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DFT Density functional theory 
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DDS                               Drug delivery systems 
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FDA                                   Food and Drug Administration 

FFT Fast Fourier Transform 

FT-IR                                     Fourier-transformed infrared spectroscopy 
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Chemical Solution Deposition 

DLS                                      Dynamic Light Scattering 

DDS                                     Drug delivery systems 

DPI 

EDX 

Dry Powder Inhaler  

Energy Dispersive X-Ray  

EE Encapsulation Efficiency 

FDA                                     Food and Drug Administration 

FT-IR                                     Fourier-transformed infrared spectroscopy 
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Gem-MP Gemcitabine Monophosphate 
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ISO International Organization of Standardization  



HA Hyaluronic acid 

HPLC   High Liquid Performance Chromatography 

MDI Metered-dose inhaler 

MIL  

MIP                                     

Materials of Institut Lavoisier 

Materials of the Institut of Porous Materials of Paris  

MSNs                             Mesoporous Silica Nanoparticles 

MTN Mobil Thirty Nine 

MTX                                    Methotrexate 

MOF                                    Metal Organic Framework 

MW Microwave synthesis 

LD50 Lethal Dose 

NPs                                     Nanoparticles 

NU                                       Northwestern University 

NMR                                    Nuclear Magnetic Resonace 

PAMAM Poly(amido)amine dendrimers 

PBS                                      Phosphate Buffer Saline 

PCN Porous Coordination Network 

PCP   Porous Coordination Polymer 

PEG                                     Polyethylene glycol 

PLA                                      Poly lactic acid 

PLGA                                   Poly lactic-co-glycolic acid 

PP 

PPI 

PS 

PSPD 
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Prednisolone sodium phosphate 

Polypropyleneimine dendrimers 

Methyl prednisolone sulfate 

Position-sensitive photodiode 

Powder X-Ray Diffraction 

RT Room Temperature 

SAMs Self-assembled monolayers 

SBU                                     Secondary Building Unit 

SEM 
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Scanning Electronic Microscopy 

Scanning Transmission Electron Microscopy 

STEM-HAADF Scanning TEM with High Annular Dark Field 

SE                                        Spectroscopic Ellipsometry 

TGA                                    Thermal Gravimetric Analysis 

TPT Topotecan 
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UV-Vis Ultraviolet Visible 

5-Fu                                    5-Fluorouracil 

ZIF                                    Zeolitic Imidazolate Framework 
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Table of Contents 

General Introduction 1 

Synthèse en français 7 

Chapter I  

Introduction 11 

A. Nanomedicines 13 

B. Types of drug carriers 17 

C. Metal Organic Frameworks (MOFs) 24 

D. Characterization techniques 39 

E. MOFs for drug delivery: Degradation mechanism and in vivo fate 49 

F. Conclusions 73 

G. References 74 

Chapter II  

Degradation mechanism of porous metal-organic frameworks by in situ Atomic Force 

Microscopy 83 

Chapter III  

Advanced characterization methodology to unravel MOF stability in extremely dilute 

conditions 113 

Chapter IV  

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF 

microscopy 151 

General Discussion & Perspectives 193 

General Conclusion 207 

Annex 209 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Page | 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



General Introduction   

 

 Page | 3 

General Introduction 
 

Nanotechnology has received enormous attention some years ago and nowadays we 

can clearly claim that it has been established to almost every domain of novel research.1 

In biochemistry, nanoparticles (NPs) can function as carriers of active ingredients (AIs) 

for the treatment of various diseases.2-4   The choice of nanotechnology compared to 

conventional therapies presents some important advantages: 

 
1. protection of unstable/poor soluble active molecules and prevention of ‘’burst’’ 

release 

2. targeted delivery of active molecules by a controlled manner, avoiding 

undesired side  

effects 

3. efficient crossing of epithelial and endothelial barriers and successful 

intracellular diffusion 

4. co-encapsulation and delivery of multiple drugs for combination therapy 

5. combination of imaging and therapy by multifunctional nanovectors for several 

diseases (theragnostics). 

 

A plethora of particles have been studied as drug nanovectors since 1970s.5-7 The last 

decade, hybrid porous particles named Metal Organic Frameworks (MOFs) have gained 

more and more ground as pharmaceutical carriers, thanks to their high internal surface 

areas, chemical and structural diversity, surface engineering and their controllable 

(green) synthesis down to the nanoscale.8,9  Among a large variety of MOFs the iron (III) 

trimesate MIL-100(Fe) (MIL stands for Materials of Lavoisier Institute) is a benchmark 

MOF candidate for biomedical applications.10 MIL-100(Fe) exhibits a mesoporous 

architecture built of iron trimers of metal octahedra connected by trimesate ligands 

delimiting mesoporous cages accessible through microporous windows. One of its 

main features is the presence of open metal sites able to bind directly a large variety 

of guest molecules (gases, vapors, drugs, enzymes, etc.). As a result of these unique 

features, MIL-100(Fe) can host several drugs (both hydrophobic and hydrophilic).11-15 

Noteworthy, it can be synthesized via ‘’green’’methods leading to particles ranging 

from less than 100 nm up to a few microns.16-18 MIL-100(Fe) is biodegradable in body 

fluids and is biocompatible, as deduced from previous in vitro/vivo studies.19,20  The 

term biocompatible signifies a material, which, grosso modo, is non toxic for the 

organism neither throughout its circulation inside the body nor its degradation 

byproducts. Kohane and Langer have aptly commented on a review paper, that 



  

   

biocompatibility is a relative matter and whether a material is considered 

biocompatible or not, depends on the application and numerous other factors such as 

time and context.21 

 

Previous studies have shown that MlL-100(Fe) is a water stable MOF under ambient 

conditions, but rapidly degrades upon incubation with physiological simulated 

conditions (phosphate buffer saline, PBS) at pH=7.4.22,23 Specifically, phosphate ions 

attack the framework, coordinate with the iron metal sites and replace the trimesate 

ligand, which is finally released leading either to partial or total degradation of the 

particles. It is noteworthy to mention, that the stability of the framework depends on 

several parameters both intrinsic (nature, size, crystallinity rate of the particles) and 

extrinsic (pH and composition of the medium, loading and coating procedures) and 

the interactions with the living organism. 

 

In the context of this thesis, we will explore some of the above parameters to better 

understand the degradation mechanism of MIL-100(Fe) particles. 
 

The present manuscript is divided into five chapters, as summarized in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. The first chapter is a bibliographic synopsis discussing some of the materials acting 

as nanovectors in biomedical field, giving special attention to hybrid porous Metal 
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Organic Frameworks (MOFs) and especially to the iron(III) trimesate MIL-100(Fe) 

framework, which is the material of interest for this study. Moreover, it presents the 

principles of the characterization techniques used to determine the stability of the 

particles and finally the degradation mechanism of MOFs and their in vivo fate is 

summarized as a book chapter published in 2020. 

 

2. In the second chapter, in situ Atomic Force Microscopy (AFM) was chosen to follow 

the degradation of micron-sized particles (microMOFs) in water and in PBS media. Two 

different synthetic routes were used for the formation of microMOFs presenting 

different crystallinities. The as-synthesized particles are stable in water, but they 

degrade upon incubation in the presence of phosphates ions, as already mentioned 

before. We also wanted to investigate the effect of the pH on the stability of the 

particles and we, therefore tuned the acidity of the media. This study revealed that the 

particles are more stable in acidic environment (pH=5.4) compared to a neutral one 

(pH=7.4). This was a valuable tool for the investigation of the behavior of smaller 

particles (nanoMOFs), which was further studied in the following chapter (chapter 3). 

 

3. The third chapter focuses on the exploration of the same mechanism but considering 

smaller particles (<100 nm) in extreme diluted conditions. To achieve that, an optical 

based technique, named in situ ellipsometry was selected. Its principle is based on the 

measurement of optical films’ thickness and for this reason thin films of MIL-100(Fe) 

were fabricated by dip coating. To our knowledge, this is the first time that optical thin 

films of MIL-100(Fe) have been studied by in situ ellipsometry. At a first step, the 

thickness of the films was precisely measured and then, films were introduced inside a 

liquid cell where either water or PBS was passing at a constant flow.  The thickness and 

the composition of the films were assessed. Moreover, we followed the behavior of the 

same films in the presence of bovine serum albumin (BSA), the most abundant protein 

in the bloodstream, to study its role to the degradation mechanism of nanoMOFs. 

 
4. The fourth chapter of the manuscript (chapter 4) is dedicated to the loading of three 

active molecules with or without functional groups (pristine drug, phosphorylated and 

sulfated form) into the internal porosity of nanoMOFs. The main goal was here to 

evaluate the impact of the host-guest interactions over the degradation’s kinetics. 

Additionally, drug and ligand releases were followed upon incubation in media either 

rich in phosphates or in sulfates to show the influence of the complexing ions over the 

degradation of the MOF. Density Functional Theory (DFT) modeling was finally 

considered as a computational quantum mechanical technique, which helped to gain   
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a better understanding over the intermolecular interactions, crucial parameters for the 

stability of the particles. 

 

5. In last chapter a general conclusion is proposed as well as perspectives along with 

the annexes for supplementary information of this work. 
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Synthèse en français  

 

La nanotechnologie a fait l'objet d'une attention considérable il y a quelques années 

et, aujourd'hui, nous pouvons clairement affirmer qu'elle s'est implantée dans presque 

tous les domaines de la recherche novatrice.1 En biochimie, les nanoparticules (NPs) 

peuvent servir de vecteurs de principes actifs (AI) pour le traitement de diverses 

maladies.2-4  Le choix de la nanotechnologie par rapport aux thérapies conventionnelles 

présente certains avantages importants : 

 

1. protection des molécules actives instables ou peu solubles et prévention de la 

libération prématurée. 

2. l'administration ciblée de molécules actives de manière contrôlée, évitant les 

effets secondaires indésirables.  

3. Traversée efficace des barrières épithéliales et endothéliales et diffusion 

intracellulaire réussie. 

4. la co-encapsulation et la délivrance de plusieurs médicaments pour une 

thérapie combinée 

5. combinaison de l'imagerie et de la thérapie par des nanovecteurs 

multifonctionnels pour plusieurs maladies (theragnostic). 

 

Depuis les années 1970, une multitude de particules ont été étudiées en tant que 

nanovecteurs de médicaments.5-7 Au cours de la dernière décennie, les particules 

poreuses hybrides appelées "Metal Organic Frameworks" (MOFs) ont gagné de plus en 

plus de terrain en tant que vecteurs pharmaceutiques, grâce à leurs surfaces internes 

élevées, à leur diversité chimique et structurelle, à l'ingénierie de surface et à leur 

synthèse (verte) contrôlable à l'échelle nanométrique.8,9  Parmi une grande variété de 

MOFs, le trimesate de fer (III) MIL-100(Fe) (MIL signifie Matériaux de l'Institut Lavoisier) 

est un candidat MOF de référence pour les applications biomédicales.10 MIL-100(Fe) 

présente une architecture mésoporeuse construite de trimères de fer d'octaèdres 

métalliques connectés par des ligands trimesates délimitant des cages mésoporeuses 

accessibles par des fenêtres microporeuses. L'une de ses principales caractéristiques 

est la présence de sites métalliques ouverts capables de lier directement une grande 

variété de molécules invitées (gaz, vapeurs, médicaments, enzymes, etc.). Grâce à ces 

caractéristiques uniques, le MIL-100(Fe) peut accueillir plusieurs médicaments 

(hydrophobes et hydrophiles).11-15 Il est à noter qu'il peut être synthétisé par des 

méthodes "vertes" permettant d'obtenir des particules allant de moins de 100 nm à 

quelques microns.16-18  Le MIL-100(Fe) est biodégradable dans les fluides corporels et 

est biocompatible, comme l'ont déduit de précédentes études in vitro/vivo.19,20 Le 

terme biocompatible signifie un matériau qui, grosso modo, n'est pas toxique pour 

l'organisme, ni tout au long de sa circulation dans le corps, ni dans ses sous-produits 

de dégradation. Kohane et Langer ont judicieusement commenté dans un article de 
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synthèse que la biocompatibilité est une question relative et que le fait qu'un matériau 

soit considéré comme biocompatible ou non dépend de l'application et de nombreux 

autres facteurs tels que le temps et le context.21 

 

Des études antérieures ont montré que le MlL-100(Fe) est un MOF stable dans l'eau 

dans des conditions ambiantes, mais qu'il se dégrade rapidement lors d'une incubation 

dans des conditions physiologiques simulées (solution saline tampon phosphate, PBS) 

à pH=7.4.22,23 Plus précisément, les ions phosphate attaquent la structure, se 

coordonnent avec les sites métalliques du fer et remplacent le ligand trimésate, qui est 

finalement libéré, entraînant une dégradation partielle ou totale des particules. Il est 

important de mentionner que la stabilité de la structure dépend de plusieurs 

paramètres intrinsèques (nature, taille, taux de cristallinité des particules) et 

extrinsèques (pH et composition du milieu, procédures de chargement et de 

recouvrement) et des interactions avec l'organisme vivant. 

 

Dans le cadre de cette thèse, nous allons explorer certains de ces paramètres afin de 

mieux comprendre le mécanisme de dégradation des particules MIL-100(Fe). 

 

Le présent manuscrit est divisé en cinq chapitres, comme le résume la figure ci-dessous: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Le premier chapitre est un synopsis bibliographique discutant de certains des 

matériaux agissant comme nanovecteurs dans le domaine biomédical, en accordant 

une attention particulière aux cadres métallo-organiques (MOF) poreux hybrides et 

notamment au cadre MIL-100(Fe) trimésate de fer(III), qui est le matériau d'intérêt pour 

cette étude. En outre, il présente les principes des techniques de caractérisation 
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utilisées pour déterminer la stabilité des particules et enfin le mécanisme de 

dégradation des MOFs et leur destin in vivo est résumé sous la forme d'un chapitre de 

livre publié en 2020. 

 

2. Dans le deuxième chapitre, la microscopie à force atomique (AFM) in situ a été 

choisie pour suivre la dégradation de particules de taille micrométrique (microMOFs) 

dans l'eau et dans un milieu PBS. Deux voies de synthèse différentes ont été utilisées 

pour la formation de microMOFs présentant des cristallinités différentes. Les particules 

telles que synthétisées sont stables dans l'eau, mais elles se dégradent lors de 

l'incubation en présence d'ions phosphates, comme déjà mentionné précédemment. 

Nous avons également voulu étudier l'effet du pH sur la stabilité des particules et nous 

avons donc ajusté l'acidité du milieu. Cette étude a révélé que les particules sont plus 

stables dans un environnement acide (pH=5.4) comparé à un environnement neutre 

(pH=7.4). Cela a été un outil précieux pour l'étude du comportement de plus petites 

particules (nanoMOFs), qui a été étudié plus en détail dans le chapitre suivant (chapitre 

3). 

 

3. Le troisième chapitre se concentre sur l'exploration du même mécanisme mais en 

considérant des particules plus petites (<100 nm) dans des conditions de dilution 

extrême. Pour ce faire, une technique optique, appelée ellipsométrie in situ, a été 

choisie. Son principe est basé sur la mesure de l'épaisseur des films optiques et pour 

cette raison, des films minces de MIL-100(Fe) ont été fabriqués par trempage. A notre 

connaissance, c'est la première fois que des films minces optiques de MIL-100(Fe) ont 

été étudiés par ellipsométrie in situ. Dans un premier temps, l'épaisseur des films a été 

mesurée avec précision, puis les films ont été introduits dans une cellule liquide où de 

l'eau ou du PBS passait à un débit constant. L'épaisseur et la composition des films ont 

été évaluées. De plus, nous avons suivi le comportement des mêmes films en présence 

de sérum albumine bovine (BSA), la protéine la plus abondante dans le sang, afin 

d'étudier son rôle dans le mécanisme de dégradation des nanoMOFs. 

 

4. Le quatrième chapitre du manuscrit (chapitre 4) est consacré au chargement de trois 

molécules actives avec ou sans groupes fonctionnels (médicament pristine, forme 

phosphorylée et sulfatée) dans la porosité interne des nanoMOFs. L'objectif principal 

était ici d'évaluer l'impact des interactions hôte-guide sur la cinétique de dégradation. 

De plus, la libération de médicaments et de ligands a été suivie lors de l'incubation 

dans des milieux riches en phosphates ou en sulfates afin de montrer l'influence des 

ions complexants sur la dégradation du MOF. La modélisation de la théorie de la 

fonction de la densité (DFT) a finalement été considérée comme une technique de 

mécanique quantique computationnelle, qui a permis de mieux comprendre les 

interactions intermoléculaires, paramètres cruciaux pour la stabilité des particules. 
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5. Dans le dernier chapitre, une conclusion générale est proposée ainsi que des 

perspectives et des annexes pour des informations supplémentaires sur ce travail. 
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A.  Nanomedicines 
 

The historical talk with the title ‘’There’s plenty of room at the bottom’’, given by Richard 
Feynman in 1959 at Caltech, laid the foundations of nanotechnology and paved the way for its 
use at almost every aspect of modern life.1-6 To better understand the ideas of the manuscript 
that follows, some terms should be defined.  According to the International Organization of 
Standardization (ISO), a nano-object is a discrete piece of material with one, two or three 
external dimensions in the nanoscale (length ranges approximately from 1 nm to 100 nm). 
Nanoparticle (NP) is a nano-object with all external dimensions in the nanoscale, where the 
lengths of the longest and the shortest axes of the nano-object do not differ significantly. 
Nanotechnology is the science that deals with the design, the fabrication and the application 
in the nanoscale.7 In the context of this thesis, NPs will be studied as therapeutic agents 
towards the diagnosis, treatment and prevention of diseases. More specifically, NPs act as 
transport agents of active ingredients (AIs) for drug delivery applications. For the rest of the 
manuscript, terms such as nanovectors or nanocarriers or drug delivery systems (DDS) will be 
used, according to the proposed terminology. A nanocarrier is small enough to enter cells, 
interact with them and control a biological process. Figure 1-1 shows their size in comparison 
with other well-known entities such as atoms, molecules, viruses or cells. 
 

 
 
 
Figure 1-1. Nanoscale comparison. Figures created by Biorender.  
 
In addition to their intracellular penetration, thanks to their submicroscopic size, nanocarriers 
present some great advantages compared to conventional treatment. In the next part, the 
importance of nanomedicines will be given. 
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Nanomedicines versus conventional therapies 
 
The intrinsic physicochemical properties of NPs, such as their small size and their large 
surface to volume ratio allow the host of a large quantity of AIs. Several AIs present 
drawbacks hampering their administration, such as low solubility, strong tendency to 
crystallize or lack of stability in biological media. In this context, NPs can act as shields for 
the AIs preventing their degradation. NPs can load high drug amounts, circumventing drug 
solubility problems together with avoiding crystallization. One of the most interesting ability 
of the nanocarriers is their accumulation specifically in pathogenic cells (targeting), where a 
higher amount of the drug is released in a controlled manner. Especially in the case of cancer 
treatment, nanovectors need to be specifically targeted only to the cancer cells without 
damaging the healthy tissues and organs, which could lead to undesirable side effects. 
Moreover, certain drug carriers may release their cargo upon internal or external stimuli 
(temperature, pH, light, molecular recognition, etc.) avoiding the uncontrolled premature 
release (‘’burst’’release), before they successfully reach their target. Overall, protection of the 
AI, successful targeting and controlled release of the drug are some of the main parameters 
that should be taken into consideration in the design of a nanocarrier. Apart from these 
aspects, it is crucial to design biocompatible particles, which upon interaction with the living 
organism will not introduce any toxicity to it.  
 
Each nanocarrier presents a different behavior, when is administered in vivo. For assessing its 
safety and efficacy, its activity inside the body should be carefully studied. The pathway that 
the nanovectors are following inside the body designates their pharmacokinetic profile, which 
is described through ADME (Absorption, Distribution, Metabolism, Excretion) concept in the 
section that follows. 
  

Pharmacokinetics 

The acronym ADME (Absorption, Distribution, Metabolism, Excretion) describes the 
pharmacokinetic profile of an AI that is the effect the body has on drugs. ADME consists of 
four crucial steps, the absorption of the AI, its distribution in the body, its metabolization and 
finally the excretion from the organism, all of which will determine the biological activity or 
the in vivo fate of a chemical compound. The nanosystems carrying the AIs to the living 
organism for achieving a therapeutic effect will follow these four steps, which will now be 
described.8 
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Absorption 

Absorption is the process of a substance before entering the systemic circulation. This process 
depends strongly on the administration route of the drug. The main routes of administration 
are distinguished into two main categories, the enteral and the parenteral. The enteral 
administration describes the absorption of the AI via the gastrointenstinal track, whereas the 
parenteral administration includes any route, which does not include the gastrointenstinal 
system.  Oral, rectal and sublingual or buccal administrations belong to the enteral category 
and intravenous, intramuscular, subcutaneous, transdermal, inhalation and topical 
administrations to the parenteral one. Some of the main administration routes are discussed 
below.  

- Oral administration; the AI is administered orally in the organs, following the total 
circulation in the body that is the pass from the stomach and the intestinal system, then 
in the blood stream with a first pass in the liver and finally to other organs, kidneys, 
lungs, heart, brain, etc. Oral route is convenient and it is preferred from the patients, 
mainly because it improves their compliance. Therefore, more and more nanocarriers 
are increasingly being developed for oral delivery.9-12 
 

- Intravenous administration (i.v); the AI is administered by injection directly into the 
vascular space bypassing some barriers and metabolism mechanisms as compared to 
the oral administration. Among the other administration routes, the i.v one provides 
the highest drug availability with a minimum delay. Nowadays, delivery of antitumor 
drugs intravenously is the most common route of administration.13, 14 However, one of 
its main limitations is the control of the particle size of the nanosystems. Small NPs 
are often aggregated during injections and they trigger embolism hampering the 
treatment.  
 

- Inhalation; the AI is administered within the respiratory track by inhaling orally or 
nasally for systemic or local effect.  The AIs are formulated and administered with 
Dry Powder Inhaler (DPI), metered-dose inhaler (MDI) or nebulizers.15 In this case, 
inhalation therapies are among the optimal solutions for improvement and therapy of 
lung diseases, such as cystic fibrosis16 or chronical cases, such as asthma.17  
 

- Transdermal administration is taking place through the skin. The AI is slowly 
diffused by the external layer of the skin (stratum corneum), passes the viable 
epidermis and ends up to dermis, which contains capillary loops for systemic 
administration.18 The last years, more and more nanodevices have been designed for 
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transdermal delivery. 19, 20 
 

- Subcutaneous route is a pathway to administer a substance into the fatty tissue 
between the skin and the muscle by an injection. Insulin and some hormones, but also 
pain medications, such as morphine and hydromorphone (Dilaudid) are commonly 
given as subcutaneous injections.21  

 
Distribution 

Distribution is the process of dispersion of the AI from the vascular space (blood vessels) to 
extravascular space (tissues, fat, cells, etc.) The biodistribution of nanocarriers to organs 
strongly depends on their physicochemical parameters and especially their size and shape.22-24 

Metabolism 

Metabolism or biotransformation of the drug mainly occurs in the liver by the enzymatic 
system Cytochrome P450. Drugs undergo reactions like oxidation, hydrolysis and 
hydroxylation, in order to become polar and be excreted from the organism. Metabolism is a 
major process in determining toxicity of the compound. 

Excretion 

The excretion of the drug from the organism by urine or feces mainly happens through the 
renal system (kidneys). There are also other ways for the metabolites to get eliminated, such 
as the sweat, bile, tears, breast milk, etc. 
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Figure 1-2. Schematic representation of NPs pharmacokinetics through the ADME concept. Figure created by 
Biorender and Diamond. 
 
To sum up, nanocarriers are administered inside the organism to deliver AIs and act as 
therapeutic agents until their final elimination. To notice, during their travel in the body, they 
are biotransformed into different species, which are or can potentially be toxic for the 
organism. Drug fate in the organism is related to its ADME and it is of a great importance that 
the degraded products of the NPs are excreted by the organism and should not induce any 
toxicity. During the last decades various types of materials have been developed to produce 
nanocarriers and their potential use in nanomedicine has been studied. A core incorporating 
and protecting the AI and a shell that interacts with the living environment composes the 
majority of drug nanocarriers. Some of the most studied drug delivery systems (DDS) will be 
summarized in the next section.    

B. Types of drug carriers 
 
Since their first discovery in the early seventies, a large diversity of DDS has been reported 
and still nowadays it is a very active domain particularly with the development of the material 
science and bioengineering (Figure 1-3).  
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Figure 1-3. Representation of the main drug delivery systems (DDS) based on their inorganic and organic. 
composition. Adapted from 25-28 
 
Giving a fully accurate picture of all these systems is challenging. Therefore, we will focus on 
the most commonly reported carrier systems highlighting their main advantages and 
drawbacks. We will discriminate them based on their composition (organic, inorganic) and 
describe the most suitable ones in terms of biodegradability and cytotoxicity based on in vitro 
and in vivo studies reported to date.   
 

Liposomes   
 
Liposomes discovered by Bangham in early 60’s are vastly used in nanomedicine as drug 
carriers.29 They are defined as microscopic spherical particles consisting of an internal 
aqueous core surrounded by a double lipidic layer (glycerophospholipids). Drug molecules 
can be either entrapped in the aqueous core or solubilized in the lipid bilayers, depending on 
their physicochemical properties. The limited toxicity that liposomes present, in reason of 
their biodegradable character is one of the main advantages of these drug carriers. To 
mention, Doxil liposomal formulation was the first approved formulation by FDA for the 
treatment of Kaposi’s sarcoma30 and since then more than 20 liposomal and lipid-based 
formulations have already been approved by regular authorities.31 Vyxeos (Jazz 
Pharmaceuticals) is another liposomal formulation of daunorubicin and cytarabine for 



Chapter I 
Introduction 

 

Page | 19 

treatment of acute myeloid leukaemia (AML) recently approved by FDA.32 On the other 
hand, the inefficient drug loadings and the limited stability of liposomes are some of their 
main limitations. Indeed, diffusion of hydrophilic drugs from the liposome cores out of the 
lipid layer can severely decrease the loading efficiency of these molecules and make difficult 
to control the release. Furthermore, the hydrolysis and/or oxidation reactions of the 
phospholipids and the leakage and fusion of liposomes due to the defects in their membrane 
sometimes might lead to stability issues.33 

One recent example of lipid NPs that were formulated to encapsulate the vaccine component, 
messenger RNA (mRNA), became the first approved vaccine against coronavirus 2 (SARS-
CoV-2) hitting clinical use in the context of the pandemy declared in March 2020. The new 
class of DNA- and RNA-based vaccines deliver the genetic sequence of specific viral proteins 
to the host cells using lipid-based nanotechnology platforms.  

Polymeric NPs 

Polymers in bioapplications date back to 1960s with pioneer research from different groups. 
Speiser et al. studied polyacrylic beads for oral administration and NPs for drug delivery and 
mainly for vaccination purposes.34, 35 Folkman and Langer were the first who demonstrated 
the controlled release for the delivery of macromolecules from polymers.36 Couvreur et al. 
studied release of doxorubicin from biodegradable acrylic NPs.37 A very important study that 
opened the pathway for the development of nanocarriers and their access to the market was 
the attachment of poly(ethylene glycol) (PEG) chains to PLA/PLGA NPs which increased 
blood circulation half-time and influenced their biodistribution.38, 39 Polymeric NPs can be 
distinguished into two major categories according to the choice of the polymer source: natural 
or synthetic. Natural polymer based NPs include protein-based polymers, such as collagen, 
albumin, gelatin and polysaccharides, such as agarose, alginate, hyaluronic acid, dextran, 
chitosan and cyclodextrins. Synthetic polymeric NPs include polyesters (PLA, PGA, PLGA 
polymers, PLGA-PEG copolymers), poly (alkyl cyanoacrylates), poly (ortho esters), 
polyanhydrides, polyamides, poly (ester amides) and poly(phosphoesters).40 Hydrolytic 
degradation of polymeric NPs in vivo leads to biodegradable products without inducing 
toxicity to the living organism. As an example, PLGA NPs degrade via hydrolysis of their 
ester bonds into lactic and glycolic acid monomers. The nature and the properties of polymers 
(crystallinity, solubility, glass transition) and the drug incorporation/release determine the in 
vivo fate of the material and the type of  
application. For example, in the case of hyaluronic acid (HA), its high hydrophilicity and its 
ability to absorb water result to an expansion up to 1000 times its solid volume, leading to a 
loose hydrated network that makes HA attractive for hydrogel-based drug delivery.41-43 
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Another case is chitosan based NPs for oral drug delivery. Chitosan based NPs can overpass 
to some extent the barriers of the gastrointestinal tract, have good stability in acidic 
environment (gastric area) and thus can improve the drug permeability in intestinal tract.44, 45 
Biodegradability of polymeric NPs has rendered them promising candidates for drug delivery, 
a fact that is proved by their entrance in the market. Abraxane based on human serum albumin 
NPs containing paclitaxel, it was firstly approved for the treatment of metastatic breast 
cancer.46 Nowadays, it is also indicated for advanced non-small lung cancer, for pancreatic 
cancer and very recently for triple negative breast cancer.47-49 Another formulation approved 
recently, named Patisiran/ONPATTRO, is a siRNA-delivering lipid-based NP suitable for the 
therapy of transthyretin amyloidosis.50 It is of a great importance to note, that this formulation 
constitutes the first approval of an RNAi therapeutic agent.  
Drug loading of AIs into polymeric NPs is achieved by covalent bonding to the polymeric 
backbone, by physical adsorption to the polymeric surface or by encapsulation in the 
polymeric matrix.51 Biocompatibility and versatility are two of the main advantages of 
polymeric NPs. However, they have key limitations such as their difficulty to entrap 
hydrophilic drugs inside their structures resulting in poor drug loadings.52, 53 
 

Polymeric micelles 

Spherically-shaped polymeric micelles are made of hydrophilic and hydrophobic units which 
self-assemble in aqueous solutions. Hydrophobic molecules can be incorporated in the 
hydrophobic core either by physical entrapment or by chemical conjugation whereas the 
hydrophilic shell interacts with the biological environment and provides micelles with steric 
stability. The main preparation methods are dialysis and emusilfication.54 Based on the type 
of intermolecular interactions, polymeric micelles were classified by Kapse et al.  into the 
following three types.55 

• Conventional polymeric micelles or block copolymer micelles, based on block copolymers 
consisting of two or more homopolymeric blocks of different hydrophilicity.   
 
• Polyionic complex polymeric micelles, forming from two or more oppositely charged ionic 
polymers that self-assemble, due to the combination of electrostatic and hydrophobic 
interactions.    
 
• Noncovalently joined polymeric micelles, which are noncovalently bonded to 
macromolecules such as homopolymers, random copolymer, graft copolymer, or oligomers.   
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The three types of polymeric micelles, as well as their advantages and limitations in drug 
delivery procedure were recently discussed by Kaspe et al.55    

          Polymeric micelles share some of the limitations of polymeric NPs described in Section B, 
such as the poor drug loadings. In addition, another important drawback of these drug carriers 
is their chemical and thermal instability. The formation of polymeric NPs is a self-assembly 
procedure inseparably linked to the critical micellar concentration (CMC) of the polymer, 
which is an indicator of micellar stability and micellization ability. The lower the CMC value, 
the easier the preparation of the micelles and higher their stability.56 Due to the extreme 
dilution when the polymeric micelles are administered by the i.v. route, they are prone to 
disassemble leading to premature drug leakage.57 Another major issue faced by polymeric 
micelles is the scalability of their production. Whereas it is possible to produce micelles with 
good drug loading and stability at the laboratory scale, it is more delicate to extrapolate the 
procedures at large scale and variability often occurs in the preparations because of the impact 
of many physical factors.58 

 Dendrimers 

Dendrimers were first reported in 1985 by Tomalia and Newcome.59 They are synthetic 
polymers presenting terminal groups in the form of branching points, starting from an initial 
core. They are highly monodisperse particles with a size in the range of 1-100 nm. 
Dendrimers present internal cavities, known as ‘dendritic boxes’, which allow them to operate 
as vessels or hosts for other molecules.60 Hydrophilic and hydrophobic molecules can be 
encapsulated by adsorption, ionic interactions or covalently bonded in the internal 
nanostructure. The low polydispersity, high functionnality and the exponential growth in 
branches and surface groups are some of the main benefits of dendrimers for drug delivery 
applications. Since their first discovery, several types of dendrimers have been studied and 
they are grouped in 5 different families depending on their composition; phosphorus 
dendrimers (CPD),  
carbosilane dendrimers (CBS), polypropyleneimine dendrimers (PPI), poly (amidoamine) 
(PAMAM) dendrimers and poly(lysine) and poly(L-ornithine) dendrimers.61 Some of them 
have already been approved or they are in preclinical and clinical trials.62 The main 
limitations of dendrimeric drug carrier systems are the high cost of production and important 
concerns about toxicity. Toxicity of dendrimers is related to the nature of the core and their 
terminal groups, their small size and most importantly to their surface charge. Specifically, 
the amino groups and associated cationic charge on dendrimers hinder their use in 
bioapplications, as they might cause hemolytic toxicity.63 Therefore, surface enginneering 
(PEGylation, acetylation, carbohydrate and peptide conjugation) is crucial for the decrease of 
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potential toxicity.64 Hemolytic studies of bare and coated dendrimeric systems (either with the 
carbohydrate galactose or with the hydrophilic polymer polyethylene glycol) showed a drastic 
reduction of hemolysis, due to the shielding of the cationic surface moieties.65, 66  
 

Mesoporous Silica NPs (MSNs) 

Mesoporous Silica was first reported in the 1990s by Mobil Oil Scientists in USA.67 But it 
was only in 2001 that mesoporous silica NPs (MSN) were first proposed as potential 
candidates for drug delivery.68 The same group succeeded to synthesize mesoporous silica 
structures down to the nanoscale.69 MSNs belong to the category of inorganic particles of 
ordered pores with homogeneous sizes (2-50 nm), high surface area (up to ≈1000 m2/g) and 
convenient functionalization of their external surface, because of the presence of silanol 
groups. MSNs in the range of 10-300 nm were able to incorporate mainly hydrophobic drugs 
by physical adsorption in their internal surface or by covalent bonding on their external 
surface.70 

Degradation of MSNs is based on a dissolution mechanism of silica particles into orthosilicic 
acid in biological media. More precisely, MSNs consist of a SiO2 matrix that can undergo a 
nucleophilic attack by hydroxyl ions from water in aqueous media, leading to the hydrolytic 
breakdown of the network and the release of orthosilicic acid as by-product, which is 
biocompatible and excreted through the urine.71 Many in vitro and in vivo toxicological tests 
have been performed to probe the fate of MSNs. However some toxicity concerns were raised 
for MSNs.72 

Multifunctional DDS   

Recent studies have discussed the solutions to overcome current limitations of drug delivery 
systems, such as lack of stability, poor drug loadings and/or uncontrolled drug release through 
the preparation of mixed delivery nanocarriers.73  

Paclitaxel is a mitotic inhibitor widely used in chemotherapy. Its poor solubility and relevant 
side effects make its administration problematic. To overcome these problems, polymeric 
micelle formulation for paclitaxel encapsulation (Genexol-PM) and a polymeric nanoparticle 
formulation (Xyotax) have been developped.74 In another study, paclitaxel was loaded into a  
lipid dendrimer mixed system, presenting some important advantages, such as higher drug 
payloads, reduction of the size of the vesicle due to strong interactions of the phosphate 
headgroup to dendrimer and improvement in the anticancer potency of paclitaxel as it was 
revealed by in vitro and in vivo studies.75  
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Polymer lipid nanocarriers is another type of mixed DDS with potential benefits compared to 
the bare liposomes or polymeric NPs. The polymeric part improves the stability and enables a 
controlled release of the therapeutic substance. Synthetic polymers, such as PEG and PLGA, 
are vastly used for the formation of lipid-polymer vesicles76 but many natural polymers, such 
as chitosan and cyclodextrins, have also been studied.77, 78 Dave et al. have described a few 
examples of applications of these hybrid systems in addition to their synthetic methods.79  

Finally, multifunctional nanoplatforms constructed from both contrast agents and 
biodegradable nanomaterials hosting AIs, have been widely used for simultaneous treatment 
and imaging (theragnostics).80, 81 For instance, folic acid was covalently bonded to 
superparamagnetic iron oxide NPs coated with PEG and PEI polymers for the targeted 
delivery of the anticancer agent doxorubicin.82 The application of a magnetic field enabled the 
effective targeting of doxorubicin to the tumor site, as followed by in vitro and in vivo studies.  

If one carefully analyse the literature, it appears that each type of drug carrier exhibits its own 
advantages and limitations. It is obvious that there is no “ideal” or universal drug delivery 
system. As already mentioned, various types of DDS, including porous particles, polymers, 
lipids, dendrimers, etc. can act as therapeutic agents. Some challenges remain to be addressed 
such as poor drug loadings, stability issues, biocompatibility and uncontrolled drug release. 
Besides, surface modification which shells and/or ligands is often complicated and requires 
several synthesis steps. Moreover, in post case each type of DDS is adapted to type of drug 
(hydrophilic or hydrophobic, charged or not etc) for a given administration route. Thus, NPs 
able to efficiently (co)incorporate drugs with a wide range of physicochemical properties for 
diverse administration routes are still scarce.  
 
In this context, ordered porous hybrid NPs emerged as versatile DDS candidates. In the 
following section, these porous solids, named Metal Organic Frameworks (MOFs) will be 
discussed with a special emphasis to their potential as nanovectors of AIs compared to 
systems previously reported (Section B).   
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C.  Metal Organic Frameworks (MOFs) 
 
Metal Organic Frameworks (MOFs) is a recent class of hybrid ordered porous materials 
consisting of inorganic blocks and organic bridging ligands that self-assembled into 3D 
network with a well-defined porosity (Figure 1-4). Their high internal surface areas (up to 
almost 8000 m2/g)83, 84 and tunable pore sizes (micro to meso-pores)85, the almost unlimited 
combination of building blocks (metal, ligand) and finally the control of their particle sizes 
have made MOFs ideal candidates for several applications, such as gas storage and 
separation86, 87, catalysis88 and the last decade in bioapplications.89 Some of the pioneering 
groups in this field are those of Yaghi, Kitagawa and Férey that reported benchmark 
structures such as MOF-5, PCPs and the MIL-n families, respectively.90-92 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
Figure 1-4. Scheme of Metal Organic Frameworks (MOFs) formation through self-assembly of 
inorganic and organic building blocks. Adapted from 93  
 
However, it was only in the late 2000’s that biodegradable and biocompatible nanoscale 
MOFs were proposed for drug delivery and revealed all their potential to entrap a large 
variety of AIs.94 MOFs as DDS were introduced for the first time in 2006 using the model Cr-
based mesoporous MOFs by entrapping successfully the analgesic and anti-inflammatory 
ibuprofen up to an unprecedented loading of 1.4 g of the AI per gram of the MOF.95 However, 
chromium presents a high toxicity. For this reason, its non toxic iron based analogue MIL-
100(Fe) was reported.96 Since their first use in biomedicine, MOFs have increasingly been 
studied as DDS, as highlighted by the growth of the scientific publications of the last fifteen 
years (Figure 1-5). 
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Figure 1-5. Number of publications of MOFs for drug delivery in the period 2005-2020. Data from Web of 
Science. 
 
Figure 1-5 has been obtained by extracting data from Web of Science after crossing the terms 
‘’Metal-Organic Frameworks’’ and ‘’drug delivery’’. Herein, if using other platforms such as 
Scopus or Google Scholar, the results could slightly change. Yet, the growing tendency 
remains, revealing the strong interest of the scientific community for these hybrid porous 
systems as drug carriers.  
 
Nevertheless, the studies outlined in this figure do not distinguish studies based on micron-
sized or nanoscaled particles. Although micron-sized particles can be used in biomedicine via 
specific administration routes, such as oral or nasal route, it is also of utmost importance to 
design nanosized MOFs (nanoMOFs) as drug nanocarriers, especially when intravenous 
administration is required, e.g. for cancer therapy. 
 

NanoMOFs 
 
One important step for the use of nanoMOFs in biomedicine is their synthesis via ‘’green’’ 
routes. 
One of the most common synthetic strategy to obtain crystalline hybrid porous particles is the 
solvothermal/hydrothermal route, which takes place in closed vessels under autogenous 
pressure above the boiling point of the solvent.97  
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Other alternative routes include the microwave (MW)-assisted solvothermal/hydrothermal), 
electrochemical, thermomechanical or sonochemical synthesis. To date several MOFs have 
also been produced via green reactions at ambient pressure and room temperature in a view of 
bioapplications.98-100 

MW-assisted nanoMOF synthesis attracted great interest in biomedicine typically because of 
the possibility to produce more homogenous NPs with controlled sizes. MW heating relies on 
the interaction of electromagnetic waves with mobile electric charges. It enables an efficient 
and homogeneous heating with a precise monitor of temperature and pressure during the 
reaction and thus lead to a more precise control of reaction conditions. The faster heating is 
also a convenient way to isolate kinetic phases and/or to solubilize more rapidly poorly 
soluble ligands. The resulting faster nucleation leads also to smaller crystals compared to 
conventional heating. The first report of MOF synthesis through MW irradiation was obtained 
with MIL-100(Cr)101 and later for MIL-101(Cr)102, MOF-5103, HKUST-1104,MIL-53(Fe)105 
etc.   

In most cases, growth inhibitors such as acetic acid, hydroxybenzoic acid, pyridine and/or 
acido-basic agents are typically used for a better control of the nucleation/growth process and 
thus the final crystallinity as well as the colloidal stability of the nanoMOFs.106, 107 Moreover, 
depending on the MOF, different solvents can be used for their preparation (H2O, EtOH, 
DMF, etc.). However, ‘’green’’ solvents and less hazardous reactants shall be privileged for 
biomedical applications. Finally, one shall take into account the activation step of the 
nanoMOFs to take full benefit from the porosity of the MOF.108 
The quasi-infinite choice of primary building blocks (metal sources and organic ligands), the 
optimization of the existing synthetic routes or the development of new ones have led to large 
diversity of MOFs structures. To date, almost 100 000 MOFs structures can be found in the 
Cambridge Structural Database (CSD), a number that has increased by a factor of 1.5 during 
the last three years.109, 110 It is obvious, that selecting a MOF among this huge database for a 
given application is not straightforward. Nonetheless, for biomedicine, this choice is guided 
by (i) the stability in biological media and (ii) the in vivo biocompatibility. Keeping these 
criteria in mind, the most appropriate MOFs for bioapplications will be highlighted, in the 
next part. Finally, the case of biologically active MOFs, prepared either from endogenous 
organic ligands or exogenous ligands with therapeutic activity, named bioMOFs, will be 
presented. 
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Biodegradable nanoMOFs   
 
Numerous MOF structures have been reported as candidates for biomedical applications. The 
first step to design biocompatible MOFs is the choice of the constitutive parts of the 
framework. Regarding the metal species, it is compulsory to use endogenous metals (Fe, Ca, 
Zn..) or metals endowed with specific medical purposes (Eu, Gd ..). However, the daily 
uptake, administration route and biodistribution should also be considered for the evaluation 
of the toxicity. The median lethal dose (LD50) is an indication of the potential toxicity, which 
represents the dose of the substance required to kill half the members of the tested population 
after the end of the specific test.111  
Zirconium, like titanium, is not an endogenous metal but is considered as biocompatible due 
to its inertness. Zr based MOFs have therefore been proposed as DDS. In general, these 
MOFs can be highly porous, exhibit good chemical stabilities in water and can host large 
amounts of drugs.112 The UiO series (University of Oslo), the PCN-n series (Porous 
Coordination Network) and the NU family (Northwestern University) include large pores Zr-
based MOFs that have gained a great interest in biomedicine.  
 
UiO-66 and its larger analogues (UiO-67 and UiO-68) is a zirconium-based MOF reported by 
K.P. Lillerud et al. UiO-66 is built up from Zr6O4(OH)4 oxo-clusters connected by 1,4-
benzenedicarboxylates (BDC) delimiting a cubic network of tetrahedral and octahedral 
microporous cages.104 The good stability of this framework results from bonds formed 
between the cluster and the carboxylates.  
 
Like most metal carboxylate MOFs, the stability of UiO-66 was tested under physiological 
conditions (PBS pH=7.4), where a very rapid degradation of the framework was observed.113 
Phosphate ions replaced the terepthalic ligands leading to a total collapse of the framework.  
 
In a recent study Jarai et al. used UiO-66 NPs as carriers for pulmonary delivery through 
inhalation.114 Bared and loaded NPs were incubated both in neutral PBS and in artificial 
lysosomal fluid (ALF) pH=4.4, which mimics extracellular and intracellular conditions 
respectively. According to the stability tests, the NPs were rapidly degraded at lower pH, 
because of the protonation of the carboxylate ligands that weaken the previously strong metal-
carboxylate bonds (Figure 1-6). 
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Figure 1-6. a) UiO-66 NPs for pulmonary drug delivery. Scanning electronic microscopic images (SEM) of 
UiO-66 NPs in PBS after b) 0 h, c) 48 h and d) in ALF after 48 h. Adapted from 114 
 
Porous Coordination Network (PCN) series, mainly developed by Zhou’s group, are 
constructed from Zr6  oxo-clusters connected by porphyrin tri- or tetra-carboxylate ligands.115-

117 This leads to rather stable structures. Substitution of zirconium atoms by other metals, such 
as FeII, CoII, NiII or MnII has also led to the formation of new PCNs with different stabilities 
and potential applications.118   
 
A Zr porphyrinic MOF, PCN-224, was further studied as DDS for the anticancer drug 
methotrexate (MTX).119 Upon incubation in PBS buffer solutions (pH 7.4 and 2.0 at 37 °C), 
the drug release was faster upon incubation in neutral pH. The authors attributed this release 
to the host-guest interactions in combination with the changes of the pH values.  
NPs of a controllable size of PCN-224 were also considered as a platform for targeted 
photodynamic therapy.120 The researchers followed the stability of PCN-224 by PXRD for 
one week upon incubation in buffer (0.1 M HEPES, pH 7.4, 37 °C) and, remarkably, no 
degradation was observed in the first 48 hours, confirming the robustness of the framework. It 
was highlighted that PCN-224 particles did not degrade in neutral medium except, in the 
presence of phosphates. In these conditions, PCN-224 faced a rapid degradation, similarly to 
UiO-66, which is also constructed by Zr6 clusters, as previously discussed. Therefore, we can 
conclude that the stability of the framework is a result of the pH together with the 
composition of the degradation medium.   
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Moreover, the mesoporous zirconium MOF, NU-1000 (Northwestern University), was studied 
as an insulin carrier under harsh acidic conditions, which simulated the stomach environment, 
and under neutral physiological conditions which mimicked the bloodstream.121 A protection 
of the insulin into the framework for the first conditions was evidenced, associated with a 
stability of the MOF, while the release of the protein occurred in the presence of phosphates 
as a consequence of the framework degradation. 
Another candidate of interest is the zinc imidazolate framework ZIF-8, constructed from Zn2+ 
ions and 2-methylimidazolate linkers. Although this MOF exhibits narrow pores, it possesses 
a high loading capacity of a large variety of drugs or biomolecules, due to the very mild 
synthesis conditions (RT, water or alcohol, neutral pH) of this MOF enabling a direct 
encapsulation of the molecules that are in most cases ‘embedded’ within the MOF 
nanocrystals. This material also enables an on–demand release in the presence of an external 
stimulus such as the pH.122 The protonation of the imidazolate linker under acidic conditions 
results in the progressive disassembly of the framework and the release of the cargo, making 
ZIF-8 an interesting vehicle for drug delivery applications. For instance, the anticancer drug 
doxorubicin was successfully encapsulated into ZIF-8 NPs via one pot synthesis and released 
during one week.123 The system remained on the whole stable under physiological conditions 
at pH 7.4 and disassembled under acidic conditions (pH=5.0). Similarly, Sun et al. studied the 
incorporation and the release of 5-Fu for cancer treatment. 5-Fu@ZIF-8 NPs were stable at 
PBS pH=7.4, whereas they were rapidly degraded after immersion in acetate buffer at 
pH=5.0.122 
 
In another study, insulin or the vascular endothelial growth factor (VEGF) aptamer were 
released from ZIF-8 in a controlled manner, upon local acidification of the microenvironment 
caused by the co-immobilization of glucose oxidase (GOx), as presented in Figure 1-7.124   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-7. Triggered release of insulin and VEGF aptamer from ZIF-8 particles. Adapted from 124 
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In a recent study, Luzuriaga et al. investigated the degradation mechanism stability of micron-
sized ZIF-8 particles for bioapplications.125 Particles of ca. 1 µm were incubated in different 
media and their crystallinity, composition and morphology were assessed at different time 
points. Their stability in neutral conditions (PBS 10 mM pH=7.4) was demonstrated, whereas 
they degraded in acidic ones. This is in agreement with the previously studies by Sun et al. 
and Zheng et al.122 
 
A similar work has been carried on by Falcaro et al, who studied the degradation mechanism 
of both nano and microparticles in physiological conditions. In contradiction with the 
previous reports, they showed that both type of particles rapidly degraded in PBS at pH 7.4, 
leading to the formation of zinc phosphate products.126 Such discrepancies have been 
attributed to different degradation conditions used in the reported studies, especially MOF 
concentrations varied by a factor of ten. 125, 127 

Among the vast series of MOFs from the MIL-n family (MIL stands for Materials of 
Lavoisier Institut) those built from iron(III) and polycarboxylic acid ligands are of a particular 
interest in biomedicine, thanks to their biodegradable character and lack of toxicity. The 
stability and in vivo toxicity of a series of three different iron carboxylate nanoMOFs was 
thoroughly evaluated.94 It was first shown that the MOFs were stable in water and under 
simulated stomachal acidic conditions, while PBS (pH 7.4) led to the degradation of the 
MOFs with a progressive release of their constitutive ligands. Noteworthy, the in vivo toxicity 
study (rats) demonstrated that these nanoMOFs were non toxic even at highest injectable 
concentrations of around 250 mg/mL, and that both iron and ligands were excreted through 
urines and feces.  
 
Very recently, a new microporous Ti-based carboxylate MOF, named MIP-177 (MIP stands 
for Materials of Institut of Porous Materials of Paris) has been reported as a promising 
candidate for nitric oxide (NO) adsorption, a gas related to therapeutic applications, such as 
wound healing.128 Remarkably MIP-177 (Ti) was shown to be highly stable in biological 
media, while its open metal sites enabled the formation of nitrites that were further released as 
NO upon exposure to PBS, as shown in Figure 1-8. This release of NO was accompanied by 
a migration of cells, mimicking the mechanism in play for wound healing.  
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Figure 1-8. Schematic representation of NO adsorption/release mechanism from MIP-177(Ti). Adapted from 128 
 

 
BioMOFs 

 
BioMOFs also known as Metal Biomolecules Frameworks are constructed from metal ions 
linked to endogenous organic molecules or AIs. This allows reaching exceptional drug 
loadings, as the AI is a constitutive part of the framework. It also decreases the risk of toxicity 
related to the use of exogenous ligands. Besides, one can also take envision the co-delivery of 
bioactive molecules is possible through an encapsulation of another drug inside the pores 
together with the bioactive ligand from the framework. Several biomolecules were used for 
the construction of bioMOFs, such as amino acids, peptides and proteins, nucleobases, 
saccharides, porphyrins and also drugs and bioactive molecules.129-131  
 
The first example of bioMOF was bioMIL-1, an iron based MOF built up from trimeric 
Fe3N3O13 units linked together via nicotinate molecules.132 Although the framework presents 
a high drug payload (the AI consists part of the structure), it was rapidly degraded in the 
presence of simulated body fluid (within an hour). γ-cyclodextrin MOFs (γ-CD-MOFs) both 
as micron- and nanosized particles were later synthesized for drug delivery applications.133, 134 
Rosseinsky’s group has also extensively studied peptide and porphyrin-based bioMOFs, most 
of these materials prepared, however, using toxic solvents and being not water stable.135-137    
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Although bioMOFs have gained an increasing interest, they present some important 
limitations attributed either to their poor stability in body fluids, the use of toxic solvents, lack 
of porosity to host drugs, while the complex structure of some biomolecules (e.g. proteins) 
prevent from a rational design once combined with metal ions to construct a new BioMOF. Of 
note, some important studies show the controllable supramolecular assembly of proteins by 
choosing the appropriate ligands’ sizes for the construction of highly ordered structures.138-140 
Overall, we should keep in mind that these systems have been recently introduced in 
bioapplications and thus constitute a promising research topic associated with important 
challenges. 
 
To sum up, a large number of MOF candidates have been developed and studied in a view of 
bioapplications. Depending on their structure, composition and stability, these can be of 
interest for different applications. Researchers have to carefully decide, case by case, which 
MOF looks the most appropriate candidate for each application. Figure 1-9 summarizes the 
most studied MOFs series, as discussed in this Section. 
 
 

 
 
Figure 1-9. Schematic illustration of building blocks, ligands and tridimensional porous structures of some 
MOFs appropriate for bioapplications. 
 
SBUs: a) µ3-oxo trimer b)  [Zr6O4 (OH)4] octahedron cluster, c) [Zr6O4(OH)8(H2O)4)4], d) [Zr6O16H16] 8+  e) Zn2+ 
ions connected with four N atoms of the ligands. 
Ligands: 1) Benzene- 1,3,5-tricarboxylic acid) 2) 1,4-benzene-dicarboxylic acid, 3) tetrakis(4-
carboxyphenyl)porphyrin (TCPP) 4) 1,3,6,8-tetrakis(p-benzoate) pyrene, H4TBAPy) , 5) 2-methylimidazolate 

b) c) d) a) e) 

2) 3) 4) 1) 5) 

II) III) IV) I) V) 
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3D structures: I). MIL-88B(Fe) mesoporous large cage, 8 Å, II). UiO-66 (Zr) octahedral cage, 12 Å, III). PCN-
224 (Zr) channel, 19 Å, IV). NU-1000 (Zr) mesoporous, 31 Å, hexagonal channel and microporous 12 Å 
triangular channels, V). ZIF-8 (Zn) large cage, 11.6 Å  
C atoms in grey ; O atoms in red ; N atoms in blue ; H atoms are omitted for clarity. Structures made with  
Material Studio.  
 
Among several MOFs structures presented in this Section (Section C) an iron-based 
carboxylate MOF, named MIL-100(Fe) is the MOF of interest in our study. In the next sub-
chapter the composition and the main properties of MIL-100(Fe) will be presented and 
continuously some of the most important studied considering drug loading, surface coating 
and in vitro/in vivo studies will be highlighted. 

MIL-100(Fe) 

MIL-100(Fe), MIL stands for the Materials of Institut Lavoisier, is a mesoporous iron(III) 
carboxylate MOF built up from trimers iron(III) octahedra linked by trimesates.96 The two 
moieties, iron trimers and organic ligands, assemble into supertetrahedra units, which leads to 
the formation of the mesoporous architecture with the MTN (Mobil Thirty Nine) topology. Its 
porosity is reachable through two different types of cages, a small cage of 25 Å and a large 
cage of 29 Å, accessible through microporous windows of 5.5 and 8.6 Å respectively (Figure 
1-10). 

 

 
Figure 1-10. Representation of MIL-100(Fe) structure after self-assembly of iron supertetrahedra. Two cages of 
25 Å and 29 Å (small and large cage) are accessible through microporous pentagonal windows of 5.6 Å and 
microporous hexagonal windows of 8.6 Å. Structures designed with Material Studio. 
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The main advantages of this MOF for drug delivery applications will now be presented. To 
begin with, its high surface area (~2000 m2/g), large pore volume (≈1 cm3.g-1) and open metal 
sites141, is ideal for the efficient loading of a variety of AIs in its structure.94 Moreover, the 
presence of two types of mesoporous cages, accessible through microporous windows of 
different sizes, opens the possibility for the co-encapsulation of molecules and the delivery of 
these synergetic combinations in the organism.142 In addition, this MOF can be produced at 
the nanoscale by ‘’green’’ methods, through ambient pressure or microwave assisted routes, 
while several (green) protocols of surface functionalization have been reported not only to 
improve the colloidal stability, but also to confer the nanoMOFs targeting and imaging 
properties (theranostics).143-145 Finally, as stated above, this MOF is biodegradable and non 
toxic.146  

However, the degradation of a drug carrier shall not induce any side toxicity. This depends 
not only on the nature of the constitutive metal and linker, but also on other factors such as 
the particle size, drug loading, drug aggregation inside the pores, surface coating and naturally 
the nature and composition of the release media. In the following section, we will analyse the 
main parameters that play a key role in the in vivo fate of the drug carriers. 

Particle size and morphology 

As discussed previously, the particle size and morphology of the nanoMOF are two key 
parameters influencing the drug loading and release processes. 

The particle size of MIL-100(Fe) can vary from less than 100 nm until few microns.94, 96 
Once in neutral PBS, small particles degrade fast in less than 6 hours, against more than one 
week for the micro-particles.147 Thus, depending on their size, MIL-100(Fe) can be 
considered for any administration route, including intravenous administration.  

Surface charge 

When the nanoMOFs are administered by the intravenous route, not only their size but also 
their surface charge plays a key role by determining their blood circulation time, 
accumulation in various organs, cellular uptake, and more generally, in vivo fate. Several 
studies have investigated the role of the external surface charge of the particles and their 
phagocytic uptake.111, 148 Once the particles are administered in the body, they come in 
contact with various components of the physiological media (proteins, enzymes, ions, etc). 
Protein binding of the NPs (opsonization) and subsequent NP uptake by macrophages or other 
cells of the immune systems strongly depends on the value of their ζ- potential (or surface 
charge), together with the type and thickness of the coating.  
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In the case of MIL-100(Fe) nanoMOF, the external surface charge of MIL-100(Fe) is driven 
by the pending carboxylic acid and Fe-OH or Fe-H2O groups that terminate the external 
surface of the particle; this will determine their colloidal stability and impact their in vivo 
fate.149 

It should be mentioned that high absolute values of zeta potential (positive or negative) were 
shown to provoke massive NP uptake by macrophages.150 Surface coating of the external 
surface with biodegradable moieties could change these values and prolong circulation, 
improve colloidal stability and reduce NP cellular recognition and internalization, making 
them potentially “stealthy”. 

Surface coating 

A variety of strategies for the surface coating of MIL-100(Fe) have been reported so far, 
including non-covalent or covalent approaches, such as direct grafting methods, coating of 
MOFs by polymer adsorption, in situ polymerization of the coatings onto MOFs particles. 
PEGylation is one of the most common approaches for surface coating in biomedicine. 
Hydrophilic PEG chains are FDA approved and are appropriate for improving the colloidal 
stability of NPs, prolonging the circulation of the drug carriers in the bloodstream. However, 
PEG chains can also penetrate MOFs’ cavities and consequently block the porosity. Recently, 
two studies have reported the successful PEG coating of MIL-100(Fe) NPs by GraftFast 
method151 and a novel family of engineered coating (copolymers made by click chemistry 
consisting of dextran grafted with PEG and alendronate moieties).152 Another approach is the 
coating of the external surface with moieties bulkier than the MOF’s windows, such as 
biocompatible cyclodextrin derivatives. Agostoni et al. studied the coating of the outer surface 
of MIL-100(Fe) with phosphated β-CD via coordination of the phosphates with the 
unsaturated iron sites on the external MOF surfaces.153 In other studies, MIL-100(Fe) has 
been coated with biodegradable polyssacharides, such as dextran, biotin, heparin and 
chitosan, with lipids, sodium alginate, or silica.154  

Drug loading  

The incorporation of AIs in the pores of MIL-100(Fe) was accomplished in most cases by 
impregnation methods, where preformed NPs acted as molecular sponges by soaking AIs 
from aqueous solutions. High drug loadings were reported together with high encapsulation 
efficiencies for both hydrophilic and hydrophobic drugs, which could enter into the internal 
porosity of the framework through the mesoporous windows of the MOF.94, 155-157 AIs are 
encapsulated in the pores of MOFs either by covalent bonds via coordination with the metal 
nodes or the unsaturated sites of the organic ligands or by non- covalent interactions. 
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Interestingly, in some cases, encapsulated drugs self-associated inside the pores, in a “ship-in-
a-bottle” manner, leading to a dramatic increase of the stability of the MOFs upon 
degradation.158 Alternatively, drug molecules were covalently linked to the MOF structures or 
inserted in their composition (BioMOFs reviewed in section C). 

In previous studies, the encapsulation of phosphorylated antiviral drugs azidothymidine 5’-
monophosphate (AZT-MP) and azidothymidine 5’-triphosphate AZT-TP as well as the 
anticancer drug gemcitabine monophosphate (Gem-MP) revealed the coordination of the 
phosphate groups with the unsaturated iron sites of the framework.156, 157  This binding of the 
drug onto the metal sites led, particularly for AZT-TP, to a prolonged drug release despite the 
strong hydrophilic character of the drug. 

In another study, the hydrophilic drug topotecan (TPT) was efficiently encapsulated in MIL-
100(Fe) NPs after step by step impregnation with a final loading of 12 wt %.158 Topotecan 
formed aggregates by π-π stacking interactions inside the nanoMOF matrix, resulting in the 
stabilization of the NPs upon degradation possibly by hindering the penetration of ions from 
the degrading outer media. 

Overall, the controlled release of a drug was strongly related both to the state of the drug 
(individualized molecules or aggregates) and to the nature and strength of interactions 
between the AI and the unsaturated metal sites and/or ligands of the framework. 

In vitro/In vivo studies 

Toxicity of NPs is governed by several parameters, such as composition, size, surface charge, 
incorporation of AIs and surface functionalization, as we have commented previously. In this 
context, MIL-100(Fe) is composed by iron(III) and trimesic acid that induced no toxicity in 
the organism upon degradation.146 However, this parameter is not an absolute condition for 
the avoidance of the in vivo toxicity. Numerous stability tests and characterization techniques 
are needed to gain a clear picture, continuously by in vitro studies and finally by in vivo tests 
in living organism, before nanosized MOFs are considered safe for medical applications. 

In vitro studies are rapid and low cost tests performed with cells, microorganisms or 
biological molecules outside their normal biological context, but they are of a great 
importance in understanding NPs interaction with biological systems and their degradation 
mechanism. On the other hand, in vitro studies cannot give an integral information about 
cytotoxicity, as it is the case with in vivo studies. NanoMOFs are relatively new materials in 
the domain of drug delivery and in vitro/in vivo toxicological tests are still in their infancy. In 
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this part, we will summarize some of the most important studies having reported for nano-
sized MIL-100(Fe).  

There are numerous in vitro studies to date for the cytotoxicity of bare, loaded or coated nano-
sized MIL-100(Fe). The choice of different cell lines according to the chosen application 
makes difficult a general categorization of these studies.  

In vitro tests based on various cell lines for loaded nano-sized MIL-100(Fe) (busulfan, AZT-
TP, doxorubicin) demonstrated the protection of the AIs inside the pores and their integral 
accumulation in the cells.159 

Wuttke et al. studied the cellular response of bared NPs and coated NPs with lipid bilayers by 
three different cell lines. Interestingly, in lung epithelial cells, biocompatibility of NPs was 
improved thanks to the lipid functionalization.160 In another study, NPs were coated with 
heparin moeties via coordination of the iron metal sites with the sulfates of heparin. In vitro 
studies revealed that the heparin coating significantly slowed down the internalization process 
at early stages of incubation providing NPs with ‘’stealth’’properties.161 

Although several in vitro studies for nanoMOFs have been performed, only few in vivo have 
been reported. The first was described in 2013 after intravenous administration of up to 220 
mg Kg -1 of bare NPs upon one month in Wistar rats.146 Pharmacokinetic profiles revealed 
particle accumulation mainly in liver and spleen and histological studies demonstrated no 
toxicity of the degraded products (iron and trimesate ligand). The lack of toxicity has been 
confirmed in an early-stage (24 hours) experiment.162 
 
Interestingly, another in vivo test performed for both bare and loaded NPs with the 
antineoplastic drug Busulfan, concluded that the pharmacokinetic profile dramatically 
changed in the presence of an AI. More precisely, empty NPs were excreted more rapidly 
than the loaded ones, possibly due to a change of the surface charge after drug 
incorporation.163 
 
Furthermore, a large series of nanoMOFs were tested in terms of their in vitro and in vivo 
behavior by using as model Zebrafish embryos.164 Both studies were in good correlation. The 
variety of NPs that were used for this study revealed that the degraded products upon 
physiological media differ for each kind of nanoMOF and strongly depends on its 
composition. Another important conclusion was that a lower toxicity was observed for the 
particles that were degraded slower. 
 



Chapter I 
Introduction 
 
Introduction 
 

Page | 38 

Recently, the in vivo fate of loaded NPs for specific targeting in lungs was reported.165 The 
behavior of MIL-100(Fe) NPs was studied as a function of their pH-responsiveness to trigger 
the accumulation of the loaded anticancer drug gemcitabine monophosphate (Gem-MP) in the 
lung tumor. A mechanism of aggregation/disaggregation of the NPs related to their surface 
charge, the pH and the phosphate ions present in the biological media was proposed (Figure 
1-11). 

 
 
Figure 1-11. Aggregation-disaggregation mechanism of MIL-100(Fe) NPs in the presence of phosphate ions and 
proteins upon intravenous administration for lung targeting. Adapted from 165 
 
Precedently, we attempted to summarize the most important parameters, which influence the 
degradation mechanism of DDS, and a special emphasis to iron(III) carboxylate MOFs was 
given. The nature of its components, the pKa of the ligands and the oxidation state of the 
metal in addition with the strength of the metal-oxo bonding and the 
hydrophilicity/hydrophobicity of the framework are the main factors for the determination of 
its stability.  
We aimed to combine information from different investigations methods to gain deeper 
understanding on the degradation mechanism of MOF particles with different sizes and 
loaded or not with drugs. To achieve that, advanced characterization techniques are essential. 
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D.  Characterization techniques 
 
A panel of techniques have been used for the characterization of bare, loaded and coated 
nano-sized MIL-100(Fe) as well as their final structure upon degradation.  In this section, we 
will present some of the main techniques that have been used in the context of this study with 
a focus on the methods developed in the frame of this thesis and used for the first time in the 
field of MOFs. 

Powder X-Ray Diffraction (PXRD) provides information about the crystallinity of the sample, 
the nature of the phases and lattice parameters for the intact synthesized NPs and also the 
changes of them upon loading and/ or coating and after degradation.  Nitrogen porosimetry (at 
77 K) is a well-established technique for the determination of the surface area and the pore 
volume of porous materials. Moreover, it provides undirect qualitative data about the 
existence of AIs inside the internal porosity by comparing the loaded NPs with the preformed 
reference NPs.  Particle size and size distribution are some of the main parameters that should 
be determined for the NPs used in biomedical application. Scanning and Transmission 
Electronic Microscopy (SEM/TEM) are important direct techniques to assess the size and the 
morphology of the NPs. Moreover, Dynamic Light Scattering (DLS) measures the 
hydrodynamic diameter of particles in suspensions in addition to the colloidal stability. 
Information concerning the strength and nature of bonds and specific functional groups is 
given by Fourier-transformed infrared spectroscopy (FT-IR), with wavelengths within the 
mid-infrared region (4000-400 cm-1). For the thermal stability and the composition of NPs 
Thermal Gravimetric Analysis (TGA) is suitable. Solid state Nuclear Magnetic Resonance 
(ssNMR) is another technique that provides information about the composition and the 
structural determination of NPs. Finally, High Performance Liquid Chromatography (HPLC) 
enables the evaluation of the degradation and release kinetics by determining the release of 
the ligand and of the drug, respectively. It also allows the determination of the drug payload 
and the drug-loaded NP stability upon storage. 

All the techniques presented above are essential for studying the drug nanocarriers. In 
addition, we will present here two other techniques of particular interest, which have been 
used in our study. Atomic Force Microscopy and Spectroscopic Ellipsometry have both been 
used widely in the domain of material science to investigate the properties of various 
nanomaterials. However, to our knowledge, these have not been used so far for the evaluation 
of the degradation mechanism of nano-sized MIL-100(Fe) as a potential drug carrier inside 
miniaturized liquid cells upon incubation in physiological biological media. In the following 
section, the principles and the challenges of these two techniques will be discussed and finally 
some important studies of MOFs by in situ AFM and ellipsometry will be highlighted. 
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Atomic Force Microscopy 
 
Atomic Force Microscopy (AFM) is a microscopic technique invented in 1986 by Binnig, 
Quate and Gerber used widely to study the surface properties of materials such as the 
morphology, the size and the mechanical properties, with tens of nanometer spatial 
resolution.166 AFM works with a sharp probe tip attached to a cantilever, which deflects upon 
interaction with the surface according to Hooke’s law. A laser beam is used to detect the 
deflections of the cantilever (induced by the force of tip-substrate interaction) relative to the 
surface. Any movement of the cantilever changes the direction of the reflected beam and 
these changes are recorded by PSPD (position-sensitive photodiode), which makes it possible 
to obtain a topographic map of the sample under study   (Figure 1-12). 

Figure 1-12. Schematic representation of Atomic Force Microscopy principle. 
 
There are three main modes of operation for the AFM; the contact mode, the non-contact 
mode and the tapping mode. 

In the contact mode the tip is continuously in physical contact with the surface of the sample 
during the scanning procedure. In non-contact mode, the tip is setted slightly away from the 
sample. Tapping mode is the combination of the two previous modes. In tapping mode, the tip 
contacts intermittently the surface of the sample.  
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When the tip is retracted from the surface of the sample, no interactions forces exist. In 
contrast, when the tip is in contact with the sample (contact mode), repulsive interactions 
occur. When it is not in contact with sample (non-contact mode), attractive forces occur. 
When tapping mode is used, approach and retraction forces appear depending on the distance 
between the tip and the sample. The competition between the attractive and the repulsive 
interactions that occur between the tip and the sample according to the operating mode that is 
chosen are summarized in a force-distance curve shown in Figure 1-13.  

 
 

 
 
 
 
Figure 1-13. Graph summarizes the three main modes of Atomic Force Microscopy. 
Each operational mode differs and it is chosen according to the needs of the study. The 
contact mode presents the highest resolution compared to the other two modes. However, two 
main drawbacks of this operational mode are the possible damage of the sample due to the 
direct contact with the tip and also the difficulty to detect single atoms, small molecules or 
defects along the surface of soft materials. The non-contact mode, on the other hand, protects 
the sample without changing its properties (ideal to avoid contamination of biological 
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samples). Nonetheless, the low resolution of this mode does not make it an ideal candidate. In 
tapping mode, the cantilever briefly touches sample’s surface only at the top of each 
oscillation cycle. To ensure successful imaging without affecting the surface structure, 
tapping mode is preferable. 

In situ Atomic Force Microscopy 

In situ AFM is a powerful tool used to obtain information about local morphological and 
mechanical changes of samples in liquids. The main advantage of in situ techniques is the 
direct observation of the studied sample and its possible changes in real time upon 
modification of external parameters such as the composition of the medium. Therefore, in situ 
AFM has been widely used to determine structural and mechanical changes in biological 
samples, such as biomolecules or cells.167 It is worth mentioning, that although there are no 
limitations in the nature of the liquid or the sample for the measurement, the medium should 
be transparent for successful detection (laser light used in AFM).  Another challenge for the in 
situ studies is the preparation of the sample in the liquid cell. More importantly, the measured 
sample should present a sufficient adhesion on the substrate, in order to be scanned by the tip. 
Finally, it is necessary to perform the measurements in absolutely clean media to avoid 
contamination of the tip and the sample. 

In situ AFM and MOFs 
 

AFM is nowadays a common technique widely used for various types of materials, among 
which are the MOFs. Especially, in situ AFM has been employed in several studies to 
determine the mechanical properties of MOFs/composites, the crystal growth process and the 
behavior of MOFs in presence of other molecules. In 2008, in situ AFM monitored for the 
first time the crystallization growth of HKUST-1.168 This study revealed a spiral or a two-
dimensional surface nucleation crystal growth mechanism that started from multiple defects 
already presented on the initial substrate surface. Moreover, this technique could give 
valuable information for the intermediate structures during the crystal growth process. The 
same group investigated the crystal growth of the same MOF grown this time in an oriented 
manner on gold substrates functionalized with self-assembled monolayers (SAMs).169 In this 
study, the growth steps emerged from this single nucleation point and spread across the entire 
exposed crystal face.  In a similar study about crystal growth, MOF-5 was studied.170 Cubillas 
et al. studied the crystal growth of a MOF via a SBU-type approach by in situ AFM. Another 
interesting study for the cadmium 2-ethylimidazolate MOF CdIF-4, determined for the first 
time the preassembled nucleating units that provoke the nucleation and the crystal growth of 
the framework.171 In a different aspect, this technique has been used to capture in ‘’real’’ time 
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the transformation process of a porous material in the presence of guest molecules.172 More 
precisely, the flexible porous coordination polymer (PCP) named (Zn2(1,4-ndc)2(dabco))n  
and the guest molecule biphenyl was chosen for the study. Interestingly, the initial tetragonal 
lattice of the framework underwent a change to a rhombic shape in the presence of the 
biphenyl. More importantly, the same study provided information about the degradation 
mechanism of the framework, as it observed the delamination process of layer-by-layer 
exfoliation of the framework. In the same frame, a recent study of the degradation mechanism 
of ZIF-8 in PBS, a degrading medium that mimics the biological environment, monitored the 
behavior of a micron-sized particle by in situ AFM.173 According to this study, the initial 
morphology of the particle changed instantly in the presence of PBS (within 3 minutes) and in 
less than 15 minutes a total dissolution of the crystal was observed (Figure 1-14). 
 

 

 

 

 

 

 

 

 

 

Figure 1-14. Degradation of ZIF-8 crystal (2 µm) in the presence of PBS 10 mM studied by in situ AFM. 
Adapted from 173 

All in all, with the exception of the most recent study concerning the degradation of ZIF-8 in 
PBS173, the majority of studies using in situ AFM have focused on the crystal growth of 
MOFs. Compared to these studies, in the context of the thesis, in situ AFM was used for the 
first time for the study of degradation mechanism of MIL-100(Fe).  The novelty of this study 
does not consist only to measurements in liquid phase, but also to the in situ change of the pH 
in a wide range (from acidic to basic). As it has already mentioned in Section C, the pH of the 
media has a key role to the degradation mechanism of MOFs particles for drug delivery 
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applications. Of note, MIL-100(Fe) particles of different crystallinity rates were studied by in 
situ AFM for exploring their impact on particles stability under physiological conditions. The 
conclusions of this study have been proved valuable for the better understanding of the 
degradation mechanism of nanoMOFs, which have been further explored by another 
innovative technique; in situ ellipsometry. 

Spectroscopic Ellipsometry   

Spectroscopic Ellipsometry (SE) is an optical measurement technique that uses light to 
characterize thin films, surfaces and materials microstructures. SE measures the change in 
polarization that occurs when a light beam is reflected from a surface (Figure 1-15). 
Professor Paul Drude team firstly reported this technique in 1887174, which however gained 
ground in early 1990s thanks to the commercialization of SE instruments. Ellipsometry 
determines the optical constants of a film (refractive index), its thickness and any 
modification of them. Moreover, other properties, such as the porosity, composition, 
roughness, and conductivity can also be determined through the optical modelling of the film 
properties. SE is a non-destructive method with high sensitivity to thin films (sub nanometers 
to several tens of microns). Additionally, no special preparation of the sample and no 
‘calibration’ are needed. On the other hand, some of the limitations of ellipsometry are that 
data analysis is model dependent and that the studied sample has to be of a reasonable optical 
quality.175   
 

 
 
Figure 1-15. Illustration of ellipsometric measurement. The emitted light is reflected on sample’s surface from 
the left and the changes of polarized light is detected on the right. Adapted from176 
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In situ ellipsometry 

Ellipsometry can be performed within any transparent medium. As a consequence, In situ 
ellipsometry can be performed with samples embedded in liquids or gases at a constant flow 
or even under ultra-high vacuum and uses large chambers or small liquid flow cells depending 
on the requirements of the process. The measurement in the changes of the optical properties 
in real time offers the unique opportunity to measure the sample without destroying it (only 
the light beam passes through the cell). This approach replaces the use of many films by the 
continuous monitoring of one single film. This technique is mostly used for the study of 
semiconductor growth and process control, optical coatings and multi-layer structures, 
photovoltaics and nanostructured devices and finally biomaterials and bio-interfaces.177 In a 
recent study, degradation mechanism of mesoporous silica nanovectors were studied by in 
situ ellipsometry under simulated biological media (also in the presence of bovine serum 
albumin) in undersaturated conditions.178 Bindini et al. showed that the dissolution kinetics of 
the silica NPs depends strongly on their accessible surface area by comparing bared and 
coated NPs. Furthermore, it was demonstrated that upon incubation in a medium rich in 
proteins, the degradation was slowed down due to the diffusion of the proteins on the 
particles’ surface. This result strengthened the point that the surface area and the degradation 
mechanism are firmly dependent. 
 
As we have discussed in Section C, degradation mechanism of nanocarriers is governed by 
several parameters and it can be followed by in vivo studies. These studies are complex to be 
performed and acquire specialized trainings for obtaining successful results. When 
nanocarriers are injected intravenously in the bloodstream, they experience large dilutions 
(sink conditions), considering that the blood volume is around 5L for humans and in the case 
of animal studies, around 200 mL for rats.  At the opposite, their successful vectorization will 
lead to high local concentration (in either extra and/or intracellular media). Studies of 
chemical stability performed ex vivo in laboratory and characterization techniques of the NPs 
(as described in Section D) are essential for the understanding of the degradation of 
nanocarriers. However, they are not sufficient to reach all conditions that exist inside the 
living organism. In situ ellipsometry is an appropriate tool to study the degradation 
mechanism of NPs in biological media that mimic closely real diluted conditions. 
 
Therefore, in the frame of our study, in situ ellipsometry was used to study the degradation 
mechanism of MIL-100(Fe) nanoMOFs in diluted conditions, drawing conclusions on the 
influence of intrinsic/structural parameters of the nanoMOFs and exterior parameters (pH, 
temperature, presence of mobile ions and biomolecules).  
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To achieve this goal, in situ ellipsometry requires the absolute control of the conditions in 
liquid cell and also the fabrication of a thin film of optical quality.  
 

Optical films and MOFs 

In the field of MOFs, several methods have been reported to obtain thin films of an optical 
quality, such as growth/deposition179 or oriented growth from solvothermal methods180, 181, 
step-by-step liquid epitaxy (LPE)182, electrochemical synthesis183, 184 and colloidal deposition 
methods (spin or dip coating). Dip coating was firstly applied in the field of MOFs for the 
MIL and ZIF family and their application as vapor sensors was studied185-187. MIL-89(Fe), 
MIL-101(Cr) and ZIF-8 were the three frameworks that were studied. Thin optical films of 
high quality were fabricated, using nanoMOFs made under mild conditions or microwave 
assisted hydrothermal route, by chemical solution deposition (CSD) also known as dip 
coating and continuously they were characterized by surface analysis techniques, such as 
WAXS, SEM, AFM and ellipsometry. The vapor sorption properties of MOFs associated to 
the pore sizes and the inter-particle mesoporosity of the frameworks were followed by 
environmental ellipsometry and revealed their unique properties, which made them good 
candidates as vapor sensors.  

As far as we know, no studies involving in situ monitoring of MOF degradation by 
ellipsometry has been reported. In our case, the method of dip coating was used for the 
fabrication of a thin film of nano-sized MIL-100(Fe). It should be noted, that the elaboration 
of the optical film is a delicate procedure. The small nanosized particles of MIL-100(Fe) 
(around 50 nm), elaborated through a new synthesis protocol188, tend to aggregate at a certain 
concentration, leading to the formation of inhomogeneous films. Therefore, a good 
compromise between sample’s concentration, colloidal stability, solvent evaporation speed 
and withdrawal speed during dip coating process of films is crucial for successful 
measurements. 

Dip coating 

Dip coating designates the deposition of a thin film from a liquid medium onto a substrate. 
The dip coating steps can be summarized in the Figure 1-16. Different models for film 
deposition exist based on the nature of the system and the intended application. The formation 
and the thickness of the film are dominated by the substrate withdrawal speed according to 
Landau-Levich model (LL), the first theoretical model aiming at describing film formation.189 
Following this model, the thickness of the cast film increases with the increasing of the 
withdrawal speed due the combination of gravitational draining and viscous drag of the 
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solution. At ultralow withdrawal speeds, the formation of the film is explained by another 
model depending on solvent evaporation and the capillary force. Faustini et al. published a 
semi-empirical model that successfully combines both models, covering a broad withdrawal 
speed range (from 0.001 to 10 mm s-1).190   
 
 

 

 

 

 

 

 

 

Figure 1-16. Schematic representation of the semi-empirical model. The schema demonstrates both the capillary 
and draining regime for the fabrication of an optical film by dip coating process. Adapted from190  

To conclude, characterization techniques that have already been widely used to understand 
the degradation mechanism of MOFs, but also innovative in situ techniques for deeper 
investigation of NPs under biological media have been discussed in this Section (Section D). 
In previous sections, the use of MOFs and especially of MIL-100(Fe) as DDS was proven 
through several studies. The following section will describe the advances in that field. 
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E. Metal-organic frameworks for drug delivery: Degradation mechanism 
and in vivo fate 

  
In this part a comprehensive chapter dealing with the biodegradation of MOFs will be 
presented. It is a chapter upon invitation in the book ‘’Metal-Organic Frameworks for 
Biomedical Applications’’ (Elsevier) and has been published in 2020. 

In this chapter, first of all, the synthesis and the composition of various biodegradable MOFs 
are described. Secondly, an overview of different drugs incorporated in nanoscale MOFs is 
presented. 

The chapter highlights the importance of gaining deep knowledge on MOF degradation and in 
vivo fate for biological applications.  

A special emphasis is given to MIL-100(Fe), as one of the most promising candidates for 
bioapplications and for which solid data on in vivo applications have been presented. 
Moreover, engineering of the external MOFs’ surface and its role in biodegradation are 
highlighted.  Finally, important in vitro/in vivo studies of MIL-100(Fe) are summarized to 
evaluate particles’ fate.  
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F. Conclusions 
 

The first chapter of the manuscript included the theoretical background of our study 
concerning hybrid porous materials (MOFs) as carriers of AIs in bioapplications. 

In a first stage, we defined the term of nanotechnology and we presented its main advantages 
for both the AI and the living organism in pharmacokinetics. The AI is protected and 
distributed inside the body by a controlled manner via biodegradable carriers, named drug 
delivery systems (DDS). We mentioned some of these systems (liposomes, micelles, 
polymeric NPs, dendrimers, mesoporous silica), highlighting their benefits and their 
limitations. Poor drug payloads and stability issues are the main disadvantages to design a 
performable system.  

We, therefore, introduced a relevant recent class of drug carriers, the Metal Organic 
Frameworks (MOFs). MOFs are hybrid porous particles with unprecedented high surface 
areas, pore volumes, together with an amphiphilic microenvironment, which can host a 
variety of AIs in large quantities. Yet, the abundant combination of building blocks for the 
formation of MOFs combined to their relative new entrance in biomedical field leads to a 
great need for better understanding of their biodegradability. One of the most promising 
candidate is the mesoporous iron(III) trimesate MOF denoted MIL-100(Fe), which is the 
material of interest in our study. In the first chapter, we explored the intrinsic and the extrinsic 
parameters affecting MIL-100(Fe) degradation and we cited some of the most important in 
vitro and in vivo studies that have been published.   

To explore particles’ degradation a sum of characterization techniques is demanded. In the 
fourth subchapter, we outlined some of them by emphasizing in two innovative techniques, 
the Atomic Force Microscopy and the ellipsometry. As we have already mentioned, both 
techniques were used for the in situ study of the degradation mechanism of micron- and 
nanosized particles respectively. These methods are direct and give us valuable information 
about the changes of the particles in real time, which is of a great importance in 
bioapplications. 

Overall, MIL-100(Fe) seems a very promising MOF for drug delivery applications. Still, its 
stability under physiological media needs to be further explored and this challenging study 
will be presented in the next part of the manuscript. 
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General objectives 
 
This chapter focuses on the study of the degradation mechanism of MIL-100(Fe) micron-sized 
particles (microMOFs). As already mentioned, particles of submicronic scale (nanoMOFs) are 
rapidly degraded under simulated physiological conditions. More specifically, nanoMOFs can lose 
practically the totality of their constitutive ligand within a few hours in phosphate buffer saline 
(PBS), due to the fast diffusion of phosphate ions into their internal porosity and their strong 
coordination with the iron (III) acid Lewis sites of the framework.1 In addition to the composition of 
the degrading media, pH is another key parameter of particles’ stability.1,2 Previous studies have 
indicated that nanoMOFs are more stable in acidic environments compared to neutral ones.3 
Recently, microMOFs particles synthesized by ‘’ green’’ methods, were incubated in neutral PBS 
for more than one week and the final product consisted of an inorganic iron phosphate corona 
around the MOF particles. Noteworthy, despite their dramatic changes in composition, the MOFs 
maintained their initial size and shape.4 Based on these findings, we performed further studies to 
explore the parameters that determine the degradation of MIL-100(Fe) particles.  
 
This work is presented in the format of a research article recently published in the journal 
Nanomaterials. The main goal of this work was the deeper understanding of MIL-100(Fe) particles 
for their optimization as therapeutic vectors in the biomedical field. In situ AFM was the technique 
of choice, aimed to unravel the morphological, dimensional and mechanical changes of the external 
surface of microMOFs upon degradation. This technique was selected, because of its capacity to 
follow the degradation of individual particles in real time together with a very high resolution down 
to the nanoscale. MIL-100(Fe) microMOFs of different crystal qualities were synthesized, to 
compare their degradation by in situ AFM. Of note, to complete the study, nanoMOFs of around 
200 nm were also prepared via a microwave-assisted ‘’green’’ method and were observed using a 
high-resolution electronic microscope, Scanning TEM with High Annular Dark Field (STEM-
HAADF). This study demonstrated that MOF’s surfaces respond within minutes to changes in the 
composition of the media there are in contact with and that their degradation process depends on the 
size and the crystallinity of the studied material. These results are of importance for the wider 
comprehension of the in vivo fate of nanoMOFs.  
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Figure 2-1: a) Schematic representation of MIL-100(Fe) assembly and AFM images of microMOFs crystals during 
their degradation b) in PBS pH 7.4 and c) in PBS pH 5.4.  
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General objectives 
 
Chapter 3 deals with the degradation mechanism of nanoMOFs and it is presented in 

the format of a research article, which will be submitted for publication in Journal of 

Colloids and Interface Science. This work highlights the importance of studying the 

degradation of nanoMOFs in extreme dilute conditions, in order to approach as much 

as possible the conditions of in vivo studies and distinguish the main parameters, which 

affect the MOFs’ stability. Of main interest, we used an advanced methodology 

employing in a first approach high resolution STEM-HAADF, which allowed studying 

the nanoMOF crystalline features and composition, before and after degradation. 

 

In addition, in situ ellipsometry was selected to study nanoMOFs degradation in 

extreme dilute conditions. To do so, nanoMOFs were prepared as homogeneous thin 

films, which were studied under flow of buffer solutions at different pH and containing 

or not a model protein. Changes in the optical properties of the films were continuously 

recorded (from the first minute to several hours) and attributed to the chemical 

transformation of nanoMOFs in the presence of phosphates. Complementary 

characterizations (PXRD, Infrared spectroscopy, HPLC) confirmed on their turn 

structural modifications of the nanoMOFs in agreement with ellipsometry 

measurements.  

 

 
 
 
 
 
 
 
 
 
Figure 3-1: Schematic representation of in situ spectroscopic ellipsometry measurements. Polarized 

incident light (left) reflects off of the film made of dip coated nanoMOFs, embedded in a liquid and 

changes to elliptically polarized light (right). This technique allows the determination of the thickness 

and the optical properties of the film. 

 

This work has been carried on in collaboration with Dr. C. Boissière in LCMCP and Dr. 

G. Patriarche in C2N. 
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Abstract : Iron carboxylates metal organic frameworks of submicronic size 

(nanoMOFs) attract a growing interest in the field of drug delivery in reason of their 

high drug payloads, excellent entrapment efficiencies and biodegradable character. 

However, to date only scarce studies have been dedicated to their degradation 

mechanism, which is key for their in vivo fate. Complementary methods have been 

used here to investigate the degradation mechanism of these nanoMOFs under neutral 

or acidic physiological simulated conditions, and in the presence of bovine serum 

albumin. High resolution STEM-HAADF coupled with EDX enabled monitoring the 

crystalline organization and the elemental distribution during degradation. 

NanoMOFs were also deposited onto silicon substrates by dip coating to form stable 

thin films of optical quality that were further investigated in terms of thickness and 

structural bands of the nanoMOFs by IR ellipsometry in order to approach the ‘’sink 

conditions’’ of the in vivo studies. This approach is essential for the successful design 

of biocompatible nanovectors in extreme dilute conditions. It was revealed that while 

the presence of a protein coating layer did not impede the degradation process, the pH 

of the medium in contact with the nanoMOFs played a major role. The degradation of 

nanoMOFs occurred to the larger extent in neutral conditions, rapidly and 

homogeneously within the crystalline matrices and was associated with a departure of 

their constitutive organic ligands. Remarkably the nanoMOFs maintained their global 

morphology during degradation.   

 

Keywords : nanoparticle, nanomedicine, degradation mechanism, metal organic 

frameworks, in situ ellipsometry 
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1. Introduction 

 
Engineered drug nanocarriers are gaining increasing interest in the treatment of severe 

diseases such as cancer and resistant infections, by protecting the incorporated drugs 

and ferrying them to the target sites. Since the first design of a controlled-release drug 

delivery system, a great variety of nanoparticles have been developed and proposed as 

potential candidates to improve the drug bioavailability and reduce the side toxic 

effects [1], [2]. Among the recently developed systems, nanosized porous Metal 

Organic Frameworks (nanoMOFs) showed a high potential as drug carriers in reason 

of their important drug payloads, versatility in terms of composition and pore sizes and 

convenient surface functionalization [3], [4], [5]. Moreover, the biocompatible iron 

carboxylate nanoMOFs have caught great attention thanks to their biodegradability 

and lack of toxicity [6],  [7].  

In particular, one of the most studied materials is MIL-100(Fe) (MIL stands for 

Materials of the Institute Lavoisier), a mesoporous iron trimesate MOF, capable to 

encapsulate a variety of drugs with high payloads and yields close to 100% and also to 

release them often in a controlled manner [9], [10], [11], [12]. Some of the most 

important features of MIL-100(Fe) nanoMOFs are their biodegradability and their in 

vitro [13], [14], [15] and in vivo biocompatibility [6], [7]. Formed by the self-assembly 

of trimers of iron octahedra coordinated with trimesate ligands, they are chemically 

stable in aqueous and ethanolic solutions, but undergo degradation upon incubation 

in biological media. Once nanoMOFs are in contact with phosphate buffer saline (PBS), 

phosphate ions from the suspension media diffuse inside their pores and coordinate 

strongly with the iron metal sites, substituting the organic ligands and leading to a 

progressive disassembly of the crystalline MOF structure [3], [16], [17]. Recently, 

micron-sized MIL-100(Fe) particles were studied to gain a better understanding of 

their degradation mechanism [17]. Interestingly, the particles degraded in PBS without 

any significant size modification. It was found that degradation was initiated by the 

diffusion of phosphate ions from PBS into the matrix and that an inorganic shell made 

of iron phosphate was progressively formed around a crystalline core of MIL-100(Fe). 

In another study, the degradation of MIL-100(Fe) nanoMOFs was studied in PBS 

enriched with bovine serum albumin (BSA). BSA is the most abundant protein in the 

bloodstream with a molecular weight of approximately 66 kDa and dimensions of (140 

x 40 x 40 Å) [18]. This bulky macromolecule could not penetrate inside the MOFs’ 

porosity and remained adsorbed at their surface, forming a negatively charged protein 

corona of around 20 nm [16]. In the presence of BSA, the release of the constitutive 

trimesate ligands was slightly reduced, but the mechanism of degradation was not 

explored. More recently, it was shown that in the same PBS-BSA release medium, MIL-

100(Fe) nanoMOFs decorated with Fe2O3 maintained their global morphology without 

size changes  [19]. 

 

In addition to its composition, the pH of the degrading media plays a key role in the 

degradation of the MIL-100(Fe) nanoMOFs. In vivo studies showed that they possess 
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unique pH-responsive properties. Once injected in the blood stream, they immediately 

aggregated at neutral pH and thus preferentially accumulated in the lungs where they 

released their drug content to eradicate the tumor [20]. Eventually, because of surface 

degradation, they disassembled and were thus well tolerated in vivo.  

 

In vivo studies are crucial for the determination of the cytotoxicity and the 

biodistribution of the nanoMOFs in the living organism. Yet, these studies are complex 

as multiple phenomena occur simultaneously inside the body, hampering the deeper 

understanding of the degradation mechanism of the nanoMOFs. Conversely, in vitro 

conditions do not mimic the extreme dilution conditions corresponding to their 

injection into the blood stream. More generally, depending on the species, different 

amounts of nanoparticles are injected and blood volumes can differ on a large scale 

(for example, the volume of human blood is around 5 L, whereas in animal tests, 

volumes can reach around 200 mL for rats and only 5 mL for mice). Therefore, when 

nanoMOFs are injected in the bloodstream, they can reach undersaturated condition, 

which can affect their degradation kinetics.  

 

In addition, even when performing ex situ characterization studies, the nanoMOF 

dilution conditions are different. Degradation and drug release are typically monitored 

with a MOFs concentration in the range of 0.5 to 1 mg mL-1 [21]. Conversely, in the case 

of stability and degradation studies followed by Dynamic Light Scattering (DLS) 

measurements, the typical concentration is 0.1 mg mL-1 [22]. As a result, different 

degradation kinetics are observed according to the experimental conditions. Moreover, 

when using ex situ techniques such as microscopies or chromatography, sample 

analysis at short times is complicated, as preparation of the samples (centrifugation, 

washings, dilutions) are commonly required before the measurements. Another 

constraint of ex situ techniques is that the studies are based on the final degraded 

products without exploring the possible intermediate steps. 

To overcome these limitations, in situ ellipsometry was used here to study nanoMOF 

degradation in real time and in extremely dilute conditions to mimic the conditions 

corresponding to an intravenous administration. Ellipsometry is an optical technique 

based on the measurement of changes of polarization upon reflection or transmission 

for the investigation of the dielectric properties of the studied material. Thus, minute 

changes of the nanoMOFs optical properties arising from chemical transformations 

upon degradation can be followed over time. The main benefit of in situ ellipsometry 

is that it allows the use of very dilute conditions, mimicking the in vivo studies and 

with the additional advantage of attenuating the concentration gradients at the 

nanoMOFs surfaces. Furthermore, the geometric surface of the particles is fixed so that 

they cannot rearrange during the experiment time curse. Consequently, artefacts due 

to the possible nanoMOF aggregation do not alter data. Last but not least, in situ 

ellipsometry presents a very good temporal resolution, allowing fast and precise 

measurements even at early times.  

 

Some of us reported for the first time the use of in situ ellipsometry to study the 
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dissolution of hybrid organosilica nanoparticles in PBS at different temperatures and 

far from the saturation conditions [23]. It was found that the nanoparticle chemical 

composition was one of the main factors affecting the degradation kinetics. In a more 

recent study these authors prepared coated mesoporous silica-based films for in situ 

ellipsometry analysis in PBS with or without BSA [24]. The dissolution rate of silica 

nanoparticles was mainly controlled by their free accessible surface area, which 

regulated the accessibility of the diffused ions in the internal porosity of the particles.  

 

Here, we propose for the first time an in situ analysis of the degradation mechanism of 

MIL-100(Fe) nanoMOFs using spectroscopical ellipsometry (SE). MIL-100(Fe) 

nanoMOFs of less than 100 nm were synthesized at room temperature (RT) to allow 

obtaining films of optical quality by dip-coating. Firstly, film’s thickness was 

determined at room temperature by conventional spectroscopic ellipsometry and then 

film stability was evaluated in water and in PBS at 37°C. Then, degradation was studied 

as a function of the pH of the degrading medium in the presence or not of BSA, to 

assess its contribution to the mechanism. These studies were completed with 

morphological and composition ex situ investigations using STEM-HAADF coupled 

with EDX, to monitor the crystalline organization of the MOF and mapping their 

element distribution. This required the use of larger size nanoMOFs (140 nm) prepared 

through a microwave (MW)-assisted route to avoid aggregation issues with nanoMOFs 

of less than 100 nm in suspension. Finally, the release of the MOF ligand was followed 

by HPLC and showed that the size of the nanoMOFs did not much affect their 

degradation kinetics.  

 
2. Materials and Methods 

 

2.1. Materials 

All reagents and solvents were purchased from commercial sources and used without 

any further purification. Iron(III)  nitrate nine-hydrated (Fe (NO3)3.9H2O) (Sigma-

Aldrich), iron(III) chloride hexa-hydrated (98%, Alfa Aesar, France) and 1,3,5-benzene 

tricarboxylic acid (BTC or trimesic acid) (Sigma-Aldrich) were used for the synthesis 

of nanoMOFs. Dulbecco’s Phosphate Buffer Saline (DPBS 1X, pH=7.4) was purchased 

from Thermo Fischer Scientific. It contains 1.47 mM KH2PO4, 8.59 mM 

Na2HPO4.7H2O, 137 mM NaCl and 2.66 mM KCl.  KH2PO4, Na2HPO4, NaCl and KCl 

(Sigma Aldrich) were used for the preparation of PBS pH=5.4. Bovine serum albumin 

(BSA) was also purchased from Sigma Aldrich. Milli-Q water (resistivity 18.2 MΩ cm) 

was obtained from a Millipore apparatus equipped with a 0.22 μm filter. Silicon 

substrates were purchased by SolGelWay, Paris, France.  

2.2. Synthesis of nanoMOFs  

NanoMOFs were synthesized following two pathways. Firstly, MIL-100(Fe) 
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nanoMOFs with mean diameters of around 50 nm were synthesized from a mixture of 

0.25 g of trimesic acid, 0.72 g of Fe(NO3)3.9H2O and 90 mL of water, which were mixed 

in a round bottom flask at room temperature under stirring for 48 h  The synthesized 

nanoMOFs were recovered by centrifugation (10000 rpm, 15 min) and purified by 

washing twice with distilled water and twice in absolute EtOH [25]. The nanoMOFs 

were stored as suspensions in absolute EtOH until final use. They are named 

nanoMOFs (RT). 

 

Secondly, nanoMOFs of larger sizes (140 nm) were obtained using a microwave-

assisted hydrothermal synthesis as previously reported [26], [27]. A mixture of iron 

chloride (8.97 mmol) and trimesic acid (4.02 mmol) was placed in Teflon sealed 

autoclave reactors with 20 mL of deionized water and heated for 6 min at 130 °C 

under stirring. The applied power was 800 Watts (Mars-5, CEM, US). The nucleation 

reaction was stopped by placing the reactors in an ice bath for 10 minutes. The 

resulting nanoMOFs were recovered by centrifugation (10000 rpm, 15 minutes) and 

were purified by washing with absolute EtOH 6 times to remove the residual non-

reacted organic acid. A last centrifugation at 4000 rpm (2000 g) was performed 

during 1 min in absolute EtOH to sediment the largest particles and recover the 

supernatants as a suspension of monodisperse nanoparticles. NanoMOFs were 

stored wet in EtOH until final use. They are named nanoMOFs (MW). 

 

2.3. Characterizations of nanoMOFs 
 

The nanoMOFs were characterized before and after degradation in physiological 

conditions by a set of complementary techniques.  

Powder X-ray diffraction (PXRD) analysis was carried out with a D8 Advance Bruker 

Diffractometer in Debye-Scherrer geometry, in the 2θ range of 2-40°. The 

diffractometer was equipped with a Ge (111) monochromator producing Cu Kα1 

radiation (λ = 1.540598 Å) and a LynxEye detector. Infrared spectra were collected 

using a Nicolet iS5 FT-IR (Thermo scientific, USA) from 4,000 to 400 cm−1. Porosity 

was evaluated by N2 sorption isotherms obtained at 77 K using a Micromeritics Tristar 

apparatus. Before the analysis, around 30 mg of nanoMOF samples were activated by 

heating at 150 °C under secondary vacuum for 5 hours. The size distribution and the 

polydispersity of nanoMOFs in suspension were determined by dynamic light 

scattering (DLS) and ζ-potential measurements were performed using a Malvern 

Nano-ZS, Zetasizer Nano series. To do so, nanoMOFs from ethanolic suspensions were 

washed twice with Milli-Q water and finally resuspended in Milli-Q water at a 

concentration of 0.1 mg mL -1. Experiments were performed in triplicate at 25 °C.  

 

The optical spectra of the nanoMOFs under the form of suspensions and in dried state 

were measured using a Varian Cary 300 Bio UV-Vis spectrometer equipped with an 

integration sphere in the diffuse reflectance mode. The release of the trimesate ligand 

was quantified using a reversed-phase high performance liquid chromatography 
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(HPLC) system (Waters Alliance e2695 Separations Module, Waters, Milford, MA) 

equipped with a UV-Vis detector (Waters 2998). The system was controlled by Agilent 

software. A SunFire-C18 reverse-phase column (5 μm, 4.6 × 150 mm2, Waters) was 

employed. For the analysis of BTC, a mobile phase A consisting of a buffer solution 

(0.04 M, pH=2.5) and a mobile phase B MeCN (50:50) were used. The buffer (phase 

A) was prepared by dissolving NaH2PO4 (2.4 g, 0.02 mol) and Na2HPO4 (2.84 g, 0.02 

mol) in 1 L of Milli-Q water. The pH was then adjusted to 2.5 with H3PO4 (≥85%). The 

injection volume was 50 µL and the detection wavelength was set at 225 nm. The 

column temperature was fixed at 25 °C [22]. 

 

The TEM/STEM studies were performed on a Titan Themis microscope corrected for 

spherical aberrations on the probe. The microscope was equipped with the "Super-X" 

analysis EDX system with 4 SDD detectors achieving a solid angle of 0.8 steradian. The 

observations were made at 200 kV with a sufficiently low probe current, ie around 40 

to 50 pA, so as not to degrade the sample. The STEM-EDX chemical maps are carried 

out under the same conditions, for an acquisition time of approximately 15 to 20 

minutes. For the HAADF-STEM images acquisition, the half-angle of convergence of 

the probe was 17 mrad and the collection half-angle of the Annular Dark Field detector 

was 69 mrad (inner angle) and 200 mrad (outter angle). For the TEM grid preparation, 

a 2 µL drop of the nanoMOF suspensions was placed on a 200 mesh copper grid 

covered with a pure carbon membrane (Ted Pella).  

 

2.4. MIL-100(Fe) thin film deposition  

 
An ethanolic dispersion of nanoMOFs (3.7 mg mL -1) with mean diameters around 50 

nm was dip-coated at room temperature on a silicon substrate with a withdrawal speed 

u of 8 mm s-1. Relative humidity was measured at 50 %. The films were prepared by 

double coating with nanoMOF dispersions and after thermal treatment at 130 °C for 5 

minutes, they were characterized by scanning electron microscopy (FEG-SEM Sigma 

HD, Zeiss) and their thickness and optical properties were determined by SE. 

 

2.5. Spectroscopic Ellipsometry (SE) 

 
SE experiments were performed using a J.A.Woolam M2000 spectroscopic 

ellipsometer equipped with a UV-IR detector in the 193 nm to 1690 nm spectral range. 

The acquisition time was 5 seconds for each point. Data were analyzed with 

CompleteEASE software. The imaginary part of the dispersion function of the film was 

modelled with a single Cody-Laurentz oscillator in 500-1700 nm wavelength range. 

Ellipsometric analyses in infrared angle were performed with a MARK II IR-VASE 

from Woolam within a closed cell flushed with dry air. MOFs films deposited onto 

Silicon wafer were analyzed at 75° incidence angle. 
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2.6. In situ ellipsometry 

 
In situ dissolution experiments of nanoMOFs were performed with a thermostated 

ellipsometric liquid cell from Linkam. Data were collected every minute at 75° 

incidence using visible light wavelength range. The ellipsometer acquisition conditions 

were one measure of five seconds every minute. The experiments were performed at 

37 °C, in order to mimic body’s temperature and the media in contact with the films 

(100 mL total volumes) were circulated within the analysis cell at a flow rate of 10 mL 

min-1. The media used were Milli-Q water and PBS 10 mM containing or not BSA. The 

pH of the PBS medium was acidic (pH=5.4) or neutral (pH=7.4), whereas the 

concentration of BSA in PBS pH=7.4 was 3.7% w/v, to mimic albumin concentration 

in human blood. 

 

Data were analyzed with CompleteEASE software. The imaginary part of the dispersion 

function was modelled with a single Cody-Laurentz oscillator in the 400-900 nm 

wavelength range. 

 

3. Results and Discussion 

 

3.1. Characterization of nanoMOFs   
 

MIL-100(Fe) presents a highly ordered mesoporous 3D structure resulting from the 

self-assembly of iron trimers with trimesate ligands. The zeotype architecture of a MTN 

topology, is composed of two types of interconnected mesoporous cages of 25 Å and 29 

Å (Fig. 1 upper panel), the larger cages being accessible through microporous 

pentagonal and hexagonal windows of 5.6 Å and 8.6 Å, respectively, the small cages 

only through pentagonal windows (Fig. 1).  
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Fig. 1: Upper panel: Schematic representation of the structure of MIL-100(Fe) obtained by the self-

assembly of BTC and iron, forming supertetrahedra and then 3D mesoporous cages of 25 and 29 Å 

accessible through microporous pentagonal windows of around 5 Å and microporous hexagonal 

windows of 8.6 Å.  

Lower panel: Typical STEM-HAADF images of synthesized MIL-100(Fe) nanoMOFs. 

(a) unprocessed image (b) magnified image (c) inverse FFT filtered HAADF-STEM image and (d) typical 

FFT pattern which reveals the crystallinity of the particles. 

 
Whatever the synthesis method, crystalline MIL-100(Fe) nanoMOFs (nanoMOFs (RT) 

and nanoMOFs (MW)) were successfully obtained, as verified by a series of 

complementary investigations. First, due to its ultrahigh image resolution, STEM-

HAADF performed first on the RT sample enabled the direct visualization of the 

mesoporous cages of MIL-100(Fe), as illustrated in Fig. 1a-c. A well-faceted octahedral 

morphology with an average diameter of 60 ± 10 nm is observed while the crystalline 
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structure of individual particles was indicated by their Fast Fourier Transform (FFT) 

patterns (Fig. 1d). Yet, the nanoMOFs of ultrasmall sizes synthesized at RT were prone 

to aggregate rapidly in aqueous suspensions, as indicated by both SEM and DLS 

investigations (Fig. S1). To overcome this limitation, NanoMOFs (MW) exhibited 

average sizes of 140 ± 37 nm measured by STEM-HAADF (Fig. S2) in the same order 

of magnitude as those determined by DLS (210 ± 20 nm), together with low 

polydispersity indices (0.07). In contrast to nanoMOFs (RT) they were more stable in 

aqueous media, possibly because of their lower specific surfaces. Both nanoMOFs (RT) 

and nanoMOFs (MW) exhibited a positive ζ-potential of +26 ± 2 mV in acidic pH (3.5) 

and a negative ζ-potential of -38 ± 2 mV at pH 7.4, in agreement with previously 

reported data [17], [19], [20]. The synthesized nanoMOFs were further characterized 

by PXRD, FT-IR spectroscopy and N2 porosimetry. PXRD patterns were in agreement 

with data in the literature, showing the successful synthesis of a highly crystalline 

product (Fig. S3) [27], [28]. FT-IR spectroscopy allowed investigating the composition 

of the nanoMOFs. As shown in Fig. S4, the two bands at 1640 and 1380 cm -1, 

corresponding to the asymmetric ν(C-O)as and symmetric ν(C-O)s stretching modes of 

the C=O, indicate the coordination of the carboxylate ligands with the iron sites in the 

framework. The band at 1450 cm -1 is related to the ν(OH) flexural vibrations. The 

spectra of MIL-100(Fe) display also two sharp bands at 760 and 710 cm -1 attributed to 

the C-H stretching vibrations of the benzene rings [29]. The band at 620 cm -1 is 

assigned to the ν(Fe3O) vibration. Finally, the typical band of unreacted trimesic acid 

at 1710 cm-1 was negligible, indicating that purification was successful to remove the 

unreacted ligand.[30], [31], [32]. N2 adsorption resulted in a BET surface area of 1450 

± 60 m2/g for nanoMOFs (RT) and 1720 ± 40 m2/g for nanoMOFs (MW), respectively, 

in line with previous reported data [33], [34].  

 

3.2. Degradation of nanoMOFs   

 
NanoMOFs were allowed to degrade in acidic (pH 5.4) or neutral (pH 7.4) PBS at 37 °C. 

An incubation time of 48 hours was chosen to ensure a maximal degradation, 

according to previously published data [16], [17], [35], [36]. The degraded nanoMOFs 

were thoroughly washed to remove salts and were then investigated by STEM-HAADF 

to evaluate their morphological and dimensional changes. NanoMOFs (MW) were 

selected for these latter studies, in reason of their possible higher chemical stability as 

compared to nanoMOFs (RT) (Fig. S1).  

NanoMOFs incubated in acidic PBS maintained their faceted crystalline structures, as 

shown by the presence of well-defined crystalline planes (Fig. 2b) and the FFT patterns 

(Fig. 2c). On the contrary, after exposure to neutral PBS, the nanoMOFs’ crystallinity 

was lost, the crystalline planes disappeared in favor of an amorphous structure with 

large pores (Fig.2 d,e). Interestingly, despite losing more than 90% of their constitutive 

trimesate ligand, [3], [16], [36] the nanoMOFs (MW) mean diameter changes were only 

around 11% (140 ± 37 nm (intact) and 125 ± 11 nm after degradation), in agreement 

with previous studies [17]. 
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Fig. 2: a,b) STEM-HAADF images of MIL-100(Fe) nanoMOFs after 48 hours degradation in PBS at 

pH=5.4 and d,e) in PBS at pH=7.4. NanoMOFs concentration was 0.25 mg mL-1. Red arrows show the 

apparition of large pores (yellow cercles) indicating degradation. c,f) FFT patterns of degraded MIL-

100(Fe) nanoMOFs indicate the loss of crystallinity. 

 

STEM-HAADF coupled with X-Ray energy dispersive spectrometry (XEDS) allowed 

gaining further information about the degradation mechanism. Advantageously, it 

allows resolving the distribution of the nanoMOFs’ constitutive elements. In particular, 

the atomic P/Fe ratio brings valuable insights on the evolution of the chemical 

composition. Noteworthy, Fe content in the nanoMOFs remains constant all over the 

degradation process, as it was not detected in the PBS release media at pH 7.4 [3], [12]. 

On the contrary, it was shown that phosphate ions from PBS progressively penetrate 

inside the matrix and coordinate to the iron sites. Therefore, determining the atomic 

P/Fe ratio is indicative of the nanoMOFs degradation. 

 

It should be mentioned that although the nanoMOFs’ trimesate constitutive ligand 

consists of carbon and oxygen atoms, tracking these elements is not a good option for 

STEM- XEDS studies. Indeed, sample holders contain carbon, making difficult to 

separate information arising from carbon atoms in the grids and in the analyzed 

samples. Besides, nanoMOFs contain a non-negligible amount of coordinated water 

molecules, which cannot be removed even under high vacuum conditions. Therefore, 

information on oxygen distribution arises both from coordinated water and trimesate 

ligands (Fig. S5). 

 

Thus, our attention was focused on the quantification of Fe and P atoms. Firstly, the 
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distribution of P atoms within the nanoMOFs was homogeneous. In Fig. 3a and 3d, the 

selected regions of interest for the quantification of the elements are represented by 

yellow rectangles, while the green one represents the integral region (numbered 1). The 

normalized atomic percentage (at %) of P was calculated for each region. In the case of 

incubation in acidic PBS (Fig. 3a), regions numbered 2, 3 and 7 (indicating nanoMOFs 

structures), presented as P (at %) 2.2 ± 0.7, 2.4 ± 0.8 and 2.5 ± 0.7, respectively. For 

neutral environments P (at %) was 7.5 ± 0.4, 7.4 ± 0.4 and 7.5 ± 0.7 for the regions 2, 

3 and 4. These results confirm that P is evenly distributed with a much higher % in the 

case of pH=7.4. Secondly, the P/Fe atomic ratios were calculated for multiple regions 

of the nanoMOFs. The P/Fe ratio was found almost three times lower for particles 

degraded in pH=5.4 as compared to pH=7.4 (0.3 ± 0.1 as compared to 0.7 ± 0.4.) (Fig. 

3). In a nutshell, these results suggest the lower degradation of the nanoMOFs in acidic 

conditions as compared to neutral ones. 

 

In addition, we took advantage of the STEM-HAADF methodology to assess the local 

P/Fe ratios and confirm that the degradation of the studied nanoMOFs was total after 

48h (pH=7.4). To do so, further investigations were carried on with a longer 

degradation time of 72 hours (Fig. S6). Results showed that after this time, the P/Fe 

ratio remained stable (0.7± 0.4) and similar morphologies were obtained. 
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Fig. 3: a,d) STEM-HAADF images of MIL-100(Fe) nanoMOFs after 48 hours incubation in PBS at 

pH=5.4 and at pH=7.4 respectively.  

b,c,e,f) Elemental analysis reveals the homogeneous distribution of P after degradation. Yellow and 

green rectangles represent the selected regions by STEM-XEDS. 

 

To complete the study, the amount of carboxylate ligand released from nanoMOFs (RT) 

and (MW) upon incubation in acidic and neutral PBS was measured at different time 

points by HPLC. In agreement with analysis at the microscopic level, the nanoMOFs 

(MW) progressively released their constitutive ligand in neutral PBS with 76 ± 7, 95 ± 

8, 100 ± 3 wt% after 1.5, 6 and hours, respectively, whereas in acidic conditions 

(pH=5.4) the degradation kinetics was much slower and partial with 23 ± 1, 30 ± 1 and 

38 ± 1 wt% loss at the same time points. Moreover, a plateau was reached after 24 hours 

degradation, corresponding to around 38 ± 1 wt% ligand loss. To further assess the 

stability of the nanoMOFs in pure water, the trimesate release was also followed upon 

nanoMOF storage in water. Indeed, after 2 days incubation less than 2 wt% of the 

ligand was lost. This negligible loss could probably correspond to the unreacted 

residual ligand that remained trapped in the nanoMOFs pores after their synthesis. 

Interestingly, whatever the synthesis method (RT or MW) similar degradation patterns 

were observed, suggesting that in the studied range, nanoMOF size does not play a 

major role in this process (Fig. 4).  Another important point, was the fast ligand release 

in the first minutes after the start of the degradation studies in both acidic and in 

neutral PBS (40 ± 2 wt% and 12 ± 1 wt% respectively). This suggests that the degrading 

phosphate ions from PBS diffuse fast inside the nanoMOFs, coordinate with the 

unsaturated iron site and lead to ligand displacement. 
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Fig. 4: Trimesate release during MIL-100(Fe) nanoMOFs incubation in PBS (pH 7.4 and 5.4) and in 

water evaluated by HPLC. Sample concentration was 0.5 mg mL-1. 

 
As it has been discussed in a previous study, MIL-100(Fe) particles are more stable in 

acidic environments compared to the neutral ones. This observation can be explained 

by both the composition of PBS and the nature of iron metal of the framework. More 

precisely, at pH=5.4, 20 % of the ligands are monoprotonated and the rest 80% are 

deprotonated, while at pH=7.4, all the ligands are deprotonated. Also, the Pourbaix 

diagram of Fe in water shows that it presents different solubility state according to the 

pH range. At pH=7.4 the formation of iron oxide species is preferred. Moreover, the 

degrading medium is rich in phosphate ions, which present also a high complexing 

force with the metal. In PBS at pH=7.4, H2PO4- and HPO42- species are in equilibrium 

at similar concentration (5 mM). On the other hand, in the range of pH=4-6, H2PO4-  

anions are the predominant species compared to HPO42- (99 :1 at pH 5.4). At both 

studied pH, 5.4 and 7.4, phosphate ions diffuse into the nanoMOF porosity and 

coordinate with the iron sites. Thus, it can be hypothesized that the iron carboxylate 

species in the nanoMOFs have a tendency to degrade when the pH increases from 5.4 

to 7.4, forming iron oxide and iron phosphates. 

 

An additional indication of the nanoMOFs’ degradation was the change of their surface 

charge, related to their ζ-potential values, measured after 24 h incubation in PBS 5.4 

and 7.4. The initial positive ζ-potential value found for intact nanoMOFs (+26 ± 2.1 

mV) dramatically changed to negative in the case of degraded particles (-15 ± 1.3 mV 

and -37 ± 2.1 mV in PBS 5.4 and 7.4, respectively). This could be explained by the 

coordination of the phosphate ions with the unsaturated iron sites at the external 
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surface of the nanoMOFs and is in line with previously reported studies [16]. 

 

In agreement with these findings, PXRD patterns of nanoMOFs upon degradation in 

PBS 5.4 and 7.4 at different time points, demonstrated a rapid loss of crystallinity in 

neutral PBS (within 1 h) while a maintenance of the main characteristic Bragg peaks of 

MIL-100(Fe) in acidic PBS even after 2 days incubation was observed, in agreement 

with a more stable structure at pH 5.4 (Fig. S7). 

 

Moreover, FT-IR spectroscopy showed changes on the chemical composition of the 

nanoMOFs upon 48 h incubation in PBS (Fig. S8). In the presence of PBS, whatever 

the pH, a broad band at 1050 cm-1 was observed, corresponding to asymmetrical P-O 

stretching [37], [38]. In a more acidic environment (PBS 5.4), the intensity of the 

stretching bands at 1380 and 1640 cm-1, corresponding to the symmetric and 

asymmetric vibration of the trimesate was slightly decreased, but their shape and 

position was maintained. Thus, it can be concluded, that nanoMOFs kept partially their 

composition, in agreement to STEM-HAADF results. However, in neutral PBS, typical 

bands of the ligand were either broadened (1380 and 1450 cm-1), or totally disappeared 

(1640, 760 and 710 cm-1), suggesting the total release of the ligand and the formation 

of an amorphous degraded product. These observations are in line with the massive 

trimesate loss at pH 7.4, quantified by HPLC (Fig. 4).  

 

N2 adsorption isotherms for the degraded nanoMOFs revealed a decrease of their 

surface area upon degradation, which correlates to the loss of trimesate constitutive 

ligand and the phosphatation of the framework probably leading to some 

pores/windows clogging (Fig. S9). The initial BET surface area (1720 ± 40 m2/g) 

decreased to 960 ± 20 m2/g and to 200 ± 40 m2/g for nanoMOFs degraded in PBS at 

pH 5.4 and 7.4, respectively.  

 

To conclude, nanoMOFs lost partially or totally their structure in the presence of PBS, 

depending on the acidity of the medium. In a complementary study, PBS solution 

(pH=7.4) was enriched with BSA (3.7% w/v), to investigate its contribution to the 

degradation mechanism of nanoMOFs. 

 

3.3. Degradation of nanoMOFs in the presence of a protein 

  
NanoMOFs were immersed in neutral PBS containing BSA at a concentration 

corresponding to the standard one in blood [34]. Fig. 5 presents the morphology and 

the distribution of elements (Fe, P, N) as observed by STEM-HAADF-XEDS after 48 h 

incubation at 37°C. Of interest, nitrogen mapping is indicative of the location of BSA, 

as this element is only present in the protein.  
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Fig. 5: a,e) STEM-HAADF images of MIL-100(Fe) nanoMOFs after 48 hours incubation in PBS-BSA at 

pH=7.4 (0.25 mg mL -1). Formation of ‘’holes’’ represented by red arrows suggest the degradation of the 

particles. 

b,c,d) STEM-XEDS elemental analysis of Fe, P and N of nanoMOFs.  

 
NanoMOFs kept their faceted structures (Fig. 5 a,e) and some of the initial crystalline 

planes (Fig. 5e), but ‘’holes’’ in their structure similar to those observed in PBS 7.4 

without BSA (Fig. 2e) also appeared (Fig. 5e). Fig. 5d shows an even distribution of N 

(BSA), which coincides with the nanoMOF location, suggesting that they were covered 

by this protein, after 48 h degradation.  This is in line with data in the literature, 

showing that albumin readily adsorbs on nanoMOFs (MW) [34], [40]. 

 

These observations suggest that despite the BSA coating (ratio N/Fe was found at 0.5 

± 0.3), nanoMOFs degradation still occurred (as indicating by elemental mapping), 

because phosphates were still present in high amounts (Fig. 5c). Indeed, calculated 

P/Fe ratios were 0.7 ± 0.3, as in the case of nanoMOFs degradation in PBS 7.4 without 

BSA, which most likely formed a non-compact corona around the external surface, 

leaving free pathways to the ions to diffuse in the core of the particles. To gain further 

understanding on the degradation process, constitutive trimesate loss was 

comparatively followed by HPLC in the case of nanoMOFs incubated in PBS with and 

without BSA. No significant differences in the degradation kinetics were observed in 

both cases (Fig. 6). This suggests that the protein corona is fully permeable to the 

degrading medium and is in agreement with STEM-HAADF results.  
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Fig. 6: Trimesate release during MIL-100(Fe) nanoMOFs incubation at 37°C in PBS pH=7.4 (red), and 

in PBS pH=7.4 enriched with BSA (violet) evaluated by HPLC.  Sample concentration was 0.5 mg mL-1. 

 
To sum up, nanoMOFs whatever their size, degrade under simulated physiological 

conditions by releasing the total amount of their constitutive ligand, regardless of the 

presence of BSA in the degradation medium, due to the rapid diffusion of phosphate 

ions in their porous structure.  

 

However, they globally maintained their shape and a certain amount of porosity 

whereas transforming into an inorganic matrix. These studies validate the possibility 

to futher investigate the degradation of nanoMOFs deposited as films onto a silicone 

surface by in situ ellipsometry. This sensitive technique enables demonstrating the 

coordination of the phosphates to the nanoMOFs as well as the adsorption of BSA on 

the external surface of nanoMOFs in situ.  

 

In a first step, thin films were prepared and then they were studied under well-

controlled conditions (temperature and flow). 

 

3.4. Film characterization 

 
The thin films of optical quality were successfully prepared using an aqueous 

formulation of nanoMOFs (RT) by a dip coating process, showing a homogeneous and 

uniform coverage of the wafers as observed by SEM microscopy (Fig. 7). The presence 

of interparticular voids emerged from the ultra small size of nanoMOFs (62 ± 10 nm), 
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leading to partial aggregation. Similar voids have been also reported for coated of 

silicon substrates with larger nanoMOFs (MW) [23]. 

 

 

 

 

Fig. 7:  SEM images of nanoMOFs (RT) thin films. 

 

SE determined film thickness and its refractive index in a region (500-800 nm) at 0% 

relative humidity. The determination of these parameters is possible only when a film 

of optical quality is elaborated. Indeed, films were prepared more than ten times and 

the obtained mean film thickness was measured at 200 ± 20 nm. The reproducibility 

of the films enabled further studies in solutions by in situ ellipsometry to compare their 

behavior in the presence of conditions triggering or not their degradation.   
 

3.5. In situ ellipsometry 
 

As a first experiment, the film was incubated in water (standard), for more than 3 hours, 

where very limited evolution occurred. Following thickness evolution as a function of 

time (Fig. 8a) a slow and progressive decrease attaining 1.5% after 200 minutes was 

observed, which can be either attributed to minor changes such as the departure of 

trace unreacted trimesate ligand and/or to the progressive packing of colloidal 

particles of the film. This result could be correlated with the HPLC results showing less 

than 2 ± 1 wt % trimesate release, yet no definitive proof can be provided at this point. 

When similar tests were performed in PBS at pH=5.4 a similar progressive decrease of 

thickness was obtained (about 3 wt%). By contrast, the circulation of PBS at pH=7.4 

led to a brutal decrease of 5 to 6% of   the mean thickness of the colloidal layer then to 

its stabilization (Fig. 8b,c) confirming the rapid structural evolution of MIL-100(Fe) 

nanoMOFs described in the first part of this article. Similarly, to the previous 

conditions for the degradation of nanoMOFs, the final concentration of BSA was 37 

200 nm 
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mg/mL to mimic blood conditions. At early times (less than 1 hour), the thickness 

calculated by in situ ellipsometry exhibits the same tendancy with PBS at pH=7.4 

without the presence of BSA. After this point, a constant increase of the thickness was 

measured, most likely related to the adsorption of protein onto the particles’ surface 

(Fig. 8d). 

 

 

Fig. 8: Normalized thickness calculated by in situ ellipsometry for MIL-100(Fe) film incubated in a) 

water (orange), b) PBS 5.4 (yellow), c) PBS 7.4 (grey) and d) PBS+BSA (blue).  

 
Changes in the thicknesses of the films certainly give us a strong indication about 

possible changes of nanoMOFs structure upon degradation, but cannot prove their 

chemical transformation. The resulted values can only be attributed to a mechanical 

contraction of the film or a physical rearrangement of the colloids to achieve a better 

stacking due to the constant flow of the liquid media.  

 

To overcome these limitations, the imaginary part of refractive index model (that is the 

extinction coefficient k), which quantifies the absorption of electric waves propagating 
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within the films, was measured. This parameter is proportional to the absorption 

coefficient, and shows modifications on the electronic environment of the iron metal. 

Herein, evolutions of k were followed, because UV-Vis absorption properties of the 

original MIL-100(Fe) powder presents two absorption peaks at 440 and 540 nm, while 

that of totally transformed material presents only one absorption shoulder at 440 nm 

followed by a smooth absorption decrease with increasing wavelength. (Fig. S10). The 

advantage of the ellipsometric measurement is that one can follow the exact same 

position of material and amount of matter with no need to use normalization 

procedures (such as Kuberka-Munk data treatment for example). This approach does 

not suffer from usual preparation bias of powders (grinding homogeneity of the 

powder, dispersion quality of grains within BaSO4, …) that make the estimation of the 

absolute absorption amplitude (thus the comparison of powders) sometimes difficult. 

On the other hand, the ellipsometric approach requires thin films with light absorption 

per volume unit strong enough for being able to model properly each absorption band 

of the spectrum. 

 

When analyzing the films, models for all absorption contributions observed with 

diffuse reflectance of powders could sometimes be applied, but sometimes not. This 

problem arises from the fact that deposited MIL-100(Fe) colloids where poorly packed 

(Fig. 7). Forming highly porous films with low extinction coefficient values, results to 

an important loss of sensitivity, hampering the clear distinction of the two absorption 

contributions at 440 and 540 nm. By modelling only the absorption centered at 540 

nm (omitting all wavelength below 500 nm), the evolution of k at 540 nm in different 

environments could be observed (Fig. 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9: Evolution of extinction coefficient at 540 nm, normalised and taking into account the film 

thickness variations, calculated by in situ ellipsometry for MIL-100(Fe) film incubated in water (orange), 

PBS 5.4 (yellow), PBS 7.4 (grey) and PBS 7.4 containing BSA (blue). Fitted polynomes were 

superimposed onto PBS 5.4 and PBS 7.4 curves for easing their discrimination. They are only guides for 

the eyes. 
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After normalization of the extinction coefficients, it was found that MIL-100(Fe) 

nanoMOFs on their support exhibited very little evolution in water. On the opposite, 

an immediate drop of k in the first 5 to 10 minutes in PBS at pH 7.4 was noticed. This 

fast response of optical absorption witnesses a change of iron center environment. As 

a consequence, it is likely due to the rapid chemisorption of phosphate anions on iron 

centers. By comparing the evolution of these curves with time, it was remarkably 

witnessed, that they diverge progressively. At pH 5.4, k values progressively converged 

through the curve of colloids in water and then stabilized, meaning that no drastic 

change seems to occur after the initial fast transformation. At pH 7.4, k values 

exhibited a slow decrease from 40 to 140 minutes and after that point, they decreased 

much faster. This is an indication of progressive structural transformation taking place 

in the immediate environment of iron sites. As most part of the ligand is released after 

two hours (about 70-80%), the fast optical transformation observed after 140 minutes 

may be related to the final displacement of trimesate ligands from the coordination 

sphere of iron centers, allowing a local rearrangement of the iron centers and 

phosphate anions. At this point, complementary data for describing this 

transformation in detail, such as a continuous monitoring of P/Fe molar ratio of the 

particles with time, would be essential for a better characterization of the degraded 

product. Finally, in presence of BSA, a moderate evolution of k during the first hour 

was noted. No sign of the short-time phosphate adsorption is visible in that case. Then 

a rapid acceleration of optical transformation, which reaches a k decrease rate similar 

to that of pure PBS 7.4, was observed. This last point suggests that PBS does not 

significantly change the final transformation rate of the colloids, in agreement with the 

ex situ studies, previously discussed for the degradation of nanoMOFs (STEM-HAADF, 

XEDS, HPLC, PXRD and FT-IR).  

 
 

3.6. Characterization of the degraded films  

 
After having explored the degradation mechanism of the thin films by in situ 

ellipsometry, Infrared spectroscopy was further applied to gain additional information 

on their chemical composition (Fig. 10). To note, the films incubated in PBS were 

washed three times in Milli-Q water to remove the excess of the remained salts which 

could recrystallize on the surface during drying process. 

 

Upon incubation in aqueous media, where no degradation occured, the spectrum of 

MIL-100(Fe) with the typical bands of the carbonyl group of the ligand coordinating 

with the iron sites of the framework was obtained. This spectrum is a strong indication 

of the successful coating of the substrate with nanoMOFs, as well as its stability upon 

incubation in water. When the film was in contact with PBS 5.4 (more than 2 hours), a 

new band appeared at around 1050 cm -1, denoting the anchoring of the phosphate ions 

within the framework. As for the FT-IR of nanoMOFs before deposition (Fig. S8), 

typical bands of the carboxylate ligand were found, showing that the vibrational 

structure of the MOFs remained mostly intact in this acidic environment in presence 
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of phosphate ions, even after 2 days incubation. In the case of neutral PBS, where a fast 

degradation was observed, IR spectroscopy was applied to a film which was in contact 

with PBS 7.4 for only 5 minutes. This time point was selected to study the influence of 

phosphates in the degradation mechanism of nanoMOFs at short times. Indeed, the 

band at 1050 cm -1 corresponding to P-O stretching was found. Noteworthy, typical 

carbonyl bands of trimesate were severely decreased, designating the quasi instant 

chemical transformation of nanoMOFs. 

 

 
 

Fig. 10: Infrared spectra of films after in situ measurements in water (black), PBS 5.4 (blue) and PBS 

7.4 (red).  

 

4. Conclusions 

 
To assess the degradation mechanism of MIL-100(Fe) nanoMOF, in situ ellipsometry 

was successfully carried out based on optical quality thin films deposited onto silicon 

surfaces by dip coating. In addition to the stability of the nanoMOFs films, their 

thickness and their optical quality in extreme dilute conditions, in PBS with or without 

BSA, were also compared. In neutral conditions, it was found that the phosphate ions 

from PBS solutions instantly diffused in the framework and triggered the nanoMOF 

degradation by displacing their constitutive trimesate ligands. On the contrary, 

nanoMOFs partially maintained their global chemical composition in acidic conditions, 

compared to neutral ones despite the incorporation of phosphates in the internal 
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porosity of the nanoMOFs. The presence of a protein-coating layer did not impede the 

degradation process. Ex situ studies with a significant emphasis on STEM-HAADF 

microscopy further confirmed these findings. 

The methodology presented here paves the way for numerous possible applications, 

such as the study of nanoMOFs degradation in more complex media such as serum and 

blood. It could also bring new insights in the case of nanoMOFs containing drugs inside 

their pores or with coating layers on their external surface.   
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Supporting Information 

 

 
Fig. S1: SEM images of intact nanoMOFs synthesized at RT.  

 
From the analysis of more than 100 nanoMOFs, mean diameters were estimated to 60 ± 10 

nm. However, these particles had a strong tendency to aggregate in water in reason of their 

small size. DLS measurements were impossible to be performed, as the average diameters 

reached 700 ± 40 nm after 5 minutes.  
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Fig. S2: a) STEM-HAADF and b) FFT pattern of intact nanoMOFs (MW). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3: PXRD pattern of intact nanoMOFs (MW) (red) and nanoMOFs (RT) (green). 
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Fig. S4: FT-IR spectrum ofintact nanoMOFs (MW) (red) and nanoMOFs (RT) (green). 

The two bands at 1380 and 1640 cm-1 indicate the successful coordination of the carboxylate ligand with the 

iron of the framework. 

 

 
 

Fig. S5: a) STEM-HAADF images of MIL-100(Fe) nanoMOFs after 48 hours incubation in PBS at pH=7.4. 

     b,c,d,e) STEM-XEDS elemental analysis of all the elements attributed to the sample. 
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Fig. S6: a) STEM-HAADF images of MIL-100(Fe) nanoMOFs after 72 hours incubation in PBS 7.4. 

       b,c) STEM-XEDS elemental analysis of all the elements attributed to the sample.  

 

 

(a) 

 

 

  

Fe 

P 

80 nm 

1

2 

3

4 

a 

6 5 

7 

b 

c 



Chapter III 

Advanced characterization methodology to unravel MOF stability in extremely dilute conditions 

 

 Page | 147 

(b)  

 
Fig. S7:  PXRD patterns of degraded nanoMOFs (MW) at 37°C, in PBS 5.4 (a) and in PBS 7.4 (b) from time 0 

to 48h. Sample concentration was 0.5. mg mL-1. 
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Fig. S8:  FT-IR spectra of nanoMOFs (MW) upon 2 days incubation in PBS 5.4 and PBS 7.4.  
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        Fig. S9:  N2 adsorption isotherms of intact nanoMOFs (MW) (black), nanoMOFs in PBS 5.4 (blue) and in 

PBS 7.4 (red) at 77 K (P0=1 atm). 

 

 

 

 
Fig. S10: Solid state UV-Vis spectra collected at room temperature for MIL-100(Fe) nanoMOFs (RT) 

before (orange), and after incubation in PBS 5.4 (light orange) and in PBS 7.4 (brown).   
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General objectives 

 
This chapter focuses on the stability of nanoMOFs loaded with a family of active 

molecules in different degradation media. The chosen drugs belong to the 

corticosteroid family, comprising prednisolone bearing or not functional groups 

(sulfate, phosphate). These drugs were successfully encapsulated inside the nanoMOFs 

porosity and their release kinetics were followed upon incubation in PBS and/or in 

media containing sulfates, or in water. By this way, the competitive interactions 

drug/phosphates or sulfates for the iron sites could be evidenced. Different release 

kinetics were obtained for each studied case and were attributed to the different 

affinities of the active molecules with the framework. Molecular modelling studies were 

in good agreement with the experimental findings. 

 

To complete the study, empty nanoMOFs were incubated in biological media (serum 

and blood), containing a large variety of ions, proteins and cells. STEM-HAADF 

investigations showed that the composition of the nanoMOFs rapidly evolved from a 

hybrid organic-inorganic to a more inorganic one, containing new elements, such as N 

and P (main elements) as well as traces of S, Mg, and Ca. These results suggest possible 

strong affinity of nanoMOF with proteins and other N-containing compounds from 

biological media, as well as with phosphate molecules. However, complementary 

investigations are needed to complete the study. Despite incubation in serum for 2 h, 

the nanoMOFs maintained their global shape but became very porous (Figure 4.1). 

 

Figure 4-1. a) Schematic representation of prednisolone incorporation in nanoMOFs. The drug has 

access only to the large cages of the nanoMOFs. b) STEM-HAADF images of intact nanoMOFs (left) and 

degraded nanoMOFs after 2 h incubation in blood.  
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This work has been carried on in collaboration with Dr. G. Maurin and Dr. P. Lyu in ICGM, 

Montpellier and Dr. G. Patriarche in C2N, Orsay, France. This work is presented under 

the form of an ongoing publication, with aspects, which are still under investigation. 
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Abstract 
 
Metal-organic frameworks (MOFs) attract growing interest for biomedical applications. 

Among thousands of MOF structures, iron (III) carboxylate MIL-100 (MIL stands for 

Materials of Lavoisier Institute) is among the most studied MOF as drug nano-carrier, 

owing to its high porosity, biodegradability and lack of toxicity. Nanosized MIL-100(Fe) 

particles (nanoMOFs) readily coordinate with drugs leading to unprecedented payloads. 

Here we show how the functional groups of the drugs influence their interactions with 

the nanoMOFs and their release in various media. Molecular modelling enabled 

predicting the strength of interactions between prednisolone bearing or not phosphate 

or sulfate moieties (PP and PS, respectively). Noticeably, PP showed the highest 

interactions (loading up to 30 wt %, encapsulation efficiency >98%) and stabilized the 

nanoMOFs against degradation. This drug coordinated to the iron sites and was not 

displaced by other ions in the suspension media. On the contrary, PS was entrapped 

with lower efficiencies and was readily displaced by phosphates in the release media. 

Noticeably, the nanoMOFs maintained their facetted structures and morphologies after 

drug loading and after degradation, even in blood or serum. NanoMOFs lost almost 

the totality of their organic trimesic linkers, but their size was globally unchanged. 

Scanning Electron Microscopy with High Annular Dark Field (STEM-HAADF) in 

conjunction with Energy Dispersive X-Ray analysis (EDX) was a powerful tool enabling 

to unravel the main elements that enriched the nanoMOF structures during 

degradation and after drug loading. In a nutshell, nanoMOFs were not inert and their 

composition evolved as a function of the media they were in contact with. 

 
Keywords: metal-organic frameworks, drug loading, stability, blood, biological media 
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1. Introduction 
 
Nanomedicine provides the opportunity to organize matter at the nanometer scale, 

creating drug reservoirs with particular interest to treat severe diseases such as cancer 

and infections. Drug nanocarriers efficiently incorporate, protect towards degradation 

and ferry the active molecules from the administration site to their target, improving 

their pharmacokinetics.1 A variety of natural and synthetic materials have been 

engineered at a nanoscopic level and explored for drug delivery. Liposomes, the first 

nanotechnology-based drug delivery system, were discovered early in the 1960s 2 and 

since many other types of drug nanocarriers have been developed, including organic 

or inorganic nanoparticles (NPs): polymeric and metal NPs, quantum dots, carbon 

nanotubes, micelles, nanogels, and dendrimers. Later, a report described the first 

application of hybrid organic- inorganic NPs for drug delivery applications.3  

 

Among them, nanoscale iron trimesate metal–organic frameworks (MIL-100(Fe) 

nanoMOFs, MIL stands for Material of Institute Lavoisier) attract a growing interest due 

to their potential in the biomedical field.3,4 They incorporated high payloads of a large 

variety of active ingredients (AIs), thanks to their highly porous structure and intrinsic 

amphiphilic microenvironment.5-8 Additionally, MIL-100(Fe) nanoMOFs were shown to 

be biodegradable, non toxic both in vitro and in vivo and did not induce any adverse 

side effects even after repetitive administrations.9-15 When nanoMOFs were in contact 

with media containing phosphate ions, a rapid degradation was observed due to the 

progressive replacing (within a few hours) of the constitutive trimesate ligands with the 

phosphates.16 NanoMOFs presented higher stabilities in acidic pH, in gastric and 

simulated intestinal media.17 Finally, it was shown that nanoMOFs were less degraded 

in serum than in PBS possibly because of the formation of a protein corona.9,12 

NanoMOFs were effective to avoid cancer metastases when administered in an animal 

model of mice bearing lung tumors.15 The supposed mechanism was an instantaneous 

aggregation of the nanoMOFs in the lungs, followed by drug release and 

disaggregation due to degradation. In vitro studies showed that contrary to purely 

organic or inorganic NPs previously mentioned, hybrid nanoMOFs interact with their 

surrounding media by continuously changing their composition. For instance, 

phosphates from PBS coordinate with iron sites, and eventually erode the nanoMOFs 

leaving an inorganic skeleton.16,18 However, the in vivo degradation mechanism of MIL-

100(Fe) nanoMOFs is still not fully understood yet. Blood contains more than two 

thousands proteins and a variety of ions and other molecules, including phosphates. 

The erosion and composition of nanoMOFs in such a complex media is still unraveled 
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and is one main aim of this study. To do so, firstly, the interaction of nanoMOFs with 

single ions (phosphates and sulfates) was investigated. Molecular modelling was used 

to predict the strength of these simple interactions, whereas STEM-HAADF was used to 

image the nanoMOFs with atomic precision and without damaging them, before and 

after their degradation in various media, including blood and serum. Of main interest, 

STEM-HAADF coupled with Energy Dispersive X-Ray analysis (EDX) provided valuable 

information about the elements, which were irreversibly associated to the nanoMOFs 

after their incubation in the studied media. 

 

In a similar manner, nanoMOFs interact with drugs that coordinate with their iron sites 

leading in some cases to strong binding and almost perfect encapsulation efficiencies. 

For instance, phosphorylated antiviral and anticancer drugs were successfully 

incorporated by soaking from aqueous solutions reaching loadings up to 35 wt %.6,19,20 

Agostoni et al., characterized these interactions by successfully entrapping mono- and 

tri-phosphorylated derivatives of azidothymidine (AZT-MP and AZT-TP) into MIL-

100(Fe) nanoMOFs and investigated their release kinetics under simulated 

physiological media.20 The monophosphorylated AZT was released faster as compared 

to triphosphorylated AZT, due to its weaker interactions with the unsaturated iron (III) 

Lewis acid sites of the framework. In a further study, it was shown that the nanoMOFs 

loaded with AZT-TP presented a higher stability against degradation as compared to 

the ones loaded with AZT-MP.21 Besides, the anticancer drug Gemcitabine 

monophosphate was encapsulated reaching a maximal loading of 30 wt % with an 

excellent encapsulation efficiency (>98%), validating once again the good affinity of 

phosphates for the iron sites.6  

  

These studies suggest that the nanoMOFs’ stability depends on the composition of the 

media they are in contact with and also on the presence of active molecules in their 

porosity. Yet, these studies focused only on nanoMOFs loaded with drugs bearing 

phosphate functional groups. To gain better insights on the interplay between the 

interactions drug-nanoMOFs-external media, in this study, a family of glucocorticoids 

(GCs) bearing or not functional groups (phosphates and sulfates) as used. Both moieties 

are prone to coordinate with the iron sites. GCs are synthetic analogues of natural 

steroid hormones presenting an anti-inflammatory and immunosuppressive activity.22 

In particular Prednisolone has been extensively studied for treatment of autoimmune 

diseases, such as rheumatoid arthritis,23 allergies and asthma,24 as well as cancer 

therapy to increase the effectiveness of chemotherapy and/or to reduce side effects.25 
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Yet, the systemic and long-term use of Prednisolone is hampered by severe side effects, 

low bioavailability and off-targeted biodistribution profile. To overcome these 

limitations, ‘’smart’ nanocarriers able to encapsulate GCs were developed for improving 

the therapeutic efficiency of Prednisolone and accomplish a sustained and controlled 

release.26 PP is widely used for ocular anti-inflammatory therapy and several 

formulations have been already approved by U.S Food and Drug Administration 

(FDA).27 Prednisolone and its phosphorylated and sulfated analogues (PP and PS) were 

incorporated for the first time in MIL-100(Fe) nanoMOFs. Density functional theory (DFT) 

calculations have been carried out to understand the affinities of Prednisolone and its 

derivatives with MIL-100(Fe). The drug-loaded nanoMOFs were allowed to degrade in 

media containing phosphates and/or sulfates, to analyze the competitive interactions. 

In parallel, release kinetics of the trimesate ligand was evaluated. We explored in a 

systematic manner the morphological and chemical stability of empty and loaded MIL-

100(Fe) nanoMOFs in different media, using STEM-HAADF coupled to EDX. 

 

2. Materials and Methods 
 
2.1. Materials 
 
Iron(III) chloride hexahydrate (98%, Alfa Aesar, France), and 1,3,5-benzenetricarboxylic 

acid (trimesate, 95%, Sigma Aldrich, France) were used for the synthesis of nanoMOFs. 

Absolute ethanol (99%, Carlo Erba, France) was used for the purification of nanoMOFs. 

Prednisolone (SigmaAldrich, France), Prednisolone phosphate (sodium salt) (Cayman 

Chemical, France) and methyl prednisolone sulfate (triethylamine salt) (Clearsynth, 

India) were the studied active molecules for drug encapsulation. Acetonitrile and 

methanol (HPLC grade) were purchased from Sigma-Aldrich (France) as organic mobile 

phases for detection of AIs and ligand.  For the preparation of aqueous buffer solutions 

for HPLC measurements, ammonium acetate (99%, Alfa Aesar, France), NaH2PO4 and 

Na2HPO4 (Sigma Aldrich, France) were used. Ortho-phosphoric acid (≥85%) and 

potassium hydroxide (Sigma Aldrich, France) were used for the adjustement of the pH. 

DPBS (1X, pH=7.4) was purchased from Thermo Fischer Scientific. It contains 1.47 mM 

KH2PO4, 8.59 Na2HPO4.7H2O, 137 mM NaCl and 2.66 mM KCl. Anhydrous sodium 

sulfate (99%, abcr, GmhB Germany) and sodium phosphate dibasic (Sigma Aldrich, 

France) were purchased for release studies. 

 

Serum and blood were recovered from BALB/c mice after their sacrifice. 
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Milli-Q water was obtained from a Millipore apparatus equipped with a 0.22μm filter 

(18.2 MΩ cm). Reagents and solvents were used without further purification. 

 
2.2. Synthesis of nanoMOFs 

 

NanoMOFs were prepared by microwave-assisted hydrothermal synthesis from a 

mixture of iron chloride hexahydrate (8.97 mmol) and 1,3,5-benzenetricarboxylic acid  

(4.02 mmol) in 20 mL of deionized water, as previously described.8, 16 The mixture was 

heated for 6 min at 130 °C under stirring (ramp time : 1.30 min, hold time : 4.30 min). 

The power applied was 800 Watts (Mars-5, CEM, US) with a power maximum output 

800 and pressure at 800 Watts. At the end of the heating procedure, the reaction vessel 

the same quantity of water (20 mL) was added to the mixture and it was placed in an 

ice bath for 10 min, to stop the nucleation process. The synthesized nanoMOFs 

recovered by centrifugation (10000 rpm) and washed with absolute ethanol 6 times to 

remove the residual non-reacted trimesate. A last centrifugation was performed  (4000 

g, 1 min) to separate the smaller from the larger nanoMOFs. The final product was 

stored in ethanol until final use and the particles either were dried or re-suspended in 

aqueous media depending on the characterization technique. 

 

2.3. Characterization of nanoMOFs 

 

A series of characterization studies was used, to check the successful synthesis of MIL-

100(Fe) nanoMOFs. Their morphology was observed by TEM/STEM studies, performed 

on a Titan Themis microscope corrected for spherical aberrations on the probe. The 

microscope was equipped with the "Super-X" analysis EDX system with 4 SDD detectors 

allowing to achieve a solid angle of 0.8 steradian. 

The observations were made at 200 kV with a sufficiently low probe current, ie around 

40 to 50 pA, so as not to degrade the sample. The STEM-EDX chemical maps were 

carried out under the same conditions, for an acquisition time of approximately 15 to 

20 minutes.  

For the HAADF-STEM images acquisition, the half-angle of convergence of the probe 

was 17 mrad and the collection half-angle of the Annular Dark Field detector was 69 

mrad (inner angle) and 200 mrad (outter angle). 

For the TEM grid preparation, a 2 μL drop of the solution was placed on a 200 mesh 

copper grid covered with a pure carbon membrane (from Ted Pella). 

Mean hydrodynamic diameter and size distribution were obtained by Dynamic Light 
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Scattering (DLS, Malvern Nano ZS, Zetasizer Nano series, France).  Surface charge was 

evaluated by measuring the ζ-potential with the Zetasizer NanoZS. Samples were 

prepared to a final concentration of 0.1 mg mL -1, as recommended.28 

The crystallinity of nanoMOFs was recorded on a  D8 Advance Bruker Diffractometer in 

Debye-Scherrer geometry, in the 2θ range 2-40°. The diffractometer was equipped with 

a Ge (111) monochromator producing Cu Kα1 radiation (λ = 1.540598 Å) and a LynxEye 

detector. 

Infrared spectra showing chemical composition of the nanoparticles were evaluated 

with a Nicolet iS5 FT-IR ThermoFisher spectrometer between 400 and 4000 cm–1. 

 

2.4. Drug encapsulation 
 

Drug loading was performed via a green procedure by simple impregnations of 

nanoMOFs into aqueous drug solutions. Before that, nanoMOFs ethanolic suspensions 

(0.5 mg mL -1) were extensively washed with Milli-Q water. Continuously, they were re-

dispersed in drug aqueous solutions (0.15 mg mL-1).  All the suspensions were gently 

mixed overnight at RT. After, they were centrifuged (17 000 g, 20 min) and supernatants 

were analysed by HPLC to quantify the amount of non-encapsulated drug. 

 

The theoretical loading (TL) was defined using equation (1): 

 

𝑇𝐿(%) =
𝐷𝑟𝑢𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑔)

𝑛𝑎𝑛𝑜𝑀𝑂𝐹𝑠 (𝑚𝑔)
 𝑥 100                                                    (1) 

  

The drug loading (DL) and the encapsulation efficiency (EE) were calculated using 

equation (2) and (3) respectively: 

 

 

𝐷𝐿(%) =
𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔 (𝑚𝑔)

𝑛𝑎𝑛𝑜𝑀𝑂𝐹𝑠 (𝑚𝑔)
 𝑥 100                                         (2) 

  

𝐸𝐸(%) =
𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔 (𝑚𝑔)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 (𝑚𝑔)
 𝑥 100                                         (3) 

  

where “encapsulated drug” represents the amount (mg) of entrapped drug in 

nanoMOFs and “initial drug” represents the amount (mg) of total drug available in the 

starting solution.   
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2.5. Drug and Ligand release 
 
To compare release studies in different media, the loaded pellets (0.5 mg) were re-

suspended in 1 mL of each solution and incubated at 37 °C under continuous stirring. 

At different time points (0 h, 0.5 h, 1.5 h, 3 h, 6 h, 24 h, 48 h, 72 h) supernatants were 

recovered by centrifugation (17 000 g, 20 min) and analyzed by HPLC to quantify the 

released drug and the corresponding trimesate ligand.   

 
2.6. HPLC measurement conditions 

 

Drug content and release, as well as the release kinetics of the corresponding trimesate 

were followed by High Performance Liquid Chromatography (HPLC).  

Different conditions were used for the quantification of the drugs and trimesic acid by 

HPLC.  

 

Determination of Prednisolone  
 
The detection of Prednisolone was carried out in a reversed–phase HPLC system 

(Agilent 1100, USA) equipped with a Phenomenex C18 column (4.6 × 250 mm, 5 µm).  

Prednisolone was analyzed according to the official European Pharmacopoeia 

Method.29 A flow rate of 1 mL min -1 was used. The temperature was fixed at 40 °C and 

the injection volume was 10 μL. The mobile phase contained A (water):B (MeCN) (50:50 

v/v) and  the drug was detected through a gradient program, consisting of the 

following steps: 

40 % of B was held for 14 minutes, then B was gradually increasing to 80 % until 20 

minutes were reached and finally it was kept constant for 5 more minutes. The sample 

was monitored by UV absorbance at 254 nm. Retention time of Prednisolone was 8.7 

min. 

 

Determination of PP 
 

The detection of PP was carried out in a reversed–phase HPLC system Waters Alliance 

e2695 Separations Module (Waters, Milford, MA) equipped with a UV-Vis detector 

Waters 2998. The system was controlled by Agilent software. SunFire-C18 reverse-

phase column (5 μm, 4.6 × 150 mm2, Waters) was employed and analysis method was 

adjusted, as previously reported.30 More precisely, an isocratic method with a mobile 
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phase containing A (acetate buffer 0.01 M, pH=7), B: ACN: C: MeOH (75:20:5 v/v/v) at 

a flow rate of 0.8 mL min-1 was used. The temperature was fixed at 30 °C and the 

injection volume was 20 μL. The sample was monitored by UV absorbance at 254 nm. 

Retention time of Prednisolone sodium phosphate was 6.3 min. 

 

Determination of PS 
 

The detection of PS was carried out in a reversed –phase HPLC system (Agilent 1100, 

USA) equipped with a Phenomenex C18 column (4.6 × 250 mm, 5 µm). The system was 

controlled by Agilent software. A flow rate of 1 mL min -1 was used. The temperature 

was fixed at 25 °C and the injection volume was  50 μL. The mobile phase consisted of 

A: ammonium acetate buffer (0.01 M):B (ACN) (90:10) and  the drug was detected 

through a gradient program, consisting of the following steps: 

For the first 10 minutes, 10 % of B was gradually increasing to 90 %, then it was kept 

constant for 15 more minutes and finally it was increased back to 10 % for the last 5 

minutes.  The sample was monitored by UV absorbance at 286 nm. Retention time of 

methyl prednisolone sulfate was 7.9 min. 

 
Determination of Trimesate Ligand 
 
The detection of trimesic acid was carried out in a reversed–phase HPLC system Waters 

Alliance e2695 Separations Module (Waters, Milford, MA) equipped with a UV-Vis 

detector Waters 2998. The system was controlled by Agilent software. SunFire-C18 

reverse-phase column (5 μm, 4.6 × 150 mm2, Waters) was employed. For the analysis 

of BTC, a mobile  

phase A consisting of a buffer solution (0.04 M, pH=2.5) and a mobile phase B MeCN 

(50:50) was used.  The injection volume was 50 µL and the detection wavelength was 

set at 225 nm.  The column temperature was fixed at 25 °C. 31 Retention time of BTC 

was 3.1 min. 

 

Buffer preparation : NaH2PO4 (2.4 g, 0.02 mol) and Na2HPO4 (2.84 g, 0.02 mol) were 

dissolved in 1 L of Milli-Q water. The pH was then adjusted to 2.5 with H3PO4 (≥85%). 

 

2.7. Computational Section 
 

The interactions of Prednisolone, PP and PS with the Fe-oxo-trimer present in MIL-

100(Fe) were computationally assessed using cluster-based Density Functional Theory 



Chapter IV 

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF microscopy 

 

 

Page | 164  

(DFT) calculations. The geometry optimization of each drug@Fe-oxomer trimer model 

was performed using B3LYP exchange-correlation functional as implemented in the 

Gaussian 09 program suite.  The TZVP32  basis set was employed for all atoms. The DFT-

D3 method33 was implemented to include the dispersion contribution. Several starting 

configurations for the drugs were considered to converge towards the lowest energy 

minima. The drug/host interaction energy for all these systems was further calculated 

by the difference between the energy of the optimized drug@Fe-oxomer trimer model 

and those of the individual constituents.  

 

3. Results and Discussion  
 

3.1. Synthesis and characterization of empty and loaded nanoMOFs 
 
MIL-100(Fe) is build up from the self-assembly of iron (III) trimers linked with organic 

trimesate ligands, forming supertetrahedra which further assemble leading to a 3D  

micro/mesoporous structure of MTN topology.34 The resulting structure consists of 

small and large cages with diameters of around 25 Å and 29 Å, respectively. They are 

accessible through microporous pentagonal (5.6 Å) and hexagonal (8.6 Å) windows, 

respectively.35,36 A ‘’green’’ microwave-assisted hydrothermal method was used here to 

obtain submicron particles of controlled sizes (nanoMOFs), as it has been previously 

described.8,16 The crystallinity of synthesized particles was confirmed from their 

diffraction patterns (Figure S1), in agreement with previous studies.37,38 STEM-HAADF 

electron microscopy investigations revealed that the nanoMOFs possessed facetted 

structures (Figure 1). The nanoMOF average hydrodynamic diameter was 230 ± 20 nm 

according to DLS investigations, with a polydispersity index (PdI) of 0.09, indicating 

their homogeneous distribution.  

 

The three drugs, Prednisolone, PP and PS were successfully loaded within the nanoMOF 

porosity by overnight incubation from aqueous solutions (Figure 1). The synthesized 

nanoMOFs acted like molecular sponges soaking the AIs in their internal porosity. The 

molecular dimensions of Prednisolone (14.2 × 8.5 and 7.5 Å) and its flexible derivatives 

PP (17.8 × 9.5 and 7.3 Å) and PS (17.2 × 8.4 and 8.0 Å) are compatible only with the 

hexagonal large windows (4.7 × 5.6 and 8.6 Å) of the rigid nanoMOFs and not with the 

pentagonal ones. (Table S1). 
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Figure 1. Schematic representation of MIL-100(Fe) structure resulting from the assembly of iron (III) 

trimers and trimesic acid. The three active molecules, Prednisolone, PP and PS were encapsulated into 

the nanoMOFs large cages by overnight impregnation. 

 
The optimized drug loading and encapsulation efficiencies for Prednisolone, PS and PP 

were quantified by HPLC. PP, the phosphorylated form of prednisolone presented both 

the highest drug loadings (30 wt %) and encapsulation efficiencies (~ 95 %) as 

compared to the other two drugs (19 and 57 wt % for Prednisolone and 15 and 72% 

for PS). The almost perfect EE for PP is in line with previously reported studies, showing 

that phosphate drugs such as gemcitabine-phosphate and AZT-phosphate were 

entrapped with EE close to 100%.6,20,39 

 

Prednisolone loading of 19 wt % was achieved after overnight impregnation with the 

nanoMOFs. Yet, the EE was only 57 %, suggesting that this molecule does not have 

strong interactions with the nanoMOFs. PS showed a significantly higher EE of more 

than 70 %, which could be possibly attributed to stronger interactions with the MOF 

framework. These results are in good agreement with molecular simulations. DFT 

calculations were performed to reveal the preferential adsorption sites of the three 

drugs and their affinity for the MIL-100(Fe) MOFs. Figure 2 shows that the three drugs 
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bind to the coordinatively unsaturated sites CUS sites via the oxygen atoms of their 

functional groups, i.e. -OH, -OSO3 and –OPO3 associated with characteristic Fe-O 

distances of 2.17 Å, 2.15 Å and 1.93 Å respectively (for comparison, the Fe-O distance 

is 1.79 Å in the case of Fe CUS coordinated by water). The corresponding simulated 

interaction energies were found to be -156 kJ.mol-1, -228 kJ.mol-1 and -289 kJ.mol-1 for 

Prednisolone, PS and PP, respectively. Therefore, the MIL-100(Fe) affinity to the drugs 

is predicted to increase according to the following sequence P<PS<PP, in agreement 

with the experimental data. 

 

 

 

Figure 2. DFT-most stable drug@Fe-oxo trimer model for (a) Prednisolone, (b) PP and (c) PS. Color code : 

C (brown). O (red), H (white), ion (black), S (yellow), P (purple) and Na (green). The distances are in Å.  

 

STEM-HAADF microscopy was performed to observe morphological changes after 

Prednisolone, PS and PP loading. Whatever the loaded drug, the nanoMOFs maintained 

their facetted morphology (Figure 3b,c,d) and their average size measured on more 

than 100 individual particles was similar (Prednisolone; 155 ± 57 nm, PS; 147± 30 nm, 

PP; 161 ± 58 nm) as compared to the empty nanoMOFs (141 ± 37 nm).  

PXRD patterns of nanoMOFs before and after loading confirmed the maintenance of 

their crystalline structure in the presence of Prednisolone, PP and PS (Figure S2). The 

three incorporated drugs were crystalline (Figure S2) displaying characteristic Bragg 

peaks. These peaks were undetectable in all drug-loaded nanoMOFs, suggesting the 

absence of residual free crystalline drug molecules and that the drugs were 

incorporated in a molecular state inside the cages.  

Infrared spectroscopy investigations suggested the presence of interactions between 

the drugs and the framework after impregnations (Figure S3). More precisely, the bands 

at 1700 cm -1, corresponding to the v(C=O) stretching of P, PP and PS were shifted, 

once encapsulated into the nanoMOFs.40,41 These results are in line with previous 
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studies showing similar shifts in the case of acetylsalicylic acid and caffeine 

incorporation in MIL-100(Fe) nanoMOFs.31,42   

 

 

 

Figure 3. STEM-HAADF images of nanoMOFs before (a) and after loading with 19 wt % 

Prednisolone (b) 30 wt % PP (c) and 15 wt % PS (d).  

 

STEM-HAADF microscopy coupled with X-Ray energy dispersive spectrometry (XEDS) 

was a powerful tool to shed light on the distribution of the incorporated drugs in the 

nanoMOFs after loading. Among the three drugs, only PS and PP have distinctive 

elements (P and S) different from the nanoMOFs containing O, C and Fe atoms. 

NanoMOFs contain a non-negligible amount of coordinated water molecules, which 

cannot be removed even under high vacuum. Therefore, information on oxygen 

distribution arises both from coordinated water, the drug molecules and trimesate 

ligands. Moreover, sample holders contain carbon, making difficult to separate 

information arising from carbon atoms in the grids and in the analyzed samples. In 

conclusion our observations were based on Fe atoms, which were shown to remain 

associated to the nanoMOFs’ without being released in the degradation media.16 

 

Figure 4 presents the elemental distribution of Fe (representative of the MOF iron sites) 

and P (representative of PP) after encapsulation of PP into the nanoMOFs. Globally, PP 
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appears homogeneously distributed inside the particles (Figure 4b). Additionally, P/Fe 

ratio was calculated for different regions of interest (indicated by yellow rectangles in 

Figure 4a, to further confirm samples’ homogeneity. The P/Fe ratio corresponds to the 

P (or drug molecule) bound per each iron site of nanoMOFs. Noteworthy, the P/Fe 

average values found experimentally by elemental analysis (0.5 ± 0.1) (Table 1) were in 

good agreement with the theoretical calculations (0.6), representative of the occupancy 

of the available iron sites from PP, after taking into account the experimental drug 

loading determined by HPLC (30 wt %). (See Theoretical calculations in SI). 

 

 
 
 
Figure 4. a) Typical STEM-HAADF images of nanoMOFs loaded with PP at a DL of 30 wt %. 

b,c) Elemental distribution of Fe (red) and P (violet) into the nanoMOFs after PP loading. Yellow 

rectangles represent the selected regions of interest and the green rectangle corresponds to the 

quantification of the elements in the entire image. Scale bar represents 200 nm. 
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Table 1 shows the element distribution (by norm. at.%) and the calculated ratio of P (drug molecule) per 

each iron trimer. The calculated values  correspond to the selected regions of interest as numbered in 

Figure 3. 

  

 

These results showed the homogeneous distribution of PP in the nanoMOFs and the 

good agreement between the data obtained by HPLC and by individual STEM-HAADF 

– EDX investigations. In the case of PS, a similar homogeneous drug distribution was 

found (Figure S4), as revealed by the constitutive S element distribution. However, more 

precise quantifications were not possible mainly because contrary to PP, the PS 

molecules were prone to be released out of the nanoMOFs during sample preparation 

(washings and drying) for microscopy investigations, due to their weaker interactions 

with the framework. 

 

3.2. Degradation of empty nanoMOFs in media containing 
phosphates and sulfates 
 

High resolution STEM-HAADF coupled to EDX was further used to investigate the 

morphological and chemical composition changes of the nanoMOFs upon degradation 

in the presence of phosphates from PBS. After two days incubation, the structure 

became amorphous and spongious but the nanoMOFs didn’t collapse (Figure 5a). 

During the same incubation time, the amount of trimesate constitutive ligand was 98 

± 2 %, suggesting a total degradation. The P/Fe ratio was found 0.7 ± 0.1, suggesting 

that one phosphate molecule was bound per each iron trimer.  
 



Chapter IV 

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF microscopy 

 

 

Page | 170  

This amount is higher than the P/Fe ratio obtained in the case of PP loading (0.5 ± 0.1) 

and could be explained by the fact that PP molecules can only access large cages, 

whereas the phosphate ones can access both small and large cages. These data support 

the high affinity of phosphate molecules for the iron sites inside the nanoMOFs.  
 

In a complementary study, nanoMOFs were incubated in a medium containing both 

sulfate and phosphate ions in an equimolar ratio, in order to investigate their 

competition for the iron sites. Figure 5c shows that after incubation, the particles 

presented similar morphologies as those incubated in phosphate media (Figure 6a). 

They incorporated both P from phosphates and S from sulfates, and these elements 

were colocalized with Fe, showing that they were located inside the nanoMOF matrix. 

However, the S amounts were close to the detection limit (< 0.1%) as compared to P 

amounts, which were 0.7+0.1, similar to the case of nanoMOF incubation in PBS.  
 

 

 
 
Figure 5.  a,d) Typical STEM-HAADF images of nanoMOFs (0.25 mg mL -1) after 48 hours incubation in 

PBS and in a media containing equimolar amounts of Na2SO4 and Na2HPO4. b,c,e,g) STEM-XEDS 

elemental analysis of degraded nanoMOFs. P (purple) and S (blue).  

 

These findings highlight the preferential affinity of the nanoMOFs for phosphates as 

compared to sulfates. It was therefore interesting to study the release of the drugs 

bearing phosphate and sulfate moieties in media containing phosphates or sulfates.  
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3.3. Comparative study of release kinetics of Prednisolone, PS and PP 
in different media   
 

The release of the three drugs and nanoMOF degradation were first studied in PBS 

(Figure 6). Even after one month incubation in PBS, Prednisolone release did not exceed 

60 %, possibly due to its poor solubility in aqueous media. Indeed, as compared to PP 

and PS which are freely soluble in aqueous media, prednisolone is a hydrophobic 

molecule, with a solubility in water of only around 2 10-2 mg L-1. 

(Table S2). To release more prednisolone from the nanoMOFs it was necessary to add 

ethanol, a good solvent for the drug, in the release medium. By this way, prednisolone 

release reached 75 % within 24 hours, as measured by HPLC.  

Prednisolone and PS were released in a “burst manner” with 53 and 87 % in the first 

and a half hour, and after 6 hours respectively. On the contrary, PP was released in a 

controlled manner, reaching 40% after 3 h and 100% after 48 hours incubation. This 

data suggests a lower affinity of Prednisolone and PS for the nanoMOFs as compared 

to PP and are in agreement with molecular simulations. The sustained release of PP was 

in agreement with previous studies on the release of phosphate molecules such as AZT-

TP from MIL-100(Fe) nanoMOFs.19  

 

In parallel, the release of the constitutive ligand (trimesate) was also quantified, to gain 

insights on the possible influence of the encapsulated molecules on the nanoMOFs 

stability. Figure 6b summarizes the kinetics of ligand release from the nanoMOFs 

loaded or not with drugs. Empty nanoMOFs lost 70% of their constitutive ligand within 

30 minutes and the totality within 3 hours. These findings clearly indicate the rapid 

erosion of the nanoMOFs in PBS. The erosion was slightly reduced in the case of 

nanoMOFs loaded with Prednisolone (60 %) and PS (66 %) at the same time point (30 

minutes).  Interestingly, ligand release was drastically reduced for PP nanoMOFs loaded 

with PP (23 % after 30 minutes and 38 % after 3 h), suggesting that the firm binding of 

PP to the nanoMOFs’ iron site stabilizes their structure.  

 



Chapter IV 

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF microscopy 

 

 

Page | 172  

 
Figure 6.  a) Comparison of Prednisolone (orange), PP (pink) and PS (green) release in PBS. b) Trimesate 

loss of loaded nanoMOFs with P (blue), PS (yellow) and PP (red) and empty nanoMOFs (black). Sample 

concentration was 0.5 mg mL-1. 

 

Furthermore, drug and ligand release were evaluated in a medium containing sulfate 

ions instead of phosphate ones (Fig. 7) in an attempt to gain more insights on the 

competition between the ions of the degrading solution and the functional groups of 

the drugs. To note, Prednisolone was not selected for this study, due to its poor 

solubility in aqueous media, as previously indicated. Interestingly, PP was not released 

even after 3 days incubation in sulfates, in contrast to PS, that reached around 50 %  

(Figure 7a). This suggests that sulfate ions from the release media diffuse inside the 

nanoMOFs and replace the coordinated PS, in a similar manner as phosphate ions from 

the media replace PP leading to its release. 

A low trimesate release (< 10%) was observed for both PP and PS-loaded nanoMOFs. 

These results clearly show the stability of the nanoMOFs in sulfate media as compared 

to phosphate ones (Figure 7b). In a nutshell, the release and degradation studies are in 

agreement with DFT calculations, showing that phosphates (from the media or linked 

to the drugs) have higher affinity for the MOFs than phosphates. 
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Figure 7. a) Comparison of PP (pink) and PS (green) release in sulfates. b) Trimesate loss of nanoMOFs 

with PS (DL=15 wt %) (yellow) and PP (DL=30 wt %) (red) in sulfate-containing media, pH 7.4, 37°C. 

Sample concentration was 0.5 mg mL-1. 

 

The studies performed in media containing only a single type of ions (phosphates or 

sulfates), were a valuable tool to explore the morphological and compositional changes 

of the particles. Yet, it is important to study the stability of the nanoMOFs in more 

complex media, close to the living organism to explore the effect of different ions on 

the degradation mechanism of the MOFs matrices. Therefore, bare nanoMOFs were 

incubated in serum and blood and their modifications were observed by STEM-HAADF-

EDX.  

 

3.4. Degradation of empty nanoMOFs in serum and blood 
 
MIL-100(Fe) nanoMOFs were administered by intravenous route and it was found that 

they released their trimesate ligands3 but to the best of our knowledge there is no 

information about the nanoMOF composition once in contact with a complex media 

such as blood. Blood is composed of various cells suspended in plasma which 

constitutes around 55 % of blood fluid and is composed mostly of water (92 vol %), 

more than two thousands proteins, glucose, mineral ions, hormones, carbon dioxide 

and other molecules. Albumin is the main protein in plasma, whereas mineral ions 

comprise Na+, K+, Mg2+, Ca2+, carbonates, phosphates, sulfates.43,44 

 

The results obtained in the competition studies between phosphates and sulfates point 

out the major role of phosphates in drug entrapment as well as nanoMOFs degradation. 

More complex competitions are expected to occur when the nanoMOFs interact with 

blood. It was interesting to further investigate using the methodology based on STEM-
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HAADF-EDX microscopy, the nanoMOFs composition after contact with blood, or 

serum (devoid of cells). To do so, nanoMOFs were incubated in these media at a 

concentration of 0.5 mg mL -1 corresponding to the administered dose of nanoMOFs 

in rats used in previous in vivo studies.13,45 Two different time points were chosen (2 h 

and 48 h) to account for early and late fate of the nanoMOFs. 

Figure 8 presents the aspect of the nanoMOFs recovered from these media and washed 

with Milli-Q water to remove the proteins and other compounds not firmly bound. 

Noteworthy, the nanoMOFs maintained a facetted structure with holes clearly visible 

especially in blood after 2 h (Figure 8b). These holes present a similarity with those 

observed during nanoMOFs degradation in PBS (Figure 5a). Remarkably, the 

nanoMOFs average sizes were maintained even after 2 days incubation in both media, 

as indicated by the slight variation observed after evaluating more than 100 

nanoparticles (141 ± 37 nm to for a) 145 ± 30 nm, b) 160 ± 34 nm, c) 160 ± 40 nm and 

d) 144 ± 25 nm respectively).   

The nanoMOFs degradation could be attributed to the presence of various ions and 

other molecules from blood and plasma. Indeed, it was found that the nanoMOFs were 

enriched in various elements, mainly N, P, S, Ca and Mg (Figure S7), which were not 

initially in the nanoMOFs. Other elements were in trace amounts. We speculate that N 

could be essentially attributed to proteins, which were demonstrated to readily bind 

onto the nanoMOFs.46,47  

 
Figure 8. STEM-HAADF images of nanoMOFs after incubation in (a,b) serum and blood for 2 h and 

(c,d) serum and blood for 48 h respectively. Sample concentration was 0.5 mg mL -1. 

100 nm 100 nm 

100 nm 100 nm 

a b 

c d 
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As P and N were the main elements in the compositions of the nanoMOFs in contact 

with blood or serum, the P/Fe and N/Fe ratios were calculated for different regions of 

interest (single nanoMOF or groups of particles), as described previously. P was evenly 

distributed in both nanoMOF after contact with serum and blood, a constant ratio of 

0.5 ± 0.1 after early (2 h) incubation (Figure S5). This ratio was almost doubled after 

long (48 h) incubation (Figure S6) reaching 0.9 ± 0.1. Noteworthy, despite the 

significantly higher concentration of HCO3
- (27 mmol L-1), Ca+2 (2.5 mmol L-1) and Mg+2 

(1.5 mmol L-1) concentrations in the blood compared to HPO4 2- (1.0 mmol L-1) 44, P was 

vastly detected in nanoMOFs structures. As mentioned before, C atoms may refer to 

the carboxylate ligand, the samples’ holders and the HCO3
- from the blood. Thus, EDX 

analysis hampers the distinction between C elements. Yet, Ca and Mg were found in 

traces and the calculated ratios could not be precisely defined, in reason of the 

detection limit. 

 

These findings suggest a higher affinity of P-based compounds for the nanoMOFs as 

compared to other elements. It could be hypothesized that interaction take place with 

phosphates from blood or serum. Further investigations will be needed to fully unravel 

these interactions. 

 

As stated previously, the nanoMOF enrichment with N could be attributed to their 

interaction with the large variety of proteins present in the two studied media. Indeed, 

the N/Fe ratio, representative of this binding, was found at 1.1 ± 0.5 (serum 2 h) (Table 

S3) and at 1.9 ± 0.8 (blood 2 h) (Table S4). 

  

In contrast to the homogeneous distribution of P in the nanoMOFs, N was not evenly 

presented as shown by the large standard deviations (0.4 and 0.9 for N as compared to 

0.1 for P). More specifically, N distribution was strongly dependent on nanoMOFs sizes. 

Figure S8 is a typical example, showing that the N content was higher on small 

nanoMOFs as compared to largest ones. Possibly, proteins remain adsorbed onto the 

nanoMOFs surfaces, which explains why the smallest particles with the highest external 

surface areas have a larger signal coming from proteins.  
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4. Conclusions 
 
NanoMOFs acted as efficient host matrices, soaking PP from its aqueous solution with 

high efficiencies until saturation of the iron available sites. In contrast the pristine 

hydrophobic drug prednisolone and PS were loaded with lower efficiencies and were 

released in a burst manner, highlighting their lower affinity for the nanoMOFs, in 

agreement with molecular modeling studies. In addition, only PP stabilized the 

nanoMOFs towards degradation. It was revealed that despite massively losing their 

organic counterpart, the nanoMOFs maintained a facetted structure and similar sizes, 

before and after degradation. Noticeably, this morphology was practically unaltered 

after 2 days incubation in biological fluids (blood and serum) despite the appearance 

of holes. The nanoMOFs composition drastically changed, as a function of the 

degradation media. STEM-HAADF in conjunction with EDX was a powerful tool to 

unravel not only drug distribution within the nanoMOF porosity, but also changes in 

their composition upon degradation. Proteins bulkier than the nanoMOFs’ windows 

adsorbed at the nanoMOFs’ surfaces whereas ions diffused through the nanoMOF 

porosity. These studies suggest that nanoMOFs interact with phosphates and proteins 

in blood and that these interactions are rapid. Iron trimesate nanoMOFs are peculiar in 

the sense that they are able to maintain their global morphology despite dramatic 

changes in their composition, according to the medium they are in contact with. These 

investigations can be of interest for the design of nanoMOFs as drug carriers and in 

other fields.  
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Supporting information 

 
Figure S1: Normalized PXRD patterns of nanoMOFs. 
 

Table S1: Dimensions and volume occupancies of Prednisolone, PP and PS calculated by DFT 

modeling. As an example, a, b and c sides of Prednisolone are illustrated.   

 

 

 

Active 

Molecule 

Volume 

(Å3) 

Diameter (Å) Lengths along the 3 

sides (Å) 

a b c 

Prednisolone 356.6 14.47 14.24 8.51 7.50 

PSS 457.6 18.02 17.82 9.53 7.25 

PSP 473.8 17.37 17.25 8.38 8.00 
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Figure S2: Normalized PXRD patterns of MIL-100(Fe) nanoMOFs before (black) and after encapsulation 

of Prednisolone (orange), PP (pink) and PS (green).  
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Figure S3: FT-IR spectra of MIL-100(Fe) nanoMOFs before (black) and after drug encapsulation of P 

(orange), PP (pink) and PS (green). Spectra of pure Prednisolone, PP and PS are presented in grey 

colors. 
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Table S2: Solubility of prednisolone in different solvents at 25 °C.  

 

 
 

 
Figure S4. a) Typical STEM-HAADF images of nanoMOFs loaded with PS. b,c) Elemental distribution of 

Fe (red) and S (blue) into the nanoMOFs after PS loading 

 

 

 

b cFe P

d e NS

200 nm 

a 

8 

7 

4 
2 

3 
5 

6 

200 nm 

Fe Sb c a 



Chapter IV 

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF microscopy 

 

 

Page | 186  

 
 
Figure S5.  a,f) STEM-HAADF images of nanoMOFs upon incubation in serum (2 h) and in blood (2 h). 

b,c,d,e,g,h,i,j) Elemental distribution of Fe (red), P (violet), S (blue) and N (white). Yellow rectangles 

represent the selected regions by STEM-XEDS and green rectangle the entire image.  
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Figure S6.  a,f) STEM-HAADF images of nanoMOFs upon incubation in serum (48 h) and in blood (48 h). 

b,c,d,e,g,h,i,j) Elemental distribution of Fe (red), P (violet), S (blue) and N (white). Yellow rectangles 

represent the selected regions by STEM-XEDS and green rectangle the entire image.  

 

 

 

 
 
Figure S7: a) STEM-HAADF of nanoMOFs after 48 h incubation in blood. b-g) Elemental mapping of 

blood components into the nanoMOFs. Fe (red), P (violet), S (blue), N (white), Ca (yellow) and Mg 

(green). 
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Table S3: Element distribution (by norm. at.%) and the calculated ratio of N (protein) per Fe 

(nanoMOFs) after 2 h incubation in serum (0.5 mg mL -1). The calculated values correspond to the 

selected regions of interest as numbered in microscopic images a) and b). Region numbered 1 

represents the average values (represented as green rectangles). 

 

 

 
Table S4: Element distribution (by norm. at.%) and the calculated ratio of N (protein) per Fe 

(nanoMOFs) after 2 h incubation in blood (0.5 mg mL -1). The calculated values correspond to the 

selected regions of interest as numbered in microscopic images a) and b). Region numbered 1 

represents the average values (represented as green rectangles). Scale bar represents 200 nm. 

 



Chapter IV 

Drug loading in nanoscale MOFs and release kinetics: new insights from STEM-HAADF microscopy 

 

Page | 189  

 

 

 
 
Figure S8: a) STEM-HAADF image of nanoMOFs after 2 h incubation in blood. b,c) Elemental distribution 

of Fe (red) and N (white). The calculated N/Fe was found 1.4 for region 1 and 3.5 for region 2, suggesting 

that protein is prone to get adsorbed on the external surface of smaller nanoMOFs. Scale represents 200 

nm. 
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Theoretical calculations 
 

The MTN framework consists of two different cage systems, namely [512] and [512 64].1  

 
The small [512] cages are interconnected and accessible only through narrow openings 

of around 4.8-5.8 Å 35 which makes them inaccessible to the drugs Prednisolone, PP 

and PS studied here. All the large [51264] cages are interconnected through their 

hexagonal windows (openings around 8.6 Å), so the drugs can penetrate through and 

locate inside the large cages (Table S1). 

 

According to the MTN secondary building units (SBUs) structure, the number of small 

cages is twice that of the large cages.2 

 

Formula of nanoMOF (Mw) made of iron trimesate: Fe3 O (H2O)2 OH (BTC)2  x nH2O 

 

where nH20 represents the bound water molecules, which are not taken into account 

in these calculation as drug loading is expressed with regard to the dried MOF material 

 

Mw = 210 x 2 + 56 x 3 + 16 x 4 + 5 = 657 g/mol, so the total available iron site 

concentration is: 

2/ 657 = 3.0 mmol/g (because 2 coordinated water molecules can be replaced by the 

drug) 

 

Large cages consist of 28 supertetrahedra and 20 small ones.  

 

Given the fact there are twice as more small cages than large ones, the % of iron 

trimers accessible to large molecules such as PP is: 

 

%  =28 / (2x20+28) = 41.17  

 

So the available sites in large cages are: 3.0 x 0.4117 = 1.235 mmol/g 

 

A loading of 30% (0.3 g/g) of the PP (Mw=484 g/mol) in nanoMOFs corresponds to:  

 

0.3 (g/g)/ 484 (g /mol) = 0.619 mmol/g of MOF 
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The use of nanoparticles as therapeutic agents has attracted the interest of the 

scientific community worldwide. As already described in the Introduction of this PhD, 

a plethora of organic and inorganic NPs (micelles, polymeric NPs, dendrimers, etc.) 

have been studied for the transportation of AIs and their controlled release to the living 

organism. The last decade, porous metal organic frameworks (MOFs) have been 

introduced as promising candidates in drug delivery applications, thanks to their high 

porosities, their versatile hybrid nature and lack of toxicity.  
 

MIL-100(Fe) particles stand out in the field of drug delivery among several other MOFs. 

Thanks to their extensively high surface areas (~2000 m2/g) and their internal 

amphiphilic microenvironment, a great variety of active ingredients (hydrophobic, 

hydrophilic and amphiphilic) can be entrapped, reaching high drug loadings and 

encapsulation efficiencies.1- 4 Moreover, the numerous possibilities for surface 

functionalizations with a plethora of biomolecules (polysaccharides, lipids, polymers, 

etc) improve their colloidal stability, while tuning their pharmacokinetics and 

biodistibution.5-7 Additionally, MIL-100(Fe) nanoMOF have been reported as 

biodegradable from previous in vitro and in vivo studies.8-12   

 

MIL-100(Fe) nanoMOFs were studied in different media. In physiological conditions, it 

was found that phosphate ions from PBS attacked the framework, leading to a 

progressive release of the organic trimesate ligands.13,14 Individual large MOF crystals 

were studied under the same conditions and it was found that after the trimesate 

substitution by phosphates, the particles maintained their initial size and shape.15 In 

addition to the ionic strength of the medium, its acidity plays a key role for the 

determination of particles’ stability.11 In some cases, nanoMOFs aggregated in vivo in 

a reversible manner, which was beneficial to target drugs to the lungs. It was 

hypothesized that disaggregation was due to surface degradation. However several 

questions remain unaddressed: how rapidly the MOF respond to changes in the 

composition of the media they are in contact with, what are their surface features in 

different media, do they degrade faster in neutral media, which is the influence of the 

loaded drugs and protein coatings? Which are the components of biological media 

that can diffuse inside the porous structure of the nanoMOFs? 

 

Therefore, this PhD work has focused particularly on solving these questions and 

determine the main parameters affecting the degradation mechanism of iron (III) based 

carboxylate porous particles MIL-100(Fe). To achieve this goal, a series of MOF particles 

were prepared with sizes ranging from around 50 nm to 140 and up to large micron-
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sized crystals and were characterized by advanced characterization methods. A special 

emphasis was given in the use of in situ techniques, which allowed the investigation of 

particles’ response in direct contact with the degrading media.    

 

Firstly the degradation of individual particles of largest sizes (microMOFs) was studied 

(Chapter 2). MicroMOFs were observed inside a liquid cell by in situ AFM. This 

technique was selected, as it probes atomic details of sample’s surface in real time. For 

this study, particles of different crystalline quality (synthesized via two different 

pathways) were compared. In the first case, HF was added to the mixture to obtain 

particles of high crystallinity [microMOFs (+)], while in the second case synthesis was 

performed only in the presence of water and crystalline particles with initial defects on 

their surface were collected [microMOFs (-)]. Both particles were tested in aqueous 

solution and in the presence of neutral PBS. Upon incubation in water, well-ordered 

crystal planes were observed for microMOFs (+), while microMOFs (-) surface was a 

combination of crystalline areas but also of some initial defects. As it was expected, 

particles were stable upon incubation in water without morphological or dimensional 

changes during the whole measurement (2 hours). However, in the presence of 

phosphates, changes on the surface properties were observed, depending on the 

synthetic procedures. More precisely, microMOFs (+) lost their initial crystallinity and 

an irregular surface was obtained, while for microMOFs (-), the initial defects enlarged 

by time, due to the diffusion of phosphates in the internal structure. Noteworthy, 

height measurements revealed that microMOFs (-) maintained their initial dimensions 

even after 2 hours incubation in PBS. On the contrary, important changes on the 

mechanical properties were found for the starting and the degraded materials. The 

stiffness profile of microMOFs showed an important decrease of their mechanical 

properties, leading to a softer material, as expected because of constitutive ligand loss. 

 

In a further step, we were also interested to investigate the effect of the pH on particles’ 

stability. For this study, microMOFs (+) particles were incubated in acidic PBS (pH=5.4) 

for 2 hours. Interestingly, the initial surface features with well-defined crystal planes 

with distances of around 4 nm observed in water were maintained under acidic 

conditions. Moreover, the AFM experimental set up enabled the in situ change of the 

pH (from acidic to neutral) inside the liquid cell. For this study, microMOFs (+) particles 

with regular surfaces were chosen, mostly because of our interest to investigate the 

changes of surface features. It was very fascinating to observe that these planes 

instantly disappeared, leading to a degraded product of lower rigidity (as indicated by 

its stiffness profile) but without any dimensional changes.   
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In a complementary study, smaller particles (nanoMOFs) of around 200 nm were 

synthesized by a ‘’green’’ microwave-assisted method and their stability was also tested 

in water, in acidic and in neutral PBS. Similar to AFM studies, another powerful 

microscopic technique was chosen to study morphological changes of the nanoMOFs 

after degradation. STEM-HAADF microscopy allowed the observation of multiple 

nanoMOFs with an ultrahigh resolution. Noteworthy, same crystalline planes of intact 

nanoMOFs were revealed, as in the case of microMOFs. After 2 days incubation in PBS 

at pH=5.4 and 7.4, same particles were tested by STEM-HAADF. Crystal planes were 

maintained for acidic conditions and they were totally lost for neutral ones, confirming 

once again the important role of the pH in the degradation process. Finally, size 

measurements indicated only slight differences after nanoMOFs degradation.  

 

As for the perspectives, in situ AFM could also be used to probe the surface charge of 

the MOFs. Indeed, the AFM that we have used has been upgraded by our collaborator, 

Dr. C. Marlière, and allowed investigating the surface charge of the bacterial cell 

membrane in their culture medium.16 This study provided valuable information about 

electrical surface distributions at the solid/liquid interface through an indirect 

measurement, based on the deflections of the cantilever at a spatial resolution better 

than a few tens of nanometers. In the case of MOFs, the equipment could be used for 

the investigation of local electrical surface charges of the particles in a wide range of 

pH and compare their differences in different media or in the presence of other 

molecules.  

 

Besides, this method could be useful to study the MOF coating processes. As an 

example, the surface of MIL-100(Fe) nanoMOFs has been successfully coated with beta 

cyclodextrin-phosphate (CD-P)17 (Figure 5-1a). As the coating process occurred within 

minutes, AFM in situ could be a useful method to track in real time surface modification 

and probe if the coating is homogeneous onto large crystal surfaces. (Figure 5-1b). In 

the presence of CD-P, the colloidal stability of the nanoparticles was significantly 

improved, as indicated by Zeta-potential measurements (~ −17 ± 3 mV for uncoated 

against −35 ± 3.5 mV for CD-P-modified nanoMOFs). Changes on the surface charges 

of nanoparticles affect the stability of nanovectors and determine their in vivo fate. 

Consequently, it is very important to be able to follow these changes to optimize the 

features of therapeutic carriers. 
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Figure 5-1: a) Schematic representation of  MIL-100(Fe) coated with CD-P. Adapted from18 b) 

Experimental set-up for the measurement of surface electrical charges by in situ AFM. Surface properties 

(height and rigidity) were obtained by typical approach/retract movement of the AFM tip (working 

electrode) to the  substrate (counter electrode). Reference electrode is referred to a platinum wire added 

for electrical potential measurements. Adapted from17 

 

Concerning the degraded product, further studies should be performed to determine 

its chemical composition. AFM findings showed, that degradation preferentially occurs 

at small crystal defects of the surface. Surprisingly, MOF samples maintain their 3D 

structure without collapsing nor dimensional changes, possibly because of the 

formation of a passivation layer. It is therefore of utmost importance to perform 

analysis of the composition of this layer by different techniques. Mössbauer 

spectrometry (collaboration with Pr. Grenèche) is a technique of a great interest, to 

gain information about the oxidation and the spin state of Fe, the type of Fe species 

and the possible Fe-phases, as derived from the degradation in different media. 

Moreover, X-Ray Photoelectron Spectroscopy (XPS) would be a valuable tool for the 

cartography of the outer layers and the chemical environment of the atoms. Raman 

spectroscopy is another technique, capable of probing the chemical composition of 

the degraded material to further investigate its possible interactions with the media 

and determine structural modifications.  

 

Although studying individual microMOFs crystals is interesting for the deeper 

understanding of the degradation mechanism, the sizes of such particles are adapted 

for scarce drug delivery applications, such as oral delivery or as implants. For different 

applications, such as the cancer case, intravenously administered nanoMOFs are 
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preferable, as they can be targeted to the tumor site and release their cargo in a 

sustained manner, as discussed in Chapter 1. In this context, nanoMOFs were prepared 

and their stability was investigated by a combination of ex situ and in situ methods 

(Chapter 3). In this work, nanoMOFs of around 140 nm and 50 nm were synthesized 

via microwave irradiation and at room temperature, respectively. They displayed a 

crystalline structure and BET surface areas of around 1600 m2/g. Their chemical stability 

was compared in PBS at different pH using a series of complementary characterization 

techniques (PXRD, FTIR spectroscopy, N2 adsorption and electron microscopy). 

Interestingly, the release kinetics of their constitutive trimesate ligand was unaffected 

by the nanoMOF size, as determined by HPLC. It was also found that despite the fast 

diffusion of phosphate ions in their structure, nanoMOFs maintained their crystallinity 

in acidic environments, while they totally lost it in neutral ones. These results were 

further confirmed by STEM-HAADF coupled with EDX elemental mapping, revealing 

the morphological changes of the particles upon degradation. Interestingly, no 

dimensional changes were recorded after 2 days incubation in PBS. Moreover, 

nanoMOFs degradation was also studied in PBS enriched with BSA protein. In 

agreement with protein adsorption onto the external surface of the nanoMOFs, EDX 

studies showed a significant amount of N in the samples. However, protein adsorption 

did not affect nanoMOF degradation suggesting that the internal porosity of the 

nanoMOFs was still permeable by the phosphate ions.  

 

In a further study, thin films coated with nanoMOFs were prepared by dip coating 

process. The successful elaboration of films of a high optical quality allowed the 

determination of their thickness and optical constants by spectroscopic ellipsometry. 

The novelty in this study was the use of thermostatic liquid cell, to evaluate degradation 

kinetics of the films in situ and in extreme diluted conditions. Direct observations of 

each intermediate step of the analyzed film, detection of its structural changes at short 

times and preservation of conditions far from saturation, are some of the main benefits 

of this method. To collect information about films’ structural modifications in solution, 

their optical constant (extinction coefficient k) was recorded, based on an ellipsometric 

model. The results were in good correlation with the ex situ studies, showing an 

important stability in aqueous medium and in acidic PBS, while significant differences 

were recorded in neutral PBS and in the presence of BSA, denoting the chemical 

transformation of the nanoMOFs. Overall, we could conclude that microMOFs and 

nanoMOFs presented a similar behavior, once in contact with degrading media.  

 

In future studies, it could be intriguing to further investigate the degradation 
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mechanism of nanoMOFs as a function of their coating. Indeed, a variety of materials 

(functionalized polymers, lipids, cyclodextrins) were used to functionalize the 

nanoMOFs. It will be of interest to determine if some of these coatings could influence 

the nanoMOF core (loaded or not with drugs) degradation. It has been shown that 

certain drugs such as topotecan, stabilize the nanoMOFs towards degradation 1.  

Therefore, it will be important to study their degradation mechanism in situ by the 

method that has been set up, to deeper understand the influence of loaded drugs and 

coatings.   

 

The last part of the thesis (Chapter 4) was dedicated to the degradation of empty 

nanoMOFs in more complex more complex media, containing a plethora of inorganic 

and organic constituents. Therefore, nanoMOFs were allowed to degrade in serum and 

blood and their morphology, as well as their composition was observed by STEM-

HAADF-EDX at two different time points (2 h and 2 days). It was found that at early 

time points (within 2 h) nanoMOFs’ structure entirely changed, presenting ‘’holes’’, as 

previously described in Chapter 2 and 3. Of note, the dimensions of the nanoMOFs 

were maintained even after 2 days incubation in serum or in blood. Also, elemental 

mapping revealed the incorporation of plenty elements, coming from the composition 

of the media, such as N,P,S,Mg and Ca. However, P and N had major affinities with the 

nanoMOFs. N comes from the blood and plasma proteins, whereas P is from 

phosphates in these media.  

 

Observations of multiple regions of the nanoMOFs, suggested the P was evenly 

distributed. Concerning N (related to protein amount), despite its vast presence on the 

nanoMOFs surface (3 to 4 times higher than P), it was not homogeneously distributed. 

More precisely, it was found that the smallest particles contained more N, as compared 

to largest ones. It is worth mentioning that larger particles have lower external surfaces 

on which proteins are prone to adsorb. This suggests that proteins were only adsorbed 

and couldn’t penetrate the MOF’s porosity despite the degradation.  

 

In a nutshell, according to the above-presented findings, nanoMOFs once administered 

in a living media would change rapidly their composition evolving from a hybrid matrix 

towards an inorganic one. Their surface would be covered with proteins. Proteins such 

as albumin do not hinder matrix degradation. Despite their dramatic changes in 

composition, the nanoMOFs size is practically unaffected but they became more fragile. 

Degradation is more pronounced in neutral media (pH 7.4). While an important 

progress has been made in the understanding of the degradation mechanism of iron 
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trimesate MOFs, further studies are needed to fully explore their behavior in biological 

fluids.  

 

As a general conclusion, all nanoMOFs maintained their microstructure and sizes 

regardless of the complexicity of their surrounding media. Figure 5-2 clearly 

demonstrates that apart from acidic conditions, where nanoMOFs kept their initial 

crystalline regular planes, spongious inorganic structures with more or less intense 

‘’holes’’ were formed, indicating nanoMOFs degradation for all the selected media of 

this study. Surprisingly, dimensions of the structures did not alter even after 2 days 

incubation in blood, suggesting that degradation is possibly based on a surface erosion 

mechanism. 

 

 

 

Figure 5-2: STEM-HAADF images of nanoMOFs particles upon incubation in water, in acidic conditions 

(PBS 5.4), in neutral conditions (PBS 7.4), in the presence of BSA protein (37 mg/mL) and in complex 

biological media (blood). In all cases, incubations were performed at 37  °C for 48 h. 

 

Moreover, the P/Fe and N/Fe ratios for all the studied systems, as calculated by 

elemental analysis are summarized in the following table (Table 5-1). In all cases, 

nanoMOFs were prepared via a microwave-assisted method, leading to sizes with 

mean diameters of around 200 nm. The P/Fe ratio of nanoMOFs incubated was found 

at 0.3 ± 0.1 in acidic PBS, while it became more than double (0.7 ± 0.4) in neutral one, 

indicating a more pronounced degradation of the structure. Noteworthy, similar values 
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were calculated for particles in contact to PBS enriched with BSA protein or in more 

complex media, such as blood and serum. One important remark is that the presence 

of protein did not impede nanoMOFs degradation, despite its presence (0.5 ± 0.3). 

More importantly, the remarkable presenve of P element in the nanoMOFs structure 

only after 2 h incubation in biological media (0.5 ± 0.1 for blood and 0.8 ± 0.1 for 

serum), denotes the fast degradation of the particles. Yet, even after 48 h of incubation 

in the same media, similar values were collecting, proposing the total degradation of 

the frameworks. As for the N element contributed to the presence of protein, important 

increasing (in the order of 2 to 6) compared to the media containing only BSA (0.5 ± 

0.3), was observed, in reason of the existence of several proteins in blood plasma. 

Finally, it is important to mention, that the standard deviations of the N/Fe compared 

to the P/Fe ones, differ significantly, mainly due to the non homogeneous adsorption 

of the protein on MOFs’ surface, in contrast to the even distribution of the phosphate 

ions.  
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Table 5-1: Summarized calculated P/Fe and N/Fe ratios by STEM-HAADF-EDX for empty 

nanoMOFs. 

 

External media  pH  concentration  
     (mg/mL) 

Incubation 
time (h) 

P/Fe N/Fe 

PBS 5.4 0.25 48 0.3 ± 0.1 0 

PBS 7.4 0.25 48 0.7 ± 0.4 0 

PBS 7.4 0.25  72 0.7 ± 0.4 0 

PBS/BSA 7.4 0.25 48 0.7 ± 0.3 0.5 ± 0.3 

serum 7.4 0.5 2 0.8 ± 0.1 1.1 ± 0.5 

blood 7.4 0.5 2 0.5 ± 0.1 1.9 ± 0.8 

serum 7.4 0.5 48 0.9 ± 0.1 3.0 ± 1.0 

blood 7.4 0.5 48 0.9 ± 0.1 1.0 ± 0.3 

 

 

Last but not least, another important part of this thesis (Chapter 4) was dedicated to 

the incorporation of a series of AIs in nanoMOFs and the study of both their release 

kinetics in different media. A series of glucocorticoids (GCs), prednisolone bearing or 

not functional groups (sulfate and phosphate) were selected for this study, to explore 

their effect on the degradation mechanism of the nanoMOFs. It was found that 

nanoMOFs acted like molecular sponges soaking the AIs and hosting them in their 

porosity with different yields, based on the affinity of the functional groups of the AIs 

and the iron sites of the nanoMOFs. Theoretical simulations indicated the strongest 

complexation with the PP, then the PS and finally the pristine molecule. Indeed, 

experimental drug loadings confirmed this series, showing that the phosphate form 

had the highest payload (30 wt %) with excellent encapsulation efficiency (>98 %). Also, 
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STEM-HAADF compared nanoMOFs morphology before and after drug loading, 

denoting no changes upon impregnations. Importantly, elemental mapping showed 

the homogeneous distribution of AIs within nanoMOFs structures after their 

entrapment. More specifically, P/Fe ratio was calculated and similar values with 

theoretical calculations for the iron trimer were found. At this point, it is important to 

mention that contrary to the P/Fe ratios calculated previously in the case of 

degradation of empty MOFs (Chapter 2 and 3), these values found for drug loaded 

nanoMOFs were multiplied by a factor of 3. This change on the calculated ratios was 

selected to denote the substitution of water molecules from the phosphorylated active 

molecule (PP) for each iron (III) trimer, contrary to degradation studies presenting the 

substitution of water molecules and organic ligands from phosphate ions of the buffer 

each per iron element. Conversely, the sulfated drug had lower affinity for the 

nanoMOFs, was incorporated with lower yields and tended to be release readily out of 

the porous matrices. Therefore, S/Fe values could not be precisely determined.   

 

After successful encapsulations, we were interested to follow the release kinetics of the 

AI and the trimesate constitutive ligand in different media containing phosphate 

and/or sulfate ions. In PBS, a sustained release was observed for the PP, while PS was 

released much faster (‘’burst’’release), suggesting the lower affinity of the latter drug 

with the nanoMOFs. Considering Prednisolone, a total release could not be achieved, 

in reason of the low solubility of this drug in aqueous media. The stronger interactions 

of the PP with the Fe sites of the nanoMOFs were further confirmed by the release 

kinetics of the organic ligand, which presented a significant difference as compared to 

empty particles.  Interestingly, only in the case of PP-loaded nanoMOFs, ligand release 

was importantly slowed down, suggesting a stabilization of the framework in the 

presence of coordinated phosphated drug (PP). In a complementary study, PP and PS 

release was studied in a sulfated media devoid of phosphates. Noteworthy, any release 

of PP was detected, in contrast to PS, which was rapidly released. In parallel, trimesate 

ligand was not released even after 3 days incubation in sulfates. These studies confirm 

the molecular modelling predictions showing the strongest affinity of the iron 

trimesate MOFs for phosphate moieties as compared to the sulfate ones. 

 

To conclude, ex situ and in situ methods were selected to study the parameters 

affecting nanoMOFs degradation mechanism, revealing the morphological and 

compositional changes upon their interactions with simple media mimicking biological 

conditions (PBS or PBS/BSA) up to complex biological ones (blood and serum). In all 

cases, nanoparticles maintained their sizes, despite the immediate diffusion of labile 
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phosphate ions in their internal structures, as indicated by in situ AFM and ellispometry. 

Furthermore, it has been shown that incorporation of active molecules containing 

phosphate groups stabilize nanoMOFs matrices and eventually slowed down the 

release kinetics of the ligands. Both conclusions are of utmost importance for the future 

design of nanoMOFs, proposing that a depth research of delicate coatings of 

nanoMOFs surface should be chosen, in case that nanoMOFs administration into the 

living organism demands a slower degradation (e.g. intravenously administration). The 

coated nanoMOFs could in parallel contain active molecules with functionalized groups 

that from their side delay their degradation. 

  

As a long-term perspective, it should be mentioned that other biodegradable MOFs, 

belonging to MIL-n series or different families, such as UiO, ZIF or PCN have already 

gained a special attention in biomedicine. Thus, it would be useful to follow the 

behavior of these nanoMOFs either bare or/and compare their degradation mechanism 

in the presence of active molecules entrapped on their porosity.  
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General Conclusion 
In this study, degradation mechanism of biodegradable iron trimesate MOFs, MIL-100(Fe) was 

explored in order to gain new insights of interest in view of possible biomedical applications. 

The main findings are summarized above: 

 

1. According to their synthesis route, MIL-100(Fe) microMOFs present highly ordered 

crystalline planes on their surface with more or less defects. In situ AFM allowed detecting 

these features and determined the distance between crystalline planes (4.5 ± 0.3), in good 

agreement with high resolution STEM-HAADF investigations (4.1 ± 0.3) and theoretical 

values (4.23 nm). Moreover, in situ AFM enabled following changes in morphology, 

dimensions and mechanical properties of individual crystals in physiological conditions (PBS) 

and at different pH. It was found that MOFs’ surface properties evolve within minutes 

according to in situ changes. Of utmost importance, despite their pronounced degradation 

in neutral PBS, the MOF particles maintained their dimensions, possibly due to the 

formation of a passivation layer. 

 

2. To complement these studies, another in situ method was employed, ellipsometry. To do 

so, MIL-100(Fe) nanoMOFs of less than 100 nm were successfully synthesized and used for 

the elaboration of thin films by a dip coating process. Stability of the films was assessed in 

acidic and in neutral PBS by in situ ellipsometry. Changes in the thickness and the optical 

properties of the film were more pronounced in neutral environments than in acidic ones, 

indicating the formation of a degraded product. Moreover, the presence of an albumin 

coating layer did not influence the degradation of the framework. Noteworthy, it was found 

that in the extreme dilute conditions used for in situ ellipsometry experiments, the MOF 

properties change within a few minutes according to the composition of the media they are 

in contact with. 

 

3. MIL-100(Fe) nanoparticles were successfully loaded with a series of AIs. Depending on their 

functional group, the drugs presented stronger or weaker affinities with the iron (III) metal 

sites of the structure, leading to slower or faster releases. It was found that phosphorylated 

drugs had the strongest affinities and that they stabilized the framework towards 

degradation, thanks to their strong complexation with the iron site of the nanoMOFs, 

slowing down the release of the constitutive trimesate ligand. Furthermore, degradation of 

the empty nanoMOFs was followed in the presence of serum and blood. Interestingly, it 

was concluded that despite the diffusion of various components from blood and serum into 

the frameworks, these globally maintained their microstructure even after long incubation 

times. The initial nanoMOF composition composed of Fe, O and C atoms evolved towards 

a complex one with P, N, S, Mg, Ca elements.  
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These studies open new perspective for the understanding of the fate of nanoMOFs in complex 

media and show how fast they respond towards changes in the composition of the media they 

are in contact with. It was shown that numerous parameters (intrinsic and extrinsic) determine 

the degradation mechanism of the particles. One of the most striking results was the shelf 

stability (minor dimensional changes) despite major loss of the MOF organic linkers. 

 

In conclusion, it appears essential to carry on thorough stability studies each time a novel drug 

nanocarrier is developed.   
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This study is described in the format of a reseach article, published in RSC Advances 
(doi.org/10.1039/C9RA07383C). The main objective of this study, was the investigation of 
the interactions between phosphated active molecules and coatings with nanoMOFs matrix by 
solid state NMR spectroscopy (ssNMR). To succesfully perform this study, MIL-100(Al) 
nanoMOFs were chosen, as the paramagnetic Fe centers could not be observed by ssNMR. 
Adenosine triphosphate (ATP) and CD-P were the molecules of interest for the loading and 
the coating of nanoparticles, respectively. High loadings and successfull coating of the 
nanoMOFs were achieved, thanks to the strong coordination of the P species with the Al 
centers of the framework. ssNMR high sensitivity to P and Al nuclei, managed to distinguish 
P from the ATP molecules entrapped in the internal surface of nanoMOFs from the P centers 
of CD-P adsorbed on the external surface. The results presented in this study were crucial for 
the deeper understanding of host-guest interactions of active molecules with nanoMOFs and 
the effect of surface modifications at the molecular level. 
 
This study was performed in collaboration with Dr. M. Porcino and Dr. C. Martineau-Corcos 
in CEMHTI, Orléans, France.  
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Titre : Mécanisme de dégradation de particules poreuses hybrides organiques-inorganiques pour des       

applications biomédicales 

Mots clés : MOFs, délivrance des médicaments, mécanisme de dégradation, techniques in situ 

Résumé : Les particules hybrides poreuses nommées Metal Organic Frameworks (MOFs) sont des candidats 

prometteurs pour l'administration de molécules actives dans le domaine biomédical. Parmi une grande variété de 

MOFs, le trimesate de fer (III) micro/mésoporeux MIL-100(Fe) (MIL signifie Matériaux de l'Institut Lavoisier) sont les 

particules de choix, grâce à leur capacité d’incorporer de médicaments à la fois hydrophiles et hydrophobes, (ii) 

leur libération ciblée et contrôlée et (iii) leur nature biocompatible et biodégradable. Une fois les MOF administrées 

dans l'organisme vivant, elles devraient présenter une bonne stabilité pendant la circulation, jusqu'à ce qu'elles 

atteignent la cible concernée. Une fois la cible atteinte, ils doivent se dégrader et libérer la molécule active, sans 

induire de cytotoxicité dans l'organisme. Si les particules de MIL-100(Fe) sont stables dans les solutions aqueuses 

et éthanoliques, elles se dégradent rapidement dans des conditions physiologiques simulées, libérant une quantité 

importante de leur ligand trimesate constitutif. Plus précisément, en présence d'une solution saline tampon de 

phosphate (PBS), les ions phosphates se coordonnent fortement aux sites de Lewis acides du fer (III) du MOF, ce 

qui initie la dégradation. Il a été montré par ailleurs que les particules MIL-100(Fe) de taille micrométrique se 

dégradaient avec formation d'une couronne inorganique fragile autour d’un cœur intact, sans cependant aucune 

modification de leur taille initiale. Par ailleurs, les mêmes MOFs s’agrègent d’une manière pH-et dégradation 

dépendante. Il a été conclu que le mécanisme de dégradation des MOF à base de MIL-100(Fe) dépend fortement 

de la composition du milieu externe, mais les paramètres impliqués n’ont pas été explorés de manière systématique. 

L'objectif principal de cette thèse est l'étude des paramètres principaux (pH du milieu, taille et qualité de cristaux 

MOF, présence de molécules actives incorporées dans les pores et/ou d’un recouvrement) afin d'avoir une vision 

plus approfondie des mécanismes de dégradation des particules MIL-100(Fe). Pour cela, en première étape, des 

particules de grande taille (microMOFs d'environ 50 μm) ont été synthétisées et étudiées avec succès par une 

technique in situ innovante, L'AFM en liquide. Cette méthode de choix a permis de suivre en temps réel et avec une 

résolution nanométrique les changements morphologiques, dimensionnels et mécaniques de la surface des 

microMOFs en contact avec divers milieux liquides et suite à un changement in situ du pH. L'AFM en liquide a 

permis de mette en évidence des principaux paramètres attribués à la dégradation des MOF (pH du milieu, taille et 

qualité des cristaux MOF) et a ouvert la voie à d'autres études sur des particules plus petites (nanoMOFs), d’intérêt 

en nanomédicine. L'ellipsométrie in situ a permis d’étudier le mécanisme de dégradation des nanoMOF déposés 

en couches minces sur un support. Cette technique a fourni des données cruciales sur les interactions des nanoMOF 

avec le milieu externe (PBS avec ou sans protéine) dans des conditions de sous-saturation afin de mimer les 

conditions in vivo dans l'organisme. Après avoir exploré les paramètres importants qui contrôlent la dégradation 

des micro et nanoMOF vides, une famille principes actifs (prednisolone, prednisolone sulfatée et prednisolone 

phosphorylée) a été choisie pour l’encapsulation, afin d'étudier leurs interactions de type hôte-invité avec les 

nanoMOF. L'affinité des groupements fonctionnels avec les sites de fer du MOF a été étudiée par modélisation 

moléculaire (DFT) ce qui a permis de mieux comprendre les interactions mis en jeu lors de la dégradation. Dans 

l'ensemble, les techniques complémentaires utilisées dans cette thèse ont fourni des renseignements nouveaux sur 

le mécanisme de dégradation des particules poreuses de carboxylate de fer en vue de leur utilisation comme 

vecteurs thérapeutiques. 



 

 

 

Title: A comprehensive study of the erosion mechanism of porous hybrid particles for biomedical 

applications 

Keywords: MOFs, drug delivery, degradation mechanism, in situ techniques 

Abstract: Hybrid porous particles named Metal Organic Frameworks nanoparticles (MOFs) are promising 

candidates for the delivery of active molecules in the biomedical field. Among a large variety of MOFs, the 

micro/mesoporous iron (III) trimesate MIL-100(Fe) (MIL stands for Materials of Lavoisier Institute) are the 

particles of choice, thanks to: i) their high drug payloads (up to 30 wt %) of both hydrophilic and 

hydrophobic drugs; ii) their controlled release properties; iii) convenient surface modifications and (iv) 

biocompatible and biodegradable nature. Once administered in the living organism, MOFs should present 

a good stability during circulation, until they reach their target. Once targeting is achieved, they should 

degrade and release their cargo, without inducing any cytotoxicity in the body. This thesis focuses on the 

study of the fine balance between stability and degradation, through in-depth investigations of the 

degradation mechanisms. While MIL-100(Fe) particles are stable in aqueous and ethanolic solutions, they 

are rapidly degraded under simulated physiological conditions, releasing a significant amount of their 

constitutive trimesate ligand. More precisely, when MOFs are incubated in phosphate buffer saline (PBS), 

phosphate ions strongly coordinate to the iron (III) acid Lewis sites of the framework, initiating degradation. 

Previous studies showed that MOFs degrade without size modifications and that they have a pH and 

degradation-dependent aggregation. It is therefore of main interest to study the influences of the main 

parameters involved in MOFs degradation (the pH of the media, the size and the presence of defaults in the 

crystalline structures, the presence of loaded drugs in the pores and/or the presence of coating layers). The 

primary objective of this thesis was the rigorous study of these parameters to gain a deeper vision of the 

MIL-100(Fe) MOF degradation mechanisms. To do so, first, MOFs crystals of around 50 μm (microMOFs) of 

different crystallinity degrees were successfully synthesized and studied by an innovative in situ technique. 

AFM in liquid was the method of choice to follow in real time and at nanoscale resolution, morphological, 

dimensional and mechanical changes of microMOFs surface in media of different compositions and upon 

in situ modification of the pH. This method proved to be a powerful tool by highlighting some of the main 

parameters attributed to MOFs degradation (pH of the media, size and crystallinity degree of the particles). 

It paved the way for further studies of smaller particles (nanoMOFs), mainly used in drug delivery 

applications. In situ ellipsometry was selected to study the degradation mechanism of thin films of 

nanoMOFs, fabricated by a dip coating process. The developed in situ technique was used to analyze the 

interactions of MIL-100(Fe) nanoMOFs with the external medium (PBS with or without protein) at 

undersaturated conditions to mimic the in vivo conditions of the organism. After having explored the 

important parameters that regulate the degradation of empty micro- and nanoMOFs, a series of drugs 

containing different functional groups was chosen as molecules of interest for the study of host-guest 

interactions with the nanoMOFs. The affinity of the groups with the iron sites of the framework were 

assessed by Density Functional Theory (DFT) modelling, which helped to gain a better understanding over 

the intermolecular interactions, crucial parameters for the stability of the particles. Overall, the sum of 

techniques used for this thesis brought new insights into the degradation mechanism of iron-based 

carboxylate porous particles for their use as therapeutic vectors. 
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