® (y is the response, a and b are constants depending on the
experimental conditions) (Zhong et al., 2010). The obtained correlation coefficients R* were
0.988 and 0.989, for DOTAP and POPC, respectively.

All samples were dried and dissolved in methanol since PLA is insoluble in this solvent (Sato
et al., 2013). We ensured that undissolved PLA NPs were removed from LNP samples by
centrifugation before injecting the supernatant containing the lipids into the HPLC column.
Lipid recovery from liposomal suspension was calculated from the mass of lipids quantified by

HPLC-ELSD (mg) and the initial amount of lipid added (m;) as shown in equation (1).

mMmgx100

% lipid recovery=

)

i

At least 95% of the lipids initially incorporated in our formulations were recovered by HPLC-
ELSD (Table 5). Lipid recovery higher than 100% can be due to an increase in lipid stock
solutions concentration following solvent evaporation during storage. We found that about 5 to
10 % of the total lipid used in the formulation was effectively adsorbed onto LNPs. LNPs
prepared with 10% of DOTAP exhibited the highest proportion of adsorbed lipids. This lipid
proportion decreased with increase of DOTAP content in the formulation. This is coherent with
cryo-TEM images which showed that at 10% DOTAP, the NPs surface was covered with intact
vesicles that did not break and fuse in a continuous lipid bilayer. The increase in cationic lipid
content resulted in a stronger electrostatic interaction between particles and vesicles, followed
by vesicles breaking and fusion in a lipid bilayer (Thevenot ez al., 2008). Whether this lipid

bilayer was continuous or not is an open question.

Unexpectedly, the peak corresponding to DOTAP was found partially overlapped by a large
peak, and there were two more unidentified peaks (Figure 19). By injecting a sample prepared
from PLA NPs in the same condition as the LNPs, we deduced that these peaks belonged to the

polymer. This meant that contrarily to literature reports, PLA had a certain solubility in
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methanol. The large peak was attributed to PLA while the two other peaks were assigned to

impurities, such as lactic acid moieties and/or polymerization initiators present in the supplied

polymer batch.

POPC/DOTAP Liposome LNP
Theoretical POPC-DOTAP ratio 90/10 75/25 50/50 | 90/10 | 75/25 | 50/50
90/10 78/22 55/45 | 83/17 | 65/35 | 39/61
Experimental POPC/DOTAP ratio 89/11 71/29 52/48 | 84/16 | 66/34 | 46/54
105 109 97
% lipid recovery 108 114 96
9.5 6.8 54
% adsorbed lipids 9.7 6.3 4.5
1.4 1.1 0.7
Number of lipid bilayers* 1.4 1.0 0.6

Table 5: Quantification of POPC and DOTAP in two liposome and LNP samples by HPLC-
ELSD; expression of the experimental ratio of POPC/DOTAP, lipid recovery as function of
the initial amount of lipids used, proportion of lipid and number of bilayers covering NPs

surface. * Calculated using equation (2 to 7).

Despite the overlapping of DOTAP peak with that of PLA, a good correlation could be obtained

between the signal of both lipid peaks and their concentration in the formulations. The height

of the DOTAP peak increased linearly with its concentration in the formulation, and conversely,

that of POPC linearly decreased (Figure 19). Moreover, as shown in Table 5, the ratio of

DOTAP really present in LNPs shell increased with the increase of the initial amount of

DOTAP added to the formulation. This result agrees with expectations since DOTAP would

preferentially adsorb to the negatively charged NPs surface via an electrostatic interactions

(Ahmed et al., 2012; Rapuano and Carmona-Ribeiro, 2000; Thevenot et al., 2008).
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Figure 19: HPLC-ELSD chromatogram for LNPs (90/10, 75/25 and 50/50 mol%) (iii) and
PLA NPs.

The equivalent number of lipid bilayers found on LNPs surface was estimated by assuming that
a lipid bilayer fully covering the NPs had a total surface area (Av) equal to that of the NPs (i.e.,
Av/Ap, = 1) (Savarala et al., 2010). Based on this theory, the total surface area of the vesicles
(Av, equation 4) was calculated from the mass of dried PLA NPs used to prepare the LNPs
(mnp), the surface of one NP (Sxp), NP volume (Vnp) and PLA density (pprLa). Sxe and Ve
were calculated from the mean diameter of the NPs using equations (2) and (3). ppra is 1.25

g.cm (Thevenot et al., 2008).

HD
Sxp = M(—7)* ®)
4 HD
Ve = (=) (3)
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A, = mpLAXSNP @)

VNPXpPPLA

The “molecular weight” (My) of one vesicle was then determined, which allowed calculating
the number of lipids per vesicle and, thus, the required lipid concentration, using Clarke and
Apell’s equation (Clarke and Apell, 1989).

=Gl )

L

Where IV is Avogadro’s constant, o, and ri, the external and internal radii of the lipid bilayer -
considering the thin water layer (Tw) of about 2 nm and lipid bilayer thickness (Tp) of ~ 4 nm
as illustrated in Figure 12 — and v, the partial specific volume of the lipid used. 1, and r;, were
estimated to be 90 (r,=RnptTw+Tp) and 86 nm (ri=Rnp+Tw) respectively. The value of the
partial specific volume of POPC (vrorc) is 0.987 — 1.0 mL/g (Heerklotz and Seelig, 2002;

Hianik et al., 1998). Since Uporar was not found, My was calculated with bpopc = 1 mL/g.

Then, the number of lipid molecules per vesicle (NLv) was determined from My and the
molecular weight of POPC and DOTAP mixture (Mpr) taking into account their molar ratio a

and b, respectively (equation 6).

Nv=M (=) +(—=)]  (©)

Mpopc MpoTap

Nvrv is related to the number of moles of lipid required for covering a nanoparticle with one

bilayer (n.s) by the following equation (equation 7):

_ Ny XA
L= e ™

Where Sv is the surface of one vesicle calculated assuming the diameter of a lipid bilayer to be
equal to 2r, (HDv = 180 nm).
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The theoretical concentration of lipid (CtL) needed to cover the NP surface by a lipid bilayer is
expressed as function of nig, the volume of the suspension (Vs), the molecular weight of both

POPC and DOTAP and their molar ratio, a and b (equation 8).

CrL= a ~LB b (3

Vs —+
S(MPOPC MDOTAP)

Finally, the equivalent number of lipid bilayers was estimated from the lipid concentration (Crr)
and that quantified by HPLC-ELSD (Cq) (equation 9).

Equivalent number of lipid bilayer ZCC—Q 9)
TL

This method for determining the number of bilayers may have some biases. Firstly, we didn’t
know the real value of Uporap. However, since the partial specific volume of DOPC is 0.999
mL/g (Nagle et al., 2009) and DOTAP headgroup is believed to be less bulky than that of POPC
(Gurtovenko et al., 2004), vporar is unlikely to significantly impact the result. Secondly, our
calculation assumed that all NPs in the suspension had a unique size of 170 nm which was not
true, although DLS analysis indicated that the particles were monodisperse. Cryo-TEM images
clearly showed particles with various sizes. Nevertheless, HPLC-ELSD allowed us to show that
PLA NPs were coated by one lipid bilayer only (Table 5). No significant difference was
observed between the number of lipid bilayers estimated by dynamic light scattering and
HPLC-ELSD, except for LNPs 90/10(iii) for which the number of bilayers determined from
DLS measurements seemed overestimated. HPLC-ELSD appears as a more accurate technique
than DLS. The increase in DOTAP percentage in the formulation led to a decrease in the
number of lipid bilayers adsorbed onto the particle surface. This observation also confirms the

better reorganization of lipids around NPs core driven by attractive electrostatic interactions.
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11-3.3.3. Assessment of LNP core-shell organization by confocal microscopy

Confocal microscopy experiments were performed with LNPs prepared with pure POPC (iii)
(Figure 21) or POPC-DOTAP 75/25 (iii) vesicles (Figure 20). Colocalization of green and red
fluorescence was observed for LNPs 75/25 (iii), as confirmed by the superimposition of the
fluorescence intensity profiles (Figure 20A-D). For LNPs obtained with pure POPC (Figure
21A-D), a colocalization of green and red fluorescence was also observed, but the fluorescence
signal of lipids was very weak as compared to LNPs 75/25. Indeed, the green peak for POPC
LNPs had an intensity 4 times lower than that for LNPs 75/25 (Figure 21D). This result suggests
partial coating of the particles surface by POPC liposomes and is supported by the zeta potential
value for these LNPs, which is less negative than that of PLA NPs, but still negative.
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Figure 20: Confocal microscopy images of LNPs 75/25(iii). The NP core was labelled with
0.01% NR (red dye) and the lipid shell with 1% NBD-PE (green dye). The green and red
Sfluorescence signals of the LNPs are shown in A and B respectively. C corresponds to the
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overlay of both fluorescence and D shows the plotted fluorescence intensity profiles of a
selected region of interest (ROI).

20004
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Figure 21: Confocal microscopy images of LNPs 100/0(iii). The NP core was labelled with
0.01% NR (red dye) and the lipid shell with 1% NBD-PE (green dye). The green and red
fluorescence signals of the LNPs are shown in A and B respectively. C corresponds to the
overlay of both fluorescence and D shows the fluorescence intensity profiles of a selected
region of interest (ROI).

11-3.3.4. Stability of the lipo-nanoparticles

The stability of LNPs 75/25 in DMEM and DPBS was evaluated by dynamic light scattering
(DLS). Spontaneous aggregation of the LNPs occurred after these media were added. Large
and polydisperse particles were measured by DLS (HD > 1 pm and PDI ~ 0.3) in both
suspensions compared to LNPs prepared in pure water (Figure 22). Such aggregation has

already been reported for LNPs prepared from PLA NPs and DPPC/DPTAP (100/0, 50/50 and
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0/100 %) lipid mixtures (Thevenot et al., 2008). In all cases, an aggregation was noticed with
10 mM NaCl. It was explained by the screening of particles charge at high ionic strength
(Pfeiffer er al., 2014), but also by the high density of PLA which accelerates the sedimentation
of particles (Thevenot er al, 2008). Aggregation was also observed for LNPs made of
polystyrene NPs and cationic lipids (Bathfield e a/., 2008), or of PLGA and DOPC/DOTAP
1/1. For the latter, aggregates in PBS were larger than 1uM (Cao et al., 2018).
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Figure 22: Evaluation of the stability of LNP 75/25(iii) in DMEM and DPBS by DLS.

Cryo-TEM images of our aggregated LNPs showed the presence of lipid vesicles or membranes
at their surface (Figure 23). It means that, although aggregation occurred at high ionic strength,
the lipid shell remained attached to the nanoparticles core. However, it reorganized differently.
The screening of particles charge probably gave rise to attractive van der Waals interactions
between lipids and NPs, leading to aggregation (Moura and Carmona-Ribeiro, 2005; Pfeiffer ez
al., 2014). The surface of the particles became rough contrarily to LNPs suspended in water.
Moreover, the formation of lipid bridges between the particles was observed (Figure 23).
Presence of lipid bridges was also reported by Savarala ez al. (2011) following the aggregation
of DMPC lipid bilayer-coated SiO2 nanoparticles at high ionic strength, but it was attributed to
the partial coverage of the SiO> nanoparticles by the neutral lipid bilayer. Their system was
different from ours. They had inorganic NPs while ours were polymeric. Even though our NPs

were entirely covered by a lipid bilayer, we still observed the formation of bridges.
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Figure 23: Evaluation of the stability of LNPs 75/25(iii) by cryo-TEM in DPBS (A) and
DMEM (B). Lipid bridges are visible between particles (black arrows). These bridges
probably formed due to the screening of DOTAP charge at high ionic strength, and
consecutive closer contact between liponanoparticles.

Confocal microscopy analysis of fluorescent LNPs pellets suspended in DMEM with or without
10% of FBS also showed aggregates. However, we still observed an overlay of both green and
red dyes fluorescence which confirmed the colocalization of the lipid and nanoparticles (Figure
24). This is a good point since the PS is to be incorporated in the lipid shell of the LNPs.
Confocal microscopy also showed an interesting effect of fetal bovine serum. In DMEM
supplemented with FBS, aggregates were smaller than in DMEM. The reason for the formation
of smaller aggregates in the presence of FBS is still unclear. However, colocalization of lipids
and NPs is maintained and smaller aggregates are preferable in cell cultures, if aggregation

cannot be avoided.
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Figure 24: Confocal microscopy images of fluorescent LNPs labelled with 0.001 mol% NR
and 2 mol% NBD-PE suspended in DMEM (A) and DMEM supplemented with 10% FBS (B);
the green fluorescence reveals the presence of lipids and the red fluorescence that of the NPs.

Overlay of both fluorescence leads to a yellow colour which confirms the colocalization of

lipid shells with polymer cores.

m-THPP was incorporated in the lipid shell of LNPs and the stability of the colloidal suspension
was also evaluated in DMEM supplemented or not with 10% FBS. As illustrated in Figure 25,
m-THPP LNPs (red) showed the same behavior as LNPs colored by NR and NBD-PE.
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Figure 25: Confocal microscopy images of m-THPP LNPs dispersed in pure water (4),
DMEM (B) and DMEM supplemented with 10% FBS (C). The red fluorescence confirms the
presence of m-THPP in the lipid shell of the LNPs.

Several strategies have been adopted to prevent LNPs aggregation at high ionic strength,
including grafting of long PEG chains (Hu ef al., 2015¢c; Thevenot et al., 2007) or poly(N-
acryloylmorpholine) (poly(NAM)) ones (Bathfield er al, 2008) to lipid vesicles. Such

approaches could be tested in new experiments.

11-3.3.5. Determination of the mechanism of interaction of PSs and LNPs with cells

Y79 cells were incubated with fluorescent LNPs, free m-THPP and m-THPP-loaded LNPs at
different times and their kinetics of internalization was assessed by confocal microscopy as
shown in Figure 26, Figure 27 and Figure 28. No fluorescence was observed in untreated cells
(Figure 26A). The LNPs aggregates were found in the cell culture medium, as mentioned above,
but we still observed the colocalization of lipid shells and NP cores (yellow fluorescent
aggregates in Figure 26). This observation was confirmed by the red fluorescence of m-THPP-
loaded LNPs (Figure 27). Aggregates adsorbed to the cells surface, due to electrostatic
interactions occurring between cationic LNPs and anionic cell membranes. This is in agreement

with studies reported in the literature (Bose et al., 2015; Hu et al., 2015c; Koo et al., 2012).

Confocal microscopy images show that fluorescent LNPs were internalized by the cells within

one hour of incubation (Figure 26B). The maximum uptake seemed to occur within the first 4h
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of incubation as observed by others (Hasan ez al., 2012). From 24 to 48h incubation, the green
fluorescence appeared more intense, which can be attributed to possible lipid mixing between
LNPs and cell membranes (Wrobel and Collins, 1995). LNPs were distributed all over the

cytoplasm of cells, as previously observed (Bose ef al., 2015).

Cellular uptake was also observed with m-THPP-loaded LNPs (Figure 27). A weak red
fluorescence signal was observed inside the cells incubated with these LNPs for 4h, which
progressively increased with the length of incubation time (Figure 27). Similar feature was
obtained when Y79 cells were incubated with free m-THPP solubilized in DMSO (Figure 28),
although the internalization mechanism of free PSs is expected to be different from that of NPs.
In both cases, the maximum accumulation occurred between 24h and 48h of incubation (Peng
et al., 1995). The red fluorescence was also homogeneously distributed in the cytoplasm.

According to literature, cell death will probably occur by apoptosis (O’Connor ef al., 2009).

Our results are consistent with previous studies showing the fast uptake of cationic LNPs
(Dombu et al., 2010; Harush-Frenkel et al., 2008). It was suggested this cellular uptake
occurred by clathrin-mediated endocytosis (Duan et al., 2017; Liu et al., 2009b; Rejman ef al.,
2004) and transcytosis (Harush-Frenkel et al., 2008).
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Figure 26: Confocal microscopy images depicting the interaction and internalization of
fluorescent LNPs (iii) in Y79 cells. NPs were labelled with 0.001% NR (red dye) and lipid
shells by 2 mol% NBD-PE (green dye). The autofluorescence of cells was assessed at 488 nm
and 543 nm (A). Cells were incubated with fluorescent LNPs at 37°C at different times (B).
Fluorescence overlays in the images and intensity profiles confirm the penetration of both
NPs and lipid shells in cells.
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Figure 27: Confocal microscopy images of Y79 cells incubated with m-THPP LNPs at
different times (4h, 24h and 48h). For more clarity, the red fluorescence of m-THPP at 633
nm (left) is also shown on transmitted light images (right). No autofluorescence of Y79 cells

was observed at 633 nm.

Figure 28: Confocal microscopy images of Y79 cells incubated with free m-THPP at different
times (1h, 2h, 4h, 24h and 48h). For more clarity, the red fluorescence of m-THPP at 633 nm

(left) is also shown on transmitted light images (right). No autofluorescence of Y79 cells was
observed at 633 nm.
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I1-4. Conclusion

We have prepared LNPs from preformed PLA NPs and POPC/DOTAP liposomes. Various
parameters such as the POPC/DOTAP ratio and NPs and vesicles mixing conditions were tested
to ensure successful coverage of the nanoparticles by a lipid bilayer. The tested proportions of
DOTAP were 10, 25, 50 and 75 mol%. NPs and liposomes were mixed either by i) 1h vortexing,
ii) 1h incubation, iii) 6 min of sonication followed by 1 h incubation or iv) 2 min vortexing and
1h incubation. The obtained LNPs were characterized by different methods which allowed us
to identify the condition iii) as optimal for forming our system. A minimum of 25% DOTAP
was necessary to achieve good coating of the NPs. Otherwise, lipid vesicles tended to adsorb
on the particle surface without reorganizing into a continuous lipid bilayer. Since we didn’t
observe any significant difference by increasing the amount of DOTAP up to 75% in the
formulation, and because cationic lipids are known to be toxic in a dose-dependent manner, we
chose LNPs obtained by a short-time sonication of POPC/DOTAP 75/25 liposomes and PLA
NPs followed by an incubation of lh. These LNPs were called LNP 75/25 (iii). Lipid
quantification showed evidence of the formation of one lipid bilayer. We also demonstrated
that, although our LNPs aggregated in the cell culture medium, they still preserved a core-shell
structure. Moreover, we found that they strongly bound to the surface of retinoblastoma cells
and were internalized within few hours. We finally showed that a PS loaded into these LNPs

accumulated into the cells.

The next steps of our work consisted in a further characterization of the interactions between
POPC/DOTAP vesicles and PLA nanoparticles (Chapter III), and the evaluation of the
cytotoxic/phototoxic efficacy of LNP co-encapsulated anticancer drug and PS against

retinoblastoma cells (Chapter IV).
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Chapter III: Combined QCM-D and AFM experiments for deciphering the
mechanism of fusion of lipid vesicles with polymer nanoparticles
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Chapter III: Combined QCM-D and AFM experiments for deciphering the

mechanism of fusion of lipid vesicles with polymer nanoparticles

I11-1. Introduction

Construction of polymer-supported lipid bilayers modeling plasma membranes has been widely
described in the literature (Abraham et al., 2017; Majewski et al., 1998; Nirasay et al., 2012;
Shao et al., 2017). In general, the objective of the reported studies was to separate a planar lipid
bilayer from a solid support by a layer of soft hydrated polymer, so that the interaction between
the membrane and the rigid solid substrate was minimized, while mimicking the constraining
effect of the cytoskeleton on the plasma membrane (Lenne ef al., 2006; Majewski et al., 1998;
Wagner and Tamm, 2000). The underlying polymer layers were in the form of (i) polymer coils,
grafted to the solid support, (ii) mono- or multi-layers adsorbed to the substrate (Andersson and
Koper, 2016; Majewski et al., 1998; Nirasay et al., 2012; Wlodek et al., 2015) or (iii) polymer
brushes (Blakeston ef al., 2015). Following polymer adsorption or grafting to the substrate, the
phospholipid bilayer was formed by liposome fusion (Nirasay et al., 2012; Shao et al., 2017),
or Langmuir-Blodgett (LB)/Langmuir-Schaefer (LS) transfer of phospholipid monolayers.
Numerous articles reported simulations works (Dimitrievski and Kasemo, 2008; Kong et al.,
2016; Shao et al.,2017). The uncoupling of the membrane from the solid substrate was achieved
to a greater or lesser extent, depending on the degree of swelling of the polymer (Shao ez al.,
2017). The characterization of these systems was usually carried out by atomic force
microscopy (AFM) and quartz crystal microbalance (QCM-D) experiments (Mingeot-Leclercq
et al., 2008; Richter and Brisson, 2005). We have used this approach to model the adsorption-
fusion of POPC and POPC-DOTAP vesicles on PLA nanoparticles.

We spread a PLA monolayer at the air-water interface, transferred it onto a solid substrate and
followed vesicles adsorption-rupture of neutral or cationic phospholipid vesicles onto this film,
using AFM and QCM-D.
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II1-2. Materials and methods

II1-2.1 Materials

Glass surfaces and sulfuric acid (H2SO4) were supplied by VWR Prolabo (Leuven, Belgium)
and sodium chloride (NaCl) from Carl-Roth chemicals (Germany). 1,1,1,3,3,3-
Hexamethyldisilazane (HMDS, Mw= 161.39 g/mol) and perdrogen™. H,0,, 30% w/w, were
obtained from Sigma-Aldrich (St Louis, USA). All other materials used in the following

experiments are described in Chapter I1.

I11-2.2 Methods

111-2.2.1. Surface pressure-area (m-A) measurements

The Langmuir trough (Figure 29) is an instrument that measures the surface pressure as a
function of the area occupied by the molecules forming a monolayer. It consists of a very
shallow tank (< 1 cm) with a large surface area. When filled with water or a buffer, it is possible
to deposit on its surface insoluble amphiphilic molecules that organize at the interface. Two
movable barriers in contact with the surface can move towards each other, compressing the
formed monolayer. As the available surface decreases, the initially dispersed amphiphilic
molecules come closer together and interact. They rearrange, producing a surface pressure ©
that increases as the surface area decreases (Figure 29). When the limiting molecular area is
reached, the monolayer collapses. Molecular area and surface pressure at collapse are
characteristic values of a given pure compound as a function of temperature. The isotherms

obtained are called compression isotherms.

Surface pressure-area (n-A) measurements were performed using a thermostated Langmuir film
trough (775.75 ¢cm?, Biolin Scientific, Finland) enclosed into a Plexiglas box to limit surface
contamination (Figure 29). Prior to experiments, the pure water surface was cleaned by suction.

Solutions of PLA in chloroform (1 mg/mL) were spread onto the aqueous surface and left for
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15 minutes to allow complete evaporation of the solvent. Compression was then performed at
a speed of 15 cm?.min’!. All experiments were run at 22 + 1°C. The results reported are mean
values of at least three measurements. The experimental uncertainty was estimated to 0.2

mN/m. The surface compressional moduli (Cs!') were calculated using Equation (10):

_ d
Cst=- ﬁ (10)

Where = is the surface pressure and A is the molecular area. In this case, as the molecular weight

of the polymer was not known with accuracy, the area was expressed in m?/mg.
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Figure 29: (Left) Langmuir trough. (Right) Langmuir isotherm. LE: liquid-expanded; LC:
liquid condensed; SP: solid phase.

111-2.2.2. Surface potential measurements

Surface potential (AV) measurements were performed using a home-made Langmuir trough
(217.2 ¢cm? surface area) coupled to a SPOTI instrument (KSV, Finland). Surface potential
changes were continuously measured during monolayer compression (Ambike ef al., 2011).
Each experiment was performed at least two times. The standard error was 2 mV. The surface

potential AV results from the contribution of the double-layer potential (Yo) and the non-

Coulombian potential related to the dipole moment, p1 of molecules (Equation 11).

79



Chapter I11: QCM-D and AFM for deciphering the mechanism of LNP formation

. ﬂ . ea Uy
AV = e sinh A(5.88><107csT)] +A50£ (11)

with k the Boltzmann’s constant, T the absolute temperature, e the electronic charge, a, the
degree of ionization, ¢ the ionic concentration, A, the molecular area, and go the permittivity of

the free space. The apparent relative permittivity of the monolayer (¢) was assumed to be equal

to 1 in the gaseous state and 2 in the condensed state (Taylor, 2000).

111-2.2.3. Brewster Angle Microscopy (BAM)

Brewster Angle microscopy (BAM) allows the visualization of the inhomogeneities of a film
of molecular thickness at the air/water interface. In order to be able to visualize the light
reflection from the air/water interface, it is necessary to get rid of the signal coming from the
water subphase itself. This is achieved using Brewster incidence and polarized light in the plane
of incidence. The incidence of Brewster between an optical index medium n; and an optical
index medium n; is Arctg (nz2/n1). For the air/water interface (n1 = 1, np = 1.33), the Brewster
angle is 53° (Figure 30). Under these conditions the reflection coefficient of a perfectly flat and
thin interface between two transparent media is canceled. In the presence of a PLA film spread
at the interface, the reflected light is expected to be more intense if the film is thick or dense. It
is thus possible to visualize the optical inhomogeneities of the film, for example phase

coexistences, with a resolution of the order of the wavelength.

P-polarized

light Reflection
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Figure 30:Principle of the Brewster Angle Microscope.
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The morphology changes of the PLA film at air-water interface during compression were
analyzed using a Brewster angle microscope (MicroBAM 3, NimaTechnology Ltd., Coventry,
U.K.) connected to an auto-recording Langmuir through (MCN Lauda, Germany). The
microscope was equipped with a frequency laser diode (A= 659 nm, 30 mW optical power)
generating a collimated beam of approximately 6 mm diameter, with a p-polarizer, analyzer,
and a USB camera. The spatial resolution of the BAM was about 6 pm per pixel, with a field
of view of 3.6 x 4.1 mm?, resolved over 640 x 480 pixels. Image size was 2.0 mm? after

rescaling. PLA films were compressed in the same experiment conditions as previously

described.

111-2.2.4. Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) transfer of PLA
monolayers

LB transfers of PLA monolayers were performed at 22°C on freshly cleaved mica slides for

AFM analysis in the air of the PLA topography by atomic force microscopy (AFM).

For QCM-D and AFM measurements in water, LS transfers were performed using
hydrophobically modified substrates. 1 square-cm glass surfaces were first cleaned by
immersion in a fresh acidic piranha bath for 15 minutes, then thoroughly rinsed with ultrapure
water and dried under nitrogen stream. The glass surfaces were then exposed to UV/ozone
treatment for 45 minutes. Hydrophobic modification of the substrates with HMDS in vapor
phase was performed for 12 hours in a glove box filled with argon. HMDS-functionalized glass

surfaces were stored in a closed box.

LB or LS transfers of a PLA layer on mica or HMDS-covered glass plates were performed with
the thermostated Langmuir film trough fitted with a well. The LB transfer was obtained by
pulling out (under constant surface pressure, and at a rate of 1 mm/min) the mica surface that
had been immersed in the well prior to PLA spreading (Figure 31A). For the LS transfer, a
teflon home-made sample holder was used to insert the HMDS-functionalized glass surface in
the well. After PLA monolayer formation at the air-water interface the compression was
performed until the desired surface pressure was reached. Regulation of surface pressure at a
constant value allowed the LS transfer of the PLA film, by maintaining by suction directly
above the air-liquid interface a purpose-built device able to align the HMDS-covered glass

substrate parallel to the buffer surface. The surface was then dipped through the interface and
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lowered into the sample holder placed in the well of the trough (Figure 31B). All LS transfers

were deposited at 22°C and kept in ultrapure water until analysis.

A) B)

[ ]
= 1R Qg AR ARG = = 190 0NN RN —

1

-"mmwummm'* = g et
t
b — gt

AN )

I Mica slide I HVDs-modified glass plate

Figure 31: LB (A) and LS (B) transfers of a PLA the monolayer onto a solid substrate.

111-2.2.5. Quartz Crystal Microbalance with Dissipation (QCM-D) measurements

QCM-D is a technique that allows the quantification of deposited masses and characterization
of their viscoelastic properties onto a vibrating surface. This technique is based on measuring
the resonance behavior of a quartz crystal oscillator operating in shear mode. The mechanical
oscillation of the piezoelectric quartz can be excited by applying an oscillating electric field.
The resonance frequency is related to the mass of the crystal and any mass adsorbed to or
removed from the sensor induces a frequency shift (Af) corresponding to a change in adsorbed
or removed mass. As the electrical power is turned off sequentially, QCM-D allows the
simultaneous measurement of the energy dissipation changes (AD) obtained from the rate of
decay of the oscillation amplitude. AD values provide information on the viscoelastic properties

of the adsorbed material.
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AT-cut silicon dioxide-coated quartz crystals with a fundamental frequency of 5 MHz were
provided by Q-Sense AB (Gothenburg, Sweden). Prior to use, they were cleaned in a 10 mM
sodium dodecyl sulfate solution for 30 min. They were then thoroughly rinsed with ultrapure
water and dried under a stream of N»o. The QCM SiO; surface was then exposed to UV/ozone
treatment for 45 minutes. Functionalization with HMDS in vapor phase was performed for 12
hours in a glove box filled with argon. Hydrophobically-modified QCM surfaces were further
used for LS transfer of PLA. Experiments using the quartz crystal microbalance with dissipation
monitoring were performed at room temperature (22°C), using the QCM-D E4 from Q-Sense
(Gothenburg, Sweden). The QCM-D cell loaded with the crystals was first immersed in aqueous
medium. When stable baselines for both oscillation frequency shift (Af) and energy dissipation
change (AD) signals were obtained, extruded POPC or POPC-DOTAP liposomes (0.4 or 4 mM)
were injected into the cell (Figure 32). A constant flow rate of 50 ul/min was used for the
experiments. Frequency shift and dissipation were measured and recorded at 3™, 5%, 7t 9th,
11™ overtones. When both Af and AD signals reached equilibrium, a water rinse at the same
flow rate was finally performed. Incubation with the liposomes was maintained for 1h. Rinsing
with ultrapure water was performed at the end of each experiment. For experiments performed
with POPC and unmodified SiO» surfaces, pre-treatment of the supports with CaCl, enriched
buffer was performed after UV/ozone treatment, before injection of liposomes. All liposome

suspensions were in pure water.

m PLA monolayer QCM-D sensor

Figure 32: Adsorption-rupture of phospholipid vesicles onto the PLA film.
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111-2.2.6. Atomic force microscopy experiments

Atomic force microscopy is a technique that makes possible to explore the topography and
mechanical properties of a solid surface thanks to the force exerted by an oscillating cantilever.
Its principle is based on the interactions between the existing molecules on the surface and the
cantilever oscillating in a controlled manner. A laser beam measures this oscillation and its
variations due to the interactions between the tip and the surface. By working at cantilever
deflection, the microscope uses a feedback loop that modulates the height of the tip, which
creates a topographic contrast. A photodetector makes it possible to detect the variations of
position of the reflected beam on the cantilever. AFM experiments were performed using a JPK
Nanowizard 3 UltraSpeed (JPK Instruments, Berlin, Germany, www.jpk.com) standing on an
air-buffered table coupled to a dynamic anti-vibration device and enclosed in an acoustic box.
AFM imaging was performed in AC mode (amplitude modulation) with gold coated silicon
cantilevers of 0.6 £ 0.2 N/m nominal spring constant and 125 + 35 kHz resonance frequency
(Bruker, Santa Barbara, USA). The pyramid-shaped tips had a radius of curvature around 20
nm. Images were taken at the scan rate of 1 Hz. Image processing (flatten, plane fit, edge and
line detection) was performed with the JPK Data Processing software (JPK Instruments).
HMDS modified glass and QCM surfaces were imaged in air in order to check the good quality
of HMDS grafting. PLA-modified surfaces were all imaged in the air after LB transfer and in
pure water conditions after LS transfers. Further incubation with POPC or POPC-DOTAP
75/25 liposomes (0.4 and 4.0 mM) suspensions was performed for 1h before a final abundant
rinsing step with ultrapure water. The system elasticity was quantified by the determination of
apparent Young’s modulus using force measurements that were performed on 5 pm? surface
areas at a fixed velocity (1 um/s) over a Z length of 1300 nm to record the cantilever deflection.
The linear portion of the extension curves was fitted to a Hertz-Sneddon model to extract the
apparent Young modulus with the JPK Data Processing software. The tip radius provided by
the manufacturer was applied (20 nm). A force curve was captured on bare mica surface to

estimate the deflection sensitivity found between 20 and 30 nm/V.
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I11-3. Results and discussion

II1-3.1. Interfacial behavior of PLA film at the air-water interface

The n-A isotherm of a PLA film spread at the air-water interface is shown in Figure 33. It is
similar to that published by Boury ez al. (1994) and Kiss ef al. (2004) and shows the same three
successive states: (i) a highly compressible region up to 13 mN/m where the film is
homogeneous in a liquid-expanded (LE) state (Figure 33a,b); (ii) a plateau corresponding to
transition from the liquid-expanded to liquid-condensed (LE-LC) phase of PLA (13-16 mN/m),
with coexistence of PLA domains and fluid phase (Figure 33c), and (iii) a poorly compressible

region where the PLA film is in a condensed homogeneous state (Figure 33f,g,h).

In the plateau region at 15 mN/m, nanodomains are clearly visible by AFM with elongated
structures on top of them, resembling 3-dimensional nanocrystals (Figure 33d,e). The height of
the layer is about 2.5 nm as deduced from the line profile. Large circular crystallites with
diameters close to 0.5 um are also observed. At 25 mN/m, the mean thickness of the PLA layer
is 5 £ 0.5 nm, as determined from cross sections analysis in AFM pictures. These results are
very similar to those obtained by Boury ef al. (1994) who studied a PLA layer transferred onto
a solid substrate. The area considered in their work (2.3 A2/per lactic acid segment) corresponds
to a surface pressure close to 25 mN/m. By X-ray reflectivity, in similar conditions of polymer
layer hydration, they measured a thickness of 2.6 nm for the expanded PLA monolayer and 4.4

+ 0.2 nm for the condensed one.

The surface potential isotherm reaches its maximum value (558 mV) at the beginning of the
LE-LC phase transition, suggesting that reorientation of PLA charged groups at the interface
mainly occurs before this transition (Figure 34A). Similar results were reported for pure PLA
enantiomers (Klass ef al., 2003). However, in general, comparison of PLA with poly (L)-lactic
acid or poly (D)-lactic acid showed differences in interfacial organization of these polymers.
Indeed, pure enantiomers are crystalline (Tsuji and Ikada, 1997) and organize as helices with
specific unit cells (Ni ez al., 2006; Pelletier and Pézolet, 2004), whereas PLA is an amorphous
polymer (Tsuji and Ikada, 1997). Due to random arrangement of L- and D-repeating units, the
formation of helix structures is hindered. PLA organizes in random coils at all concentrations

(Cheng et al., 2017).

&5



Chapter I11: QCM-D and AFM for deciphering the mechanism of LNP formation

Surface pressure (mN/m)

Area (m*/mg)

Figure 33: Surface pressure-area isotherm and Brewster angle (BAM) microscope images of
a PLA film spread at the air-water interface (22°C): (a) 8 mN/m; (c) 15 mN/m; (f) 25 mN/m;
(h) 50 mN/m; (j) expansion of the monolayer. The film was LB-transferred onto mica and
imaged by atomic force microscopy (AFM) in the air: (b) 8 mN/m (height); (d,e) height and
phase images at 15 mN/m; (g) 25 mN/m (height).

Compressibility modulus values show two maxima, one at 9 mN/m (Cs! = 21 mN/m) and the
other around 40 mN/m (Cs™' = 160 mN/m) (Figure 34B). At surface pressures above 30 mN/m
(Cs' > 100 mN/m), the PLA film breaks under expansion (Figure 33j) due to cohesive
interactions between polymer chains. For QCM-D and AFM experiments, the PLA film was
transferred on the solid substrates at 25 mN/m (Cs™! = 65 mN/m), to avoid film breakage during

Langmuir-Schaefer transfer.
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Figure 34: (A) Surface pressure and surface potential-area isotherms, (B) Compressibility
moduli deduced from the PLA rt-A isotherm in (A).

I11-3.2. Analysis by QCM-D and AFM of liposome interaction with a PLA
layer adsorbed onto a HMDS-modified surface

The transfer efficiency of a monolayer from a water surface to a solid substrate immersed in
water depends on the choice of the surface pressure and the nature of the chosen surface for
transfer. The surface pressure at which transfer is performed is important to maintain the

organization and cohesion of the film during transfer and obtain uniform substrate coverage.
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The polarity of the substrate is crucial to keep the orientation of the monolayer as it was at the

air-water interface.

When PLA is adsorbed at the air-water interface, the polymer is organized in such a way that
its hydrophilic groups are in contact with water. These groups must also be in contact with
water in the QCM or AFM chamber. So, in order to transfer the polymer layer without
modifying its organization, the Langmuir-Schaefer method was applied, using a glass surface
covered by a layer of hydrophobic hexamethyldisilazane (HMDS). We first verified the quality
of the surface functionalization by an AFM analysis. We then performed PLA monolayer
transfer LS at various surface pressures. Once a satisfactory protocol was found, interaction of
POPC and POPC-DOTAP liposomes with the PLA-coated surface was monitored by QCM-D.
The PLA covered surfaces were examined by AFM after incubation with vesicles and

subsequent rinsing.

111-3.2.1. Transfer of the PLA monolayer onto a HMDS-functionalized glass plate

The glass surfaces were modified by HMDS as described in the experimental section. We

verified that after 12h of exposure to HMDS vapor phase, the glass surface was fully covered

by a homogeneous layer of silane (Figure 35).

7.55 deg

Helght (nm)
°
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Figure 35: AFM height (left) and phase (right) pictures in water of the glass surface
Sfunctionalized with HMDS. Height cross section performed along the black line is shown on
the right side.
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The thickness of the hydrophobic layer was ~ 1 nm with a roughness ranging between 250 and
350 pm (Table 6). Water deposited on the HMDS surface displayed a full droplet shape
confirming the hydrophobic nature of the HMDS modified glass surface. LS transfers of PLA
films from the air-water interface onto HMDS surfaces were performed at different surface
pressures. The goal was to obtain continuous PLA layers with uniform thickness, without any
polymer aggregates or cracks in the structure. According to Figure 33 and the compressibility
moduli plot in Figure 34B, the LE-LC transition ends at 16 mN/m. Thus, PLA films were
transferred at 18, 25, and 35 mN/m. At 18 mN/m, the PLA layer was discontinuous with
disconnected domains of different heights (Figure 36). Many voids (darker areas) between the

polymer domains were observed due to incomplete coverage of the surface.

At 35 mN/m, the surface was almost completely covered with stacked polymer domains. Many
white patches could also be detected onto the PLA layer, very likely polymer aggregates. This
surface pressure value was considered as too high to obtain a PLA layer of uniform thickness.

Large variations of film thickness were observed (Figure 36).
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Figure 36: AFM height (left) and phase (right) pictures in water of the glass surface
functionalized with HMDS after LS transfer of PLA monolayers at 18 (4) and 35 mN/m (B).

Height cross section performed along black line depicted on height picture at 35 mN/m is
shown in (C).

Following transfer of the PLA monolayer at 25 mN/m, polymer domains covered most of the
surface area (Figure 37). However, some holes were detected (dark areas on height pictures),
and their lateral size varied between tens and several hundreds of nm. The total surface coverage
by the polymer was 87 + 2 %, as deduced from the examination of the dark areas/polymer
domain areas ratio in height pictures. The thickness of the PLA layer was uniform: 5 £ 0.5 nm
as determined from cross sections analysis. Surface roughness of PLA surface was estimated
to range between 150 and 200 pm (Table 6). Phase imaging could discriminate the polymer
from the HMDS layer, although involved phase shifts remained small, indicating a relatively
rigid polymer layer. Force-distance measurements performed on the PLA layer allowed

calculation of the apparent elastic moduli from the fit of the linear part in approach curves using
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the Hertz-Sneddon model (Hertz, 1895): values between 15 and 30 MPa were measured on
different PLA surfaces (Figure 38, Table 6). We kept the surface pressure value of 25 mN/m
for the LS transfer of PLA onto HMDS surface, before incubation with liposomes.

Figure 37: AFM height (left) and phase (right) pictures in water of the glass surface
Sfunctionalized with HMDS following LS transfer of PLA at the surface pressure of 25 mN/m.

Height cross sections performed along black line depicted on height pictures are shown on

the right.
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Figure 38: Force-distance measurement performed in water on the PLA film transferred at 25
mN/m. Approach and retract curves are displayed as vertical deflection (in nN) of the
cantilever versus the AFM head height (in nm).
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PLA Bilayer
Surface | LayerCoverage | surface vesicle surface | Thickness | RMS Young
coverage coverage (nm) (pm) | modulus
(%) (%) (MPa)
Glass HMDS - - - 1 250- -
350
Glass-
HMDS PLA 87+2 - - 5+£05% 150- 15-30
200
Glass-
HMDS PLA 87+2 POPC (4 - no bilayer - -
mM)
Glass- POPC-
HMDS PLA 87+2 DOTAP 26.7 3.9 680 75+ 18
0.4
mM)
Glass- POPC-
HMDS PLA 87+2 DOTAP 69.2 nd nd nd
(4 mM)

Table 6: Characteristics of the various studied surfaces in contact with liposomes, as deduced
from AFM measurements in water. RMS: roughness. *The thickness of the PLA monolayer
was measured 1.5h after spreading at the air-water interface and transfer at 25 mN/m. No
change in thickness was observed afterwards. The bilayer surface coverage was deduced from
the surface coverage of PLA (87%), and the final AF value obtained in the QCM-D
experiment.

II1-3.2.2. Interaction of POPC and POPC-DOTAP liposomes with a SiO, surface

Liposome adsorption and breaking onto solid surfaces immersed in water is a well-known
process. Many authors have described the mechanism of fusion of vesicles and formation of
supported bilayers onto various surfaces (glass, silicon dioxide, silica, mica, etc.) and listed
factors involved in bilayer formation such as electrostatic interactions, or polarity and
roughness of the solid support (Brian and McConnell, 1984; Reimhult ez al., 2009; Richter et
al., 2006; Richter and Brisson, 2005; Vermette, 2009). Other parameters are liposome charge,
phase and size, composition of the aqueous medium (buffer, pH, ionic strength, calcium ions,
sodium chloride), temperature and osmotic pressure (Ferhan et al., 2017; Jing et al., 2014,
Nirasay ef al., 2012; Reimhult ez al., 2003; Sundh et al., 2010). Cho et al. (2013) also pointed
out differences in behavior of vesicles prepared by extrusion or sonication, and they concluded

that sonicated vesicles formed lipid bilayers with better controlled properties.
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Previous works in our laboratory dealt with the formation of complex symmetric and
asymmetric lipid bilayers onto SiO, and mica substrates (Makky et al., 2011; Michel et al.,
2017). In this work, we compared the adsorption-rupture process of sonicated POPC and POPC-
DOTAP vesicles onto PLA, but also on SiO; surfaces. Both surfaces were negatively charged

but had different surface properties.

According to Abraham ez al. (2017), the full coverage of a SiO»-coated quartz crystal QCM
sensor surface by lipid vesicles with a diameter of 100 nm gives AF values of about -320 Hz.

None of our liposome compositions and substrates allowed to reach such values.

For pure POPC liposomes (0.4 mM, 170 nm), we observed a maximal AF lowering of -100 Hz
(Figure 39A and Table 7). The corresponding AD value was 16 x 10, The final AF and AD
values after rinsing were -26 Hz and 0.8 x 1076, respectively. These values agree with those
published in the literature for a phospholipid bilayer (Abraham et al., 2017; Diamanti et al.,
2016; Gromelski et al., 2009; Makky et al., 2011). According to Dimitrievski and Kasemo
(Dimitrievski and Kasemo, 2008), the AF-time and AD-time profiles account for the adsorption
of intact vesicles at low coverage, then formation of the bilayer by rupture of vesicles after

critical coverage has been reached.

When POPC-DOTAP vesicles (4 mM) were injected in the QCM measurement cell, the above
adsorption-breaking process did not occur. A faster but much less significant frequency change
was observed (-25 Hz) (Figure 39B). The AF values then increased slightly for about an hour
and continued to increase after rinsing (Figure 39C). Liposomes broke very early, probably as
soon as they reached the surface. This was due to the electrostatic interaction between the
negatively charged SiO» surface and the positively charged vesicles (Dimitrievski and Kasemo,
2008). This hypothesis is supported by the fast decrease of AF and the low AD values which
did not exceed 1.2 x 10, accounting for a rigid lipid layer. However, the final AF value after
rinsing was -17 Hz, a much lower value than expected for a bilayer (-26 Hz). If 100% coverage
of the SiO» surface corresponds to AF = -26 Hz, then a value of -17 Hz would indicate that the
coverage of the surface by 4 mM POPC-DOTAP was 65.4% only.
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Figure 39: AF and AD values for (4) POPC (0.4 mM), (B) and (C) POPC-DOTAP (75:25)
liposomes (4 mM) on the SiO:>-coated quartz crystal QCM-D sensor. Whereas (B) is an
enlargement of the plot for the first hour, (C) shows the whole QCM-D experiment. Arrows
indicate the rinsing step.

111-3.2.3. Interaction of POPC and POPC-DOTAP liposomes with a PLA surface

After LS transfer at 25 mN/m of a PLA film onto the HMDS-modified QCM sensor surface,
the sensor was transferred into the QCM cell in conditions ensuring its continuous immersion
in water. Figure 40A shows the kinetics of interaction between the PLA surface and POPC
liposomes over 110 minutes. At 4 minutes, the liposomal suspension was injected into the cell.
A rapid decrease of low amplitude (between -3 and -6 Hz) was observed in the following
minutes, with a dispersion of overtone, indicating a weak adsorption of POPC liposomes onto

the PLA surface. The corresponding dissipation shifts were low (below 0.5 x 10°) and
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dispersed. After 10 minutes, all signals were stable. After 1h incubation with liposomes,
frequency and dissipation harmonic signals were still dispersed but almost stable in amplitude,
demonstrating that no further adsorption of liposomes occurred onto the PLA surface. Upon
water rinsing a loss of 1 Hz in frequency occurred for each harmonic, whereas dissipation
signals narrowed by staying below 0.5 x 10%. After 30 min rinsing, frequency shift stabilized

between -3 and -5 Hz, with corresponding low dissipation shifts (-0.25x10) (Table 7).

Bilayer formation was also assessed by AFM, in the same conditions as in QCM-D experiments.
Figure 40B shows the PLA surface after 1h incubation with 4 mM POPC liposomes, and water
rinsing. Despite the high lipid concentration studied, the pictures look very similar to those
obtained before incubation with liposomes, suggesting a lack of interaction between the anionic
PLA surface and the zwitterionic POPC liposomes. They may have adsorbed onto the PLA
surface, but the rinsing step washed them away. However, a few spots are noticed at the edges
of polymer domains. They are more visible on the phase image (see white arrows in Figure
40C). Liposomes adsorption in the voids between PLA domains is also observed, indicating

nonspecific adsorption of POPC liposomes on the HMDS surface.
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Figure 40: Interaction between 4 mM pure POPC liposomes and the PLA monolayer
transferred at 25 mN/m: (A) AF-time and AD-time relationships monitored by QCM-D; (B) is
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the enlargement of the QCM plot in (A), (C) height (left) and phase (right) pictures of the
PLA surface after 1h incubation with the liposomes and abundant water rinsing.

Overall, this experiment demonstrated the very weak interaction of POPC liposomes with the
PLA monolayer. Only a few vesicles adsorbed and apparently remained intact onto the PLA-

covered surface.

111-3.2.4. Interaction with POPC-DOTAP liposomes with the PLA surface

The kinetics of interaction between the PLA surface and 0.4 mM POPC-DOTAP 75/25
liposomes (i.e., a concentration 10 times lower compared to POPC liposomes in the previous
experiment) were monitored over 100 minutes, as presented in Figure 41A and Figure 41B and
Table 7. At t = 6 minutes, the liposomal suspension was injected into the microfluidic cell. A
sharp decrease in frequency amplitude (until -18 Hz) was observed during the following
minutes, with no dispersion of overtones, indicating the adsorption of POPC-DOTAP
liposomes onto the PLA surface, although the AF value was higher than that observed for the
adsorption of the same vesicles onto the silicon dioxide surface (Figure 39B). As previously
observed with the SiO» surface, vesicles broke spontaneously as soon as they reached the sensor
surface. The dissipation shifts were relatively high (reaching 1.5 x 10°) and converging. After
1h incubation with liposomes, frequency and dissipation harmonic signals were still evolving,
with a slow decrease in frequency (until -8 Hz) and in dissipation (until 0.15 x 10%), indicating
the progressive rearrangement of the POPC-DOTAP bilayer onto the OLA surface (Table 7).
Upon water rinsing a loss of 1 Hz in frequency occurred, whereas dissipation signals were
almost down to 0. After 30 min rinsing, all signals were stable. Overall, this experiment
demonstrated the attractive interaction between POPC-DOTAP liposomes and the PLA surface,
with the formation of a bilayer. This interaction was stronger than with the SiO; surface, also a
negatively charged surface. However, the shape of the QCM-D curve and values of AF and AD
suggest in both cases the formation of bilayer patches, rather than that of a continuous bilayer
(Richter and Brisson, 2005).
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Surface Coating | Lipid Lipid AF.4s (Hz) ADjgs AFfinal ADfinal
concentration (time) (x 10 (Hz) (x 10
(mM) (time) (time) (time)
SiO, - POPC [-70; -100] 16 -26 0.8
0.4 (10 min) (10 min) (25 min) (25 min)
SiO, - POPC- -25 1.2 -17 0.5
DOTAP 4 (2 min) (2 min) (> 220 (> 220 min)
min)
Si0;- [-3; -6] 0.5 [-3;-5] [0.25;0.5]
HMDS PLA POPC 4 (2 min) (2 min) (90 min) (90 min)
Si0,- POPC- -18 1.5 -8 0.15
HMDS PLA DOTAP 0.4 (0 min) (Omin) | (> 60min) | (> 60 min)
Si0,- POPC- -35 3 [-17; -19] [0.5; 1.5]
HMDS PLA DOTAP 4 (0 min) (0 min) (200 min) (200 min)

Table 7: QCM-D characteristics values for various studied samples. The time refers to the
duration of the frequency and dissipation changes for the adsorption and following steps.

Figure 41C and Figure 41D show the AFM height and phase pictures of PLA surface before
and after 1h incubation with 0.4 mM POPC-DOTAP 75/25 liposomes suspension. After rinsing,
the morphology of the PLA surface appeared strongly modified by the interaction with the
cationic liposomes. Polymer domains that were visible before the interaction could merely be
distinguished. Dark areas almost disappeared indicating that material had adsorbed and filled
the voids separating the polymer domains before incubation. Comparison of height cross
sections performed along the same line on the picture before and after interaction demonstrated
the addition of 3 to 4 nm lipid layer onto the PLA surface, a value roughly corresponding to
that of a phospholipid bilayer patch (Figure 41C). The whole PLA surface was covered by
similar patches. Phase images indicate a 10° increase in phase shift that can be related to their
presence on the polymer surface (Figure 41D). In Figure 41E, low scale AFM height and phase
images of PLA surface after interaction with POPC/DOTAP liposomes show lipid patches

covering the whole polymer surface, which are particularly visible on the phase image.

97



Chapter I11: QCM-D and AFM for deciphering the mechanism of LNP formation

0 : : — 5 0 . . : : . 5
-5 1’ -5
g AF 4 < e AF :':,a -4 .g
g 5] S0 |5 45 5
o) O e AF | 2 ®
© . L > 1n| © 5
5™ 2 Sl-ap, | 3 2 3
c
o -25 K] I— c c
5 ] Myge A0 o e | A
& -30{ | ' i N 8
2 w 73
«35‘ 08|40, d 8
-35;
-40- T T T T -1
0 20 40 60 80 100 -40 T T T T T -1
) ) 0 10 20 30 40 50 60
Time (min) Time (min)

Before C After

170m

onm

S ALb Ao anw

o T

Height (nm)

4

38509

167 ceg

oceg

4.19nm

0nm
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OCM-D. (B) close-up on the 60 first minutes of AF-time and AD-time relationships. (C)
height and (D) phase pictures of the PLA surface before and after after 1h incubation with the
liposomes and abundant water rinsing (same area scanned). Height cross sections performed
along black and white lines are shown below C. (E) Enlargement of height and phase pictures

showing evidence of large holes in the lipid bilayer covering the PLA monolayer.

As mentioned previously, the adsorption-rupture process of vesicles onto a solid surface is
dependent upon different parameters related to the surface, the vesicles and the aqueous
medium. The mechanism includes four steps: (i) adsorption, (ii) shape deformation (flattening)
and critical coverage, (ii1) rupture and (iv) bilayer patch fusion (Ferhan ez al., 2017; Shao et al.,
2017) (Figure 42).

Figure 42: The four steps of phospholipid bilayer formation (adapted from Sundh et al.,
2010).

QCM-D measures the mass of material adsorbed onto the surface of the sensor. The initial AF
value lowering is thus related to the size of vesicles (Ferhan et al., 2017; Jing et al., 2014). The
larger the liposome, the lower the AF value. As POPC and POPC-DOTAP vesicles were of

similar diameter, the size is not a relevant parameter here.
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Effect of vesicles concentration

In the absence of electrostatic interactions, rupture occurs at a critical vesicle coverage and is
progressive. Surface coverage is dependent upon vesicle concentration in the aqueous medium
(Anderson et al., 2009). So, one factor that could explain the discontinuous covering of the PLA
monolayer by the POPC-DOTAP bilayer could be the low concentration of POPC-DOTAP
used in our experiments (0.4 mM, instead of 4 mM for pure POPC). However, the same
experiment performed with 4 mM POPC-DOTAP led to limited improvement (Figure 43). The
maximal AF decrease was -35 Hz. Then AF values increased progressively up to -19 Hz after
200 min. This value was closer to that expected for a full bilayer, but still the profiles of the
plots were very different from those of usual adsorption-rupture processes and showed a very
fast first step (< 1 min) corresponding to spontaneous breaking of the vesicles (Table 7).
Calculation of the surface coverage by the bilayer gave a value of 69.2%, if one considers 87%

PLA coverage of the surface of the sensor (Table 6).
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There is another argument minimizing the effect of concentration. Indeed, we observed
previously that POPC vesicles at 0.4 mM broke easily onto the SiO; surface and formed a
uniform continuous bilayer (Figure 39A). So, increasing liposome concentration certainly
improves the quality of the bilayer, but it does not impact the vesicle adsorption-rupture process

as much as physical interactions do.

Effect of the electrostatic interactions

It is well-known that vesicle adsorption is controlled by van der Waals and electrostatic
interactions (Anderson et al., 2009; Blakeston et al., 2015). In our case, the lipo-nanoparticles
were designed so that the coating of the PLA core by lipid vesicles was driven by an electrostatic
interaction. We have shown that POPC vesicles did not form a bilayer around the nanoparticles.
The QCM-D plots and AFM pictures indicate that POPC vesicles adsorbed onto the SiO»
surface (Figure 39A), but that they did not adsorb much at the surface of the polymer layer.
Even if some vesicles adsorbed, they did not break (Figure 40 AB). Conversely a AF lowering
was observed with POPC-DOTAP vesicles when interacting with both SiO; and PLA surfaces.
Both surfaces were negatively charged. So, electrostatic interactions favored vesicles

adsorption.

The rupture process may initiate after crowding (i) at the place where the vesicle and the support
interact or (ii) at the points of highest curvatures (Reimhult ef al., 2009). Depending on the
mechanism, the bilayer unfolds with its inner (mechanism i) or outer leaflet (mechanism ii)
against the substrate. In some cases, bilayer patches with the inner or outer leaflet in contact
with the support coexist. Anderson ez al. (2009) also proposed a mechanism in which vesicle
rupture is induced after crowding by the deformation stress at the edge of the points of contact
of the vesicle and support. Dimitrievski and Kasemo (Dimitrievski and Kasemo, 2008)
described the diffusion of cationic lipids in two-lipid vesicles towards the SiO> substrate
surface, maximizing the adhesion and contributing to the flattening of the vesicles. The
zwitterionic POPC molecules were more weakly attracted to the surface. When the critical
deformation energy was reached, vesicles ruptured (Dimitrievski and Kasemo, 2008).

According to Fuhrmans and Muller’s simulations (Fuhrmans and Miiller, 2013), if potential
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strength is kept sufficiently low to avoid vesicle rupture due to “collision” between the vesicles
and the surface, a “parachute” adsorption would be observed instead of the “receding-top”
(flattening) process usually described (Figure 44). Kong et al. (2016) and Shao et al. (2017)

also considered the “parachute” model for vesicles interaction with soft polyelectrolytes.

Inside-up
orlentation

outside-up
orientation

long-ranged potential

Figure 44: The receding-top and parachute models (from Fuhrmans and Miiller, 2013).

In our experiment, both the limited AF lowering and dissipation increase observed with POPC-
DOTAP liposomes are explained by the spontaneous rupture of vesicles immediately after
contact with the surface, due to the deformation induced by the strong interaction of DOTAP
molecules with the negative charges of the SiO2 or polymer substrates. Thus, with cationic
vesicles there was apparently no vesicle accumulation at the surface, no crowding period, no
rupture induced by critical coverage. The time during which the initial AF lowering occurred
was shorter when POPC-DOTAP vesicles were in contact with PLA, compared to the same
vesicles in contact with Si02, or compared to POPC liposomes in contact with SiO; (Table 7).

The kinetics of the breaking step were also faster with POPC-DOTAP vesicles.

As mentioned above, upon vesicle adsorption a reorganization of the lipids may occur due to
the preferential interaction of DOTAP molecules with the negative charges of the support.
Lateral diffusion (intraleaflet) and flip-flop (transbilayer or interleaflet movement) of lipids are
observed in membranes. Lateral diffusion of molecules is much faster than interleaflet
diffusion. Flip flop depends on the nature of the lipid and the presence of other lipids, the

temperature, the thickness of the bilayer, etc. It is energy driven and may last hours or days
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(Holthuis and Levine, 2005; Marquardt ez al., 2015; Nakano et al., 2009). According to Nakano
and coworkers’ study (2009) using small-angle neutron scattering, the spontaneous flip-flop
half-life for free-floating unlabeled POPC vesicles with a bilayer thickness of 39.1 A would be
close to 1000 h at 37°C (pH 7.4). Flip-flop of polar lipids such as DOTAP would take longer
time than that of a neutral phosphatidylcholine (Holthuis and Levine, 2005). Although
interleaflet diffusion was observed in several simulation studies (Dimitrievski and Kasemo,
2008; Kong et al., 2016) flip-flop appears improbable in our time scale. Conversely, lateral
electrostatic interaction-driven lipid diffusion would lead to a local asymmetry between the two
phospholipid leaflets and to the deformation of the vesicles driven by the adhesion of DOTAP
molecules to the polymer surface (Dimitrievski and Kasemo, 2008; Kong ef al., 2016). Nirasay
et al. (2012) showed that a polydopamine support preserved the lateral mobility of lipids. Could
this reorganization of local lipid composition really occur for both POPC and DOTAP on the
PLA surface?

Under usual conditions, after rupture has been initiated, intact vesicles coexist with the forming
bilayer and bare surface for a certain period of time (Reimhult ez a/., 2009; Richter et al., 2006;
Wilodek et al., 2015). It is probable that in the absence of crowding, this period of time is
particularly long. The kinetics of AF increases in Figure 39B, Figure 41 and Figure 43 tends to
confirm it. It is possible that repulsive electrostatic interactions also occurred between the
adsorbed bilayer patches and new vesicles approaching the surface, therefore limiting the

adsorption of these new vesicles.

The results described above confirm that the negative charge of the support is responsible for
electrostatic interactions which accelerate cationic vesicle adsorption-rupture process but seem
to lengthen the fusion of bilayer patches, compared to neutral vesicles. Under these conditions,
the fast kinetics prevent the formation of a continuous bilayer. On the one hand, this would
explain the similar QCM-D plots for POPC-DOTAP vesicles in contact with SiO2 or PLA
substrates, although the kinetics were faster when the cationic vesicles adsorbed to the PLA
layer. On the other hand, it does not explain why POPC vesicles did not behave in the same

way in contact with the SiO2 or PLA surfaces.
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Effect of support softness

Shao et al. (2017) simulated the adsorption-rupture process of anionic vesicles on a solid
support and a soft polyelectrolyte one. They showed evidence of much faster kinetics when
vesicles were in contact with the soft material. In our study, as previously mentioned, we
observed faster kinetics for POPC-DOTAP vesicles in contact with PLA compared to SiO2. We
also observed the faster adsorption of POPC vesicles at the surface of PLA, but these vesicles
did not break at the surface. Therefore, the charge of the support was not the only predominant

factor, and the effect of the support was not only a kinetic effect.

To analyze the QCM-D plots independently of kinetics, we have plotted in Figure 45 the AD =
f(AF) relationships for all studied systems. They clearly show different profiles between
POPC/PLA and POPC-DOTAP/PLA systems, but also between POPC-DOTAP/PLA and
POPC-DOTAP/Si0; ones. When comparing Figure 45A and Figure 45B, one observes that
neutral and cationic vesicles do not adsorb and break on SiO; via the same mechanism. Also,
the results in Figure 45A and Figure 45C show that neutral vesicles do not behave in the same
way in contact with a solid or relatively soft support. The dispersion of overtones in Figure 45C
is certainly related to the different behavior of vesicles in contact with the soft polymer surface,
compared to the solid SiO» surface. The adhesion of POPC vesicles to the polymer surface is

very weak, and this does not favor vesicles breaking.

Overtones are also slightly more dispersed in Figure 45D compared to Figure 45B. Even if it is
less dramatic than in Figure 45C, this overtone dispersion accounts for a weaker interaction of

the cationic vesicles with the polymer surface than with the solid support.

We have studied the mechanical properties of the bilayer by AFM. The mean elastic modulus
determined for the POPC-DOTAP/PLA system from 10 force measurements was 75 MPa, a
value deduced from the fit of the linear part of the force curve. This value is much lower than
that of a SiO: surface, 70 GPa, as reported by Ashcroft and Mermin (1976). Even if one
considers the presence of 1 nm-thick HMDS layer below PLA, the value of the elastic modulus
should be lower but close to 70 GPa. However, the value of the elastic modulus measured after
transfer of the PLA layer was in the 15-30 MPa range accounting for a much softer surface than

Si0». The presence of lipid patches after injection of the vesicles slightly rigidified the system,
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but the elastic modulus remained in the same order of magnitude with and without the lipids

adsorbed onto the PLA layer.

It is interesting to note that despite the dispersion of the overtones, the AD-AF relationships in
Figure 45D resemble more to those expected for a system forming a bilayer than those in Figure
45B (Makky et al. 2011). In order to better see the AD-AF relationship in Figure 45B, the 7%
overtone has been plotted in a separate figure (Figure 46). It depicts an unusual behavior after

adsorption of the vesicles than we are not able to explain yet.
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POPC/PLA (4 mM); (D) POPC-DOTAP/PLA (4 mM).
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Figure 46: 7th overtone of the AD-AF relationships for POPC-DOTAP/SiO2 (4 mM).

Roughness effect

Another reason for the accelerated rupture process and consequent imperfect coverage could be
the roughness of the PLA monolayer (Blachon ef al., 2017). Indeed, the PLA monolayer
adsorbed onto the HMDS layer had a roughness of 150-200 pm. However, this RMS is not
significant. Ohsawa ef al. (2009) measured a roughness of 120 pm for a SiO; surface with a 10
nm-oxide layer. Furthermore, our QCM-D experiment performed with POPC-DOTAP vesicles
in contact with the negatively charged SiO> surface also led to the formation of bilayer patches
instead of a uniform continuous bilayer, although the surface was much less rough. Richter ef
al. (2006) concluded that roughness in the nanometer range did not strongly affect the formation
of supported bilayers. Nevertheless, the softness and roughness of the support could be
enhanced by polymer swelling in the aqueous medium. Although we did not observe any
swelling of the PLA layer by AFM, Jager ef al. (2018) and Shao et al. (2017) both reported

polymer swelling during their experiments. This eventuality should be considered.
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Control of the vesicle adhesion-fusion process

Blakeston ef al. (2015) compared the interaction of POPC and POPC-DOTAP vesicles (with
increasing DOTAP concentrations) with polymer brushes of different (negative) zeta potentials,
and much higher RMS roughnesses than our PLA layers. Like us, they observed a weak
interaction of POPC vesicles with the polymer brushes and no bilayer formation. For POPC-
DOTAP (90:10) vesicles, they reported a slight improvement in vesicle adsorption onto the
polymer surfaces, but still no bilayer formation. This agrees with our own results when we
attempted to combine nanoparticles with POPC-DOTAP (90:10) vesicles (Chapter II). Higher
DOTAP contents were necessary to observe the formation of a bilayer. Interestingly, the authors
noted that to induce vesicle rupture and bilayer formation, the system had to be incubated for
1h, at least at 37°C, even better above 50°C. These conditions led in some cases to the initial
coexistence of double bilayers with one-bilayer patches, which fused in a single bilayer during
another 48h incubation at room temperature (Dimitrievski and Kasemo, 2008; Reimhult ez al.,
2003). We did not heat our system during lipo-nanoparticle preparation, because we considered
that the phase transitions of our lipids were sufficiently low to ensure the fluidity and plasticity

of lipid bilayers. Anyway, this would be worth a try.

111-4. Conclusion

In summary, like many authors before us, we observed that neutral and cationic vesicles do not
adsorb and break in the same way onto solid and soft anionic surfaces. On the one hand, neutral
vesicles show typical bilayer formation onto a solid SiO; surface, with a 4-step mechanism
including vesicle adsorption and flattening up to critical coverage, vesicle breaking and fusion
of bilayer patches. The presence of the polymer prevents the formation of this bilayer. This
observation confirms our previous results (Chapter II) and those of other authors showing that
lipo-nanoparticles are not formed when neutral vesicles are incubated with polymer
nanoparticles. The weak physical interactions and the softness of the polymer opposes the
adhesion of the vesicles. In turn, the weak adhesion of the vesicles prevents their rupture.

Conversely, neutral vesicles can form bilayers at the surface of silica particles (Ahmed ef al.,
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2012; Mornet et al., 2005). Attractive electrostatic interaction, on the other hand, appear as a
powerful force for inducing liposome breaking onto a solid or polymeric support. The zeta
potentials of the PLA surface and POPC-DOTAP (75:25) vesicles were high: -46 and +53 mV,

respectively. So, the electrostatic interaction could be strong.

Similar adsorption-breaking kinetics were observed for cationic vesicles in contact with both
the solid SiO; surface and the soft PLA one. However, the kinetics of the QCM-D plots showed
that vesicles broke immediately at the surface. It was more a spontaneous rupture mechanism
than a critical coverage one. This spontaneous rupture affected the formation of the lipid bilayer,

leading to the deposition of bilayer patches instead of a continuous bilayer.

The low AF and AD values account for the formation of rigid bilayer patches but could also
account for the formation of a monolayer. However, we observed that AF values decreased with
the increase in POPC-DOTAP concentration (and the final AF values were closer to those
expected for a bilayer) which should not be the case if a monolayer was formed. Also, AFM

height pictures showed that the thickness of the lipid patches corresponded to one bilayer.

The electrostatic interaction was obviously too strong, but it could be controlled by the ionic
strength and pH of the aqueous medium. The POPC-DOTAP 75/25 vesicles suspension could
also be more concentrated as we have noticed an improvement of bilayer formation when the
concentration was increased from 0.4 to 4 mM. Another important parameter is the softness of
the polymer layer. Although the behavior of the vesicles is controlled by the electrostatic
interaction, the rigidity/softness of the polymer surface also plays an important role on the
adhesion and kinetics of rupture of the vesicles. Under the present conditions, the impact of the
rigidity of the support was minimized by the electrostatic interactions, but if the latter were
diminished, the viscoelastic properties of the polymer layer could become the main issue. Fine
tuning would be necessary to balance the two effects while improving the adsorption-rupture

process for obtaining a defect-free bilayer.

All these results confirm the formation of a POPC-DOTAP bilayer at the surface of PLA
nanoparticles as concluded from our experiments in Chapter II. They also indicate that the
bilayer is not continuous and that our experimental conditions could be improved by a better
control of the electrostatic interactions between the vesicles and nanoparticles, and by heating

the system during nanoparticle-vesicle fusion.

108



Chapter IV: Cytotoxicity/phototoxicity of p-Lap/PS-loaded LNPs

Chapter IV: Co-encapsulation of a photosensitizer and beta-lapachone in
liponanoparticles and in vitro evaluation of their cytotoxicity and
phototoxicity for dual PDT/chemotherapy
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Chapter 1V: Co-encapsulation of a photosensitizer and beta-lapachone in
liponanoparticles and in vitro evaluation of their cytotoxicity and

phototoxicity for dual PDT/chemotherapy.

IV.1. Introduction

In this chapter, we describe the encapsulation of an anticancer drug and two photosensitizers

for combined therapy against retinoblastoma.

Beta-lapachone (B-Lap) is a natural naphtoquinone derivative extracted from the bark of the
lapacho tree (Tabebuia avellanedae). This molecule has earned many attentions because of its
wide range of pharmacological activities. Indeed, it was reported to be anti-parasitic, anti-
fungal, antiviral, and wound healer. More importantly, it is recognized to exhibit an anti-tumor
effect against several types of cancers, including retinoblastoma (Kung, 2014; Lee ef al., 2012;
Shah et al., 2008). B-Lap exerts its antitumoral activity by various mechanisms and signaling
pathways resulting from its reduction by the enzyme NAD(P)H:quinone oxidoreductase
(NQOL1) through a futile redox cycle. Beta-Lapachone induces the production of reactive
oxygen species (ROS) and superoxide anion resulting in a massive release of Ca®" from
endoplasmic reticulum, activation of poly ADP ribose polymerase (PARP) and caspase
cascade. It interacts directly with topoisomerase I and II, and is also responsible for the breakage
of DNA strands, activation of Ca*'-dependent calpain and cell cycle arrest. All these
mechanisms lead to apoptosis (Kung, 2014). The cytotoxic effect of the drug is potentiated in
tumor cells which overexpress NQOI. Interestingly, the association of B-Lap with other
treatments may result in a synergistic effect. Indeed, B-Lap was reported to sensitize the cells
to ionizing radiations as it inhibits DNA repair while, on the other hand, cancer cells are more

sensitive to B-Lap due to increased level of NQO1 induced by radiations (Kung, 2014).

Beta-Lapachone has been found effective against retinoblastoma cells by a mechanism

considered as NQO1-dependent (Shah et al., 2008). Since PDT can boost the expression of
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NQOL1 in cancer cells 24h post-illumination (Lamberti ez a/., 2013) , it may be interesting to

combine B-Lap with PDT for a synergistic effect.

Despite the promising potential of beta-lapachone as a drug, its development is limited due to
its unfavorable physico-chemical properties. Beta-lapachone is poorly water soluble (0.16 mM
or 0.04 pg/mL) and rapidly crystallizes in aqueous medium (Ling Zhang et al., 2015).
Furthermore, B-Lap is sensitive to oxidation (Kim ez al., 2017). Therefore, it requires to be
encapsulated into carriers to facilitate its delivery, improve its bioavailability and ensure its
protection against degradation. To our knowledge, B-lap has been encapsulated in polymeric
PEG-PLA (Blanco et al., 2007; Zhang et al., 2017) and PEG-b-PCL micelles (Sutton et al.,
2007), in poly(methyl methacrylate)/polystyrene microcapsules (Kim ez al., 2017), in PLGA
ones (Costa et al., 2016), and in lecithin-chitosan NPs (Moreno et al., 2015). It has also been
solubilized by formation of a complex with hydroxypropyl-p-cyclodextrin (HPB-CD)
(Nasongkla et al., 2003) and incorporated into liposomes (Cavalcanti et al., 2011; Wu, 2018)
or in PLGA millirods (Wang ef al., 2006). Another strategy consisted in synthetizing its diester
prodrug derivative and solubilize it in PEG-b-PLA micelles (Ma et al., 2015).

m-THPC (temoporfin, Foscan®) is one of the most effective photosensitizer on the market. It is
active at very low concentrations (~ 0.1-0.15 mg/kg). It absorbs light in the red spectrum region,
at 652 nm (Bonnett ef al., 1999). At this wavelength, the light can penetrate deep in the tissues
(Josefsen and Boyle, 2008). It has a molar extinction coefficient of 29,600 mol!.dm?.cm’!, a
quantum yield of triplet state formation (@) of 0.89 with a lifetime (tr) of 50 ps, and a quantum
yield of singlet oxygen formation (®4) of 0.43 (Bonnett ez al., 1999).

The tetraphenyl porphyrin derivative m-THPP has a similar chemical structure as m-THPC,
with only one additional double bond. Like m-THPC, it absorbs light in the red region but at a
wavelength slightly lower than that of m-THPC (644 nm). It also has a lower quantum yield of
triplet state formation (@t : 0.69), a longer lifetime (tr: 120 ps), but a similar quantum yield of

singlet oxygen formation (DA: 0.46) (Bonnett ez al., 1999).

The PDT effect generated by m-THPC is superior to that of m-THPP. This has been
demonstrated in vivo (Bonnett ef al., 1999; Peng et al., 1995). In vitro, the two PSs have shown

the same efficiency in the photodynamic treatment of retinoblastoma (Maillard ez al., 2007).

The rationale for the study of both photosensitizers, instead of just one, was that (i) they had

almost the same chemical structure and in vitro efficacy against retinoblastoma, (ii) one was
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already on the market and could be considered as relevant for a proof-of-concept of our strategy,
and (ii1) the other was the reference precursor for the synthesis of tetraphenyporphyrin
derivatives modified with various glycodendrimeric branches (Ballut ez al., 2012) or with
glycodimeric structures (Chen ef al., 2018) that have been shown to specifically interact with
mannose receptors overexpressed at the surface of retinoblastoma cells (Gallud ef al., 2015;
Makky et al., 2011). In case of success, m-THPP could be easily replaced by one of these
derivatives which have been already inserted into liposome bilayers. However, considering the
low lipid recovery % in LNPs, it was impossible to directly test the synthetic

tetraphenylporphyrins as they were available in very low quantities.

Both m-THPP and m-THPC are hydrophobic and aggregate in aqueous medium, which results
in a loss of their phototoxic capacity. Their incorporation into nanocarriers may contribute, at

least, to preserve their pharmacological activity and improve their accumulation in tumors.

In this study we have co-encapsulated B-Lap with each PS (m-THPP or m-THPC) in our optimal
LNP formulation, LNP 75/25 (described in chapter II). B-Lapachone was loaded in the core
and the PS was incorporated in the lipid shell. We have evaluated 1) the effects of the co-
encapsulation on the physicochemical properties of formed LNPs, ii) the cytotoxicity and
photoxicity of the systems, and, iii) the possible synergistic effect of the combined

chemo/photodynamic therapies.

IV.2. Materials and methods

1V.2.1. Materials

m-THPP (Mw = 678.73 g/mol) and m-THPC (Mw = 681.2 g/mol) were gifts from Dr. Philippe
Maillard (Institut Curie, Orsay, France) and B-Lapachone (3,4-dihydro-2,2-dimethyl-2H-
naphthol-[1,2-b]pyran-5,6-dione, Mw = 242.27 g/mol) (B-Lap) from Prof. N. Santos Magalhaes
(Federal University of Pernambuco, Recife, Brazil). Tetrahydrofuran (THF) was purchased
from Carlo Erba reagents. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) was provided by Sigma-Aldrich (St Louis, USA). A streptomycin-penicillin solution
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(P4333) was bought from Sigma-Aldrich (St Louis, USA). All other chemical reagents and

solvents (HPLC grade) used in the following experiments are described in Chapter II.

1V.2.2. Methods

1V.2.2.1. Preparation of PS-loaded liposomes

m-THPP and m-THPC based liposomes were prepared by the thin lipid hydration method
(Bangham et al., 1965). In brief, 2.5 mol% of the PS stock solution (10 mM m-THPP or m-
THPC in chloroform/methanol 9/1 v/v) was added to the POPC-DOTAP 75/25 solution prior
to the formation of the thin lipid film. The film formed after solvent evaporation was hydrated
with water and tip-sonicated to form SUVs. Subsequent centrifugations of the liposomal
suspensions were performed to remove the titanium particles released by the probe during

sonication and excess PSs.

1V.2.2.2. Preparation of B-Lap nanoparticles (B-Lap NPs)

B-Lap NPs were prepared by the nanoprecipitation method (Vauthier and Bouchemal, 2009),
without using a surfactant. Briefly, 10% (w/w) of B-Lap was dissolved with PLA (50 mg) in
acetone at the polymer concentration of 10 mg/mL. The obtained solution was added dropwise
to ultrapure water under the same condition as described in Chapter II and the solvent was
removed under reduced pressure. The final suspension was filtered through a 1 pm pore-sized
membrane (Glass acrodisc®, Waters) to remove B-Lap aggregates (Figure 47), and it was
centrifuged 3 times at 3000g for 15 min at 15°C to separate unloaded B-Lap from NPs. The
supernatant was discarded, and the pellet was diluted to the final concentration of 2 mg/mL.

The suspension was concentrated for in vitro cytotoxicity studies.
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B-Lap

ageregates

Figure 47: Removal of p-Lap aggregates following nanoprecipitation. The organic solvent
was evaporated in a round bottom flask (A) followed by the filtration of the suspension (B and
C).

1V.2.2.3. Preparation of B-Lap and PSs-loaded LNPs

PS or/and B-Lap-loaded LNPs were prepared by incorporating m-THPC or m-THPP in the lipid
bilayer shell and B-Lap in the polymeric core. All LNPs were obtained by the same procedure
as detailed in Chapter II. Briefly, PS-LNPs were prepared by mixing PS-loaded liposomes with
unloaded PLA NPs, while B-Lap LNPs were formed by incubation of unloaded liposomes
(POPC/DOTAP 75/25) with B-Lap NPs. PS and B-Lap were co-encapsulated in the LNPs by
mixing PS-loaded liposomes with B-Lap NPs to obtain drug/PS molar ratio of 97/3 and 93/7 for
LNPs containing m-THPP and m-THPC, respectively. All mixtures were sonicated for 6 min
and incubated for 1h at room temperature (condition iii). Finally, the obtained LNPs were
separated from excess vesicles by centrifugation and resuspended in pure water. They were
concentrated for in vitro cyto/phototoxicity studies. Lipid concentration in both liposomes and

LNPs formulations was determined by HPLC-ELSD as described in Chapter I1.
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1V.2.2.4. Particles characterization

1V.2.2.4.1. Size and zeta potential measurements

Particles size and size distribution were determined by dynamic light scattering (DLS) and zeta
potential ({) by laser doppler electrophoresis using a zetasizer Nano ZS90 (Malvern). All
formulations prepared in water were diluted in 1 mM NaCl solution while those prepared in

buffer were diluted using the same buffer. Measurements were carried out in triplicate at 25°C.

1V.2.2.4.1. Evaluation of drug loading (DL) and encapsulation efficiency

Both PSs and B-Lap encapsulated in the formulations were quantified by measuring their
absorption at 417 and 257 nm, respectively, using a CARY 100 Bio UV-visible
spectrophotometer. All samples, prepared in triplicate, were dissolved in a mixture of
water/methanol/THF (ratio 1:4:5). At the studied wavelengths, neither the polymer nor lipids
interfered with drugs absorbance (Figure 48). Standard solutions were prepared at various
concentrations using stock solutions of B-Lap in methanol (10 mM) and PS (m-THPC or m-
THPP) in a chloroform:methanol (9:1 v/v) mixture (1 mM). Drug loading (DL) and

encapsulation efficiency (EE) were calculated using equations (12) and (13):

Mass of drug in the nanosystem x 100

DL (%)=

(12)

Mass of the nanosystem

o/\— Mass of drug in the nanosystem x 100
%)=

EE ( (13)

Total mass of drug added
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Figure 48: UV-visible spectrum of free p-Lap (blue line), f-Lap NPs (red line) and p-Lap
LNPs (green line). Both lipids and PLA did not interfere with the absorbance spectrum of f5-
Lap.

1V.2.2.5. Cell culture

Human retinoblastoma Y79 cells (ATTC® HTB-18™), isolated from a child of two and a half
years old by Reid ez al. (1974), were grown using DMEM supplemented with 20 % v/v of FBS
and 1 % of antibiotics at 37°C in a humidified incubator with 5% of CO,. They were sub-
cultured twice a week in a 75 c¢cm? flask until reaching 80-95% confluency (1-1.5x10°
cells/mL). The harvested cells were centrifuged at 200 g for 5 min at 25°C and the medium
renewed. They were seeded at a concentration of 0.25-0.5 x10° cells/mL in a new flask. The

cells were counted after being stained with trypan blue dye using a KOVA slide.

1V.2.2.6. Cytotoxicity and phototoxicity experiments

The cyto/phototoxicity activity of unloaded particles (NPs, liposomes and LNPs), free drugs
(B-Lap, m-THPC and m-THPP), drug-loaded NPs and LNPs (B-Lap NPs, B-Lap LNPs, m-
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THPC LNPs and m-THPP LNPs), and LNPs with co-encapsulated drugs (B-Lap/m-THPC
LNPs and B-Lap/m-THPP LNPs) were evaluated in Y79 cells using the colorimetric MTT

viability assay (Mosmann, 1983). Figure 49 illustrates the protocol of experiments.

e T O
e
L 2 C:mc c> ? Microplate spectrophotometer (570 nm)

Y79* 520-680 nm
I Z e 14 min ——
s g o
< YYYVYasiy sy ) -

T B e e

Days O 1 2 3 4 5 MTT test (1h)
Seeding Treatment lllumination - Centrifugation (800g x Smin)
30,000 cells/well with products  and/or FBS addition ] g',;:'c‘)":d’:i't'i‘::a'
(Csinal FBS: 20 % v/V) - Pl di
70 T24h Tagh T72h To6h| ate reading
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Cytotoxicity
lTO Tash T72h T96h}
| l |

*Y79: human retinoblastoma cells Phototoxicity

Figure 49: Summary of the procedure used for in vitro cytotoxicity and phototoxicity
experiments.

Retinoblastoma cells once at confluency were harvested, centrifuged at 500 g for 5 min at 25°C
and the pellet was resuspended in the culture medium supplemented with 10% v/v FBS and 1%
antibiotics (ATB). The cells were seeded at a density of 30,000 cells per well (100 uL) into 96-
well plates and allowed to incubate for 24h at 37°C in the cell culture incubator (DO0). Stock
solutions of B-Lap, m-THPC and m-THPP prepared in DMSO (10 mM) and the tested
formulations were diluted with DMEM containing 1% ATB at various concentrations. Twenty-
four hours following seeding (D1), cells were treated by adding 100 pL of the diluted solutions
or suspensions at increasing concentrations (Treatment TO). The concentrations range assayed
are summarized in Table 8. Control cells were treated by DMEM solutions containing the same
volume of DMSO, DPBS or H>O as the samples. Three wells were treated for each condition.

After treatment, the plates were returned to the incubator. Incubations were carried out in the
dark.
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For cytotoxicity assays, FBS was supplemented to each well 24 hours after treatment (T24h)
reaching a final concentration of 20 % v/v FBS and the plates were then incubated for two
(T72h) and/or three more days (T96h). All presented results were obtained after T72h and/or
T96h.

For phototoxicity assays, the plates were illuminated at T24h for 14 minutes, using a homemade
lamp equipped with an orange filter (A ~ 520—680 nm with a Amax = 590 nm) at a fluence of 2
J/em?, before addition of FBS and incubation until the end of the experiment. The lamp is made
of 4 Philips TL fluorescent tubes covered by a flat diffusing glass plate. Cell viability was
evaluated by adding to the cells the MTT solution prepared in DPBS (at 5 mg/mL), and then
incubating them for 1 hour at 37°C. During this period, living cells reduced the MTT into
colored formazan crystals in their mitochondria. Then, the plates were centrifuged at 800 g for
5 minutes, the medium was cautiously removed with a manual multichannel pipette and 200
puL of DMSO was added in each well. The formazan crystals were solubilized by stirring the
plates on an orbital shaker and the absorbance was measured at 570 nm using a labsystem
multiskan MS microplate to determine the half inhibitory concentration of the drugs (ICso). The
absorbance measured for the medium alone and with the products was subtracted from the
resulting data and the cell survival rate (%) was expressed as a ratio between the absorbance of

treated cells and that of cell controls.

The nature of interaction between -Lap and each PS co-encapsulated in LNPs was evaluated

using CompuSyn software (Version 1.0, CompuSyn nc., U.S., www.combosyn.com), based on
the determination of the combination index (CI) theorem developed by Chou and Talalay (Chou
and Talalay, 1984; Chou, 2006, 2010).
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Products Concentration ranges
B-Lap (uM) | PS (uM) Suspension (pg/mL)

Unloaded PLA NPs L 100 - 1000

100/0 _ _ 182 - 710

75/25 _ _ 162 - 810
Unloaded POPC/DOTAP 37100 — — 16314
Liposomes
Unloaded LNP 75/25 L 100 - 1000
B-Lapachone 1-5 o -
B-Lap NPs 0.5-10 o 5-105
B-Lap LNPs 0.5-15 o 4-120
m-THPC _ 0.04-0.3 o
m-THPC LNP _ 0.04-0.4 14 - 235
m-THPP _ 0.1-0.5 _
m-THPP LNP _ 0.002-1.3 25 - 1000
B-Lap/m-THPC LNP 0.1-2.6 0.01-0.2 2-46
B-Lap/m-THPP LNP 0.3-9.8 0.01-0.3 4-118

Table 8: Summary of the tested concentration ranges for in vitro cyto/phototoxicity
experiments.

IV.3. Results and discussion

In chapter II, we have described the various preparation methods for LNPs and their
characterization. The optimal formulation chosen for further experiments was prepared with
PLA NPs and POPC/DOTAP 75/25 liposomes. The conditions used for their formation
consisted in sonicating the mixture of particles and vesicles for 6 min in a water bath, and then

incubating it at room temperature for one hour (condition iii).

The following step was to evaluate the potential of these LNPs as m-THPP or m-THPC

nanocarriers. The two PSs were easily loaded in the lipid shell of LNPs as shown for m-THPP
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in chapter II. Further, we evaluated the co-encapsulation capacity of these LNPs for the
combinatory treatment of retinoblastoma by chemo/PDT. The cytotoxic drug, beta-lapachone,
was encapsulated in the PLA nanoparticles, which were then covered by PS-loaded POPC-
DOTAP bilayers.

We first analyzed the physico-chemical properties of the drug-loaded nanoparticles and
PS/drug-loaded liponanoparticles, then their cytotoxicity and phototoxicity on retinoblastoma
cells (Y79).

IV.3.1. Physico-chemical characterization of drug loaded particles

The main characteristics of B-Lap nanoparticles are summarized in Table 9. The incorporation
of B-Lap in PLA nanoparticles did not alter their size, PDI nor {-potential. Our results agree
with those of Sharma ef al. (2014) who encapsulated the hydrophobic lorazepam in PLGA NPs
by the nanoprecipitation process, and those of Roussaki ez al. (2014) for aureusidin-loaded PLA
NPs prepared by an emulsion-solvent evaporation method. In both cases, a surfactant was
added.

All loaded LNPs showed an increase in their mean diameter as well as an inversion of the sign
of their surface charge, which confirmed the formation of the lipid shell around the NPs core.
They exhibited a narrow size distribution and a short-term stability as indicated by the value of

their C-potential. A slight increase of their size was noticed as compared to unloaded LNP.
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Formulation HD (nm) PDI {-potential (mV)
Unloaded NPs 170 £3 0.08 £0.02 -46+ 1
B-Lap NPs 176 £9 0.06 £ 0.03 -50+£2
Unloaded LNPs 193 £38 0.07+0.03 +27+6
B-Lap LNPs 22141 0.09 +£0.03 +37+1
m-THPC LNPs 229+3 0.13+£0.02 +26+1
m-THPP LNPs 206 £ 20 0.12 +0.04 +20+4
B-Lap/m-THPC LNPs 212+0 0.10+£0.03 +38+0
B-Lap/m-THPP LNPs 211+3 0.07 £ 0.04 +36+ 1

Table 9: Size, PDI and zeta potential of unloaded and loaded NPs and LNPs.

IV.3.2. Encapsulation efficiency (EE) and drug/PS loading (DL) in LNPs

Encapsulation efficiency (EE) and drug loading (DL) of the PSs and B-Lap in the various

studied systems are presented in Table 10.

Formulations EE (%) DL (%)
Drugs Type of nanovectors
B-Lapachone PLA NPs 12.82 1.97
m-THPP LNPs 3.92 0.17
m-THPC 4.01 0.18

Table 10: Summary of the encapsulation efficiency (EE) and drug loading (DL) for [5-
Lapachone-loaded PLA NPs and PS (m-THPP or m-THPC)-loaded LNPs.
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B-Lapachone (10% w/w) was initially mixed with the polymer to form NPs by the
nanoprecipitation method. The EE and DL were 12.82 and 1.97 % respectively, which seem
relatively low percentages. However, Wang et al. (2017) designed core-shell PLGA-lipid
hybrid nanoparticles in which docetaxel was loaded with 10% EE, a slightly lower value than
for B-Lap. Also, Stavropoulos described PLGA lipid-polymer NPs with 1.7% (DL)
camptothecin (CPT) (Stavropoulos, 2011). As NPs are spontaneously formed during the
nanoprecipitation process by diffusion of the water-miscible organic phase into the aqueous
one, it can be assumed that if B-Lap had limited affinity for PLA, it migrated in the solvent
mixture and precipitated after solvent evaporation. Blanco ez al. (2007) observed that B-Lap
was released very fast from PLA-PEG micelles. This would account for a weak affinity of the
drug for the polymer. Aggregation of B-Lap occurred during evaporation of the organic solvent
(Figure 47). It is possible that the interaction between the drug and the organic solvent was the

cause for its low entrapment in the nanoparticle (Budhian ez al., 2007).

A PS (2.5 mol%) was loaded in POPC/DOTAP 75/25 vesicles, which in turn were added in
excess to the NPs to obtain PS LNPs or $-Lap-PS LNPs. The EE of the PS loaded in liposome
bilayers was not determined, but it was expected to be ~85% from previous reported work
(Massiot ef al., 2017). The EE and DL of PSs in LNPs were ~4 and 0.2% respectively. These

values are very low, but may be explained by what follows.

LNPs were prepared by mixing the NPs with excess lipid vesicles, which contained the PS.
Once LNPs were formed, they were separated from the remaining vesicles by centrifugation.
Actually, we have shown in Chapter II that less than 10% of the total lipid vesicles used truly
adsorbed onto the NPs. Thus, we believe that the low encapsulation efficiency (~4%) and drug
loading (0.2%) of the PSs in LNPs is related to the preparation method of LNPs as almost 90%

of the PS loaded liposomes initially mixed to the NPs were lost.

IV.3.3. Cytotoxicity of the studied formulations

We have evaluated the cytotoxicity of (i) the excipients used for the preparation of our
formulations, (ii) the free drugs and (iii) drugs loaded or co-loaded in the nanocarriers, on Y79

cells after 72h or 96h of treatment by performing a MTT assay.
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1V.3.3.1. Cytotoxicity of the excipients

1V.3.3.1.1. Cytotoxicity of unloaded vesicles

We have assessed the cytotoxic effect of unloaded POPC/DOTAP 100/0, 75/25 and 0/100
liposomes. The vesicles were maintained in contact with Y79 cells for 72h. As can be seen in
Figure 50, neither the pure POPC liposomes nor those containing 25 mol% DOTAP showed a
significant cytotoxic effect for concentrations up to ~900 pM (Table 11). Only pure DOTAP
liposomes were cytotoxic (ICso = 170 pM), as expected from literature data (Knudsen et al.,
2015; Lappalainen et al., 1994). An ICso of ~59 uM was reported by treating HEK 293T cells
with DOTAP liposomes for 24h (Wan ef al., 2016). This ICs value is 3-fold lower than ours.
The difference with our result can be due to the sensitivity of the cell line to DOTAP and to the
working density of seeded cells. Indeed, Wan et al. worked with lower cell density than us
(20,000 vs 30,000 cells/well). Cells seeded at low density are more sensitive to toxins than those
seeded at high density (Riss and Moravec, 2004). This is due to the higher proliferation rate of
the former compared to the latter (Jagan e al., 2012). Cells seeded at high density thus require

higher concentration to achieve the same effect response.
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Figure 50: Viability of Y79 cells in contact with POPC/DOTAP 100/0, 75/25 and 0/100
vesicles for 72h.
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1V.3.3.1.2. Cvtotoxicity of unloaded NPs and LNPs

Figure 51 shows the viability plots for Y79 cells in contact with PLA NPs and LNP 75/25 for

72 h. As expected, no cytotoxic effect was observed for both nanocarriers at concentrations up

to 1 mg/mL. The results obtained for LNPs 75/25 are coherent with those obtained for

POPC/DOTAP 75/25 liposomes (Figure 50) as the maximum concentration of DOTAP in LNPs

quantified by HPLC-ELSD was ~26 pM. Our results agree with previous works. Pieper ef al.

(2018) showed that incubating PLA NPs of ~200 nm in diameter up to 0.5 pg/mL with

neuroblastoma cells for 120 h did not affect their viability. Also, a low cytotoxic effect (viability
> 70%) was reported by Bose et al. (2015) for LNPs composed of 24% DOTAP and PLGA.

From the results described above, we can conclude that our formulation was safe.
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Figure 51: Viability of Y79 cells in contact with PLA NPs and LNPs 75/25 for 72h.
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Products ICso
(uM) (ng/mL) Final suspension
(Drug+NPs or LNPs)
(ng/mL)
PLA NPs > 1000
100/0 > 900 > 680
75/25 > 1100 > 810
POPC/DOTAP Li
TPOSOMES 767100 170 120
LNPs 75/25 > 1000
m-THPP >0.5 >(0.34
m-THPP LNPs >1.3 > (.88 > 1000

Table 11: Cytotoxicity of excipients, m-THPP and m-THPP LNPs against Y79 cells after
treatment for 72h. In the first two columns are presented the ICso values for drugs or
excipients, while the mass concentration of LNPs or NPs containing encapsulated drugs is
indicated in the last column (right).

1V.3.3.2. Cytotoxicity of free drugs

1V.3.3.2.1. m-THPP and m-THPC

The cytotoxic effects of m-THPP and m-THPC were evaluated after incubation with Y79 cells
for 72h and 96h, respectively. The results are presented in Figure 52. As awaited, both
photosensitizers showed no toxicity in the dark for concentrations up to 0.5 uM (Table 11) and
0.3 uM (Table 12), respectively. This is in agreement with previous results obtained by Maillard
et al. (2007) showing that there was no cytotoxic effect on Y79 cells for m-THPP and m-THPC
at concentrations up to 15 uM and 8 puM, respectively. Our tested concentrations were at least

25-fold lower than theirs.
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Figure 52: Viability of Y79 cells in contact with free m-THPP (A) and m-THPC (B) after 72h
and 96h of treatment.

1V.3.3.2.2. Beta-lapachone

The cytotoxicity activity of B-Lap on Y79 cells after 96h of incubation is presented in Figure
53. Unsurprisingly, the increase in drug concentration from 1 to 5 uM resulted in a significant
reduction of the cell viability. B-Lap exhibited an ICso of 1.6 uM (Table 11), which is in the
same order of magnitude than that reported by Shah ez a/. (2008) using Y79 cells at a density
of 10,000 cells/well.
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Figure 53: Viability of Y79 cells following contact with -Lapachone for 96h.

1V.3.3.3. Cytotoxicity of beta-lapachone-loaded NPs and . NPs

The cytotoxicity of -Lap— loaded PLA NPs and LNPs 75/25 was assessed after 96h incubation
with Y79 cells. As shown in Figure 54, free and encapsulated -Lap showed similar efficacy.
No significant differences in ICso values were observed (Table 12). Moreover, the effect of
beta-lapachone on cell viability was not affected by the surface charge of the nanocarriers; PLA
NPs were negatively charged and LNPs positively charged. The uptake of the latter was
expected to be higher than that of the former, as the cell membrane is usually slightly negatively
charged. Moreno et al. (2015) reported a moderate increase in nor-f-Lapachone toxicity when
it was loaded in lecithin-chitosan nanoparticles, compared to the free drug. Conversely, Costa
et al. (2016) reported a significant increase in the cytotoxic effect of B-Lapachone when it was
loaded in PLGA microparticles. The effect of the encapsulation of the drug on its cytotoxicity
is very dependent upon the system used. It is noteworthy that the maximum concentration of
DOTAP in B-Lap-LNPs, as quantified by HPLC-ELSD, was only ~ 1.5 uM (a very low
concentration compared to DOTAP ICso). Therefore, the cytotoxic effect observed with LNPs

was only induced by the presence of B-Lapachone.
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Figure 54: Viability of Y79 cells in contact with free p-Lap, f-Lap loaded NPs and p-Lap

loaded LNPs for 96h.
ICso
Products (M) (ng/mL) | Final suspension (Drug +
NPs or LNPs) (png/mL)
B-Lapachone 1.6
B-Lap NPs 1.6 0.4 16
B-Lap LNPs 1.8 0.4 16
m-THPC >0.3 >0.2
m-THPC LNPs >0.4 >0.3 >235
B-Lap/m-THPC B-Lap 1.3 0.31
LNPs m-THPC >0.2 >0.14 21

128



Chapter IV: Cytotoxicity/phototoxicity of p-Lap/PS-loaded LNPs

B-Lap/m-THPP LNPs | B-Lap 1.9 0.5

m-THPP >03 >0.2 23

Table 12: Cytotoxicity of free drug and PSs, and drug and PS encapsulated in PLA NPs or
LNPs after 96h incubation with Y79 cells. ICsovalues of drugs are presented in the first two
columns and the last column (right) indicates the mass concentration of the nanocarriers in

which the drugs were entrapped.

1V.3.3.4. Cytotoxicity of photosensitizer-loaded LNPs

The cytotoxicity of m-THPP and m-THPC loaded in the lipid shell of LNPs after treatment for
72h and 96h, respectively, are presented in Figure 55. No cytotoxicity was observed for both
PSs. The maximal concentrations of DOTAP in the tested suspensions were 15 uM and 4 uM
for m-THPP and m-THPC LNPs, respectively. At these concentrations, at least 90% of the cells
were still alive ( Figure 51). These results are coherent with those previously obtained for free

PSs (Figure 52).
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Figure 55: Cytotoxic effect of m-THPP LNPs (4) and m-THPC LNPs (B) on Y79 cells, after
incubation for 72h and 96h, respectively.
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1V.3.3.5. Cytotoxicity of beta-lapachone and photosensitizers co-encapsulated in LNPs

Figure 56 shows the viability results obtained for f-Lapachone co-encapsulated with m-THPP
or m-THPC in LNPs. For both LNP systems, cell viability decreased in a dose-dependent
manner. The ICso was 1.9 uM and 1.3 uM for B-Lap/m-THPP LNPs and -Lap/m-THPC LNPs,
respectively (Table 12). These ICso values are of the same order as those obtained for B-Lap
LNPs. As we have demonstrated earlier that PSs loaded in LNPs were not cytotoxic in the dark,
and since the concentration of DOTAP in the tested samples did not exceed 1 uM, the cytotoxic

effect observed was obviously induced by the presence of B-Lap in the formulation.
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Figure 56: Cytotoxic effect of p-Lap co-encapsulated with m-THPP (A) or m-THPC (B) in
LNPs after 96h incubation with Y79 cells. PS concentrations are indicated in black, and p-
Lapachone ones in red.

To summarize the above results, we have assessed the cytotoxicity of our excipients which
showed that unloaded LNPs 75/25 were not cytotoxic. B-Lap was cytotoxic and exhibited the

same effect when free or encapsulated in NPs or LNPs. Free PSs and PS-loaded LNPs were not
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cytotoxic in the dark. Finally, B-Lap/m-THPP LNPs and B-Lap/m-THPC LNPs showed similar

cytotoxic effect thanks to the presence of B-Lap in the formulation.

IV.3.4 Phototoxicity of the studied formulations

The phototoxic effect of the excipients, free drugs, loaded and co-loaded drugs on Y79 cells
was evaluated by MTT assays after 96h incubation. As a reminder, the cells were illuminated
for 14 min, 24h following their treatment and were then incubated for 72h before the MTT test

was performed.

1V.3.4.1. Phototoxicity of excipients

The aim of this evaluation was to assess whether the illumination impacted the cytotoxicity
previously reported for the various systems. Figure 57A shows the results obtained for
POPC/DOTAP liposomes. No significant phototoxic effect was observed for pure POPC
vesicles at concentrations up to 900 uM. Surprisingly, for POPC/DOTAP 75/25 liposomes, a
significant decrease in cell viability was noticed, almost reaching 50% at the highest tested
concentration (1000 pg/mL). Pure DOTAP liposomes appeared toxic to the cells when they
were illuminated, with an ICso ~2-fold lower than when they were incubated with cells in the
dark (Table 13). These results would suggest that the effect of DOTAP was potentiated by the
illumination. Luo ef al. (2017) demonstrated by liquid chromatography—mass spectrometry that
both unsaturated tails of DOTAP can be photo-oxidized under light, generating peroxidized
species. These species might be responsible for additional toxicity. Another explanation could
be the difference in treatment duration in cytotoxicity and phototoxicity experiments. Indeed,

cytotoxic experiments were performed for 72h, whereas the phototoxic ones lasted 96h.
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Figure 57B shows the results for PLA NPs and LNP 75/25. PLA NPs did not exhibit any
significant toxicity following illumination at concentrations up to 1000 pg/mL. Conversely,

LNPs 75/25 showed similar phototoxicity profile as POPC/DOTAP liposomes 75/25.

By assessing the phototoxicity of the excipients, we showed evidence of a possible double toxic
effect induced by both DOTAP and illumination. This effect was more pronounced at higher
concentrations. As showed in Table 13, the concentration of the final suspensions, at which
50% of cell growth was inhibited, was lower than 100 pg/mL. Therefore, we are almost certain

that at this concentration nearly 100% of the cells were viable.
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Figure 57: Phototoxic effect of A) POPC/DOTAP 100/0, 75/25 and 0/100 liposomes, and, B)
PLA NPs and LNP 75/25 on Y79 cells after 96h of treatment.

ICso
(uM) (ug/mL) Final suspension
Products (Drug+NPs or LNPs)
(ng/mL)

PLA NPs >1000 _

100/0 >930 >700 -
POPC/DOTAP Liposomes 75/25 ~1040 >764 _

0/100 82 56 _
LNP 75/25 >1000 _
B-Lapachone 1.6 _ -
B-Lap LNPs 1.85 0.45 15
m-THPC 0.09 0.06 o
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m-THPC LNPs 0.09 0.06 33

m-THPP 0.11 0.07 -

m-THPP LNPs 0.06 0.04 &5
B-Lap 0.8 0.2

B-Lap/m-THPC LNPs T THPC 0.06 0.04 12.5
B-Lap 1.2 0.3

B-Lap/m-THPP LNPs TIIPP 0.04 002 13

Table 13: Phototoxicity of excipients, free drug and PSs, and drug/PSs encapsulated in PLA
NPs or LNPs on Y79 cells after 96h of incubation with Y79 cells. The first two columns show
the ICsovalues of drugs or excipients. The last column (right) indicates the mass
concentration of the nanocarriers containing the drugs.

1V.3.4.2. Phototoxicity of free B-lapachone and B-Lap-loaded LNPs

The phototoxicity of free B-Lapachone and B-lapachone encapsulated in LNPs was assessed to
verify the effect of the illumination. As can be seen in Figure 58A, there was no effect of the
light on the toxicity induced by B-Lapachone. The ICso remained the same with or without
illumination (Table 12 and Table 13). Likewise, no additional effect of light was observed when
B-Lap LNPs were illuminated in the presence of the cells (Figure 58B, Table 12 and Table 13).
The concentration of DOTAP in the samples was lower than 4 uM. The cytotoxic/phototoxic

effect observed can thus only be attributed to the intrinsic cytotoxic activity of the drug.
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Figure 58: A) Cytotoxicity/phototoxicity of free p-Lap, and, B) phototoxicity of p-Lap loaded
encapsulated in LNPs on Y79 cells after 96h of treatment of Y79 cells.

1V.3.4.3. Phototoxicity of free PS and PS-loaded LNPs

The phototoxicity of free m-THPP and m-THPP LNPs is presented in Figure 59A. Predictably,
free m-THPP was phototoxic at low concentration with an ICso of ~ 0.1 uM (Table 13). Its
incorporation in LNPs resulted in a slight decrease of the ICso (Table 13). However, this effect
is insignificant. The ICso of free m-THPP obtained by Maillard ez a/. (2007) on Y79 cells was
0.5 uM. This value is 5-fold higher than the ICso that we have obtained but considering that this
difference is in the nanomolar range, it is not quite significant. Furthermore, it is noteworthy

that they had 5x10° cells/well, while we used only 30,000 cells/well.
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Figure 59: Phototoxicity of m-THPP and m-THPP LNPs (A), and, m-THPC and m-THPC
LNPs (B) on Y79 cells after 96h of treatment.

Figure 59B shows the phototoxicity of free m-THPC and m-THPC LNPs. As expected, m-
THPC exhibited a phototoxic effect on Y79 at low doses. Its ICsp was 0.09 uM which is
significantly lower than that of previous reports (Gaio ef al., 2016; Maillard et al., 2007).
Whether free or incorporated in LNPs, m-THPC demonstrated the same phototoxic effect
towards Y79 cells with 50% viability reduction at 0.09 uM (Table 13).

1V.3.4.4. Phototoxicity of PS and 3-Lap co-encapsulated in LNPs

We have co-encapsulated B-Lap and PSs in LNPs with the aim of combining PDT and
chemotherapy. In the absence of light, only B-Lap was expected to exert its pharmacological
effect, as demonstrated earlier, while in the presence of light, a conjugated effect of both 3-Lap

and the PSs could be expected.

Figure 60A shows the result obtained for B-Lap/m-THPP LNPs. Cell viability was reduced by
the illumination of cells, as inferred from experiments in the dark. The ICso of the LNPs was
slightly lower than that of the same drug used separately (Table 13). Comparison of the
phototoxicity curves of m-THPP LNPs and B-Lap/m-THPP LNPs confirmed that the latter was
more effective than the former, thanks to the presence of B-Lap (Figure 60B). Figure 60C shows
the result obtained for B-Lap/m-THPC LNPs. We can clearly observe a significant reduction of

135



Chapter IV: Cytotoxicity/phototoxicity of p-Lap/PS-loaded LNPs

the cell viability compared to that obtained with B-Lap/m-THPP LNPs suggesting that, as

indicated in the literature, m-THPC is more effective than m-THPP. The comparison of the
plots of m-THPC LNPs and B-Lap/m-THPC LNPs also show evidence of the combined effect
of B-Lap and m-THPC on cell viability (Figure 60D).
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Figure 60: A) Cyto/phototoxicity of f-lap/m-THPP LNPs and B) Comparison of the
phototoxicity of p-lap/m-THPP LNPs with that of m-THPP LNPs; C) Cyto/phototoxicity of -
lap/m-THPC LNPs and D) Comparison of the phototoxicity of f-lap/m-THPC LNPs with that

of m-THPC LNPs; All these plots were obtained after 96h of incubation with Y79 cells.

To qualify the type of interactions between B-Lap and each PS leading to the combined effect

observed in our experiments, we have applied the combination index (CI) theorem developed

by Chou and Talalay, using the CompuSyn software (Version 1.0, CompuSyn nc., U.S.,
www.combosyn.com) (Chou and Talalay, 1984; Chou, 2006, 2010). This theorem allows
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identifying the synergistic or antagonistic effect of two or more drugs co-encapsulated in a

system, by calculating the combination index from equation (14).

D D
cl-2ir . Pz
IDX,l IDX,Z

(14)

Where D and D; are the concentrations of each drug (drug 1 and drug 2) in the combination
that inhibit X% cells and IDx,1 and IDx >, the concentrations of each drug used separately in the

treatment that induces the same effect (X% cell inhibition).

When the CI < 1, the effect is considered synergistic, while it is antagonistic for CI > 1

(Bijnsdorp et al., 2011). A CI =1 indicates an additive effect.

In our phototoxicity studies, we have plotted the cell viability (%) as a function of drug
concentration. For the calculation of the combination index, the values of growth-inhibitory

effect of each drug and combination of both (Fraction affected, FA, equation 15) are required.

(15)

FA=1— (%growth)

100

FA represents the fraction affected.

Figure 61 A and Figure 61B show the FA plots for the LNPs and the pure drugs, respectively,
and Figure 62, the CI-FA relationships.
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Figure 61: FA plots for (A) p-Lap/m-THPC and p-Lap/m-THPP LNPs, and (B) the pure

drugs.
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Figure 62: Combination index-fraction affected relationships for p-lap/m-THPC and [-lap/m-
THPP LNPs, calculated using the CompuSyn software.

The CI values are different for the two studied systems. Bijnsdorp e al. (2011) have provided
a simpler CI ranking than Chou (2006). In their system, CI below 0.8 indicates a synergy, 0.8

< CI < 1.2 accounts for the additivity of effects and CI > 1.2, for drugs antagonism.

For B-lap/m-THPC LNPs (molar ratio = 93/7), at FA > 0.2, CI is comprised between 0.8 and
1.2. According to the ranking system defined above, effects of B-lapachone and m-THPC would
be additive (Bijnsdorp et al., 2011). For B-lap/m-THPP LNPs (molar ratio = 97/3), CI is above

1.3 for FA in the range [0.4-0.7]. There seems to be a real antagonism between the two drugs.

Conversely at high FA, a synergic effect is observed.

The results of the simulation for the B-lap/m-THPP LNPs was unexpected because the viability
plots in Figure 60B and Figure 60D show that the ICso of both PS-LNPs are reduced in the

presence of beta-lapachone, So, there is a gain for m-THPP or m-THPC to be associated with

B-lap.

139



Chapter IV: Cytotoxicity/phototoxicity of p-Lap/PS-loaded LNPs

Some points must be considered when analyzing these results: (i) the number of FA values
considered for B-lap/m-THPP LNPs was low (only 4 values); Also, (ii) most FA values
considered for the simulation were below 0.5 for both LNP systems. According to Bijnsdorp ef
al. (2011) low FA values cannot be considered as significant as they correspond to a low level
of growth inhibition. Unfortunately, at concentrations above the ICso for B-lap/m-THPP LNPs,
cell viability was strongly affected and most FA values above 0.5 were too close to 1 to be used
in the simulation; (iii) The B-lap/PS molar ratio was not varied. The analysis of drug
combination at a fixed constant ratio is interesting when the two drugs have similar cell
viability-dose profiles. This is not the case for B-lapachone and the photosensitizers; (iv) In the
literature, it is advised to combine drugs at a ratio corresponding to that between their ICso. The
ICso for beta-lapachone is 20 to 30 times higher than that of the PSs. For m-THPP, the molar
ratio of the two drugs should have been 30:1. It was 97:3. Likewise, for m-THPC, the molar
ratio should have been 20:1 instead of 93:7. However, at high 3-lap concentrations, it would be
difficult to match the ICso ratios. Indeed, high PSs concentrations could be difficult to
incorporate in lipid vesicles, and even if it were possible, high PS concentrations could reduce

PDT activity, by auto-quenching of the molecules.

In fact, a non-fixed ratio would have been more appropriate, as the PSs were more active (after

illumination) and in a shorter time than beta-lapachone.

IV.4. Conclusion

We have co-encapsulated a cytotoxic agent, B-Lap and a PS in LNPs. Both substances did not
induce significant changes in the physicochemical properties of the LNPs. Drug loading and
encapsulation efficiency of B-Lap in PLA NPs and PSs in the LNPs were relatively low but
acceptable. We have assessed the cytotoxic and phototoxic effect of our formulations on
retinoblastoma cells. Our results show that the activity of B-Lap and the PS was preserved when
loaded alone in the LNPs. The PSs were not cytotoxic in the dark, but they became phototoxic
once illuminated. The light did not affect the activity of B-Lap. By co-encapsulating both
molecules in LNPs - B-Lap in the core and a PS in the shell — we have demonstrated an

improvement of their antitumoral effect as compared to single therapies.
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There are many examples of liponanoparticles in the literature, either purely conceptual systems
or systems actually prepared and experimentally tested (Ashley ef al., 2011; Hu et al., 2015b;
Mornet et al., 2005; Thevenot et al., 2008, 2007). Among these are three types of systems: (i)
lipid core systems surrounded by a polymer layer, (ii) polymer core systems stabilized by a
monolayer of phospholipids, and (iii) inorganic or polymeric core systems coated with a
phospholipid bilayer. These various systems, four in fact, if we distinguish the hybrid systems
with inorganic core from those with a polymeric one, have different methods of preparation and

applications.

It is at the end of the nineties that hybrid nanoparticules appeared as potential drug delivery
systems. They were initially proposed to prevent the leakage of drugs from nanoparticles,
improve the control of drug release, and they were more stable than liposomes and more
biocompatible than nanoparticles. For example, it was suggested to coat metal nanoparticles for

phototherapy with lipids so as to increase their biocompatibility.

Another reason justified the strategy of hybrid systems: the development of a new generation
of nanocarriers allowing theranostic applications. Indeed, using LNPs it was possible to
encapsulate in a same nanocarrier two or more compounds providing a therapeutic effect and
imaging. To allow this co-encapsulation, it was necessary, in certain cases, to create hybrid

systems, one compound being incorporated in the shell and the other in the core of the particle.

Combination of drugs usually aims to achieve a better efficiency of the treatment with one drug
thanks to the action of the second drug. A synergy of effects is sought. For example, Song et
al. (2017) co-encapsulated metformin (drug) and chlorin e6 (photosensitizer) in vesicles so that

the former increased the tumor oxygenation necessary for the action of the latter.

Combination of an anti-cancer drug with a photosensitizer in mesoporous silica nanoparticules
(MSN) was also studied (Gary-Bobo ef al., 2012). The authors observed an increase in cell
death upon PDT treatment. However, the mechanism of enhancement of PDT efficiency by the

two-treatment modality (chemotherapeutic and photodynamic) was not determined. These
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MSNs, which were also functionalized with sugar moieties grafted to their surface, were found
to be highly effective against RB cells. Co-encapsulation of drug and PS was also performed in

LNPs for enhancement of the cytotoxic effect of PDT (Pramual ef al.,2017; Spring et al., 2010).

In our work, we focused on hybrid nanoparticles with a polymer core and a lipid shell to obtain

a biocompatible and rapidly biodegradable system.

Rationale of the design of a hybrid nanocarrier

The choice of the form and composition of our nanocarrier was dictated by the nature and
mechanism of action of the photosensitizer and anti-cancer drug delivered by the intravitreal

route. Several aspects were considered:

(1) the objective of the combination of the two substances was to potentiate their effects on
retinoblastoma by applying a localized photodynamic treatment to the solid tumor and a
chemotherapeutic treatment with a more prolonged and potentially active effect on the forming
metastases. To target metastases and protect the healthy cells in the retina and the posterior area
of the eye would require the presence of ligands specifically recognizing retinoblastoma cells
in the tumor and in suspension in the vitreous liquid. Retinoblastoma cells are known to
overexpress mannose receptors that have been recently identified (Gallud ez al., 2015). We
originally envisaged using the dendrimeric and dimeric glyconconjugated derivatives
developed by Philippe Maillard's team (Ballut ez al., 2012; Chen et al., 2018; Makky et al.,
2012, 2011). This could not be done, for lack of product, because the synthesis is no longer
carried out at the Institut Curie. If the PS is not modified with mannose moieties, it is non-
specific and could be internalized by any cell present in the area. The interest of PDT is that
only tumor cells are illuminated. So, the distribution of the PS is not important. A
glycoconjugated PS would accumulate at the surface of the cells of interest. However, its effect
might be controlled by availability/saturation of the receptor. For beta-lapachone, it is different.
The drug is a powerful cytotoxic agent, with several possible mechanisms of action. So, if the
drug is distributed in healthy as well as in RB cells, the damages could be non-negligible. On
the other hand, beta-lapachone is the only one of the two compounds which could be active

against forming metastases. So, the ideal treatment should combine the PS for PDT against the
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tumor and beta-lapachone against the cells in suspension, and at the same time avoid
internalization by healthy cells. For that, encapsulation in liponanoparticles would be a good
strategy, provided that the liponanoparticle surface would be modified with saccharide

moieties, for example. This was a first reason for choosing liponanoparticles for RB treatment.

(i) The goal of vectorization was to couple two light-sensitive substances, which should be
protected, solubilized (because hydrophobic) but also conveyed in the same place and, if
possible, at the same time. Also, the two substances should be preferably administered
intravitreally, in the same injection. Nanoparticles could allow this protocol and have
demonstrated low toxicity when administered by this route, provided that their size is smaller
than 200 um (Jiang et al., 2018; Merodio et al., 2002; Prow et al., 2008; C. Yang et al., 2013).

(ii1) Does it really make sense to transport the two cytotoxic agents at the same place in the
same carrier for two different therapeutic protocols? As we have seen previously,
photosensitizers are active at concentrations 20 to 30 times lower than beta-lapachone. At the
level of the tumor, if the liponanoparticles are unmodified, the core and shell are internalized
together in the cells, as demonstrated by the experiment with the two dyes in Chapter II. When
we focus light on these cells, the photosensitizer is the most effective (Chapter IV). Is beta-
lapachone of any use in these conditions? According to the literature, beta-lapachone could
actually play an interesting role, if retinoblastoma cells overexpress the enzyme responsible for
a large part of its activity, the NAD(P)H: quinone acceptor oxidoreductase NQO1. Indeed, beta-

lapachone is activated when NQO1 is present in the cell cytosol. This enzyme catalyzes a so-

called futile cycle reduction reaction that generates the superoxide ion Oz (Figure 63).
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Figure 63: Futile oxidoreduction cycle of beta-lapachone catalyzed by NQOI (from Kung,

We have verified that retinoblasto

2014)

ma cells expresses this enzyme, using the approach of

Lamberti ef al. (2013), and beta-lapachone is known to be cytotoxic to retinoblastoma cells

(Figure 64). Shah et al. (2008) studi

ed three cell lines (Y79, WERI-RB1 and RBM) and found

ICs00f 1.9, 1.3 and 0.9 uM, respectively. Our own result (1.6 pM for Y79 cells) is in agreement

with these data. In Y79 cells, Shah et al. observed a 1.7-fold in the frequency of apoptotic cells

at 48h post-treatment, and a four-fold induction of caspase 3/7 activity at 72h post-treatment.

This information is important because the caspase cascade directly results from intracellular

ROS increase induced by the NQO1-catalyzed futile cycle (Kung ez al., 2014).
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Figure 64: Western blot demonstrating the expression of NOQOI by Y79 cells.
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It has been shown that beta-lapachone is a radiosensitizer, but also that conversely, its effect
can be increased by ionizing radiation or by photodynamic therapy (Kung ef al., 2014; Park et
al., 2005). The superoxide ion produced through the futile cycle is the trigger for several
mechanisms leading to apoptosis. It weakens the cells which can then be more receptive to the
effect of singlet oxygen produced by PDT. Moreover, PDT is known to activate the expression
of NQOI.

There is therefore potential synergy between the drug and a photosensitizer, provided that a
sequential schedule is applied. The PDT must be carried out before bringing beta-lapachone
into contact with the cells: indeed, it takes several hours to boost the expression of NQO1; if
beta-lapachone is administered at the same time as the photosensitizer, the beta-lapachone
should be released less rapidly than the PS and its activity should not be affected by the PDT
treatment. Without having specifically studied the release of B-Lap, we observed that its effect
was exerted over a long period of time, beyond the PDT treatment, when it was encapsulated
in PLA nanoparticles; Moreover, we did not observe a difference in cytotoxicity according to

whether b-lap was illuminated or not, or whether the drug was in nanoparticles or free.

(iv) Our two photosensitizers and beta-lapachone are hydrophobic, so a hydrophobic core was
necessary for encapsulation and a polar surface was needed for electrostatic interaction with the
liposomes. This is why we chose poly (D, L)-lactic acid. For rapid degradation in the body,
PLGA would probably have been a better choice, but it contains hydrophilic glycolic acid units
that could have hindered the encapsulation of the hydrophobic drug (Anderson and Shive,
1997). We have observed that even with the hydrophobic PLA, B-Lap was not easily

encapsulated in a nanoparticle.

(v) The PS could have been co-encapsulated with beta-lapachone in the lipid bilayer (Song ef
al., 2017). Recent work in our team (Wu, 2018) has shown that when beta-lapachone is
incorporated into a liposome membrane, its encapsulation rate does not exceed 3 to 3.5 mol%.
The drug is localized near the polar heads of phospholipids. It can be released quickly.
However, as we mentioned above, it would be better if its release was more progressive. Thus,
the drug should rather be encapsulated in nanoparticles. In addition, the space available for
incorporation of B-lapachone and the PS into the phospholipid bilayer is limited. The

encapsulation rate could be very low.
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As previously mentioned, porphyrins and chlorins do not perform very well when encapsulated
in the core of a nanoparticle, despite some promising studies (Chatterjee e al., 2008; Konan-
Kouakou et al., 2005; Vargas et al., 2008). When their concentration is high, the confinement
favors quenching of the PS and when they are too diluted in the polymer mass, the singlet
oxygen produced is inefficient because its lifetime and its diffusion length are limited. It tends
to persist in the carrier. It would be more efficient if localized close to the surface of the drug

carrier, in the lipid bilayer.

All these considerations led us to the design of a hybrid nanoparticle with a polymeric core and
a phospholipid bilayer envelope. It was necessary for one to adhere to the other, and in order to
facilitate this adhesion, the development of electrostatic interaction seemed appropriate. We
therefore decided to encapsulate B-lap in PLA nanoparticles and to coat them with a bilayer

formed of neutral and cationic phospholipids containing one of the two chosen photosensitizers.

Methods of preparation of the liponanoparticles.

Different methods of preparation have been experimented. After several trials with various
POPC-DOTAP mixtures to modulate vesicle loading and achieve optimal NP surface covering,
we selected the 75/25 mixture and chose to sonicate vesicles and nanoparticles for 6 minutes
and then incubate them for one hour at room temperature. Although the colocalization of lipids
and particles was demonstrated, not only with dyes but also with one of the photosensitizers, a
homogeneous and continuous bilayer could not be clearly seen at the surface of the

nanoparticles by cryoTEM experiments (Chapter II).

PLA being hydrophobic, a lipid monolayer instead of a bilayer could have been formed on its

surface.

Further analysis of the liposome-polymer interaction by formation of a PLA layer on a solid
support and addition of a vesicle suspension in QCM-D and AFM liquid chambers showed that
the interaction between the two systems resulted in the formation of at least one bilayer and that

the driving force of the fusion of liposomes on the PLA layer was mostly electrostatic.
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However, the concentration of the vesicles and softness of the support could affect the process

of bilayer formation and prevent full of coverage of the polymer surface (Chapter I1I).

The experiments showed that under conditions where both systems carry opposite charges, the
rupture of the vesicles is too fast to allow complete coating of the surface. The second and third
stages of vesicle rupture mechanism (flattening and crowding of vesicles) do not occur. The
liposomes break independently of each other and form patches of bilayers which cover at best
80% of the PLA-coated surface. According to our quantifications, the number of bilayers was
0.7, 1.1 and 1.4 bilayer for a proportion of DOTAP of 50, 25 or 10 mol%, respectively. The
presence of two bilayers could correspond to flattened vesicles, emptied of their water.
Literature suggests that a better result could be achieved by heating nanoparticles and liposomes

during incubation and by playing on the salinity of the aqueous medium.

Stability of liponanoparticles

The formation of the LNPs being carried out in pure water, we wondered about the stability of
the system in a biological medium, particularly in the cell culture medium. This is why we
studied the morphology of LNPs in DPBS and in DMEM (Chapter II). In both cases, we
observed a partial destabilization of the system, with detachment of the bilayer and sometimes
a bilayer bridge between LNPs, favoring aggregation of these LNPs. It should be noted that due
to the decrease in the zeta potential after interaction of DOTAP with PLA, the surface of the
LNPs in the water was insufficiently charged to limit the effects of aggregation. To avoid this,
it would be necessary to add PEGazo00 chains on the surface, which could be easily achieved by
inserting a little DSPE-PEG2000 in the liposome bilayer. In this condition, the adhesion of the
bilayer to the polymer surface should be checked. Whatever the method of preparation adopted,
we observed that the yield of LNP was low, as well as the rate of encapsulation of the two
substances. In particular for beta-lapachone, it was about 60% of that of Xiao Wu in her lipid

vesicles (Wu, 2018). How could we improve these yields?

Firstly, we could revise the vesicle-to-particle ratio (Av/Ap). Decreasing this ratio could allow
limiting PS loss. Secondly, waste of beta-lapachone could be avoided by decreasing the initial
proportion (10%) of beta-lapachone used for nanoparticle preparation. Thirdly, during the
nanoprecipitation process we observed rapid precipitation of the drug in excess. It is possible

that diffusion of b-lap with acetone in water also occurred. There are several preparation
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methods for LNPs as detailed in Chapter I. At first, we wanted to avoid using a non-miscible-
to-water solvent. However, if another of the multi-step methods could prove effective for
increasing the encapsulation rate, or at least increase the encapsulation efficiency, we might

reconsider our strategy.

The one-step method could also be tried. In this case, the polymer could be neutral, with an

anionic lipid monolayer adsorbed to its surface and a cationic bilayer on top of it.

Another encountered problem was the aggregation of the LNPs in DPBS and in the cell culture
medium. This aggregation could be avoided by PEGylation. Finally, specific targeting of RB

cells could be achieved by grafting of saccharide moieties to PEG ends.

Cytotoxicity and phototoxicity of the drug and PS-loaded liponanoparticles

Even if LNPs yield and encapsulation efficiency were low, we have been able to prepare
liponanoparticles containing PS and beta-lapachone. We studied the effects of excipients, drug
and photosensitizers, but also intermediate (B-lap NPs) and complete (PS-LNP and PS/B-lap-
LNP) systems on retinoblastoma cells. The number of experiments was particularly high
because both the cytotoxicity and the phototoxicity of these systems had to be tested. The
experiments showed the superiority of PDT treatment over chemotherapeutic treatment. The
number of systems and controls made it possible to compare the effect of beta-lapachone on the
phototoxicity of the two PSs studied. It was possible to highlight for each of them an effect of
the reduction of the ICso.

We have been able to show that the ICso of LNPs was lower than those of $-lap and the PS used
separately (more for m-THPC than for m-THPP). We tried to determine if there was a synergy
of effects in the conditions where we combined the two molecules, by applying Chou’s theorem
(Chou, 2006). Unfortunately for various reasons that we have listed in Chapter IV, it was not
possible to correctly characterize the combined effect of m-THPP and B-lap. The simulation
showed an antagonism that did not seem realistic. For m-THPC and B-lap, on the other hand, a
certain additivity of the effects could be highlighted. The conditions of the synergy study,
however, appeared to be inappropriate: the combination of drugs should be tested by repeating

the manipulations with more points at constant dose ratios, but also by testing different doses
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of the two substances (non-constant dose ratio). Results could be compared to those obtained

when one of the two substances administered is free.
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Photodynamic therapy is a new and promising therapeutic approach for treating several types
of cancers. It is considered, in particular, for the treatment of retinoblastoma (RB), a rare
malignancy of the retina in childhood, thanks to its advantages over available conventional

therapies.

The main objective of this work was to design a nanocarrier for the dual treatment of

retinoblastoma by chemo/photodynamic therapy.

Our choice was oriented towards liponanoparticles which have a characteristic core-shell
structure. We have successfully prepared biodegradable LNPs with PLA NPs and
POPC/DOTAP vesicles. The ratio of the lipids and the mixing conditions of particles were
varied, and the obtained suspensions were characterized by DLS, cryoTEM and confocal
microscopy which showed that the optimal formulation was that obtained from the mixture of
DOPC/DOTAP 75/25 vesicles and PLA NPs under 6 min of sonication and 1h of incubation.
Unfortunately, these LNPs showed a tendency to aggregate in the cell culture medium.
However, we have demontrated that the destabilization was partial as we still observed the
colocalization of lipid and NPs. We have also shown evidence of the adsorption of the LNPs
onto retinoblastoma cells surface and their internalization within few hours. The same
observation was made by encapsulating a photosensitizer in LNPs. The PS accumulated in the
cells. We have then assessed the interaction of the liposomes and a PLA film leading to the
formation of a lipid bilayer by performing AFM and QCM-D analysis. Our results showed that
a rapid breakage of the cationic vesicles occurred once the vesicles are in contact with the PLA

surface and the formation of a lipid bilayer onto the polymer surface.

We have successfully co-encapsulated a cytotoxic drug, B-lapachone in LNP’s core, with two
types of photosensitizers (m-THPP and m-THPC) incorporated in the lipid shell. Their drug
loading and encapsulation efficiency were relatively low. This was due to the methods
employed for their preparation. Finally, we have assessed the cyto/phototoxicity of each drug
loaded alone in LNPs and that of co-loaded drugs. The aim of this combinatory therapy was to
achieve a synergistic effect between both molecules. With this strategy PDT could help

destroying the tumor while the cytotoxic agent would kill forming metastatic cells. We have

152



Conclusion and perspectives

demonstrated an improved antitumor activity of the combined drugs loaded into LNPs

compared to single PDT or chemotherapy.

We have shown that LNPs are suitable carriers for the dual treatment of retinoblastoma.
Glycoconjugated photosensitizers could be incorporated in LNPs’ shell in order to expose their
sugar moieties towards the water medium for specific targeting of retinoblastoma cells. The
surface of LNPs could be further functionnalized with ligands to enhance their specific

accumulation in the tumor.

Below are listed some investigations that could allow to improve our system and get a better

understanding of the mechanisms involved in the effectiveness of the combined drugs.

1) It was reported that lipid-PEG conjugates can stabilize LNPs from aggregation in high
ionic conditions. They could be added to our formulation for further study of the

stability in the cell culture medium.

2) Other methods of preparation should be considered to improve the encapsulation yield
of B-Lap in the polymeric nanoparticles. The emulsification-solvent evaporation method
is an option although it implies the use of a non-water miscible solvent. Another solution
might be to prepare loaded nanoparticles by a one-step modified nanoprecipitation
method in which phospholipids would be used as stabilizer to form a barrier preventing
the drug leakage during the nanoprecipitation process previously observed in our work.
The lipid added should be cautiously chosen to allow the formation of a lipid bilayer on

those NPs. One could also consider to change the polymer.

3) The proportion of lipid vesicles used to prepare LNPs was too high. Therefore, a
significant amount of PSs were lost, which explains their low encapsulation yield in
LNP. We have used an A, /A, ratio of 14. Lower ratios should be tried to dertemine the
optimal conditions allowing good coverage of NPs by a lipid bilayer, for increasing the

encapsulation efficiency and drug loading of the PSs.

4) In further experiments, it would also be useful to perform drug release experiments, in

order to determine the kinetics of B-lap and photosensitizers release from the LNPs.

5) Following our confirmation of NQO1 expression in Y79 cells, it would be interesting

to check the level of this expression. The share of NQO1 in the mechanism of action of
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beta-lapachone could be deduced from cytotoxicity experiments following pre-
treatment of cells by dicoumarol, a NQO1 inhibitor (Pink ez a/., 2000; Planchon et al.,
2001).

Knowing this information, it would be easier to plan new experiments taking into
account  the  properties  of  beta-lapachone  for  determining  the

synergy/additivity/antagonism of the drug and photosensitizers.

Finally, it is noteworthy that only one illumination protocol was followed (the protocol
set at the Institut Curie). Another sequential treatment/illumination protocol could be
used, taking into account the residence time of the LNPs in cells, drug and PS release,
the time necessary for PDT-induced NQO1 expression (if relevant for Y79 cells) or for

beta-lapachone-induced apoptosis mechanism.
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Résumé : Le rétinoblastome est une tumeur
maligne de la rétine qui touche essentiellement
les nourrissons et jeunes enfants. Sa prise en
charge est associée a la survenue d’effets
secondaires séveres, certains traitements
induisant le développement de tumeurs
secondaires. Dans ce contexte, la thérapie
photodynamique (PDT) apparait comme une
alternative prometteuse, car elle est non
mutagene et génere des effets secondaires moins
importants. Elle consiste a injecter un agent
photosensibilisateur (PS) - une porphyrine par
exemple — puis a illuminer la zone tumorale
avec un laser. L'efficacité de la PDT nécessite
l'accumulation de PS dans la tumeur.
Cependant, la plupart des porphyrines sont
hydrophobes et s'agregent en milieu aqueux.
Leur incorporation dans un nano-vecteur peut
améliorer leur distribution au cytoplasme.
Malheureusement, lorsqu'elles sont encapsulées

dans le cceur des nanoparticules, les molécules
de PS perdent leur phototoxicité en raison de
leur auto-extinction. Dans ce travail, nous avons
congu des lipo-nanoparticules biodégradables
(LNP) constituées d'une nanoparticule (NP) de
poly (D,L)-lactide (PLA) recouverte d'une
bicouche de phospholipides (POPC-DOTAP).
Un principe actif anticancéreux, la béta-
lapachone et un agent photosensibilisateur ont
ensuite été co-encapsulés dans notre systéme en
vue de favoriser un effet synergique sur le

rétinoblastome. Nous avons démontré la
formation effective des LNPs et leur
internalisation  dans les cellules de

rétinoblastome en quelques heures.

Enfin, nous avons démontré une amélioration de
l'activité antitumorale en combinant les deux
traitement dans notre systéme par rapport au
traitement simple par PDT ou chimiothérapie.

Title: Formulation of liponanoparticles for dual chemo/photodynamic therapy of retinoblastoma

Keywords: Liponanoparticles, photodynamic therapy, photosensitizer, chemotherapy,

retinoblastoma

Abstract: Retinoblastoma is a malignant tumor
of the retina in infants. Conventional therapies

are associated to severe side effects and some of

them induce secondary tumors. Therefore,
photodynamic therapy (PDT) appears as a
promising alternative as it is non-mutagenic and
generates minimal side effects. It consists in
injection of a photosensitizer (PS) like a
porphyrin, and then illumination of the tumor
area with a laser. The effectiveness of PDT
requires the accumulation of the PS in the
tumor. However, most porphyrins are
hydrophobic and aggregate in aqueous medium.
Their incorporation into a nanocarrier may
improve their delivery to the cytoplasm.
Unfortunately, when incorporated into a
nanoparticle core, PS molecules lose their

phototoxicity due to self-quenching. In this
work, we have designed biodegradable
liponanoparticles (LNPs) consisting of a
poly(D,L)-lactide (PLA) nanoparticle (NP)
coated with a phospholipid (POPC/DOTAP)
bilayer. An anticancer drug, beta-lapachone (B-
Lap), and a photosensitizer were then co-
encapsulated in these LNPs for achieving
synergistic effect on retinoblastoma. We have
first demonstrated the effective formation of the
LNPs and their internalization in retinoblastoma
cells within few hours. Then we studied the
cyto/phototoxicity of the system.

The hybrid nanoparticles showed an improved
antitumor activity when the PS and -Lap were
combined, compared to the single treatment by
PDT or chemotherapy.
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