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CBMs Carbon based materials
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MWCNTSs Multi-walled carbon nanotubes
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1. Introduction

Au cours des derniges annees, les nano-maté&iaux abase de carbone (CBMs) sont
devenus des nanomaté&iaux trés attractifs dans le domaine de la science et de la technologie.
En raison des dimensions structurelles uniques et des excellentes propriéé& meeaniques,
dectriques, thermiques, optiques et chimiques des CBMs (tels que les nanotubes de carbone
(CNTSs), le grapheéne et ses d&ivés (oxyde de graphéne (GO) et oxyde de graphene réluit
(rGO)), noir de carbone (CB), carbon dots (CDs) etc.), ils offrent des opportunité&s
inté&essantes pour diverses applications dans les domaines biomédicaux."® Cependant, la
caractere hydrophobe des CBMs nus les rend difficiles adisperser uniforménent dans le
solvant en raison de I'éat agglomé&é ce qui limite grandement leurs applications.* > Afin
d'am@iorer les propriéés de solubilitésuspension , de nombreux travaux ont &érélisés pour
fonctionnaliser leur surface. Parmi divers «rev&ements >3 les silices mé&oporeuses (MSMs)
se sont avéréss des matrice idéles en raison de leur capacitéd'adsorption moléulaire deveé
dCe aleur grande surface spe&ifique, de leur compatibilitébiologique et de leur excellente
dispersion dans les milieux liquides, et notammment aqueux.® ’ Par conséyuent, la
modification de la surface des CBMs par un rev&ement de silice mé&oporeuse (MS) pour
synthé&iser des maté&iaux hybrides CBMs/MS est un moyen efficace de surmonter ces
limitations. Les composites CBMs/MS pré&entent d'excellentes performances globales, non
seulement en conservant les caracté&istiques uniques des CBMs, mais aussi en ajoutant les
propriéés exceptionnelles de la matrice MS.

Les premiéres recherches sur les composites CBMs/silice ont éérélisés apartir de
composites avec une coque de silice non poreuse. Toutefois, la trés faible surface externe de la
silice non poreuse est considgeé comme un inconvéient car elle offre une capacité
relativement faible par rapport aux maté&iaux de silice poreux.® Par rapport au rev&ement de
silice non poreuse, la matrice MS offre de nombreuses autres caracté&istiques uniques, telles
gu'une structure méoporeuse stable, une grande surface, une taille de pore ré&lable et des
proprié& de surface bien définies.” Les propriéé poreuses distinctives des composites
CBMSs/MS leur permettent d'absorber diverses molé&ules de tailles, formes et fonctionnalités
difféentes, @argissant ainsi le potentiel d'applications de ces nouveaux systénes
multifonctionnels contrdables.” X || est &noter que la taille des pores de la matrice MS
joue un rde clédans la déermination de la taille de la cargaison qui peut &re absorbé par les



méopores.*?

De nombreuses stratégies diffé&entes ont @éédéveloppéss pour synthéiser la matrice MS
avec diffé&entes tailles de pores ala surface des CBMs. Parmi elles, la synthése de composites
CBMs/MS avec une petite taille de pore de 2 a5 nm (CBMs/SPMS) est d'une grande
importance pour le chargement et le transport de cibles de petite taille, et a &é& largement
éudié.” 1° !® De nombreux travaux ont é&érélisé sur 'utilisation de la silice méoporeuse &
petits pores comme maté&iau de matrice pour encapsuler les CNTs. Une fois que les CNTs
sont chimiquement oxydeés, leur surface peut &re fonctionnalisée avec des groupes hydroxyles
ou difféents types de fragments, ce qui est une base importante pour l'auto-assemblage des
des MSMs & leur surface.®  La méhode courante de fabrication des nanocomposites
CNT/MS est une méhode modifié de T. Hyeon pour pour revé&ir les NP d'oxyde de fer d'une
enveloppe MS.** Ce processus de synthése simple sert de protocole standard pour la
préaration de nanostructures d'enveloppe MS apetits pores, et la plupart des maté&iaux
hybrides CNT/SPMS sont synthé&isés en conseégjuence.

Les mat&iaux hybrides CBMs/MS & grande taille de pores (sup&ieure a5 nm)
(CBM/LPMS) ont &jalement attirébeaucoup d'attention en raison de leurs caract&istiques
poreuses souhaitables pour charger des moléules de haut poids moleculaire. Inversement, la
petite taille des pores des composites CBMs/SPMS empé&he les grosses moléules de
pénérer dans les pores internes de la matrice MS, ce qui entrame une utilisation inefficace de
la grande surface interne fournie par ces pores.'* *® 11 est donc trés important de construire des
hybrides CBMs/MS avec une taille de pores suffisante pour explorer l'application de
I'adsorption séective par la taille des grandes moléeules telles que les proténes et les
meédicaments macromoléulaires. De nombreuses stratégies ont &€& développés pour
synthéiser les maté&iaux de MS alarges pores avec diffé&entes morphologies et tailles de
pores. Cependant, I'encapsulation des CBMs avec des coquilles MS alarges pores est encore
difficile, et seuls quelques exemples existent dans la litt&ature. Ré&emment, Dillon et al. ont
démontréla préparation de MWCNTSs conventionnels arev&ement MS avec une grande taille
de pores de 6-8 nm en utilisant une voie sol-gel.!” La fabrication de CNTs revé&us de MS a
larges pores a &alement &&déreloppér via une proc&lure en deux éapes utilisant un agent
tensioactif zwitterionique biocompatible (phospholipide), qui est diffé&ent de I'agent modée
traditionnel CTAB qui est nocif pour les biomoléules et les cellules.'® Et les caractéistiques
des pores des composites CNT/LPMS peuvent &re bien contrdees en faisant varier le rapport
entre les phospholipides et les autres agents de surface traditionnels (tensioactifs cationiques,

anioniques et non ioniques).



Par conséjuent, ces composites CBMs/MS avec une taille de pore MS reglable,
possédent non seulement les propriéé& physiques et chimiques uniques dé&ivés des
mat&iaux abase de carbone, mais ils introduisent éjalement une interface de silice plus
biocompatible pour [linteraction avec les cellules et les tissus, ainsi qu'une structure
mesoporeuse ajustable congie pour des charges moleeulaires de difféentes tailles. Ces
caracté&istiques les rendent plus attrayantes pour de nombreuses applications biomé&licales,
montrant des applications potentielles prometteuses dans I'administration des meédicaments et

la thé&apie du cancer, l'ingénierie tissulaire, la biodéection et I'imagerie (Fig.1).

Implantable Scaffold

Cellular Imaging 4 7 g

y ° K Optical/Thermal
B Q0 Mesoporous \ Biosensing
- @ ‘.’ Carbon Material -
» CarbonDot T
Carbon-based

Materials
Raman/MR/

Optical Imaging

Responsive Release

Fig.1 Applications potentielles des CBMs et des maté&iaux hybrides CBMs/MS dans les
domaines biomédicaux, y compris lI'administration de mé&licaments, l'ingenierie tissulaire,

I'imagerie et la biodéection.

L'administration de médicaments est l'une des applications les plus &udiées des CBMs

dans le domaine biomélical. Les mat&iaux CBMs/MS sont des "nanotransporteurs”



prometteurs pour I'administration de melicaments, car I'enveloppe de MS fournit des canaux

1920 6t 1a

de pores accessibles et rélables pour une charge de moléules téerapeutiques,
surface de MS peut facilement &re fonctionnalisé& avec des groupes régissant aux divers
stimuli pour servir de «ponts intelligents »ou «gatekeepers >»pour la libé&ation contrdée et
ciblé de mélicaments.”! Le développement de maté&iaux CBMs/MS en tant que plateformes
potentielles d'administration de mélicaments pour la combinaison de thé&apies
anticancéeuses a émergéces derniées annés comme une piste prometteuse. En outre, les
CBMs telles que les CNTs, le graphéne et les CDs pré&entent une forte absorption optique
dans la r&jion du proche infrarouge (NIR) -une fen&re de transparence des tissus- ce qui
induit la gééation d'un chauffage local & partir de ces mat&iaux CBMs/MS lors de
I'irradiation laser NIR pour réliser I'ablation photothermique des cellules cancé&euses.?? Par
conséguent, ces systémes efficaces d'administration de mé&licaments utilisant des matéiaux
hybrides CBMs/MS permettent non seulement d'obtenir une capacitéde charge éevé de
meédicaments, mais aussi de ré&liser une lib&ation contr@ée et ciblé ainsi qu'une thé&apie
photothermique du cancer.” %%

En outre, les propriéé& meé&aniques exceptionnelles et la conductivitédevee des CBMs
jouent un rde important dans le renforcement des matrices artificielles
organiques/inorganiques, et peuvent également &re utilisées pour fournir une stimulation
dectrique aux matrices artificielles.”* En raison de ces propriéé trés favorables, les CBMs
ont &€ largement &udié& pour des applications d'ingénierie tissulaire, comme alternatives
biologiques pour réarer ou remplacer tout ou partie des tissus, que ce soit comme maté&iaux
de matrice ou comme maté&iaux de renforcement dans des nanocomposites polyméres.> De
méne, les hybrides CBMs/MS sont éjalement de candidats potentiels de choix pour le
développement d'é&hafaudages synthéiques dans l'ingénierie tissulaire, en particulier les
propriéés structurales et texturales dé&ivés de la matrice MS ont des applications potentielles
dans le développement d'implants osseux et de ciments osseux.”®

En outre, les CBMs présentent un large spectre d'absorption dans le visible et le proche
infrarouge, une photoluminescence dans le proche infrarouge pour certains et une signature
fortement marqué en diffusion Raman.?’ En raison de leurs propriéé optiques intrinségues,
beaucoup d'efforts ont &é consacré&s au déreloppement des CBMs (principalement les
SWCNTs, le graphene et ses dé&ivés et les CDs) comme sondes fluorescentes pour la
bioimagerie in vitro et in vivo, allant de I'imagerie monomodale au I'imagerie multimodale, et
méne ala thé&apie chimio-photothermique guidé par limage.®" Les proprié&é optiques
des composites CBMs/MS leur permettent de ré&liser simultanément I'imagerie et le suivi de
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la libé&ation de mélicaments, la thé&apie chimio-photothermique et le double ciblage
spé&ifique pour parvenir avisualiser la thé&apie du cancer.'"* 3 En méne temps, en raison
de leurs caracté&istiques uniques de conductivité @ectrique, les propriéés dectriques des
CBMs peuvent @re tres sensibles aux propriéé biologiques et chimiques du milieu
environnant, ce qui rend les CBMs/MS particuliecement int&essants pour les applications de
biodéection.***

Cependant, en dehors des avantages des CBMs/MS , il demeure une toxicitépotentielle &
long terme des CBMs pour les organismes vivants et les éosystémes.*® * Avant que les
composites CBMs/MS ne soient appliqgués au domaine biomélical, le probléne de leur
cytotoxicitédoit &re ré&olu. La biodégradation des CBMs peut &re un moyen s(r et efficace
d'@iminer et de ré&luire leurs effets toxiques et de promouvoir leurs applications
biomédicales.®® *° Par conséjuent, des idées et des solutions innovantes sont néessaires pour
développer des bio-nanoplatformes efficaces, sres et rélisables & partir de maté&iaux
hybrides CBMs/MS.

2. Ré&ultats de la these

2.1 Composites de nanotubes de carbone rev&us de silice méoporeuse sensibles ala
lumiére proche infrarouge pour la photothermie combiné a I'administration de
molecules antitumorales aux cellules cancéeuses

Le déseloppement de nanocomposites multifonctionnels intelligents capables de lib&er
des mol&ules thé&apeutiques sous divers stimuli externes est devenu un défi majeur ces
dernié&es annés dans le domaine biomélical. Ces nanocomposites sont conqis pour &re soit

injecté sous forme d'objets circulants*® *

42-44

, Soit implanté&s in situ dans une matrice de support
polymére pour le traitement de diffé&ents types de tumeurs. Un autre défi consiste
maintenant a concevoir des nanoplateformes multifonctionnelles (NPFs) capables de
combiner, en une seule formulation, deux ou plusieurs fonctionnalités, par exemple la thé&apie
et le diagnostic simultané (thé&anostic) pour le suivi de la th&apie en temps rel, et l'action
synergique de deux ou plusieurs approches thé&apeutiques.

Dans ce chapitre, nous rendons compte de la conception et de l'utilisation de composites
abase de carbone chargé&s de medicaments, incorporé& dans un hydrogel biocompatible
imitant 'ECM. Une nouvelle classe de nanocomposites fonctionnels arev&ement de silice
meésoporeuse apetits pores (CNT@MS) a éécongie. Tout d'abord, les CNTSs sont traités dans
des conditions acides pour permettre d'obtenir des CNTs raccourcis avec une taille plus

adapteés aux applications medicales. Leur enrobage par une coquille MS (avec une petite taille



de pores environ 3 nm) est effectu€avec un contrde preeis de I'éaisseur de la coquille de
silice. Ensuite, nous avons utiliséici le greffage de groupes IBAM pour assurer une charge en
meédicaments devé et un rev&ement protéque final. Les greffons IBAM ala surface de la
silice vont permettre de charger la DOX par des interactions non covalentes, suivi d'un
rev&ement d'HSA pour assurer une bonne int&grité et une surface biocompatible aux
nanocomposites. Par conséjuent, nous abordons ici la caract&isation complée des
nanocomposites CNT@MS, leur charge en DOX et leur enrobage final en albumine du serum
humain (HSA) sur CNT@MS@IBAM. Ensuite nous &udions I'efficacitéde la libé&ation du
medicament lors de l'application de la lumiee NIR. Divers profils de libé&ation de
medicaments en fonction du temps, de la concentration et de la puissance du laser sont
pré&entés, démontrant la possibilitéde libéer un agent therapeutique adistance par la lumiere
NIR. Enfin, les nanocomposites CNT@MS@IBAM-DOX@HSA chargé& de mélicaments
sont formulé& dans un hydrogel composéde divers biopolymées amatrice extracellulaire
(Matrigel, hydrogel de type ECM) souvent utilisé dans le domaine des biomaté&iaux.*> “° Le
développement de tels nanocomposites d'hydrogel est ainsi trés inté&essant pour des
applications antitumorales et d'ingéierie tissulaire. En effet, I'é&hafaudage peut présenter
certains avantages par rapport aux NPs en circulation, tels que la limitation de l'interaction
avec les macrophages, ou la diminution de la perte de mélicament (ou de l'administration non
ciblé de mélicaments) en injectant I'é&haffaudage dans le site malade et en é&vitant ainsi
certains effets secondaires.

La capacitéde charge du mé&licament (DLC) et l'efficacitéde charge du mé&licament
(DLE) ont &é utilisé&es comme paraméres de charge dans les composites CNT@MS
fonctionnalisés. Les évolutions de ces deux paraméres ont &étracées en fonction de la
concentration de DOX sur la Fig.2. Comme on peut le voir, la DLC augmente avec
l'augmentation de la concentration de DOX de 0.25 &8 mg/mL. A une concentration de 8
mg/mL, la DLC atteint 68%, ce qui é&juivaut & 0.68 mg de DOX par mg de
CNT@MS@IBAM. Il est int&essant de noter que, si I'on considere I'efficacitédu processus
d'imprénation des mé&licaments, la DLE reste constante avec les diffé&entes concentrations,
se maintenant autour de 23% quelle que soit la concentration de DOX. Un tel composite
semble se comporter comme une matrice de charge qui assure une partition indéendante de
la concentration entre les moléules de DOX al'int&ieur et al'ext&ieur du composite. Pour
I'adsorption ult&ieure d'une enveloppe de HSA, trois lavages et une centrifugation ont &é
neeessaires pour éiminer compléement le DOX libre du surnageant, ce qui a éalement
entrameéune fuite spontané du DOX chargé peu li€ diminuant le DLC de 68% a58%.

9



A 100 B 60
—a—Assay1
80 ——Assay 2 Assay1
40 —#—Assay 2
— 60 <
S <
~ w
O 40 -
20
0 0
0 2 4 6 8 0 2 4 6 8
DOX Concentration (mg/mL) DOX Concentration (mg/mL)

Fig.2 A) Courbes DLC et B) DLE en fonction de la concentration de DOX dans I'eau.

Les CNTs ont une forte absorbance dans la région NIR comprise entre 750 et 1400 nm et
peuvent convertir la lumiée NIR en chaleur locale. En ajoutant aleur surface un rev&ement
thermosensible, ils deviennent des nanostructures photosensibles adaptés ala lib&ation a
distance de mélicaments. Nous avons suppos€ que la chaleur gén&é& perturberait les
interactions intermolé&ulaires entre le DOX et I''BAM, facilitant la lib&ation du DOX. Pour
&aluer les propriéé& photothermiques, des solutions aqueuses (1 mL) de diffé&entes
concentrations de CNT@MS@IBAM-DOX@HSA (DLC = 58%) allant de 0.32 &2.5 mg/mL
ont &&exposées aun laser NIR de 1064 nm avec des densités de puissance &l W/cm?. Les
changements de tempé&ature ont ensuite &ée enregistré en fonction du temps comme le
montre la Fig.3 A. Comme pré&u, un reéhauffement photothermique important de la
suspension a ééobserveé La tempé&ature de la solution sous irradiation NIR de 1 W/cm a
augmentélentement pendant toute la duré de l'essai et s'est avéée &re finement ajusté& en
fonction des concentrations et des durees d'irradiation, de sorte que la tempé&ature a pu &re
augmenté de maniére contrdé de 28 &41<C. A la densitéde puissance de 2.5 W/cm?, (non
indique ici), on a constatéque les profils de tempé&ature des suspensions ne déendaient pas
de la concentration des nanocomposites et augmentaient rapidement de 31 a68 <C, puis
restaient sensiblement constants avec l'augmentation du temps d'exposition. L'effet de la
puissance est important lorsqu'il est appliqguéaux cellules pour éviter leur né&rose qui est
attendue au-dessus de 45 <C.*"*® En revanche, en observant I'effet de la lumiée NIR dans la
solution sans composites, la tempé&ature de I'eau pure n'a pratiqguement pas changédans les
ménes conditions de puissance. Les excellentes performances photothermiques des

CNT@MS, quelle que soit la puissance utilisée, en font donc un agent photothermique
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Fig.3 (A) Changements de tempé&ature de la solution contenant 1 mL de
CNT@MS@IBAM-DOX@HSA (DLC = 58%) a difféentes concentrations lors de
I'irradiation par le laser NIR 1064 nm &une densitéde puissance de 1 W/cm?. (B) Masse de
DOX libé&& apartir de diverses concentrations lors de l'irradiation laser NIR ades densités
de puissance de 2.5 et 1 W/cm?, et &T ambiante (CTRL). (C-F) Pourcentage cumulédu
relarguage de DOX apartir de diverses concentrations lors de quatre cycles conséutifs
d'irradiation laser NIR &des densité& de puissance de 2.5 et 1 W/cm? (15 min ON, 3 jours
OFF), et &T ambiante (CTRL).
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La libé&ation de  mélicaments contrdée par lumiée NIR du
CNT@MS@IBAM-DOX@HSA (DLC = 58%) a éééudié& en mesurant la quantitéde DOX
lib&éé& dans des suspensions adifféentes concentrations de 0.32 - 2.5 mg/mL sous un laser
NIR pendant 15 min & des densité& de puissance de 1 et 2.5 W/cm? Pour chaque
concentration, un &hantillon ténoin (CTRL) non exposé ala lumige NIR atempé&ature
ambiante a &alement &é&pris en compte. Comme le montre la Fig.3 B, lI'augmentation de la
concentration de I'&hantillon a entramé une augmentation de la libé&ation de DOX sous
stimulation lumineuse NIR &deux densité& de puissance, 1 et 2.5 W/cm?, avec des tendances
de libé&ation de DOX treés similaires pour les deux densité de puissance. Par conseéguent,
apres les 15 premi&es minutes d'irradiation NIR, environ 21 et 22 pug de DOX ont &élibéé&
ala concentration de 2.5 mg/mL sous des densité de puissance NIR de 2.5 et 1 W/cm?,
respectivement, ce qui correspond apres de trois fois celle de I'éhantillon de contrde (fuite
naturelle) de 8 pg. Cette libé&ation naturelle est attribuée aune désorption spontané de DOX
qui se produit avec le temps et qui reste cependant infé&ieure acelle de la photo-induite.

La lib&ation pulsée a @€éudiéen effectuant quatre cycles d'irradiation au laser NIR sur
les quatre lots adiffé&entes concentrations (0.32; 0.63; 1.25 et 2.5 mg/mL). Comme l'indique
la Fig.3 C-F, ce systé@ne montre une lib&ation continue, plut& lente, de DOX en I'absence de
lumiée NIR, et la lib&ation pulsée montre des salves de DOX libé&és lors des irradiations
NIR. Pour les nanocomposites aune concentration de 2.5 mg/mL, pendant quatre cycles de
traitement NIR conséeutifs, I'am@&ioration de la lib&ation de DOX s'est avéeé plus faible que
pour la premiée impulsion, atteignant n&@nmoins un taux d'environ 5 ug DOX/impulsion.
Ceci peut s'expliquer par lI'aggloméation observée du composite induite par irradiation NIR &
la densitéde puissance de 2.5 W/cm. Enfin, la quantitécumulative de DOX lib&é s'est
avé&é @ére denviron 37 et 34 pg lors de Il'application du laser NIR &2.5 et 1 W/cm?,
respectivement. Pour 1.25, 0.63 et 0.32 mg/mL, la lib&ation cumulative de DOX a éjalement
montré& une augmentation mod&e& mais progressive apres chaque cycle d'irradiation NIR,
Méme si la charge de DOX est trés deves par rapport ala litté&ature, le pourcentage de DOX
libé&é&indique que seulement moins de 10% de la quantitétotale de DOX chargéest lib&é
Né&nmoins, cela permet d'envisager I'utilisation de ces systénes pour une libéation pulsatile
durable et &long terme. Dans I'ensemble, ces réultats montrent que la quantitéde DOX
relargué est proportionnelle ala concentration composite (&DLC &gale).

La cytotoxicitédes composites chargés en mé&licaments sans et avec une irradiation NIR
a ééestimeée adiffé&entes concentrations (Fig.4). Tout d'abord, une trés faible cytotoxicitéde
CNT@MS@IBAM@HSA sur les cellules tumorales a éé&observés lorsqu'aucun rayonnement
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NIR n'é&ait appliqgué(courbe jaune), indégendamment de la concentration en nanocomposite.
Il est inté&essant de noter que la cytotoxicitéa éé&observee lorsque les cellules tumorales ont
éeésoumises ades CNT@MS@IBAM-DOX@HSA (courbe bleue), qui pourraient provenir
de la fuite de DOX observee pr&&lemment apartir des nanocomposites. Avec l'irradiation
par lumige NIR, les cytotoxicit&s des CNT@MS@IBAM@HSA et des
CNT@MS@IBAM-DOX@HSA ont augmentéde maniée significative, ce qui suggée que
l'augmentation de T est suffisante pour favoriser un effet cytotoxique (courbes vertes et
rouges). En effet, si I'on compare les nanocomposites chargés de DOX sous irradiation NIR,
la libéation de DOX semble augmenter modé&énent la mort cellulaire (DOX vs No DOX
sous lumiée NIR). En outre, on peut observer que nous avons obtenu un effet cytotoxique
trés efficace lorsque le NIR a &€ appliqué sur le CNT@MS@IBAM-DOX@HSA,
démontrant les effets synergiques de la photothermie et de la lib&ation de DOX (Fig.4 B-C).

A. B. C.
No NIR CNT@IBAM@HSA
— No NIRCNT@IBAM-DOX@HSA  0.08 = 0.31 % =
NIR CNT@IBAM@HSA 5 EOT\ o N; e
> — NIR CNT@IBAM-DOX@HSA 2 0.06- = OB >
= 14 = =0.24
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: CNT15 concjntratior:i (mg/rr‘:l)

Fig.4 Ré&ultats de l'essai de viabilité (A) Valeurs d'@nission relatives en éhelle
semi-logarithmique par rapport au témoin (cellules cultivées sans nanocomposites) aprés 24 h
d'incubation avec les nanocomposites suivie de 15 min d'irradiation NIR. Les composites
CNT@SPMS@IBAM@HSA (sans DOX) et CNT@SPMS@IBAM-DOX@HSA (DOX) a
des concentrations de 0.5, 1, 2 et 4 mg/mL ont &é&pris en compte. Les valeurs moyennes et le
SEM sont repré&enté&s sur le graphique. (B) Viabilité&cellulaire relative extraite du graphique A,
aprés 15 minutes d'exposition au proche infrarouge pour CNT@SPMS@IBAM@HSA (sans
DOX) et CNTSP@MS@IBAM-DOX@HSA (DOX) ades concentrations de 0.5, 1, 2 et 4
mg/mL. (C) Viabilité cellulaire relative avec et sans 15 min d'exposition ala lumiee du
proche infrarouge sur CNT@SPMS@IBAM-DOX@HSA aux concentrations de 0.5, 1, 2 et 4
mg/mL.

Enfin, afin d'é&aluer si ce systane dhydrogel chargé de nanocomposite
CNT@MS@IBAM-DOX@HSA preésente une cytotoxicité envers les cellules murines du

cancer du sein dans des conditions 3D, nous avons évaluéla croissance cellulaire en préence
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de diffé&ents nanocomposites. Les cellules ont &ecultivées pendant 5 jours soit dans Matrigel
(contrde sans nanocomposites), soit dans un méange de Matrigel avec les nanocomposites &
2.5 mg/mL. Alors que le CNT@MS@IBAM@HSA n'a montreée aucune cytotoxicitécellulaire
par rapport au contrde sans nanocomposites, le CNT@MS@IBAM-DOX@HSA a entrame
une mort cellulaire significative dans ces conditions. Une telle propriéeé pourrait &re
béndique pour les applications antitumorales ouila lib&ation de mélicaments pourrait &re

activee par un stimulus externe tel que la lumiee NIR.

2.2 Hydrogels supramolé&ulaires nanocomposites assemblé& par des nanotubes de
carbone@silice mé&oporeuse a larges pores chargé d'enzymes pour la lib&ation de
mé&licaments induite thermiquement

Aujourd'hui, le couplage entre la science macromoléulaire et la synthése des
nanomaté&iaux permet d'envisager le développement de nouveaux et puissants maté&iaux

composites avancés réagissant aux stimuli®® *

pour un large éventail d'applications
technologiques telles que le stockage de I'éergie®, les maté&iaux autorévarables®, la
catalyse®® ou la déection®®. Dans le domaine de la nanomélecine et de I'ingénierie tissulaire
en particulier, le développement de ces maté&iaux composites intelligents issus de la
nanotechnologie s'est fortement développé&ces derniéres années.> Les CNTs sont un type de
nanomaté&iaux réctifs int&essants car ils préentent des proprié&s meéaniques
particuliéement eveées, une conductivité dectrique éeveée et des propriéé d'activation
thermique induites par la lumiée NIR.>> Cependant, pour les applications biomélicales, &ant
donnéleur hydrophobie intrinségue de surface, il est né&essaire de recouvrir ces mat&iaux de
carbone d'un rev&ement hydrophile.®® Parmi les diverses possibilités de recouvrement
dérites dans la litt&ature, qui englobe les moléules ou les rev&ements polyméres®” *®, la
silice méoporeuse (MS) est un rev@ement particuliéement intéessant.® *° En effet, en plus
de fournir une grande dispersion dans un tampon aqueux, les groupes silanol peuvent &re
facilement modifié& chimiquement avec une gamme de préurseurs de silane et la surface
devé permet le chargement avec difféents types de mélicaments.>® Cependant, la grande
majoritéde ces concepts concernent les MS apetits pores, tandis que les composites abase de
silice &gros pores autour des CNTs (ou autres CBMs) sont &peine signalé.®® Ce type de
composite alarges pores est particulieéement adaptéal'immobilisation de biomolé&ules ahaut
poids moleeulaire telles qu'enzymes, DNA ou autres biopolymeres d'int&& th&apeutique. Par
rapport aux strateégies d'ancrage des polymees ou des moléules, les avantages de la MS

reposent sur une meilleure densitéde greffage et une meilleure stabilitécollodale.
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Dans ce chapitre, nous proposons une stratégie efficace et facile a mettre en ceuvre pour
deelencher l'auto-assemblage d'un hydrogel supramolé&ulaire peptidique a partir de
CNT@LPMS (ou NPs de silice alarges pores, STMS) chargé d'enzymes, qui agissent
comme initiateurs de l'auto-assemblage peptidique et des points de ré&iculation de I'hydrogel
nanocomposite reésultant. L'association de CNT@LPMS avec [I'hydrogel peptidique
auto-assembléen tant qu'é&hafaudage polymée appara comme une straté&gie innovante pour
le développement d'une nouvelle géné&ation de nanocomposites d'hydrogel réondant ades
stimuli et présentant des caracté&istiques appropriees et innovantes pour des applications en
nanomédecine. Nous démontrons d'abord la conception de nouveaux nanocomposites abase
de carbone faits de MS alarges pores entourant les CNTs. La conception du LPMS est bien
adaptée pour charger des moléeules ahaut poids moléeulaire telles que des enzymes avec des
liants de surface appropriés. Ensuite, la surface du LPMS a é&é fonctionnalisé& avec des
greffons IBAM comme excellents liants pour immobiliser I'enzyme phosphatase alcaline (AP)
avec une capacité de chargement tres devés. Les activité& biocatalytiques de ces AP
immobilisés sur CNT@LPMS et STMS sont éaluéss en suivant la conversion du substrat
enzymatique des AP, le paranitrophénylphosphate (PNP) en paranitrophénol (PN). Ensuite,
dans le but de cré&r des nanocomposites d'hydrogel peptidique auto-assemblé&s originaux dont
I'assemblage est deélenché par l'activité catalytique de déphosphorylation de I'AP,
l'auto-assemblage du peptide Fmoc-FFpY est &aluéen pré&ence de CNT@LPMS (ou de
STMS, silices sans carbone)) chargés en AP. Les propriéé meeaniques de ces hydrogels
nanocomposites sont éudiés en fonction de leur nature et sans/avec la charge de
doxorubicine (DOX). Enfin, la capacitéde ces hydrogels ase fragmenter et &libé&er de la
DOX en réonse ala T a éédudiés.

Les capacité et efficacité d'immobilisation de I'AP sur les CNT@LPMS@IBAM et
STMS@IBAM fonctionnalisé ont &é&tracés en fonction de la concentration en enzymes
initiale et ont &&comparés aux CNT@LPMS et STMS nus (Fig.5). Les résultats montrent
que pour les STMS et CNT@LPMS nus, les capacités d'immobilisation de I'AP augmentent
avec l'augmentation de la concentration initiale d'enzymes allant de 0.1 &4 mg/mL et
atteignent la capacité de charge maximale a environ 39 ug et 127 pg AP par mg de STMS et
CNT@LPMS, respectivement (& une concentration de 1 mg/mL). Bien que la capacité
d'immobilisation augmente avec la concentration en AP, I'efficacitéde la charge diminue a
mesure que la concentration en AP augmente. Il convient de noter que la capacité
d'immobilisation et I'efficacité maximales de I'AP sur CNT@LPMS sont beaucoup plus
devés que sur STMS, qui béndficie probablement de la plus grande surface speeifique de
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CNT@LPMS. La capacitédimmobilisation et I'efficacitéde chargement de I'AP ont ensuite
éé édudiees sur les composites fonctionnels STMS@IBAM et CNT@LPMS@IBAM en
fonction de la concentration initiale de AP allant de 0.1 mg/mL &4 mg/mL. Les réultats
indiquent que les capacité dimmobilisation de I'AP sur les composites STMS@IBAM et
CNT@LPMS@IBAM sont grandement améiorées et que le plateau d'immobilisation
maximum a é&ée atteint lorsqu'ala concentration de AP est de 22 mg/mL. Les capacités
de [I'AP composites STMS@IBAM et
CNT@LPMS@IBAM sont de 4 mg et 4.3 mg de AP adsorbé par mg de composite
STMS@IBAM et CNT@LPMS@IBAM (c'est-adire 400 % en poids et 430 % en poids),
respectivement. L'effet de la concentration initiale de AP sur I'efficacitéde chargement sur
STMS@IBAM et CNT@LPMS@IBAM indique que l'efficacité de chargement reste

d'environ 97% ala concentration éudie inf&ieure &8 mg/mL. Une diminution continue de

d'immobilisation  maximales sur les

I'efficacitéde chargement a &€& observeée avec l'augmentation continue de la concentration
d'imprégnation de AP. Quelles que soient leurs concentrations, les capacité d'immobilisation
de AP sur les STMS@IBAM et CNT@LPMS@IBAM fonctionnalisé sont bien plus éevées
que dans le cas des STMS et CNT@LPMS nus.
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Fig.5 Capacitéd'immobilisation de I'enzyme q (mg de PA adsorbé& par mg de composite,
courbes bleues) et efficacité de charge (en %, courbes noires) sur (A) STMS et
STMS@IBAM, (B) CNT@LPMS et CNT@LPMS@IBAM, en fonction de la concentration

initiale de I'enzyme.

Ensuite, I'assemblage d'un hydrogel peptidique par l'intermé&liaire des nanocomposites
chargées en AP pour produire une nouvelle géné&ation d’hydrogel nanocomposite a ééré&lisé

L'hydrogel supramolé&ulaire hybride est préparé apartir du tripeptide Fmoc-FFpY, qui est
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déhosphorylé en Fmoc-FFY par l'action catalytique de I'AP. Les hydrogels Fmoc-FFY
auto-assemblé avec et sans DOX obtenus par STMS@IBAM+AP (100% en poids) et
CNT@LPMS@IBAM+AP (100% en poids) ont &€& obtenus en mdéangeant les
nanocomposites AP-immobilisé& avec le peptide Fmoc-FFpY. Les concentrations des
composants Fmoc-FFpY, STMS@IBAM+AP ou CNT@LPMS@IBAM+AP et DOX dans
I'nydrogel ont &é fixées a5, 0.1 et 0.5 mg/mL, respectivement. Avant la formation de
I'nydrogel, le méange de composites chargés en AP, de DOX et de peptide Fmoc-FFpY éait
sous forme d'une solution. Apres avoir mis en contact les composites AP-immobilisés avec les
peptides Fmoc-FFpY atempé&ature ambiante pendant 24 heures, les gels ont &&formés et des
tests de tubes inversé& ont ééeffectués. Comme on peut le voir sur la Fig.6 A, des hydrogels
homogenes, opaques et denses ont &€& obtenus a partir de ces deux composites
AP-immobilisés. L'hydrogel contenant le CNT@LPMS est apparu d'une couleur gris foncéen
raison de la couleur noire des CNTs. En pré&ence de DOX, les hydrogels réultants sont
apparus d'une couleur rouge uniforme et ont adh&é&de maniee stable et monolithique ala
paroi des tubes (Fig.6 B), ce qui indique que le DOX é&ait uniformément distribué dans
I'nydrogel. Une couleur rouge foncé a &é trouvé sur I'hydrogel avec le composite
CNT@LPMS.

1

Gel+CNT@LPMS

Gel+STMS +DOX
+DOX

Fig.6 Tests en tube inverséd'hydrogels auto-assemble&s apartir de composites charges en AP
immobilisés: (A) sans DOX et (B) avec DOX.

Apres la formation de I'nydrogel avec la DOX, 1 ml d'eau distillée a &&ajoutéle long de
la paroi du tube et la lib&ation de DOX a ééeffectué& a25 <C et 42 <C pendant 24 h. La
Fig.7 A montre la lib&ation de la DOX des hydrogels apres 24 h de chauffage. Dans le cas
des hydrogels traités a25 <C, seule une petite quantitéde DOX a &éelibée des hydrogels
aprés 24 h (environ 3 %). Inversement, la quantité de DOX lib&é& par les hydrogels
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Gel+STMS+DOX et Gel+CNT@LPMS+DOX a augmentélorsque les hydrogels composites
ont é@échauffés &42<C pendant 24 h, la libéation atteignant respectivement 15.9% et 13.8%.
Les photographies de la Fig.7 B montrent les hydrogels avant chauffage et une diffé&ence

significative de contraste des surnageants apres traitement adiffé&entes tempé&atures.
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Gel+STMS Gel+CNT@LPMS Gel+STMS+DOX GeHCNT@LPMS+DOX
+DOX +DOX

Fig.7 (A) Libé&ation de la DOX apartir de Gel+STMS+DOX et Gel+CNT@LPMS+DOX
aprés chauffage &a25 <C et 42 <C pendant 24 h. (B) Photographies montrant des hydrogels
avant chauffage et la DOX libé&édans la solution aqueuse aprés traitement &25 <C et 42 <C
pendant 24 h.

Les proprié&s meéaniques ont &eé déerminees par rhéologie oscillatoire dynamique
fournissant des informations sur le module de conservation (G') et le module de perte (G") en
cisaillement des hydrogels éudié. Des balayages en déformation de 0.1 &100% aune
fréguence fixe de 1 Hz ont é&éeffectués afin de déerminer la ré&gion viscodastique lin&uire,
définie comme la ré&ion oule module de conservation (G') et le module de perte (G") sont
parallées et indéendants de I'amplitude de la déformation. Nous avons constatéque le G' des
hydrogels chauffé é&ait considé&ablement plus faible que celui des é&hantillons non chauffés.
Les modules de conservation G' des hydrogels chauff&s Gel+STMS+DOX(T) et
Gel+CNT@LPMS+DOX(T) ont &é fortement resuits de 66% et 58% respectivement. Ce
résultat indique qu'une tempé&ature plus éevé entrame une perte appreeiable des modules de
conservation des gels, qui peut &re attribué& au clivage hydrolytique des fibres d'assemblage.
Ces resultats indiquent que ces hydrogels supramolé&ulaires auto-assemblés a partir de
composites STMS et CNT@LPMS charg&s en AP immobilisé& devraient servir de

nanoplateformes d'administration de mélicaments pour la lib&ation de DOX en réonse a
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I'@évation de la tempé&ature.

2.3 Echafaudages de composites & partir de nanofibres dectrofilés incorporant des
nanotubes de carbone@silice méoporeuse: fabrication, propriéé& et é&aluation
biologique

Au cours des derniees annéss, l'ingénierie tissulaire a &@éconsidéé comme un domaine
prometteur permettant de grandes avanceées prévues pour la réénéation des tissus et des
organes humains.®® ® La conception et la fabrication d'é&hafaudages bioactifs jouent un rée
clédans le processus de ré&jeneration tissulaire car ils doivent avoir la capacitéde fournir un
environnement physique et un support mé&anique pour la croissance des cellules, de guider la
croissance des cellules, de permettre aux cellules de produire leur propre matrice
extracellulaire (ECM) et de promouvoir la formation de nouveaux tissus fonctionnels.®*®* Les
polymées sont utilisé&s depuis longtemps comme biomaté&iaux pour la fabrication de
dispositifs médicaux et d'éhafaudages d'ingénierie tissulaire. lls peuvent potentiellement
imiter de nombreuses fonctions de I'ECM native qui induisent la synthése de tissus et
d'organes.®® ®” Paralldement, les CNTs posséslent de nombreuses propriéés physiques et
chimiques prometteuses et ont &é& largement exploré& dans le domaine de l'ingéierie
tissulaire.?®"® Ils pré&entent des propriéé& de réistance meeanique, d'@asticité et de
résistance a la fatigue éevées, et sont dexcellents candidats pour les maté&iaux de
renforcement dans les é&hafaudages d'ingénierie des tissus osseux.”* " En outre, les CNTs
montrent une forte absorption optique de la lumiee NIR et la convertissent en chaleur
locale,” qui peut @re utilisée comme un stimulus pour contrder adistance et induire la
lib&ation d'agents bioactifs (tels que des facteurs de croissance) pour susciter un
comportement cellulaire favorable. Le rev&ement de la coquille de silice mé&oporeuse (MS)
sur les CNTs a éédérit dans nos travaux preeélents, ce qui pourrait effectivement générer
une couche de MS hautement biocompatible et hydrophile pour faciliter la dispersion des
CNTs en milieu liquide.™ ™

Une technique de synthese efficace pour la fabrication de nanofibres composites
polymé&es/CNTs  est  I'@ectrospinning (ES) ou la  technique  combinée
d'@ectrospinning/&ectrospraying. L'ES est une technologie tres efficace pour la fabrication
d'é&hafaudages de nanofibres dans le domaine de la régéné&ation des tissus, car elle permet de
produire des nanofibres @ectrofilés continues d'un diamekre allant de quelques dizaines de
nanometres aplusieurs microns en projetant simplement une solution de polymeére simple ou

mixte sous un champ d@ectrique devé™® 7 La technique combiné&
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d'@ectrospinning/&ectrospraying est ejalement un moyen efficace et flexible de disperser
des nano-objets dans la matrice de nanofibres polyméres, qui combine le proc&€ES tout en
projetant un liquide contenant des nano-objets sous forme de gouttelettes dans un champ
dectrique ahaute tension.”® " Par conséjuent, les é&hafaudages dectrofilé& sont consid&&
comme une matrice prometteuse pour l'incorporation des CNTs parce qu'elles permettent
d'assembler des nanofibres hybrides polymé&es/CNTs continues, ce qui est sup€&ieur aux
autres mé&hodes de fabrication de fibres discontinues traditionnelles en plusieurs &apes.

¥ Well mixed ES process -

=) =)

CNT@MS and
CNT@MS polymer blend

Syringe driver

Cell seeding
culturing

Potential tissue

engineering applications

Electrospun scaffold

Fig.8 Schéma montrant la préparation et I'éaluation biologique des nanofibres &ectrofilées

incorporeées avec les composites CNT@MS

Dans cette éude, des nanofibres hybrides d'alginate (ALG) et d'acide polylactique (PLA)
contenant des CNTs recouverts d'une enveloppe homogene de MS (CNT@MS) qui sont
aligné&s le long de I'axe des nanofibres ont && développé&s en utilisant la technologie ES
(Fig.8). Les CNTs sont des additifs trés inté&essants pour am@iorer les proprié&é&s mé&aniques
de la matrice polymeére en raison de leur rapport resistance/poids deveéet de leur taille a
I'éhelle nanomérique. 1l a @éprouvéque les CNTs transferent efficacement les charges et
am@iorent la réistance et la ténacitéde difféents &hafaudages en polymére.t% 8 De plus,
I'effet photothermique de ces é&hafaudages composites en nanofibres @éectrospinnés
d'alginate et de PLA incorporé avec les CNT@MS a &é é@udié La formation de tels
&hafaudages de nanofibres peut @argir encore l'application des CNTs dans le domaine
biomélical avec une biocompatibilitéam@ioré&, tout en am@&iorant les proprié&é& méaniques
de la matrice polymée. Enfin, I'éaluation biologique de ces nanofibres @ectrofilées
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incorporeées avec les CNT@MS a ééreailisee afin d'explorer leurs applications potentielles
dans le domaine de l'ingé&ierie tissulaire.

La Fig.9 pré&ente les images SEM des nanofibres @ectrofilés. Toutes les nanofibres
dectrofilées, avec ou sans CNT@MS, éaient bien formés sans perles et formaient des tapis
uniformes. Il a &é&constatéque les nanofibres contenant du CNT@MS éaient éirés plus
finement que celles sans CNT@MS dans les mé&nes conditions. La pré&sence de CNT@MS
dans la solution de polymére entrame une augmentation du changement de surface dans le jet,
ce qui affecte le processus d'é&irement de la nanofibre, entramant un diamére moyen plus
petit de la nanofibre. Les images marquent plusieurs distributions typiques du CNT@MS dans
les nanofibres hybrides Algin/PEO/PF127/CNT@MS et PLA/ICNT@MS avec des cercles
rouges. Les fibres CNT@MS de longueur plus courte et de diamére plus petit (147 =10 nm)
ont &ée attacheées et dispersés le long de la surface ext&ieure de l'axe des nanofibres
dectrofilées d'alginate et de PLA sous forme d'enchev&rements (composés d'un aplusieurs
CNT@MS orientés).

)
.
SEM HV: 5.0 kV WD: 4.83 mm SEM HV: 5.0 kv WD: 8.87 mm

View field: 50.0 ym Det: SE 10 ym View field: 50.0 ym Det: SE 10 pm
SEM MAG: 5.54 kx  Date(m/dly): 10/31/19 SEM MAG: 5.54 kx  Date(m/dly): 10/22/19

Fig.9 Images SEM de nanofibres @ectrofilées de (A) Algin/PEO/PF127, (B)
Algin/PEO/PF127/CNT@MS, (C) PLA et (D) PLA/ICNT@MS.

Pour mieux comprendre l'influence de [I'introduction des CNT@MS dans les
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&hafaudages @ectrofilé d'alginate et de PLA sur leurs propriéé meeaniques, des mesures
de traction ont é&é effectuées. Comme le montre la Fig.10, au cours de la phase de
déformation dastique liné&ire de I'éirement initial, la contrainte de toutes les membranes
dectrospinnées testées a augmenteérapidement avec lI'augmentation de la déormation jusqu'a
environ 4%, puis a augmentélentement au cours de la phase de renforcement de la résistance
ala traction jusqu'ala rupture des &hantillons. Par rapport aux nanofibres Algin/PEO/PF127
et PLA, la réistance maximale & la traction des &hafaudages @ectrofilés
Algin/PEO/PF127/CNT@MS et PLA/ICNT@MS a ééconsidéablement amé&ioree d'environ
95% (de 0.81 MPa al1.58 MPa) et de 57% (de 0.87 MPa al.37 MPa), respectivement. Cela
indique que la dispersion homogéne des CNT@MS dans la matrice de nanofibres @ectrofilés
conduit &un renforcement. En effet, on suppose qu'un transfert de charge efficace de la
matrice vers les CNT@MS est obtenu gr&e aleur forte adhé&ence interfaciale, ce qui entrame
une am@ioration significative des propriéé de traction. Toutefois, avec l'ajout de 5% en
poids de CNT@MS dans la matrice de nanofibres d'alginate et de PLA, I'allongement ala
rupture a ré&v@érespectivement une ré&luction de 6% et 29%, indiquant une réluction de la
ductilitéde la nanofibre, qui a probablement &é&causé par le raidissement des fibres dGa
I'adh&ion des CNT@MS.

B
A 1.5/
1.5
© = 1.0
a 1.0
s s
g 2
0.5 g 1
3 g 0.5
— Algin — PLA
0.0 —— Algin/CNT@MS —— PLAICNT@MS
' 0.0
0 4 8 12 18 0 20 40 60 80
Strain (%) Strain (%)

Fig.10 Courbes de contrainte-déformation des (A) é&hafaudages éectrofilé& abase d'alginate
et (B) &hafaudages éectrofilés abase d'PLA.

Afin d'é&aluer les propriéés photothermiques des éhafaudages @ectrofilé incorporés
en CNT@MS, des membrane d'alginate ou PLA de poids similaires ont &&immergés dans 1
mL d'eau et exposée aun laser NIR de 1064 nm avec une densitéde puissance de 1 W/cm?
pendant 16 min. Comme le montre la Fig.11, les solutions contenant des eéhafaudages

d’alginate ou PLA incorporés en CNT@MS ont présent¢é un effet de chauffage
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photothermique significatif (courbes bleues et rouges). En effet, pour la solution contenant
Algin/PEO/PF127/ICNT@MS, le profil de tempé&ature a augmentélentement de 24 a50 <C et
est restésensiblement constant avec un temps d'exposition prolongé&apres 14 min d'irradiation
NIR (courbe rouge). De méne, pour la solution contenant I'é&hafaudage PLA/CNT@MS, la
tempé&ature est passé de 24 a46 <C avec le temps d'irradiation prolongé(courbe bleue). En
revanche, en examinant I'effet de I'irradiation de la lumiée NIR sur I'eau pure, on a constaté
une I&gé&e augmentation de T similaire &celle des &hafaudages nus, ce qui confirme que
I'effet photothermique provient bien essentiellement des CNT@MS dans les &hafaudages des

nanofibres éectrofilées.

60
—~ 45
g
2
2
S 30 1
@
f=3

15 | ——water

Algin/PEO/PF127 ——PLA
——AIgin/PEO/PF127T/ICNT@MS ~ ——PLA/ICNT@MS
0
0 4 8 12 16
Time (min)

Fig.11 Proprié&és photothermiques des é&hafaudages éectrofilé abase d'alginate et de PLA.

3. Conclusion et perspectives

Des nanocomposites CNT@MS avec diffé&entes tailles de pores ont &é prépar& et
utilisés comme nanoplateformes pour le chargement de petites molesules de mélicaments
anticancé&eux (DOX) et d'enzymes ahaut poids mole&ulaire (AP), et comme composants pour
la construction d'é&hafaudages pour des applications biomé&licales que I'administration de
meédicaments ou les applications d'ingénierie tissulaire.

Les conclusions géné&ales de ce travail sont résumees ci-dessous :

(1) Dans le chapitre 2, nous avons con@l de nouveaux nanocomposites photosensibles
dans le proche infrarouge, constitué des CNTs recouverts d'une coquille de MS, chargés de
doxorubicine (DOX), un mélicament antitumoral, et recouverts d'albumine de s&um humain

(HSA), une proténe plasmatique, comme interface biocompatible. Nous avons développéici
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une nouvelle fagn d'immobiliser la DOX avec une DLC allant jusqu'a80%, gr&e aune
strat&ie efficace baseée sur des liants polyvalents IBAM non covalents greffé sur des coques
de CNT@MS qui permettent en outre I'ancrage de I'HSA. Les proprié&é photothermiques de
ces composites ont éeéudiees en fonction de leur concentration et de la puissance du laser.
Nous avons constatéque le réglage de la puissance &1W/cm? est bien adaptépour contrder la
tempé&ature sous la tempé&ature de né&rose (45<C). Il a @é&dénontréque ces nanocomposites
CNT@MS@IBAM-DOX@HSA chargé& en medicaments libéent de la DOX en réponse ala
lumiére NIR appliqué. Nous avons dénontréque cette lib&ation se produit d'abord par un
«saut >»ou <«burst >»qui déend de la concentration des composites mais qui peut éalement
é@re contrdé de maniée pulsé& par une augmentation constante de la quantitéde DOX
lib&éé& apres chaque application de lumiée proche infrarouge. Nous avons démontréqu'une
puissance NIR de 1 W/cm? est efficace pour contrder la lib&ation de dose de DOX dans le
temps. Nous avons &jalement démontréle potentiel cytotoxique des nanocomposites charges
de DOX et mis en évidence une caracté&istique potentiellement inté&essante de ces
nanocomposites : méne si I'effet photothermique des composites de CNT@MS permet une
cytotoxicitéimportante des cellules cancé&euses, la lib&ation engendré& par la DOX assure
une cytotoxicitésupplénentaire permettant une synergie des deux effets pour tuer les cellules
cancé&euses. Enfin, une autre originalitéde ce travail est l'intéyration de ces nanocomposites
dans un hydrogel imitant la matrice extracellulaire qui peut avoir des applications potentielles
dans le domaine des matrices antitumorales ou des matrices polymées pour l'ingénierie
tissulaire (si la DOX est remplacé par une autre moléule). Nous avons montréici que
I'application de la lumiée NIR sur un tel &hafaudage d'hydrogel nanocomposite recouvert de
cellules murines du cancer du sein murin D2A1 permet de déelencher la lib&ation de DOX
dans le milieu cellulaire, ce qui entrame une toxicitécellulaire au fil du temps. Par conséguent,
ces nanosysténes peuvent préenter un int&& considéable en tant que composants
d'éhafaudages implantables pour des applications antitumorales ou d'ingénierie tissulaire.
Cette approche rendrait possible le développement de nouveaux (nano) dispositifs médicaux
pour la mé&lecine de demain.

(2) Au chapitre 3, une stratégie facile et originale pour dé&lencher l'auto-assemblage d'un
hydrogel peptidique apartir de composites CNT@LPMS enrobé& d'enzymes a &écongile
pour l'administration de mé&licaments induite par la chaleur. Tout d'abord, les NTC ont &e&
recouverts d'une couche de silice mé&oporeuse homogene alarges pores, ce qui les rend
particulieeement adapté& ala charge de biomolé&ules de haut poids moléulaire. On a constaté
qu'une capacitéde charge de PA ultra-&evee (jusqu'a400 % en poids) &ait obtenue dans les
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pores avec les liants IBAM greffés sur la surface de silice. L'excellente capacitéde charge en
AP des composites CNT@LPMS@IBAM leur a permis d'agir comme initiateurs pour de
nombreux points d'auto-assemblage et de réiculation des peptides de [I'hydrogel
supramolé&ulaire nanocomposite réultant, permettant la croissance locale de I'architecture
des nanofibres auto-assemblés de peptides a partir de la surface de silice. En outre,
l'auto-assemblage de I'hydrogel peptidique sur des NP de silice sans carbone (STMS)
immobilisé par AP avec des tailles de pores similaires a éalement &éré&lis€ démontrant la
polyvalence de cette approche d'ingénierie de surface. En outre, une lib&ation significative de
DOX a é&éobtenue apartir de ces hydrogels lorsque les hydrogels chargés de DOX ont &é&
soumis aune stimulation externe &haute tempé&ature (42 <C). Des éudes rhéologiques ont
montréque le module &astique de ces hydrogels augmentait avec l'introduction de DOX,
tandis qu’il diminuait de maniere significative apres le traitement T (42 °C), ce qui indique
que les proprié&é meeaniques des hydrogels ont changéapres la stimulation T et ont conduit &
la libéation de DOX. Les résultats ci-dessus indiquent que ces hydrogels supramoléeulaires
nanocomposites assemblé& apartir de maté&iaux mésoporeux alarges pores enduits d'enzymes
peuvent &re utilis& comme des nanoplateformes alib&ation contrdée thermosensible induite
par T. L'association de nanocomposites CNT@LPMS et dhydrogel peptidique
supramoléeulaire auto-assemblécomme support est une strat€gie innovante qui devrait &re
utilisé pour développer une nouvelle généation de systémes d'administration de
medicaments sensibles aux stimuli, adaptés aux applications biométicales.

(3) Au chapitre 4, des éhafaudages en nanofibres avec incorporation de CNT@MS dans
un substrat d'alginate et de PLA ont &é& prépar& avec succes par le processus
d'dectrospinning. L'ajout de CNT@MS a conduit &une I&ée diminution du diameétre moyen
des nanofibres abase d'alginate et de PLA qui en ré&ultent. Les images SEM ont montréque
les CNT@MS éaient principalement dispersé& ala surface de la nanofibre polymére le long
de I'axe de la nanofibre. La membrane de nanofibres incorporant les CNT@MS a montrédes
propriées mesaniques de traction am@dioréss, ce qui a augmentéde maniee significative la
ré&istance ala traction des membranes : Algin/PEO/PF/CNT@MS et PLA/CNT@MS de 95%
et 57%, respectivement. Simultanément, l'incorporation de CNT@MS sur la fibre polymére a
&alement entramé une I&gée diminution de l'allongement ala rupture des éhafaudages
dectrospinné se traduisant par une diminution de la ductilité En outre, ces é&hafaudages de
nanofibres d'alginate et de PLA incorporant des CNT@MS ont montré une bonne
performance photothermique sous irradiation laser NIR, ce qui a entramé une lente

augmentation de la tempéature de 24 a50 <C. Ces ré&ultats suggérent que I'@ectrospinnage
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de l'alginate et du PLA avec ajout de CNT@MS est une strat&gie efficace pour combiner les
bonnes propriéé& meeaniques et optiques des CNTs afin de fabriquer un nouveau type
d'é&hafaudage hybride biocompatible et biodéyradable. Ces membranes de nanofibres
d'alginate et de PLA incorporant des CNT@MS pré&sentent ainsi de bonnes perspectives en
tant que maté&iaux d'é&hafaudage pour lI'ingénierie tissulaire.

\oici un résuméde certaines des perspectives déoulant des réultats obtenus dans le
cadre de ce travail.

Dans le chapitre 2, nous avons obtenu une trés forte capacitéde charge de mé&licaments
sur les composites CNT@MS fonctionnalisés, mais la proportion de lib&ation de DOX éait
trés faible en réponse ala lumiee NIR appliqués. Par conséguent, il est néessaire d'explorer
de nouvelles straté&gies permettant d'atteindre une efficacitééeve de lib&ation de DOX.

Au chapitre 3, le meeanisme de lib&ation de DOX induite thermiquement et son
influence sur la structure interne des hydrogels supramoléeulaires peptidiques n'est pas encore
bien compris et devrait &re éudi€en profondeur. En outre, la capacitéde ces hydrogels
supramoléeulaires de peptides CNT@LPMS alibé&er de la DOX de maniee contrdé& along
terme sous irradiation laser NIR peut &re &udiée plus en déail.

Au chapitre 4, nous avons confirméles propriéé& meéaniques améiorées et I'excellent
effet photothermique des eéhafaudages de nanofibres @ectrofilés incorporés avec les
CNT@MS, mais le solvant utilisépour synthéiser la solution de filage est en conflit avec les
composants actifs acharger sur les composites CNT@MS. Il est donc né&essaire de trouver
des straté&gies efficaces et fiables pour réliser le chargement des composants actifs sur les
composites CNT@MS pour les applications ult&ieures dans l'ingé&ierie tissulaire.

En outre, la toxicitépotentielle des CNT@MS pour les organismes et les é&osystames est
toujours controversé. Avant d'appliquer les mat&iaux composites CNT@MS au domaine
biomédlical, le probléne de la cytotoxicitédoit &re résolu. Par conséjuent, des idées et des
solutions innovantes sont néeessaires pour développer des bio-nanoplates-formes efficaces,

sures et r&lisables basees sur les maté&iaux hybrides CNT@MS.
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Abstract

Abstract

Carbon based materials (CBMs), such as CNTs, graphene and its derivatives (GO, rGO),
and CDs, possess outstanding mechanical, optical, electrical and thermal properties, making
them an excellent nanoplatform for extensive research and application in biomedical fields. In
this thesis, carbon nanotubes (CNTs) as one of the most widely studied materials in
carbon-based materials, were used to synthesize homogeneous mesoporous silica (MS) shell
coated CNTs composites with tunable pore size. Such CNT@MS composites with small and
large pore size were respectively used as nanoplatforms for loading of small molecule
anticancer drug (DOX) and macromolecular enzyme alkaline phosphatase (AP), and as
components for the construction of hydrogel scaffolds for controllable drug delivery and
cancer therapy. Such CNT@MS composites were also used as a reinforcing material to be
embedded in the electrospinning nanofiber scaffolds to explore the possibility of being
nano-platforms for tissue engineering applications.

This thesis is organisezd in 5 chapters as briefly resumed as follows:

In chapter 1, we comprehensively reviewed the design and synthesis of CBMs/MS
composites with tunable pore size of MS matrix, as well as their latest developments in
biomedical applications, particularly in drug delivery, tissue engineering, imaging and
biosensing.

In chapter 2, small pore mesoporous silica (MS)-coated carbon nanotubes (CNTSs)
nanoplatforms were designed to provide phototherapy combined with drug release mediated
by NIR laser excitation. The responsive CNT@MS are chemically modified with original
isobutyramide (IBAM) grafts acting as non-covalent binders, which ensure a very high drug
loading capacity of the antitumor drug doxorubicin (DOX) as well as the final adsorption of a
human serum albumin (HSA) shell as biocompatible interface and drug gate-keeping. The
drug is demonstrated to unbind from the nanocomposite only upon photothermal excitation
and to release in the solution. Such smart platforms are further shown to deliver drug upon
several pulsatile NIR excitations with controlled temperature profiles. Regarding antitumor
action, we demonstrate here that the NIR light induced photothermic effect from the
nanocomposites is the main effect accounting for cancer cell toxicity and that DOX delivery
mediated by the NIR light brings an additional toxicity allowing a synergistic effect to
efficiently kill tumor cells. Finally, the DOX-loaded CNT@MS nanocomposites are

embedded within a hydrogel mimicking extracellular matrix, the resulting smart responsive
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scaffolds efficiently release DOX upon NIR light to the cells localized above the composite
hydrogel. These results demonstrate that such nanocomposites are highly promising as new
components of implantable antitumor scaffolds that are able to respond to external stimuli in
time and location for a better disease management.

In chapter 3, we propose a powerful and facile strategy to trigger the self-assembly of a
peptide hydrogel from enzyme-coated CNT@LPMS composites, which act as initiators of the
peptide self-assembly and cross-linking points of the resulting nanocomposite hydrogel. The
self-assembly by enzyme-coated (carbon free) stellate spherical large pore silica NPs (STMS)
is also achieved in parallel to demonstrate the versatility of the surface engineering approach.
Firstly, the design of new carbon-based nanocomposites made of large pore MS surrounding
CNTs is achieved, which is well adapted for loading high MW molecules such as enzymes
with suitable surface binders. Secondly, the immobilization of enzyme alkaline phosphatase
(AP) with very high loading capacity (sup 100%) within the porous shell thanks to the use of
IBAM grafts is demonstrated. The biocatalytic activities of such AP-coated CNT@LPMS and
AP-coated STMS are then assessed by following the conversion of AP enzymatic substrate
paranitrophenylphosphate (PNP) into paranitrophenol (PN). Thirdly, with the aim to create
new and powerful self-assembled peptide hydrogel nanocomposites whose assembly is
triggered by the dephosphorylation catalytic activity of AP, the self-assembly of Fmoc—FFpY
peptide (Fmoc: fluorenylmethyloxycarbonyl; F: phenylalanine; Y: tyrosine; p: phosphate
group) is assessed in the presence of AP-coated STMS or AP-coated CNT@LPMS. The
mechanical properties of such nanocomposite hydrogels are investigated without/with the two
types of NPs through rheological studies and depending on its nature and without/with the
loading of DOX, an antitumor drug. Finally, the ability to release DOX upon T elevation is
investigated.

In chapter 4, biocompatible polymers alginate and polylactic acid (PLA) hybrid
nanofiber scaffolds are fabricated through electrospinning technique, in which mesoporous
silica shell coated-CNTs (CNT@MS) were incorporated. Detailed optimizations were made to
produce continuous and uniform nanofibers without beads or drops. The topographical
features and the distribution of CNT@MS composites in nanofiber are observed by SEM. The
tensile mechanical properties of the manufactured fibrous membranes are then investigated to
confirm that CNT@MS composites play a role in improving the mechanical properties of the
electrospun scaffolds. The synthesized hybrid CNT@MS-incorporated alginate and PLA
platforms are further shown with photothermal performance under NIR laser irradiation.
Finally, in vitro biological evaluation of the CNT@MS-incorporated alginate and PLA
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nanofiber scaffolds was investigated to study the potential use of these electrospun
nanofibrous systems as substrates for cell/tissue culture. It is expected that these
CNT@MS-incorporated alginate and PLA electrospun nanofiber mats can be used as potential

scaffolds for tissue engineering.
In chapter 5, we drew general conclusions based on the results obtained, and presented

some perpectives that can be further explored.
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Chapter 1 General Introduction

1.1 Carbon based materials

Carbon is one of the most important and most abundant elements in nature. Due to the
diverse electron orbital properties of carbon (sp, sp? sp®), it can form various forms of
allotropes with unique structures and different physical properties, thus forming a huge family
of carbon-based materials.™ 2 In 1985, three scientists Richard E. Smalley, Robert F. Curl, and
Harold W. Kroto discovered buckminsterfullerene (the “buckyball”) and other fullerenes for
the first time, and they were awarded the Nobel Prize in Chemistry in 1996. The discovery of
these "carbon cages" refreshed the scientific community's initial understanding of carbon and
opened up a whole new field of chemical research.® In 1991, Japanese scientist Sumio lijima
fortuitously observed carbon nanotubes (CNTs) by TEM for the first time in the insoluble
materials of arc-burned graphite rods.* After years of vigorous development, carbon based
materials (CBMSs) have been widely discovered and investigated. At present, CBMs such as
CNTs, graphene, carbon black and carbon dots are currently widely applied in various fields
such as optics, electricity, catalysis, aerospace, magnetic media, new materials, biomedicine,
etc.”®
1.1.1 Carbon nanotubes

Carbon nanotubes are cylindrical carbon tubes composed of hexagonal arrangements of
sp® hybrid carbon atoms, with diameter from nanometer to tenth of nanometer and a length of
a several microns. Carbon nanotubes are an allotrope form of carbon, which can be regarded
as seamless tube formed by multi-layer or single-layer graphene sheets curled from an angle
around a central axis. According to the number of graphene layers, carbon nanotubes are
classed into two types: single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon
nanotubes (MWCNTS). In the case of SWCNTSs, the hexagonal crimping of planar carbon
atoms can start from different angles, resulting in three categories of carbon nanotubes with
different chiral indices (n, m): zig-zag (n, 0), armchair (n, n) and chiral (n, m).® Typical

examples of these types of nanotubes are shown in Fig.1-1.
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(10,0) 5,5 (6,5)
zig-zag armchair chiral

Fig.1-1 (a) Unrolled single layer graphene sheet showing the geometry of the SWCNT.

Examples of the three types of nanotube sidewall: (b) zig-zag, (c) armchair and (d) chiral.*

CNTs have very interesting and distinctive mechanical, electrical and optical properties

(Fig.1-2), all of which have been extensively studied.
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Fig.1-2 Distinctive mechanical, electrical and optical properties of CNTs

(1) Mechanical properties. CNTs are considered to be the strongest and stiffest material
in nature in terms of the tensile strength and elastic modulus.™ The Young’s modulus value of
SWCNT is estimated as high as 1 TPa, which is equivalent to that of diamond, about 5 times
that of steel.”> When under a great axial compressive force, the CNTs will bend and twist, and
will return to its original structure without damaging.™® The mechanical tensile strength of
CNTs is up to 50-200 GPa, which is at least an order of magnitude higher than that of
graphite fibers. CNTs are therefore called "super fibers".

(2) Electrical properties. The carbon atoms in CNTs are arranged in a hexagonal lattice,
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and each carbon atom is covalently bonded to three neighbor carbon atoms through the sp?
molecular orbital. Therefore, one electron in each carbon unit remains free and delocalized
over all carbon atoms, which gives CNTs with remarkable electrical properties.** The radial
confinement and specific boundary conditions of electrons in CNTs lead to inhomogeneous
spatial distributions for conduction electrons, resulting in a typical quantum confinement
effect.® Furthermore, CNTs can show characteristics between semiconductor and conductor
according to the angle of carbon atom arrangement along the tube.™

(3) Thermal properties. The one-dimensional CNTs have a very high aspect ratio greater
than 1000, so they exhibit very good thermal conductivity along the tube axis, but have
extremely low thermal conductivity in the lateral direction of the tube axis.'” Theoretical
molecular dynamic simulation predicted that the thermal conductivity of an isolated CNT at
room temperature is as high as 6 600 W/m/K.*® The thermal conductivity of CNTSs is related
to many other factors, such as the arrangement of carbon atoms, the length of the tube, the
number and morphology of the structural defects, and the purity of CNTs.* %°

(4) Optical properties. SWCNTs exhibit efficient near-infrared photoluminescence in
broad excitation (250-1500 nm) and emission (800-1700 nm) ranges. The converted
excitation wavelength is within a specific near-infrared optical range, corresponding to the
“optical transmission window” of biological tissues.?* In addition, CNTs possess special light
absorption characteristics, which have strong optical absorbance in the near infrared light
region, and can effectively convert the near infrared radiation (NIR) into local heat.?? The
unique optical properties of CNTs have great advantages in the applications of biological
imaging and photothermal therapy.

Regarding the synthesis of CNTSs, there are currently three main ways:

(1) Arc discharge method. The arc discharge is generated by running a high DC current
between two electrodes in the vacuum chamber, which is filled with a certain pressure of inert
gas, and contains cathode graphite rod and anode graphite rod doped with metal catalyst (such
as Co, Ni, Fe, or some other metal).?® During the arc discharge, the anode graphite rod is

continuously consumed by evaporation, CNTs and other by-products are deposited on the
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cathode.

(2) Laser ablation method. The specific process of the laser ablation method consists of a
block graphite target mixed with a metal catalyst which is placed in the middle of a long
quartz tube, and the tube is heated in a furnace at 1200 °C. When a high-power laser beam is
introduced, the graphite target evaporates and generates gaseous carbon under the laser
irradiation. The evaporated carbon and the metal catalyst particles are carried away by the
argon flow and condensed on the cooling wall and growth into SWCNTS.

(3) Chemical vapor deposition method. Chemical vapor deposition (CVD) method is one
of the most popular methods for preparing CNTs. This method allows producing a large
quantity of controlled and ordered CNTs under milder conditions.?* The final morphology and
characteristics of CNTs produced by CVD have a great relationship with the synthesis
parameters such as operating pressure, reactor temperature, carbon source, deposition time,
catalyst support, active metal component, and so on.*%’

1.1.2 Graphene

Graphene is a two-dimensional nanosheet composed of sp? hybrid carbon atoms

arranged in honeycomb lattice. It is the basic component of all other allotrope form of

graphite materials, which can be wrapped into 0 D fullerenes, rolled into 1D CNTs or stacked

into 3 D graphite (Fig.1-3 A).
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Fig.1-3 (A) Graphene: the basic building block for other carbon allotropes, graphite (3D),

fullerene (OD), and CNT (1D).”® (B) A schematic illustration of possible ways for preparation
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of graphene and rGO.%

Since the first isolation of graphene via mechanical exfoliation of graphite by Geim,
Novoselov and co-workers in 2004,% the study of graphene and its derivatives has always
been a research hotspot in various fields of science and engineering.®" ** Graphene materials
have been widely used because of their unique physical and chemical properties such as the
high specific surface area (theoretically 2630 m?/g),® great electrical conductivity of 1738
S/m,** strong mechanical strength (about 1100 GPa),*® and excellent thermal conductivity of
about 5000W/m/K.* In addition, graphene based materials possess excellent electrochemical
and optical properties, as well as the ability to absorb a variety of aromatic biomolecules
through m-m stacking interaction.” Moreover, thanks to its intrinsic near-infrared (NIR)
absorbance, graphene oxide (GO) can be used as a photothermal agent.*® Graphene can be
easily modified with targeting ligands due to the large number of oxygen-containing groups
thereon.*

So far, great progress has been made in the preparation of graphene and its derivatives.
Different synthetic routes can be generally divided into bottom-up and top-down approaches.
The bottom-up strategy refers to the direct synthesis of graphene from carbon sources by the
means of CVD process. While the top-down approach is based on the treatment of
pre-existing graphite materials, including the exfoliation of graphite through mechanical and
liquid-phase such as ball milling and ultrasonication. Ten years ago, the modified Hummers
method was the most used with a strong acidic treatment, but the resulting product was GO of
poor quality, which should be reduced into reduced graphene oxide (rGO) for different
applications (Fig.1-3 B).*° Nowadays, the direct exfoliation of graphite into graphene by
ultrasonic treatment in the presence of surfactants is a convenient method for generating
high-yield and pure graphene.**

1.1.3 Carbon black

Carbon black (CB) is essentially composed of elemental carbon (higher than 97 wt%) in

the form of extremely agglomerated fine particles with amorphous molecular structure.* CB

has been widely used in many fields of modern life from black coloring pigment to electric
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conductive agents due to its low cost, extensive physical and chemical properties. CB
possesses a typical particle size range of 10 nm to 500 nm, and excellent electrical and
thermal conductivities.***® CB can be produced by incomplete combustion of petroleum
products (typically acetylene), or thermal decomposition of gaseous or liquid hydrocarbons
under controlled conditions.*® The characteristics of a particular type of CB depend on the
manufacturing process. More than 80% of the CB in the world is made by the furnace process.
Another form of CB is graphitized carbon black (GCB), which is a non-porous form of
amorphous carbon. The GCB powder is composed of highly agglomerated nanoparticles with
a spherical morphology and a core-shell structure, which has been observed from

high-resolution TEM images (Fig.1-4).

X50000

Fig.1-4 TEM images of GCB material.*’

1.1.4 Carbon dots

Carbon dots (CDs) are a kind of carbon nanoparticles with particle size lower than 10 nm,
which is mainly composed of sp? hybrid conjugated carbon.*® CDs have received widespread
attention since Xu et al. first accidentally discovered them in 2004 and have become a new
star in the field of carbon nanomaterials.** CDs exhibit unique and tunable properties,
including the excellent chemical stability, good water solubility, excellent biocompatibility,
and special near-infrared fluorescence characteristicc as well as the significant
electrochemiluminescence (ECL) emission performance.®® Currently, CDs can be produced
by a variety of synthesis methods, such as hydrothermal or solvothermal synthesis,>

electrochemical method,> microwave-assisted synthesis®® and electro-beam lithography*.
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Generally, the formation mechanism of CDs includes the “top-down” and “bottom-up” routes.
The “top-down” formation is based on the cleaving or breaking down of large carbon
structures such as carbohydrates and carbon fibers.> The "bottom-up" approach involves the
pyrolysis or carbonization of small organic molecules.®® In addition, graphene quantum dots
or graphene dots (GQDs or QDs) are also a kind of CDs. The main difference is that the
precursors for synthesis of GQDs are graphene based materials.
1.1.5 Fullerenes

Fullerene is a kind of symmetrical cage with 5- or 6-membered rings (12 pentagons and
20 hexagons), which is composed of sp® hybridized carbon.>” Fullerenes are a unique family
of carbon-based cage molecules that have attracted much attention due to their excellent
performance and potential applications. The most abundant form of fullerene is Buckminster
fullerene (C60) with 60 carbon atoms arranged in a spherical structure. The unique molecular
structure of fullerene determines its extraordinary physical properties, including the high
tensile strength, good electrical conductivity, outstanding ductility, excellent thermal
conductivity and high chemical stability.”® The general strategy for the synthesis of fullerenes
is based on the synthesis of specially-designed polycyclic aromatic hydrocarbons (PAH)
precursor molecules that contain the carbon skeleton required to form the target fullerene
cage.”® There are different methods for producing fullerene, the most known being the arc
discharge method (like with CNTs), the incomplete combustion of benzene in oxygen and the
microwave method.
1.1.6 Other CBMs

Other kind of CBMs such as mesoporous carbon materials (MCMSs), nanodiamonds
(NDs), etc. have also attracted much attention in recent years. MCMs with pore size in the
range 2-50 nm exhibit well-defined porous structures, high pore volume, and high
biocompatibility.*® MCMs possess both the carbonaceous composition and the mesoporous
structure. Compared with other carbon-based materials, MCM has superior properties,
including high specific surface area, large pore volume, tunable pore size and shape.™

Therefore, MCM becomes an ideal candidate for a series of applications such as
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supercapacitors, catalysis, separation, controlled drug delivery and synergistic therapy.®*®

NDs referring to an octahedral architecture with a size of 5-50 nm, are promising candidates
for molecular theranostic applications due to their excellent biocompatibility, versatility for
easy functionalization, their high adsorption capacity and their thermal properties.®> NDs can
be produced with photoluminescence in the range of 575-750 nm without fluorescence
quenching and can provide magnetic properties because of their facet-specific electrostatics.®®
Therefore, the development of NDs for future applications in various fields has extensive

prospects.

1.2 Carbon based materials/silica composites

CBMs are widely used in various fields of nanoscience and nanotechnology due to their
unique physical and chemical properties. However, the hydrophobic characteristic of naked
CBMs makes them difficult to homogeneously disperse in aqueous solvents due to their
agglomeration state, which greatly limits their applications.®” ® In order to improve the
solubility properties of CBMs, much works have been done to functionalize the CBMs
surfaces with other coating materials. Among such coatings, silica material has proved to be
an ideal matrix due to its high molecule adsorption capacity, biological compatibility and
excellent dispersibility in liquid media.®® Therefore, the surface modification of CBMs with
silica to synthesize CBMs/silica hybrid materials is an effective way to overcome their
deficiencies. The CBMs/silica composites exhibit excellent overall performance, not only
maintaining the unique characteristics of CBMs, but also adding the remarkable properties of
the silica material.

1.2.1 Mesoporous silica materials

According to the classification of IUPAC, the mesoporous silica materials (MSMs) are
silica-based materials with ordered pore structure and a pore size between 2 and 50 nm.
MSMs exhibit excellent physicochemical characteristics such as uniform and precisely
tunable pore size, extremely large specific surface area, hydrophilicity, chemical functionality
and thermal stability.”® ™ In addition, both in vitro and in vivo studies have shown that MSMs

also exhibit good biocompatibility and biodegradability.”® Due to the outstanding advantages,
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MSMs have a wide range of applications in adsorption and separation, catalysis, biomedical,
and many other fields. Particularly, the unique ability to control properties, and outcome of
MSMs make them promising for specific biomedical applications, especially for the drug
delivery systems, including the delivery of small molecule drugs (molecular size <2 nm) or
macromolecular drugs such as proteins and peptides.” "

The vast majority of MSMs are synthesized by the sol-gel method, which was adapted
from the Stéber method.”® The typical sol-gel process involves the hydrolysis and
condensation of alkoxysilanes (Si(OR),), such as tetraethylorthosilicate (TEOS). The
hydrolysis stage develops colloidal micelles in aqueous solution by using a structure directing
agent, which can be catalyzed by acid and base.”” Then the silica precursor starts to condense
to form a gel, and the strength and stiffness of which increase with the increase in the degree
of cross-linking of siloxane. Researchers have made various improvements of the sol-gel
process to prepare MSMs with controlled pore size and also with different shapes as shown in
Fig.1-5, including the investigation of a range of surfactants or amphiphilic block copolymers
as the structure directing templates.’® " When the concentration of surfactant is higher than
the critical micelle concentration (CMC), the surfactant molecules self-assemble with silica
precursor into hierarchically ordered composite.®’ This cooperative assembly process between
micelles and silica precursors plays a key role in achieving control of the geometry of desired
MSMs.2! The properties of the MSMs produced by the sol-gel method can be controlled by
monitoring the reaction parameters, such as the pH and temperature of the process, the

characteristics of surfactant, the concentration of silica source.”® 88
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Fig.1-5 TEM and SEM images of MSMs with different morphologies and pre structures.®**®

With the fast development of MSMs for various applications, many requirements on the
morphology and structure of MSMs have been proposed. Numerous studies have
demonstrated that the performance of mesoporous silica (MS) based materials system is
strongly related to their composition, morphology and structure.***® Therefore, various
strategies have been developed to achieve controlled fabrication of ordered MSMs with
tunable pore size, diverse morphologies and mesostructures. The synthesis of MSMs in the
desired mesostructures and morphologies can be obtained by selecting the appropriate
structure directing agent and carefully controlling the self assembly and the reaction
conditions (e.g. temperature, pH, concentration of surfactant, or addition of co-surfactant and
oil phase).”® As shown in Fig.1-5, up to now a large variety of MSMs with versatile

morphologies such as nanospheres, nanorods, cubic core-shell and radial-like structures have
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been designed and synthesized. The control of the size, morphology and multi-layer structure
of MSMs is not only of a more esthetic appearance, but it can also be applied to selectively
load multiple cargos of various sizes, which greatly helps to expand their applications.”
Among MSMs with abundant morphologies and nanostructures, an interesting design of
hierarchical MSMs depicting several layers of MS has attracted tremendous attention. Lee et
al. synthesized a series of hierarchical MSMs with controlled radial wrinkle structures by
adjusting the water-surfactant-oil mixing ratio.'® They observed that when the volume ratio
of cyclohexane to aqueous solution was changed in the range of 0 to 1, the structure of the
resulting silica NPs varied from very tight mesoporous to expanded mesoporous to mixed (or
broken) mesoporous, and finally to the wrinkled structure with pore size in 15-50 nm range
(see Fig.1-6 A-J). The triple porosity in MSMs has also been described by a continuous
growth strategy. A kind of 3D-dendritic MS nanosphere with three hierarchies, tunable size
and controllable center-radial mesoporous (Fig.1-6 K-P) was demonstrated by the team of
D.Y Zhao.®® The average pore diameter of each generation of the dendritic silica nanosphere
could be controlled from 2.8 nm to 13 nm, which was monitored by adjusting the type of
hydrophobic solvents and the concentration of silica source in the upper oil phase. Moreover,
the thickness of each generation could be adjusted from 5 to 180 nm by controlling the

reaction time and the amount of silica source.
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Fig.1-6 Schematic (upper panel), (A-J) SEM and TEM images showing the morphology
changes of MSMs as a function of the ration of cyclohexane to aqueous solution.’® (K-P)
TEM and SEM images of the 3D-dendritic MS nanospheres with one (K, N), two (L, O), and

three generations (M, P).%

The pore size adjustability is of great importance for practical applications of MSMs
where different sizes of molecules might be involved. CTAB is the most commonly used
template agent, and as a single directing agent in the sol-gel method typically produces MSMs
with a pore diameter of up to 3 nm and poor particle size uniformity.*® Hence, research on
MSMs with large pores and wide pore openings is of substantial interest. Currently, many

reports have been published to improve the CTAB-template system to obtain MSMs with an
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expanded pore size, for example by swelling the template micelles with additives'®**%* or

105107 The dual template approach

using a co-template method with mixed surfactants
synergistically controls the micelles self-aggregated and directs the growth of MSM. A series
of dendritic mesoporous silica nanoparticles (MSNs) with a controlled structure through the
dual-templating strategy were prepared, in which CTAB was used as a template associated
with a variety of amphipathic therapeutic agent molecules with hydrophobic chains.'®® The
pore size (from several nanometers to tens of nanometers) and pore morphology of the

obtained MSNs could be finely controlled by selecting auxiliary templates with different

structural characteristics (Fig.1-7).

°c°
it
%o 3 ooog
-2
Coassembled micelle
A CTAB .~ Negative charged auxiliary templates

Fig.1-7 (a) Co-assembly process of CTAB and auxiliary templates with negative charge and
formation mechanism of MSNs using dual templating strategy. (b-j) TEM images of MSNs

using different auxiliary templates.'%

Generally, the larger the micelle the larger the pore size, so the pore size of MSMSs can
be adjusted by adjusting the size of the surfactant-constructed micelle. The introduction of

swelling agents causes the expansion of the hydrophobic core or the spacing of hydrophilic
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heads of the surfactant-constructed micelles,*®

thus the pore diameter of MSMs can be
enlarged in a large range from the well defined enlarged micelle-template structures. There
are a range of compounds that can be used as swelling agents, such as benzene'®® and the

10 straight-chain alkanes™* and long-chain amines**2.

alkyl-substituted derivatives of benzene
With the use of pore-expanding agent, the pore size of MSMs can be finely controlled in a
wide range while maintaining a monodispersity. Fig.1-8 shows typical TEM images of radial
pore structure MSMs with different pore sizes various from 45 to 5 nm. It is worth noting that
excessive addition of swelling agent may result in the damage of structure. By consulting a
large number of published papers, it is usually classified as small pore MSMs with a pore size
of 2-5 nm and large pore MSMs with a pore size of >5 nm."™ ***!°> These tunable pore
structures of MSMs are ideal scaffolds for biological, medical, adsorption and catalytic

applications, as the controllable pore structures are accessible by various molecules of

different sizes.

& + >

Pore @ 45 nm Pore @ 30 nm Pore @ 20 nm Pore @ 15 nm

Pore @ 13 nm

Fig.1-8 TEM images of MSNs with tunable pore diameter from 45 to 5 nm % 4 116-118
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1.2.2 Carbon based materials/non-porous silica composites

The earliest research on CBMs/silica composites was based on the formation of
composites with a non-porous silica shell. The very low external surface area of the
non-porous silica is considered disadvantageous because it provides a relatively low capacity
compared to the porous silica materials. However, some advantages of the non-porous silica
are extremely attractive, such as maximum surface accessibility, controlled topography of
ligands, and a smooth surface resulting in better biocompatibility relative to the porous
silica.''® Therefore, in recent years, the scientific community has made some attempts in the
synthesis and application of CBMs/non-porous silica composites, and used them as potential
platforms for various applications in science and engineering.

The unique physical properties of CNTs attract many researchers to explore new or
improved applications with composite materials. However, the functionalization of CNTSs to
promote their dispersion in different solvents is still a central theme. Coating with non-porous
silica on CNTs is considered to be an effective approach to solve the poor solubility and
process ability while maintaining their excellent physical properties. The specific synthesis
scheme of coating CNT with non-porous silica is shown in Fig.1-9 A, which results in the
formation of a uniform silica layer on the CNTs surface as shown by TEM in Fig.1-9 B. For
example, N. Pinna’s group synthesized a uniform SiO, coated CNTs composites through
low-temperature ozone-assisted atomic layer deposition (ALD) of SiO, (TEM in Fig.1-9 C)
and led to the formation of SiO, nanotubes as CNTs were removed during the ongoing
deposition.™®® Fu and co-workers selectively coated SWCNTs sidewalls with a thin layer of
SiO; and further functionalized with a large variety of functional groups by utilizing the
chemistry of SiO, surface.’?* Furthermore, a well-defined silica coated CNT coaxial
nanocable was developed as a reinforcing support for the construction of high-performance
electrochemical devices, and showed great potential as a Raman scattering substrate for

biological tags and biological molecular detection.*?

50



Chapter 1 General Introduction

& H,SO/HN

condcnsntiis 7

Fig.1-9 (A) The synthetic preparation of CNT@SiO-.** TEM images of (B) individual CNTs
covered by a uniform and thick layer of silica’** and (C) CNTs after deposition of 100 cycles
of Si0,'. SEM images of (D) silica coated GO hybrid composite*® and (E) GO coated silica
composite'®®. (F) TEM image of silica/dCDs composite.?” (G) SEM image of CB-SiO,

composite'?®,

Graphene and GO, have a large number of oxygen functional groups on the substrate
plane, resulting in a hydrophobic and inert structure, which makes them easy to agglomerate
in the water. Therefore, much work has been conducted to form graphene-based
materials/silica composites. The introduction of non-porous silica materials to form
nanohybrids with GO can achieve higher degree of dispersion and exfoliation. There are two
common forms of GO-silica composites, including the introduction of a uniform silica layer
or even small spherical silica nanoparticles deposited at the surface of GO (Fig.1-9 D), and
the coating of GO layer on the surface of silica particles (Fig.1-9 E). Over the past decade,

there have been many attempts on the design of silica nanoparticles-coated GO nanohybrids,
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in which the silica nanoparticles acting as spacers between the GO sheets can prevent them
from aggregating and achieve a higher degree of exfoliation.****¥* The multilayered ultrathin
structure of graphene film also allows its use as a coating layer for silica particle. For example,
Liu prepared a new form of graphene-coated silica particle hybrid, which showed a rough
surface densely covered with carbon-like material.**?

In the view of carbon dots (CDs) having small particle size, good water solubility and
easy chemical functionalization, the surface of CDs can be easily covered with a
homogeneous silica layer. Tian et al. synthesized silica/carbon dot (SCDs) composite
nanoparticles with unique photoluminescence properties.*?” As shown in Fig.1-9 F, the SCDs
exhibit a uniform spherical morphology and the size can be easily tuned from 100 to 230 nm.
Moreover, the coating technique could be explored to constitute a sensing strategy for
practical application. Liu et al. developed a tunable fluorescent silica-coated CDs
nanoparticles of <10 nm in size, which had a high water solubility and enhanced selectivity

for biological analysis.'*

Another attractive carbon-based material, carbon black (CB), has
received much attention due to its rather high electrical conductivity. The main drawback of
CB is the strong agglomeration state caused by its hydrophobicity, which will seriously affect
its conduction response. Very recently, CB has also been embedded in solid-state silica as a
reinforced conductive material. E. Enr fjuez et al., reported a conductive submicronic coating
of CBfsilica composites (as shown in Fig.1-9 G) prepared by a sol-gel process.?® The
inorganic dielectric silica matrix formed a homogeneous and efficient coating on the surface
of CB nanoparticles, which avoided their thermal degradation during thermal treatment.
1.2.3 Carbon based materials/small pore mesoporous silica composites

In comparison to the coating of CBMs with non-porous silica, MS matrix offers many
other unique characteristics, such as stable mesoporous structure, large surface area, tunable
pore size, and well-defined surface properties.*?® 2’ The distinctive porous properties of
carbon based materials/mesoporous silica (CBMs/MS) composites allow for the

accommodation of various molecules with different sizes, shapes and functionalities,

broadening the potential of applications of these new controllable multifunctional
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systems.****® |n addition, the pore size of the MS matrix in the CBMs/MS hybrids plays a
key role in determining the size of cargo that can be absorbed within the mesopores.'®
Among them, the construction of CBMs/MS composites with small pore size of 2-5 nm
(CBMSs/SPMS) is of great significance for the loading and transportation of small size targets,
and has been widely studied.

Much work has been carried out on using small pore mesopores silica as a matrix
material to encapsulate CNTs. The surface of CNTs can be functionalized with hydroxyl
groups or different types of moieties after a specific acidic treatment, which is an important
basis for the self-assembly of MSMs on the surface. The common method for fabricating
CNTs/MS nanocomposites is a modified method from T. Hyeon for coating iron oxide NPs
with MS shell.**® Generally, the pre-processed CNTs are mixed with the silica precursor (e.g.
TEOS) and the template agent (e.g. CTAB), and the template/silicate clusters are adsorbed on
the CNTs surface and drive the nucleation and growth of MS shell. This simple synthetic
process serves as a standard protocol for the preparation of small pore MS shell
nanostructures, and most of the CNTs/SPMS hybrid materials are synthesized accordingly.®

For examples, Zhang’s group reported the fabrication of MS-coated CNTs and their
application in size selective protein separation.”® The pore size of this mesoporous
CNTs@SiO, composite was finely tuned within 2-3 nm by adjusting the ratio of CTAB/CNTSs.
And recently, Liu et al. proposed a complex nanoplatform based on polyethylene glycol (PEG)
modified small pore-MS coated SWCNTs and utilized it as a multi-functional platform for
cancer imaging combined therapy.*® The obtained SWNT@MS and the synthesis process of
SWNT@MS-PEG are shown in Fig.1-10 A-B. In our previous work,*"'*? we synthesized a
kind of hybrid composites based on the CNTs coated with a small pore-MS shell with a pore
size of about 2-3 nm (in Fig.1-10 C). The thickness of the MS shell could be tailored by

changing the parameters of sol-gel process (e.g. amount of precursor, sol-gel time).
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Fig.1-10 (A) A schematic illustration of the synthesis of SWNT@MS-PEG and (B) TEM
image of SWNT@MS.*® (C) TEM image of CNT@MS showing the mesoporosity of the

142

composite.”™ (D) TEM image and (E) schematic illustration showing the synthesis of

CNT@MNP@mSi0,.**

In recent years, the development of multifunctional forms of CNTs/SPMS hybrid
nanomaterials based on the magnetic nanoparticles (MNPs)-decorated CNTs sheathed with
small pore-MS layer, has been extensively studied.** *** The MNPs-decorated CNTs
(CNT@MNPs) has shown excellent magnetic properties, while preserving the merits of CNTSs,
potentially expanding its possible use in various applications. Fig.1-10 E depicts the synthesis
scheme of CNT@MNPs@mSiO, hybrid nanomaterial. First, MNPs were first decorated onto
the multi-walled CNTs and then layered with MS (mSiO,), as shown in Fig.1-10 D. Such new
type of multifunctional hybrid nanomaterial retained the excellent magnetic resonance
imaging properties of magnetite nanoparticles within the structure, as well as created a high

mesoporosity and a more biocompatible interface due to the surface-layered mSiO,, which
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might be potentially useful for the simultaneous use for drug delivery and imaging.

The idea of embedding the two-dimensional graphene sheets into a MS matrix is
obviously also attractive because of the introduction of tunable and open porosity, making the
nanocomposites promising for a wide range of applications. Graphene or rGO sheets are often
viewed as interactive functional platforms for bonding or growing other nano-objects due to
their planar nature. The most common way for the construction of graphene-based/MS hybrid
composites is therefore by using graphene or rGO as the substrate for the growth of MS layer
with controlled properties on both surfaces, thus allowing the formation of sandwich
mesoporous structures.**> *® To date, a lot of investigations have been done on the
construction of free-standing sandwich structures made of graphene-based/SPMS hybrid
materials, demonstrating promising properties of such platform materials for various
applications.**"**® The specific TEM images in Fig.1-11 A-B show the graphene/MS hybrids
covered with a rough MS surface. In addition to the synthesis of MS layer with cylindrical
pores, Y. Wang et al. presented a new special architecture of multifunctional small pore-MS

coated graphene nanosheet sandwich nanocomposites, in which the MS layers have a
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hexagonal array of pores and an ordered structure (Fig.1-11 C).

Fig.1-11 (A-B) TEM images of graphene/MS hybrids.™ (C) HRTEM and TEM images of
MS-coated graphene nanosheet.™ (D) TEM image of Pt-rGO@mSiO,."*® (E) SEM image of
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SiO, particles decorated GO."* (F) HR-TEM image of GO-enwrapped MSNPs.™°

On the other hand, the unique sandwich structure of graphene/MS composites can be
exploited to encapsulate small nanoparticles between the graphene nanosheets and the MS
layer. In addition, the pore characteristics of the mesostructure in the outer layer of the
sandwich can also be used to immobilize other responsive nanostructures such as metallic
nanoparticles or functional molecules, allowing the design of multifunctional graphene/MS

systems.™®

Very recently, a facile and scalable wet-chemical process has been reported for
encapsulating graphene nanosheet loaded with ultrafine metal nanoparticles by thin
mesoporous SiO, layers with a small pore of 2.8 nm (in Fig.1-11 D).**® The coverage of the
graphene nanosheets by mesoporous SiO, layers not only stabilized the ultrafine metal
nanoparticles, but also prevented their aggregation, resulting in an enhanced catalytic
performance of this hybrid system. A new type of 2D GO/MS hybrid system of
well-dispersed gold nanoparticles over the sandwich-like periodic mesoporous silica (PMS)
coated rGO was proposed.**® The MS layer with a pore size of ~3.1 nm covering on the
surface of rGO acted as a stabilizing agent, which also prevented the serious aggregation of
individual GO by weakening the z-z stacking interaction between GO nanosheets.

An interesting design for combining small pore-MS materials with graphene-based
materials was proposed by S. Abraham et al, indeed, instead of covering layered MS on
graphene, the authors used sub-micron sized (~ 500 nm) homogeneous MSNs with an average
pore diameter of about 5 nm to decorate the GO surfaces.** SEM image in Fig.1-11 E reveals
the morphology and microstructure of this MS particle embedded GO hybrid system. A
similar structure of polyethylenimine-modified magnetic MS on GO sheets (MMSP-GO) was
also reported by Wang et.al.™" Another challenging fabrication of graphene-based/SPMS
hybrids (Fig.1-11 F) was recently reported by wrapping ultrathin GO sheets via electrostatic
interactions around the surface of the MS fluorescent nanoparticles for bioimaging
applications.® The coating of ultrathin GO layer on the dye-loaded NPs prevented dye
leakage and nucleophilic attack on the dye, and ensured the optimal properties of the

fluorescent hybrid.
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Many strategies have also been applied to the fabrication of small pore-MS hybrids with
carbon-based materials having spherical shape such as CDs and CB. The construction of
CDs/MS hybrid materials provides a universal platform for the design of functional materials,
which takes advantage of the abundant mesopores of small pore-MS matrix and the unique
fluorescent properties introduced by CDs. Basically, The CDs/MS hybrids so far described
involve the incorporation of CDs within the MS walls, or covering the CDs at the surface of
MS or embedding in the pores.™***®° For example, Lei et al. successfully incorporated CDs
into the pore walls of MS to produce monodisperse nanometer-sized periodic mesoporous
organosilicas nanoparticles (CD-PMO NPs, shown in Fig.1-12 A-C) with excellent
photoluminescence performance.'®® These hybrid materials simultaneously assembled with

unobstructed ordered pore channels and excellent photoluminescence performance.

Fig.1-12 (A-C) TEM, HRTEM images and structural illustration of CD-PMO NPs.*** (D)
TEM image of MSNs@CDs.*® (E) SEM images of MSNs@GQDs.**® (F) TEM image of

MMSN/GQDs nanoparticles.'®

Another form of hybrid is based on the immobilization through electrostatic interactions
of fluorescent CDs and GQDs at the surface of small pore size MSNs (MSNs@CDs and
MSNs@GQDs), as shown in Fig.1-12 D-E.'** 3 A similar protocol has also been
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successfully applied when using a magnetic MS matrix. Yao et al. introduced a
multifunctional platform constructed with GQDs-capped magnetic core MSNs
(MMSN/GQDs, in Fig.1-12 F) that effectively produced heat under an alternating magnetic
field (AMF) and/or in response to NIR irradiation.*®* Regarding CB nanoparticles, there are
few reports on the synthesis of CB/SPMS hybrids. Very recently, a carbon black
supported-Pd catalyst encapsulated by a robust and homogeneous small-pore mesoporous
SiO;, layer has been proposed. This composite material showed a good stability and sintering
resistance at high temperature.*®

1.2.4 Carbon based materials/large pore mesoporous silica composites

CBMs/MS hybrid materials with a large pore size (greater than 5 nm) have attracted a lot
of attention due to their desirable porous characteristics for large-size cargo loading. In
general, the small pore size of CBM/SPMS composites prevents the large objects from
entering the internal pores of MS matrix, which results in the inefficient use of the protective
environment of the pores inside the MS and the large internal surface area provided by these
pores.'®®* Thus, it is of great significance to construct CBMs/MS hybrids with a sufficient
pore size to explore the application of the size-selective adsorption of large molecules such as
proteins and macromolecular drugs.

Many strategies have been developed to synthesize large pore MS materials with various
morphologies and pore sizes. However, the encapsulation of CNTs with large-pore MS shells
is still challenging, and only a few examples exist in literature dealing with encapsulation of
CNTs with large-pore MS layer. Generally, the surface chemistry properties of CNTs were
adjusted by using special surfactants or by “doping” CNTs with different kinds of
heteroatoms to achieve an improved interface with the silica matrix, preventing CNTs from
agglomerating during the densification process and promote the formation of MS shells.** 1"
Recently, Dillon et al demonstrated the preparation of MS coated conventional MWCNTS
with a large pore size of 6-8 nm by using a sol-gel route (as shown in Fig.1-13 A).}"? The
fabrication of large pore MS coated CNTs (Fig.1-13 B) has been also developed via a

two-step procedure using a biocompatible zwitterionic surfactant (phospholipid), which was
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different from the traditional template agent CTAB that is harmful to bio-molecules and
cells.'”® The pore characteristics of CNTs/MS composites could be well controlled by varying
the ratio of phospholipids and other traditional surfactants (cationic, anionic and nonionic
surfactants). Fig.1-13 C shows a SEM image of MS shell over the SWCNT core. Another
form of CNTs/LPMS nanostructures based on the 2D hexagonal mesoporous ordered silica

SBA-15 and CNTs was reported by M. Vila, in which CNTs were well dispersed and

174
K.

distributed throughout the composite assuring the 3D conducting networ

Fig.1-13 TEM images of (A) MS coated N-doped SWCNTs'? and (B) CNTs@SiO, *°. (C)
SEM image of CNT/MS core—shell composite.'”® (D) TEM image of rGO/MS nanosheeets*™®.
(E-F) Cross-section FESEM and TEM images of the sandwich-like structured
rGO@mSiO,.r"" (G) TEM image of dSCSs.}"® (H-1) Schematic diagram and TEM image of

CDs/SBA-15 nanocomposites.*’

To date, many attempts have been reported to prepare graphene-based/LPMS hybrid

materials."®**% For example, Chen et al. have constructed a nanosystem by MS self-assembly
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on the reduced graphene oxide (rGO) nanosheets for encapsulating and arranging gold
nanoparticles inside the nanochannels of the MS layer.}”® The pore size of prepared rGO/MS
nanosheeets (in Fig.1-13 D) was controlled from 2.3 nm to 13.3 nm by adding different
volumes of styrene as the pore expanded agent. Furthermore, Zhao et al. have developed
reduced graphene oxide@mesoporous silica (rGO@mSiO,) sandwich-like sheets with
vertically oriented “funneling” mesochannels and tunable large pore size up to 8.9 nm by an
oil-water biphase stratification approach.'’” The resulting rGO@mSiO, nanosheets (in
Fig.1-13 E-F) possessed a uniform mesoporous structure with thin thickness (~50 nm) and
large aspect ratio, as well as a rapid photothermal heating effect, showing promising prospects
in light-induced drug delivery applications. Another multi-layer graphene/MS system
composed of about 8 nm-sized vertical channels in a hexagonal symmetry has been recently
used for the electrochemical deposition of an ordered array of CdSe quantum dots on
graphene sheets.'®®

Spherical CBMs, mainly CDs, have been widely studied with large pore-MSMs to
construct hybrid materials. Very recently, Zhao et al. synthesized good monodispersity
dendritic silica@CDs@silica spheres (dSCSs) by using ordered dandelion-like MSNs with
central-radial pore channels and a pore size of about 10 nm as carriers for immobilization of
CDs.'”® The TEM image and fluorescence intensity of the dSCSs in Fig.1-13 G show that the
introduction of CDs did not destroy the original structure of MSNs while maintain good
fluorescence characteristics. At last, SBA-15 type MS with a larger pore size has been widely
studied in the synthesis of CDs/LPMS hybrid materials.'®* ** A type of luminescent MS-CDs
composite material was synthesized by Wang et al., in which CDs precursors (citric acid and
ethylenediamine) were filled in the large pore MS molecular sieve (SBA-15), and the CDs
were prepared in situ by microplasma-assisted method.!”® The schematic diagram and TEM
image of the obtained CDs/SBA-15 nanocomposites are shown in Fig.1-13 H-1. The prepared
CDs/SBA-15 composites preserved the high specific surface area of the MS substrate, as well

as the fluorescent properties of the CDs.
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1.3 CBMs and CBMs/MS composites for biomedical applications

Owing to their special structural dimensions and outstanding mechanical, electrical,
thermal, optical and chemical properties, CBMs (including CNTs, graphene and its
derivatives, carbon-based quantum dots) have attracted a significant interest for biomedical
applications. Besides, CBMs/MS composites not only possess the physical and chemical
properties derived from carbon-based materials, but also introduce a more biocompatible
silica interface for the interaction with cells and tissues, as well as a mesoporous structure
designed to improve drug loading and delivery capacity. All these characteristics make them
attractive for many biomedical applications, such as for drug delivery and cancer therapy,
tissue engineering, biosensing and imaging.

1.3.1 Drug delivery and cancer therapy

Drug delivery is one of the most extensively explored applications of CBMs in
biomedical field. At present, the development of CBMs/MS materials as potential drug
delivery platforms for combination of cancer therapies has also been explored to some extent.
CBMSs/MS materials are promising nanocarriers for the delivery of drugs because the MS
shell provides accessible and tunable pore channels for high loading of drug molecules, and
the MS surface can easily be functionalized with stimuli-responsive groups to serve as smart
gatekeepers for controlled and targeted drug release.’®® Furthermore, CBMs such as CNTs,
graphene and CDs, exhibit strong optical absorption in the NIR region, which is a tissue
transparency window, and the CBMs and CBMs/MS materials generate local heating upon
NIR laser irradiation to achieve photothermal ablation of cancer cells.®’ Therefore, the
effective drug delivery systems in addition to achieving a high drug loading capacity, and can
also enable controlled and targeted release as well as photothermal cancer therapy, which can
be achieved by using CBMs/MS hybrid materials.

CBMs as independent nanocarriers have been extensively investigated for drug delivery
application. Pristine CBMs are intrinsically hydrophobic and cannot be evenly dispersed in
most solvents and biological media. Therefore, it is often necessary to functionalize CBMs to

improve their biocompatibility and solubility for subsequent application to the loading of drug
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molecules. Many different strategies have been developed to achieve the attachment of
therapeutic molecules to the functionalized CBMs via either covalent conjugation or
con-covalent adsorption. The covalently chemical bonding of drug molecules is usually
connected by the functional groups or polymer chains on the surface of CBMs. 8% The
specific example of CNT in Fig.1-14 A shows that various approaches are applied for drug
delivery and anti-cancer therapy. Oxidation of CBMs by acid treatment is one of the most
common methods for covalently linking, which produces carboxylic acid groups and the
covalent bonds can be formed via 1, 3-dipolar cycloaddition, esterification and
amidation.’®**% It has been reported, for example, that anti-fungal drugs were linked by the 1,
3-dipolar cycloaddition with functionalized CNTs via amide bonds for drug delivery.'®
Besides, graphene and GO, CDs and GQDs with satisfactory electronic properties have also
been used as multifunctional drug nanocarriers to load drugs for cancer treatment.!®2®
Anticancer drugs such as methotrexate (MTX) and DOX covalently bonded onto the
functionalized GO via amide bonding for targeted drug delivery have been studied.?*" 2%
Yang and co-workers loaded DOX onto the functionalized CDs through an acid-labile
hydrazone bond (Fig.1-14 B), which was cleavable in the weakly acidic intracellular

compartments, resulting in an enhanced antitumor activity.?
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Fig.1-14 (A) Schematic diagram showing various approaches of CNT-based drug delivery and

anti-cancer therapy.?®* (B) Illustration of the procedure for synthesizing DOX-CDs.?%

The surface of CNTs or graphene has delocalized & electrons, which can effectively load
aromatic anticancer drugs through n-m stacking. For instance, CNTs functionalized with

polymers are able to form supramolecular complexes with the aromatic molecules and

63



Chapter 1 General Introduction

anticancer agent via m-m stacking and enhance its cytotoxic activity.?® ?*® Anticancer drug
doxorubicin (DOX) was successfully non-covalently attached onto the surface of PEGylated
SWCNTs to construct a new drug loading formulation (Fig.1-15 A), which exhibited a
remarkably high drug-loading capacity of up to DLC=400% (i.e., 4 times the mass of the
CNT carrier) and a remarkable reduced toxicity compared to free DOX.?%" Such constructs
can also be applied to GO, which has been extensively studied for the anticancer drug loading
via simple non-covalent adsorption, including n-m stacking and hydrophobic interactions.?®
299 1t has reported by Dai’s group that simple physisorption via 7-7 stacking could be applied
for loading anticancer drugs SN-38 (Fig.1-15 B) and DOX onto the functionalized GO.?'% 2!
Zhang et al. controlled the loading of two anticancer drugs (DOX and camptothecin (CPT))
onto the folic acid-conjugated nanoscale GO (FA-NGO) via n—x stacking and hydrophobic
interactions (Fig.1-15 C), achieving the controlled loading and targeted delivery of mixed

anticancer drugs.?*?

It has also been found that CDs can load drug molecules through n-n
stacking and electrostatic interactions to form supramolecular hybrids, showing enhanced
drug loading and releasing behavior.?**!® Lately, Tang et al. demonstrated a direct and
sensitive Fdster resonance energy transfer (FRET)-based CDs drug delivery system
(FRET-CDot-DDS) through a direct surface coupling strategy (Fig.1-15 D).2*” Therefore, the
stable fluorescence emission of CDs and the effective FRET signal (which was extremely

sensitive to the separation distance between the donor and the acceptor) allowed for cell

imaging and real-time monitoring of drug release.
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Fig.1-15 (A) PEGylated SWCNTSs loaded with DOX.?*" (B) Schematic draw of SN-38 loaded
NGO-PEG.?® (C) Schematic image representing the loading of DOX and CPT onto
FA-NGO.*?> (D) A schematic representation of the surface coupling chemistry of

FRET-CDot-DDS for drug delivery.?*’

Regarding the CBMs/MS materials, as detailed above, the MS matrix allows CBMs/MS
materials to have more advantages in drug delivery and cancer therapy, such as achieving
high drug-loading efficiency, easily functionalized surfaces and good biocompatibility. In
recent years, there have been many reports on the development of MS coated carbon-based
materials as delivery platforms for combined cancer treatment.*> 171218

For example, MS coated SWCNTs and MWCNTSs drug nanocarriers with copolymers

modification were fabricated by Liu et al., and utilized as multifunctional platforms for
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anticancer drug loading.***?*® This multifunctional systems could be covalently bonded with
anticancer drug with improved drug loading capacity, and significantly enhancing the release
dynamics of drugs under multi-stimuli responsiveness, realizing a synergistic cancer cell
killing effect through the combination of photothermal and chemotherapy. In previous works
of our group, we reported the fabrication of MS coated-CNTs and graphene nanocomposite
platforms for drug delivery applications (Fig.1-16 A). Such CBMs/MS hybrid nanoplatforms
were optimized by the functionalization of polysiloxane layer or isobutyramide (IBAM) grafts
to form strongly bounded non-covalent bonds, achieving an ultrahigh drug payload as well as
remotely stimulus release under the activation of pH, temperature and NIR-light.*# 220. 221
Graphene and its derivatives -based/MS hybrid materials showing excellent
photo-to-thermal-energy transfer efficiency under NIR irradiation have been widely studied
for drug delivery combining photothermal therapy and chemotherapy.??* 22 To date, many
efforts to seek the synergistic antitumor efficacy of chemo-photothermal therapy of
graphene-based/MS hybrids rely upon the standard approach of grafting the MS layer with
tumor-targeting moieties, such as specific ligands, peptides, and hyaluronic acid (HA).*>* 2%
A versatile nanoplatform of MS coated polydopamine functionalized rGO modified with HA
(PRGO@MS-HA) was reported and utilized for synergistic targeted chemo-photothermal
therapy against cancer, showing remarkable tumor cell killing efficiency and specificity to

target tumor cells (Fig.1-16 B).**

Another multifunctional remote controlled release system
based on graphene and its derivatives -capped functionalized drug loaded MSNs was designed
(Fig.1-16 C), where GO (or rGO) was not only used for NIR photothermal therapy, but also
used for gating control of the drug release. Such uncapping mechanism makes it possible to

release the loaded drug molecules more effectively upon irradiation with NIR light.?2>?%
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Fig.1-16 (A) Scheme showing the synthesis of CNT@MS or FLG@MS grafted with APTS,
the loading with doxorubicin and the drug release actuated by T, pH, or NIR light.*** (B)
Schematic illustration of the synthesis route of pPRGO@MS(DOX)-HA nanocomposite and
the combined chemo-photothermal targeted therapy of tumors.”® (C) Schematic
representation of the non-covalent assembly of rGO and alkyl-grafted MS as an effective drug

226

carrier for NIR light-responsive controlled drug release.” (D) Schematic illustration of the
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preparation process of the DOX-MMSN/GQDs nanoparticles and synergistic therapy

combined with controlled drug release, magnetic hyperthermia, and photothermal therapy.***

At the same time, the fluorescence imaging properties of CDs allow following the optical
signal of the drug molecules themselves, making them ideal modes for the real-time
monitoring of drug delivery systems. The biocompatible CDs are usually used as caps to
anchor the openings of MSNs via covalent or non-covalent interactions, in which CDs act as
gatekeepers to simultaneously achieve the roles of both capping agents and imaging agents,
thereby constructing a multifunctional drug release system.?*?*! The resulted CDs/MS drug
delivery systems can release the loaded drugs at the specific location in the response to
diverse stimuli, including pH-, temperature-, photo irradiation-, redox potential- and enzyme-
responsiveness.”**?* An example as shown in Fig.1-16 C, a multifunctional platform
composed of graphene quantum dots (GQDs) as caps and local photothermal generators as
well as magnetic MSNSs as drug carriers and magnetic thermal-seeds was designed to achieve
controlled drug release and with synergistic effect of chemo-magnetic hyperthermia and
chemo-photothermal therapy.'®*

1.3.2 Tissue engineering

Beyond drug delivery, CBMs are considered to be ideal physical analogues of
extracellular matrix (ECM) components because of their similar dimensions. Furthermore, the
outstanding mechanical properties and high conductivity of CBMs play an important role in
reinforcing organic/inorganic artificial scaffolds, and can also be used to provide electrical
stimulation to artificial scaffolds.”®® Due to these favorable properties, CBMs have been
extensively studied for tissue engineering applications, as biological alternatives for repairing
or replacing whole or a portion of tissue, whether as a matrix material or as additional
reinforced materials in polymer nanocomposites.?®” Similarly, CBMs/MS hybrids are also
great potential candidates for the development of synthetic scaffolds in tissue engineering,
especially the structural and textural properties derived from the MS matrix have potential
applications in the development of bone implants and bone cements.

Carbon-family nanomaterials, such as CNTs, graphene and its derivative, or CDs are
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important tissue engineering materials. They are expected to be used as ideal substrates,
scaffolds and components of implant devices, suitable for cell adhesion, proliferation and
differentiation, and so on.”*®*?* For example, many studies have shown that both SWCNTs
and MWCNTSs, graphene and its derivatives, CDs (or GQDs) hold high potential for
mammalian cells adhesion, spreading, proliferation, and gene transfection, showing high
biocompatibility, especially as surface coating materials for implants, without inducing
notable deleterious effects while enhancing some cellular functions.*****> CBMs have a great
potential in neural tissue engineering because the electrical properties of CBMs have an effect
on the behavior of the electro-active neural cells. According to the previous papers, CNTSs,
graphene or its derivatives, and doped CDs have been applied in many fields of nerve tissue
engineering to probe and enhance cell behavior, to label and track subcellular components,
and to investigate the growth and organization of neural networks.?**?* For instance, Cellot
et al. demonstrated that CNTs could sustain and promote neuronal electrical activity in
networks of cultured cells by forming tight contacts with the cell membranes.?® It was also
found that human neural stem cells (hNSCs) showed good long-term viability and
differentiated toward neurons when cultured on graphene.?*

Another very important application of CBMs in tissue engineering is the construction of
CBMs-based multifunctional scaffolds as physical substrates for cell attachment, proliferation,
and differentiation for neural, cardiac, and skeletal-muscle tissue engineering. These scaffolds
include  CBMs-hydrogels, CBMs-polymer  or inorganic ~ composites, and
CBMs-polymer-inorganic hybrid materials, etc. For example, Shin’s group has made many
efforts to develop the incorporation of CNTSs, graphene and rGO into photo-cross-linkable
gelatin methacrylate (GelMA) hydrogels (Fig.1-17 A) for cardiac-tissue engineering.??%*
The CBMs-GelMA hydrogel scaffolds exhibited excellent mechanical and electrical
properties, and improved the adhesion, organization, and cell-cell coupling of cardiac cells.
Such scaffolds were expected to be used in the production of multifunctional cardiac scaffolds
for therapeutic purposes and in vitro research. In a recent study, a layer-by-layer (LBL)

assembly approach was developed to engineer 3D multilayer constructs by depositing cells

69



Chapter 1 General Introduction

onto poly (L-lysine) (PLL) coated GO-GelMA hydrogel (Fig.1-17 B). The GO-based
scaffolds served as cell adhesive sheets that significantly promote the formation of multilayer

cell constructs with interlayer connectivity.
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Fig.1-17 (A) Preparation procedure, TEM and SEM images of CNTs-GelMA hydrogels.*? (B)
Multilayered GO-GelMA hybrid hydrogels for cardiac tissue engineering. (a) Schematic

diagram of the multilayer tissue constructs fabricated via layer-by-layer seeding and
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deposition on GO-GelMA hydrogel. (b) Confocal images demonstrating the formation of a
multilayered cell-sheet consisting of cardiac and endothelial cells. (c) Cells in the
multilayered cellular construct remained functional and viable after cell-layer exfoliation. (d)

Displacement of the actuator over time under electrical stimulation.?>* %°

The polymeric scaffolds fabricated from polymers and CBMs were extensively studied
for tissue engineering because of the biocompatibility of CBMs-polymer composites that
provide suitable microenvironment to cells and tissues with appropriate chemical composition
and physical structure. The improved mechanical properties of the CBMs-polymer
composites also help to support and promote bone tissue regeneration. According to recent
reports, the incorporation of MWOCNTs or graphene in biodegradable polymer
polycaprolactone (PCL) to form reinforced MWNTSs/PCL composite scaffolds have great
potential for bone tissue engineering.?®® " Recently, the synthesis of CBMs-containing
polymeric nanofiber scaffolds through electrospinning technique has been developed. Due to
the strong interfacial interaction between the CBMs and the polymer chain, it is possible to
incorporate CBMs such as CNTs, graphene and its derivatives, or CDs into electrospun
polymer scaffolds, which can significantly improve the mechanical and thermal stability
properties of the polymeric scaffolds.?*®?®" The random oriented and aligned electrically
conductive biodegradable poly-DL-lactide (PLA) nanofibers embedded with MWCNTSs are
shown in Fig.1-18 A.%% These conductive nanofiber scaffolds showed enhanced mechanical
properties and served as unique systems for studying the synergistic effect of topographical
cues and electrical stimulation on the growth of osteoblasts, and exploring their potential
applications in bone tissue engineering. It is also found that chitosan-PVA nanofibers
containing graphene (Fig.1-18 B-D) had antibacterial properties which can be benefit for

wound healing.?®®
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Fig.1-18 (A) SEM images of MWCNTSs-PLA electrospun nanofiber scaffolds with weight

ratios of MWCNTs: 0 - 5 %.%°? (B-D) Photograph and SEM images of chiosan-PVA

263

nanofibers containing graphene.” (E) Schematic representation of the preparation process of

MWCNTs/chitosan scaffolds and SEM images of corresponding products.?*

In addition, reinforced CBMs integrated with inorganic matrices such as hydroxyapatite
(HAp) and calcium phosphate, show distinct mechanical properties and is considered to be a
useful method for synthesizing potential candidate scaffolds for bone tissue engineering.?*> 2%

For example, the HAp mineralized MWCNTSs/chitosan (Fig.1-18 E) scaffolds obtained
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through a separation-induced self-assembly process were found to have good suitability in
vitro for proliferation and viability of osteoblastic cell.?**

The application of CBMs alone or MS alone in tissue engineering has been extensively
discussed. At the same time, the application of CBMs/MS composites combining the
properties of both CBMs and silica based ordered mesoporous materials in tissue engineering
is relatively newly and such approaches have gained much research interest. Hence, only a
few attempts have been done on the use of CBMs/MS hybrid materials as scaffolds for tissue
engineering. Among the few, an example of the application of CNMs/MS composites for
tissue engineering was reported by Vila’s team. They presented the effect of osteoblasts cells
on the biological response of the conductive CNT/MS composites and found increasing
proliferation of osteoblasts cells when exposed to external electrical stimulation.?” With the
application of electrical stimulation on the CNT/MS scaffolds, mitochondrial activity
increased up to seven times, indicating their potential application in bone regeneration.
Finally, although some CBMs/MS nanoplatforms had been fabricated, there is still a lack of
full investigation on their applications in tissue engineering.

1.3.3 Imaging

Most imaging probes currently used in bio-imaging work in the visible range, however,
tissue absorption, scattering, and autofluorescence are strong in this range.?®® Therefore, the
development of optical probes functioning in the NIR "biological transparent window"
(650-1350 nm) to minimize optical interference from tissues has great potential for
non-invasive biomedical imaging. CBMs exhibit a wide absorption spectrum in the visible
and near infrared range, photoluminescence in the NIR region and strong resonance Raman
scattering. Owing to their intrinsic optical properties, much effort has been devoted to the
development of CBMs mainly SWCNTSs, graphene and its derivatives, CDs as fluorescent
probes for in vitro and in vivo bioimaging, ranging from single-modal imaging to multimodal,
and even image-guided chemo-photothermal therapy.?*%2"2
The excellent photo-stability and NIR-Il emission (1000-1700 nm) characteristics of

SWCNTs make them ideal probes for tracking molecular events and contrast agents for in
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vivo imaging in both diagnostics and therapeutics.?”**”> Non-invasive tracking was achieved
by Fakhri et al. by imaging highly stable near-infrared luminescence of SWCNTSs targeted to
kinesin-1 motor proteins in COS-7 cells (Fig.1-19 A).?® The combined high tumor
accumulation ability and ideal fluorescence excitation/emission properties of SWCNTSs were
also demonstrated for tumor detection and imaging.?’" *"® Recently, Yudasaka et al. reported
SWCNTs coated with an amphiphilic and biocompatible polymer PMB
(2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate) for imaging of brown
fat (Fig.1-19 B).?”° PMB-CNTs system selectively accumulated in brown fats, providing
clearer NIR photoluminescent (PL) images of these tissues than conventional organic dyes, as

the high level of transmit light passed through the body with less light scattering.
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Fig.1-19 (A) SWNT-labeled kinesin motor moving along a MT embedded in an actin-myosin
network.””® (B) NIR-PL CNTs for imaging of brown fat: (a) Schematics of CNT, PMB, and
PMB-coated CNT, (b) PL spectra of PMB-CNT dispersed in water, (c-h) Typical NIR-PL

images of a mouse 5 h after injection of PMB-CNT or without injection.?” (C) QD-tagged
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rGO composites for bright fluorescence bio-imaging: (a) Schematic representation of the
synthesis of QD-rGO, (b) Suspensions of two QD-rGO samples under UV light, (c-f) Cellular
uptake of FA-QD-rGO composites, (g) Confocal images of multiple cross-sections, exhibiting

various locations of the QD-rGO within the cells.?*

Graphene and its derivatives have been reported to be modified with various functional

! magnetic nanoparticles®®* #* and CDs,®* to

nanoparticles such as gold nanoparticles,?
combine multiple functionalities for imaging. For example, it was reported that the strongly
fluorescent, nontoxic QDs-tagged rGO (QD-rGO) nanocomposite (in Fig.1-19 C) showed the
capability to combine in situ imaging, tumor treatment and monitoring.”®® Remarkably,
QD-rGO absorbed NIR light to achieve photo-thermal therapy and cells killing, and the heat
generated simultaneously caused the temperature to rise while the QDs brightness to decrease
significantly, which provided an approach for in-situ heat/temperature sensing as well as an
indicator for detecting the progress of photo-thermal therapy. In addition, due to their high
photostability and biocompatibility, CDs are also well suited for cellular imaging, as well as
monitoring the distribution of drugs and their effects.®®>?®” For instance, phosphorus and
nitrogen dual-doped hollow carbon dots (PNHCDs) multifunctional nanocarriers combining
imaging, nucleus targeting, and in vivo therapeutic efficacy were reported recently.?®®

CBMs can also be covalently linked to visible light fluorophores for cellular imaging.
For example, El-Sayed et al. demonstrated for the first time that SWCNTs chemically
conjugated with recombinant thermo-stable Luciola cruciata luciferase (LcL) was used for in
vivo imaging.?®® The chemiluminescence of LcL allowed imaging of CNTs and their cargo in
at an organ resolution in nonsuperficial locations without excitation sources. In vivo imaging
of LcL-CNTs system using IVIS spectrum showed the uptake of LcL-CNTs by different
organs in mice.

CBMs/MS composites possess the outstanding optical properties derived from CBMs
and can also be widely used in biological imaging. More specifically, the porosity of the MS
matrix serves as good drugs or nanoparticles loading platforms, so that CBMs/MS hybrids can

simultaneously perform fluorescent biological imaging and other functions, such as drug
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delivery and selectively targeting chemo-photothermal therapy. 4% 176234 290

For example, a multifunctional hybrid nanomaterial of magnetic CNTs sheathed with
MS was developed for the simultaneous applications in drug delivery and imaging (Fig.1-20
A).13 The hybrid nanoplatform showed excellent magnetic properties, including MRI in vitro
and in vivo, and can potentially be used as a drug delivery and imaging system. Wang et al.
reported a multifunctional theranostic platform developed from magnetic graphene-coated
MS modified with targeting peptide, which combined pH and photothermal responsive drug
release, chemo-photothermal therapy with specific dual-targeting and MRI monitoring for
visualize glioma therapy.?** Sreejith et al. developed a hybrid material of GO-sheet-coated
MSNs (Fig.1-20 B), which was applied for the protection of squaraine dyes (a class of
organic dyes showing intense fluorescence, which can be used as the second generation of
photosensitizers for photodynamic therapy), and showed a good prospect as a fluorescent
hybrid for application in fluorescence imaging in vitro.**> CDs/MS composites are promising
multifunctional platforms for in vivo bioimaging and controlled drug release because CDs can
be anchored to the entrance of MS to control the on-demand drug release.?*"#**2*> Chen et al.
reported MSNs capped with GQDs for intracellular drug delivery and imaging, where GQDs
were regarded as capping agents and imaging agents to construct a multifunctional drug
release system through acetal bonds.?®* Multifunctional CDs/MS nanohybrids with the
capabilities of multicolor PL and two-photon imaging, photothermal effect and anti-cancer

drug delivery also have been proposed.?*
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Fig.1-20 (A) In vivo T2-weighted MRI images of liver and kidney and spleen before and after
intravenous administration of CNT@MNP@mSiO, nanocarriers.**® (B) Synthesis of
GO-MSNP1 hybrid and epifluorescence microscopy images of HelLa cancer cells labeled with
GO-MSNP1. The blue fluorescence was from the DAPI nuclear counterstain, and the red

fluorescence was from GO-MSNP1.1%

1.3.4 Biosensing

CBMs are sensitive to the electrical changes due to their electrochemical activity and
electrical conductivity, which makes them particularly attractive for biosensing
applications.?® In particular, CBMs can be used as nanoplatforms for the immobilization of

multiple molecules on their surface to achieve multiplexed sensing, which makes them
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suitable systems for transduction of signals associated with the recognition of various
analytes.”®
An ever-growing number of biosensing systems based on CBMs-conjugates have been

developed for the detection of various proteins,®*?%" DNA,**®3% disease biomarkers,3**%

304, 305 306, 307

phenolic compounds, enzymes, etc. Some specific examples are demonstrated
below. Huang et al. have developed an amplified SWCNT-mediated chemiluminescence (CL)
turn-on biosensing platform for ultrasensitive DNA detection through the amplification of the
read-out signal.*®® Dai et al. have constructed an electrochemical biosensing platform based
on MWCNTs/Mn,P,0; (Fig.1-21 A), which displayed good performances for superoxide
anions detection and provided a reliable platform to adhere living cells.*®® Such platforms
have a promising prospect for living cells monitoring and diagnosis of reactive oxygen
species-related diseases. A versatile graphene-based biosensing platform capable of achieving
ultrasensitive detection of both small-molecule and macromolecular targets was also
developed by Liu’s group.®'® Furthermore, CDs-based inorganic-organic probes constructed
by Kong et al. were reported to perform two-photon biosensing at physiological pH in living
cells and in tissues with depths of 65-185 um without interference from other biologically

relevant species.**
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Fig.1-21 (A) Schematic diagram of the construction of MWCNTs/Mn,P,0;
-Formylstyrylpyridine electrochemical biosensing platform for immobilization of biomimetic
superoxide dismutase (SOD) under ultraviolet irradiation (UV) irradiation and then for
real-time monitoring the superoxide anion released from living cells.*®® (B) Schematic

illustration of the UCP-GO biosensing platform and the mechanism of glucose
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determination.®? Conca- navalinA (conA) and chitosan (CS) are covalently attached to
upconverting phosphors (UCP) and GO. The tight binding of ConA with CS bring UCP and
GO into appropriate proximity and induce fluorescence resonance energy transfer (FRET),
and the FRET sensor has favorable analytical performance for glucose determination. (C)
Schematic illustration of the aptamer-functionalized CDs for fluorescent detection of protein.
TBAs-bound silica nanoparticles (SNPs) were bonded to the fibrinogen recognition exosite

of thrombin, and TBA-labeled CDs recognized the heparin-binding exosite.***

In addition, the inherent optical properties of CBMs in the NIR region (where there is
minimal interference from biological media) is an exceptional characteristic for optical
biosensing.®** The performance of CBM-based optical biosensors operating in these NIR
regions may be superior to traditional optical biosensors operating at visible wavelengths,
especially for in vivo sensing, because blood, cells, and tissues are strongly absorbing and
auto-fluorescent at visible wavelengths.>*>**" For example, M. Iverson et al. proposed
tissue-localizable NIR-fluorescent SWCNTSs for in vivo biosensing, which could be injected
intravenously into mice and selective detection of local nitric oxide concentration with a
detection limit of 1 mM.*® Based on fluorescence resonance energy transfer (FRET) from
upconverting phosphors to GO, Zhang et al. constructed a novel UCP-GO biosensing
platform for glucose determination (Fig.1-21 B), which showed favorable analytical
performance in a complex biological sample matrix when excited with NIR light.3** In
addition, taking advantages of their low cytotoxicity and photoluminescent property, CDs
have been employed as novel, ideal fluorescent probes for smart biosensing. An example of
aptamer-functionalized CDs for fluorescent detection of protein was presented in Fig.1-21 C.
This strategy showed high sensitivity and selectivity toward thrombin with detection limit of
1nM, which was significant improved as compared to other reported fluorescence-based
thrombin detection assays.*"

Biosensing platforms based on the CBMs/MS hybrid nanomaterials were also reported.
Thanks to the uniform accessible mesopores and easy chemical functionalization of MS,

CBMs/MS composites modified with various functionalities have been widely studied for
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biosensing.***?! Regarding CNTs/MS composites, for example, a novel biosensing platform
based on Nafion-coated MWCNTs and hemoglobin (Hb) functionalized MCM41 hybrid
material was reported for the detection and selective quantification of nitrite (NO;") and
trichloroacetic acid (TCA).3% In another work, a sandwich-type immunosensor for sensitive
detection of retinol-binding protein (RBP) based on MWCNTSs and Ru(bpy)s>* doped MSNs
was developed by Wu et al.*?®* The designed electrochemiluminescence (ECL) immunosensor
exhibited high sensitivity and effienciency for the detection of RBP, and showed a linear

response to the clinically-relevant RBP at the concentration of 78 - 5000 ng/mL (Fig.1-22 A).
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Fig.1-22 (A) MWCNTs/MS based immunosensor for detection of retinol-binding protein: (1)
ECL signals of immunosensor incubated with different concentrations of RBP. Inset:
calibration curve for RBP determination, (2) ECL response of electrodes modified with the
designed immunosensor.?® (B) Schematic representation of RGO-PMS@AUNPs for the

electrochemical sensing of H,O; liberated from cancer cells and glucose in human urine.**

In view of the special characteristics of graphene-based/MS composites, different
functionalities have been introduced thereby giving rise to unique properties to these
nanohybrid materials for biosensing applications. Very recently, MSNs embedded GO hybrid

system was prepared by Srivastava et al. and used as an efficient platform for the
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electrochemical biosensing of urea.’® The optimized GO-SiO, (GOS) composite electrode
showed a high sensitivity and a good detection limit of urea, and is expected to be promising
biosensing platform in clinical diagnosis. On the other hand, a new kind of 2D
electrochemical biosensor by the immobilization of ultrasmall gold NPs (AuNPs, ~3 nm) onto
sandwich-like periodic MS (PMS) coated rGO was fabricated (Fig.1-22 B).**® Such
hybrid-based electrode sensor could sensitively detect trace amounts of H,O, liberated from
bioactive species and certain cancerous cells, showing a promising versatile platform for
biosensing, bioanalysis, and biomedical applications. In addition, some work on biosensing
applications of CDs/MS hybrid materials has also been carried out. For instance, a bimodal
sensing platform comprising of a nanostructured Fabry-Pé&ot porous silicon (PSi) thin film
encapsulated CDs was designed, and the orthogonal, bimodal sensing of biomolecules was
achieved by modulating the optical reflectance associated with the PSi matrix and the

fluorescence of the CDs.3?*

1.4 Potential toxicity issues of CBMs for biomedical applications

As discussed above, CBMs and CBMs/MS composites as potential nanoplatforms have
been extensively studied in various biomedical fields including drug delivery for cancer
therapy, tissue engineering, biomedical imaging and biosensing. The widespread and rapid
development of CBMs and their composites have also led to numerous investigations on their
impact on health and environment. For instance, it has been demonstrated that silica
nanoparticles can be hydrolytically degraded intracellularly and the derived products (mainly
orthosilicic acid) are eliminated through the kidney without apparent toxic effects.32>3%
However, the inert physical and chemical nature of CBMs makes them difficult to degrade
under natural conditions, and they can accumulate in the biological environment or
agglomerate with other substances, which may cause toxicity to organisms. Therefore, the
most concerned and discussed issue related to the applicability of CBMs and CBMs/MS
composites for biomedical applications is their biosafety.

1.4.1 Toxicity impact of CBMs

There is a broad consensus that CBMs have potential risks to organisms and ecosystems
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due to their cell and tissue toxicity. Considerable works have been done, in vitro and in vivo,
to investigate the potential toxicity of CBMs, although conflicting results exist. Up to now,
the potential long-term toxicity concerning CBMs is still not completely addressed. It is
generally considered that the behavior and cytotoxicity of CBMs are not only related to the
differences in physicochemical properties of CBMs themselves, but also associated with other
potential parameters such as the impurities introduced during the synthesis of CBMs, surface
functional groups introduced in post-processing, and the influence of dosage, etc.3% 32

CNTs have been shown to induce inflammation, fibrosis, epithelioid granuloma
formation in the lungs, cellular cytotoxicity, and cardiopulmonary and vascular
irregularities.*® ®* 3% In addition, numerous studies revealed that graphene and its derivatives
could create dose-dependent toxicity in cells with decreased cell viability and apoptosis, and
in animals resulting, for example, in lung, liver, spleen or kidney injuries, lung granuloma
formation.* %% 331332 On the other hand, CBMs including SWCNTs, MWCNTS, graphene
and mixed carbon nanoparticles show to potentially aggravate platelet aggregation and disrupt
the circulatory system responsible for blood clotting and hemostasis, which may cause fatal
consequences such as stroke, myocardial infarction and deep vein thrombosis.***** Among
different materials of the carbon family, it seems that the smaller size of CDs is superior to
CNTs, graphene and its derivatives in terms of toxicity. It is theoretically showed that the
potential cytotoxicity of CDs depended on their size and concentration. For example, it was
evaluated that the high concentration of GQDs could induce changes in the structure
properties and diffusion properties of the lipid bilayer, and it might affect the cell signal

transduction. 3

Although many works have been performed to study the physicochemical
properties and toxicity of CBMs, the exact toxicity mechanism of CBMs remain obscure.
Nevertheless, according to current knowledge, the biological toxic effects of CBMs are
sample specific and need to be assessed on a case-by-case basis.

The toxicity of CBMs in biological systems are greatly affected by many parameters
including their physical properties such as length, type and degree of agglomeration,

concentration, impurities, surface property and functional groups, etc. Studies have shown
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that the size of CBMs had a great influence on the toxicity of CBMs, and the differences in
toxicity vary greatly depending on the materials themselves. For instance, it was demonstrated
that the length of CNTSs clearly influenced their uptake and the shorter (< 1 um) MWCNTSs
were easier internalized through an energy-independent pathway,® while longer CNTs would
cause bio-persistence or CNTSs retention leading to severe inflammation and fibrosis.**" 3%
The factors of length contributing to the toxicity and the plausible mechanisms by which
CNTs exert their toxicological effects are shown in Fig.1-23 A. The lateral dimension factor
of graphene has also been reported to significantly affect its toxicity by affecting the mode of
action of cellular uptake, renal clearance, blood-brain barrier transport, and many other

biological interactions.®* 3% Generally, graphene with small dimensions, sharp edges and

rough surfaces easily internalize into the cell.
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Fig.1-23 Factors affecting the safety of CNTs in vivo. (A) The effect of CNT structure on
phagocytosis by macrophages and clearing from tissues. (B) Other considerations relevant to

the safety of CNTs.3*

Besides their dimensions, some other factors should be taken into consideration when it
comes to the safety of CBMs, such as preventing their aggregation and sedimentation to
prevent their accumulation in organ tissues. The high agglomeration state of CNTs in vivo
will cause the accumulation of CNTs in lungs and livers, subsequently initiating an
inflammatory response.®*#3* The residual impurities such as chemical additives or metallic
impurities introduced during the synthesis of CBMs are important considerations because
they may be responsible for the observed toxicity, rather than the carbon nanomaterials
themselves.>*>%" It has been noted that the large variation in the types and concentrations of
the residual metal impurities leads to uncertain toxicity of CNTs from the generated toxic free
radicals.>*® Similarly, traditionally prepared GO usually contains high levels of Mn®* and Fe**,
which are highly mutagenic to cells, and the non-specific release of these ions results in
unusually high levels of cytotoxicity and DNA fracturing.**

The surface chemistry of CBMs determines their hydrophilicity or hydrophobicity,
stability, and dispersibility in physiological conditions. The functionalization of CBMs helps
to achieve greater compatibility with the physiological systems and can regulate their

cytotoxicity. A large number of studies have confirmed that functionalizing CBMs with

350 351

polymers such as PEG,** poly (e-caprolactone),*® polyvinyl alcohol (PVA),**! or functional

groups such as carboxyl *?

can greatly reduce their toxicity and improve their in vitro or in
vivo biocompatibility. For example, it was found that PEG-coated GO could effectively
relieve GO-induced acute tissue injuries, and prevent the accumulation of GO in organ tissues
as well as promote the clearance of GO.**® The carboxylated GQDs were desirable to increase
aqueous solubility, and no severe symptoms of inflammation were observed in the liver,
kidney, spleen, heart, or lung at 22 days after their administration.*®* However, the role of

functionalizing group may lead to the induction of toxicity. SWCNTSs functionalized with

carboxylic acid were shown to induce higher toxicity compared to the non-functionalized
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SWCNTs,*® indicating the importance of selecting the appropriate functional groups for the
intended application. Furthermore, the conjugation of biological molecules such as proteins,
aptamers and antibodies with CBMs may help cell specific targeting, cellular processing and
elimination, resulting in reduced toxicity.?®* 32 3%¢ A markedly less cytotoxicity of SWCNTs,
GO and rGO nanosheets was observed by mediating them with blood protein coating.®" **®
1.4.2 Biodegradation of CBMs

CBMs are considered to be very resilient and persistent materials due to their rigid and
strong structure, which are characterized by a high resistance to different chemical treatments.
Thus, they are expected to have a very high bio-persistence for organs and tissues, the
non-biodegradable CBMs being able to accumulate in tissues, causing harmful side effects.
Biodegradability is a safe and effective way to remove CBMs from the environment, to
reduce their toxic effects and other unknown risks, and to facilitate their biomedical
applications. The biodegradation ways of CBMs mainly include enzymatic and microbial
degradations.

Enzymatic degradation is the most widely studied method for the biodegradation of
CBMs. The commonly used enzymes include myeloperoxidase (MPO),**° horseradish
peroxidase (HRP),*®® lactoperoxidase (LPO),*** manganese peroxidase (MnP),**? lignin

peroxidase (LiP),*®®

etc, which usually require H,O, to participate in the degradation of
CBMs. The degrading enzymes have positively charged amino acid residues, and these
residues are combined with negatively charged functional groups on the surface of CBMs
through electrostatic interaction.*®* E. Kagan’s group has proved that the natural enzyme HRP
and MPO enzyme in human neutrophils could catalyse the degradation of SWCNTSs in
vitro.*®® The catalytic biodegradation of CDs in vitro by the oxidative activity of pancreatic
lipase and at low concentrations of hydrogen peroxide was also demonstrated by Srivastava et
al.**® Unfunctionalized CBMs may not be easily degraded, and the degradation usually begins
with defects. Therefore, surface modification or functionalization of CBMs can usually

promote their biodegradation because it will cause more defects and change the energetic

properties and enzymatic conformations, thereby facilitating the occurrence of degradation.*®”
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368

Compared with enzymatic degradation, microbial degradation seems to be a promising
method for practical applications, because enzymatic degradation is affected by many factors
such as temperature and pH. Multiple types of microbes including bacteria and fungi have the
ability to degrade CNTSs, graphene and their derivatives. The complete degradation of these
carbon materials by microorganisms is proposed as an effective method for detoxification.
Liu et al. successfully isolated a naphthalene-degrading bacterium from contaminated soil in a
graphite mine that could degrade oxidize graphite, GO and rGO.** Recently, the degradation
of pristine MWCNTs and oxidized MWCNTs by the white rot fungus Phanerochaete

chrysosporium was evaluated by Ma et al.*"
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Abstract

Among smart activable nanomaterials used for nanomedecine applications, carbon-based
nanocomposites are well known to ensure phototherapy while their use for controlled drug
delivery is still rarely investigated. In this work, original hybrid mesoporous silica
(MS)—coated carbon nanotubes (CNTs) nanoplatforms have been designed to provide
phototherapy combined with drug release mediated by NIR laser excitation. The responsive
CNT@MS are chemically modified with original isobutyramide (IBAM) grafts acting as
non-covalent binders, which ensure a very high drug loading capacity (>to 80 wt%) of the
antitumor drug doxorubicin (DOX) as well as the final adsorption of a human serum albumin
(HSA) shell as biocompatible interface and drug gate-keeping. The drug is demonstrated to
unbind from the nanocomposite only upon photothermal excitation and to release in the
solution. Such smart platforms are further shown to deliver drug upon several pulsatile NIR
excitations with controlled temperature profiles. Regarding antitumor action, we demonstrate
here that the NIR light induced photothermic effect from the nanocomposites is the main
effect accounting for cancer cell toxicity and that DOX delivery mediated by the NIR light
brings an additional toxicity allowing a synergistic effect to efficiently kill tumor cells. Finally,
when our nanocomposites are embedded within a hydrogel mimicking extracellular matrix,
the resulting smart responsive scaffolds efficiently release DOX upon NIR light to the cells
localized above the composite hydrogel. These results demonstrate that such nanocomposites
are highly promising as new components of implantable antitumor scaffolds that are able to

respond to external stimuli in time and location for a better disease management.
Keywords:

Phototherapy, NIR-light induced drug delivery, Carbon nanotubes, Mesoporous silica coatings,

Nanocomposite hydrogels, Cancer cells
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2.1 Introduction

The development of smart multi-functional nanocomposites capable of releasing
therapeutic molecules under various external stimuli has become a major challenge in recent
years in the biomedical field. These nanocomposites are designed to be either injected as
circulating objects [1-6] or implanted in situ in a polymer support matrix [7-12] for the
treatment of different types of tumors. Another challenge now is the design of multifunctional
nanoplatforms (NPFs) able to combine, in one formulation, two or more functionalities, e.g.
simultaneous therapy and diagnostic (theranostic) for real-time therapy monitoring, and
synergic action of two or more therapeutic approaches.

In the field of tissue engineering, the incorporation of activable inorganic materials (e.g.
iron oxide, gold or carbon materials) into polymer scaffolds (e.g. hydrogels or electrospun
fibers) is a way to formulate new composite materials that would be used as smart implants or
integrated devices in the body.[13-15] The advantages of adding remote responsive NPs into
such polymer matrix are: i) improved mechanical properties; ii) the response to external
stimuli (near infrared light, mechanical force, electric or magnetic field, etc.); iii) the eventual
clinical imaging property (MRI, X rays, etc); and iv) the encapsulation of the activable
material into a biocompatible scaffold, thus preventing material-related toxicity issues. In this
work, we report on the design and use of drug-loaded carbon-based composites incorporated
in a biocompatible hydrogel mimicking the extracellular matrix (ECM).

Among the different materials needed to produce such activable nanocomposites,
carbon-based materials are promising materials.[16—18] Besides their exceptional mechanical
and electrical conductive properties, they are able to release heat under near-infrared radiation
by vibrational relaxation of graphite structures in the near infrared (NIR) range (750-1400 nm).
Given the relative transparency of biological tissues in the NIR optical window, this property is
of huge interest for combining both phototherapy and remotely activable drug delivery under
such external stimuli.[19-23] Indeed, the use of infrared light to trigger the release of an
active ingredient locally could be of great interest in the treatment of tumors because of its
easier implementation than other sources of radiation (X-ray scanner, gamma radiation,
magnetic waves, etc.). However, the design of carbon-based composites for biomedical
applications endowed with phototherapy and remote drug delivery faces important challenges
as follows. Main issues with CNTs are their ashestos form factor (very long
length-to-diameter ratio) and the inherent hydrophobicity of carbon leading to

self-aggregation in biological medium.[24-26] To solve these problems, newly processed
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CNTs with a better form factor were developed. Several fractionation and split treatments
decrease the form factor of these carbon nanotubes, such as mechanical grinding (length of
about less than 500 nm), or CNT compression induced by ultrasonic effects [27] or by harsh
acidic treatment of CNTSs [28].

Besides, CNTs can be rendered hydrophilic by the cutting treatment which introduces
hydroxyl groups or by a post-functionalization.[19,20,29] A capping layer playing the role of
drug reservoirs may also be obtained by the surface modification with various
polymers[30-33] or chemical groups[20] or by the deposition of a uniform layer of porous
silica [34-36]. Among current coating layers for drug loading, mesoporous silica (MS) shells
are particularly attractive materials as they are robust, biocompatible, hydrophilic, easily
chemically modified and have a high drug delivery capability thanks to their important pore
volume and after a suitable surface functionalization.[37]

Recently, we and coworkers developed various functionalized MS NPs having
well-controlled pore sizes (from 2 to 15 nm) [38,39] and translated these approaches to coat
CNTs but also iron oxide NPs with various MS shell nanostructures [40-43]. Especially small
pore MS around CNTs allowed loading of such nanocomposites with doxorubicin, (DOX, an
antitumor anthracycline molecule with antimitotic action by DNA intercalation) with
increased rates (up to several times the mass of the carrier) when compared to past work [42].
However, different issues were raised in this previous work: i) the loading of DOX was
initially performed at an aminosiloxane surface which is not optimal for biomedical
applications given its high surface charge and marked fouling, ii) the drug release was
activated with a quite high laser power (6 W/cm?) which may lead to overheating in a
biological medium; iii) these nano-composites were also shown to release a moderate
proportion of immobilized DOX under near IR radiation (1064 nm) and iv) no functional
study on cells was done with these systems.

Herein, to address these issues, we designed a new class of functional CNT@MS
nanocomposites (Fig.2-1). First, the CNTs are processed in acidic conditions to afford sliced
CNTs with a more suitable size distribution adapted for medical applications. Their coating by
a MS shell having small pore size (ca. 3 nm) is performed with a precise control over silica
shell thickness. Then, we used here the grafting of IBAM groups to ensure high drug loading
and a final protein capping. Indeed, IBAM groups grafted at silica surfaces were reported
previously to be versatile non-covalent surface binders of a range of proteins through a single
step adsorption. [44-46]. Here, IBAM grafts at silica surface are assessed for the first time to

load DOX through non-covalent interactions followed by HSA coating to ensure a good
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integrity of the nanocomposites. We assumed here that IBAM grafts play the role of a
thermoresponsive interface that unbind the loaded drugs from the surface upon the
photo-induced local heating generated from the underneath CNTs. Hence, we address here the
full characterization of CNT@MS nanocomposites and of DOX loading and subsequent HSA
wrapping on CNT@MS@IBAM and we investigated the efficiency of drug release upon NIR
light application. Various drug profiles as a function of time, concentration, and laser power

are provided demonstrating the possibility for NIR light remote release.

2 Silica IBAM WA DOX ®
R coating functionalized loading
Yoot > —_—

HSA w

coating

Sliced CNT CNT@MS@IBAM

l/ Cancer cell

Cross-sectional of CNT culture

DOX cellular uptake DOX release stimulated by NIR laser CNT composite + Matrigel

Fig.2-1 Scheme describing the formation of the CNT@MS@IBAM-DOX@HSA

nanoconstructs and their formulation into a hydrogel assessed with breast cancer cells.

In the last step of this design, with the aim to create a drug releasing scaffold upon NIR
light exposure, the drug loaded nanocomposites CNT@MS@IBAM-DOX@HSA are
formulated within a hydrogel made of various extracellular matrix biopolymers (Matrigel,
ECM-like hydrogel) often used in biomaterials field.[47—49] The development of such
hydrogel nanocomposites is very attractive for antitumor and tissue engineering applications.
Indeed, the scaffold can display some advantages over circulating NPs, such as limiting
macrophage uptake, or decreasing the drug loss (or the non-targeted drug delivery) by injecting

the scaffold in the diseased site and thus avoiding side effects.
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2.2 Materials and methods

2.2.1 Chemicals

Carbon  nanotubes PR-24-XT-PS (CNTs) were supplied by Pyrograf-Ill.
Cetyltrimethylammonium bromide (CTAB) was obtained from Roth (France). Nitric acid
(HNO3), sulfuric acid (H,SO,), ethanol (EtOH), tetraethyl orthosilicate (TEOS), sodium
hydroxide (NaOH), ammonium nitrate (NH;NO3;, >99%), 3-aminopropyltriethoxysilane
(APTS), isobutyryl chloride (IBC), triethylamine (EtsN), dimethylformamide (DMF),
dimethylsulfoxide (DMSO), sodium bicarbonate (NaHCO3), human serum albumin
(HSA, >97%) and fluorescein isothiocyanate (FITC) were obtained from Sigma-Aldrich
(France). Doxorubicin hydrochloride (DOX, purity 99%) was purchased from OChem
Incorporation (France). Ammonium hydroxide solution (25% in H,O) was obtained from
Fluka. The MTS reagents CellTiter 96® AQueous Were obtained from Promega. The D2Al
cells were seeded and grown up at 37<C at 5% CO2, using DMEM high glucose medium
supplemented with with 5% NBCS, 5% FBS, 1% NEAA-MEM, 1% Penstrep (Sigma Aldrich).
For 2D or 3D growth the cells were seeded into either an opaque-walled 96 well plate (Fisher
scientific) or a 15 well plate suited for 3D cell culture (Ibidi). The Membrane Matrix used to
build the 3D scaffold was obtained from Thermo Fisher Scientific.
2.2.2 Procedures
(1) Synthesis of cleaved CNTs

The acid treatment was performed by adding 0.75 g of CNTs into a mixture of
H,SO4/HNO;3 (3:1, 108 mL) and then bath sonicated (Bandelin SONOREX RK 255 S) for 24
h under at 0 <C. After this time, 100 mL of NaOH aqueous solution (10 M) was added
dropwise into the acidic black suspension for neutralization, and finally the mixture was
adjusted to neutral by the dropwise addition of NaOH (1 M). The CNTs were then centrifuged
(13000 g, 13 min, Eppendorf Centrifuge 5804 R) and washed with distilled water (twice with
25 mL each). After washing, the CNTs were reduced at 900 <C for 2 h with a heating ramp of
10 <C/min under argon. The resulting material was used as the initial material for the
following functionalization procedures.
(2) Synthesis of mesoporous silica coated CNTs

In a typical procedure, 372 mg of CTAB was added into a mixture of H,O (90 mL) and
EtOH (60 mL) with stirring at 60 <C for 2 h. 72 mg of CNTs were dispersed in the CTAB
solution by ultrasonication (2 x 20 min, power = 750 W, amplitude = 40%, temperature =
30 °C, runs: 50” ON, 50” OFF, Vibracell 75043 from Bioblock Scientific), yielding a black
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suspension. The sol gel process was initiated after addition of TEOS (180 pL) and NaOH (180
pL, 1M) into the above mixture. The mixture was stirred for 16 h at room temperature. Finally,
the composite was centrifuged and washed with EtOH (2 x 25 mL, 12000 g, 12 min) and
re-dispersed in EtOH. The process resulted in the formation of a uniform layer of silica on
every individual CNT.
(3) CTAB extraction from CNT@MS composite

The removal of mesostructural templating agent CTAB from the silica pores was done by
mixing the CNT@MS composite with 25 mL NH4NO3 (20 mg/mL in EtOH) under 60 <T with
stirring for 1 h. The surface charge of CNT@MS was measured by Zeta potential after each
washing, in order to make sure that the majority of CTAB was removed. This process was
repeated approximately 5 times.
(4) CNT@MS surface modification with aminopropyltriethoxysilane APTS

50 mg of CNT@MS were dispersed in 27 mL of EtOH. Then, 1.2 mL of NH,OH (25 %
in water) and 5 mL of APTS were added respectively and the mixture was agitated on a
mechanical wheel (40 rpm) at room temperature for 2 h. After that, the amino-modified
composite was centrifuged and washed with EtOH (2 x 20 mL, 13000 g, 14 min). The
composite after APTS modification was denoted as CNT@MS@APTS.
(5) CNT@MS surface functionalization with IBAM moieties

In a typical procedure, the resulting CNT@MS@APTS composite was washed and
centrifuged with 20 mL DMF (13000 g, 13 min). Once the supernatant had been removed, a
mixture of 1.2 mL Et;N and 1.5 mL DMF was added. The mixture was vortexed for 10 s
before the addition of 1.65 mL of IBC pre-mixed with 1.5 mL of DMF. The reaction was left
on the mechanical wheel for 1 h 30 min. After this time, a small volume of water (ca. 1-2 mL)
was added to dissolve the precipitate formed by the reaction. This was followed with
centrifugation and washing at 13000 g for 14 min (1 x 20 mL wash in DMF, 1 x 20 mL wash
in H,0). The composite at this point was denoted as CNT@MS@IBAM.
(6) Impregnation of doxorubicin

Typically, 2.5 mg of CNT@MS@IBAM after surface functionalization were dispersed in
1 mL of DOX aqueous solution at a given concentration and agitated on a mechanical wheel
(40 rpm) for 16 h. After impregnation, the mixture was centrifuged (13000 g, 10 min) and 400
uL of the supernatant were mixed with 3.6 mL of H,O to obtain a solution diluted 10 times.
The composite was denoted as CNT@MS@IBAM-DOX. The DOX loading capacities were
calculated by measuring the UV/Vis spectra (Lambda 950 UV/VIS Spectrometer by Perkin

Elmer) of the diluted supernatant. A series of additional washes with water (3 x 1 mL) were
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implemented to remove loosely-bound impregnated DOX prior HSA modification (as
follows).
(7) FITC labeling of HSA

531 L of fluorescein isothiocyanate (10 mg/mL in DMSQO) were mixed with 30 mL of
HSA (10 mg/mL) in sodium bicarbonate buffer (NaHCO3; 0.1 M, pH 8.5). The mixture was
stirred overnight and then dialyzed (membrane pore size: 10 kDa) in MilliQ water to remove
free FITC. Finally, the concentration of HSA™™® was adjusted to 10 mg/mL in water for
further use.

(8) HSA coating

6.4 mg of CNT@MS@IBAM-DOX composite after surface functionalization and DOX
impregnation were dispersed in 3 mL HSA at a concentration of 0.21 mg/mL, then the
mixture was stirred on a mechanical wheel for 1 h. Afterwards, the solution was centrifuged
and washed with H,O (2 x 2 mL, 13000 g, 13 min). The composite was denoted as
CNT@MS@IBAM-DOX@HSA. The supernatant was measured with UV/vis spectroscopy to
detect the mass loss of DOX during this step.

(9) DOX release stimulated by NIR laser

To study the release of DOX under NIR irradiation, 1 mL of a given concentration of
CNT@MS@IBAM-DOX@HSA solution (DLC ca 58%) was placed in a 1 mL plastic cuvette
and then irradiated with the 1064 nm laser with power densities at either 1 or 2.5 W/cm?. For
every trial, the sample was exposed to NIR light for 15 min, followed by a break lasting 3
days at 4<C. The mixture was centrifuged after this period and the released DOX in the
supernatant was removed and measured by UV/vis spectrometry to determine the amount of
DOX released. Then 1 mL of fresh water was added and the composite was dispersed by 10 s
of sonication and stored in a 4 °C refrigerator. Regarding pulsatile assay, the same procedure
was applied: the samples were passed for the next NIR exposure and rest period and so on for
four times. The cumulative DOX release is the sum of each trial of DOX release.

2.2.3 Cell culture and NIR exposure setup for in vitro experiments.
(1) D2A1 cells (CVCL_0190)

Mouse mammary carcinoma (BALB/c female). Major infomation on the D2AL1 cell line
can be found following this link: https://web.expasy.org/cellosaurus/CVCL_0190. Culture
conditions: 37 °C/5% CO,. DMEM HG with 5% NBCS, 5% FBS, 1% NEAA-MEM and 1%
Penstrep.

(2) Bidimensional cell proliferation and viability assays
D2A1 cells were seeded (8000 cells per well in 50 uL of DMEM) in each well of the
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opaque 96 well plate and incubated at 37 °C in 5% CO, for 45min to an hour to allow the cells
to adhere [50,51]. Then, DMEM medium (150 pL) supplemented with the final concentration
of CNT@MS@IBAM@HSA or CNT@MS@IBAM-DOX@HSA suspensions were
introduced and incubated at 37 °C, 5% of CO, for 24h. NIR irradiation (at 1W/cm?for 15 min)
was applied and the cells were further incubated at 37 °C in 5% CO, for 24 h. NIR irradiation
was performed with a homemade setup. The illumination was performed from the top cover
towards the well. Cell Titer Glo (Promega) reagent was then added to each well (20 pL)
followed by one-hour incubation at room temperature, allowing cell lysis to be completed and
luciferin to be oxidized by the cellular ATP. The 96 well plate was introduced into a plate cell
reader (SpectraMaxID5 from MolecularDevices) and luminescence was collected. The
intensity of control wells (cells without CNTs called Luminescence Control) were used to
normalize the luminescence values (all values are between 0 and 1, value of the control wells).
We checked the luminescence values from wells filled with medium and the values were at the
noise level, therefore we decided to not correct with these values. Nevertheless, CNTs have a
black aspect and therefore have the ability to absorb part of the emitted light from the viability
experiments such as for Optical density filters. We, thus, characterized the part of absorbed
light. We cultured different wells with 8000 cells per well for 48h in normal cell growth
conditions. Before running the Cell Titer Glo experiment, we first added the 4 studied
concentrations of CNT@MS@IBAM@HSA in different wells. Assuming that the contact time
between CNT and cell is very short, it will only affect the emitted light. We observed that only
~ 23% of the luminescence was collected. Therefore, we used the average values of what we
introduced as Absorption for the different concentrations of CNTSs to correct all the signals

measured in presence of CNTs. Using the mathematical formulation we can write:

Measured luminescence 1

Relative Viability = X
Y Luminescence Control  Absorption

(3) Short time 3D cell culture and DOX cellular uptake after NIR irradiation

To study the cellular uptake of DOX upon NIR irradiation, a 50 pL total volume of
Matrigel with a given concentration of CNT@MS@IBAM-DOX@HSA or
CNT@MS@IBAM@HSA composite was mixed and coated before subsequent cell seeding.
D2A1 cells were incubated for 24 h and subjected to laser irradiation of 1W/cm? for 15 min.
NIR-illuminated cells were cultivated for an additional 24 h before assessing DOX release.
NIR irradiation was performed for 15 min at power density of 1W/cm? DOX release/delivery

was characterized using a Leica SP5 confocal microscopy. To follow intracellular DOX
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fluorescence, we excited the sample at 488 nm (argon laser) and collected the fluorescence on
a broad range in emission from 520 to 650 nm on stacks of images with steps in z of about
400 nm. Each image from the stack was then analyzed with Image J and the average intensity
from the cell with respect to its area in each plane was computed. Thus we could address the
intensity distribution or the average signal from a single cell or cluster of cells.
(4) Longer time 3D cell culture in presence of CNT@MS

To study the toxicity linked to the presence of CNTs embedded in a 3D scaffold close to
the tumor cells, a 50 uL total volume of Matrigel with a given concentration of
CNT@MS@IBAM-DOX@HSA or CNT@MS@IBAM@HSA composite was mixed and
coated before subsequent cell seeding. Murine breast carcinoma cells labelled with Nuclear
Localization Signal fused with Green Fluorescent Protein (D2A1, n=8000) were added on top
of the gel and again incubated for 5 days allowing the growth of tumor spheroids[52]. The
cells were grown in 3 different conditions. In the first condition, cells were seeded on just
Matrigel without any CNT@MS. In the second condition, 2.5 mg/mL of
CNT@MS@IBAM@HSAM™ was complemented in the Matrigel composition, whereas in
the last condition 2.5 mg/mL of CNT@MS@IBAM-DOX@HSA was added. Upon 5 days of
culture, tumor spheroids were imaged under the confocal microscope.
(5) Statistical analysis

Statistical analysis of the obtained results was performed using the GraphPad Prism
program version 5.04. The Shapiro-Wilk normality test was used to confirm the normality of

the data. For data not following a Gaussian distribution, the Mann-Whitney test was used.

2.2.4 Characterization Methods
(1) Transmission electron microscopy

Morphologies of the different nanocomposites were characterized by transmission
electron microscopy (TEM) with a JEOL 2100 ultra-high-resolution microscope operating at
200 kV. The sample was first dispersed in EtOH and then we deposited 2 drops of the
nanocomposite solution on a carbon-coated copper grid. The thickness of the silica shell was
determined using Image J software on the TEM pictures. Results are indicated as mean layer
thickness (nm) =standard deviation (hm).
(2) Zeta potential

Zeta potential measurements at different synthesis stages were measured by using a
Zetasizer nano ZS by Malvern Instruments. The measurements were performed by diluting 10

uL of a nanoparticles’ suspension in 1 mL water using a DTS1070 folded capillary cell. The
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pH of the measured solution was adjusted with HCI (100 mM) and NaOH (100 mM) aqueous
solution.
(3) Nitrogen adsorption / desorption analysis

Specific surface area of the silica coated CNTs were characterized by N
adsorption/desorption analysis and was calculated by the Brunauer-Emmett-Teller (BET)
method. The pore size and pore volume were calculated by the Barrett-Joyner-Halenda (BJH)
method. All the measurements were done on a Tristar 3000 Gas Adsorption Analyzer by
Micromeritics Instruments. Before the tests, the samples were outgassed under vacuum at 150
°C for about 4h.

(4) Thermal gravimetric analysis (TGA)

TGA was performed with a Q5000 Automatic Sample Processor by TA Instruments. The
sample was dried in an oven at 150 <C for 24 h to remove the solvent and water before the
TGA analysis. The runs were started from room temperature to 800 <C at a heating rate of
10 <C/min under air with a flow rate of 25 mL/min.

(5) UV/Vis spectroscopy

UV-vis spectroscopy was used to determine the amount of drug loaded and released. The
UV-vis spectra were recorded with a Lambda 950 UV/vis Spectrometer by Perkin Elmer. The
solutions and the quartz cell were always protected from light using aluminum foil until the
measurements were done.
(6) Confocal microscopy

Microscopy of tumor cells was performed on a Leica SP5 confocal microscope. Samples
were imaged with a 40X oil immersion objective. DOX was excited with a single 488 nm
wavelength, and the emission was collected between 520 and 650nm. All the image intensities

were further analyzed and processed with the Image J software.
2.3 Results and discussion

2.3.1 Synthesis of mesoporous silica coated carbon nanotubes

In a first step, the commercial CNTs were sliced from the microscale to the nanoscale
using a solution of sulphuric and nitric acids. This acidic treatment increased the number of
oxidative functional groups on the surface of the CNTs, resulting in break points which led to
mechanical cleavage. NaOH was then used to neutralize the CNTs, followed by washings to
subtract the salts produced. Then the CNTs oxygenated groups on the outer surface were
reduced under a flow of argon in an oven at 900 <C for 2 hours. The average length of the

nanotubes was found in a range of 100 - 1000 nm, using transmission electron microscopy
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(TEM) whereas the initial CNTs had lengths of several tens of microns (in the range of
50-200 microns) (Fig.2-2 A and B before and after reduction).

8 %24 30
200 nm Thickness(nm)‘e

Fig.2-2 Representative TEM images of (A) uncleaved CNTs, (B) Acid-treated sliced CNTSs,
(C) CNT@MS in a large area associated with the silica layer thickness distribution and (D)

CNT@MS in a zoomed image showing the mesoporous structures.

Then a MS shell was coated around the CNTs using a modified procedure from Bian et
al.[36]. A solution of cetyltrimethylammonium bromide (CTAB), water and ethanol was
heated to 60 <C for 2 h. CTAB is a well-known surfactant that forms positively charged
micelles in solution. When CNTs are dispersed in this mixture and given the hydrophobicity
of heat-treated CNTs, the micelles arrange around the carbon nanotubes. The sol gel process
begins upon addition of tetraethyl orthosilicate (TEOS) and NaOH. NaOH catalyzes the
hydrolysis of TEOS, which condenses into silicate polyanions, leading to further condensation
reactions, forming a network of Si-O-Si bonds. Once this MS structure is obtained, surfactant
extractions are necessary to remove the CTAB from the pores of the silica. This was achieved
with NH4NOgs; Zeta potential (ZP) measurements allowed to monitor the surface charge
change from positive to negative. Five extractions were required to reach a stable negative
zeta potential value indicating the completion of the process. The composites from this point

onwards will be referred to as CNT@MS. TEM images showed homogenous coverage of the
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CNT@MS (Fig.2-2 C) on almost all the CNTs and a zoomed image (Fig.2-2 D) indicated the
well-organized mesoporous structure of the MS shell around the CNTs. TEM images were
used to establish the thickness of the MS shell, which was of 30 =4 nm.

The porosity was investigated by nitrogen adsorption-desorption isotherms. S.2-1 shows
the nitrogen adsorption-desorption isotherm curves which exhibit a type IV isotherm,
characteristic of mesoporous materials and which was used to calculate the surface area, pore
size and pore volume. The Brunauer-Emmett-Teller (BET) surface area was thus calculated as
594 +14 m?/g and the pore size was found to be of ca. 3.4 nm with a pore volume of 0.53
cm®/g. These data are consistent with the results obtained by Bian et al.[36], and in our
previous studies [41,42]. Thermogravimetric analysis (TGA) was used to determine the
C/SiO;, composition of CNT@MS (Fig.2-3A). The analysis of the curve indicated that CNTs
started to decompose into CO, from 400 to 600 <T. This allowed us estimating a C/SiO, mass
ratio of 63/37 for the CNT@MS composite system.

2.3.2 Surface functionalization with APTS and IBAM moieties

Next, after CTAB extraction from the pores, the surface of the MS was modified with
APTS according to a standard process of multilayered siloxane condensation adapted from
Wang et al. [53] and thereafter reacted with isobutyrylchloride (IBC) molecules to form
grafted isobutyramide (IBAM) moieties (Fig.2-3 A) [54]. For that, the CNT@MS were first
dispersed in ethanol, and then a catalytic amount of NH,OH was added followed by
3-aminopropyltriethoxysilane (APTS). The presence of NH,OH allowed the APTS to
condense on the silica surface over a 2 h period. The amine-functionalized silica surface was
then further modified with isobutyrylchloride (IBC) resulting in IBAM functional groups on
the outer surface of the silica shell. In previous works, IBAM moieties were, in particular,
proved to non-covalently bind human serum albumin (HSA) and other proteins at the surface
of MS carriers, leading to a tight biomacromolecular shell [41,43-45]. The APTS and IBAM
grafting steps were characterized by TGA (Fig.2-3 B). TGA on the bare CNT@MS was used
as a baseline and the TGA of CNT@MS@APTS and CNT@MS@IBAM allowed estimating
by subtraction the amount of grafted aminosilane and then of the IBAM moieties. As can be
seen, decomposition of APTS is achieved in the T range 300-450 <C and the weight loss was
estimated at 10.4% of CNT@MS. Similarly, the IBAM grafts decomposition was overlapped
with the APTS one and, by subtraction, the mass of IBAM decomposition was estimated at
7.0% of CNT@MS. TGA results of these hybrids enabled us to evaluate the grafting density:
the number of APTS and IBAM molecules grafted on the silica surface was calculated to be

of ca. 3.0 and 2.0 molecules per nm?, respectively.
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Fig.2-3 (A) The process of reactions for CNT@MS@APTS and CNT@MS@IBAM
composite. (B) TGA curves of CNT@MS, CNT@MS@APTS and CNT@MS@IBAM. (C)
Zeta potential measurements of CNT@MS, CNT@MS@APTS and CNT@MS@IBAM as a

function of pH value.

The surface functionalization steps of the MS layer were also investigated by zeta
potential (ZP) measurements in water (Fig.2-3 C). The ZP curves as a function of pH value
for bare CNT@MS and CNT@MS modified with APTS and IBAM moieties were thus traced.
The ZP being the electrical potential at the slipping plane of the double ionic layer of the
coated surface, gives in a first approximation indication of the surface charge changes. An
iso-electric point (IEP) of ca. 2-3 was found on bare CNT@MS, consistent with the IEP value
of bare silica surface chemistry as reported in the literature. After APTS modification, the ZP
curve shifted towards higher pHs inducing a shift of the IEPs from ca. 3 for bare CNT@MS
to a ca. 7 for the APTS-modified CNT@MS. This is consistent with the APTS presence on the
silica surface providing a positive ammonium charge. After IBAM modification,
CNT@MS@IBAM, the ZP curve was again shifted to higher pH and displayed an IEP of
around 8, which indicate that a fraction of APTS moieties still remain after the reaction.
Hence, overall, the TGA and ZP results sevidenced that the surface of CNT@MS was
effectively chemically modified with APTS and IBAM.
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2.3.3 Drug loading and HSA coating

As we aimed at loading the CNT@MS@IBAM with an antitumoral agent (DOX) and then
wrapping them with a serum albumin capping to ensure a biocompatible surface, our strategy
was to adsorb DOX directly onto IBAM followed by the HSA coating. Firstly, this required
investigating the loading in water of the hydrophilic DOX within the porous structure modified
with IBAM groups. DOX displays strong absorption characteristics at 480 nm that allows its
suitable detection and to quantify its adsorption. A UV/vis calibration curve of DOX in water
measuring the absorbance at 480 nm at different DOX concentrations was plotted (S.2-2). For
different [DOX] concentrations in water, an impregnation (during 16 hours) of the drug within
CNT@MS@IBAM was carried out to load the composite. The suspensions were then
centrifuged, and the resulting supernatants were dosed by UV/Vis spectroscopy to determine
the mass of DOX that stayed outside of the composite. From that, the mass of DOX that
entered the composite could be calculated. The drug loading capacity (DLC) and the drug
loading efficacy (DLE) were used as loading parameters to establish the amount of drug

within the composites. Their expressions are given below.

DLCY% = weight of DOX loaded % 100%
weight of CNT@MS

DLE% = weight of DOX loaded % 100%
weight of DOX initial

Evolutions of these both parameters were plotted along with [DOX] (see DLC and DLE
curves respectively in Fig.2-4). As can be seen in Fig.2-4 A, the DOX DLC increased with the
increasing concentration of DOX from 0.25 to 8 mg/ml. At a concentration of 8 mg/mL
DOXq solution, the DLC reached 68%, equivalent to 0.68 mg DOX per mg of CNT@MS.
Interestingly, looking at the efficiency of the drug impregnation process, the DLE remained
constant with the various concentrations, maintaining around DLE=23% regardless of the
DOX concentration (Fig.2-4 B). Such composite seems to behave as a loading matrix which
ensures a concentration independent partition between DOX molecules in and outside of the
composite. For the subsequent adsorption of a human serum albumin (HSA) shell, three times
washes and centrifugation was required to completely remove the free DOX from the
supernatant, which also resulted in the spontaneous leaking of the loosely-bound loaded DOX
decreasing the DLC from 68% (after impregnation determined by UV vis) to ~58% (after

washing steps determined by UV vis).
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Fig.2-4 (A) DLC and (B) DLE curves as a function of DOX concentration in water. (C) TGA
curves of CNT@MS@IBAM and CNT@MS@IBAM-DOX (DLC= 56% after washing steps)

The DOX loading amount was also evaluated by TGA analysis performed directly on the
nanocomposite  after the three  washing steps. TGA  measurements  of
CNT@MS@IBAM-DOX were performed in the temperature range of 50-800 <C and the
result is presented in Fig.2-4 C. With CNT@MS@IBAM as the baseline, the amount of DOX
loaded could be calculated; the TGA curve revealed a weight loss correlated to the DOX
decomposition of ca. 56% of CNT@MS (see S.2-3 for the TGA of DOX decomposition itself
and Table S2-1 for explanations about the calculations by TGA). This value is consistent with
the DOX content calculated from UV/vis, considering that ca.10% loosely bound DOX was
lost during washing steps. These DLC values are particularly high in the field of MS
nanosystems as a usual range of 10-40% is reported, depending on the drug loading
conditions [55-58]. We expect that in the case of IBAM grafts, a mechanism of drug-sponge
effect similar to the one encountered with APTS in our previous work [42] may be the reason
for such high drug loading.

A B

é 10 - Initial HSA-FITC 30 - - IBAM-DOX@HSA

= —— DLC=18% =~ = === [BAM@HSA

x 8 - = 20 | 1\

—— DLC=34% = 1 i
v 6 —cnTamsaeam | = 10 RN
Qo - e N
o @HSA-FITC o i\ .
B" 4 8- 0 T T l:'\\\l T T
IE m '\\
c 2 2 10 ~
o N Fos
E | ——
= 0 - . : : . = -20
500 530 560 590 620 650 0 2 4 6 8 10 12 14
Wavelength (nm) pH

Fig.2-5 (A) Fluorescence spectra of supernatant of CNT@MS@IBAM-DOX@HSA™™®
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(DLC = 18% and 34%), CTRL (CNT@MS@IBAM@HSA™™®) and HSA™'™® solution at 0.21
mg/mL. (B) Zeta potential curves as a function of pH for CNT@MS@IBAM-DOX@HSA
and CNT@MS@IBAM@HSA.

Then, once the composite was suitably loaded with DOX, an HSA coating was directly
added just after removing the impregnation supernatant. The adsorption of HSA in aqueous
solution at a concentration of ca. 021 mg/mL was performed on two
CNT@MS@IBAM-DOX nanocomposites with initial DOX loading measured at DLC = 18%
and 34%. The quantification of the amount of HSA coated on the CNT@MS@IBAM-DOX
composites was achieved and followed by spectrofluorimetry analysis of the supernatant. For
that, HSA was labeled with the fluorophore FITC and a spectrofluorimetry calibration curve
of HSA™'™® (Exc/Em : 480/520 nm) in water measuring the fluorescence intensity emission at
520 nm at different HSA™™® concentrations was traced (S.2-4). Fluorescence spectra in
Fig.2-5 A showed the complete disappearance in fluorescence at 520 nm of the supernatants
after the HSA adsorption on both systems, which is compared to an HSA-FITC solution at
0.21 mg/mL. This data showed that in the conditions of HSA adsorption, almost all the HSA
brought in contact with the CNT@MS@IBAM-DOX composites was coated onto their
surfaces, which was attributed to the non-covalent bonds between HSA and isobutyramide
(IBAM) functional groups. This allowed us estimating that ca. 98 pg HSA was adsorbed per
mg of CNT@MS composite. As observed above, some slight natural DOX leakage arose in
both samples as DOX is highly soluble in water (cf slight signals at ca. 560 and 590 nm).
After evaluation of the DOX amount loss by using the absorbance calibration curve, the final
DLC of the drug tightly retained in the system after HSA coating and washing were found of
16 and 31% as compared to initial DOX loadings during DOX impregnation (DLC = 18% and
34%).

Regarding the surface charge, Zeta potential measurements as a function of the pH were
performed on CNT@MS@IBAM@HSA and CNT@MS@IBAM-DOX@HSA systems
(Fig.2-5 B) and very similar trends with and without DOX loading were found. The
isoelectric point values for CNT@MS@IBAM@HSA and CNT@MS@IBAM-DOX@HSA
(DLC = 56 %) composites were found at pH ca. 6 and 5, respectively. These data indicated
that despite of the very high amount of DOX introduced, the surface charge is probably the
same without and with DOX, which/and is mainly determined by the HSA coating. This
confirms the good coverage of composites by HSA and its efficiency as gate-keeper.

2.3.4 DOX Release
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CNTs have strong absorbance in NIR region (in the range 750-1400 nm) and can convert
the NIR light into local heat. By adding to their surface a thermally responsive coating, they
become suitable photo-responsive nanostructures for the remote release of drugs. In this
paragraph, we investigated the possibility to deliver DOX upon NIR photothermal effect. We
assumed the generated heat would disturb intermolecular interactions between DOX and
IBAM facilitating the DOX release.

To evaluate the photothermal properties, aqueous solutions (1 mL) of various
concentrations of CNT@MS@IBAM-DOX@HSA (DLC ca. 56%) ranging from 0.32 to 2.5
mg/mL (0.32; 0.63; 1.25 and 2.5 mg/mL) were exposed to 1064 nm NIR laser with power
densities at 2.5 and 1 W/cm?. The temperature changes were then recorded as a function of
time during the 15 min irradiation time of NIR light, as shown in Fig.2-6 A (2.5 W/cm?) and B
(1 W/cm?). As expected, obvious photothermal heating of the suspensions was observed but
with differences in term of temperature profiles between the two powers used. At the highest
NIR power density of 2.5 W/cm? (Fig.2-6 A), the temperature profiles of the suspensions
were shown not to depend on the nanocomposite concentration and increased rapidly from ca.
31 to 68 <C at the early stage (over the first 5 min) and then remained substantially constant
with extending exposure time. The effect of the NIR light in water (without CNTs composites)
showed a slight increase of the T from 22 to 30 <C when exposure to the 2.5 W/cm? NIR laser,
confirming a temperature effect of the composites. Oppositely, the temperature of the solution
under 1 W/cm? NIR irradiation (Fig.2-6 B) increased slowly throughout the run and was
found to be finely tunable with concentrations and irradiation times so that temperature could
be raised in a controlled manner from 28 to 41<C. The power effect is important when
applied to cells to avoid their necrosis which is expected above 45 <C[59-61]. In contrast, by
looking at the effect of the NIR light in the solution without composites, the temperature of
pure water showed almost no changes under the same power condition. The excellent
photothermal performances of CNTs whatever the power make them thusly an effective
photothermal agent and we have now to demonstrate that it is efficient for drug delivery.
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Fig.2-6 Changes in temperature of 1 mL of CNT@MS@IBAM-DOX@HSA (DLC = 56%) at
various concentrations upon irradiation by the 1064 nm NIR laser at power densities of (A)
2.5 W/cm? and (B) 1 W/cm?. (C) Mass of DOX released from various concentrations of
CNT@MS@IBAM-DOX@HSA (DLC = 56%) upon NIR laser irradiation at power densities
of 2.5 and 1 W/cm?, and ambient T (CTRL). (D) Photograph of the DOX released from the
composite concentration of 2.5 mg/mL (DLC = 56%) after NIR exposure at the two power
densities (1 W/cm? and 2.5 W/cm?) or when exposed to room T (CTRL)

Then, the NIR-light controlled release of

CNT@MS@IBAM-DOX@HSA were investigated by measuring the DOX amount released

from the exposed suspensions (DLC = 58%) at various concentrations of (0.32 - 2.5 mg/mL)

drug properties

under NIR laser for 15 min (followed by three days at rest at 4<C) at power densities of 1 and
2.5 W/cm?. For each concentration, a control sample (CTRL) not exposed to NIR light at
room temperature was also considered. The supernatants of the centrifuged suspensions after
NIR treatment (and rest time) were monitored by UV/Vis absorption spectroscopy at 480 nm
to determine the amount of DOX released during this period. As shown in Fig.2-6 C, the
increased sample concentration resulted in an increased DOX release under NIR light

stimulation at both power densities 1 and 2.5 W/cm?, with very similar DOX release trends
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for both power densities. Hence after the first 15 min NIR irradiation trail, respectively ca. 21
and 22 pg of DOX were released at the concentration of 2.5 mg/mL under NIR power
densities of 2.5 and 1 W/cm?, respectively, which correspond to almost three times that of the
control sample (natural leakage) of 8 pg. This natural release is attributed to a spontaneous
desorption of DOX that occurs with time which remains however lower than that of the
photo-induced one. A photograph of the supernatants (Fig.2-6 D) illustrated the differences in
contrast of DOX between the samples submitted to NIR light and the control. Finally,
regarding the results obtained in Fig.2-6 A and B for the T profiles and the results obtained in
drug release in Fig.2-6 C and D, we can conclude that the NIR exposure at 1W/cm? condition

Is optimal as it ensures a better T control and efficient drug release.
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Fig.2-7 Cumulative DOX release from various concentrations of
CNT@MS@IBAM-DOX@HSA: (A) 2.5 mg/mL, (B) 1.25 mg/mL, (C) 0.63 mg/mL and (D)
0.32 mg/mL (DLC = 58%) upon four consecutive NIR laser irradiation cycles at power
densities of 2.5 and1 W/cm? (15 min ON, 3 days OFF), and at ambient T (CTRL).

We also investigated the effect of pulsatile release by performing four cycles of NIR
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laser irradiation to the four batches at various concentrations (0.32; 0.63; 1.25 and 2.5
mg/mL). Pulsatile release is a very attractive approach because triggering the drug release in
several pulses with chosen periods could be beneficial for a treatment needing dosing in
several sequential steps of the drug administration.[62—65] As observed above, this system is
supposed to have a continuous, rather slow release of DOX in the absence of NIR light, and
the pulsatile release would ensure bursts of DOX released upon NIR irradiations. As shown in
Fig.2-7 A, for nanocomposites at a concentration of 2.5 mg/mL (DLC = 58%), along four
consecutive NIR treatment cycles, the DOX release enhancement was found to be lower than
for the first pulse reaching nevertheless a rate ca. 5 ug DOX/pulse. This can be explained by
the observed agglomeration of the CNT@MS@IBAM-DOX@HSA composite induced by
NIR irradiation at the power density of 2.5 W/cm?. Finally, the cumulative amount of DOX
released was found to be of ca. 37 and 34 pg upon NIR laser application at 2.5 and 1 W/cm?,
respectively. For 1.25, 0.63 and 0.32 mg/mL (Fig.2-7 B-D), the cumulative DOX release
showed also a moderate though progressive increase after each cycle of NIR irradiation with
the following slopes after the first pulse: ca. 4, 3, 2 ug DOX/NIR pulse. Percentages of the
cumulative release of DOX as compared to the initial loading of DOX in the
CNT@MS@IBAM-DOX@HSA nanocomposites for all of these graphs are provided in S.2-5.
Even if the DOX loading (58% i.e. 580 pg/mg CNTS@MS) is very high as compared to the
literature and the amount released in Fig.2-7 are suitable for cancer cell toxicity, the % DOX
amount released indicate that only less than 10% of the total DOX loaded amount is released.
Nevertheless, this lets envision using these systems for long term and sustained pulsatile
release. Altogether, these results showed that the amount of DOX released upon NIR is
proportional to the composite concentration (at equal DLC). Moreover, since power of NIR
had no substantial benefit on the amount of DOX that is released (see S.2-5 A and B), using
low power (1W) allows to preserve a better temperature control below the
inflammation/necrotic temperature of 45<C [59-61].
2.3.5 Uptake of DOX and cytotoxicity upon NIR excitation

Here, we aimed at testing the cytotoxic potential of our functionalized nanocomposites
using a classical breast carcinoma tumor cell line. We tested their cytotoxic effect using either
(i) a classical cell culture where CNTs were supplemented to the cell culture medium, or (ii) a
hydrogel-composite formulation where the nanocomposites were dispersed in the hydrogel
(Matrigel), on top of which cells are seeded.

Cytotoxicity of CNT@MS@IBAM@HSA (without DOX) and
CNT@MS@IBAM-DOX@HSA-loaded cells without and with NIR irradiation was estimated
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at various concentrations (Fig.2-8). First, we observed a very little cytotoxicity of
CNT@MS@IBAM@HSA on tumor cells when no NIR was applied (Fig.2-8 A, yellow
curve), independent of the nanocomposite concentration. Indeed, without any irradiation,
D2A1 cells treated with CNT@MS@IBAM@HSA are only poorly affected with an average
viability that remains for the 4 concentration conditions over 90%. Interestingly, a
dose-dependent cytotoxicity was observed when tumor cells were subjected to
CNT@MS@IBAM-DOX@HSA (Fig.2-8 A, blue curve), that could arise from previously

observed DOX leaking from the nanocomposites.

A. B. C.
No NIR CNT@IBAM@HSA .
— No NIR CNT@IBAM-DOX@HSA  0.08- 0.3
— NIR CNT@IBAM@HSA DOX
2 ]~ NIRCNT@BAM-DOX@HSA 2 0.06 PO &
= E 3 -30.2
© [ @©
g S 0.04 >
[ 0.1 \ o) [0}
= = 20.1
i B 0.02] =z
T 00 D O o
0.00- 0.0
0.001 T - - - 0,5mg/ml 1mg/ml 2mg/ml 4mg/mi 0,5mg/ml 1mg/ml 2mg/ml 4mg/ml

0 1 2 3 4
CNTs concentration (mg/ml)

Fig.2-8 Viability assay results. (A) The relative emission values in semi logarithmic scale as
compared to the control (cells grown without nanocomposites) after 24 h of incubation with
the nanocomposites followed by 15 min NIR irradiation. CNT@MS@IBAM@HSA (no DOX)
and CNT@MS@IBAM-DOX@HSA (DOX) composites at concentrations 0.5, 1, 2, and 4
mg/mL were considered. Represented on the graph are the average values and the SEM. (B)
Relative cellular viability extracted from graph A with and without DOX, upon 15 min of NIR
exposure for CNT@MS@IBAM@HSA (no DOX) and CNT@MS@IBAM-DOX@HSA
(DOX) at concentrations of 0.5, 1, 2, and 4 mg/mL. (C) Relative cellular viability with and
without 15 min of NIR light exposure on CNT@MS@IBAM-DOX@HSA at the

concentrations of 0.5, 1, 2 and 4 mg/mL.

Upon NIR light, cytotoxicities of CNT@MS@IBAM@HSA and of
CNT@MS@IBAMDOX@HSA were significantly increased suggesting that T increase is
sufficient to promote a cytotoxic effect of the CNTs (Fig.2-8 A green and red curves). Indeed,
if we compare nanocomposites loaded with DOX, CNT@MS@IBAM-DOX@HSA, under
NIR irradiation with the one without DOX, the release of DOX appears to moderately
enhance cellular death (DOX vs NO DOX under NIR light). However it can be observed that,
we reached a very efficient cytotoxic effect when both NIR and
CNT@MS@IBAM-DOX@HSA were applied, demonstrating the synergistic effects of
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photothermia and DOX release (Fig.2-8 C).

Noteworthy, as a control, we investigated also the NIR irradiation effect onto cells
without the composites. NIR irradiation showed no significant cytotoxicity further indicating
that the locally increase heat from the nanocomposites is required to induce subsequent cell
death (S.2-7 A). In conclusion, cytotoxicity is predominantly mediated by CNTs-dependent

local T increase and it can be enhanced with DOX release.
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Fig.2-9 (A) Intracellular DOX intensity. Average and standard deviation from the red DOX

fluorescence signal in the different scaffold conditions. P values were calculated by the Mann
Whitney test (**** p <0.0001). Z-projection of the fluorescent stack of images taken on
D2A1 cells grown in CNT@IBAM-DOX@HSA composite at the concentrations of (B) 2
mg/mL and (C) 4 mg/mL without and with NIR irradiation, respectively.

With the aim to evidence that the DOX loaded in the CNT@MS@IBAM-DOX@HSA
nanocomposites can be efficiently delivered to the cancer cells following NIR light
application, thereby enhancing cytotoxic activity, we decided to incorporate the composites
inside a 3D hydrogel scaffold. Additionally, this allows shielding cells from the unwanted
non-specific  adsorption  of  heat-inducing  composite  particles. Hence, the
CNT@OMS@IBAM-DOX@HSA nanocomposites were formulated within a
commercially-available biocompatible protein-based hydrogel (Matrigel) that mimics a
biocompatible implantable scaffold. Indeed, the development of activable nanocomposite
scaffolds has become an emerging field in nanomedecine and biomaterials which allows to
solve issues associated with the use of injectable scaffolds (such as local injection, controlled

release, limited loss of therapeutics). To build such nanocomposite scaffolds,
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CNT@MS@IBAM-DOX@HSA suspensions at 2 and 4 mg/mL were mixed with Matrigel as
substrates for the growth of the tumor cells and CNT@MS@IBAM@HSA were mixed to
Matrigels to be used as controls. DOX release and uptake upon NIR was followed by confocal
microscopy and the results showed significantly increased red fluorescence signals when cells
were treated with CNT@MS@IBAM-DOX@HSA (Fig.2-9 A-C). The procedure allowing us
to visualize the cellular DOX uptake (red color) and the CNT@MS@IBAM-DOX-HSA
nanocomposites (white color) distribution is detailed in S.2-8. While absence of NIR led to
backgrounds levels of DOX, we observed a dose-dependent NIR-stimulated DOX release in
tumor cells (Fig.2-9 A). Overall, this confirms that DOX is released from the
CNT@MS@IBAM-DOX@HSA nanocomposites upon NIR light application and it
contributes to the synergistic effect of photothermia and DOX release observed in the 2C cell

culture in the previous paragraph.

Fig.2-10 Confocal microscopy imaging of 3D tumoral D2A1 cancer cell growth in Matrigel
over 5 days in the absence or in the presence of the nanocomposites. D2A1 grown in Matrigel
(A) in the absence of nanocomposites (B) treated with 2.5 mg/mL CNT@MS@IBAM@HSA
and (C) treated with 2.5 mg/mL CNT@MS@IBAM-DOX@HSA. (Scale bars 50 pm). In

green: the nuclear localization signal and in red: the actin filaments.

At last, in order to assess whether this hydrogel system loaded with
CNTs@MS@IBAM-DOX@HSA nanocomposite displays cytotoxicity towards murine breast
cancer cells in 3D conditions, we assessed cellular growth in presence of different
nanocomposites (Fig.2-10). The cells were grown over 5 days in either Matrigel (control
without nanocomposites) or in a mixture of Matrigel added with the nanocomposites at 2.5
mg/mL. While CNT@MS@IBAM@HSA had no effect on cellular growth as compared to the
control  without nanocomposites (Fig.2-10 A-B), CNT@MS@IBAM-DOX@HSA

significantly led to cell death in these conditions (Fig.2-10 C). Thus, when incorporated into a
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matrix, CNT@MS@IBAM@HSA composites are not cytotoxic. When functionalized with
DOX, its release would favor cytotoxicity (as expected upon NIR light). Such property could
be beneficial for antitumor applications where drug release could be potentiated with external

stimulus such as NIR light.
2.4 Conclusion

In this work, we have designed new NIR light-responsive nanocomposites made of MS
shell coated CNTs, loaded with the antitumor drug doxorubicin (DOX), and capped with
plasma protein human serum albumin (HSA) as a biocompatible interface and gate keeper.
We have developed here a novel way to immobilize DOX with a DLC up to 80%, (a very high
amount as compared to the literature), via the powerful strategy based on IBAM versatile
non-covalent binders grafted on CNT@MS shells which additionally allow the tight
anchoring of HSA.

The photothermal properties of these composites were investigated as a function of their
concentration and of the laser power. We found that adjusting the power at 1W/cm? is well
suited to control the temperature under the necrosis temperature (45<C). These drug-loaded
CNT@MS@IBAM-DOX@HSA nanocomposites were shown to release DOX in response to
NIR light applied. We demonstrated that this release occurs first by a burst that depends on
the concentration of the composites but can also be controlled on a pulsatile fashion as a
regular increase of DOX after each NIR light application. We demonstrated that a NIR power
of 1 W/cm? is efficient to control the release of DOX dose on time.

We further demonstrated the cytotoxic potential of DOX-loaded nanocomposites and
highlighted a potentially interesting feature of our nanocomposites: even if photothermic
effect from the CNTs composites allows an important cancer cell cytotoxicity, the DOX
—mediated release ensure an additional cytotoxicity allowing synergy of both effect to kill
cancer cells. Finally, another originality of this work is the integration of such nanocomposites
into a hydrogel mimicking the extracellular matrix which can have potential applications in
the field of antitumoral scaffolds or polymer matrices for tissue engineering (if DOX is
replaced by another molecule). We showed here that the application of NIR light on such
nanocomposite hydrogel scaffold covered with D2A1 murine breast cancer cells allows
triggering the release of DOX to the cellular media, which results in cell toxicity over time.

Hence, such nanosystems may be of huge interest as components of implantable
scaffolds for antitumor or tissue engineering applications. This approach would make it

possible the development of new (nano) medical devices for the medicine of tomorrow.
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Table S2-1 Summary of calculating the proportion of each component based on the TGA results

Sample SiO, (Wt%)  Carbon APTS IBAM DOX  APTS/ICNT@ IBAM/CNT@ DOX/CNT@
(Wt%) wt%) ! (wt%)?  (wi%) 3 MS (wt%) * MS (Wt%) *  MS (wt%) *

CNT@MS 37.20 62.80

CNT@MS@APTS 33.70 56.89 9.41 10.4

CNT@MS@IBAM 31.68 53.48 8.84 5.99 10.4 7.0
CNT@MS@IBAM-DOX 21.47 36.25 5.99 4.06 32.23 10.4 7.0 55.8

! The calculation of APTS (wt%) is based on the constant of carbon/SiO,.
2 The calculation of IBAM (wt%) is based on the constant of carbon/SiO, and APTS/SiO».
® The calculation of DOX (Wt%) is based on the constant of carbon/SiO,, APTS/SiO, and IBAM/SIO,.

* CNT@MS is considered as the sum of SiO, and carbon components.
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Abstract

The controlled synthesis of nano-sized objects with tailored features is an important challenge
for the design of powerful functional nanocomposite macromolecular scaffolds. Achieving
chemical and mechanical robustness of these materials require a strong crosslinking of the
nano-objects within its 3D environment. In this way, the surface modification of the
nano-object is a sine qua none step to ensure the crosslinking within the material. Herein, we
have developed an efficient process to get large pore mesoporous silica coating around carbon
nanotubes (CNT@LPMS). This inorganic layer exhibits large nanopores (ca. 10 nm size)
particularly suitable for the loading of proteins. Based on the isobutyramide
(IBAM)-mediated coating approach, a huge amount of alkaline phosphatase (more than 100%
wt payload) was immobilized within the large pore MS surface allowing the localized growth
of peptide self-assembled nanofibers architecture resulting in supramolecular hydrogel. This
assembly is also shown on (carbon free) stellate large pore silica spherical nanoparticles
having a similar surface engineering to the CNT@LPMS, emphasizing the versatility of the
approach by changing the nanoparticle morphology but not the interface. Furthermore, the
incorporation of Doxorubicin (DOX) during the hydrogelation process leads to a reservoir
material of anti-cancer agents whose release is thermally triggered at hyperthermia
temperature (T ca. 42<C).

Keywords:

Large pore mesoporous silica, Mesoporous silica coated carbon nanotubes, Enzymatic catalysis,

Hydrogel peptide, Drug delivery
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3.1 Introduction

Today, the meeting between macromolecular science and nanomaterial synthesis lets
envision the development of new and powerful stimuli-responsive advanced composite
materials® ? for a wide range of technological applications such as energy storage®,
self-repairing materials®, catalysis® or sensing®. Especially, in the field of nanomedecine and
tissue engineering, the development of such nano-engineered smart composite materials has
become blossoming these last years.”® The polymer matrix of such nanocomposite assemblies
ensures features such as reinforced controlled mechanical properties, biocompatibility, and a
suitable macroscopic support for cell adhesion/interaction, and the nanocomposites ensure the
role of mechanical fillers, anchoring local points and eventually, response under external
fields. Indeed, usual nanomaterials such as gold or iron oxide nanoparticles (NPs) are
particularly attractive nanocomponents of smart remotely responsive polymer scaffold

materials given respectively their response to external fields such as NIR light'®

or
magnetic fields**™* due their plasmonic or magnetization properties.

However, designing such smart functional scaffolds is actually an important challenge
since their internal architecture needs to be built on a very controlled fashion. To achieve this
aim, a fine engineering of the surface of nanomaterials is highly required. An ideal surface
should have a high surface area to ensure high linker surface grafting and multiple connection
points with the network polymer. Moreover, the surface should be easily chemically modified
with suitable surface binders ensuring tight and strong contacts with the polymer network.
Indeed, though many studies report the insertion of nanoparticles within a polymer matrix,
there is still few studies reporting the use of surface engineered nanoparticles to finely
crosslink the polymer network which is the challenge addressed here.

Among the possible nanomaterials choices, carbon nanotubes (CNTs) are particularly
attractive to design nanocomposite scaffolds because they bring particularly high mechanical
properties, high electrical conductivity and NIR light induced thermal activation properties.*
® However, for biomedical applications, given their intrinsic surface hydrophobicity, the
capping of such carbon materials with hydrophilic coating is necessary.!” '®* Among the
various capping possibilities described in the literature, which encompasses molecules or

polymer coatings'® % 2123

, mesoporous silica (MS) is a particularly suitable coating of CNTs
Indeed, in addition to provide a great dispersion in aqueous buffer, the silanol groups can be
easily chemically modified with a range of silane precursors and the high surface area allow

the loading with various types of drugs.?**® Besides, the vast majority of such design concern
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small pore silica and the design of large pore silica around CNTs (or other nanomaterial) is
very few reported.”’ Especially such large pore design is particularly suitable for the
immobilization of high MW biomolecules such as enzyme, DNA or other biopolymer of
therapeutic interest. As compared to strategies to anchor polymer or molecules, the
advantages of MS rely on better grafting density and better colloidal stability. Some works
have reported different ways allow to immobilize biofunctional proteins such as enzymes in
CNTs by chemical strategies®® °, however a better coverage density coverage is currently
needed and the chemical crosslinking/coupling may induce loss of the enzymatic activity.
Among the polymer matrix possibilities, hydrogels are particularly interesting systems as
their chemistry and their physicochemical features can be easily controlled by the polymer
chemistry and the gel formation process. Even if main hydrogel development concern
synthetic polymers such as PEG, Pluronics etc., there are important developments towards
natural polymer building blocks such as peptides to constitute a biocompatible/biologically
favorable hydrogel. Recently, a new biocompatible and effective approach has been
developed to initiate locally the formation of hydrogel exclusively from any kind of surface®,

in particular from nano-objects®.

It is based on the concept of enzyme-assisted
self-assembly® of peptides where the enzyme is immobilized onto the surface of a
nano-object and transforms the precursor peptides into hydrogelators. This strategy ensures
the growth of a fibrous network of self-assembled peptide nanofibers from the surface of the
enzyme-modified nano-objects. Thus, it allows the generation of a composite hanomaterial,
where the nano-objects are specifically located at the nodes of its internal architecture. Herein,
the assembly chosen is based on a tripeptide, i.e. Fmoc-FFY, exhibiting antimicrobian
properties.*

In this work, we propose a powerful and facile strategy to trigger the self-assembly of a
peptide hydrogel from enzyme-coated CNT@LPMS composites, which act as initiators of the
peptide self-assembly and cross-linking points of the resulting nanocomposite hydrogel
(Fig.3-1). The self-assembly by enzyme-coated carbon free stellate spherical large pore silica
NPs (STMS) is also achieved in parallel to demonstrate the versatility of the surface
engineering approach. The association of CNT@LPMS with the self-assembled peptide
hydrogel as a polymer scaffold appears as an innovative strategy for the development of a
new generation of stimuli responsive hydrogel nanocomposites having suitable and innovative
features for nanomedecine applications. In this work, we address several originalities as
compared to the literature. Firstly, the design of new carbon-based nanocomposites made of
large pore MS surrounding CNTs is achieved which is few reported in the literature. The
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LPMS design is well adapted for loading high molecular weight molecules such as enzymes
with suitable surface binders. Secondly, the immobilization of enzyme alkaline phosphatase
(AP) with very high loading capacity (sup 100%) within the porous shell thanks to the use of
isobutyramide (IBAM) grafts is demonstrated. Previously, IBAM binders grafted at silica
surface were already shown efficient to immobilize range of biopolymers of therapeutic

interest including: nucleic acids®, polysaccharides®”, or serum albumin® *

, and their use to
immobilize enzymes on plain silica was shown with preservation of their enzymatic catalysis
functionality’® **. Here, the biocatalytic activities of such AP-coated CNT@LPMS and
AP-coated STMS are then assessed by following the conversion of AP enzymatic substrate
paranitrophenylphosphate (PNP) into paranitrophenol (PN). Thirdly, with the aim to create
new and powerful self-assembled peptide hydrogel nanocomposites whose assembly is
triggered by the dephosphorylation catalytic activity of AP, the self-assembly of Fmoc—FFpY
peptide (Fmoc: fluorenylmethyloxycarbonyl; F: phenylalanine; Y: tyrosine; p: phosphate
group) is assessed in the presence of AP-coated STMS or AP-coated CNT@LPMS. The
mechanical properties of such nanocomposite hydrogels are investigated without/with the two
types of NPs through rheological studies and depending on its nature and without/with the
loading of doxorubicin (DOX), an antitumor drug. Finally, the ability to release DOX upon T

elevation is investigated.

CNT@LPMS CNT@LPMS@IBAM CNT@LPMS@IBAM+AP Peptvlde B
IBAM moities Enzyme (AP) nanofibers £
_— _— B om0k
9‘6 Modification Immobilization Self-assembly
STMS STMS@IBAM STMS@IBAM+AP
DOX release
Gel+STMS+DOX
T-induced
ﬂ; === |BAM grafts
~~ AP ® DOX
Gel+CNT@LPMS+DOX (T) Gel+STMS+DOX (T) ——~—  Peptide nanofibers

Fig.3-1 Schematic representations of hydrogel self-assembled from AP immobilized
CNT@LPMS and STMS composites and the thermally induced release of DOX
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3.2 Materials and methods

3.2.1 Chemicals

Carbon nanotubes PR-24-XT-PS (CNTs) were purchased from Pyrograf-III.
Cetyltrimethylammonium bromide (CTAB) was purchased from Roth (France). Nitric acid
(HNO3), sulfuric acid (H,SO,), ethanol (EtOH), tetraethyl orthosilicate (TEOS), sodium
hydroxide (NaOH), ammonium nitrate (NH4NO3;, >99%), 3-aminopropyltriethoxysilane
(APTS), isobutyryl chloride (IBC), triethylamine (Et3N), dimethylformamide (DMF),
dimethylsulfoxide (DMSO), sodium bicarbonate (NaHCOg), fluorescein isothiocyanate
(FITC), cetyltrimethylammonium p-toluenesulfonate (CTATos), 2-Amino-2-(hydroxymethyl)-
1,3-propanediol (AHMPD), ethylene glycol (EG, 99.8%), decane (>99%), bovine alkaline
phosphatase (AP) and 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP-Na) were
purchased from Sigma-Aldrich (France). Ammonium hydroxide solution (25% in H,O) was
purchased from Fluka. Doxorubicin hydrochloride (DOX, purity 99%) was purchased from
OChem Incorporation (USA). Sodium tetraborate anhydrous (borax) and 1, 3,
5-Triisopropylbenzene (TIB, 95%) were supplied by Acros Organics. Fmoc—FFpY peptide
(Fmoc: fluorenylmethyloxycarbonyl; F: phenylalanine; Y: tyrosine; p: phosphate group) was
purchased from PepMic.

3.2.2 Procedures
(1) Synthesis of large pore stellate mesoporous silica (STMS)

Typically, 200 mL of distilled water, 3.8 g of CTATos and 0.436 g of AHMPD were
introduced into a 500 mL flask. Then the mixture was heated from room temperature to 75 °C
with stirring at 250 rpm. 30.2 g of TEOS was added to the mixture when the temperature
reached 75 °C, and stirred at 75 °C for 2h. After that, a white precipitate was formed and then
was filtered under vacuum. The precipitate was washed with distilled water (3 x 20 mL) and
then centrifuged. The resulted powder was calcinated at 550 °C for 6 h to remove the CTATos
template.

(2) Synthesis of large pore mesoporous silica coated CNTs (CNT@LPMS)

First, the pristine CNTs were cleaved in a better-suited length. Typically, 0.75 g of
pristine CNTs was added into 108 mL mixture of H,SO4,/HNO3; (Molume ratio = 3 : 1,) and
sonicated at 0 <C for 24 h. The mixture was then monitored to neutrality with NaOH (1 M)
solution. The sliced CNTs were washed with distilled water (3 x 25 mL), dried at room
temperature, and then reduced at 900<C for 2 h under argon. The resulting sliced CNTs were

used as the initial material for the following silica layer coating step.
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100 mg of sliced CNTs were well dispersed in 120 mL distilled water by ultrasonication
(Vibracell 75043 from Bioblock Scientific, 2 x 10 min, Power = 750 W, Amplitude = 40%,
Temperature = 30°C, runs: 50” ON, 50” OFF). 684 mg of CTAB was dissolved in 60 mL of
distilled water and stirred at room temperature for 40 min at 250 rpm. Then, the CNTs
solution was mixed with the CTAB solution, and the mixture was sonicated for 30 min. After
that, 45 mL of ethylene glycol and 456 pL of NaOH (1 M) solution were added, and the
mixture was stirred at 250 rpm at 70 °C. After 1 h, 1.095 mL of decane was added and kept
stirring at 250 rpm at 70 °C. After continuous stirring for 2 h, 1.35 mL of TIB was added.
Then, stirring was continued at 70 °C at 250 rpm for another 2 h, and finally 684 uL of TEOS
was added, and stirring was continued for 3 h under the same conditions. After the sol gel
reaction, LPMS coated CNTSs product was obtained, followed by centrifugation (8000 g x 10
min) and washing with EtOH (2 x 20 mL).

(3) Surfactant extraction from the LPMS coated composite

The removal of CTAB template agent from the silica pores was achieved by redispersing
the composite in 25 mL of NH4sNO; (20 mg/mL in EtOH), and extracting with stirring at 60 <C
for 1 h. Then 10 pL of the mixture was diluted in 1 mL of water and measured its Zeta
potential. The surface charge of the composite measured by ZP allows determining when all
the CTAB templates were removed. The procedure was repeated until almost all the CTAB
templates were extracted from the composite (approximately 5 extractions were required). At
this point, the composite was denoted as CNT@LPMS.

(4) FITC labeling

AP was fluorescently labeled with FITC using a stoichiometry of 2 moles of fluorescent
dye per mole of enzyme. 100 mg of AP was first dissolved in 10 mL of sodium bicarbonate
buffer (NaHCO3; 50 mM, pH 8.5) and then 212 i of FITC (10 mg/mL in DMSO) was added
into the AP solution. The mixture was stirred on the wheel for 24 h and then dialyzed for 2
days (membrane pore size: 10 kDa) in distilled water at room temperature to remove the free
FITC. The water was changed every 2 h. Finally, the resulting AP™'™® was adjusted to a
concentration of 10 mg/mL for further use.

(5) APTS functionalization of silica surface

Firstly, 20 mg of STMS or CNT@LPMS composites were dispersed in 6 mL of EtOH.
Then 0.3 mL of ammonium hydroxide (25%) was added and the mixture was vortexed for 10
s, followed with the addition of 1.25 mL of APTS. After 2 h of stirring on the wheel at room
temperature, the amino modified composites were centrifuged (13 000g x 10 min) and washed
with EtOH (1 x 10 mL) and DMF (2 x 10 mL).
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(6) IBAM modification

The resulting amino-modified composites were firstly dispersed in a mixed solution of
0.24 mL of EtsN and 3 mL of DMF, and vortexed for 10 s. After that, a solution containing of
0.55 mL of IBC and 3 mL of DMF was added. After stirring on the wheel for 2 h at room
temperature, about 1 mL of distilled water was added to dissolve the inorganic salt formed
from the reaction, and finally a clear orange solution was obtained. The resulting
IBAM-modified composites were separated via centrifugation (13 000g x 10 min) and then
washed with DMF (1 x 5 mL). Finally, the IBAM moieties functionalized composites were
dispersed in DMF and stored on the wheel with stirring at room temperature.
(7) AP immobilized on the STMS@IBAM and CNT@LPMS@IBAM composites

4 mg of chemically modified STMS@IBAM or CNT@LPMS@IBAM was isolated by
centrifugation (13 000g x 10 min) to remove the DMF, then washed with distilled water (1 x 1
mL). After that, the composite was dispersed in 1 mL of a certain concentration (from 500
pg/mL to 25 000 pg/mL) of AP aqueous solution and sonicated for 10 s. The mixture was
stirred on the wheel for 1 h at room temperature and then centrifuged (13 000g x 10 min). The
supernatant was collected and diluted with water to a certain multiple in order to quantify

AP remaining in the supernatant through the calibration curve of APF'TC

(e.g. the
supernatant of 500 ug/mL impregnating solution is diluted by 2 times, and the supernatant of
25 000 pg/mL impregnating solution is diluted by 160 times). The diluted supernatant was
measured by spectrofluorimetry. By recording the maximum fluorescence intensity at 520 nm,
the AP™'™® remaining in the supernatant could be calculated, which allow us determining the
mass of AP™TC adsorbed on the chemically modified STMS@IBAM or
CNT@LPMS@IBAM composites. The APT'™ immobilized composites were washed with
water (1 mL) to remove the loosely bound enzyme, centrifuged (13 000g x 10 min) and then
dried at 40 °C for 3 days. The dry AP™'™® immobilized composites were analyzed by TGA to
confirm the actual immobilization amount of APF'T°.
(8) Enzymatic activity measurement of the immobilized AP

The enzymatic activity of the immobilized AP was performed on the composites loaded
with 100 wt% AP relative to STMS and CNT@LPMS, which were denoted as
STMS@IBAM+AP (100 wt%) and CNT@LPMS@IBAM+AP (100 wt%), respectively. The
assay was performed using p-Nitrophenyl phosphate disodium hexahydrate (pNPP-Na) as the
substrate. Firstly, 20 pl of AP immobilized-composites (0.1 mg/mL in 50 mM NaHCOs;
buffer) was dispersed in 0.98 mL NaHCO; buffer (50 mM, pH = 8.5) and sonicated for 10 s.

Then 1 mL of pNPP-Na substrate solution (0.1 mg/mL in 50 mM NaHCO3 buffer) was added
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and the mixture was vortexed for 10 s. That is, the final concentration of pNPP-Na substrate
was 0.05 mg/mL. After that, the mixture was covered with aluminum foil and placed in the 25,
37 and 42 °C water baths. The subsequent conversion of pNPP-Na into p-nitrophenol (pPN)
and disodium phosphate was catalyzed by the immobilized AP. The enzymatic hydrolysis of
pNPP-Na was detected by the presence of the yellow color product pNP using a UV-vis
spectrometry. After reacting for 10, 20, 30, 40, 60, 90 and 120 min, the mixture was
transferred to a 1 cm path length cell. The hydrolysis product pNP was monitored by the
UV-vis spectroscopy, and the maximum absorbance at A = 405 nm was recorded.
(9) Formation of supramolecular hydrogels

The peptide self-assembly process was synthesized according to the reported
procedure.*? Firstly, 1 mg of Fmoc-FFpY peptide was dissolved in 155 pi borax buffer (25
mM, pH = 9.5) by vortex for 60 s. Then, 25 pL of DOX aqueous solution at 4 mg/mL was
added into the peptide solution and the mixture was vortexed for 20 s. Finally, 20 pL of
STMS@IBAM+AP (100 wt%) or CNT@QLPMS@IBAM+AP (100 wt%) composites (1
mg/mL) was added into the mixture of peptide and DOX. The mixture was vortexed for 20 s,
and then allowed to stand at room temperature for 24 h to self-assemble to form hydrogel. The
same procedure was used to prepare hydrogels without DOX, except that 1 mg of Fmoc-FFpY
peptide was dissolved in 180 pL borax buffer (25 mM, pH = 9.5). The hydrogels with and
without DOX assembly formed from STMS@IBAM+AP and CNT@LPMS@IBAM+AP
composites are denoted as: Gel+STMS+DOX, Gel+CNT@LPMS+DOX, Gel+STMS and
Gel+CNT@LPMS, respectively. The gel prepared from free AP is denoted as Gel, which
was obtained by dissolving 1 mg of Fmoc-FFpY peptide in 180 pL of borax buffer and
contacting with 20 pL of AP solution in 1 mg/mL for 24 h. The final concentrations of
Fmoc-FFpY, STMS@IBAM+AP or CNT@LPMS@IBAM+AP composite or free AP, and
DOX in the hydrogel were maintained respectively 5 mg/mL, 0.1 mg/mL and 0.5 mg/mL.
(10) DOX release from hydrogel

After the hydrogel formation, 1 mL of distilled water was added slowly along the tube
wall. The tubes were then covered with aluminum foil and placed in the water baths for 24 h.
Thereafter, the supernatant containing the released DOX was collected and then measured by
UV-vis spectrometry. The amount of DOX released in the supernatant was then calculated by
the DOX calibration curve. The calibration curve of DOX aqueous solution was obtained by
measuring the absorbance of different DOX concentrations at 480 nm. An inverted tube test
was conducted after to detect the stability of the hydrogel.
3.2.3 Characterization Methods
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(1) Nitrogen adsorption-desorption analysis

The Nitrogen adsorption-desorption isotherms were measured on a Tristar 3000 Gas
Adsorption Analyzer (Micromeritics). Before each measurement, the sample was outgassed
under vacuum at 150 < for 4 h. The specific surface area was calculated by
Brunauer-Emmett-Teller (BET) method, the pore size and pore volume was calculated by
Barrett-Joyner-Halenda model (BJH).
(2) Zeta potential and dynamic light scattering measurements

Zeta potential and dynamic light scattering (DLS) measurements were carried out using
Zetasizer nano ZS manufactured by Malvern Instruments. Zeta potential measurements were
performed by diluting 10 L of the stock suspensions in 1 mL of water using a DTS1070
folded capillary cell. The measurements were carried out at 25 <C in triplicate. The DLS
measurements were carried out by measuring the particle size distribution at concentration of
0.5 mg/mL in water in triplicate.
(3) Thermal gravimetric analysis

The thermogravimetric analysis (TGA) was performed on a Q5000 Automatic Sample
Processor (TA Instruments). The runs were started from room temperature to 800 <C with a
heating rate of 10 <T/min, under an air flow rate of 25 mL/min.
(4) Scanning electron microscopy

The morphology of STMS and CNT@LPMS composites were characterized by scanning
electron microscopy (SEM) on the JEOL F2600 microscope equipped with a CCD camera.
The tested composites were firstly dispersed in EtOH and a drop of the suspension was
dropped on a copper grid for observation.
(5) Transmission electron microscopy

Transmission electron microscopy (TEM) images were taken via a JEOL 2100 apparatus
with high resolution operating at an acceleration voltage of 200 kV. The STMS and
CNT@LPMS composites were firstly dispersed in EtOH, while the STMS@IBAM+AP and
CNT@LPMS@IBAM+AP composites were dispersed in distilled water. Then a few drops of
the suspension were deposited on a carbon-coated copper grid and then dry at room
temperature before observation.
(6) Cryo-SEM

The morphology of the obtained peptide fibers was observed through a Cryo-SEM
designed and manufactured by the mechanical facility of the Charles Sadron Institute. The
supramolecular hydrogel was plunged quickly into liquid ethane and then fixed vertically into
a cryo-holder which was previously placed inside a nitrogen bath. During the plunging, the
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sample is rapidly frozen by direct contact with the liquid ethane. The specific cryo-holder was
designed and manufactured by the mechanical facility of the Charles Sadron Institute. The
cryo-holder was then placed under vacuum into the cryo preparation chamber of the Quorum
PT 3010 machine attached to the microscope. The sample was fractured with a razor blade
and a slight etching at -90 <C for 3 min was performed to render the fibers more visible. The
sample was eventually transferred in the FEG-cryoSEM (Hitachi SU8010) and observed at
1kV at -150 <C.

(7) Fluorescence spectroscopy

The fluorescence spectra of AP™'TC

were obtained on a Horiba scientific Fluorolog
spectrophotometer using a 1 cm path length cell. The emission spectra were recorded from
505 to 600 nm upon an excitation wavelength of 495 nm.
(8) UV-Vis spectroscopy

UV-vis spectroscopy was used to determine the enzymatic activity of the immobilized
AP and the amount of drug released in the supernatant. The UV-vis spectra were recorded by
a Lambda 950 UV/vis Spectrometer (Perkin Elmer). The colorless substrate pNPP-Na
resulted in a yellow product by enzymatic hydrolysis of pNPP-Na in the presence of AP, with
absorbance at A =405 nm. The relative enzymatic activity of immobilized AP was determined
by recording the absorbance of pNPP-Na solution at A = 405 nm. The concentration of DOX
was obtained by measuring the absorbance at 480 nm.
(9) Rheological measurements

Rheological properties were measured in a NAME OF THE EQUIPMENT rheometer
using a Peltier plate aluminium geometry of 10 mm diameter and a gap of 1.2 mm. Strain
measurements were performed from 1% to 100% at a fixed frequency of 1 Hz at 25°C.
Frequency sweeps were carried out from 1 Hz to 10 Hz at a fixed strain of 1% at 25°C.
Temperature sweeps were performed from 25°C to 42°C with a heating rate of 3 °C/min at
fixed 1% strain and 1 Hz. Gels were previously prepared in teflon molds of 10 mm diameter

before the measurements.
3.3 Results and discussion

3.3.1 Synthesis and characterization of STMS and CNT@LPMS

Large pore stellate mesoporous silica (STMS) nanoparticles were synthesized by using
TEQOS as a silica precursor and CTATos as a structure-directing agent. TEM and SEM were
used to characterize the structures of synthesized STMS particles, as shown in S.3-1 A and B.

It can be clearly observed from the TEM image that the silica nanoparticles are highly
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monodisperse showing a homogenous radial stellate mesoporous structure with an average
size of 907 nm. The SEM image displays the presence of spherical and porous particles
(S.3-1 B). Specially, the open large pore channels in the porous silica matrix of STMS are
revealed both by TEM and SEM images. The nitrogen adsorption-desorption isotherms and
the corresponding pore size distribution of STMS are shown in S.3-2 A. The specific surface
area value for STMS was determined using an adsorption model. The pore volume was
calculated based on the amount of nitrogen adsorbed at relative pressure of about 0.98. The
pore size distribution was calculated using the Barrett-Joyner-Halenda model (BJH) (S.3-2 A,
inset). According to IUPAC classification, type IV isotherms with a narrow hysteresis loop
could be classified on STMS material. According to the Brunauer-Emmett-Teller (BET)
analysis, a BET surface area of 393 m? /g associated with a pore volume of 1.06 cm®/g was
obtained. The BJH pore size distribution indicates that STMS exhibits an average pore size ca.
11.2 nm.

The pristine CNTs were firstly cleaved through acid treatment and a sol-gel procedure
was performed to coat the sliced CNTs with a homogeneous MS shell. Fig.3-2 A-C show the
TEM and SEM images of LPMS layer coated CNTs. It can be seen that the MS layer is
composed of numerous large pore channels, which are uniformly surrounded on the outer
surface of the CNTs. TEM image reveals that the silica layer surrounding the CNTs was
characterized with a shell thickness of ca. 50 nm. The silica content and the CNT content of
CNT@LPMS composite were evaluated by a TGA measurement (Fig.3-3 B). Based on the
combustion of CNTs at about 500<C, the proportion of silica is estimated to 56 wt%. After
CTAB extraction, the CNT@LPMS composite was characterized by nitrogen
adsorption-desorption isotherms. The isotherms of CNT@LPMS are classified as type 1V
with a type H3 hysteresis loop, which indicates the mesoporous structure of the silica layer.
The BET surface area of CNT@LPMS (Fig.3-2 D) shows a high value of the surface area
(672 m?/g), which is much larger than that of the pristine CNT (80 m%g) (in S.3-2 B). The
pore volume of pristine CNTs is 0.14 cm®/g, which is increased to 2.12 cm®g after LPMS
layer coating. The pore size distribution of CNT@LPMS shows a peak near 12 nm, which
again indicates the formation of a LPMS layer on the CNTs surface. The formation of
mesoporous structure of the MS layer greatly improved the specific surface area and the pore

volume, making these nanocomposites as ideal supports to host guest molecules.
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Fig.3-2 (A-C) TEM and SEM images of CNT@LPMS composite. (D) N

adsorption-desorption isotherms of CNT@LPMS associated with the pore size distribution.

3.3.2 Functionalization of silica surface

Surface functionalization of STMS was carried out before enzyme immobilization. First,
the silica surface was “silanized” by NH4OH catalyzing 3-aminopropyltriethoxysilane (APTS)
condensation on their surface. Therefore, the amine modified silica surface was further
functionalized by isobutyryl chloride (IBC), and finally, isobutyramide (IBAM) terminal
functional groups were formed on the MS surface. The extent of APTS and IBAM functional
groups was studied using thermogravimetric analysis. TGA curves depicting thermal
decomposition of STMS, STMS@APTS and STMS@IBAM are showed in Fig.3-3 A. In the
case of bare STMS, the TGA curve shows that there is a slightly negligible weight loss below
200 <C, which corresponds to the evaporation of physically adsorbed water. The greater
weight loss on STMS@APTS and STMS@IBAM curves occurs in the range of 250-400 C
and is due to the removal of organic moieties from the composite. Using STMS as a baseline,
the amount of grafting APTS and IBAM groups were estimated to 11.9 wt% and ca. 13.2 wt%
of STMS, respectively. This allows us determining the graft density of APTS and IBAM
groups on the silica surface. Finally, the density of APTS and IBAM moieties grafted on the

silica surface was estimated to 3.3 per nm? and 2.6 per nm?, respectively.
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Fig.3-3 (A) TGA curves of STMS, STMS@APTS and STMS@IBAM. (B) TGA curves of
pristine CNT, CNT@LPMS, CNT@LPMS@APTS and CNT@LPMS@IBAM.

The TGA tests were also performed on the pristine CNTs and functionalized samples:
CNT@LPMS, CNT@LPMS@APTS and CNT@LPMS@IBAM from 50 <C to 800 <C under
air flow, the results are shown in Fig.3-3 B. The pristine CNTs remained fairly stable at
temperatures up to 500 <C, after which they quickly began to oxidize and burn. It is worth
noting that the decomposition of carbon in CNT@LPMS started from 400 <C, which was
lower than the combustion of pristine CNT. This is most likely due to more defects generated
on the sliced CNTs during acid treatment. The TGA curves of the functionalized
CNT@LPMS are significantly different from that of bare CNT@LPMS. The TGA curves of
CNT@LPMS@APTS and CNT@LPMS@IBAM show two distinct weight loss regions. The
functional groups started to decompose at 250 <C due to the elimination of APTS and IBAM
groups, from which the approximate amount of functional groups grafted on the MS surface
could be determined. The second region weight loss in the temperature range of 400<C to
600<C corresponds to the combustion of carbon. It was calculated that the fixed APTS and
IBAM functional groups were respectively ca. 10.4 wt% and 9.2 wt% of CNT@LPMS.

The characteristics of the porous structure of the functionalized STMS@IBAM and
CNT@LPMS@IBAM were also studied by nitrogen adsorption-desorption analysis, the
results are showed in S. 3-2 and Table 1. As expected, the introduction of the IBAM moieties
resulted in the reduction in specific surface area, pore volume and average pore size. The
changes of the structural properties of STMS@IBAM and CNT@LPMS@IBAM composites
indicate the fact that the functional groups are partially located in the pore channels of the
silica matrix, resulting in a reduction of these textural structure parameter values, which can

also indirectly confirm the effectiveness of the modification process.
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Table 1 Relevant parameters characterizing the textural features of supports and after surface

functionalization

Sample BET surface area (m?/g) ~ Pore volume (cm®/g)  Pore size (hm)
STMS 393 1.06 11.2
STMS@IBAM 110 0.45 7.6
CNT@LPMS 672 2.12 12.0
CNT@LPMS@IBAM 218 0.70 7.7

Zeta potential measurements were measured in water at pH=6.5 to characterize the
surface charge of the prepared samples. Fig.3-4 shows the zeta potentials of the naked STMS
and CNT@LPMS, IBAM-functionalized STMS and CNT@LPMS dispersed in pure water
(pH 6.5). The ZP value, which corresponds theoretically to the potential at the sliding plane of
the double ion layer on the coated surface, indicates the surface charge of the nanocomposite.
ZP measurement results show that for the bare STMS and CNT@LPMS, they are negatively
charged on MS surfaces with zeta potential of -28.740.9 mV and -14.2+1.2 mV, respectively.
As IBAM groups are introduced on the silica surface, the ZP values recorded for the modified
STMS@IBAM and CNT@LPMS@IBAM are significantly different. ZP values of +10.140.7
mV and +24.3#.9 mV corresponding to STMS@IBAM and CNT@LPMS@IBAM were
found, respectively. There are still remaining APTS groups exposed after the IBAM
modification which probably result in these positive ZP values. The successful
functionalization with IBAM on the silica surface of STMS@IBAM and
CNT@LPMS@IBAM is beneficial to the high loading capacity for enzyme immobilization.
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Fig.3-4 (A) Zeta potential of STMS, STMS@IBAM and STMS@IBAM+AP (100 wt%) in
water (pH=6.5). (B) Zeta potential of CNT@LPMS, CNT@LPMS@IBAM and
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CNT@LPMS@IBAM+AP (100 wt%) in water ( pH = 6.5).

3.3.3 Immobilization of AP on functionalized composites

In order to study the ability and efficiency of the functionalized composites for enzyme
immobilization, and to determine the maximum immobilization capacity, AP adsorption tests
at various concentrations were investigated. The enzyme immaobilization capacity g represents
the mass of the adsorpted AP (mg) versus the mass of composite (mg), and the enzyme
loading efficiency represents the mass of the absorbed AP versus the initial mass of AP
introduced. AP was firstly labeled with fluorescent FITC for subsequent quantitative
measurements. For the enzyme adsorption process, AP™'™ was first incubated with the
composite under continuous stirring for 1 hour, then the AP-immobilized composites were
separated by centrifugation. The supernatant was collected and measured after dilution with

water by spectrofluorimetry. Thereafter, the mass of AP™'™©

remaining in the supernatant (ie,
APF'TC that has not yet been adsorbed) could be determined using the calibration curve of
APFITC (S.3-3), which allows us calculating the actual amount of adsorbed enzyme.

The immobilization and efficiency capacities of AP on the functionalized STMS@IBAM
and CNT@LPMS@IBAM were traced as a function of the initial enzyme concentration and
compared with the naked STMS and CNT@LPMS (Fig.3-5). The results show that for the
naked STMS and CNT@LPMS, the immobilization capacities of AP increase with increasing
initial enzyme concentration ranging from 0.1 to 4 mg/mL and reach maxima loading capacity
at ca. 39 pg and 127 pg AP per mg of STMS and CNT@LPMS, respectively (at concentration
of 1 mg/mL). Although the immobilization capacity increased with increasing AP
concentration, the loading efficiency decreased as the AP concentration increased. It is worth
noting that the maximum immobilization capacity and efficiency of AP on CNT@LPMS is
much higher that of STMS, which probably benefits from the larger specific surface area of
CNT@LPMS.
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Fig.3-5 Enzyme immobilization capacity q (mg of AP adsorbed per mg of composite, blue
curves) and loading efficiency (in %, black curves) on (A) STMS and STMS@IBAM, (B)
CNT@LPMS and CNT@LPMS@IBAM, as a function of the initial enzyme concentration.

The immobilization capacity and loading efficiency of AP were then investigated on the
functional STMS@IBAM and CNT@LPMS@IBAM composites as a function of the initial
AP concentration of from 0.1 mg/mL to 4 mg/mL (increasing initial AP concentration up to 25
mg/mL are shown in S.3-4). The results (Fig.3-5) indicate that the immobilization capacities
of AP on both STMS@IBAM and CNT@LPMS@IBAM composites are greatly improved
and the maximum immobilization plateau was reached when at the concentration of AP 22
mg/mL. The photographs of different composites with different amounts of AP™TC
immobilized at various concentration show (S.3-5) that with the increase of AP adsorbed,
the composites become more and more yellow. The maximum immobilization capacities of
AP on the STMS@IBAM and CNT@LPMS@IBAM composites are calculated to be 4 mg
and 4.3 mg of AP adsorbed per mg of STMS@IBAM and CNT@LPMS@IBAM composite
(ie. 400 wt% and 430 wt%), respectively. The STMS@IBAM and CNT@LPMS@IBAM
composites after AP adsorption were washed with water and then TGA measurements were
performed to confirm the amount of immobilized AP. TGA profiles in S.3-6 show that the

amount of AP™'TC

immobilized on the composite is consistent with the value obtained by
fluorescence spectrometry.

The effect of the initial concentration of AP on the loading efficiency on STMS@IBAM
and CNT@LPMS@IBAM indicates that the loading efficiency remains ca. 97% at the studied
concentration below 8 mg/mL. A continuous decrease in the loading efficiency was observed

with the continuous increase of the impregnation concentration of AP. Whatever their
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concentrations, the immobilization capacities of AP on functionalized STMS@IBAM and
CNT@LPMS@IBAM are far higher than in the case of naked STMS and CNT@LPMS. The
high loading capacity of AP on the IBAM-modified composites could be attributed to the
presence of non-covalent bonds of isobutyramide (IBAM), the high density of functional
groups and the strong chemical bonding interactions with AP, which could provide abundant
binding sites for the adsorption of AP.

After immobilization of AP, ZP measurements were performed on
STMS@IBAM+AP(100 wt%) and CNT@LPMS@IBAM+AP(100 wt%) composites in water
at pH 6.5 (Fig.3-4), and it was found that the ZP values changed from positive to slightly
negative (-3.540.3 mV and —7.140.8 mV, respectively). The decrease in zeta potential value
was likely due to the introduction of AP on the outer surface, which confirmed the effective
immobilization of AP on the functionalized composites.

The resulting STMS@IBAM+AP nanocomposites were then imaged by TEM. It is
observed from Fig.3-6 A that the grafting of IBAM resulted in obtaining silica particles with a
rough surface. The TEM images of STMS@IBAM+AP composites in Fig.3-6 B and C reveal
that due to the presence of the AP, dense and sticky organic matrix links were found on the
surface of STMS. The yellow arrows highlight that the adsorbed AP acts like “glue” to
connect the nearby NPs. As the AP loading capacity increases from 25 wt% to 100 wt%, these
organic links between STMS becomes more apparent. The size distribution and colloidal
stability of STMS@IBAM+AP systems with different amounts of AP was measured by DLS
in water at pH 6.5, as shown in S.3-7. The results show that the hydrodynamic diameter of the
IBAM-modified STMS determined by DLS is 164 nm (from TEM the mean size of STMS is
ca. 90 nm), showing a monomodal dispersion of the IBAM-modified STMS. Meanwhile, the
hydrodynamic diameter of the nanoparticles increases with the increasing immobilization
amount of AP, which can be explained by the aggregation of the nanoparticles due to the
enhanced interconnection among the silica NPs. The larger nanoparticle aggregates appeared
when more AP was adsorbed on STMS@IBAM (200 wt% of AP), with a size of several

microns.
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STMS@IBAM+AP(100%)

Fig.3-6 TEM images of (A) STMS@IBAM, (B) STMS@IBAM with 25 wt% AP
immobilized and (C) STMS@IBAM with 100 wt% AP immobilized

3.3.4 Biocatalytic performance of the immobilized AP

The biological functionality of the immobilized enzyme was assessed by investigating
the biocatalytic property of the AP loaded composites meaning their enzymatic activity to turn
a molecular substrate to its product. The enzymatic activity measurements were performed
using a conventional spectrophotometric method based on the ability of phosphatase enzymes
to hydrolyse the p -Nitrophenyl phosphate disodium hexahydrate (pNPP-Na) into
p-nitrophenol (pPN), a chromogenic product with a maximum absorbance at 405 nm. In the
presence of AP, the hydrolysis of pNPP-Na substrate was quickly catalyzed to obtain the pPN
with a yellow colour, which was recorded by the UV-visible spectrum. The auto-hydrolysis
process of pNPP-Na (in the absence of AP) is extremely slow at room temperature (S.3-8),
which is negligible. The mixture of AP-immobilized composites and substrate was directly
subjected to UV visible spectrometry detection without centrifugation (the effect of the
composites on the absorbance has shown to be negligible (S.3-9)).

In order to study the enzymatic activity of the immobilized AP, 2 mL of pNPP-Na (0.05
mg/mL in 50 mM NaHCOj; buffer) was brought in contact with 2 pg of AP immobilized
composites in water baths set at different temperatures: 25, 37 and 42 <C for 2 h. Fig.3-7
shows the absorbance of the mixture versus time, revealing the conversion of pNPP-N into
pPN catalyzed by the immobilized AP. The results show that under the temperature conditions
studied, the absorbance of both mixtures with STMS@IBAM+AP(100 wt%) or
CNT@LPMS@IBAM+AP(100 wt%) composite increased with the extension of the contact
time, indicating that the immobilized AP continuously catalyzed the hydrolysis of pNPP-Na
into the pPN product within 2 h. No conversion was observed in the absence of immobilized
AP (Control). The highest activity of the immobilized enzyme was observed at the
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temperature of 37 T and 42 <C. Similar results have been reported in other literature,
showing that the the optimal enzymatic activity of AP is around 40 <C.*** A faster catalytic
effect was obtained when 5 g of AP immobilized composites were used to catalyze the
hydrolysis of pNPP-Na (S.3-10). Photographs of different amounts of immobilized AP
catalyzed the hydrolysis of pNPP-Na to the yellow product pPN are showed in S.3-11.
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Fig.3-7 Absorbance of p-nitrophenol (pPN) as a function of time, converted from 2 mL of
p-Nitrophenyl phosphate disodium hexahydrate (oNPP-Na) in the presence of 2 g of: (A)
STMS@IBAM+AP(100 wt%) and (B) CNT@LPMS@IBAM+AP(100 wt%). The absorbance
was measured at A= 405 nm by UV visible spectrometry.

3.3.5 Hydrogel formation and DOX release

In this paragraph, we describe the driven assembly of a peptide hydrogel mediated by the
enzyme immobilized nanocomposites to yield a novel generation of nanocomposite hydrogel.
The hybrid supramolecular hydrogel is prepared from the Fmoc-FFpY tripeptide, which is
dephosphorylated into Fmoc-FFY by the catalytic action of immobilized alkaline phosphatase
(AP) (Fig.3-8 A). This mechanism induces the localized growth of self-assembled Fmoc-FFY
peptide nanofibers from the silica surface of STMS and CNT@LPMS, leading to the
formation of homogeneous hydrogels with fibrillary nanoarchitecture. The self-assembled
peptide nanofibers are also cross-linked with the AP-immobilized STMS and CNT@LPMS as
the intersection points. The drug-loaded hydrogel was prepared by pre-mixing the
Fmoc-FFpY peptide precursor solution and the anticancer drug doxorubicin aqueous solution
to yield a suitable hydrogel system for drug delivery. The effect of temperature as a stimulus
to release of DOX from the hydrogel system was then investigated, with the aim to establish a

temperature-responsive hydrogel system for DOX delivery.
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Fig.3-8 (A) Schematic diagram showing that Fmoc-FFpY peptide is converted to Fmoc—FFY
by the dephosphorylation of AP. Inverted tube tests of self-assembled hydrogels from
AP-immobilized composites: (B) without DOX and (C) with DOX.

The Fmoc-FFY self-assembled hydrogels with and without DOX obtained from
STMS@IBAM+AP (100 wt%) and CNT@LPMS@IBAM+AP(100 wt%) were obtained by
mixing the AP-immobilized nanocomposites with Fmoc—FFpY peptide. The concentrations of
Fmoc-FFpY, STMS@IBAM+AP or CNT@LPMS@IBAM+AP and DOX components in the
hydrogel were set at 5 mg/mL, 0.1 mg/mL, and 0.5 mg/mL, respectively. Before the formation
of the hydrogel, the mixture of AP-immobilized composites, DOX and Fmoc-FFpY peptide
showed a solution state (S.3-12 A). After contacting the AP-immobilized composites with
Fmoc-FFpY peptides at room temperature for 24 h, the gels were formed and test of inverted
tubes was performed. As can be seen from Fig.3-8 B, homogeneous, opaque and dense
hydrogels were obtained from these two AP-immobilized composites. The hydrogel
containing CNT@LPMS appeared a dark gray color due to the blackness of CNTs. When in
the presence of DOX, the resulting hydrogels appeared a uniform red color and adhered stably
monolithic on the wall of the tubes (Fig.3-8 C), indicating that the DOX was uniformly
distributed in the hydrogel. A dark red color was found on the hydrogel with CNT@LPMS

composite.
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The internal nanoarchitecture of the composite supramolecular hydrogel generated from
AP immobilized composites STMS@IBAM+AP (100 wit%) and
CNT@LPMS@IBAM+AP(100 wt%), as well as free AP (equivalent to the immobilized AP)
were visualized by Cryo-SEM (Fig.3-9). The images confirmed the formation of nanofibrous
architecture in all cases. Because AP is localized on STMS or CNT@LPMS through the
IBAM’s chemistry, the self-assembly process is initiated specifically from the surface of the
nanoojects involved. The diameter of the self-assembled nanofibres is around ~15 nm, close
to those observed when the hydrogel is formed using free AP. In addition, dark gray isolated
STMS can be easily observed from Gel+STMS sample (Fig.3-9 A-B) because they are
exclusively located at the nodes of the network, and the uniform and interweaved long
nanofibers are distributed around the AP-immobilized STMS nanoparticles. Indeed, free
STMS nanoparticles meaning not included in the fibrous network, are not observed. The
AP-immobilized STMS acts as a cross-linking point in the 3D nanofibrous network, which
suggests that the immobilized enzyme maintains good biocatalytic to convert Fmoc-FFpY
into Fmoc-FFY nanofibers. Similarly, cryo-SEM images taken from the composite
supramolecular hydrogel formed from AP-immobilized CNT@LPMS (Fig.3-9 C-D), show
equivalent fibrous network as the one observed with STMS@IBAM+AP or free AP. It can
clearly observed that the self-assembled peptide nanofibres grew from the CNT@LPMS
nanotubes and the CNT@LPMS are embedded within the fibrous network. For comparison,
the hydrogel formed from free AP was prepared by directly mixing 5 mg/mL of Fmoc-FFpY
and free AP (1 mg/mL), where the amount of free AP is the same as the immobilized AP on
STMS and CNT@LPMS. The cryo-SEM images of the fibrous scaffold formed by free AP
are shown in Fig.3-9 E-F, showing a homogeneous fibrillary structure. During the gelation
process, Fmoc-FFpY is dephosphorylated by the free AP or immobilized AP on STMS and
CNT@LPMS composites leading to the formation of Fmoc-FFY nanofibers, and the formed
3D networks of peptide nanofiber constructed the self-supporting homogeneous hydrogels. In
the presence of STMS and CNT@LPMS composites, peptide nanofibers are guided by the
immobilized AP generate from the surface of STMS and SNT@LPMS. The AP-immobilized
STMS and CNT@LPMS composites play the role of cross-linking points within the
nanofibrous hydrogel network, which has the potential to enhance the mechanical properties

of the hydrogel network.
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Fig.3-9 Typical Cryo-SEM images taken from supramolecular hydrogel prepared from: (A, B)
STMS@IBAM+AP (100 wt%), (B, C) CNT@LPMS@IBAM+AP(100 wt%), and (E, F)
free AP in the presence of the tripeptide Fmoc-FFpY. White arrows show CNT@LPMS
perpendicular to the image section.

After the formation of hydrogel with DOX with a concentration of 0.5 mg/mL, 1 mL of
water was added along the tube wall and the release of DOX was carried out at 25 <C and
42 <T for 24 h. After 24 h of treatment, the supernatant was removed and the amount of DOX
released in the solution was detected by the UV-vis spectrometry, and calculated by the DOX
calibration curve (S.3-13). Fig.3-10 A shows the release of DOX from hydrogels after 24 h of
heating. In the case of the hydrogels treated at 25 <C, only a small amount of DOX was
released from the hydrogels after 24 h (ca. 3%). Conversely, the amount of DOX released
from Gel+STMS+DOX and Gel+CNT@LPMS+DOX hydrogels was increased when the gels
were heated at 42 <C for 24 h, with the release reaching 15.9% and 13.8%, respectively. The
photographs (Fig.3-10 B) show the hydrogels before heating and a significant difference in

contrast of the supernatants under different treatments.
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Fig.3-10 (A) DOX release from Gel+STMS+DOX and Gel+CNT@LPMS+DOX after
heating at 25 <C and 42 <C for 24 h. (B) Photographs showing hydrogels before heating and
DOX released into the aqueous solution after treated at 25 <C and 42 <C for 24 h. (C) DOX
release from hydrogels after treated at 42 <C and 50 <C for 48 h. (D) Photographs showing
hydrogels before heating and DOX released into the aqueous solution after treated at 42 <C
and 50 <C for 48 h.

We then studied the drug release of these DOX-encapsulated hydrogels over a longer
period of 48 hours at 42 <C and a higher stimulation temperature (50 <C). The results are
shown in Fig.3-10 C. As expected, we observed that the DOX-gel systems release more DOX
over extended treatment time. The Gel+STMS+DOX and Gel+CNT@LPMS+DOX gel
systems reached 24.1% and 17.6% of DOX release, respectively, at 42 <C over 48 h. When a
higher stimulus temperature was applied (50 <C), DOX release of 28.9% and 23.2% were
obtained from the Gel+STMS+DOX and Gel+CNT@LPMS+DOX systems, respectively.
Photographs in Fig.3-10 D show the hydrogels before heating and DOX released into the
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aqueous solution after treated at 42 <C and 50 <C for 48 h. In addition, inverted tube tests for
the hydrogels after heat treatment under the above conditions were performed. The result in
S.13 B-C show that these hydrogels were somewhat damaged after treatment under 42 <C and
50 <C, while the hydrogels treated at 25 <C stayed intact. The destroyed hydrogels with
STMS@IBAM+AP or CNT@LPMS@IBAM+AP composites fell off from the bottom of the
tube after being inverted, forming small pieces in the solution. These DOX-loaded hydrogel
systems show great interest in releasing drugs in living systems and are expected to be used as
biocompatible components of smart implantable systems.

The mechanical properties were determined by dynamic oscillatory rheology providing
information about storage modulus (G’) and loss modulus (G’*) of studied hydrogels. G’ is an
indicator of the elastic behaviour of the material by measuring the ability to store deformation
energy which can be recovered after removing the applied load. G” measures the deformation
energy that is dissipated as heat and friction during the shearing process. Strain sweeps from
0.1-100 % at a fixed frequency of 1 Hz were carried out in order to determine the linear
viscoelastic region, defined as the region where the elastic modulus (G') and loss modulus (G")
are parallel and independent of the strain amplitude. As shown in Fig.3-11 A, G’ and G”
remained constant up to 10% of strain was applied and then decreased when strain was further
increased. In order to get further insight on the elastic properties of the formed hydrogels, G'
and G” were measured as a function of frequency (0.01-10 Hz) and the results are depicted in
Fig.3-11 B. The values of the elastic modulus were higher than the corresponding to the
viscous modulus (G’ > G”) in all the frequency range indicating the gel-like behavior for all
samples under study. At a frequency of 1 Hz and a stain of 1%, G' (Fig.3-11 D) (resp. G") of
the bare gel (Gel) formed by dephosphorylation of Fmoc-FFpY peptide in contact with AP
reached a value of 9.5 2.5 Pa (resp. 2.0 0.2 Pa). The formation of hydrogels by the action
of AP immobilized on the surface of STMS@IBAM and CNT@LPMS@IBAM, resulting in
the increase of elastic modulus up to 43.9 +2.7 Pa (resp. 6.3 £1.2 Pa) and 55.9 +7.5 Pa (resp.
10.0 £0.4 Pa), respectively. Functional STMS and CNT@LPMS composites, employed as
supports for the grafting of AP and subsequently triggering gel formation, allow a larger
number of immobilized enzymes were enriched on STMS and CNT@LPMS as interaction
points for Fmoc-FFpY peptide self-assembly to form the cross-linked fiber network, which
gives rise to an increase of shear stiffness enhancing the mechanical properties of the
self-assembled hydrogels. The increase in elastic modulus was even higher when DOX was
introduced in those hydrogels, resulting in a value of 72.7 1.3 Pa (resp. 7.9 1.1 Pa) in the
case of Gel+STMS+DOX and 75.8 1.8 Pa (resp. 7.5 0.4 Pa) for Gel+CNT@LPMS+DOX.
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This phenomenon can be attributed to the fact that DOX is positively charged and could
interact electrostatically with the phosphate groups of the peptide, Fmoc-FFpY or the
C-terminal carboxylate group of the self-assembled Fmoc-FFY fibres. Hydrogels containing
DOX treated at 42 T for 24 h were then characterized by rheological measurements
(Fig.3-11 C), which helped to gain insight into the properties of the hydrogels after heat
treatment. It is obviously seen that the G’ of the heated hydrogels: Gel+STMS+DOX(T) and
Gel+CNT@LPMS+DOX(T) were considerably lower than that of Gel+STMS+DOX and
Gel+CNT@LPMS+DOX samples. Storage modulus G’ (resp. G") of heated hydrogels were
measured to be 24.4 +0.3 Pa (resp. 5.4 £0.1 Pa) for Gel+STMS+DOX(T) and 31.5 6.1 Pa
(resp. 5.6 0.2 Pa) for Gel+CNT@LPMS+DOX(T), which were highly reduced 66% and 58%
respectively. The results indicate that the treatment of T (42 <C) results in appreciable loss of
the storage modulus of the hydrogels, which can be attributed to the hydrolytic cleavage of

the assembly fibers.
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Fig.3-11 Storage modulus (G' —solid symbols) and loss modulus (G" — hollow symbols) of
bare  hydrogel (Gel), Gel+STMS, Gel+CNT@LPMS, Gel+STMS+DOX and

169



Chapter 3

Gel+CNT@LPMS+DOX on: (A) strain sweeps and (B) frequency sweep. (C) G' (solid
symbols) and G" (hollow symbols) of Gel+STMS+DOX(T) and Gel+CNT@LPMS+DOX(T)
(after heating at 42 <C for 24 h) on strain sweeps (blue curves) and frequency sweep (red
curves). (D) Storage modulus (G’) at 1 Hz, 1% of the studied samples.

3.4 Conclusion

In summary, a facile strategy to trigger the self-assembly of a peptide hydrogel from
enzyme-coated CNT@LPMS composites has been designed for thermal-induced drug
delivery. Firstly, CNTs were coated with a homogeneous large pore mesoporous silica layer,
making them particularly suitable for loading high MW biomolecules. It is found that an
ultra-high AP loading capacity (up to 400 wt%) was achieved within the porous with the
IBAM binders grafted on the silica surface. The excellent AP loading capacity of
CNT@LPMS@IBAM composites enabled them to act as initiators of the peptide
self-assembly and cross-linking points of the resulting nanocomposite supramolecular
hydrogel, allowing local growth of peptide self-assembled nanofibers architecture from the
silica surface. In addtion, the self-assembly of peptide hydrogel on AP-immobilized
carbon-free silica NPs (STMS) with similar pore sizes was also performed, demonstrating the
versatility of this surface engineering approach. Furthermore, significant DOX release from
these hydrogels was obtained when the DOX-loaed hydrogels were submitted to external high
temperature (42 <C) stimulation. Rheological studies showed that the elastic modulus of these
hydrogels increased with the introduction of DOX, while the storage modulus decreased
significantly after T (42<C) treatment, indicating that the mechanical properties of hydrogels
changed after T stimulation and led to the release of DOX. The above results indicate that this
nanocomposite supramolecular hydrogels assembled from enzyme-coated large pore
mesoporous materials can be used as T-induced thermally responsive controlled release
nanoplatforms. The association of CNT@LPMS nanocomposites and self-assembled peptide
supramolecular hydrogel as scaffold is an innovative strategy, which is expected to be used to
develop a new generation of stimuli-responsive drug delivery systems suitable for the

biomedical applications.
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S.3-9 The UV visible spectra of 2 mL of pNPP-Na solution after 24 h of contact with
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changed the maximum absorbance of the solution, which was almost the same as the

absorbance of the solution after removing the composites by centrifugation.
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179



Chapter 3

S.3-11 Photographs show that different amounts of immobilized AP catalyzed the hydrolysis
of pNPP-Na to the yellow product pPN
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Chapter 4 Electrospun nanofiber composite scaffolds
incorporated with carbon nanotubes@mesoporous silica:

fabrication, properties and biological evaluation
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Abstract

The biocompatible alginate and polylactic acid (PLA) hybrid nanofiber scaffolds are
fabricated through electrospinning technique, in which mesoporous silica shell coated-CNTs
(CNT@MS) were incorporated. Detailed optimizations were made to produce continuous and
uniform nanofibers without beads or drops. The topographical features and the distribution of
CNT@MS composites in nanofiber are observed by SEM. The tensile mechanical properties
of the manufactured fibrous membranes are then investigated to comfirm that CNT@MS
composites play a role in improving the mechanical properties of the electrospun scaffolds.
The synthesized hybrid CNT@MS-incorporated alginate and PLA platforms are further
shown to photothermal performance under NIR laser irradiation. Finally, in vitro biological
evaluation of the CNT@MS-incorporated alginate and PLA nanofiber scaffolds was
investigated to study the potential use of these electrospun nanofibrous systems as substrates
for cell/tissue culture. It is expected that these CNT@MS-incorporated alginate and PLA
electrospun nanofiber mats can be used as potential scaffolds for tissue engineering.

Keywords:

Carbon nanotubes, Mesoporous silica, Electrospinning technique, Nanofibous scaffold,

Biolodical evaluation
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4.1 Introduction

Over the years, tissue engineering has been regarded as a promising area allowing for the
foreseen high advances for the regeneration of human tissues and organs, which has attracted
widespread attention.’™ The design and manufacture of bioactive scaffolds plays a key role in
the tissue engineering process because they must have the ability to provide physical
environment and mechanical support for cell growth, to guide the cell growth, allow cells to
produce their own extracellular matrix (ECM), and promote the formation of new functional
tissues.>” Polymers have a long history of being used as biomaterials for the fabrication of
medical devices and tissue engineering scaffolds. They can potentially mimic many functions
of the native ECM that induce synthesis of tissues and organs.® ° Biomimetic polymer
scaffolds, ranging from natural biopolymers to synthetic polymers, can be used as a matrix for
tissue regeneration or as an implant for cell transplantation.’®*? They have been shown to
achieve many specific functions, such as allowing the transportation of nutrients and diffusion

13,14 15, 16

of active components™ *, regulating cell adhesion and migration

17,18

and directing specific
cellular functions and responses

Carbon nanotubes (CNTSs) possess many promising physical and chemical properties and
have been widely explored in the field of tissue engineering.**" They exhibit high strength,
elasticity and fatigue resistance properties, and are excellent candidates for reinforcement
material in bone tissue engineering scaffolds.?* 2 Moreover, CNTs show strong optical
absorption from visible light to NIR region and convert it into local heat, which can be used
as a stimulus to remotely control and induce the release of bioactive agents (such as growth
factors) to elicit favorable cellular behavior.* The nanoscale characteristics of CNTs are also
essential for regulating cell hierarchy level behaviors.”> However, CNTs are difficult to
uniformly disperse in solvent due to their easy agglomeration nature and this effect is reported
to promote cytotoxicity and greatly limits their applications.?*?® Therefore, for their
applications in the biomedical field, many strategies have been reported for the surface
functionalization of CNTs to improve their biocompatibility and dispersibility.”> * The
coating of mesoporous silica (MS) shell on CNTs has been reported in our previous work,
which could effectively generate a highly biocompatible and hydrophilic MS layer to
facilitate the dispersion of CNTs in liquid medium.®" 3 The MS shell of CNTs also offers
many other outstanding properties, such as stable porous structure, large specific surface area,
tunable pore size, and easy-to-modify surface, providing more possibilities for the application

of CNTs in tissue engineering.® 3

184



Chapter 4

On the other hand, considering the potential applications where the release of CNTs may
be harmful, it is necessary to incorporate nanoscale structured CNTs inside or bond to a
macroscopic level matrix. Currently, one area under active research is to embed CNTs within
a polymer matrix that is very suitable as tissue scaffolds.>> While reducing the potential
toxicity of CNTs, it can also reinforce conventional polymer with enhanced physical
properties. Polymer/CNTs composites have been synthesized through a variety of
manufacturing methods, such as melt-mixing techniques®, shear mixing®’, in-situ
polymerization®, and physical vapor deposition (PVD)*. Deka et al. prepared a
hyperbranched polyurethane (HBPU)/MWCNTs composite by in situ technique, which
displayed enhanced displayed biocompatibility in terms of non-toxicity at the cellular level
and biodegradability.®® It has recently been reported that MWCNTs-polymer
(poly(maleic-alt-1-octadecene)) composites prepared by spin-coating technique provided
good support for cellular growth and spreading, and was promising for in vitro screening for
biomedical applications, including conductive tissues regeneration.**

Another effective synthesis technique for making polymer/CNT composite nanofibers is
electrospinning (ES) or combined electrospinning/electrospray technique. Recently, there has
been a rapid increase in the study of using ES technology to produce polymer nanofibers.
Electrospinning (ES) is a very effective technology for manufacturing nanofiber scaffolds in
the field of tissue regeneration, because it can produce continuous electrospun nanofibers with
diameters ranging from tens of nanometers to several microns by simply projecting a single or
blend polymer solution under a high electric field.*>** It is well known that the ECM is made
of collagen nanofibers, so the specific fiber morphology of the ES scaffold will help imitate
the natural structure of ECM. Combined electrospining/electrospray technique is also an
effective and flexible way for dispersing nano-objects in the polymer nanofiber scaffold,
which combines the ES process while spraying liquid containing nano-objects in the form of
droplets in a high voltage electric field.** ** Therefore, the electrospun scaffolds are
considered as a promising matrix for incorporating CNTs because it can assembly
manufactured continuous polymer/CNTs hybrid nanofibers, which is superior to other
multi-step traditional discontinuous fiber manufacturing methods.

There are many types of polymers suitable for tissue engineering scaffolds that can be
prepared by the ES process. The most commonly used natural biopolymers include
agarose*®“®, collagen®®, hyaluronan®® and alginate™, as well as synthetic polymers include
polyglycolic acid (PGA)*, polylactic acid (PLA)* and its copolymers, and

poly(lactic-co-glycolic acid) (PLGA)®, etc., have a long history of clinical application.
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Among them, alginate is known for its good biocompatibility, biodegradability and non-toxic
properties, and has been widely used in pharmaceutical and biomedical fields such as wound
dressings™, dental impressions®® and pharmaceutical compositions®’. Alginate is a general
term for the polysaccharides family synthesized from brown algae and bacteria. It is a linear
water-soluble binary copolymer and with sodium carboxylate on the chain, which can be
cross-linked with divalent ions. Another polymer, PLA, is linear aliphatic polyester with
excellent mechanical properties, thermal plasticity and biocompatibility. It has been approved
by the FDA for specific human clinical applications including surgical sutures, substrates for
tissue regeneration and long-term implantable devices.*® *°

In this work, alginate and PLA hybrid nanofibers containing homogeneously MS
shell-coated CNTs (CNT@MS) that are aligned along the nanofibers axis were developed
through the technology of ES (Fig.4-1). CNTs are very attractive additives for improving the
mechanical properties of polymer matrix due to their high strength-to-weight ratio and the
nano-scale size. CNTs have been proven to effectively transfer loads and improve the strength
and toughness of different polymer scaffolds.®® ®* Furthermore, the photothermal effect of
these CNT@MS-incorporated alginate and PLA electrospun nanofiber composite scaffolds
under NIR laser irradiation was studied. Finally, biological evaluation in vitro of these
CNT@MS-incorporated electrospun nanofibers was conducted as a way of exploring their
potential applications in tissue engineering. The formation of such nanofibous scaffold can
further improve the biomedical compatibility of CNTs and expand their applications in the
biomedical field, while enhancing the mechanical properties of the total electrospun nanofiber

membrane.

¥ Well mixed ES process

— =

CNT@MS and
CNT@MS polymer blend

Syringe driver

Biological
evaluation

Tissue engineering

applications

CNT@MS-incorparated
electrospun scaffold

Fig.4-1 The schematic showing the preparation of CNT@MS-incorporated electrospun
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nanofibers for biological applications
4.2 Materials and methods

4.2.1 Materials

Carbon nanotubes (CNTs, PR-24-XT-PS) were supplied by Pyrograf-Ill.
Cetyltrimethylammonium bromide (CTAB) was obtained from Roth (France). Nitric acid
(HNO3), sulfuric acid (H,SO,), ethanol (EtOH), tetraethyl orthosilicate (TEOS), sodium
hydroxide (NaOH), ammonium nitrate (NH;NO3;, >99%), 3-aminopropyltriethoxysilane
(APTS), dimethylformamide (DMF), polylactic acid (PLA, 7000 Da), alginic acid sodium salt
from brown algae (low viscosity), poly(ethylene oxide) (PEO, 900 kDa), calcium chloride
dehydrate (CaCl, 2H,0, >99%), Pluronic F127, N,N-dimethyl formamide (DMF, 99.8%) and
dichloromethane (DCM) were obtained from Sigma-Aldrich (France). Ammonium hydroxide
solution (25% in H,0O) was obtained from Fluka.
4.2.2 Procedures
(1) Synthesis of cleaved CNTs

First, the pristine CNTs were cleaved in a better-suited length through acid treatment.
Typically, 0.75 g of pristine CNTs was added into 108 mL mixture of H,SO4/HNO;3; (Molume
ratio = 3 : 1,) and the mixture was sonicated at 0 <C for 24 h. The mixture was then monitored
to neutrality with NaOH (1 M) solution. The sliced CNTs were washed with distilled water (3
X 25 mL), dried at room temperature, and then reduced at 900<C for 2 h under argon. The
resulting sliced CNTs were used as the initial material for the following silica layer coating
step.
(2) Synthesis of mesoporous silica coated CNTs

In a typical procedure, 372 mg of CTAB was added into a mixture of H,O (90 mL) and
EtOH (60 mL) with stirring at 60 <C for 2 h. 72 mg of CNTs were dispersed in the CTAB
solution by ultrasonication (2 x 20 min, power = 750 W, amplitude = 40%, temperature =
30 °C, runs: 50” ON, 50 OFF, Vibracell 75043 from Bioblock Scientific), yielding a black
suspension. The sol gel process was initiated after addition of TEOS (180 pL) and NaOH (180
pL, IM) into the above mixture. The mixture was stirred for 16 h at room temperature. Finally,
the composite was centrifuged and washed with EtOH (2 x 25 mL, 12000 g, 12 min) and
re-dispersed in EtOH. The process resulted in the formation of a uniform layer of MS on the
surface of CNTs.
(3) CTAB extraction from CNT@MS composite

The removal of mesostructural templating agent CTAB from the silica pores was done by
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mixing the CNT@MS composite with 25 mL NH4sNO3 (20 mg/mL in EtOH) under 60 <T with
stirring for 1 h. The surface charge of CNT@MS was measured by Zeta potential after each
washing, in order to make sure that the majority of CTAB was removed. This process was
repeated approximately 5 times.

(4) APTS functionalization of CNT@MS

50 mg of CNT@MS were dispersed in 27 mL of EtOH. Then, 1.2 mL of NH,OH (25 %
in water) and 5 mL of APTS were added respectively and the mixture was agitated on a
mechanical wheel (40 rpm) at room temperature for 2 h. After that, the amino-modified
composite was centrifuged and washed with EtOH (2 x 20 mL, 13000 g, 14 min). The
composite after APTS modification was denoted as CNT@MS@APTS.

(5) Preparation of alginate-based nanofibers
a) Preparation of alginate nanofibers without CNT@MS (Algin/PEO/PF127)

A homogenously mixed solution was obtained by dissolving 0.4 g of alginate, 0.2 g of
PEO and 0.2 g of Pluronic F127 in 9.2 g of deionized water and stirring continuously at 400
rpm at room temperature for 24 h. The mass fractions of alginate, PEO and Pluronic F127 in
the suspension are 4 wt%, 2 wt% and 2 wt%, respectively. The mixed solution was added via
a 5 mL plastic syringe attached to a circular shaped metal spinneret through a polyethylene
catheter (inner diameter 1.5 mm). Algin/PEO/PF127 electrospun fiber scaffold was prepared
under the optimized conditions: a distance of 15 cm between the spinneret and the fiber
collector, a flow rate of 0.3 mL/h and an applied voltage of 18 kV. The thickness of the
electrospun scaffold was controlled by adjusting the depositing time.

b) Preparation of CNT@MS-incorporated alginate nanofibers (Algin/PEO/PF127/CNT@MS)

A mixture containing 0.4 g of alginate, 0.2 g of PEO and 0.2 g of Pluronic F127 and 7.2
g of deionized water was stirred continuously at 400 rpm at room temperature for 24 h. After
that, 42 mg of CNT@MS after APTS-modification in 2 g of deionized water was added to the
mixture and stirring at 400 rpm for 24 h. The mass fractions of alginate, PEO, Pluronic F127
and CNT@MS in the suspension are 4 wt%, 2 wt% 2 wt% and 0.42 wt%, respectively,
resulting in the proportion of CNT@MS in the Algin/PEO/PF127/CNT@MS scaffold being 5
wt%. The concurrent-ES process of Algin/PEO/PF127/CNT@MS electrospun scaffold was
carried out using the same experimental setup and the same processing parameters as
preparing Algin/PEO/PF127 nanofibers.

(6) Preparation of PLA-based nanofibers
a) Preparation of PLA nanofibers
4.5 g of PLA was dissolved in 20 mL of DCM and stirred continuously overnight at 400
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rpm at room temperature. After that, 20 mL of DMF was added and then stirred continuously
for 24 h. The mass fractions of PLA in the suspension is 9 wt%. The mixed solution was
added via a 5 mL syringe attached to a circular shaped metal spinneret through a polyethylene
catheter (inner diameter 1.5 mm). PLA fiber was prepared under the optimized conditions: a
distance of 15 cm between the spinneret and the fiber collector, a flow rate of 1.4 mL/h and an
applied voltage of 25 kV. The thickness of the electrospun scaffold was controlled in the range
of 10-20 um for subsequent use by adjusting the depositing time.

b) Preparation of CNT@MS-incorporated PLA nanofibers (PLA/CNT@MS)

Firstly, 78 mg of CNT@MS was modified by APTS to improve the dispersion of
CNT@MS in the suspension according to our previous description. After that, the
amino-modified CNT@MS was dispersed in 7 mL of DMF (good solvent for dissolving PLA)
with the assistance of ultra-sonication and stirred continuously on the wheel overnight at 40
rpm at room temperature. At the same time, 1.57 g of PLA was dissolved in 7 mL of DCM
and stirred continuously overnight at 400 rpm at room temperature. Finally, the
PLA/CNT@MS suspension was obtained by adding well dispersed amino-modified
CNT@MS to PLA solution drop by drop and then stirred continuously for 24 h before ES.
The concurrent-ES process of PLA/CNT@MS electrospun scaffold was carried out using the
same experimental setup and the same processing parameters as preparing PLA nanofibers.
The mass fractions of PLA and CNT@MS in the suspension were controlled to 9 wt% and
0.44 wt%, respectively, resulting in the proportion of CNT@MS in the PLA/ICNT@MS
scaffold being 5 wt%.

c) Preparation of PLA/CNT@MS (spray) scaffold

The synthesis was a multi-step process incorporating CNT@MS clusters produced by
electrospray into the electrospun PLA fibers. 50 mg of APTS-modified CNT@MS was
dispersed in 10 mL of EtOH to form a 5 mg/mL solution by ultrasonic treatment for 30 min.
The 9 wt% PLA blend and CNT@MS@APTS solution were loaded into two syringes, which
were adjusted by two separate syringe pumps to control the flow rate. The PLA/ICNT@MS
(spray) scaffold was obtained by alternately performing electrospinning of PLA and
electrospraying of CNT@MS. The electrospinning of PLA was performed under the same
conditions as preparing PLA nanofibers. The parameters for electrospray of CNT@MS:
distance of collector-to-needle was 25 c¢cm, the working voltage was 18 kV, and the flow rate
was 0.3 mL/h. In this work, PLA/ICNT@MS (spray) scaffold was prepared by the following
steps: 40 min of PLA electrospinning, then 10 min of CNT@MS electrospray, then 40 min of
PLA electrospinning, and finally 10 min of CNT@MS electrospray (10 min -40 min - 10 min
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- 40 min).
(7) Crosslinking of the composite membranes

The resulting Algin/PEO and Algin/PEO/CNT@MS samples were cross-linked by
immersing the electropun scaffold in 100 ml of CaCl, (1 M) aqueous solution for 60 min
under slow stirring. The crosslinked scaffolds were rinsed with deionized water three times to
remove any residual chemicals, and then dried in the fume hood at room temperature for 2
days.

4.2.3 In vitro biological evaluation

For the biological tests, the membranes of 1 cm? were deposited in a 24-well plate, and
the bottom of the plate was treated with a hydrophobic poly-HEMA coating to prevent cells
from adhering to the bottom of the wells. To prevent the membrane from floating in the
medium, a stainless steel cylinder was made to press the membrane on the bottom of the well.
Then it was sterilized by UV treatment and rinsed with 70% ethanol. Each type of membrane
was tested with 3 samples (replicas) and 1 material-free control sample was used. An
additional sample used as a control consisted of a solution of chlorhexidine, an antiseptic
known for its high-dose toxicity. Then 20,000 cells per well were deposited using a DMEM
(High Glucose, Dutscher) medium with 10% serum (FBS, Dutscher) and 1% antibiotic
(Pencillin/Streptomycin). The samples were then placed in the incubator at 37<C with 5%
CO,. After 1, 3 and 7 days incubation, measurements of cell activity were performed using a
fluorimetric Alamar Blue kit that will measure the mitochondrial activity of the cells. For
environmental scanning electron microscopy analyses, the samples were previously fixed
with 2.5% glutaraldehyde and 4% paraformaldehyde in a cacodylate buffer.

4.2.4 Characterization Methods
(1) Scanning electron microscopy (SEM)

The electrospun nanofibers were gold-coated using sputter coating to observe the surface
topographies by SEM on the JEOL F2600 microscope equipped with a CCD camera. The
electron accelerating voltage for SEM was 5.0 kV. SEM micrographs were digitized and
analyzed with Image Tool to determine the average fiber diameter of the produced nanofibers.
(2) Transmission electron microscopy (TEM)

TEM images of electrospun fibers were taken via a JEOL 2100 apparatus with high
resolution operating. The nanofibers were prepared by ES onto the carbon-coated copper grids
directly for about 10 s. Then they were dried i n the fume hood over 24 h to remove residual
solvent completely.

(3) Thermal gravimetric analysis (TGA)
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TGA was performed on a Q5000 Automatic Sample Processor (TA Instruments). The
runs were started from room temperature to 800 <C at a heating rate of 10 <C/min under an air
flow rate of 25 mL/min.

(4) Nitrogen adsorption / desorption analysis

Specific surface area of CNT@MS was characterized by nitrogen adsorption/desorption
analysis and was calculated by the Brunauer-Emmett-Teller (BET) method. The pore size and
pore volume were calculated by the Barrett-Joyner-Halenda (BJH) method. All the
measurements were done on a Tristar 3000 Gas Adsorption Analyzer by Micromeritics
Instruments. Before the tests, the samples were outgassed under vacuum at 150<C for about
4h.,

(5) Mechanical properties

The tensile stress-strain behavior of the electrospun nanofiber scaffolds was performed
using a MCR301 rheometer from Anton-Paare (quipped with the Universal Extensional
Fixture), which contains two drums allowing the fixation of a rectangular film sample. The
samples were carefully trimmed to a size of 40 mm x 10 mm. The thickness of alginate-based
samples was around 0.15 mm, and the thickness of PLA-based samples was around 0.10 mm.
The distance between the gripping points is around 40 mm. The mechanical testing was
conducted with the grips moving at a stretch speed of 10 mm/min at room temperature. The
reported results represent an average result of five tests.

(6) Photothermal effect study

To study the photothermal effect of the CNT@MS-incorporated alginate and PLA
nanofiber scaffolds under NIR irradiation, 2 mL of distilled water was added in a plastic
cuvette containing a membrane with size of 1 cm x 1 cm. The cuvette was irradiated with the

1064 nm laser with a power density at 1 W/cm? for 15 min.
4.3 Results and discussion

4.3.1 Preparation of CNT@MS-incorporated alginate electrospun nanofiber scaffold
(1) Optimization of alginate-based electrospun nanofibers

Due to the polyelectrolyte nature of alginate, it is difficult to form electrospun nanofibers
by ES with pure alginate solution, but it can be fibrillated with ES by combination with other
polymers.®? Polyethylene oxide (PEO) is usually selected to blend with polymers that cannot
be electrospun alone to produce ES nanofibers. It has been previously showed that blending
alginate with electrospinnable polymer PEO enables the formation of nanofibers by ES, and

the nanofibers can be transformed from beaded nanofibers to non-beaded nanofibers.%® %
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Fig.4-2 shows the SEM images of alginate electrospun nanofibers after the addition of PEO
with different concentrations in fixed concentrations of alginate (1.5 wt% and 2.0 wt%).
When alginate was fixed at the concentration of 1.5 wt%, no electrospun fibers but only
beaded morphology were obtained with 1.5 -2.0 wt% PEO addition (Fig.4-2 A and B). The
degree of beading decreased as the PEO content increased from 1.5 to 4.0 wt% (Fig.4-2 B-F)
with fixed alginate concentration at 2 wt%. When alginate was blended with PEO at the
concentration of 2.0/4.0 wt%, uniform non-beaded electrospun nanofibers were obtained

(Fig.4-2 F), and the maximum content of alginate in the resulting nanofibers was 33.3 wt %.
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Fig.4-2 SEM images of Algin/PEO electrospun nanofibers with different concentrations
alginate/PEO at (A)1.5: 2.0 wt%, (B) 1.5 : 1.5 wt%, (C) 2.0 : 1.5 wt%, (D) 2.0 : 2.0 wt%, (E)
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2.0 : 3.0 wt%, and (F) 2.0 : 4.0 wt%

Although it is possible to form blended nanofibers by ES alginate with PEO, it is worth
noting that alginate electrospun nanofibers are soluble in water, which prevents them from
being used as scaffolds for biological applications. Fortunately, the property of cross-linking
of alginate with calcium chloride (CaCl,) can overcome this issue. During the cross-linking
process, the double positive charge Ca®* takes the place of the Na* ion on the chain and
interacts with two CO? groups, thus forming a connection between the two alginate chains
and creating a cross-linked network. Therefore, it is necessary to increase the amount of
alginate in the electrospun scaffold for the subsequent cross-linking process.

The amount of alginate in the blended nanofibers can be increased by adding additional
nonionic surfactant, such as Triton X-100 or Pluronic F127. In this work, the FDA-approved
surfactant Pluronic F127 was chosen. The effect of Pluronic F127 on the morphologies of the
Algin/PEO nanofibers was then investigated. The results are showed in Fig.4-3. Among them,
the concentration of PEO was maintained at 2 wt%, and the concentration of alginate was
controlled in the range of 2.0-5.0 wt%. We found that Algin/PEO blends (alginate% varied
from 2 wt% to 4 wt%) with the addition of small amount (1 wt%) of Pluronic F127 produced
beaded nanofibers (Fig.4-3 A-C). As the alginate content in the blend increases from 2 wt% to
4 wit%, the degree of beading of the electrospun nanofibers increases. When the concentration
of Pluronic F127 was increased to 2 wt%, uniform bead-free nanofibers were generated
(Fig.4-3 D-E), and the maximum content of alginate in the resulting nanofibers was 50 wt %
in Fig.4-3 E. It has been reported that the addition of nonionic surfactant will cause a
reduction in surface tension of the alginate solution, which contributes to the morphological

transition from beaded to uniform non-beaded fibers.®®
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Fig.4-3 SEM images of Algin/PEO/PF127 electrospun nanofibers with the addition of 1 wt%
of Pluronic F127 and alginate/PEO at (A) 2.0 : 2.0 wt%, (B) 3.0 : 2.0 wt%, and (C) 4.0 : 2.0
wit%. SEM images of Algin/PEO/PF127 electrospun nanofibers with the addition of 2 wt% of
Pluronic F127 and alginate/PEO at (D) 3.0 : 2.0 wt%, (E) 4.0 : 2.0 wt%, and (F) 5.0 : 2.0

Thus, the addition of Pluronic F127 enhances the electrospinnability of Algin/PEO
solution and higher concentrations of alginate can be achieved in the electrospun system.

However, as the concentration of alginate increased to 5 wt%, bead-nanofibers were formed at
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the same Pluronic F127 concentration (Fig.4-3 F). Based on these studies, we decided to use
the blend with fixed concentrations of 4 wt%, 2 wt% and 2 wt% corresponding to alginate,
PEO and Pluronic F127 respectively, for the preparation of alginate-based electrospun
scaffolds.

(2) Incorporation of CNTs@MS within alginate-based electrospun nanofibers

Then, the electrospun scaffold comprised of 5 wt% CNT@MS was fabricated by directly
ES Algin/PEO/PF127 blend containing CNT@MS. The pristine CNTs were firstly cleaved
into an appropriate length through acid treatment, and then a MS layer was uniformly coated
on the CNTs surface, as described above. The characterization of CNT@MS is shown in
S.4-1. TEM images showed a homogenous coverage of the MS on all the CNTs (S.4-1 A and
B), indicated the well-organized mesoporous structure of the MS shell surrounding the CNTSs.
The thickness of the MS shell is around 30 4 nm, and the diameter of CNT@MS is 147 £10
nm. The porosity was investigated by nitrogen adsorption-desorption isotherms (S.4-1 C) and
the specific surface area was calculated to be 594 +14 m%g and the pore size was ca. 3.4 nm
with a pore volume of 0.53 cm®g. The TGA analysis (S.4-1 D) indicated a C/SiO, mass
ratio of 63%/37% for the CNT@MS composite system. Afterwards, CNT@MS was modified
with APTS groups to improve its dispersion in aqueous solution or DMF.

Fig.4-4 presents the SEM images and the diameter distribution of Algin/PEO/PF127 and
Algin/PEO/PF127/CNT@MS hybrid nanofibers. All the electrospun nanofibers with or
without CNT@MS were well formed without beads, and formed uniform mats. Additionally,
as can be seen from the nanofiber diameter distribution (Fig.4-4 C and F), the diameter
distribution of Algin/PEO/PF127 nanofibers is relatively uniform, with an average diameter of
173 #15 nm. With the addition of CNT@MS in the Algin/PEO/PF127 blend, the average
diameter of the resulting nanofibers was decreased slightly to 154 29 nm. In this study,
since alginate-based electrospun nanofibers were synthesized under the same ES conditions,
the final nanofiber morphology should be determined by the characteristic parameters of the
initial spinning solutions. Thus, the decisive factor leading to the difference in nanofiber
morphology might be due to the addition of CNT@MS enhanced the conductivity of the
spinning solution. The presence of CNTs in the polymer solution leads to an increase in
surface charge in the jet, which affects the stretching process of the nanofiber, resulting in a
smaller average diameter of nanofiber. Therefore, the nanofiber containing CNT@MS can be
stretched thinner than those without CNT@MS under the same electrospun conditions. In
addition, it can be clearly seen that CNT@MS is distributed on the surface of the polymer

nanofibers along the nanofiber axis (in Fig.4-4 E marked with red circles), and no
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agglomeration of CNT@MS were observed. Macroscopically, it can also be seen that the
Algin/PEO/PF127/CNT@MS electrospun scaffold is uniformly black (S.4-2), indicating that
CNT@MS was evenly distributed throughout the scaffold.

17315 nm
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Fig.4-4 SEM images and fiber diameter distribution with average value of the obtained
electrospun nanofibers: (A-C) Algin/PEO/PF127 nanofibers and (D-F)
Algin/PEO/PF127/CNT@MS hybrid nanofibers.

TGA measurements were conducted to analyze the thermal decomposition behavior of
these electrospun nanofibers and confirm the final amount of CNT@MS incorporated into
alginate and PLA nanofibers. The TGA curves of alginate-based and PLA-based nanofibers
are exhibit in Fig.4-5. There was a weight loss in the temperature range of 30-100 °C in the
TGA curves of Algin/PEO/PF127 and Algin/PEO/PF127/CNT@MS, which could be
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attributed to the removal of physically adsorbed water. The decomposition of the polymer
started at 160<C and was completed at 360 <C, which corresponded to the decomposition of
the three polymers: alginate, PEO and Pluronic F127 in Algin/PEO/PF127 matrix (TGA
curves of the pure reagents are shown in S.4-3). The TGA curves of
Algin/PEO/PF127/ICNT@MS presents a highly similar with Algin/PEO/PF127, except that
there is a small mass loss corresponding to the combustion of CNTs in the range of
500-600 T with a weight loss of 3.2%. According to the proportion of CNTs in CNT@MS
being 63%, it can be calculated that the proportion of CNT@MS in
Algin/PEO/PF127/CNT@MS scaffold is around 5.1 wt%. It is reliable to the quantity of 5 wt%
CNT@MS that introduced initially. The remaining residual was 19.4% and 20.4% at 800 C
for Algin/PEO/PF127 and Algin/PEO/PF127/CNT@MS, respectively, which were mainly

incombustible components from alginate and CNT@MS.
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Fig.4-5 TGA and DTG curves of alginate-based electrospun scaffolds with and without
CNT@MS

As expected, the as-prepared alginate based nanofibers were highly water-soluble. In
order to be able to use the alginate electrospun nanofibers as a scaffold for biological
applications, stabilization and cross-linking processes are required. The resulting
alginate-based nanofibers are ionically cross-linked calcium chloride (CaCl,) solution to
obtain a water-insoluble scaffold while maintain their structure in an aqueous environment.
The Ca®" ions take the place of the Na* ions on the alginate chain and the Ca** ions with

double positive charges can interact with two CO? to form a cross-linked network. The SEM

197



Chapter 4

images of the alginate based nanofibers after cross-linking in CaCl, solution of 1 M
concentration (Fig.4-6 A-D) show that the morphology of the cross-linked nanofibers changed
slightly, and they were found to be a little swelling and interfused inconsiderably. However, it
is worth noting that the nanofibrous structure was maintained after crosslinking treatment. It
was concluded that the alginate-based nanofibers were successfully ionically cross-linked in
the calcium solution. Moreover, CNT@MS nanotubes can also be observed on the surface of
Algin/PEO/PF127/CNT@MS nanofibers (Fig.4-6 C and D), indicating that CNT@MS

composites are stably immobilized in the electrospun scaffold after cross-linking process.

Fig.4-6 SEM images of (A, B) Algin/PEO/PF127 and (C, D) Algin/PEO/PF127/CNT@MS

electrospun nanofibers after cross-linking

4.3.2 Preparation of CNT@MS-incorporated PLA electrospun nanofiber scaffold
(1) Preparation of CNT@MS-incorporated PLA nanofibers by electrospinning

To obtain PLA/ICNT@MS hybrid nanofibers through ES process, APTS-modified
CNT@MS was firstly dispersed in DMF and then thoroughly mixed with PLA solution.
CNT@MS was well dispersed in DMF (one of the components of the PLA solution) before
mixing with PLA solution, and its high dispersion in the PLA blend would be beneficial to the
formation of uniform PLA/CNT@MS hybrid nanofibers. The ES process of PLA and

PLA/CNT@MS nanofibers was conducted under the processing conditions as described
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above. SEM images and fiber diameter distribution of the electrospun materials manufactured
from PLA solution and PLA/CNT@MS blend are presented in Fig.4-7. All the electrospun
nanofibers were uniformly formed and bead-free. The average diameter of PLA nanofibers is
369 + 84 nm (Fig.4-7 C). Similarly, the average diameter of the nanofibers doped with
CNT@MS decreased to 350 =84 nm (Fig.4-7 F). As discussed above, the reason for the
change in fiber diameter was probably due to the increase in electrical conductivity of the
PLA/CNT@MS blend after the addition of CNT@MS. Compared with that of the neat PLA
nanofibers, the morphology of the PLA/ICNT@MS composite fibers was more or less
degraded because of the presence of CNT@MS. The image in Fig.4-7 E marks several typical
distribution of the CNT@MS in the PLA/CNT@MS hybrid nanofibers with red circles. The
CNT@MS fibers with shorter length and smaller diameter (147 10 nm) were attached and
dispersed along the outer surface of the electrospun nanofiber axis in the form of
entanglements (composed by single to several of oriented CNT@MS). As a result, the
obtained PLA/CNT@MS hybrid nanofibers show tortuous morphologies and a rough surface.
Similar observations have also been reported on some other PLA-CNTs electrospun
nanofibers.®® ® Similarly, the whole PLA/CNT@MS electrospun membrane showed a
homogeneous black color (S.4-4), suggesting that CNT@MS was uniformly dispersed
throughout the scaffold.
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Fig.4-7 SEM images and fiber diameter distribution with average value of the obtained
electrospun nanofibers: (A-C) PLA nanofibers and (D-F) PLA/CNT@MS hybrid nanofibers.

Fig.4-8 shows the effect of the presence of CNT@MS on the thermal stability of the
PLA nanofiber matrix. The first step of weight loss in T= 220-400 <C was assigned to the
complete decomposition of PLA polymer. The CNTs in the PLA/ICNT@MS scaffold
decomposed in the temperature range of 500-600 <C, with a weight loss of ~3%, which was
converted to 4.8 wt% of CNT@MS in the PLA/CNT@MS scaffold.
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Fig.4-8 TGA and DTG curves of PLA-based electrospun scaffolds with and without
CNT@MS

(2) Preparation of PLA/CNTs@MS scaffolds by electrospinning-electrospray
Electrospinning-electrospray was also carried out alternately by electrospinning of PLA
blend and electrospraying of APTS-modified CNT@MS in ethanol to fabricate
CNT@MS-incorporated PLA scaffold. The conducted SEM analysis of the produced
PLA/CNT@MS (spray) scaffold is presented in Fig.4-9. It can be observed from Fig.4-9 A
and B that CNT@MS is uniformly distributed on the PLA nanofibers in the form of clusters.
This is due to the fact that the charged CNT@MS liquid jet is continuously sprayed onto the
collector in the form of droplets/beads, thus forming clusters and dispersing on the surface of
the PLA nanofibers. Larger magnification images (Fig.4-9 C and D) clearly reveal that the
highly dispersed individual CNT@MS tubes are incorporated onto the polymer nanofibers. In
order to confirm whether the CNT@MS clusters are strongly connected to the PLA nanofibers,
the PLA/ICNT@MS (spray) scaffold was rinsed in water with stirring for up to 65 h. The SEM
images of the rinsed PLA/CNT@MS (spray) scaffold suggest that CNT@MS is still attached
to the surface of PLA nanofibers after rinsing in water (Fig.4-9 E-F). The photographs in
S.4-5 show that the black blocks corresponding to the CNT@MS clusters remained
unchanged before and after rinsing of the PLA/ICNT@MS (spray) scaffold, neither less nor
lighter. TGA was performed and it was confirmed that the amount of CNT@MS in the
PLA/CNT@MS (spray) scaffold maintained the same before and after rinsing (S.4-6).
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Fig.9 SEM images of the obtained PLA/CNT@MS (spray) nanofibers: (A-D) before rinsing
and (E-F) after rinsing in water for 65 h.

Although the CNT@MS-incorporated PLA scaffold synthesized through combined
electrospinning-electrospray method allowed to obtain highly dispersed CNT@MS on the
surface of PLA nanofiber in a small range. The photographs in S.4-5 show that the
electrospinning-electrospray PLA/CNTs@MS scaffold is heterogeneous, some parts of the
scaffold have CNT@MS (the black block), while others do not. It is difficult to achieve a
homogeneous dispersion of CNT@MS in the entire scaffold by this method. Therefore, it may

be a better choice to produce homogeneously dispersed CNT@MS by direct electrospinning
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of the CNT@MS and PLA blend.
4.3.3 Properties of the CNT@MS-incorporated electrospun nanofiber scaffolds
(1) Mechanical properties of the CNT@MS-incorporated electrospun membranes

To get more insight into the influence of the introduction of CNT@MS into alginate and
PLA electrospun scaffolds on their mechanical properties, tensile measurements were
performed on the CNT@MS-doped nanofibers as well as on the simple (CNTS@MS free)
Algin/PEO/PF127 and PLA scaffolds. The typical stress-strain curves of neat and
CNT@MS-modified hybrid nanofibrous membranes, and the resulting maximum tensile
strength and elongation at break for these samples are shown in Fig.4-10. As seen from the
results, in the linear elastic deformation stage of initial stretching, the stress of all tested
electrospun membranes increased rapidly with the increase of strain to approximately 4%, and

then increased slowly in the tensile yield strengthening stage up to the breaking of the
samples.
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Fig.4-10 Mechanical properties: (A, B) tensile stress-strain curves, (C, D) maximum tensile
strength, (E, F) elastic modulus, and (G, H) breaking elongation (blue bar) of alginate-based
electrospun scaffolds and PLA-based electrospun scaffolds.

In the case of the tensile strength, the data present in Fig.4-10 C and D suggested that
compared with Algin/PEO/PF127 and PLA electrospun nanofibers, when incorporated with 5
wt% of CNT@MS, the maximum tensile strength of Algin/PEO/PF127/CNT@MS and
PLA/CNT@MS electrospun scaffolds was significantly improved by about 95% (from 0.81
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MPa to 1.58 MPa) and 57% (from 0.87 MPa to 1.37 MPa), respectively. And the elastic
modulus of the CNT@MS-incorporated electrospun scaffolds (Fig.4-10 E and F) was greatly
improved as compared with the bare scaffolds. These results indicate that the resultant
homogeneous dispersion of CNT@MS in electrospun nanofiber matrix leads to reinforcement.
Indeed it is assumed that an effective load transfer from the matrix to CNT@MS due to their
strong interfacial adhesion is achieved, resulting in a significant enhancement in the tensile
properties. However, with the addition of 5 wt% of CNT@MS in alginate and PLA nanofiber
matrix, the elongation at break emerged respectively a reduction by 6% and 29% (Fig.4-10 G
and H), indicating a reduction in the ductility of the CNT@MS-incorporated nanofiber, which
was probably caused by the stiffening of the fibers due to the adhesion of CNT@MS. Similar
results have also been reported in other polymer systems with CNTs incorporated, such as
polyamide 6 (PA 6),°" and poly(3-caprolactone) (PCL).%
(2) Photothermal properties of the CNT@MS-incorporated electrospun membranes

In order to evaluate the photothermal properties of the CNT@MS-incorporated
electrospun  scaffolds, cross-linked  Algin/PEO/PF127/CNT@MS membrane and
PLA/CNT@MS membrane of similar weight (corresponding to ~90 g of CNT@MS) were
immersed in 1 mL of water and exposed to a 1064 nm NIR laser with a power density at 1
W/cm?for 16 min. As shown in Fig. 4-11, the temperature change of the solution versus time
was recorded during the NIR irradiation. As expected, it was observed that the solution
containing CNT@MS-incorporated scaffold exhibited a significant photothermal heating
effect. For the solutions with Algin/PEO/PF127/CNT@MS, the temperature profile increased
slowly from 24 to 50 <C and remained substantially constant with extending exposure time
after 14 min of NIR irradiation. Similarly, for the solution containing PLA/CNT@MS
scaffold, it was found that the temperature increased from 24 to 46 <C with the prolonged
irradiation time. In contrast, by looking at the effect of the NIR laser in the solutions
containing bare Algin/PEO/PF127 and PLA scaffolds without CNT@MS composites, the
temperature showed only a slight change (from ca. 20 to 24 <C) under the same conditions.
The effect of NIR light irradiation on pure water (without CNTs composite material) showed a
small increase in T similar to that of the bare scaffolds, confirming the photothermal effect of
CNT@MS in the electrospun nanofiber scaffolds. The good photothermal performance of
CNT@MS-incorporated alginate and PLA electrospun scaffold make them effective
photothermal agents, which is expected to be used in the fields of drug delivery and tissue

engineering.
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Fig.4-11 Photothermal properties of alginate-based and PLA-based electrospun scaffolds with
and without CNT@MS composites

4.3.4 Biological evaluation of the CNT@MS-incorporated electrospun scaffolds

As part of the biological evaluation of membranes, we studied the biocompatibility of the
following 4 membranes: PLA and PLA/CNT@MS, Algin/PEO/PF127 and
Algin/PEO/PF127/CNT@MS. For this purpose, murine fibroblast cells BALB/3T3 were used.
On the 7th day of incubation, environmental scanning electron microscopy analyses were
performed to observe cell/material interaction and to monitor the cell morphology.

In terms of results, it appeared that the membranes of alginate (Algin/PEO/PF127 and
Algin/PEO/PF127/CNT@MS) are dissolved when they came into contact with ethanol and
the culture media. Therefore, the stability of the alginate electrospun scaffolds should be
further improved that adapted for the biological tests. On the other hand, for PLA,
PLA/CNT@MS membranes, viability tests could be performed (Fig. 4-12). The results
showed that the PLA nanofibers were somewhat swellen after being immersed in the medium
for 7 days but still maintained a good fibrous structure. The observed cell morphologies
showed that the cells adhered to the PLA electrospun nanofibers with a spread phenotype
corresponding to the classic morphology of normally proliferating fibroblast cells, indicating
the good biocompatibility of these PLA electrospun scaffolds with and without CNT@MS

incorporated.
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PLA/CNT@MS PLA/CNT@MS avec fibroblastes

Fig.4-12 Observation by environmental scanning electron microscopy of PLA and PLA/
CNT@MS membranes incubated with and without fibroblast cells (inoculation for 7 days)

4.4 Conclusion

In this work, nanofibrous scaffolds with CNT@MS incorporation in alginate and PLA
substrate were successfully prepared through the electrospinning process. The addition of
CNT@MS led to a slight decrease in the average diameter of the resulting alginate-based and
PLA-based nanofibers. It was observed by SEM that CNT@MS was mainly dispersed on the
surface of the polymer nanofiber along the nanofiber axis. The CNT@MS-incorporated
nanofiber membrance showed improved tensile mechanical properties, which significantly
increased the tensile strength of Algin/PEO/PF/ICNT@MS and PLA/CNT@MS membranes
by 95% and 57%, respectively. Simultaneously, the embedding of CNT@MS on the polymer
fiber also caused a slight decrease in the elongation at break of the resulting electrospun
scaffolds. In addition, the CNT@MS-incorporated alginate and PLA nanofiber scaffolds
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exhibited good photothermal performance under NIR laser irradiation, resulting in the T
increased slowly from 24 to 50 <C. These results suggested that the electrospinning of the
alginate and PLA with addition of CNT@MS is an effective strategy to combine the good
mechanical and optical properties of CNTs to fabricate new type of biocompatible and
biodegradable nanofiber hybrid scaffolds. Such CNT@MS-incorporated alginate and PLA
nanofiber membranes have good prospects as scaffold materials for tissue engineering.

207



Chapter 4

4.5 References

o o~ wbd -

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

J. A. Hubbell, Nat. Biotechnol., 1995, 13, 565-576.

K. Y. Lee and D. J. Mooney, Chem. Rev., 2001, 101, 1869-1880.

D. W. Hutmacher, Biomaterials, 2000, 21, 2529}2543.

T. L. Jenkins and D. Little, NPJ Regen. Med., 2019, 4, 15.

F. J. O'Brien, Materials Today, 2011, 14, 88-95.

S. Pina, V. P. Ribeiro, C. F. Marques, F. R. Maia, T. H. Silva, R. L. Reis and J. M.
Oliveira, Materials, 2019, 12, 1824.

M. P. Nikolova and M. S. Chavali, Bioact. Mater., 2019, 4, 271-292.

S. A. Sell, P. S. Wolfe, K. Garg, J. M. McCool, I. A. Rodriguez and G. L. Bowlin,
Polymers, 2010, 2, 522-553.

F. M. Chen and X. Liu, Prog. Polym. Sci., 2016, 53, 86-168.

T. G. Kim, H. Shin and D. W. Lim, Advanced Functional Materials, 2012, 22,
2446-2468.

F. Rossi, M. Santoro and G. Perale, J. Tissue Eng. Regen. Med., 2015, 9, 1093-1119.

M. Zhu, W. Li, X. Dong, X. Yuan, A. C. Midgley, H. Chang, Y. Wang, H. Wang, K.
Wang, P. X. Ma, H. Wang and D. Kong, Nat. Commun., 2019, 10, 4620.

T. S. KARANDE, J. L. ONG and C. M. AGRAWAL, Annals of Biomedical
Engineering,, 2004, 32, 1728-1743.

E. Stodolak-Zych, A. Fraczek-Szczypta, A. Wieche¢ and M. Blazewicz, Acta Physica
Polonica A, 2012, 121, 518-521.

U. Hersel, C. Dahmen and H. Kessler, Biomaterials, 2003, 24, 4385-4415.

K. Klimek and G. Ginalska, Polymers, 2020, 12, 844.

L. Wang, S. Wu, G. Cao, Y. Fan, N. Dunne and X. Li, J. Mater. Chem. B, 2019, 7,
7439-7459.

D. K. Patel and K. T. Lim, Materials, 2019, 12, 2950.

B. S. Harrison and A. Atala, Biomaterials, 2007, 28, 344-353.

A. R. Boccaccini, F. Chicatun, J. Cho, O. Bretcanu, J. A. Roether, S. Novak and Q. Z.
Chen, Advanced Functional Materials, 2007, 17, 2815-2822.

E. L. Hopley, S. Salmasi, D. M. Kalaskar and A. M. Seifalian, Biotechnol Adv., 2014, 32,
1000-1014.

D. Mata, M. Amaral, A. J. Fernandes, B. Colaco, A. Gama, M. C. Paiva, P. S. Gomes, R.
F. Silva and M. H. Fernandes, Nanoscale, 2015, 7, 9238-9251.

208



Chapter 4

23

24,

25.
26.

217.

28

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

. X. Liu, M. N. George, L. Li, D. Gamble, A. L. Miller li, B. Gaihre, B. E. Waletzki and L.

Lu, ACS Biomaterials Science & Engineering, 2020, 6, 4653-4665.

J. Liu, C. Wang, X. Wang, X. Wang, L. Cheng, Y. Li and Z. Liu, Advanced Functional
Materials, 2015, 25, 384-392.

L. Zhu, D. Luo and Y. Liu, Int. J. Oral. Sci., 2020, 12, 6.

P. Wick, P. Manser, L. K. Limbach, U. Dettlaff-Weglikowska, F. Krumeich, S. Roth, W.
J. Stark and A. Bruinink, Toxicol. Lett., 2007, 168, 121-131.

U. Wirnitzer, B. Herbold, M. Voetz and J. Ragot, Toxicol. Lett., 2009, 186, 160-165.

. S. Hirano, Y. Fujitani, A. Furuyama and S. Kanno, Toxicol. Appl. Pharmacol., 2010, 249,

8-15.

. S. Vardharajula, S. Z. Ali, P. M. Tiwari, E. Eroglu, K. Vig, V. A. Dennis and S. R. Singh,

Int. J. Nanomedicine, 2012, 7, 5361-5374.

S. T. R. Nagvi, T. Rasheed, D. Hussain, M. Najam ul Hag, S. Majeed, S. shafi, N.
Ahmed and R. Nawaz, Journal of Molecular Liquids, 2020, 297, 1119109.

C. Wells, O. Vollin-Bringel, V. Fiegel, S. Harlepp, B. VVan der Schueren, S. B&gin-Colin,
D. B&in and D. Mertz, Advanced Functional Materials, 2018, 28, 1706996.

B. Li, S. Harlepp, V. Gensbittel, C. J. R. Wells, O. Bringel, J. G. Goetz, S. Begin-Colin,
M. Tasso, D. Begin and D. Mertz, Materials Today Chemistry, 2020, 17, 100308.

S. Jafari, H. Derakhshankhah, L. Alaei, A. Fattahi, B. S. Varnamkhasti and A. A.
Saboury, Biomed. Pharmacother., 2019, 109, 1100-1111.

R. K. Kankala, Y. H. Han, J. Na, C. H. Lee, Z. Sun, S. B. Wang, T. Kimura, Y. S. Ok, Y.
Yamauchi, A. Z. Chen and K. C. Wu, Adv. Mater., 2020, 32, e1907035.

D. Mertz, S. Harlepp, J. Goetz, D. B&gin, G. Schlatter, S. B&yin-Colin and A. Hébraud,
Advanced Therapeutics, 2019, 3, 1900143.

G. Sui, D. Liu, Y. Liu, W. Ji, Q. Zhang and Q. Fu, Polymer, 2019, 182, 121838.

S. Liang, K. Wang, D. Chen, Q. Zhang, R. Du and Q. Fu, Polymer, 2008, 49, 4925-4929.
X. Bai, X. Hu, S. Zhou, J. Yan, C. Sun, P. Chen and L. Li, Electrochimica Acta, 2013,
87, 394-400.

L. Li, Y. Yang, G. Yang, X. Chen, B. S. Hsiao, B. Chu, J. E. Spanier and C. Y. Li,
NanoLett., 2006, 6, 1007-1012.

H. Deka, N. Karak, R. D. Kalita and A. K. Buragohain, Carbon, 2010, 48, 2013-2022.
D. Maziukiewicz, B. M. Maciejewska, J. Litowczenko, M. Ko$cinski, A. Warowicka, J.

K. Wychowaniec and S. Jurga, Surface & Coatings Technology, 2020, 385, 125199.

209



Chapter 4

42.

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

H. Liu, X. Ding, G. Zhou, P. Li, X. Wei and Y. Fan, Journal of Nanomaterials, 2013,
2013, 1-11.

D. Ahirwal, A. Hédraud, R. Ka&, M. Wilhelm and G. Schlatter, Soft Matter, 2013, 9,
3164.

Y. Xu, Y. Zhu, F. Han, C. Luo and C. Wang, Advanced Energy Materials, 2015, 5,
1400753.

M. E. Darzi, S. I. Golestaneh, M. Kamali and G. Karimi, Renewable Energy, 2019, 135,
719-728.

Z. Xu, R. Zhao, X. Huang, X. Wang and S. Tang, Carbohydr Polym, 2018, 197,
237-245.

S.-H. Teng, P. Wang and H.-E. Kim, Materials Letters, 2009, 63, 2510-2512.

T. Hu, Q. Li, H. Dong, W. Xiao, L. Li and X. Cao, Small, 2017, 13, 1602610.

J. A. Matthews, D. G. Simpson, G. E. Wnek and G. L. Bowlin, Biomacromolecules,
2002, 3, 232-238.

A. M. Abdel-Mohsen, D. Pavlinak, M. Cilekova, P. Lepcio, R. M. Abdel-Rahman and J.
Jancar, Int. J. Biol. Macromol., 2019, 139, 730-739.

J. Gutierrez-Gonzalez, E. Garcia-Cela, N. Magan and S. S. Rahatekar, Materials Letters,
2020, 270, 127662.

D. Tao, Y. Higaki, W. Ma, H. Wu, T. Shinohara, T. Yano and A. Takahara, Polymer,
2015, 60, 284-291.

F. Flaig, H. Ragot, A. Simon, G. Revet, M. Kitsara, L. Kitasato, A. Hébraud, O. Agbulut
and G. Schlatter, ACS Biomaterials Science & Engineering, 2020, 6, 2388-2400.

Y. Luo, H. Shen, Y. Fang, Y. Cao, J. Huang, M. Zhang, J. Dai, X. Shi and Z. Zhang,
ACS Appl. Mater. Interfaces, 2015, 7, 6331-6339.

B. A. Aderibigbe and B. Buyana, Pharmaceutics, 2018, 10, 42.

N. A. Nallamuthu, M. Braden and M. P. Patel, Dent. Mater., 2012, 28, 756-762.

J. Wroblewska-Krepsztul, T. Rydzkowski, I. Michalska-Pozoga and V. K. Thakur,
Nanomaterials, 2019, 9, 404.

D. da Silva, M. Kaduri, M. Poley, O. Adir, N. Krinsky, J. Shainsky-Roitman and A.
Schroeder, Chem. Eng. J., 2018, 340, 9-14.

Y. Ramot, M. Haim-Zada, A. J. Domb and A. Nyska, Adv. Drug Deliv. Rev., 2016, 107,
153-162.

S. Shao, S. Zhou, L. Li, J. Li, C. Luo, J. Wang, X. Li and J. Weng, Biomaterials, 2011,
32, 2821-2833.

210



Chapter 4

61.

62.

63.

64.

65.

66.

67.

X. Zhao, J. Luo, C. Fang and J. Xiong, RSC Adv., 2015, 5, 99179-99187.

J. Mirtic, H. Balazic, S. Zupancic and J. Kristl, Polymers, 2019, 11.

C. A. Bonino, M. D. Krebs, C. D. Saquing, S. I. Jeong, K. L. Shearer, E. Alsberg and S.
A. Khan, Carbohydrate Polymers, 2011, 85, 111-1109.

C. A. Bonino, K. Efimenko, S. I. Jeong, M. D. Krebs, E. Alsberg and S. A. Khan, Small,
2012, 8, 1928-1936.

T. C. Mokhena, M. J. Mochane, A. Mtibe, M. J. John, E. R. Sadiku and J. S. Sefadi,
Materials, 2020, 13, 934.

T. Yang, D. Wu, L. Lu, W. Zhou and M. Zhang, Polymer Composites, 2011, 32,
1280-1288.

F. Zomer Volpato, S. L. Fernandes Ramos, A. Motta and C. Migliaresi, J. Bioactive and
Compatible Polymers, 2010, 26, 35-47.

211



Chapter 4

4.6 Supporting information

C 400 D
—_ —a—Adsorption 100 -
=)
o -#-Desorption .
g 300 S 80
o 0
& 200 3 3 6o
— —_
2 ge_? £
3 ST 1- 2
o 100 S.5 § 40 | ——cnT@ms
£ 350 ]
§ 0 Pore size (nm) 20 |
0 02 04 06 038 1 0 200 400 600 800

(]
Relative pressure (P/P,) Temperature (°C)

S.4-1 (A, B) TEM images of CNT@MS, (C) nitrogen adsorption-desorption isotherms of
CNT@MS composite associated with the pore size distribution, and (D) TGA curve of
CNT@MS
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S.4-2 Photographs of (A) Algin/PEO/PF127 electrospun scaffold and (B)
Algin/PEO/PF127/CNT@MS electrospun scaffold
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S.4-4 Photographs of (A) PLA electrospun scaffold and (B) PLA/CNT@MS electrospun
scaffold
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S.4-5 Photographs PLA/CNT@MS (spray) scaffold: (A) before rinsing, (B) during rinsing:

immersed in water at room temperature stirring at 300 rpm for 65 h, and (C) after rinsing
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Chapter 5 Conclusion and perspectives

5.1 Conclusion

The general introduction of CBMs/MS hybrid materials with non-porous, small
mesoporous pore size and large mesoporous pore size MS matrix and their promising
applications in the biomedical field including drug delivery, tissue engineering, imaging, and
biosensing were summarized. In this thesis, CNTs as one of the most widely studied materials
in carbon based materials were used to synthesize homogeneous mesoporous silica shell
coated CNTs composites with tunable pore size. Such CNT@MS composites with small and
large pore size were respectively used as nanoplatforms for loading of small MW molecule
anticancer drug doxorubicin (DOX) and high MW molecules enzyme alkaline phosphatase
(AP), and as components for the construction of hydrogel scaffolds for controllable drug
delivery and cancer therapy. Such CNT@MS composites were also used as a reinforcing
material to be embedded in the electrospinning nanofiber scaffolds to explore the possibility
of being nanoplatforms for tissue engineering applications. The general conclusions obtained
in the present work are summarized as follows:

5.1.1 Near infra-red light responsive carbon nanotubes@mesoporous silica for
photothermia and drug delivery to cancer cells

In this work, we have designed new NIR light-responsive nanocomposites made of small
pore MS shell coated CNTSs, loaded with the antitumor drug doxorubicin (DOX), and capped
with plasma protein human serum albumin (HSA) as a biocompatible interface and gate
keeper. We have developed here a novel way to immobilize DOX with a DLC up to 80%,
via the powerful strategy based on IBAM versatile non-covalent binders grafted on
CNT@MS shells which additionally allow the tight anchoring of HSA. The photothermal
properties of these composites were investigated as a function of their concentration and of
the laser power. We found that adjusting the power at 1W/cm? is well suited to control the
temperature  under the  necrosis  temperature  (45<C). These  drug-loaded
CNT@MS@IBAM-DOX@HSA nanocomposites were shown to release DOX in response to
NIR light applied. We demonstrated that this release occurs first by a burst that depends on
the concentration of the composites but can also be controlled on a pulsatile fashion as a
regular increase of DOX after each NIR light application. We demonstrated that a NIR power
of 1 W/cm? is efficient to control the release of DOX dose on time. We further demonstrated
the cytotoxic potential of DOX-loaded nanocomposites and highlighted a potentially
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interesting feature of our nanocomposites: even if photothermic effect from the CNTs
composites allows an important cancer cell cytotoxicity, the DOX —mediated release ensure
an additional cytotoxicity allowing synergy of both effect to kill cancer cells. Finally, another
originality of this work is the integration of such nanocomposites into a hydrogel mimicking
the extracellular matrix which can have potential applications in the field of antitumoral
scaffolds or polymer matrices for tissue engineering (if DOX is replaced by another molecule).
We showed here that the application of NIR light on such nanocomposite hydrogel scaffold
covered with D2A1 murine breast cancer cells allows triggering the release of DOX to the
cellular media, which results in cell toxicity over time. Hence, such nanosystems may be of
huge interest as components of implantable scaffolds for antitumor or tissue engineering
applications. This approach would make it possible the development of new (nano) medical
devices for the medicine of tomorrow.
5.1.2 Nanocomposite supramolecular hydrogels assembled through enzyme-loaded
carbon nanotubes@]Iarge pore mesoporous silica for thermally induced drug release

In this work, a facile strategy to trigger the self-assembly of a peptide hydrogel from
enzyme-coated CNT@LPMS composites was designed for thermal-induced drug delivery.
First, CNTs were coated with a homogeneous large pore mesoporous silica layer, making
them particularly suitable for loading high MW biomolecules. It is found that an ultra-high AP
loading capacity (up to 400 wt%) was achieved within the porous with the IBAM binders
grafted on the silica surface. The excellent AP loading capacity of CNT@LPMS@IBAM
composites enabled them to act as initiators of the peptide self-assembly and cross-linking
points of the resulting nanocomposite supramolecular hydrogel, allowing local growth of
peptide self-assembled nanofibers architecture from the silica surface. In addition, the
self-assembly of peptide hydrogel on AP-immobilized carbon-free silica NPs (STMS) with
similar pore sizes was also performed, demonstrating the versatility of this surface
engineering approach. Furthermore, significant DOX release from these hydrogels was
obtained when the DOX-loaded hydrogels were submitted to external high temperature (42 <C)
stimulation. Rheological studies showed that the elastic modulus of these hydrogels increased
with the introduction of DOX, while the storage modulus decreased significantly after T
(42<C) treatment, indicating that the mechanical properties of hydrogels changed after T
stimulation and led to the release of DOX. The above results indicate that this nanocomposite
supramolecular hydrogels assembled from enzyme-coated large pore mesoporous materials
can be used as T-induced thermally responsive controlled release nanoplatforms. The
association of CNT@LPMS nanocomposites and self-assembled peptide supramolecular
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hydrogels as scaffolds is an innovative strategy, which is expected to be used to develop a
new generation of stimuli-responsive drug delivery systems suitable for the biomedical
applications.
5.1.3 Electrospun nanofiber composite scaffolds incorporated with carbon
nanotubes@mesoporous silica: fabrication, properties and biological evaluation

In this work, nanofibrous scaffolds with CNT@MS incorporation in alginate and PLA
substrate were successfully prepared through the electrospinning process. It was observed by
SEM that CNT@MS was mainly dispersed on the surface of the polymer nanofiber along the
nanofiber axis. The CNT@MS-incorporated nanofiber membrance showed improved tensile
mechanical properties, which significantly increased the tensile strength of
Algin/PEO/PFICNT@MS and PLA/CNT@MS membranes by 95% and 57%, respectively.
Simultaneously, the embedding of CNT@MS onto the polymer fiber also caused a slight
decrease in the elongation at break of the resulting electrospun scaffolds. In addition, such
CNT@MS-incorporated alginate and PLA nanofiber scaffolds exhibited good photothermal
performance under NIR laser irradiation, resulting in the T increased slowly from 24 to 50 <C.
These results suggested that the electrospinning of the alginate and PLA with addition of
CNT@MS is an effective strategy to combine the good mechanical and optical properties of
CNTs to fabricate new type of biocompatible and biodegradable nanofiber hybrid scaffolds.
Such CNT@MS-incorporated alginate and PLA nanofiber membranes have good prospects as

scaffold materials for tissue engineering.
5.2 Perspectives

We have described in this work the promising potential of CNT@MS composites with
tunable pore size for biomedical applications. However, there is still much work that can be
done to fully understand and truly realize the application of CNT@MS composite materials in
the biomedical field. The following summarizes some of the prospects derived from the
results obtained in this work.

In the chapter 2, we achieved a very high drug loading capacity on the functionalized
CNT@MS composites, but the proportion of DOX release was very low in response to NIR
light applied. Therefore, it is necessary to explore new strategies that can achieve high DOX
release efficiency.

In chapter 3, the mechanism of thermally-induced DOX release and its influence on the
internal structure of the peptide supramolecular hydrogels is not yet well understood and
should be in-depth studied. Moreover, the ability of such CNT@LPMS-peptide
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supramolecular hydrogels to release DOX in a long-term controlled manner under NIR laser
irradiation can be further studied.

In chapter 4, we have confirmed the enhanced mechanical properties and excellent
photothermal effect of the CNT@MS-incorporated electrospun nanofiber scaffolds, but the
solvent used to synthesize the spinning solution conflicts with the active components to be
loaded on CNT@MS composites. Therefore, it is necessary to find effective and reliable
strategies to realize the loading of active components on CNT@MS composites for the
subsequent applications in tissue engineering.

In addition, the potential toxicity of CNT@MS to organisms and ecosystems is still
controversial. Before applying CNT@MS composite materials to the biomedical field, the
problem of cytotoxicity must be solved. Therefore, innovative ideas and solutions are needed
to develop efficient, safe and feasible bio-nanoplatforms based on CNT@MS hybrid

materials.
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Résumé en francais

Les nanomatériaux a base de carbone (CBMs), tels que les nanotubes de carbone (CNTSs) ou le
graphene possedent des propriétés mécaniques, optiques, électriques et thermiques exceptionnelles,
ce qui en fait d'excellentes nano-plateformes pour des applications biomédicales. Dans ce travail, les
CNTs ont été utilisés pour synthétiser des composites (CNT@MS) de CNTs enrobés d'une coquille de
silice mésoporeuse homogene (MS) avec une taille de pores modulable. Les composites CNT@MS
avec des petits pores (3.4 nm) ont été utilisés comme nanoplateformes pour le chargement de
molécules antitumorales (DOX) et comme composants pour la construction d'un échafaudage pour la
libération contrélée de médicaments et le traitement du cancer. Ces composites CNT@MS chargés de
DOX ont montré leur efficacité pour la libération de DOX sous rayonnement NIR, permettant une
synergie de cytotoxicité par photothermie et la DOX pour détruire les cellules cancéreuses. Les
composites CNT@MS avec une coque de MS a larges pores (12 nm) (CNT@LPMS) ont été utilisés
pour I'immobilisation de la phosphatase alcaline (AP) et une capacité d'immobilisation élevée de I'AP a
éte réalisée via les groupes isobutyramide (IBAM) greffés a la surface des LPMS. L’AP chargée dans
ces composites a conservé son activité enzymatique et a permis de déclencher l'auto-assemblage
d'échafaudages d'hydrogels supramoléculaires peptidiques contenant de la DOX. Sous l'effet de la
chaleur, ces gels se dégradent et une libération efficace de médicament induite par la chaleur a été
obtenue. En outre, ces composites CNT@MS ont été utilisés comme matériau de renforcement a
incorporer dans les échafaudages de nanofibres électrofilées. Ces échafaudages électro-filés
incorporés de CNT@MS, présentent des propriétés mécaniques améliorées et d'excellents effets
photo-thermiques sous irradiation laser NIR.

Mots-clés: Nanotubes de carbone, Silice mésoporeuse, Nanoplateformes enzymatiques, Taille des
pores ajustable, Electrofilage, Administration de médicaments, Ingénierie tissulaire

Résumé en anglais

Carbon based materials (CBMs), such as carbon nanotubes (CNTs) and graphenes, possess
outstanding mechanical, optical, electrical and thermal properties, making them excellent
nanoplatforms for biomedical applications. In this work, CNTs were used to synthesize homogeneous
mesoporous silica (MS) shell coated CNTs composites (CNT@MS) with tunable pore size. Such
CNT@MS composite with small pore size (3.4 nm) were used as nanoplatforms for loading of molecule
anticancer drug (DOX) and as components for the construction of hydrogel scaffold for controllable
drug delivery and photothermia-based cancer therapy. These DOX-loaded CNT@MS composites
showed the release of DOX in response to NIR light applied, allowing synergy of photothermic and
DOX -mediated cytotoxicity effect to kill cancer cells. The CNT@MS composites with large pore (12
nm) MS shell (CNT@LPMS) were used for immobilizing alkaline phosphatase (AP), and a high
immobilization capacity of AP was realized via isobutyramide (IBAM) grafts at the surface of LPMS
layer. These AP-immobilized CNT@LPMS composites were further applied to trigger the
self-assembly of DOX-containing peptide supramolecular hydrogel scaffolds, and a effective
heat-induced drug release was achieved through gel degradation. Furthermore, these CNT@MS
composites were used as reinforcing material to be embedded in electrospun nanofiber scaffolds.
These CNT@MS-incorporated electrospun scaffolds exhibited enhanced mechanical properties and
excellent photothermal effect under NIR laser irradiation.

Keywords: Carbon nanotubes, Mesoporous silica, Enzymatic nanoplatforms, Tunable pore size,
Electrospinning, Drug delivery, Tissue engineering




